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The equilibrium phase of a material is only one of many structures that can
potentially form. As structure plays the critical role in determining many material
properties, accessing these non-equilibrium metastable phases can dramatically
expand the design space of materials. While metastable materials are in higher free
energy states than the stable phase, the differences are often small compared to the
free energy change during crystallization from either a liquid or amorphous precursor.
Consequently, during thermal annealing metastable phases can readily nucleate and
grow. At slow thermal quench rates, subsequent transformations often relax the
materials to the equilibrium structure. However, if thermal quench rates are
sufficiently high, these interesting metastable phases can be retained to low
temperatures.

In this work, we report the development of a high throughput process to
characterize metastable phase formation utilizing millisecond time scale thermal
anneals with spatial temperature gradients. This technique, lateral gradient laser spike
annealing (IgLSA), provides a robust and rapid platform to develop time and

temperature maps of phase formation in a broad range of material systems ranging



from metals to complex oxides. The formation and trapping to room temperature of
numerous metastable metal oxide phases are reported.

As a potentially important ion conductor, we investigated metastable phase
formation in the Bi>Os system. In equilibrium, Bi>O3 transforms to a high oxygen ion
conductive phase (J-phase) at temperatures above 730°C. This phase cannot be
quenched to room temperature with standard processing, transforming at 640°C during
furnace quenches. Using the IgLSA technique, annealing times and temperatures
which result in the formation of «, f, and 6 phase Bi»Os were identified. The stable
and metastable «, B, and o phases were observed to form by solid-solid
transformations from the initially amorphous precursor. For thermal anneals above
the melting temperature, large grain oJ-phase was observed to nucleate and was
retained to room temperature at quench rates on the order of 10° K/sec.

A second system, MnTiO3z, was also extensively investigated due to
predictions by the “materials by design” community of enhanced piezoelectric and
multiferroic properties. During this investigation, a previously unreported phase of
MnTiOz was discovered. Formation of this new phase, and other known phases, were
characterized as a function of annealing time and temperature. This new phase was not
observed for anneals longer than ~1 ms, and at longer anneals only previously
reported phases are observed. It was only under the high quench rates possible during
IgLSA that this new phase could be kinetically trapped and stabilized to room
temperature.

This work demonstrates the ability of IgLSA to serve as a foundation for

exploring and understanding metastable phase formation. Coupled with high



throughput characterization techniques, the complex time and temperature phase space

for a wide range of material systems can be rapidly assessed.
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CHAPTER 1

Introduction
1.1 Metastable Phases

Structure plays a critical role in governing material properties, causing
different phases with the same nominal composition to often exhibit different
characteristics. While there is only one equilibrium phase, capturing metastable phases
with desirable structures and properties can dramatically expand the design space of
materials. One means of generating metastable phases is by time constrained
nucleation and growth at high temperature from a high free energy amorphous
precursor. Kinetically limiting subsequent transformations requires a rapid quench to
room temperature. By expanding the window of thermal annealing time to the sub-
millisecond regime, the range of accessible metastable phases is dramatically
expanded.

There is a limited selection of annealing methods capable of accessing sub
millisecond annealing durations. Out of these methods, laser spike annealing (LSA) is
unique in its compatibility with a range of material systems including porous films?,
oxides?, and metals®. LSA is already used at industrial scales for the activation of
dopants in semiconductors®. However, previous uses of LSA have relied on generating
a single condition of interest with the laser anneal®3, limiting experimental
determination of optimal annealing time and temperature to a laborious series of
experiments.

In this work, a method of generating well characterized annealing temperature
gradients is presented, allowing high throughput investigation of annealing
temperature and time dependence on material properties. This high throughput

screening of annealing times and temperatures allows mapping of metastable phase
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formation and other structural changes as a function of those parameters. Optimal
annealing conditions can be rapidly identified by these screenings. Additionally,
millisecond and sub millisecond anneals allow capture of multiple phases in single
composition systems, and the relative annealing times and temperatures where these
phases are formed provides insight into the material system.

Example systems investigated include porous organosilicates, bismuth oxide,
and manganese titanium oxide. Application of gradient annealing techniques to these
systems allows understanding of preservation and creation of metastable structures.
For porous organosilicates, used as low-k insulators on the back end of semiconductor
devices, annealing conditions resulting in the restructuring of a solid backbone without
collapsing pores is required. Bismuth oxide is investigated because of the large
number of known polymorphs, including one room temperature metastable phase with
a high oxygen ion conductivity which had not been previously generated through
annealing. Ideally, simulations could be used to predict metastable phases with
properties of interest. To this end, a computationally suggested material system,
manganese titanium oxide, is investigated in the pursuit of functional metastable

phases.

1.2 Introduction to Metastable Phases

Within the solid phase, materials can adopt different short and long range
conformations, resulting in a variety of phases. Such phases can be differentiated
based on both composition and structure. Structure includes the local and long range
atomic structure, as well as whether the material is amorphous or crystalline and other
properties including the electronic configuration (metallic, semiconducting,

superconducting) and the magnetic configuration (ferromagnetic, paramagnetic, etc.).
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Atomic structure of crystalline solids is often discussed in terms of the unit cell
symmetry (cubic, monoclinic, etc.), point group, and space group.

The stable phase(s) of matter are those with the lowest free energy under the
given pressure and temperature. At conditions of an equilibrium transformation, such
as ice and water at 0°C, multiple stable phases coexist with the same free energy.
Outside of equilibrium transformations, for a single composition system, there is a
single phase with the lowest free energy, known as the stable phase. Given a non-zero
temperature and sufficient (if in some cases longer than the history of the universe)
time, the system will reach complete equilibrium and form the stable phase. However,
at finite time scales, extending to many millennia, matter can often be found in states
with free energies above the stable phase, known as metastable phases. The free
energy difference between a metastable phase and the stable phase acts as a driving
force for transformation. Metastable phases with high free energies have a strong
driving force to transform and often transform rapidly. However, if the free energy
difference between metastable and stable phases is sufficiently small and the system is
at sufficiently low temperature where Kkinetics are suppressed, a metastable phase can
persist for long periods. Examples of metastable phases persisting indefinitely on the
scale of human history are silicate glass and diamonds, which must eventually
transform into quartz and graphite respectively.

Phase has a tremendous impact on material properties, with metastable phases
often used in applications that the stable phase is not. For example, diamond has much
different properties than graphite, even if both are polymorphs, or different phases, of

the same composition.
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Under isobaric and isothermal conditions, the Gibbs Free energy determines

the relative stabilities of phases. It is defined as:
G(T)=H(T)-TS(T) (1.1)
where G is the Gibbs Free energy of a phase, H is the enthalpy, s is the entropy, and T
is the temperature. Changes in free energy are given by:
dG= - SdT + VdP — oW’ — ToSirr (1.2)
where dG is the differential change in free energy, s is entropy of the material, dT is
the change in temperature, V is the volume, dP is change in pressure, 6~ accounts for
all other energy (work) contributions including magnetization, surface energies, etc.,
and JSirr thermodynamically accounts for irreversible processes that may occur.
Under isobaric conditions, the slope of the free energy with temperature is equal to the
negative of the entropy.

Different phases (a, g, liquid, etc.), with the same composition, will have
different isobaric free energy vs temperature curves. A representation of free energies
for several phases, including liquid and solid phases m (metastable) and s (stable),
under isobaric conditions is shown in Figure 1.1 as a function of temperature. When a
material transforms between phases (for example m and s), there is normally a change
in free energy, 4Gmxs Which acts as the driving force for phase transformations to a
lower energy phase. In this case, phase m has a higher free energy than phase s for all
temperatures, but A4Gm>s has a temperature dependence due to the different slopes of
the temperature vs free energy curves of the different phases. The temperature at
which the free energy of a solid phase intercepts the free energy of the melt (4Gsiiquid

= 0) gives the melting point (Tw) for that phase. As seen in Figure 1.1, different phases

18



will normally have different melting points.

Im

Free Energy

9s

9Liquid

T T

Temperature "™ "Ms
Figure 1.1: Free energy as a function of temperature for three phases: s,
m, and liquid. Intercepts of the free energies of m and s phases with the
liquid provide the melting point of each phase. Vertical dashed lines
denote the temperatures of each equilibrium melt. A representation of

changing free energy due to transformation from phase m to s is shown.

The stable phase at any given temperature corresponds to the phase with the
lowest free energy. Figure 1.2 shows a representation of an isobaric system with a
high temperature stable solid (J-phase) and a low temperature stable solid (a-phase).

Phases with higher free energy at a given temperature and pressure are metastable. So,
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in the system pictured in Figure 1.2, in the temperature region where a-phase is stable,
a o-phase material would be metastable. The equilibrium transformation temperatures
for -0 (T.-s) and o-liquid (Ts-.L) are marked in Figure 1.2. When a liquid is cooled to
below the melting point of a phase, the liquid is referred to as supercooled. Under
these conditions, liquid is metastable and has a driving force (4Giiquid») t0 transform
to the solid phase. It is possible that a super cooled liquid reaches the glass transition
temperature (Tg), which depends on cooling rate and a variety of other factors, and is
quenched into a glassy solid. The continuum structure of the liquid and glass are both

amorphous, displaying similar local order but no long range order.
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a-phase o-phase  Liquid

Free Energy

Ta-8 TG T6—L
Temperature

Figure 1.2: Temperature and free energy curves for a system
with three stable phases. Temperature regimes where the solid a-phase,
solid ¢ phase, and liquid are stable are labeled at the top and have
colored backgrounds. Equilibrium transformation temperatures are
marked, along with the less precisely defined glass transition

temperature.

Phase diagrams map the stable phases in a given system. This can be in terms
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of temperature, pressure, or composition. However, phase diagrams rarely contain any
information on metastable phases. If a certain phase is never stable, such as the m-
phase in Figure 1.1, then it will generally not appear on equilibrium phase diagrams.
For most systems, there is little to no knowledge of the energetics of metastable phases
available, or even knowledge of what crystalline phases have energies remotely close

to the stable phase and have a possibility of being formed.

1.3 Making Metastable Phases Through Quenching

Metastable materials, from window glass to diamonds to martensitic steel, are
widely prevalent in our lives. In the cases of glass and martensitic steel, as well as
many others, these metastable materials are generated through heating and cooling
(quenching from high to low temperatures). This section discusses transformation
kinetics, identifying qualities of materials and processing that enable generation of

high free energy metastable phases instead of the lower free energy stable phase.

1.3.1 Energetics of Nuclei

In order to transform into a solid phase, whether in a liquid = solid or solid >
solid transformation, nucleation of the new phase must occur before growth proceeds
to completely transform the material (except in the case of martensitic transformations
where a crystal changes to a different symmetry without the need to break any bonds).
Consider nucleation of a solid phase s from the liquid phase. The free energy
associated with forming a nucleus, 4Gn, of radius r is governed by the volumetric
change in free energy and the surface energy of the newly created interface between
the nucleus and environment according to the equation:

AGn=(4/3)7r°AGinitial sfinal + 47r°0 (1.3)
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where AGinitial>final 1S the volumetric change in free energy from the initial to final
phase and ¢ is the surface energy of the nucleus.

For transformations to a lower free energy phase, AGinitial>finat Will be negative
but o will always be positive. The competition of these two terms, a volumetric term in
r3 and a surface term in r? (Figure 1.3a), yields a maximum in 4Gy, This maximum in
free energy change is an activation barrier for nucleation®, 4G", and occurs at the
critical radius, r”. Taking the derivative of equation 1.2, the critical radius is given by
°;

r'=20 | AGinitial final (1.4)

By substituting this result for the critical radius into equation 1.2, the
nucleation activation barrier (4G,") is found to be®:

AGh" = 1676° | 3 AGinitial final® (1.5)

At radii above r”, nuclei lower their energy by growing, ultimately resulting in

a lower system free energy. At radii below r*, nuclei lower their energy by shrinking.

a) Surface b) Surface Stable Phase

AG(r) 4 Energy AG(F)

Surface Metastable Phase

AG,”
AGT L AG L

m

radius radius
; > >
2
\
Total Y Total Metastable Phase
Energy Total Stable Phase
Volume Metastable Phase
Volume
Energy Volume Stable Phase

Figure 1.3: Free energy change vs radius of a nucleus at a specific
temperature and pressure: a) Surface, volume, and total free energies of
a nucleus as a function of radius. Surface energy scales as r?, volume
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energy scales as re. Total energy reaches a maximum at r". b)
Comparison of the free energies of the stable phase (s) and a lower
surface energy metastable phase (m). The nucleation activation barrier

of the two phases are given on the AG(r) axis.

When comparing nucleation from a precursor phase into different final phases,
AGinitiai»final and o will be different for the different transformations. Presuming an
initial liquid phase, L, a stable crystalline phase, s, and a metastable crystalline phase,
m, there is some temperature region where the liquid is supercooled but above the melt
of the stable phase (Tms > T > Tmm : Figure 1.1). In this temperature regime the liquid
has a higher free energy than the stable phase but a lower free energy than the
metastable phase, 4GL»s < 0 and AGLsm > 0, which results in the existence of a
critical nucleus for the stable phase but no critical nucleus for the metastable phase. At
temperatures below Twmm where the liquid precursor is supercooled relative to both
stable and metastable solid phases, 4AGL»s < AGLsm < 0. There is also some free
energy difference between the stable and metastable solids (4Gmxs) which, near the
melt of the metastable phase, is comparable to or larger in magnitude than AGLm.
However, as temperature decreases the free energy of the supercooled liquid diverges
more rapidly than the stable and metastable solids due to the higher entropy of
amorphous phases compared to crystals. This means that at large undercooling the
driving forces for formation of the stable and metastable phases (4GL»s and AGL »m)
become comparable and are much larger than AGm»s.

At large undercooling, the relative activation barriers for nucleation of stable

and metastable phases is largely driven by surface energies of the phases. The ratio of
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activation barriers for nucleation of two phases is given by:

(AGs" 1 AGn") = (AGL>m | AGL»s)? (05> | om) (1.6)
where 4G;" and AGn" are the activation barrier for nucleation of the s and m phases
and os and om are the surface energies of the s and m phase nuclei. If under conditions
where the driving force of transformation from liquid to stable and metastable phases
are comparable, the surface energies drive which phase has a lower activation energy
for nucleation. If the metastable phase has a lower surface energy than the stable
phase, it is possible to have a lower activation energy of nucleation for the metastable
phase. Figure 1.3b gives example curves of surface and volume energies of stable and
metastable phases at some large undercooling, and shows that the combined terms, at
low radius, give a lower total nuclei energy for the metastable phase than the stable
phase. This allows metastable phases to nucleate preferentially under extreme quench
conditions where the system is far removed from equilibrium transformation
temperatures.

Laser annealing can be used to generate situations where transformations are
occurring from a high energy precursor under conditions described by Equation 1.6.
The goal of rapidly quenching melts or heating from amorphous solids for short
periods of time is to access temperatures where free energy changes are comparable
between the precursor and either the stable phase or metastable phase, while spending

as little time as possible in regimes where the stable phase preferentially nucleates.

1.3.2 Surface Energies

Free energies of phases can generally be determined both experimentally and

computationally with high precision. In contrast, surface energy measurements are
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notoriously difficult to measure or simulate. The surface energy varies as a function of
curvature of the nucleus (rapidly changing during the initial nucleation and growth) as
well as the angular mismatch to the precursor crystal or specific details of the
precursor amorphous material. Surface energies also have temperature dependence,
though much weaker than the temperature dependence of the molar free energy.

For metals, there is a phase specific model for liquid/solid interfacial surface
energies®® . Metallic bonding means the enthalpic term of surface energy is strongly
tied to density differences, and positron annihilation experiments have shown that
there is no large density defect at nuclei interfaces®’ . The interface of a metal nuclei
is fairly well defined, as translational ordering in the liquid falls off over single atomic
distances®’ This means that calculations of the entropic term can approximate ordering
as all occurring in the single atomic layer surrounding the solid. The configurational
contribution to interface entropy can be expressed>®:

o =& AST | (NL vimd)'? (1.7)
where N is Avogadro’s number, Vm is the molar volume, 4Ss is the entropy of
fusion, and ¢ is a prefactor reflecting the structure (crystalline symmetry and exposed
faces) of the solid>®. For the close packed structures face centered cubic (FCC) and
hexagonal close packed (HCP) ¢=0.86, and for the more open body centered cubic
(BCC) £=0.71°°.

For a covalently bonded system, such as an oxide, the surface energy is more
difficult to analytically determine. Inflexibility in bond angle and direction result in a
complicated enthalpic term, and ordering in the near melt means that a greater volume

should be considered when calculating entropic terms.
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Nuclei can form either in the bulk or at interfaces. Formation of nuclei in the
bulk is called homogenous nucleation. Nucleation can also occur at defects, often
surfaces, in a process called heterogeneous nucleation. Previous discussion in this
work of 4G, assumed homogenous spherical nucleation. However, nuclei on a
surface form a hemispherical cap defined by the contact angle to the surface. This
reduces the free energy barrier for nucleation in the regime compared to the
homogeneous regime. This contact angle, 0, is used to determine the wetting function,
f(0)°:

f(0) = ¥4 [(2-3cos(6)+cos3(0)] (1.8)
where for homogeneous nucleation the contact angle is 180°. The wetting function
becomes the scaling factor between activation energies of nucleation of homogeneous,
AGn", and heterogeneous, AGnet" °:

AGret” = f(0) 4Gy™  0< f(0) <1 (1.9)

From Equation 1.9, the activation energy for nucleation is less for
heterogeneous nucleation than for homogeneous nucleation. However, homogeneous
nucleation can occur throughout the volume while heterogeneous nucleation sites only

exist at edges or defects and hence are relatively rare.

1.3.3 Nucleation Rate

Nucleation is a time dependent phenomenon where energetics of the nuclei and
mobility of the atoms both play a role in nucleation rate. A sample cooled
infinitesimally below the melting point is thermodynamically expected to solidify.
However, the free energy difference between the liquid and solid is near zero, and

Equation 1.5 implies that the critical radius approaches infinity. This means that, for
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the homogeneous nucleation discussed, the nucleation rate approaches zero at the
melt. Conversely, if a liquid is cooled to absolute zero prior to nucleation, Kinetics stop
and the structure would be frozen in place. In reality, the nucleation rate drops
precipitously near the glass transition temperature, when atomistic mobility rapidly
decreases; nucleation out of a glassy solid is nonetheless very possible. Between 0 K
and the melt, the nucleation rate reaches some maximum. The temperature dependent
homogenous nucleation rate was modeled by Turnbull and Fisher to be>8:

I'(T) = Ns [KeT/h] I7 exp( -4Ga / ksT) exp(-4G” / ksT) (1.10)
where 7" is the nucleation rate, ks is Boltzmann’s constant, h is Planck’s constant, 4G4
is the activation energy for interatomic diffusion in the liquid/amorphous, Ns is the
number of nucleation cites (locations nuclei can form), and 77 is the Zeldovich factor
(containing 4G”) which is a correction by Becker-Doring® to the Volmer-Weber
theory®® accounting for the probability of supercritical nuclei shrinking to being
subcritical that has been shown to typically lie between 0.05 and .1%'%'2 For
homogeneous nucleation, Ns is the number of atoms in the volume while for
heterogeneous nucleation it is a smaller number. The first exponential term of
Equation 1.10 is the diffusion mediated term which goes to 0 as T-> 0. The second
exponential term of Equation 14 is the supercooling driving force term, which goes to
0at T=2>Twm.

Different phases will have different nucleation rates in a supercooled liquid.
Diffusion in the liquid, governed by the 4G, exponential term, is phase independent.
However, as previously discussed, 4G™ varies based on phase (as does I but much

less so than the exponential term). The phase with the lowest activation energy for

28



nucleation is expected to have the highest nucleation rate. This means that, at
temperatures near melt, the stable phase will always have the highest nucleation rate,
but at sufficient supercooling metastable phases may have higher nucleation rates if
their surface energy term is sufficiently low and their bulk energy sufficiently close to
the stable phase.

Higher nucleation rates of metastable materials coming from high energy
precursors and occurring at low temperatures, predicted by these formulations of free
energy, have been observed in some systems. Frequently, high nucleation rates of
metastable materials are seen in supercooled metallic systems. In the FegoNiio System
shown in Figure 1.4, there exists a stable FCC y-phase and a metastable BCC s-phase
(predicted by Equations 1.5 and 1.6 to have a lower activation energy and higher
nucleation rate at large supercooling due to the structure). The plot of activation
energies for nucleation in Figure 1.4a is made using Equation 1.10 with free energy
approximated as linearly varying with temperature (S not a function of T)°. In Figure
1.4b the sample is initially quenched to 1650 K and remains in the liquid state for ~ 1
ms before the metastable bcc phase begins to nucleate, releasing heat and raising the
temperature until reaching near the bcc melt (~1761 K). Near the melt, grain growth is
rapid but new nucleation of bcc is very slow. After a further ~ 3 ms at 1761 K, the
stable FCC phase begins to nucleate further increasing the temperature until reaching
the melting point of the stable FCC phase at 1782 K. These results are an example of

preferential nucleation of a metastable phase at large supercooling.
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Figure 1.4: Energetics and nucleation in supercooled FegoNii.>!® a)
Activation energies of nucleation from supercooled liquid calculated
for a metastable bcc phase and stable FCC phase. b) Time and
temperature evolution of a supercooled sample undergoing nucleation.
Nucleation releases heat, raising temperature, and the phase nucleating

during each temperature changing region is indicated in red.

Release of the latent heat of melt following nucleation complicates temperature
evolution during cooling and, as is probably the case during FCC nucleation in Figure
1.4b, can lead to re-melting of the newly nucleated metastable phases. To preserve a
metastable phase during quench, the heat released during solidification must be
removed rapidly from the sample. When rapidly quenching by having a film in
intimate contact with a cooling body, the thermal diffusion distance on the time scales
of nucleation and growth must be large compared to the thickness of the nucleating

film for the heat released to diffuse into the cooling body.
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The time and temperature dependencies of nucleation can be represented in a
time temperature nucleation (TTN) plots such as shown in Figure 1.5. For determining
which phases nucleate as a function of temperature, the nucleation rate described in
Equation 1.10 is used to determine the expected time to form one supercritical nucleus
for each phase at each temperature. The number of nucleation events, N, after time t is:

(M) t=N (1.11)
By combining Equations 1.9, 1.10, and 1.11 the relationship between temperature,

time, and the number of nucleation events for a given phase can be written:

_ NgkpTIy AGg |, AG™f(6)
In(t) = In (—Nh )+kBT+—kBT (1.12)

In this equation, only the last term strongly varies due to phase, and Ns varies based on
the mechanism on nucleation (heterogeneous or homogeneous). A curve for the onset
of nucleation can be determined by setting N=1 and solving Equation 1.12. Figure 1.5
shows nucleation curves for homogeneous and heterogeneous nucleation of stable and
metastable phases, using the example of a metastable phase with lower 4G at large
undercooling (such as depicted in Figure 1.4). Phases with lower AG" will have
narrower (in temperature) transformation regions. Homogeneous nucleation will, for
most samples, have curves at shorter times and lower temperatures than heterogeneous
nucleation. TTN diagrams represent isothermal anneals, not quench time and
temperature trajectories. However, the different nucleation curves represented in TTN

diagrams are informative for understanding nucleation.
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Figure 1.5: Time and temperature curves for nucleating metastable
homogenous (homw), stable homogeneous (homs) metastable

heterogeneous (hetwm), and stable heterogeneous (hets) nucleation.

The formalisms developed here are intended for liquid - solid nucleation
mechanics but can be adapted to glass = crystalline nucleation. Glasses typically have
a larger activation energy for self-diffusion, 4Ga, which effects the nucleation rate

calculated in Equations 1.10 and 1.12.

1.3.4 Controlling Phase Transitions by Transient Annealing

By using millisecond and sub millisecond annealing, nucleation of crystalline
phases and subsequent transformations from a high energy precursor to lower energy

phases can be induced at high temperatures, with metastable phases then quenched to
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room temperature where further transformations are Kinetically suppressed. At
sufficiently short duration anneals, essentially no transformations can occur and high
energy precursors are retained. However, as the annealing duration increases,
transformation to stable or metastable phases will occur. Additionally, any such
nucleated metastable phases may further transform to lower free energy phases.
However, as the difference in free energy between the metastable phase and the stable
phase is relatively small, such subsequent transformations would require exponentially
longer times. This means that, by measuring anneals to the same peak temperatures
but different durations, samples can be effectively trapped at different steps along the

reaction pathway shown in Figure 1.6.
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Figure 1.6: Reaction pathway and energy minima for precursor,
metastable, and stable phases shown for a system allowing preferential

nucleation of a metastable phase. Transformation pathways leading
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directly from precursor to stable and transforming first to the
metastable phase and then to the stable phase are shown. Activation
energies for nucleation of each phase are shown. Due to the small free
energy difference between the metastable and stable phases, the
nucleation barrier is much higher when transforming from metastable

to stable, allowing trapping of the metastable phase.

The TTN diagram given in Figure 1.5 illustrates that metastable phases can
only nucleate preferentially during quenching at lower temperatures than a stable
phase. This suggests that formation of metastable phases, if seen at all, is expected at
the lowest temperatures where transformations occur. Metastable phase formation
favors shorter time anneals, as longer times allow further transformations along the
reaction pathway pictured in Figure 1.6. This means that metastable phases are
expected at shorter duration anneals and stable phases at longer time and higher

temperature anneals.

1.4 Generating Rapid Quenches

The quench rate necessary to generate metastable materials depends on the
system under investigation and can range from below the 10 K/sec allowed by quench
furnaces to faster than ~108 K/sec by excimer laser pulse!®. This work focuses on
quenches on the order 10* - 108 K/sec. Quenches of this order can be achieved using
laser spike annealing (LSA) as well as by splat cooling, planar-flow casting, and
melt spinning®.

Laser spike annealing (LSA) is a process in which a continuous laser beam is
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scanned over a sample, as shown in Figure 1.7a, to thermally anneal samples for
millisecond or sub millisecond time frames with rapid heating and cooling. In the
experimental setups discussed here, the continuous laser is focused to a line profile in
the sample plane (Figure 1.7b) such that the dimension of the beam in the scanning
direction is much narrower than the dimension orthogonal to the scan. A characteristic
annealing time, called dwell, is defined as the full width half maximum (FWHM) of
the laser intensity in the scanning direction divided by the scanning velocity (time =
distance/rate). Dwells between 0.15 ms and 10 ms achieve peak quench rates on the
order of 10° - 10* K/sec respectively. The annealing temperature for a given dwell
time can be modified by changing the laser power. Ultimately, LSA allows testing of
different annealing durations and peak temperatures, allowing exploration of

metastable phase formation as a function of annealing temperature and time.

a) o b) .
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Figure 1.7: Laser spike annealing setup. a) A sample (light grey circle)
is placed on a stage (dark square) and scanned relative to a continuous
laser beam (red). This creates an annealed area (light yellow) and an
instantaneous temperature profile shown. b) Illustration of the type of
in-plane laser intensity profiles used in this work. The focus is a line

profile with a shorter dimension in the scanning direction.
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1.5 Exploring Metastable Phase Formation through Short Anneals

Structural changes, including but not limited to phase formation, can be
mapped as a function of peak annealing temperature and dwell time using LSA.
Annealing conditions are varied to map out a time and temperature space. The laser
anneals follow a heating and cooling trajectory, different from classical isothermal
anneals. However, similar to the temperature-time-nucleation plots discussed,
temperature-dwell-transformation diagrams are constructed for different material
systems. These diagrams give insight into the energetics and kinetics of phase
transformations including the onset of phase formation, regions of time and
temperature where metastable phases form preferentially, and transformation
pathways similar to shown in Figure 1.6.

Mapping 2D time and temperature space requires many annealing conditions.
We develop and explore in this work a high throughput method of measuring time and
temperature annealing conditions using gradient temperature annealing at variable
dwells. This high throughput technigue is used as the basis for conducting experiments
on the anneal dependence of structure in systems. The fundamental reorganization of
local bonding and mesostructured pores as a function of annealing time and
temperature is explored using porous organosilicates. The nucleation and trapping of
metastable phases is explored both in binary oxide (Bi2O3z) and ternary oxide
(MnTiOs3) systems.

Unlike in binary systems, ternary and more complex systems require a
reorganization of second nearest neighbors at the growth front of the nuclei. The effect

of this additional kinetic limitation to nucleation and growth is examined.
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CHAPTER 2

High Throughput Annealing Time and Temperature Screening”

2.1 Background on Annealing Experimentation

Modern materials discovery and optimization rely increasingly on high
throughput combinatorial approaches?, particularly for exploration of large
compositional or parameter spaces. For example, properties of ternary phase systems
can be explored using gradient sputter deposition with spatially localized
measurements®*. Thermal annealing is equally critical in determining material
properties, but is difficult to incorporate into existing combinatorial experiments.
Instead, isothermal and isochronal anneals are typically performed using hot plate,
furnace, or rapid thermal annealing (RTA) systems®®. This dramatically increases the
difficulty of screening annealing conditions, requiring large numbers of samples and
the associated sample variability challenges.

Within the combinatorial paradigm, thermal gradient annealing allows
evaluation of a range of conditions in a single experiment. Discrete spatial
measurements of properties along a fixed thermal gradient are equivalent to a series of
finely separated isochronal anneals, with the number of conditions tested limited only
by the precision of the temperature calibration and the spatial resolution of property
measurements. This facilitates rapid optimization of anneal conditions, identification

of temperature thresholds, and discovery of transition states or phases which may only

“The body of this chapter (with minor alterations) has been published by Robert Bell et al. in
ACS Combinatorial Science, 2016, 18 (9)™.
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exist for narrow processing bands. For example, thermal gradient hot plates (TGP) are
commonly used to optimize temperatures for photoresist bake”® and plant
germination®. However, conventional TGPs are limited by thermal conduction to
gradients typically less than 20 °C/cm requiring then the use of relatively large
samples. Gradients induced by non-uniform laser irradiation have also been used to
characterize annealing temperature dependent properties. However, such
measurements have been limited by the lack of full temperature profile
characterization®1!,

In this paper, we present a lateral gradient laser spike annealing (IgLSA)
technique that enables annealing temperature characterization with lateral gradients up
to 5x10* °C/cm for heating durations from 10 ps to 30 ms. The dramatically reduced
area required for such combinatorial annealing studies can be coupled with other area-
based combinatorial techniques to, for example, evaluate thermally induced phase
formation over ternary compositional spreads.

The IgLSA technique is based upon laser spike annealing (LSA), which was
originally developed to activate dopants in silicon!?!3 but has recently also shown
promise in photolithography** and directed self-assembly®®. In LSA, a line-focused
laser beam (typical aspect ratio 10:1 to 100:1) is scanned to locally heat a sample (Fig.
2.1a), with temperature profiles determined by the laser intensity profile (Fig. 2.1b),
sample absorption, substrate thermal conductivity, and scan velocity. The dwell time,
a characteristic annealing duration, is defined as the ratio of the full-width-at-half-
maximum (FWHM) of the laser intensity profile in the scan direction divided by the

scan velocity, with typical dwell times ranging from 10 ps to 30 ms. For short duration
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anneals, the heated region does not extend through the full thickness of a substrate,
facilitating heating and cooling rates on the order of 10%-107 K/s controlled by thermal
conduction into the substrate. The surface temperature as a function of time for a 150
ps dwell anneal on a Si wafer is shown in Figure 2.1c. The peak temperature is
governed both by laser power and dwell time, with areas remaining within 5% of the
peak temperature for approximately the dwell time.
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Figure 2.1: a) IgLSA schematic of a sample scanning through a line
focused laser beam. b) Intensity profile of the line focused beam (top),
and schematic lateral temperature profile orthogonal to the scanning
direction (bottom). c) Measured temporal temperature profile for a 150
Ms anneal with a peak temperature of 900°C. d) Schematic contour map
of peak annealing temperatures along an IgLSA scan with lateral

temperature profile overlaid.
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While similar, LSA and IgLSA differ primarily in the intended temperature
profile across the width of each individual scan. To achieve nearly uniform annealing
conditions, LSA often uses a flat-top intensity profile with scans overlapped to
minimize temperature variations normal to the scanning direction. In contrast, for
IgLSA, scans are not overlapped and a well-defined annealing temperature gradient is
created by making the laser intensity profile normal to the scanning direction
intentionally non-uniform. Intrinsically, IgLSA is compatible with a wide range of
intensity profiles ranging from Gaussian, depicted in Figure 2.1b, to near square top or
even asymmetric profiles. As the laser intensity varies across the scan width, the peak
annealing temperature varies while the temporal profile remains relatively constant.
This changing peak temperature across the scan width is referred to as the lateral
temperature profile (Fig. 1b) and differs slightly from the laser intensity profile due to
3D thermal heat diffusion and temperature dependent thermal properties'®. Apart from
initial and terminal transients, this lateral temperature profile is invariant along the
length of the scan generating isoanneals in the scanning direction (Fig. 2.1d).

The temperature dependence of measured properties are determined by
transforming the position of spatially localized measurements to the corresponding
annealing temperature. Accurate characterization of the lateral temperature profile,
localization of spatial measurements, and referencing to the IgLSA scan are key to this
transformation. The spatial resolution of any measurement then determines the
annealing temperature sampling density. For example, samples annealed with the
profile in Figure 2.1c and measured on 5 um intervals would sample the annealing

behavior with better than 10°C resolution over the full range from room temperature
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to 1000°C.

Temperature calibrations must determine absolute temperatures in the near
surface (<1 um) with both high spatial (~10 pm) and temporal (~10 ps) resolution, and
achieving these requirements will likely require hybrid approaches utilizing multiple
techniques. In addition, methods that are transferable to a wide range of substrates are
preferred. Analytical and numerical simulations, while useful in experimental design
and to verify experimental results, are limited due to uncertainty in thermophysical
data and experimental conditions, and thus cannot be used as absolute
calibrations!*!617, Direct measurements include optical pyrometry, Raman
spectroscopy, phase-change films, fluorescence, thermocouples, and thin-film
electrical devices. Optical pyrometry is challenging due to the large through-thickness
temperature gradients and varying emissivity of complex films!81°, Measurements of
the Raman Stokes / anti-Stokes ratio is similarly challenged by temperature gradients
and signal-to-noise?®. In contrast, fluorescence measurements could achieve the
needed spatial and temporal resolution but require careful calibration?!. Phase changes
in thin films, such as melt or decomposition, provide absolute temperature calibrations
but cannot establish the temporal profile and, used over large areas, will perturb laser
coupling . Thin film thermocouples could achieve the required spatial and temporal
resolution and absolute temperatures, but the millivolt level potentials are difficult to
measure on sub-millisecond timescales. Thin film temperature dependent resistor
(thermistor) devices similarly provide high spatial and temporal resolution of surface
temperatures, but must be calibrated to determine absolute temperatures'®. To achieve

all of the requirements, we have combined thermistor measurements to establish
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temporal and spatial profiles calibrated to phase-change based absolute temperatures.
In summary, the two key challenges of IgLSA are (i) calibrating the laser
induced temperature profile and (ii) developing appropriate spatially resolved
characterization techniques. This paper discusses methods of accurately calibrating
temperature profiles and converting between the spatial locations of measurements
and calibrations. Examples are then given of adapting various measurement techniques
to the geometry of IgLSA scans, including methods to utilize isoanneals along the

scanning direction to perform large area measurements.

2.2 Experimental Setup for IgLSA

A custom test bench system with two separate line-focused continuous wave
(CW) lasers was used to perform IgLSA experiments. The first was a CO> laser
(A=10.6 pm, 120 W) focused using crossed cylindrical lenses to a Gaussian intensity
profile with FWHMs of 580 um laterally and 90 um in the scan direction. The CO>
power was attenuated using rotating Brewster angle plates and measured using
standard thermocouple based power meters. A second fiber-coupled diode laser
(A=980 nm, 250 W) was shaped using a quartz rod homogenizer to achieve a 1500 um
FWHM flat-top profile laterally and a 300 um FWHM Gaussian in the scan direction.
The laser diode power was controlled by the diode current and similarly measured.
Optical intensity profiles of both were obtained by scanning a 50 um pinhole with an
appropriate photodetector at the sample plane. As beams were incident on the sample
at near-normal incidence (~10 degrees), the resulting intensity profiles were slightly
asymmetric.

Samples, up to 300 mm in diameter, were scanned on a computer controlled

45



XYO stage at linear velocities of ~0.6 to 0.01 m/s. This corresponds to dwells of 150
us to 10 ms for the CO> laser and 500 us to 30 ms for the diode laser. Shorter dwell
times, down to a ~ 1 ps, can be accessed using stage rotation with circumferential
velocities reaching 80 m/s. An alignment camera permitted absolute referencing of
pre-patterned sample features to individual laser scans to better than 10 um.

These laser sources are appropriate for use with various materials. Samples,
typically either bulk substrates or thin films on substrates, absorb the laser energy in
either (or both) the substrate and film. In general, long wavelength sources, such as the
CO: laser, are insensitive to surface film thickness, roughness, and index of refraction
variations, but require substrates that absorb the low energy photons. For example,
silicon substrates must be heavily doped (0.01-0.02 Q-cm p-type was used) or heated
to >400°C to induce sufficient free carriers for absorption. Near-IR or visible lasers,
such as the 980 nm diode laser, are more readily absorbed by a wide range of
substrates and surface films but care must be exercised due to optical absorption
changes resulting from thin-film interference and changing optical properties during
annealing. Due to the importance of the temperature calibrations, consistency is of

paramount importance between the calibration phase and actual experiments.

2.3 Temperature Calibrations

Lateral temperature profiles for IgLSA were calibrated as a function of sample,
laser power, and dwell using a combination of thermistor measurements for relative
temperatures, and absolute temperature calibrations based on physical transformations.
Thin film thermistors, essentially temperature dependent resistors, enable

determination of the relative temperature change as a function of time and position
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across the scan width. These measurements are then scaled based on absolute
temperature benchmarks. While both absolute and relative temperature profiles are
dwell and laser power dependent, once temperature profiles are established for a
specific substrate and sample, subsequent calibrations require only verification of an

absolute temperature.

2.3.1 Thermistor Measurements of Relative Temperatures

Spatially and temporally resolved temperature profiles were obtained using
lithographically patterned platinum resistors (thermistors). Platinum is commonly used
for temperature sensing because its resistivity is linear over a wide range of
temperatures??, it is stable to high temperatures, and it is chemically inert. Such
thermistors can be lithographically patterned to dimensions much smaller than the
laser beam (few um) allowing lateral spatial resolution on the 10 um scale (thermistor
size). In addition, as long as parasitic thermistor-substrate capacitances are managed
(RC time-constant), temporal resolutions on the order of 1 ps are possible. The time-
dependent resistance of thermistors were measured using 4-wire techniques and were
captured by an oscilloscope as the laser scanned across the device. By collecting
multiple thermistor scans stepped across the laser width, a complete time/position map
of the temperature can be obtained.

While it is theoretically possible to determine absolute temperatures from the
known temperature coefficient of resistivity, experimentally this has proven to be
challenging necessitating the use of other standards to calibrate the absolute

temperature.
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2.3.2 Platinum Thermistor Fabrication

Using conventional thin film processes, thermistors have been fabricated on a
variety of substrates. To electrically isolate thermistors from underlying films, a 40-
100 nm SiO> film was initially grown or deposited; low temperature PECVD (plasma
enhanced chemical vapor deposition) of such SiO- films is generally compatible with
a wide range of materials. The oxide thickness is not critical, from a temperature
perspective, as the thermal diffusion length in SiO2 for a 100 us dwell is on the order
of 10 um, resulting in an essentially isothermal conditions across the oxide. However,
reflectivity changes from the thin-film optical stack must be taken into consideration.
To promote adhesion of the platinum film, a 2 nm Cr layer was deposited immediately
prior to thermal evaporation of the active 50 nm Pt layer, as shown in Figure 2.2a.
Device features were patterned using liftoff photolithography with the mask shown in
Figure 2.2b. To improve electrical contact to the thin Pt film, a 250 nm thick Ni film
was subsequently deposited and patterned (liftoff using the mask shown in Figure
2.2¢) to electrically “strap” the Pt film in the large area pad regions located far from
the active measurement. The resulting devices were annealed at 500°C in nitrogen for
5 minutes to sinter the contacts and anneal the Pt film to provide a stable resistance.
Experimentally, this anneal was sufficient to ensure that the resistance of the Pt
thermistor did not drift on Si substrates even with laser anneals to near Si melt. For
thermally sensitive films, lower temperature anneals were used and the room
temperature resistance of devices was monitored to detect resistance drift. For ease of
handling, devices generally were cleaved to 5x5 mm squares containing a single

thermistor and wire-bonded into ceramic side braze DIP packages.
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Figure 2.2: a) Cross section of thermistor device layers. b) Pt mask and
optical micrograph of the active thermistor region. ¢) Ni mask for

deposition of contact pads.

The critical features of the thermistor are detailed in the micrograph of Figure
2.2b. The thermistor device is separated from the nearest contact pad edge by 750 um,
a factor of 5 larger than the thermal diffusion distance for a 1 ms dwell anneal on
silicon, thus minimizing any optical or thermal perturbations. The thermistor itself was
a wire 10 um to 20 pm long, 2 um wide, and 50 nm thick. The width of the thermistor
was a compromise between processing limits (lithography) and the desire to minimize
perturbations of the incident laser. For tightly focused line beams (< 20 um FWHM in
the scanning direction), either higher resolution lithography would be required, or
effects of the perturbations would need to be modeled numerically to estimate
unperturbed temperatures. Current was sourced through the thicker in-line contacts
(Fig. 2.2b) with voltage monitoring taps at a 10 um (upper) or 20 pm (lower)
separation. At a given current, the wider voltage sensing probes provide a factor of
two signal improvement with a corresponding loss of spatial resolution. As fabricated,
devices typically exhibited resistances of 50-200 Q with capacitances of

approximately 1 nF.
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2.3.3 Platinum Thermistor Measurements

To minimize measurement noise, probe currents were limited to less than ~1
mA yielding signals of 50-200 mV. However, even this small current represents a
current density of ~10 kA/mm? and is sufficient to generate significant Ohmic self-
heating over longer time scales. To avoid this heating, current was pulsed in a narrow
time window (~20x dwell time) bracketing the laser illumination of the thermistor. A
custom circuit was designed to generate this pulse, monitor the precise current, and
amplify the voltage sense signals. To achieve the highest bandwidth, current was
sourced as a constant voltage with the actual current and voltage monitored as a
function of time.

Figure 2.3a shows raw captured current and voltage traces as a function of time
for a 150 ps dwell scan. The time-dependent 4-wire resistance (V/I) is shown in
Figure 2.3b, with an initial resistance Ro prior to laser heating of 82 Q. To eliminate
sample dependent thermistor variations, resistance changes were converted to a
normalized resistance change, 4Rn = 4R/R,, as shown on the right-hand axis of Figure
2.3b. For this condition, the sample temperature rises from essentially room
temperature to a peak within 500 ps. Cooling is somewhat slower, with the

temperature returning to 20% of the peak within one millisecond.
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Figure 2.3: a) Thermistor voltage and current time profiles for a 150 us
dwell. b) Resistance versus time profile shown as both device
resistance and normalized resistance change, 4Rn. ¢) Temporal profiles
of resistance change as a function of position across the scan width.
The dotted line corresponds to the time at which resistances reach their
maximum. d) Peak normalized resistance change, 4Rnp, as a function
of lateral position (squares) with the bi-Gaussian model fit (solid

curve).

Figure 2.3c shows temporal scans as a function of lateral position. As
thermistors proved to be stable with time and temperature, a high density of temporal

scans across the laser width were readily obtained. The peak normalized resistance
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change, 4Rnp, calculated for each profile across the laser scan is shown in Figure 2.3d.
This peak normalized resistance change is directly related to the peak temperature
change during the anneal. Given the slight asymmetry arising from the off normal
incidence, the lateral temperature profile was fit as a bi-Gaussian with different widths
to the left and right of the peak?.

Thermistor data were obtained over a wide range of annealing conditions.
Figure 2.4 shows the maximum ARnp at the center of the IgLSA scans as a function of
laser power for multiple dwells. Due to the temperature dependent thermal diffusivity,
the resistance and therefore temperature does not scale linearly with laser power.
Using the Cornell Laser Annealing Simulation Package (CLASP), the 3D heat flow
was simulated for a 250 ps anneal, yielding the dashed curve in Figure 2.4 which
agrees with thermistor results®®. For short dwells (< 1 ms) on 500 um thick Si wafers,
simulations treating the substrate as an infinite half-space are in good agreement with
thermistor measurements. However, above 1 ms on these substrates, the heated region
extends through the full substrate thickness and substrate-chuck interface thermal

resistance effects, which are poorly characterized, must be included.
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Figure 2.4: Maximum normalized resistance as a function of CO. laser
power (points) at multiple dwells. Normalized resistance was converted
to temperature using gold melt. CLASP simulation of the 250 ps dwell

agree well with these data (dashed line).

Though thermistor devices were quite robust, small shifts in R, do occur over
time as a result of continued platinum film annealing. For Si based substrates,
measurements of temperatures up to ~1250°C are stable, with slip in the Si substrate
complicating measurements at higher temperatures. Measurements between 1250°C

and melt are possible but often result in irreversible damage to the thermistor device.

2.4 Absolute temperature calibration

Absolute temperature calibrations are required to convert resistance changes
(4Rn) to temperatures. The most direct calibrations are based on physical
transformations induced either in the substrate or in thin films deposited on the

surface.
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2.4.1 Substrate Melt Calibration

The melting point of the substrate is a readily available absolute temperature
calibration point and for many materials can be readily identified. For Si substrates,
the onset of visible melt damage was observed using dark field optical microscopy.
This allows the thermistor data, extrapolated to this power or destructively tested to
melt, to be converted from 4Ry to temperature.

Silicon melts at 1414°C, but during LSA this melt can be mistaken for slip
which occurs at 1250-1350°C due to localized thermal stresses. As slip occurs on
crystallographic planes, melt and slip can be readily distinguished by scanning at an
angle to the [110] slip plane directions. Figure 2.5 shows a dark-field image of an
IgLSA scan on Si along the [100] direction at a peak temperature just above the melt
threshold. In dark-field, slip and melt are clearly distinguished with slip forming a
network of cross-hatched lines while melt resembles brush-strokes near the center of
the scan. As the onset of slip is dependent on sample preparation and history, its onset

does not correspond to a specific threshold temperature.
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Figure 2.5: Dark-field optical image of a single laser scan on (100)
silicon showing the onset of melt in the scan center. The cross-hatch

features are slip which initiates at a lower temperature.

While the melt temperature is known, there may be challenges clearly
identifying the onset of melt. For example, the onset identified in Figure 2.5 is really a
visual damage threshold and the actual onset may occur at lower power with epitaxial
solidification of shallow melts. For Si substrates, this is additionally challenging as the
melt is metallic and dramatically modifies the optical coupling of the CO: laser
wavelength. For these reasons, it is important to establish other absolute temperature

calibration points.

2.4.2 Surface Film Calibrations

First order transformations, such as melt, of thin deposited films can also be
used as absolute temperature calibrations. This enables calibrations closer to

temperatures of interest and overlapping with thermistor operating ranges. To avoid
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perturbing the laser absorption, films must normally be patterned as small dots.

Figure 2.6a, for example, shows the portion of an IgLSA scan that exceeded
the gold melting point. Lines of 3 um diameter gold dots (10-25 nm thick) on 10 um
centers were patterned lithographically with a 1 nm Cr adhesion layer on an oxide
coated silicon substrate. To minimize perturbation of the IgLSA temperature, lines
were spaced at least 100 um apart. In addition, the adhesion layer was kept thin to
limit changes in the melt temperature due to alloying. During IgLSA, peak
temperatures above 1064°C cause the Au dots to melt and solidify with morphological
changes readily observed in bright-field (Fig. 2.6a), and dark-field (Fig. 2.6b). The
thin oxide is necessary to avoid the Au-Si eutectic melt and to allow the Au to solidify
as readily visible beads. These images allow quantitative determination of the
boundary where the peak temperature is greater than the melt, and hence calibration of
ARN to temperature. Figure 2.6¢ illustrates this process for a scan with a peak
temperature near 1250°C. Joint thermistor and melt measurements can be repeated
over a range of temperatures as shown in Figure 2.6d, verifying the scalability of this

calibration over a range of laser powers.
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Figure 2.6: a) Bright-field optical micrograph of an array of gold dots

annealed by a laser scanned in the vertical direction. b) Dark-field
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optical micrograph of the same scan. ¢) Relative (dashed) and absolute
(solid) temperature profiles based on the gold melt. d) Width of the
gold melt as a function of laser power (squares) and scaled thermistor
measurements (dashed curve). Calibrated maximum temperatures are

indicated on the top axis.

Adjacent lines of dots were used to verify the uniformity of the temperature
profile longitudinally and to enable more precise determination of the melt width. In
particular, scanning at a small angle (<5°) allows use of multiple lines to determine the
melt width to <+£5 pm for the 3 pm Au dots. For all dwells studied (150 ps to 10 ms),
melt was clearly visible.

Alternative materials (e.g. other elements, congruently melt alloys, and organic
materials) may equivalently be used. Majewski and Yager, for example, used the melt
of tetrabutylammonium hexafluorophosphate (TBAHFP) near 245°C to calibrate laser
heating at relatively low temperatures'®. However, several factors must be considered
when evaluating alternatives. These include kinetic limitations of the transition
(important with organics and viscous liquids), oxidation (limits use of Cu and Al), and
dewetting properties. Candidate calibration materials also must adhere strongly but
cannot react with the substrate (e.g. eutectics), though a thin oxide may be used to
prevent interactions. Finally, materials with strong native oxides (such as Al>03) may
not change shape significantly during the short melt duration.

In addition to these absolute temperature calibrations, secondary calibrations
based on physical properties such as film decomposition can also be used. This is

particularly useful in the moderate range of temperatures where good candidate
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materials for melt do not exist or are difficult to process. For example, a thin film
material with a low decomposition temperature can be calibrated against a melt
standard on one substrate and then used as a calibration on a low temperature
substrate. Note that such secondary calibrations may exhibit both a dwell and
temperature dependence over IgLSA time scales.

As an example, this type of secondary temperature calibration was performed
using spun on thin films of poly(MAdMA-co-GBLMA). The temperature and dwell
dependent decomposition of this film was previously reported at 600°C for a 5 ms
dwell on highly doped silicon substrates®*. The decomposition of this polymer was
subsequently used to calibrate LSA temperatures on InGaAs substrates. Figure 2.7
shows a contact profilometry contour of the polymer after IgLSA using the diode
laser, as well as the temperature profile created by scaling thermistor data by the width

of the decomposition region.
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600°C (double vertical dashed lines) was used to calibrate the absolute

temperatures as a function of position.

2.4.3 Establishing well Characterized Substrate Standards

Absolute temperature calibration of a film and substrate over dwell and laser

power is time consuming. Fortunately, for thin films, thermal diffusion is governed

almost entirely by the substrate and perturbations due to the films are minimal.

However, optical thin film effects can be significant. To first order, such optical

effects can be corrected for by measuring the reflectivity at the laser wavelength and

incident angle and adjusting laser power accordingly. First order thin film corrections

then allow for rapid experimentation over a wide range of sample films using a

“master” calibration, as shown in Figure 2.8.

Laser Power (W)

N
o

70

N
o

w
o

-
o

o

=TT

®10°
Dwell Time (ms)
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dwell and CO: laser power for annealing of heavily doped Si
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substrates.

2.5 Examples of IgLSA Assisted Measurements

With accurate temperature calibrations, spatially resolved measurements across
IgLSA scans can be directly converted to temperature dependent properties. Such
measurements include a self-consistency check as measurements on either side of the
peak should, in principle, agree. Characterization techniques can be based on either
continuous (e.g. microscopy) or discrete (e.g. micro-Raman spectroscopy) sampling
and Table 2.1 gives examples of measurements which have been shown to be
compatible with IgLSA. The appropriate spacing of measurements across the scan is
dependent on the gradient of the temperature profile, the spatial resolution of the
particular measurement technique, the sensitivity of the specific property with
temperature, and the measurement time or cost. Ideally measurements are taken with

spacing at or below the spatial resolution of the technique.
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Table 2.1: Partial list of techniques compatible with IgLSA. Techniques
are broken into categories depending on their temperature sampling,
which is governed by spatial density across the annealing gradient, and

sample area required.

Temperature Sampling Techniques

Continuous Optical Microscopy
Profilometry

Large Area SEM

Discrete Small Area Small Area SEM

TEM

AFM / SPM
Nano-Indentation
Micro-Raman Spectroscopy
Micro- 4-Point Probe

Large Area Rectangular Aperture FTIR
Electrical Capacitance
Micro-GISAXS / Micro-WAXS
Micro-XRD

Profilometry is an example of a nearly continuous characterization technique.
As discussed previously, Figure 2.7 shows the remaining thickness of a polymer after
an IgLSA scan. These data are complimentary to traditional thermogradient analysis
performed on second to minute timeframes and have been used to establish the
kinetics of various polymer decomposition mechanisms+25,

Discrete measurements are more varied and can be further sub-divided based
on the required sampling area (small or large) relative to the annealing gradient. For
example, micro-Raman probes can be focused to only a few um in diameter and hence
can be readily stepped across even narrow and short laser scans. In contrast, accurate

electrical measurements of the dielectric constant may require mm? areas. To achieve
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such a large area, asymmetric rectangular probes aligned along the laser scan’s
isoanneal direction must be used, with the narrow width establishing the temperature
resolution. FTIR measurements with, for example, a probe area of 2000 pm? can be
measured using a 10x200 pum rectangular aperture. The primary challenge in large
area measurements is angular alignment of the probe aperture with the scan direction.
Figure 2.9 shows an example of small area discrete sampling based on micro
four-point probe sheet conductance measurements of Si-doped InGaAs 2. Using 5 um
steps across multiple laser scans (Fig. 2.9a), the temperature dependent activation can
be accurately and easily observed (Fig. 2.9b). On these millisecond timescales, the
onset of activation is extremely sharp and occurs over a 10°C window. Data collected
from an IgLSA experiment with a maximum temperature of ~1080°C captures the
entire range of behaviors while multiple IgLSA experiments with lower peak
temperatures give a finer resolution near the onset of activation. All experiments fall

along one master activation curve as a function of temperature (Fig. 2.9b).
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damage threshold (1075°C) is not included. Dotted lines serve as

guides to the eye. a) Spatial profile of sheet conductance. b) Sheet

conductance versus peak annealing temperature.

Micro-Raman is particularly powerful as a spot-measurement technique due to

the potential of extremely small (< 4 um?) probe beams. The effect of annealing

temperature and time on the photoluminescence spectra of CdSe quantum dots was

obtained using such a micro-Raman spectroscopy setup?’. Small area (2 um diameter)

measurements were taken every 3 pum across a 2 ms dwell IgLSA scan. Figure 2.10a

shows the peak photoluminescence wavelength as a function of temperature. The

sharp jump in photoluminescence peak wavelength near 830°C is the result of fusion

of neighboring quantum dots from monomers (~605 nm) to dimers (~650 nm). This

monomer to dimer transition occurs over a narrow temperature range as captured by

the temperature series of emission spectra in Figure 2.10b and intensities in Figure

2.10c.
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63



near 605 nm and the dimer near 650 nm. c) Peak emission intensity of
the monomer (squares) and dimer (triangles) states as a function of

annealing temperature. Dashed lines are guides to the eye.

While profilometry and photoluminescence are non-destructive, other
measurements, such as nano-indentation, are locally destructive. Depending on the
size scale of the damaged sample, measurements may need to be spaced along the
laser scan as well as laterally across the IgLSA scan. Similarly, multiple measurements
along the scan direction can be used to establish the uniformity of property changes
and to average for noise reduction.

In contrast to small area measurements, large area measurements require
extreme care and alignment to avoid significant temperature variations within the
probe area. Dielectric measurements of a thin low-k oxide film, for example, required
a probe area on the order of 0.3 mm?. To obtain this area, 16 mm x 20 pm metal lines
aligned to the scanning direction were created lithographically. Due to the extreme
length, an alignment precision better than 0.07° was required to ensure that any given
line did not drift more than 20 um along its full length. To achieve this precision, 10
pm alignment marks were lithographically patterned on films prior to the laser anneal.
Using an in-situ camera, the axis of the laser scan was then aligned to these marks to
better than £5 um. The capacitor metal lines were subsequently aligned to these same
marks to +2 um. This provided an alignment precision of better than 0.02°. Figure
2.11 shows measurements of the capacitance as a function of position and temperature
for a representative low-k material. To obtain the dielectric constants, these data were

combined with a continuous profilometry measurement of film thickness which also
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varied with annealing temperature.
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Figure 2.11: Low-k dielectric capacitance measurements of 20 um x 16
mm capacitors patterned with the long axis aligned along the isoanneal
scan direction. Dotted lines are guides to the eye. a) Capacitance as a
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temperature.

Large area Fourier transform infrared (FTIR) spectroscopy was also used to
measure bonding changes occurring due to annealing of these low-k organosilicates?.
Data collected using a 10x200 um rectangular aperture are shown as a function of
position and temperature in Figure 2.12. Using normalized peak heights based on
unannealed regions at the edge of the laser scans, the temperature threshold for
structural changes such as loss of methyl groups near 850°C and increase of fully

networked SiO> near 1000°C are readily identified.
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Figure 2.12: Height of FTIR peaks of an IgLSA scanned low-k
material. Peak heights are normalized to heights far from laser annealed
areas. a) Normalized FTIR peak height given as a function of
displacement from the scan center and b) Versus peak annealing

temperature. Dotted lines are intended as guides to the eye.

GISAXS (grazing-incidence small-angle X-ray scattering) similarly requires an
extremely large probe length due to the grazing incidence. For even a 20x20 pum initial
beam, the beam length is nearly 8 mm at a 0.15° angle of incidence. Angular
alignment of the X-ray beam to the IgLSA scan direction of better than 0.1° is
required; this can be achieved using, for example, a lithographically defined Au film
edge. This allows the spatial resolution across the IgLSA scan to retain the 20 um
lateral dimension of the focused beam. Figure 2.13 shows the GISAXS scattering
intensity for IgLSA of a PS-b-PMMA thin film, with the integrated scattering intensity
and peak width shown as a function of position and temperature. These data have been

used to determine the kinetics of PS-b-PMMA ordering?.
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2.6 Conclusion

The IgLSA technique has been shown to enable high throughput
characterization of material properties following microsecond to milliseconds thermal
annealing. Using well calibrated spatial temperature profiles, spatially resolved
property measurements across an IgLSA thermal gradient can be transformed to yield
temperature dependent properties. With typical gradients of 1-2°C/um,
characterization over a wide temperature range can be achieved with minimal sample
material, while simultaneously avoiding many systematic errors that arise from use of
multiple samples in conventional studies. Characterization methods with a wide range
of sampling frequencies, spatial extents, and local alteration are shown to be
compatible with this thermal gradient technique. Even large area measurements are
readily accessible by exploiting the isoanneal character of the laser scan line.

Robust methods of characterizing and calibrating the lateral temperature
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profiles are described. Platinum thermistor measurements were used to obtain spatially
and temporally resolved temperature profiles. A variety of absolute temperature
calibrations, based on melt and other physical transformations, were developed
covering a range of temperatures. Combining these absolute calibrations with the
thermistor profiling, the time/temperature evolution over the full IgLSA area can be
characterized. Strategies for transferring these calibrations to various thin-film
structures and alternate substrates were also discussed.

Several examples of IgLSA experiments were discussed based on a range of
materials and temperature regimes. These examples demonstrated use of a wide
variety of characterization techniques, including continuous profiling, small area
discrete measurements, and large area measurements. In several of these examples, the
unique capabilities of the IgLSA technique enabled clear identification of key
transformations, even those occurring over narrow and otherwise difficult to identify
temperature ranges.

The IgLSA method is compatible with, and can be combined with, other high-
throughput techniques such as compositional gradients. The minimal area
requirements of IgLSA enables full characterization of composition/temperature phase
space in binary and ternary alloy systems, a mapping that is experimentally untenable
with conventional techniques. Such experiments may well prove invaluable in the

search for novel materials and optimal processing constraints.
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CHAPTER 3

Porous Low-k Dielectricst

3.1 Introduction to Low-k Materials

Continued scaling of devices along Moore’s Law presents increasing
challenges to all elements of the semiconductor structure and, in particular, to
interconnect density and pitch.? Interconnect delays and power usage forced the
transition from aluminum interconnects to copper starting in late 1997.% Shortly
thereafter, SiO> (dielectric constant k = 3.9) was replaced by lower dielectric constant
insulators, referred to as ultra-low k (ULK) materials. Capacitive crosstalk between
signals continues to be exacerbated by shrinking dimensions, leading to continued
requirements for ever decreasing dielectric constants. Indeed, the ITRS roadmap* calls
for dielectric constants to fall from approximately 2.5 today to below 2.0 by the end of
the decade.

For the last decade, porous organosilicate glasses, often referred to as SiCOH,
have been the dominant low-k material.>® This dominance has been due, in large part,
to SICOH’s compatibility with modern semiconductor devices, thermal stability up to
350°C, reasonable oxygen plasma resistance, and acceptable strength-to-k tradeoff.
The general structure of SICOH is a Si-O skeleton with organic substitutions and

porosity on the nanometer to sub-nanometer scale. The Si-O skeleton consists of both

¥ The majority of section 3.1 and the opening paragraphs of sections 3.2 and 3.6 are drawn from a
published manuscript: Raymunt, A. M.; Bell, R. T.; Thompson, M. O.; Clancy, P. Effect of
Laser Annealing on the Structure of Amorphous Porous SiCOH Materials. J. Phys. Chem. C
2015, 119 (22), 12616-12624.1
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fully networked SiO4 tetrahedra and suboxides (SiOx, with x less than 4). Organic
substitutions are commonly connected to the Si-O network as, for example, Si-CH3
pendant methyl groups or Si-CH>-Si methane bridges. Continued reductions in the
dielectric constant are achieved by the addition of substantial porosity, both
intrinsically formed from the SiICOH precursors and extrinsically introduced through
the use of sacrificial organic porogens. Post-deposition annealing is required to
decompose the porogens, typically in a furnace anneal at temperatures up to 400°C, or
by UV exposure for tens of seconds.® These porogens foster porosity as nanoscale
voids within an otherwise complete SiO network.® Retaining the Si-O framework
preserves the known compatibility of SiO2 and much of the requisite etch resistance.
Volksen and Grill have extensively reviewed the history, structures and processing of
SiCOH materials.®® Unfortunately, the increased porosity and carbon content in these
films also reduces the mechanical integrity of the material, resulting in reduced
modulus and fracture toughness.

The dual damascene process for Cu metallization requires a critical mechanical
strength, commonly quoted as a modulus above 5-10 GPa. That is, a modulus in this
range has been shown to correlate with the ability of the ULK material to survive the
manufacturing process and is therefore a suitable metric for comparing the mechanical
properties of various ULK materials®. The challenge of simultaneously achieving this
modulus, with the requisite low-k value, is summarized in Figures 3.1 and 3.2. Figure
3.1 is a broad overview of the dielectric constant and modulus of candidate
materials.”%® Different material classes, such as the methyl terminated and ethylene

bridged organosilicates, have different characteristic modulus and dielectric constant
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behaviors with changing porosity. Figure 3.2 shows how different post deposition

treatments can affect the dielectric constant and modulus.”810132327.28 No materials

currently meet the required targets for the ITRS roadmap®; zeolites, which appear to

be excellent candidates, have intrinsic size effect problems with integration.?
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Figure 3.1: 726 Comparison of k and elastic modulus for different low-k

candidate materials. The highlighted region marks the regime of

interest for high modulus and low-k. Dashed lines show trends of

individual classes of materials with differing post deposition treatments

and porosities. Methyl silsesquioxanes are marked with MSSQ and

ethylene bridged organosilicates are marked E-bridged.
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Figure 3.2:7810.13232728 An overview of current characterized SiCOH
films in terms of their elastic modulus and dielectric constant. As the
dielectric constant decreases (favorable for ultra-low-k applications),
the elastic modulus also decreases (unfavorable). This illustrates the
difficulty of developing SiCOH films with dielectric constants at or
below 2 and with sufficient modulus (above 5-8 GPa) to survive
manufacturing processes. No materials characterized to date meet the
twin criteria identified as the target area. UV hybrid and e-beam hybrid
films indicate films annealed with a combination of furnace annealing

and UV or e-beam irradiation.

Numerous techniques have been explored to increase the modulus while
maintaining the porosity, including furnace annealing*®**?¢ and exposure to UV®?7 or
e-beam sources. In general, the goal is to increase the extent of Si-O linkages within
the film, and therefore the mechanical integrity, while avoiding pore collapse and
subsequent dielectric constant increase. UV and e-beam exposure locally opens bonds,

allowing cross-linking within the Si-O-Si and the Si-CH»-Si networks.?® For UV
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curing, a critical wavelength below 200 nm is required, indicating that the mechanism
involves direct bond-breaking and local chemical modification. While the overall
chemical changes resulting from exposure can be determined, the mechanisms and
final structures modified by the anneals are not well understood. For thermal anneals,
there are likely to be numerous active pathways whose temperature and structural
evolution are unknown.

While these anneal and curing methods have succeeded in moderate property
improvements, none have been able to substantially shift the limiting curve. As
thermal processes normally involve events with multiple activation energies,
optimization of properties may be possible by shifting the time and temperature
regimes for thermal anneals. Traditional anneals are performed on time scales from
minutes to seconds and, for SICOH materials, at temperatures below 500°C. Laser-
induced spike annealing (LSA) offers the potential for thermal processing on sub-
millisecond time frames and transient temperatures above 1200°C. In 2006 and 2008,
Volksen et al. demonstrated an initial feasibility of using LSA anneals to achieve films
with improved properties.’*

In this work, we investigate the temperature dependent effect of laser
annealing on SiCOH films including the atomic structure, modulus, and «-value.
Measurements of the temperature dependent bonding are also compared with

simulations of the chemical processes occurring within the films.

3.2 Experimental Methods
The lateral gradient laser spike annealing (IgLSA)*! method was used to create

local peak annealing temperature gradients to allow SICOH properties to be measured
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over a wide range of processing conditions.

Samples of SICOH films on nominally undoped Si wafers were obtained from
GlobalFoundries. Laser annealing was performed using a CO2 LSA system with a spot
size of 90 x 590 um and a 1 ms dwell time, with a flowing nitrogen ambient used to
minimize surface chemical reactions. A hot plate chuck, was used to heat substrates to
a baseline temperature where laser absorption by free carriers was possible.
Absorption of the CO2 wavelength light (A = 10.6 um) in undoped Si occurs only by
free carrier absorption, with an absorption length that increases exponentially with
temperature from 600 pum at 600°C to approximately 10 pm above 900°C.%2 To ensure
sufficient initial absorption to reach steady state heating, samples were statically
heated on a hot-plate to 315°C. Time spent on the hotplate chuck was minimized to
less than 1 min. Actual peak temperatures achieved during the LSA processing were
determined using thermistor measurements, which were calibrated to gold and silicon
melting temperatures. 33

Structural changes as a function of the peak anneal temperature were measured
using Fourier Transform Infrared Spectroscopy (FTIR). The elliptically focused laser
beam for LSA exhibits a near-Gaussian temperature profile perpendicular to the scan
direction. Using spatially resolved FTIR measurements, changes in the absorbance
spectra as a function of temperature were thus obtained from single stripe sweeps of
the LSA beam (IgLSA). Temperatures across the beam profile were established using
spatially resolved thermistor scans.®*® Figure 3.3 shows a schematic of the beam

intensity and generated temperature profile.
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Figure 3.3. Schematic of LSA beam profile. The approximately

Gaussian laser intensity profile (upper color graph) produces a

temperature increase on the sample (lower graph) that mimics the

intensity profile broadened

slightly by thermal diffusion. The highest

temperature increase occurs near the center of the beam decreasing to

ambient temperatures at the edges of the beam.

Table 3.1: Identifications of organosilicates FTIR peaks used to analyze data.

Suboxide 1027
Network 1061
Ladder 1108
Cage 1135
Methyl (Si-CH3) 1274
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Fourier transform infrared (FTIR) spectroscopy measurements were obtained
using a Bruker Hyperion FT-IR Spectrometer and Microscope instrument with a
15x150 um aperture aligned along the scan direction. This aperture was stepped in 25
um increments across the Gaussian beam profile to obtain absorbance spectra as a
function of peak annealing temperature. Structural evolution of the Si-O network was
determined from FTIR peaks corresponding to various Si-O structures including the
silicon suboxide at 1027 cm™, fully networked glass-like structure at 1061 cm™, large
angle Si-O-Si bonding characteristic of a cage structure at 1108 cm™, and Si-O-Si
bonding for ladder structures at 1135 cm™.3* The organic (methyl) decomposition was
tracked via the 1274 cm™ characteristic peak. These identifications are summarized in
Table 1.

To determine the dielectric constant, capacitor devices were patterned on the
annealed samples in the Cornell CNF clean room. Film thickness measurements,
needed to interpret capacitance as a dielectric constant were made using a contact
profilometer. Electrical devices were constructed using top aluminum contacts. This
contact was formed as a long line, 16 mm x 0.02 mm, aligned parallel to the laser
scanning direction as shown in Figure 3.4. This contact area included collinear
windows so that FTIR and mechanical testing could be undertaken on the same
samples with identical annealing conditions. Capacitances were measured as a
function of the bias voltage (CV), using a Hewlett Packard 4284A LCR Meter at
frequencies of 10 kHz, 100 kHZ, and 1 MHz; only 100 kHz are reported here but all
were similar. The dielectric constant at each condition was calculated using the

measured electrical data and profilometer determined sample thickness.
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Figure 3.4: Aluminum top contacts patterned onto SiCOH film after
laser annealing. The center of the laser scan is on the right of the image
and can be identified by a color change in the film. The large windows
in the aluminum lines allow FTIR and mechanical measurements of the

film spatially referenced to the electrical properties.

Mechanical modulus, well correlated with fracture toughness, was determined
using a nano-indentation technique called dynamic mechanical analysis (DMA). This
technique uses a small oscillation applied to the time dependent loading to record
results of unloading at regular intervals. Figure 3.5 shows a representation of the time
dependence of DMA loading. This method allows the modulus to be profiled as a

function of depth.
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Indentation Depth Profile During DMA
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Figure 3.5: Example indentation depth as a function of time during
dynamic mechanical analysis (DMA). Modulus is measured at each of
the unloadings, so allowing a depth profile of measured modulus to be

obtained.

3.3 Modulus Measurements

The elastic modulus was measured for these nano-indentation data by
analyzing the unloading (Figure 3.6). A stiffness, S, is determined as the derivative of
the force versus displacement curve during the onset of unloading, as shown in Figure

3.6. A reduced modulus (Er), is then calculated from this stiffness and a depth
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dependent contact area, Ac.

_Vis
=

This reduced modulus contains information on the Young’s moduli of the indenter (E;)

E

(3.1

and sample (Es) and Poisson ratios of both the indenter (vi) and sample (vs).

—=—+— (32

By using known constants of the diamond indenter, each load-unload measurement
can be converted into an indentation modulus (Eindent) Which is then a function of

sample parameters only.

1 _ 1-v2 __ 1 3
Ey E; Eg Eindent .
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Load-Unload Indentation of SiCOH
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Figure 3.6. Load and unload data for indentation of a SICOH sample as

a function of displacement and force. This trace is from a full

indentation and withdraw in contrast to the constantly oscillating DMA

trace.

Due to DMA’s constant loading and unloading cycles during indentation, a
depth profile of the measured indentation modulus is acquired at each position across
the laser scans. Depth has a strong effect on the measured modulus due to tip shape
effects at low indentation depths, substrate effects as deeper indents begin to interact

with both the sample film and substrate, and pile-up / delamination at the deepest
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indentations measured. Figure 3.7 gives an example measurement of the reduced
modulus as a function of indentation depth. The reduced modulus used to calculate the

sample’s indentation modulus is the average of values between 30 and 70 nm.

DMA Indentation of Porous Dielectric

70 B T ‘ | | T ‘ T ‘ T T
- s A
- » et o *
=t: . 5 e
£ [2 & <L A2
s = g m o = ]
Osfz £ = 2 e -
- = E < ** S 7
2 & 3 Z e R
= . 2 E ZE 8
S 40 & = b= = o . ]
'-O | ~ m"}ff“ (oW i
@) L :I,\ i
p= B *w** 2 ]
8 30 B ****** Q: ]
Q L x o ]
= B ** i
B * *x x K N
8 20 - .
=7 )
10 | .
0 _ Il 1 | Il ‘ Il ; Il | Il Il | Il 1 ‘ Il 1 ; ‘ Il 1 Il i
0 50 100 150 200 250 300

Indentation Depth (nm)
Figure 3.7: Reduced modulus as a function of depth for a porous
organosilicates film on a silicon substrate measured by DMA. Vertical
red lines demark the different zones, with each zone representing a
different property of the testing setup and sample. The region of
interest, for this study, is the film modulus measured at depths between

30 and 70 nm.

Indentation moduli, measured across a 1 ms dwell IgLSA scan, are shown in

Figure 3.8 as a function of displacement and annealing temperature. In the low
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temperature regions at the wings of the laser anneal the modulus is constant, near 16

GPa; but as temperature increases, the indentation modulus also increases. The onset

of this modulus increase occurs for peak temperatures near 740°C, reaching a

maximum near 38 GPa at temperatures above 1000°C. While this annealing represents

a greater than two fold increase in modulus, even the lowest modulus measured (16

GPa) is much higher than most low-k dielectrics considered for use by industry.
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Figure 3.8: Indentation modulus as a function of (a) displacement and

(b) temperature. Horizontal dashed lines shown the average low

temperature modulus of 16 GPa. The solid line in (b) is a guide to the

eye only with the onset of modulus change shown by the vertical

dashed red line at 745°C.

3.4 Electrical Measurements

Capacitance-voltage (CV) sweeps were performed on devices patterned across

the laser scan. An example of a CV measurement is shown in Figure 3.9. For large

negative bias, the capacitance increases until saturation at the oxide value (Cox). For
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pristine bias, depletion of carriers in the substrate yields a lower capacitance. For each

measurement, a fit was used to determine the value of the asymptotic Cox.

CV Data and Fitting of Porous Dielectric
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Figure 3.9: CV measurement of a metal oxide semiconductor device
with a SiICOH dielectric. A fit function to the full data (shown in red)

was used to determine the Cox value.

By pairing thickness and Cox measurements, the dielectric constant was
determined using the parallel plate capacitor model.

KEA

C.. =
0x d

(3.4

Where k is the relative permittivity, ¢, the permittivity of vacuum, A the area of the
parallel plates, and d the thickness of film. Figure 3.10 gives the thickness and Cox
values across the laser scan. Within some distance of the scan center the thickness
begins decreasing. Near the scan center, the thickness of the film decreases due to film

densification, corresponding primarily to a loss in sample porosity. The capacitance
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however, goes through a local minimum between 300 and 180 pum from the scan

center. This is mirrored on both sides of the laser scan, confirming its validity.
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Figure 3.10: Dielectric thickness and capacitance as a function of
displacement from the laser scan center. Thickness uniformly decreases
above some critical temperature while the capacitance goes through

local minima at the edges of the affected area before increasing.

The inferred k-value as a function of position is shown in Figure 3.11a. The
dielectric constant is initially 3.6, which is far above the range generally of interest for
low-k applications. A minimum of ~2.8 is reached at intermediate temperatures, which
remains on the high end of relevant low-k dielectrics. Figure 3.11b shows dielectric
constant as a function of the peak annealing temperature along with the sample
thickness. The dielectric constant begins to drop at ~740°C, the same temperature at

which the thickness begins to decrease. If, as thickness decreased, the only change was
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a loss of porosity, with no other change, then the dielectric constant should have

increased as the ratio of backbone to pore increased. However, the dielectric constant

decreased at first, indicating that there are also changes occurring to the chemistry of

the films. Above 950°C, the dielectric constant begins to increase while the thickness

continues to decrease. This signals either a different set of chemical changes to the

backbone or that any changes to the backbone are complete with the reduced porosity

leading to a continuously increasing dielectric constant.
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Figure 3.11: a) k-value as a function of displacement from the laser

scan center. The constant low temperature anneal value is marked by a

horizontal dashed line. b) k-value and thickness of the sample as a

function of peak annealing temperature. Trend lines are drawn in bold

for both measurements with vertical dashed lines representing

inflection points for the initial decrease and subsequent increase of the

dielectric constant.
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3.5 Comparing Modulus and k-Value

The temperature dependent indentation modulus and corresponding k-value are
shown in Figure 3.12. Both begin to change at ~740°C. As expected, the modulus
increases as the film densified and the load bearing backbone makes up a larger
volume fraction of the overall film. Chemical changes in the film that lead to the
dielectric constant decreasing do not weaken the film, and may increase the ultimate

strength of the film.
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Figure 3.12: Comparison of indentation modulus and «x-value as a
function of temperature. Regimes of behavior are marked by vertical
dashed lines with low temperature annealing property levels marked
with horizontal dashed lines. Solid lines are trends drawn through the

data.
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Both the modulus and dielectric constant of the investigated dielectric, before
and after annealing, are larger than the typical low-k candidate material. Figure 3.13
shows a selection of data from Figure 3.1 with previous laser annealing of low-k
materials highlighted and plotted alongside our data. As previously reported for laser
annealed samples, increased annealing temperature lead to higher modulus with either
a small increase in k or a decrease in k. The current data lies in a much higher k and
modulus regime than most other data. Material used in this study started from a
relatively high k-value and modulus for a candidate material, especially as to other
annealing studies. None the less, the ability of laser annealing to reduce the dielectric
constant while simultaneously increasing the modulus has been demonstrated.
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Figure 3.13: Comparison of elastic modulus and k value of low-k

materials, including the results of this study. Data from other laser
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annealing studies are highlighted’. A trend line has been drawn through
each set of laser annealed samples to shown trends with annealing
temperature; in each case, the highest temperatures occur at the top

right corner of each data set.

3.6 Structural Measurements

Structural changes of the low-k films as a function of the peak annealing
temperature were measured using FTIR. Figure 3.14 shows FTIR spectra of two films,
one annealed to low temperature (300°C) and one annealed at high temperature
(1200°C); only the range of the Si-O peaks is shown. The behavior of the system is
dominated by loss of the SiO sub-oxide peak at 1027 cm™ and the commensurate rise
of the fully networked peak at 1061 cm™. The ladder and cage peaks (identified in the
Methods section) are reduced as well, but not nearly as strongly as the sub-oxide peak.

The methyl peak is almost entirely removed by 1200°C.
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Figure 3.14. FTIR spectra of samples annealed at 315°C (a) and at
1200°C (b). Extracted FTIR peaks for the Si-O structures are shown as

dashed curves. The dominant effect of temperature is an increase in the
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intensity of the Si-O network peak at the expense of the methyl and Si-

O suboxide peaks.

These data are summarized in Figure 3.15 showing the peak height of each
structural moiety (relative to the unannealed sample) as a function of location (Fig.
3.14a) and peak annealing temperature (Fig. 3.14b). In addition to the Si-O peaks, data
for the organic (methyl) peak at 1274 cm™ is also shown. At temperatures below
800°C, FTIR peaks remain essentially unchanged. The organics, particularly the
pendant methyl groups, are the first structure to become unstable and above 850°C

they begin to decompose. No substantial organics remain at temperatures above

1200°C.
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Figure 3.15: a) Peak heights taken from FTIR spectra across a 1ms
dwell laser scan with peak temperature of 1225°C as a function of
location. Peak heights are scaled relative to unannealed regions located
some distance removed from the laser scan. Solid lines are high order
polynomial fits (even terms only). b) Trend lines of structure changes

from part (a) as a function of temperature. The methyl peak begins to
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decrease around 850°C, followed by an increase in SiO networking at
1000°C, and a concurrent loss in SiO suboxides also beginning at

1000°C.

The network structure does not decompose even at the highest temperatures
tested (1225°C). Instead, as temperature increases, the suboxide structures convert to
the fully networked configuration. While temperatures of 400°C only are required in
longer furnace anneals, at 1 ms dwells a full conversion of suboxide structures only
occurs for temperatures above 1200°C. This behavior is consistent across dwell times
from 200 ps to 2 ms with only small shifts in the critical temperatures.

All of the structural changes appear to saturate with formation of a near fully
densified film. This suggests that, on these time scales, transformations are nearly
complete by 1200°C with changes in each peak values representing the maximum
possible change in the motifs. In Figure 3.16, the changes are presented as fraction
changes between room temperature and 1200°C (range 0 to £1); these data then
approximate the relative “completed fraction” of the overall motif change. Though
their raw signals do not overlap before normalization, fractional changes in methyl and
cage motifs lie essentially on top of each other. This strongly suggests that the loss of
methyl groups also involves breaking the motif of three near 90°angle oxygen bonds
to a Si. Likewise, the decrease in ladder and suboxide peaks are very similar, strongly
suggesting that the ladder (two 90°angle oxygen bonds to a Si) motif is the last non-
network bonding configuration to transform. The temperature displacement of changes
in the suboxide and methyl peaks suggest an intermediate non-network bonding

configuration that occurs between the loss of methyl groups and the eventual bonding
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of a fourth oxygen to Si.
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Figure 3.16: Fractional total change in peak height between room
temperature and 1250°C of the five bonding configurations observed
by FTIR. The ladder signal is very low compared to the other peaks and
thus the slight increase at highest temperatures is likely just noise
(normalized by extrapolation to peak temperatures). Both methyl and
cage peaks exhibit changes that occur at concurrent temperatures. The
ladder and suboxide peaks show similar behavior but starting at higher

temperatures.

3.7 Analysis
Data suggests a temperature gap between the loss of methyl bonds in the film

and the later loss of the suboxide motif. This implies the existence of some
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intermediate state, between methyl bonding decomposition and full oxidation, as

shown schematically in Figure 3.17.

Intermediate
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Figure 3.17: Schematic pathway showing initial loss of methyl bonding
to an unknown configuration prior to final conversion of suboxide to
fully oxidized network at higher temperatures. The intermediate

configuration remains unknown.

The increase in modulus with temperature does not correspond to the onset of
fully networked Si or to the porosity less marked by a large decrease in thickness, as
shown in Figure 3.18. Instead, the increase in modulus at ~740°C coincides well with
the decrease in methyl and cage peaks (~720°C). The as-deposited film is likely a
collection of non-covalently bound organosilicates precursors with some cage
structure and methyl bonding. We suggest that the initial loss of methyl bonds and
cages leads to new covalent or hydrogen bonding with neighboring precursors, leading

to observed increase in modulus.
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Figure 3.18: Comparison of trends in modulus, thickness, and select
FTIR peaks all normalized to their low temperature values. The
decrease in the cage motif and the increase in modulus occur near
~730°C while the increase in fully networked Si does not occur until

~850°C.

The dielectric constant, modulus, bonding, and thickness are all shown as a
function of the peak annealing temperature in Figure 3.19. The initial decrease in the
k-value, not normally seen in other annealing methods and the most unique
characteristic of this data, coincides with the increase in modulus and decrease in
methyl/cage peaks. The temperature window where k decreases (730°- 950°C)
matches the gap between the initial increase of methyl groups (~740°C) and the
decrease in suboxide (~980°C). This is the range where the presence of an unknown

intermediate state was hypothesized. The later decrease of the suboxide coincides with
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an increase in the k value, which ultimately saturates at the fully densified value.
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Figure 3.19: Modulus, thickness, dielectric constant, and bonding as a
function of the peak annealing temperature. All curves have been

normalized to values at low temperatures.

3.8 Conclusion

The lateral gradient laser spike annealing (IgLSA) method has enabled study of
the mechanical, electrical, and structural response of low-k dielectric films to anneals
at a range of temperatures. These measurements were performed in rapid succession
using spatially localized measurements, and demonstrate the ability of IgLSA as a
characterization technique.

For the film studied, an optimal temperature region between 730°- 950°C was
identified which resulted in a reduced dielectric constant with an increase in the

modulus. No other annealing methods, including electron beam, UV, and furnace have
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been shown to simultaneously improve both key metrics of these films. An unknown
intermediate state, where methyl groups have been decomposed but the oxide network
has not fully formed appears to be responsible for this promising lower-k and higher-
modulus behavior. Further study of the structure in this annealing region is key to

understanding this behavior.
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CHAPTER 4

Systematic Exploration of Metastable Quenched Bi,Os3?

4.1 Introduction

Structure plays a critical role in governing material properties, causing
different phases with the same nominal composition to often exhibit different
characteristics. While there is only one equilibrium phase, capturing metastable phases
with desirable structures and properties can dramatically expand the design space of
materials. One means of generating metastable phases is by time constrained
nucleation and growth at high temperature from a high free energy amorphous
precursor. Kinetically limiting subsequent transformations requires rapid quenching to
room temperature. By expanding the window of thermal annealing to the sub-
millisecond time regime, the range of accessible metastable phases is dramatically
expanded.

One material system exhibiting complex polymorphism and varying material
properties is bismuth oxide (Bi203). In this system, at ambient pressures, there are two
equilibrium phases (a at low temperatures and ¢ above 729°C) and four additional
accessible metastable phases (8, y, €, ®) 2. Bismuth cations in 6-Bi,O3 occupy a face
centered cubic (FCC) lattice with oxygen, at high temperatures, randomly located near
6 of the 8 tetrahedral sites in the anion sublattice 3*, leaving ¥ of the tetrahedral
oxygen sites vacant. This open structure gives 0-Bi>O3 the highest reported oxygen ion

conductivity of any solid oxide between 650°C and 830°C (melt) 1°. Near room

¥ Arevised version of this chapter may be submitted for publications

107



temperature, oxygen ion conductors would have applications as components in
sensors, ion pumps, and electrolytes in batteries and fuel cells; current oxygen ion
conductors however are limited to temperatures above 400°C °. During conventional
furnace quenching, 0-Bi>Oz either transforms into the low temperature stable a
polymorph or, for quench rates near 10" °C/sec, persists in the J-phase to 639°- 650°C
before transforming into the 4 or y metastable polymorphs "8, Both $ and y often
transform again into the a-phase as samples approach room temperature 2. Lacking the
open structure of the J-phase, ionic conductivities in the «, £, and y polymorphs are 2-
7 orders of magnitude lower than in 6 89, and hence the 5-phase must be preserved if
its ionic conductivity is to be accessed at room temperature.

Direct synthesis of §-Bi2Oz at room temperature, with various degrees of
phase purity, has been reported by methods including pulsed laser deposition (PLD)?,
electrodeposition' 24, magnetron sputtering®>*®, chemical vapor deposition (CVD)*/,
metal organic chemical vapor deposition (MOCVD)! and carbothermal
evaporation®®. However, the ionic conductivity of pure 5-Bi,Os has not been reported
below 350°C 14, likely due to poor phase purity and/or low film quality in these direct
synthesis methods. Doping of Bi,Os with lanthanides and transition metals 232923 has
allowed stabilization of ¢ during conventional quenches 2 at the cost of reduced ionic
conductivity 224, While direct quenching of pure 5-Bi,Os from the stable region above
729°C to room temperature has been widely explored, to date this has been
unsuccessful "8 and had been generally considered to be impossible 202°,

In this work, we report phase formation following sub-millisecond to

millisecond thermal anneals of an amorphous Bi>O3 precursor as a function of the
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peak annealing temperature, up to 900°C (above melt). Results of high-throughput
anneal screenings are compiled into quenched phase maps as a function of annealing
time and temperature. A lateral gradient laser spike annealing (IgLSA) technique 2°
was used to create spatial gradients in peak temperature across laser scans (Fig. 4.1a)
allowing for rapid exploration of phase formation. Anneals are characterized by a
dwell, defined as the full width at half maximum of the laser intensity profile in the
scanning direction divided by the scanning speed. Use of multiple laser scans with
different conditions allowed systematic quantitative exploration of quench rates from
10* — 105°C/s, with characteristic dwells of 0.15 — 10 ms respectively (Fig. 4.1b,c).

These quench rates far exceed previously reported furnace quenches of 101 °C/s 78,
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Figure 4.1: Laser annealing of Bi»Os. a) Diagram of IgLSA process
showing scanning of the laser over a sample and the instantaneous
temperature profile. b) Time, temperature, and heating rate profile for a
0.15 ms dwell anneal with a peak temperature of 900°C and peak
quench rate of ~2x10° K/s. c) Time, temperature, and heating rate
profile for a 2 ms dwell anneal with a peak temperature of 900°C and
peak quench rate of ~7x10* K/s. d) SEM of annealed Bi»Os film
showing pinhole free post-melt region in center bounded by regions

with peak temperature below melt on either side of the central area.

4.2 Mapping Phase Formation

A wide range of dwell and peak temperature conditions were explored using a
series of parallel laser scans with different dwells on a single sample. Each laser scan
produced a local peak annealing temperature gradient. Phase development was
determined using spatially resolved X-ray diffraction measurements across each scan.
Spatial maps of diffraction patterns for dwells of 0.25, 2, and 10 ms are given in
Figure 4.2a and show the transition from amorphous at low peak temperatures (far
from scan centers) to crystalline at higher temperatures. In the case of 2 ms and 10 ms
anneals, damage is observed at the highest peak temperatures (scan centers). Figure
4.2b shows characteristic diffraction patterns for the o, £, and o phases observed at
different conditions, with ds and J. denoting quench into the ¢ phase with solid or

liquid transformations respectively.
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Figure 4.2: Transforming between spatially resolved diffraction and
temperature dependent phase fraction. a) Diffraction intensity in
reciprocal space, g, vs spatial location across IgLSA scans of Bi.O3
after anneals with dwells of 0.25, 2.00, and 10.0 ms and peak
temperatures in the scan centers of 900°C. Annealed films transition
from amorphous at low temperatures, away from the scan centers, to
crystalline with splitting of peaks at 2, 2.3, and 3.8 A showing

formation of multiple phases as a function of the peak temperature. b)



Diffraction patterns for resultant ¢ (cubic), g (tetragonal), and «
(monoclinic) phases with arrows marking location from part (a) of each
measurement. Results of ¢ nucleated by liquid—->solid, J., and solid->,
os, transformations are shown. Lower symmetries of f compared to ¢
cause a splitting of peaks near 2.3 A! and 3.8 A%, and the a-phase’s
extremely low symmetry introduces numerous additional peaks. c)
Relative diffraction intensities for «, £, and ¢ phases across each IgLSA
scan in (a). A typical error bar is shown in black in the 0.25 ms figure,
and solid lines are just guides to the eye. d) Data from (c) converted

from location to peak temperature using IgLSA calibrations.

For each condition, the signal intensity of each phase was determined from the
diffraction patterns. Figure 4.2c shows these data for the a, f, and 6 phases as a
function of position across laser scans with dwells of 0.25, 2, and 10 ms. Using
temperature calibrated IgLSA, these spatially refined data are transformed into
temperature dependent phase diffraction intensities; giving the annealing temperature
dependence of phase transformations (Figure 4.2d). At 0.25 ms, two temperature
regimes yield 6 as the dominant phase, one in a solid-state transformation at
temperatures between 400°— 600°C, and the other from anneals above the 830°C melt.
Diffraction patterns of ¢ formed by solid-state reaction (Js) and melt mediated (o) are
shown in Figure 4.2b. The peaks of oL are much sharper than for ds and correspond to
grain sizes > 100 nm, suggesting nucleation limited growth when quenching from the
melt. At longer dwell times, the ¢ fraction decreases and by 2 ms the # dominates for

all anneals between 550°and 900°C. By the 10 ms dwell, the « intensity exceeds the S
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intensity for temperatures above 700°C. Seven specific dwells between 0.15 and 10
ms were examined to develop a full time-temperature understanding of the phase
development.

By identifying the dominant phase for each peak temperature and dwell, a
temperature dwell transformation (TDT) diagram was constructed (Figure 4.3a). For
temperatures below 350°- 400°C (at 10 ms and 0.15 ms respectively), kinetics are
insufficient to induce any transformation of the initially amorphous films. For the
longest duration anneals, 10 ms dwell, the S-phase dominates for temperatures below
625°C while the low temperature equilibrium a-phase forms for anneals with peak
temperatures between 600°C and the melt. When annealed for long times above the
melting point, films exhibit damage, likely from partial oxygen loss as confirmed by
X-ray photoemission spectroscopy (XPS) observations of both metallic and 3+

bismuth in these samples.
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Figure 4.3: Maps of final phases. a) Temperature dwell transformation
(TDT) diagram displaying the predominant room temperature phase as
a function of dwell time and peak temperature. Phases are color coded
with ¢ red, g blue, a yellow, mixed o/f green, mixed o6/f purple,
amorphous dark grey, and damage light grey. Each square is a
measured condition and shaded regions indicate the processing regions
expected to result in each phase. b) Weighted phase fraction of room
temperature stable a-phase, which forms only at the longest anneals
and highest temperatures. ¢) Weighted phase fraction of g phase. d)
Weighted phase fraction of J-phase, with two local maxima

corresponding to formation from solid or liquid
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For shorter duration anneals, below 5 ms, low peak temperatures result in
trapping of the /-phase rather than the f-phase. As the dwell is decreased further, the
window for d-phase quench expands from a temperature window at 5 ms of 350°-
500°C to a window at 0.15 ms of 400°— 700°C. o-phase formed by solid-state
transformations (Js) in this low temperature region retain a significant amorphous
fraction which decreases with increasing annealing time and temperature (evident in
the broad amorphous peak near 2 A for ds shown in Figure 4.2b). The J-phase is also
observed for quenches from high temperatures ( >790°C) and short dwells (o.). These
conditions result in much larger grain J-phase with a high degree of phase purity,
likely due to nucleation from melt occurring during the anneal (potentially depressed
from 830°C given the amorphous precursor).

The TDT diagram in Figure 4.3a shows only the dominant phase under each
condition. Figures 4.3b-d are contour plots of the signal intensity from each of the 3
crystalline phases over the same conditions. The equilibrium a-phase (Fig. 4.3b) is
present only at the longest duration anneals and over a narrow temperature band; at
longer times than presented, this a band is expected to grow towards lower
temperatures. In contrast, the f# band extends over the entire dwell range, with a
maximum near 2 ms dwells and 750°C peak temperatures. Interestingly, at the highest
temperatures and shortest dwells, there is some evidence of a re-emergence of this
dominant S regime; however, there is insufficient data to conclusively support this
anomaly.

The technologically important J-phase also shows substantial intensity over a

wide range of annealing conditions but is only present at shorter dwells. The solid-
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state ¢ forming band extends from 0.15 — 5 ms with a local maxima at 0.15 ms and a
shrinking temperature window at longer dwells. The strongest ¢-phase signal occurs
for temperatures above the melt and at dwells from 0.25 — 1 ms. SEM images of .
high temperature regions (Figure 4.1d) reveal an absence of pinholes or cracking,
features that are clearly present in the lower peak temperature regions. This high
quality o. film allowed electrical testing and further supports the theory that melt is
occurring during these peak temperature anneals.

Molten Bi.Os is corrosive®, but melt alloying of SiO2 and Bi,Os is known to
precipitate a stable body centered cubic phase with a melting point near 900°C at low
silicon concentrations?’; this phase was not observed for melt anneals in this study. On
these time scales, the SiO» buffer layer appears be successful in preventing alloying of

the Bi,O3 films even during melt.

4.3 Discussion of Structure

We believe that these data can be understood within a framework of initial
nucleation and growth of the oJ-phase under all conditions where transformations
occur, with subsequent solid-phase transformations from ¢ to f and o phases in
specific time/temperature regimes. The quench to room temperature of the J-phase
occurs when weakly driven transformations to low free energy phases occur too
slowly to induce transformations during cooling. Evidence for the initial nucleation of
the ¢ phase from amorphous at sub melt temperatures can be found by the presence of
a mixed ¢ and amorphous signal at the lowest dwell (0.15 ms) and lowest temperatures
where transformation occurred (400°C). This mixed signal indicates that either ¢

nucleates first at low temperatures or some transient metastable phase nucleates but is
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too unstable to be preserved here and immediately transforms to J. Given the
continued presence of a partial amorphous signal at these low temperatures, it is
unlikely that kinetics would allow consecutive transformations via nucleation of a
transient phase and then a ¢ phase during a time frame when a substantial fraction of
the amorphous has seen no transformation. The £ rich region between the low
temperature ¢ and the melt largely overlaps the ¢ stable region where ¢ nucleation is
expected to be increasingly preferred. While with these ex-situ measurements it is
impossible to rule out direct nucleation of the S-phase, this g rich region is likely the
product of an amorphous—>0->f transformation pathway, as the rapid transformation
of 5> at 650°C has been widely reported in furnace quenches ’® and the J§-phase
fraction appears to trade off directly with the f-phase at higher temperatures and dwell
times (Figure 4.2c,d). In fact, the continued presence of ¢ to longer time anneals at
lower temperatures suggest that the J—->f nucleation rate maximum is at some
temperature between 550°C and 650°C. Additionally, the lack of the very distinct o
signal until long times and high temperatures suggests that, despite being the stable
phase at temperatures below 730°C, a does not directly nucleate from the amorphous
and is instead produced by an amorphous—>d¢—>p5->a transformation pathway. This
mirrors the transformation pathway during furnace quenching from high temperature
stable 5-phase of 6>p->a?8.

The J-phase is preserved in melt processed films for dwells up to 1 ms, despite
nucleation of f at sub-melt temperatures for dwells as short as 0.15 ms. These results
suggest that melt processing substantially lowers the concentration of defects in the

Bi>O3 film and subsequently depresses 6 = S nucleation rates compared to exclusively
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solid state processing. This defect reduction model is supported by SEM observations
of a transition in Bi2Os film morphologies from high pinhole and crack concentrations
in sub melt annealed areas to pinhole free regions for anneals to temperatures above
melt. A low nucleation rate and high growth rate during a liquid = ¢ transformation

explains the large grains observed for melt quenched J-phase.

4.4 lonic Conductivity Measurements

The quench of nearly phase pure and high film quality 6-Bi.Os to room
temperature via melt processing allows characterization of the conductivity of this
important phase at room temperature. Uniform 0.4 mm? areas, 160 nm thick, were
annealed to a peak temperature of 850°C with a 0.25 ms dwell. Using gold contacts
(Figure 4.3a), impedance spectroscopy measurements from 25 kHz to 1 MHz were
made at room temperature. Frequency dependent real and imaginary impedance are
shown in Figure 4.3b-d. Data were fit using a parallel resistor and constant phase
element model for the Bi>Oz layer, yielding a room temperature conductivity of 10
505£0.03 5/cm for 6-Bi20s. This is over 6 orders of magnitude above the conductivity of

the room temperature stable a-phase (10119 S/cm)?8,
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Figure 4.4: Electrical measurements of J-phase Bi»O3. a) Schematic of
0-Bi203 devices tested via impedance spectroscopy. Parts b-d give both
measured data (squares) and results from modeling the circuit in part a
(line). b) Real component of measured resistance as a function of
frequency. b) Imaginary component of measured resistance as a
function of frequency. d) Real vs imaginary measured resistances

showing a semicircle shape typical of ionic conductors.

Extrapolations of the high temperature ¢-phase conductivities suggest a room
temperature value near 103¢ S/cmb!4 significantly higher than observed here
experimentally. We suggest that this deviation may be due to ordering of the oxygen
sublattice, an effect that has been observed for dopant stabilized ¢-Bi>Os at

temperature of ~ 600°C, and which indeed leads to a decrease in ionic conductivity
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due to reduced effective carrier concentrations®#2*. Measurements of metastable &-
Bi»O3 at 350°C show no deviations from the high temperature behavior 14, suggesting
that the ordering temperature occurs below 350°C. Despite this ordering
transformation, measurements of Pb and Y stabilized 6-Bi»Os continue to show
oxygen ion conduction21; we expect the same to be true for pure J-Bi2O:s.

While below the estimates extrapolated from the high temperature J-phase, this
room temperature conductivity is nonetheless orders of magnitude higher than any
other inorganic oxygen ion conducting material. For example, extrapolations of data to
room temperature suggest a conductivity of 10™® S/cm for YSZ4, 1058 S/cm for
Bi2V1.9CU0.10s352°, 107 S/cm for Pb and Y stabilized J-Bi,03?, and 10 S/cm for

Er stabilized 6-Bi»0s%.

4.5 Conclusions

This work demonstrates the utility of the IgLSA method to map phase
formation as a function of annealing time and temperature, allowing discovery of
annealing conditions generating metastable phases and an understanding of
transformation pathways in complex oxide systems. Within the Bi>O3z system,
nucleation and quenching of metastable phases are observed for times up to several
milliseconds. The millisecond and sub millisecond anneals accessible with IgLSA
provide a window into an underexplored processing regime where formation and
retention of metastable phases is uniquely possible. This short time transformation
mapping technique can be readily applied to other systems, offering a powerful tool
for the discovery of metastable phases and mapping of phase formation.

The J-phase of Bi»Os, unable to be quenched from the stable regime using
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conventional methods, was nucleated and quenched using this laser annealing
technique. Upper dwell limits of 1 — 5 ms were identified for two processing regimes
resulting in formation of J-Bi.Oz. Preservation of the /-phase by anneals above the
melt with < 1 ms dwells demonstrate that, for sufficiently short anneals, ¢ can be
quenched from near the stable regime to room temperature without transforming into «
or  phases. This allows creation of 5-Bi.O3 devices from amorphous precursors with
increased flexibility and film quality compared to formation during deposition in a
single step. Room temperature impedance measurements of 0-Bi.Os devices give
conductivities less than, but close to extrapolations, of the high temperature J-phase
conductivity. The room temperature conductivity of 10°>%*093 S/cm is several orders
of magnitude better than any other known inorganic oxides. These results suggest an

exciting future for low temperature Bi>Os devices.

4.6 Methods

Sample films of Bi.Oz where sputtered from a metallic Bi target using an
active plasma of argon and oxygen onto silicon wafers (p type, 0.01 Q-cm). The
substrate was unheated during sputtering, and the Bi>Oz was amorphous as deposited.
X-ray photoelectron spectroscopy (XPS) was used to verify the oxidation state of the
as-deposited bismuth as 3+. A thermal SiO2 buffer between the silicon wafer and
Bi2O3 was used to prevent mixing in the center of the laser scans where temperatures
exceed the 830°C Bi,0O3 melt. Tests using thermally grown SiO, and sputtered Al>O3
and ZrO buffers all showed equivalent structure formation. Due to uniformity and
control of thermally grown SiO> was preferred for structural and -electrical

measurements. Samples for structural analysis had a 100 nm thermal SiO> buffer, and
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a thinner 5 nm SiO> buffer was used for preparation of electrically tested devices.
After laser annealing and X-ray analysis, and prior to device patterning, an additional
5 nm of SiO> was deposited using e-beam evaporation as a capping layer on top of the
Bi>O3 film; this protected films from solvents during lithography used enabling the
patterning of electrical contacts.

Laser annealing was performed by scanning a continuous 10.6 um wavelength
line-focused CO- laser across the sample, as shown in Figure la. Temperature
evolution as a function of time across the entire scan width were measured 2°. The
peak temperature experienced across the laser scan width is approximately Gaussian
with a maximum slope of 2°C/um and full width at half maximum (FWHM) of 680
um. Laser scans create a line of annealed material where annealing conditions are
invariant along the scan length but vary across the scan width. This allows the use of
rectangular areas for both X-ray diffraction and ion conduction measurements, with
large areas of comparable annealing conditions despite the steep temperature gradient
across the scan width. A characteristic annealing time, referred to as the dwell, is
defined as the FWHM of the line-focused laser in the scanning direction divided by
the scanning speed. On the same sample, multiple spatially separated scans were made
with dwells of 0.15 — 10 ms and peak temperatures in the scan centers ~900°C and
center-center separations of 3 mm. This allowed high throughput measurements of
annealing times and temperature conditions on a single sample using spatially resolved
measurements.

The morphology of the annealed areas was examined using a scanning electron

microscope (SEM). Figure 1d gives an SEM image of a 1 ms dwell 900°C peak
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temperature laser scan.

X-ray diffraction measurements were conducted using a Pilatus 2k detector
and 9.8 keV X-rays at the Cornell High Energy Synchrotron Source (CHESS). The X-
ray beam was reduced to a 25x200 um rectangle using knife edge slits. The sample
was aligned such that the temperature gradient across the laser scans was orthogonal to
the incident beam, allowing diffraction measurements to be spatially indexed to
precise temperature and dwell annealing conditions. Radial integration was performed
using the NIKA in IGOR. The polymorphs present in each diffraction pattern were
determined using a fitting algorithm.

Conductivity was determined by impedance spectroscopy using a 4284A HP
LCR meter. Devices were lithographically patterned and consisted of a stack (Au /
SiOz / Bi2O3 / SiO2 / Si / Au) where contact was made to the front and back of the
device. Impedance of the Bi>Os layer was extracted using a parallel resistor and
constant phase element (Bi.Os film) in series with a parallel resistance and capacitance

circuit (SiO2 buffer layers) and series resistor (substrate).
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CHAPTER 5

Mapping Anneal-Dependent Phase Formation in MnTiO3

5.1 Motivation

The development of the temperature-dwell-transformation (TDT) technique
discussed in Chapter 4 allows mapping of metastable phase formation caused by
millisecond time scale anneals. To develop a more comprehensive understanding of
phase formation at millisecond annealing time scales as a function of the system
properties requires analysis of multiple systems. One key parameter is almost certainly
related to the number of components in the system. In a simple binary oxide, there are
only cation and anion sublattices and each element essentially “crystallizes” on its
own. But in even a ternary oxide, there are multiple cations which can occupy unique
positions (especially if the cations have different charges) in many crystal systems.
MnTiOs is one such candidate ternary oxide with different cation charges (Mn?*, Ti*").
Formation of the known phases requires ordering of second and higher order
neighbors (Mn-O-Ti, Mn-O-Mn, Ti-O-Ti). In contrast to Bi2Os, transformation
between phases in MnTiOsz then requires substantially greater breaking and reforming
of bonds. Both the known stable polymorphs are trigonal phases (MnTiOs-I and
MnTiOz-11) with different stacking orders of Mn, Ti, and vacancies along the c-axis,
but very similar lattice parameters and angles. These two polymorphs are stable at
different pressures, again in contrast to Bi,O3’s temperature dependent stable phases.
This means that, unlike in the Bi2Oz system, the phase with the lowest free energy

remains constant independent of the temperature during anneal. The only previously
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reported polymorphs of MnTiOsz are MnTiOs-I, stable at atmospheric pressures,
MnTiOs-1l which is stable at pressures above ~ 6 GPa!, and MnTiOs-1Il which is
metastable under all conditions?.

The MnTiOs3 system is also of particular interest because of the properties, both
predicted and known, of the MnTiOs-11 high pressure phase. This phase-Il is a known
multiferroic® and has been predicted by computational modeling to be a promising
piezoelectric*.

To first order, the annealing temperature should not affect the stability of the
phases being observed. MnTiOs-I is the atmospheric pressure stable phase, MnTiOs-II
is the high pressure (~6 GPa) stable phase, and a third phase (MnTiOz-111) is known to
be a metastable orthorhombic polymorph. There are no known cubic phases in the
MnTiOz system, but we hypothesize that higher symmetry (e.g. cubic) polymorphs
may nucleate preferentially in the short duration anneals. This system allows testing of

that hypothesis.
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5.2 Background
Table 5.1: Previously reported polymorphs of MnTiOs. Energy above
the lowest energy state (energy above hull) is from calculations by

Materials Project®.

Name Symmetry Point Mineral Space Space Energy References
Group | Terms Group | group Above
Name Lowest
Energy
(ev/atom)
MnTiOs-1 | Trigonal -3 lImenite 148 R-3 0 67
FeTiO3
type
MnTiOs-Il | Trigonal 3m LiNbO3 161 R3c 0.034 81
type
MnTiOs-lll | Orthorhombic | mmm | Perovskite | 62 Pbnm | 0.056 263
GdFeO3

Table 5.1 summarizes the crystallography of the known three phases. The
difference between MnTiOs-1 and MnTiOs-1l can be thought of multiple ways, with
images comparing the two phases presented in Figure 5.1. Atoms along the c-axis (3
fold rotational axis) of the trigonal phases alternate atoms and vacancies (V) with
MnTiOz-1 exhibiting the sequence Mn Ti V Ti Mn V Mn Ti while MnTiOs-Il has a
sequence Mn Ti V Mn Ti V Mn Ti. Transformations from MnTiOs-1 to MnTiOz-11
require pressures above 6 GPa and temperatures above 1300°C 8. The transformation
also requires substantial rearrangement, which is possibly why, on lowering to an
intermediate pressure of 2-4.5 GPa, a metastable orthorhombic MnTiOs-1l1 can form.
Simulations by the Material Project provide energies per atom for these three known

polymorphs of MnTiOs (Table 5.1)°.
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MnTiO;-1  MnTiO;-II
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——tit203
Figure 5.1: Comparisons of two trigonal polymorphs of MnTiOs.
Plotted as MnTiOs-1 (left) and MnTiOz-1l (right) in all figures. a)
Chains of octahedra along c-axis?. b) Cation chains showing the slight
difference in lattice parameterl. c¢) Potential transformation pathway
between MnTiOs-1 and MnTiOs-11 with Mn (dark circles) and Ti (open

circles) marked *. d) 3D simulated structure from Material Project®.

5.3 Methods

Sample films of MnTiOs were prepared by Marc Murphy in the Van Dover

group at Cornell. Deposition was carried out using pulsed laser deposition (PLD) of a
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target of stoichiometric mixed TiO. and MnO powders. Laser annealing was carried
out using a CO- laser which coupled to heavily doped (0.01-0.02 Q-cm) substrates.
Silicon wafers were thermally oxidized (100 nm) to prevent reaction of the MnTiOs

with the substrates.

5.4 Results

A series of laser scans were made with peak temperatures near 1000°C and
dwells from 0.15 us to 5 ms. Diffraction patterns taken across these laser scans are
shown as maps of intensity versus reciprocal space (q in A™) and location in Figure
5.2; diffraction patterns for the three previously reported phases of MnTiOz are shown
at the bottom of the figure. Diffraction patterns for phases | and Il are extremely
similar, with similar peak locations due to the near equal lattice constants; symmetry
breaking only causes differences in peaks with low intensity. Consequently, phases |
and Il differ primarily in the peak intensities. All three known phases have a major
peak near 2.4 A, This characteristic peak only occurs in these experiments for the
longest dwell (5 ms) and for high temperature anneals (above ~950°C). For all dwells
below 5 ms, a primary peak near 2.3 A forms (similar to phases | and 11), and a
secondary peak near 2.6 A, This secondary peak, and the absence of a peak near 2.4

A, indicates the formation of a new metastable phase.
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Figure 5.2: Diffraction measurements across multiple laser scans with

peak temperatures of 1000°C as a function of distance from each scan’s

133



center, reciprocal vector, and logarithmic intensity (color). The dwell
time for each laser scan is listed on the right. Bottom bars show
expected scattering intensities from the ICSD database for MnTiOz-I
(black)!, MnTiOs-11 (red)!, and MnTiOs-111 (blue)?. The peak near 1.8
A is convoluted with a silicon peak that persists at all annealing

temperatures.

The results shown in Figure 5.2 do not agree with any known phase of
MnTiOz. The full 2D diffraction patterns detected (Figure 5.3) clearly exhibit powder
diffraction rings before radial integration, confirming that the absence of the 2.4A"
peak is not a result of film texturing, but rather arises from a previously unknown
phase of MnTiOs. We refer to this new phase as MnTiOz-1V to be consistent with the
established naming convention.

F &

Figure 5.3: Full 2D detector image, of the MnTiOs film after an anneal
with a peak temperature near 1000°C and dwell of 0.25 ms. Pattern

exhibits mostly powder rings with few larger grains as isolated dots.

A high resolution pattern over an extended range of the MnTiOz-1V phase was
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obtained by stitching together multiple diffraction patterns at different detector
locations (Figure 5.4). The particular sample appears to have a small fraction of phase
| or 1l in addition to the dominant phase-IV. Ignoring these low intensity phase | or 1l
peaks, the remaining peaks are labeled in Figure 5.5a. On first glance, this array of
peaks resembles FCC where, due to exclusion by symmetry, only peaks with
reciprocal vectors <hkl> with h*+k?+I? = 3,4,8,11 etc. are allowed. The first two peaks
agree well with this trend and indicate a lattice parameter of arcc=4.82A. Assuming
this lattice parameter, Figure 5.5b marks the expected diffraction pattern of a cubic
MnTiOs phase where

2
(—q aFCC) = (h® + k? + 1?) (5.1

2T

While the diffraction pattern of MnTiOz-1V does match the first three expected cubic

peaks, the peak for h2+k?+1? =11 is clearly not present; rather, there is a peak near 10.
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Figure 5.4: Diffraction pattern for MnTiOsz-IV as a function of
reciprocal space. Expected diffraction patterns for MnTiOz-1 (black)
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Figure 5.5: a) Diffraction pattern of MnTiOs-1V rich region. Green
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lines mark strong reflections clearly attributed to phase-1V. Other peaks
may also belong to this phase but are harder to separate from remnant
trigonal MnTiOs-l. b) Transformation of diffraction pattern from
reciprocal space to the sum of squares of the reciprocal space vectors if
MnTiOs-1V was cubic with lattice parameter arcc=4.82 A. An FCC
crystal would exhibit peaks at 3, 4, 8, and 11; but the peak at 11 is not

observed.

At higher temperature and longer dwell anneals, the equilibrium MnTiOs-I
phase should dominate. Diffraction patterns were taken across a dwell time series of
anneals with a peak temperature of 1250°C (Figure 5.6). At the shortest dwell of 0.15
ms, there is still a large MnTiOs-IV component as shown by the peak near 2.6 A, For
all longer dwells, MnTiOz-1V mostly disappears for the highest temperatures. Instead,

the trigonal pattern corresponding to MnTiOsz-1 or MnTiOz-11 is observed.
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near 1.8 Al is likely convoluted with silicon substrate peaks.
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The dominant phase at each annealing condition was determined across the
1250°C peak temperature and dwell series. The heights of the large peak near 2.3 At
and the smaller peak near 1.7A were compared. If the diffraction pattern was not
strongly amorphous, the dominant phase was identified by a peak ratio (2.3A1:1.7A™)
with 3-5.35 assigned MnTiOz-1, 5.35-7.5 assigned MnTiOzs-1l, and >7.5 assigned
MnTiOz-1V. A temperature dwell transformation (TDT) map of the dominant phase is
given in Figure 5.7. Below peak temperatures of ~1050°C at 0.15 ms, and 950°C at 10
ms, the film remains essentially amorphous. At short dwells (<5 ms), the lowest
temperature phase to form is the new phase-1V. Phase-1V exists in a wider temperature
band at short dwells, appearing from 1050°- 1175°C at 0.15 ms and appearing only at
temperatures near 1020°C by 2 ms. At temperatures above the phase-1V band, a region
of mixed phase-1 and phase-1l is present, becoming the equilibrium phase-I for
temperatures above 1250°C at 0.15 ms and between 920°and 1120°C for 10 ms
dwells. For the longest dwell, 10 ms, films exhibited damage for peak temperatures

above 1120°C.
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Figure 5.7: Temperature dwell transformation (TDT) diagram of
dominant phase observed for different conditions. Each square is a
discrete measurement. Filled backgrounds are used to denote regions

with the same dominant phases.

5.4 Analysis

The presence of the mixed phases | and Il region suggests that the two phases
concurrently nucleate under favorable conditions. Both phase-1 and phase-I1 are
trigonal, with near identical lattice parameters, and differ primarily in the order of
cations along the c-axis. This suggests that the two phases would have similar surface

energies at interfaces with the as deposited amorphous phase. The two phases are also
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known to be close in volumetric free energy, as they are both stable at all temperatures
below melt under different pressure conditions. With similar volumetric and surface
energies, phases | and Il likely have similar critical nuclei radii and activation
energies. This suggests that the two phases nucleate under the same conditions, and it
is only as the grains grow that the lower volume energy of phase-1 at atmospheric
pressures causes it to out compete phase-1l. We suggest that at longer times, the
disappearance of the phase-11 fraction is due to ripening of phase-I nuclei.

The MnTiOs-1V phase identified in this work appears to be the first phase to
nucleate from the amorphous precursor film. This phase is not cubic, but also appears
not to be a rearrangement of the trigonal MnTiOz-1 and MnTiOzs-11. Both trigonal
phases have specific arrangements of vacancies and cations that necessitate ordering
of fourth nearest neighbors (second nearest cation). We suspect the long order
arrangement required by phases | and 1l is kinetically unfavorable when forming from
a random amorphous precursor. This suggests that phase-IV has a structure that
requires a shorter range ordering, either requiring only second nearest neighbor (first
nearest cation) ordering or having a low substitutional energy of Mn?* on Ti*" sites or
Ti** onto Mn?* sites. A filled oxygen vacancy position, or empty oxygen locations,
would be required to compensate the different charged cation substitutions. To
identify the structure of MnTiOs-1V, atomic resolution probing using TEM is likely

required; grains are too small to isolate for single crystal X-ray diffraction.

5.5 Conclusion
A TDT diagram of transformations in the MnTiO3 system following laser spike

annealing was developed. The MnTiO3 system behaved similarly to the Bi.O3z system
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in terms of nucleating metastable phases at shorter dwells and lower temperatures, and
transforming to the equilibrium phase at longer times and higher temperatures. A
unique factor of the MnTiOs diagram is the wide temperature and dwell band where
phases | and 11 co-form. This co-transformation region is likely due to the similarity of
the surface and volume energies of these two phases. Such similarity of surface and
volume energies is likely present only in systems where the phases differ only by
distant neighbor ordering. Specifically, the ternary (or higher order) nature of MnTiO3
is likely a prerequisite for seeing this kind of large co-transformation region, and it is

unlikely that a similar behavior would be observed in a classic binary compound.
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CHAPTER 6

Discussion and Future Work

6.1 Discussion of IgLSA

Work in this thesis demonstrates the utility of IgLSA for high throughput
characterization of structural changes and metastable phase formation in a variety of
systems. This technique has already been applied to polymeric self-assembly,
nanoparticle sintering, dopant activation, mesostructural changes,
superparamagnetism, pyrochlorics, and general phase changes. With properly
calibrated setups, the ease with which a new material system can be analyzed through
IgLSA is astounding.

The high-throughput nature of this experimentation leads to a different, but
hopefully preferable, problem; each new material system tested generates an enormous
quantity of data and requires fresh analysis and interpretation. As this work continuous
into different and more complex systems, the analysis will likely also grow more
complex. However, as additional systems are examined, comparisons of
transformation behaviors in different systems will provide additional insight.

6.2 Analysis of Phase Formation in Different Systems

Metastable phase formation behaviors in two different systems were mapped
with IgLSA in this work. Temperature dwell transformation plots of Bi»Oz and
MnTiOz are shown side-by-side in Figure 6.1. To compare these two plots, it is

important to note differences in melting point, binary versus ternary compositions, and
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the similarity of known polymorphs in these systems.
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Figure 6.1: TDT maps of transformations in Bi,Oz and MnTiO3

systems.

In both systems, long time anneals at high temperatures (below some damage
threshold) generally result in the formation of the equilibrium phase. However, shorter
duration anneals were able to capture metastable phases in both systems. In both cases,
at a given temperature, transformations from the amorphous precursor to some
intermediate/metastable phase and then ultimately to the equilibrium phase is observed
with increasing dwell. This means that these dwell times, ranging over close to two
orders of magnitude, were sufficient to capture a broad range of behaviors. This was in
no way guaranteed, and it is likely that in systems with slower (such as higher
pressures) or faster kinetics (such as metals), the dwell window from 0.1 — 10 ms
would not capture the full range of interesting behavior.

The lower temperature boundary of the amorphous -> crystalline
transformation has a much more pronounced dwell dependence in the MnTiO3

(~75°C/decade, 300°C below melt at 0.15 ms dwell ) compared to Bi2Os
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(~25°C/decade, 400°C below melt at 0.15 ms dwell). These results do suggest that, at
a sufficiently short dwell, no transformation of the amorphous phase would occur at
peak temperatures (short of melt). Additionally, the steeper slope for MnTiO3, and
closer proximity to melt at short dwells, suggest that preservation of amorphous at all
sub-melt temperatures occurs at a higher dwell for MnTiO3z than Bi2Oa.

The oxidation states of MnTiOs; cations are Mn?* and Ti*. There is an
expectation that, in most crystal structures, there would be an energy penalty for
substitution of a 2+ and 4+ cations on the opposing cation sites. This suggests that
nucleation of MnTiO3 from a truly random amorphous involves rearranging of second
nearest neighbors at the edge of the nucleus as it grows. Our results suggest that this
reorganization at the nucleation growth front effectively exerts a drag on the growth of
the nuclei, delaying the onset of formation of a critical nucleus to longer anneals. In
contrast, in Bi2Os, the Bi has only Bi as its second nearest neighbors, so reorganization
at the interface involves mostly bond angles and/or dangling bonds, with little
diffusion driven rearrangement of cations at the interface. The expectation is that the
lack of a diffusion driven second or larger nearest neighbor ordering would cause
Bi>O3 to nucleate crystals at shorter times, in agreement with experimental data from
this work.

This nearest neighbor arrangement model for MnTiOz nucleation from the
amorphous offers a possible explanation for the steep temperature/dwell crystallization
threshold, and the formation of the previously unobserved phase. The steep
temperature dependence suggests that the amorphous film is not simply a frozen liquid

that only transforms through nucleation. Instead, ordering of second nearest neighbors
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may be occurring in the amorphous phase prior to crystallization; such changes would
be observable in diffraction only as subtle changes in the amorphous signal. Ordering
of second nearest neighbors in the amorphous phase with time, even on millisecond
timescales, would change the precursor material, leading ultimately to a lower
temperature onset of nucleation; this is consistent with the steep temperature/dwell
slope seen in MnTiOs. The new phase-IV of MnTiOs observed forms first at the edge
of the amorphous—>crystalline boundary, but only for shorter dwells. As the
amorphous—>crystalline boundary moves to lower temperatures (longer dwells), the
signal from MnTiOs-1V disappears. This may be due to the longer dwell inducing
further transformation of phase-1V to one of the other known phases. However, the
lack of phase-1V at long dwells may also be due to a direct transformation of
amorphous = phase-I. If phase-I1V forms in part because of a lower energy penalty of
cation substitution than the previously observed phases, a changing amorphous
structure during the thermal ramp may result in direct nucleation of the stable phase-I.

If the new phase of MnTiOs is partially observed due to a lower energy penalty
of non-ordered second nearest neighbors (e.g. cation substitution on crystal), then it is
likely that a great many new phases of binary or more complex oxides lie
undiscovered and accessible only through short anneals from their amorphous
precursors. Preliminary results in the InGazZnO quaternary system, looking at
changing ZnO concentration, suggest that an intermediate crystal phase (metastable
phase seen at short dwells) forms first at high ZnO content that likely has substantial
substitution ( > 50% ) of Zn on In sites. Substitution energies will likely be a large

factor in observed phases as this work continues.
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6.2 Future Work: In-Situ Transformation Measurements

An exciting extension of the IgLSA phase transformation work reported here is
the use of in-situ X-ray diffraction to track phase transformations as they happen. One
way of making these in-situ measurements is to use a steady state laser scan (sample
moving through laser beam) with an incident X-ray beam probing the heated sample at
some tunable distance along the scan compared to the laser center (Figure 6.2a). By
adjusting the incident X-ray location relative to the laser beam (by moving the entire
optics and sample setup) different portions of the steady-state heating and quenching
profile can be probed. Indeed, diffraction patterns could be mapped at every point on a
spatial/temporal heating profile. Figure 2b takes a single location across the scan width
and presents the temporal temperature profile (heating and quenching as a function of
time) in terms of physical location along the steady state profile, converted from time
to temperature by the sample scanning rate. Figure 6.2b shows a highlighted area
where an incident X-ray beam of that width would be probing a specific portion of the
temporal profile. By changing where the X-rays are incident relative to the laser
heating, different portions of the temporal profile can be probed including both heating
and cooling. A comparison of different X-ray techniques, and their compatibility with

coupling to IgLSA, is presented in Appendix II.
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6.3 Cascading Phase Formation Hypothesis

One intriguing hypothesis is that the first phase nucleated with temperature is
the same over a wider range of dwells than evident in the final transformed films. This
would be due to nucleation of a phase, probably metastable, during the ramp, down to
dwells where the nose of nucleation is missed by the ramp. Transformations observed
in this study where increasing dwells have increasingly slow temperature ramps, it is
unlikely that nucleation of metastable phases observed at shorter dwells are avoided at
longer dwells. Rather, a cascading transformation from the high free energy precursor

(amorphous here) to a lower free energy, and from there to an even lower free energy,
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and so on until the equilibrium phase is reached.

This cascading reaction is one explanation for the freezing in of mixed phase
regions seen in this work. Like a chemical reaction with a rate kinetically limited
steps, these cascading transformations would be generating more metastable nuclei
even as the already developed metastable nuclei were subsequently transforming, until
the source of the initial metastable nuclei (the amorphous phase) was exhausted.

The static evaluation of the final phase structure cannot unambiguously prove
or disprove this hypothesis. However, with the extension of IgLSA to in-situ X-ray

measurements, the precise sequence of phase transformations can be discerned.
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APPENDIX |

LSA Sample and Substrate Considerations

1.1 Substrate Selection

During laser annealing, the laser is primarily absorbed by a susceptor layer.
Often this susceptor is a substrate and samples are either a thin film or a surface layer
of the substrate. For samples where the majority of the laser energy absorbed is
absorbed near the surface, the heat diffuses out laterally in plane as well as vertically
into the substrate. For short dwells, the substrate acts similar to a half space and this
3D thermal diffusion model holds true. However, for longer dwells, the substantially
heated area can extend through the full thickness of a substrate and quench will be
primarily in plane with some interfacial conduction occurring to the sample chuck. For
4” silicon wafers, with a thickness of ~ 500 pm, dwells below 2 ms exhibit nearly pure
3D quench with dwells above 2 ms exhibiting some finite thickness effects.

Substrate selection is integral to LSA. Unless an additional susceptor layer is
used, the substrate must absorb the laser. This absorption can arise from by many
processes, including excitation across a band gap (e.g. silicon with a 980 nm diode
laser), absorption by free carriers (e.g. doped silicon and a 10.8 um CO; laser or
amorphous metals and diode), or coupling of the laser wavelength to vibrational
modes of the material (e.g. sapphire and a CO: laser). Absorption due to vibrational
modes can be checked by comparing Fourier Transform InfraRed (FTIR) spectroscopy
absorption data to the wavelength of the laser.

Elevating the ambient temperature of a substrate during an anneal, for example
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using a substrate heating chuck made with cartridge heaters, can thermally generate
carriers in low doped substrates, allowing laser absorption of low photon energy lasers
even in intrinsic semiconductors. For example, low doped silicon can be annealed
using the CO> laser if the entire sample is heated up to 325°- 400°C. Once annealing
begins, the sample is heated further generating more carriers and increasing absorption
in the process; this leads to a steady state condition where the annealing front
generates carriers and stimulates absorption as the front moves.

Substrates must also be capable of tolerating the annealing conditions.
Substrate failure modes include fracture, slip, and melt. Anneals that cross the
substrate’s edge are more likely to cause fracture. A typical means of avoiding this is
to either start anneals on the sample, or to cover the edges of the sample with
reflective tape (copper tape was often used in this work). Fracture can also occur when
thermal stresses from localized heated volumes grow too large. Often this form of
fracture will occur at lower temperatures for longer dwells as the total heated volume
scales with both dwell and temperature. Substrate melt and subsequent deformation or
destruction of films is a common failure mode as well. For silicon substrates,
equilibrium melt occurs at 1414°C, which is readily apparent in dark field images
(bright central “feathers” in Figure 1.1). Repeated anneals on a single sample above
melt are progressively more likely to cause fracture. Slip occurs at temperatures below
melt, though the onset of slip is dependent on the laser scanning direction (relative to
the slip planes of the sample) and previous thermal history. Figure 1.1 shows dark field
images of silicon annealed with scans at different directions relative to the minor flat

of the wafer, resulting in substantially different slip behavior (cross-hatched features).
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Figure 1.1: Dark field optical images of silicon melt and slip caused by

laser scans at different angles. Laser power varies between anneals. The
laser was scanned from the top of the samples to the bottom. Scans had

angles compared to the minor flat of a) ~ 5°, b) ~30°, c¢) ~45°.

Samples are generally thin films or thin surface layers on the substrate. Thin is
defined here in reference to the thermal diffusion distance in the sample during these
dwell times. This is because it is important for the sample temperature to be uniform
through the full thickness, and for that uniform temperature to extend some distance
into the substrate beneath. For example, amorphous SiO> has a thermal diffusivity on
the order of 10" m%/s. For a 1 ms dwell anneal, the thermal diffusion length is of the
order 10 um. For a film to be “thin”, it should be an order of magnitude thinner than
the thermal diffusion length; films with thicknesses of a few 100 nm satisfy the thin
film criterion. Another consequence of the thin sample is that lateral thermal transport
is governed by the substrate instead of in-plane film conduction; this further ties the
temperature of the film to the temperature of the immediate substrate.

Substrates used in these studies included silicon (p-type with resistivities
between 0.01 — 10 Q-cm), sapphire, Kapton tape, and amorphous metal films. For

silicon, low dopant levels leave the substrate transparent to the CO; laser unless the
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substrate is heated, and too high of dopant levels can cause a higher reflectance of the
CO.. The typical substrates for CO. annealing were p-type doped with resistivities of
0.01 Q-cm). Sapphire, though very prone to fracture, can be annealed with the CO-
laser due to direct absorption by vibrational modes, while it is transparent to the diode
laser. Kapton tape coupled weakly with the diode laser, but was strongly absorbed by
the CO2. Amorphous metal films coupled strongly with the diode and CO- lasers, but

exhibited significant lateral thermal broadening due to their high thermal conductivity.
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APENDIX II
Compatibility of X-Ray Techniques with In-Situ Measurements

Different X-Ray detectors could be set up to measure different responses of the
sample simultaneously. Further measurements could also be made by varying X-Ray
photon energy. For this analysis | am assuming a loosely #=5°incident angle reflection
geometry with a ~10 um wide beam; this specifically excludes grazing incidence
(would absolutely smear together different peak temperatures) and transmission
(problems with chuck and background subtraction). Some useful techniques and their
compatibility with future in-situ heating are presented below:

e Wide angle scattering: This technique would probably use a large 2D
detector placed relatively close to the sample to observe an equivalent of
powder 6/26 diffraction patterns. This setup can also detect texturing
depending on where the detector is placed. Some constraints to using this
technique are that the detector needs to be near the line of the incident X-
ray projected through the sample, effectively it has to sit down-stream. The
closer the detector is to the sample, the less air-scatter is a problem and the
larger g range (equivalent to range of 26 scan) that can be acquired.
However, if the detector is close to the sample, the pixel size on the
detector will result in convolution of diffraction peaks close together in g.

If the detector is placed further downstream, and possibly scanned in the
X/Z plane orthogonal to the incident X-ray beam, then convolution of

peaks due to pixel size is less of a problem. Additionally, far from the
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sample, difference in sample/detector distance between samples and during
experiments are much smaller (sample size trivial compared to remove of
detector), making assigning g to pixels much easier. However, air scatter is
a larger problem if the detector is further away and measurement time
increases if the detector has to be spatially scanned. This technique could
observe:

o Phase transformations

o Near onset of nucleation (critical nucleus may be too small to detect

with diffraction)
o Texturing
o Possible in-situ temperature calibration if substrate or standard
peaks available

Small angle scattering: This technique would require a 2D detector and
beam stop placed at a large distance downstream from the sample with a
vacuum tube in between to reduce air scattering. Smaller pixel detectors
could be placed closer. This method would give information on
mesostructure, from full 3D structure like gyroids or nanoparticles to some
data on grain size to information on segregation of different elements
within a single phase (large distance migration of cations in amorphous for
example). It is worth noting that this is a complex technique to analyze in
many cases and, for general use, may be too much work to setup/analyze
compared to what it would add to understanding. Could observe:

o Mesostructure information
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Pair distribution functions: Technically, this is just a measurement of the
exact shape of the diffraction signal near the amorphous peak. This would
require either a small pixel 2D detector, scanned pinhole detector (smaller
g range so this is more feasible), or vacuum tube and 2D detector at a
distance. The advantage here is that onset of nucleation might be able to be
observed before the grains grow to a size where they have measurable
coherent diffraction. Additionally, if the incident photon energy can be
tuned above, and below, the scattering edges of different elements, a great
deal of information on second and further nearest neighbors can be
obtained. This is extremely useful in terms of ternary and more complex
systems.

o Onset of nucleation

o Changes in amorphous

o Nearest neighbors or further distance neighbors if photon energy

can be selected

Fluorescence: X-ray fluorescence is an effectively free by-product of
running diffraction experiments. Elements absorb and re-emit radiation at
different energies, and this re-emission occurs in all directions. This weak
signal is actually better measured out of the up/down stream X-ray beam,
meaning there is no competition for detector real estate with scattering
detectors. Fluorescence measurements often require a large amount of time
compared to diffraction measurements, but if the sample composition is not

changing much over time, a large amount of binning can be used to build a
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composition. General fluorescence uses a sufficiently high energy photon
to cause absorption and reemission, but I am not including in this technique
tunable incident photon energies.

o Composition
XANES/NEXAFS: X-ray absorption near edge structure (XANES), also
known as near edge X-ray absorption fine structure (NEXAFS), is a
technique which uses an X-ray intensity detector (ion gauge, diode, etc.)
and tunable incident energy to measure details of a samples structure. By
scanning the incident energy and measuring the transmitted X-ray
intensity, the absorption is mapped as a function of incident energy. The
element has a fundamental absorption edge, but at slightly higher energies
there will be local maxima and minima in absorption which can be
analyzed to give information on local bonding configurations. The X-ray
detector is placed downstream of the sample.

o Composition / lonization state

o Structure of nearest neighbors and further for individual elements
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