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Motivation and objectives

Glasses can be defined as non-equilibrium solids lacking long-range order. Unlike
crystals, which have well-defined unit cells that arrange in an ordered pattern in all
directions within the material, a glass presents a disordered structure that resembles more
closely the structure of a liquid. It is this combination of the microscopic disordered
structure (characteristic of liquids) with the macroscopic mechanical properties of solids,
what makes glassy systems of critical interest in current and developing technologies. In
our everyday lives, we use the term “glass” to describe, primarily, silicate oxide glasses
used in applications such as windows, tableware and household appliances. However, the
range of materials that fit under the same definition is significantly wider. Metallic
glasses, consisting of alloys of two or more components, are responsible for modern
power transmission [1] and are finding increasing use in applications due to their
excellent properties, such as corrosion resistance or soft magnetism [2]. Glasses are also
crucial in the processing of foods [3] and most engineering plastics are amorphous solids,
being polymer glasses of great interest as replacements for metals in new commercial
aircrafts for instance [4]. Organic glasses have shown to be the basis for organic light
emitting diodes (OLEDs) and other organic electronics [5,6], as well as constituting an
important field of research in the pharmaceutical industry. It is also remarkable the
importance of glassy systems in modern communication technologies, where amorphous
silicates for optical fibers play a critical role for high-speed data transmissions. The
silicon used in many photovoltaic cells is also amorphous [7] and, curiously, most water
in the Universe is also believed to exist in a glassy state [8].

However, despite the large presence of glassy systems in both nature and in an important
number of applications, there are still many open questions that makes research on
amorphous and non-crystalline solids the focus of lively discussions in the solid-state
physics community up to this day. For instance, understanding the physics of glass
formation upon cooling a liquid and its converse effect, the transition to a supercooled
liquid upon heating the glass, is still a challenge despite the intense experimental and
theoretical research over the last 100 years [9]. In fact, Nobel Prize laureate Philip
Anderson even referred to it as “the deepest and most interesting unsolved problem in

solid-state theory” [10]. The mechanisms governing the drastic slowdown of the



molecular motion (upon cooling) that brings the system to an apparent arrest is one of the
primary challenges of glass science and, the large timescales involved, one of the main

problems in order to have experimental access to them.

The fast development over the last 15 years of new methodologies to produce highly
stable glasses via new experimental [11,12] and simulation techniques [13,14] has led to
significant advances in the characterization and study of these amorphous materials. In
the experimental field, physical vapor deposition has emerged as a key technique to
produce glasses spanning a broad range of stabilities (among other characteristics) by
essentially controlling two deposition parameters: deposition rate and deposition
temperature. In fact, with the proper deposition conditions glasses with remarkable low
energy states can be prepared, gaining access to (until recently) inaccessible regions of
the energy landscape. This access to low-energy glasses together with the development
of characterization techniques with high temperature and time resolutions made possible,
in the recent years, to explore the dynamics of glasses in a wide range of temperatures

and stabilities unachievable to date.

This work aims to further deepen the knowledge on the transformation mechanism by
which thin film glasses transform into the supercooled liquid after a jump to higher
temperatures. This process has been extensively researched for highly stable glasses,
whose transformation has been reported to take place via liquid fronts that starts at the
free surface/interface and propagate at a constant rate inside the glass [15-20]. However,
fewer studies have focused on the homogeneous devitrification of highly stable glasses
in the bulk [21-23] once the formation of this front is avoided. This thesis intends to
perform a systematic study on this transformation mechanism in hopes to better
understand the bulk dynamics in thin film glasses in a wide stability range by means of
quasi-adiabatic fast scanning nanocalorimetry, while also providing visual evidence of

the process via microscopy techniques.

This manuscript consists of eight chapters:

e In Chapter 1 a brief theoretical framework is provided in order to introduce some
of the main concepts that will be addressed in this work. Since the theory on glassy

physics is very extensive, we focus mainly on introducing the glass transition and



its basic features, including the slowdown of the dynamics, the two-step relaxation
or the jump in heat capacity at the glass transition. The signature of the glass
transition during a heat capacity scan is also discussed since calorimetry is the
main technique used to characterize the samples in this study. Finally, an overview

of the different theoretical views of the glass transition is also presented.

Chapter 2 is focused on providing a state of the art on vapor-deposited glasses.
We present the experimental, theoretical and simulation studies performed to date
to provide an overview of the research being done in this area. We also provide
detail on how highly stable glasses can be obtained, their formation mechanism
and their main properties. Special emphasis will be given to the transformation
mechanism of uncapped vapor-deposited glasses into the supercooled liquid when
heated above their glass transition temperature.

In Chapter 3 the characterization techniques used for the development of this work
are presented, as well as the experimental set up. Since all the samples studied in
this thesis are grown by physical vapor deposition in an ultra-high vacuum
chamber, a detailed description of the deposition chamber will be provided. In this
chapter, we introduce as well the different characterization techniques. This
includes fast-scanning quasi-adiabatic nanocalorimetry, which allows an in situ
thermal characterization of the vapor-deposited glasses, conventional DSC and

Atomic Force Microscopy (AFM).

Chapter 4 is devoted to the analysis of the front transformation in vapor-deposited
glasses. The procedure for identifying the different mechanisms acting during the
glass transition is presented and we also show how the transformation front can

be blocked using capping layers with a material that has a higher T,, gaining

access to the bulk transformation of highly stable glasses.

Chapters 5 and 6 analyze the bulk transformation in ultrastable thin film glasses
during an isothermal treatment above T, by means of two different techniques:
quasi-adiabatic fast-scanning nanocalorimetry and AFM. Chapter 5 reports the
bulk transformation to take place via two competing processes: i) the formation
of liquid regions inside the glass that grow transforming the sample and ii) the

softening of the yet not transformed glass matrix. The main parameters of the



transformation are inferred from the calorimetric data using the KIMAE model.
In Chapter 6 an equivalent study is presented using AFM. This technique allows,
by means of wrinkling patterns on the capping material, a direct visualization of
the emergence of liquid regions and their growth, as well as the observation of

large length scales between initiation sites.

The main objective of Chapters 7 and 8 is to study the effect of stability in the
bulk transformation mechanism of vapor-deposited glasses. Chapter 7 is focused
on analyzing the changes in the bulk transformation dynamics of glasses grown at
different deposition temperatures (ranging from 0.85T, to T,;). We will see that
regardless of the stability, all glasses follow similar dynamics: softening of the
glass matrix and emergence of liquid regions. Chapter 8 shows that independently
of the experimental protocol followed to obtain the glass (physical vapor
deposition or cooled from the liquid phase) the transformation of the glass into
the supercooled liquid takes place via the emergence of liquid regions inside the
glass as long as, at the measuring temperature, the contrast between the mobility

of the liquid regions and the mobility of the glass is high enough.

The final chapter is dedicated to a general summary and final conclusions of this

work.
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Chapter 1. Theoretical framework

Chapter 1

Theoretical framework

1.1 The glass transition

Glasses are usually obtained by cooling the liquid from above the melting temperature of
the material, T,,, at a pace fast-enough to bypass crystallization [1,2]. At temperatures
above T,,, the material is in the liquid state with the corresponding enthalpy, entropy and
specific volume of this equilibrium state. As the temperature is lowered these state
variables experience a continuous decrease with temperature as depicted in Figure 1.1.
Further cooling the sample, around T,,, the system can undergo a first order phase
transition towards the crystal phase, experiencing a sudden drop in its
enthalpy/entropy/volume. However, if the liquid can be driven below T, without
crystallizing, the system enters in the supercooled liquid regime, a metastable state. Upon
further cooling this liquid phase, both viscosity and the structural relaxation time increase
considerably [3-6], producing a slowing down of the molecular motions. Eventually, the
molecules/atoms rearrange so slowly that they cannot efficiently sample configurations
in the given laboratory timescale and the system moves out-of-equilibrium, becoming a
glass. This slowing down of the dynamics can be observed in Figure 1.1 by the change in
the rate at which the enthalpy and volume evolve upon cooling. The temperature at which
this falling out-of-equilibrium takes place is known as the glass transition temperature,
T,, and it is material dependent. However, even for the same material this temperature is
not unique and it changes depending on the cooling rate [5-8]. If the system is rapidly
cooled, the time provided for the molecules to rearrange is limited and the system will
fall out-of-equilibrium at higher temperatures (glass I in Figure 1.1) than a liquid that is
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slowly cooled, which will have more time to explore lower energy configurations
allowing the sample to stay in equilibrium until lower temperatures (glass Il in Figure
1.1). There is not, therefore, a single glassy state as the thermodynamic (and dynamic)
properties of the glass will depend on the thermal history of the sample. The dependence
of T, with the cooling rate is weak, in general, with changes of 3-5°C when the cooling
rate changes by an order of magnitude [9]. Below the glass transition temperature, almost

all molecular motion ceases, except for thermal vibrations.
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Figure 1. 1. Schematic representation of the enthalpy evolution as a function of temperature (also valid for
entropy and volume). When cooling the liquid from T>T,,, if the cooling rate is fast enough, crystallization
is avoided and the liquid enters in the supercooled liquid regime. By further cooling, mobility is arrested
and the system is not able to follow the equilibrium line, becoming a glass. The temperature at which the
system falls out-of-equilibrium defines the glass transition temperature, T,. The thermodynamic and
dynamic properties of a glass depend on the cooling rate. In this case glass | was obtained by cooling at a
faster rate than glass II.

One of the most important consequences of falling out-of-equilibrium during the glass
transition is the breakdown of the ergodicity of the system. At T, the number of degrees
of freedom accessible is suddenly reduced, causing a sharp drop (up to a factor 2) [10] of
the constant pressure specific heat, c,, to a value comparable to that of the crystalline
solid (as it can be observed in Figure 1.2). In this case, the system loses the capacity to
sample a representative fraction of the phase space in the experimental time scales and,

therefore, we can say that the system is no longer ergodic. It is important to consider that,
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differently from the transition from liquid to crystal in which the ergodicity is broken as
a result of a true thermodynamic phenomenon (first order transition), in the case of
glasses, the ergodicity is just dynamically broken in the sense that the system is only

capable of exploring a small region of local minimums in the configurational space.

liquid

specific heat

temperature

Figure 1. 2. Specific heat as a function of temperature during the glass transition. The jump from the liquid
to the glassy phase is indicative of the reduction of the accessible number of degrees of freedom. The dashed
line is the specific heat of the crystal phase. Figure reprinted from [10].

1.2 Slowing down dynamics: Viscosity and Relaxation Time

T, can also be defined in terms of the structural relaxation time, ,, (also known as alpha

relaxation). The relaxation time is considered as the characteristic time needed for a
system to go back to its equilibrium configuration after an external perturbation. For
example, after stress is applied on a system due to an imposed deformation, the return to
equilibrium does not take place immediately, but the process requires a certain amount of
time. The relaxation time, which is temperature dependent, governs the dynamics of such
change. Glasses are out-of-equilibrium systems and, therefore, their evolution with time

will also be controlled by the different relaxation times present in the glass.

Upon decreasing temperature, the relaxation time of a liquid increases much faster the
closer to the glass transition, reaching relaxation times several orders of magnitude higher
when falling out-of-equilibrium and becoming a glass, all the while undergoing minute

changes in the microscopic structure [11]. The temperature at which the relaxation time
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of the material exceeds the experimental time available for the observer is considered as

another way to define the glass transition temperature, T;, and by convention is chosen at
100s [6].

The dependence of the relaxation time with temperature, however, can differ significantly
from one material to another [6]. As it can be observed in Figure 1.3, the rate at which
the relaxation time changes with temperature, upon approaching the glass transition
temperature from the liquid, changes depending on the characteristics of the system. This
representation, logarithm of the relaxation time (or viscosity) as a function of T,/ T, is
known as the Angell plot and it allows us to classify the glass formers according to its
strong or fragile nature [12]. Materials such as silica fall in the class of “strong” glass
formers, exhibiting an Arrhenius-type (exponential) growth of the relaxation time upon

cooling, i.e.,
T = 19exp(E/kgT) (1.2)

where T is the temperature, 7, is a pre-factor and E the activation energy (both
temperature-independent) and kg is the Boltzmann constant. “Fragile” materials,
however, have an even more drastic slow-down close to the glass transition temperature,
where the relaxation time (or viscosity) varies in a super-Arrhenius fashion. The viscous
slowdown in these systems is often well described by the phenomenological Vogel-
Tammann-Fulcher (VFT) equation [13]:

T =T, exp ( PTo ) (1.2)

T—T,

where 7, is a temperature-independent constant and T, depends on the fragile or strong
nature of the system, ranging from O (for ideal strong systems) to higher values (for more
fragile systems). The parameter D, called the strength parameter, is linked with the
fragility of the system, higher values of D are typically correlated with more fragile

systems. The relaxation time increases when approaching T, diverging at T = Tj,.
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Figure 1. 3. Angell’s plot for the relaxation time of different systems. The logarithm of transformation time
is represented versus the inverse of temperature, normalized by the glass transition temperature of each
material. Figure reprinted from [14].

Along with relaxation time, viscosity, n, is another important property in the study of
glass-forming liquids and the glass transition. Viscosity, relaxation time and shear

modulus, G, are related by the equation:
N =0T (1.3)

The viscosity of the liquid is proportional to the relaxation time and roughly follows the
same temperature dependence since the variation of G, with temperature is not as
pronounced as that of the relaxation time. Therefore, in a similar way to relaxation time,
the viscosity of a supercooled liquid grows abruptly when approaching the glass
transition. Although Equation 1.3 is strictly valid only for Maxwell liquids (shear stress
has only one exponential relaxation time) the proportionality between viscosity and

relaxation time (n « 7) is assumed for all glass formers [10].

1.3 Two step relaxation process

One of the main characteristics that defines a supercooled liquid approaching the glass
transition is the emergence of a two-step relaxation process [10,15]. In a normal high
temperature liquid, the correlations between particles decay to zero in a rapid and simple
exponential fashion since they can move freely and, therefore, decorrelate easily of their

initial positions (see Figure 1.4 at high temperatures T=5.0). However, when lowering the
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temperature, a fast-initial decay is observed followed by the emergence of a plateau which
remains constant during a certain time, indicating the transient freezing of particles. Only
at sufficiently long times the correlation function will completely decorrelate, fully
decaying to zero. The faster initial relaxation corresponds to the B-relaxation process, and
it is related to non-collective atomic movements, like the vibration of the molecules
around equilibrium positions in the glass matrix. In contrast, the slowest phenomenon,
that can be seen after the plateau in Figure 1.4, corresponds to the primary or a-relaxation.
This relaxation involves a cooperative rearrangement of the structural units that seek
thermodynamic equilibrium. Interestingly, this final decorrelation process is not a simple
exponential decay (as in high temperature liquids) but rather a slower decay, which can
often be described by the stretched exponential or Kohlrausch-Williams-Watts (KWW)
function [16,17] :

C(t) = exp [— (5)’3 ] B <1 (1.4)

where C(t) can be any correlation function, is the characteristic relaxation time of the
system, whose temperature dependence is often non-Arrhenius (characteristic of fragile
liquids) and g is the stretched exponent. This slowing down of the decorrelation function
contrasts with the behavior of liquids above the melting point, where the exponent 8 has
a value close to 1. That is, the system can be described by a simple exponential
relaxation [6]. However, for a typical fragile glass former, 8 decreases with temperature

as it approaches T, showcasing a non-exponential behavior which suggests the existence

of a broad distribution of relaxation times.
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Figure 1. 4. Typical two-step relaxation process of the intermediate scattering function observed for liquid
and glassy systems when approaching the glass transition. In this case, the temperature is given in
computational units. At high temperatures (T=5.0), the system relaxes following a single stretched
exponential function. As temperature decreases, a two-step relaxation process can be observed with the
appearance of a plateau at intermediate times. The fast relaxation before the plateau corresponds to the
B-relaxation. Figure reprinted from [6].

1.4 Dynamic heterogeneities and breakdown of the Stokes-Einstein

relation

The stretched exponential nature of the a-relaxation (Equation 1.4) is often interpreted in
terms of a mixture of exponential functions with different local relaxation time, reflecting
the coexistence of regions with slower and faster relaxation dynamics in the glass, that is
the presence of dynamic heterogeneities. This phenomenon describes a heterogeneous
dynamic structure in the glass with regions of dynamically arrested particles (strongly
correlated with their neighbors), and clusters of higher mobility rearranging particles.
From the dynamic heterogeneity point of view, therefore, there is a set of different
environments in the system, each one relaxing at a different rate. Whether each of these
spatially heterogeneous domains relaxes exponentially or not is still object of debate and
a matter of considerable current interest [18,19]. Computer simulations [20], as well as
experimental [18] and theoretical studies [21,22], have played a central role in
establishing the existence of these spatiotemporal fluctuations in the dynamics. It has

been seen that near Ty, this heterogeneity can lead to regions with relaxation times that

differ by orders of magnitude between points separated only a few nanometers [19,23].

13



Chapter 1. Theoretical framework

It is also interesting to see how this phenomenon, initially found in supercooled liquids,
has been shown to be common for many systems that undergo glass transitions, such as
colloid and granular media [24-26], active matter [27,28] and even some quantum
systems [29,30].

One of the most striking consequences of dynamic heterogeneity is the violation of the
Stokes-Einstein (SE) relation between the diffusion coefficient and the viscosity.
According to this relationship, above the melting temperature of a material viscosity, 1,

and diffusion coefficient, D, are related as [10],

p~L (1.5)
. .

However, when we approach T, (1.2T, and below) the self-diffusion coefficient D
decreases at a slower peace compared with the sharp increase in viscosity, showing a
decoupling of these two parameters that gets accentuated as the temperature is
lowered [31]. Cicerone and Ediger [32] explained this phenomenon by proposing that
diffusion is dominated by fast regions, while the slow regions dominate the structural

relaxation and, therefore, the viscosity.

1.5 Heat capacity signature of the glass transition

Heat capacity, C,, is probably one of the most broadly used magnitudes to study the glass
transition. The heat capacity can be defined as the amount of heat that needs to be supplied
to a system to increase its temperature by one Kelvin, where heat refers to the amount of
energy transferred to the system without exerting any work. The magnitude usually used
to measure C,, is the specific heat capacity (or simply specific heat), c,,, which is defined

as the heat capacity per unit mass.

Heat capacity can give us important information regarding the physico-chemical
properties of the glass. The change in heat capacity during the glass transition yields a
characteristic curve that gives information regarding the kinetic and thermodynamic state
of the system. Information such as, entropy, enthalpy or phase transition temperatures

can be obtained.

The glass transition signature in heat capacity measurements consists of a jump (orange

dashed line in Figure 1.5a) due to the reduction in the number of degrees of freedom
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available when the system falls out-of-equilibrium, as already seen in Section 1.1.
Typically, the heat capacity in glasses is measured during heating temperature ramps.
Therefore, it is the devitrification process what is usually measured rather than the

formation of the glass.

Figure 1.5a (solid blue curve) shows an example of the heat capacity curves obtained
during the devitrification process of a glassy system. From this heating temperature scan
several kinetic and thermodynamic properties of the sample can be obtained, being the
most significant ones the onset devitrification temperature and the fictive temperature,

intimately related to the kinetic and thermodynamic stability of the samples, respectively.

The onset temperature, T,,, is the temperature at which the devitrification starts, and it
depends on the characteristics of the glass and the conditions of the experiment (i.e., the
thermal history of the sample and the heating rate). Since the formation and devitrification
of a glass are kinetic events, different cooling and heating rates would yield different
transition temperatures. In contrast with the glass transition temperature, defined in terms
of the transition from liquid to glass in cooling, the onset temperature is used when
referring to the transition from glass to liquid in heating. These two parameters, T, and
T,n, typically match when both the cooling and subsequent heating are performed at the
same rate (neglecting aging effects, i.e., stabilization of the glass below T,). However, if
the heating rate is lower or higher than the cooling rate, the system will have more or less
time to relax towards equilibrium, giving raise to shifts of this devitrification onset

towards lower or higher temperatures, respectively.

The onset temperature is associated to the kinetic stability of the glass. Glasses which are
kinetically more stable will require higher temperatures or times, when heated at the same

heating rate, to go back to equilibrium, delaying the onset of the devitrification process.

In addition to the heat capacity jump, the heating scan can also be characterized by a peak
overshoot (as showed by the solid blue line in Figure 1.5a). The area of this peak is the
excess enthalpy and it is related to the thermodynamic stability of the system. The
thermodynamic stability of the glass can be quantified from the enthalpy curve via a
parameter called the limiting fictive temperature, Tr, which can be defined as the
temperature at which a property of the glass (enthalpy, volume, density, etc.) is equal to
that of the supercooled liquid [35,36].
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Figure 1. 5. a) Representation of the specific heat signature of the glass transition during a slow cooling
(top dashed line) and a subsequent faster heating rate ramp (top solid line). The curves on the bottom
represent the corresponding enthalpy for both cooling/heating processes. The black dashed curve
corresponds to the SCL extrapolation line. b) Enthalpy (entropy and volume) as a function of temperature.
The intersection between the enthalpy of the glass and the enthalpy of the liquid extrapolated at low
temperatures defines the limiting fictive temperature, T, Below this temperature, the glass increases its
stability with time via physical aging, while above Ty, the glass will rejuvenate into the liquid state. Figure
adapted from [33]and [34].

From calorimetric measurements, the enthalpic T is evaluated from the intersection

between the enthalpy of the glass, obtained from the integration of the heat capacity curve,
and the extrapolation of the enthalpy of the supercooled liquid line at low temperatures.

In this case, the lower the T, the higher the thermodynamic stability of the glass. T, can

also be evaluated from the specific heat data using the so-called area matching method
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proposed by Moynihan et al. More details on this calculation method can be found
elsewhere [36].

As we already discussed, the glass transition is a dynamic event that leaves the system in
an out-of-equilibrium state. As a consequence, the glasses will evolve continuously
towards its equilibrium phase (i.e., the supercooled liquid state), gaining or losing stability
and, therefore, changing the overall value of Tr. The process by which a glass relaxes
towards a more stable configuration (lower Ty ) during an isotherm is known as (physical)
aging [4,5,37]. On the contrary, rejuvenation [22,38], anti-aging [39] or devitrification
refers to the process by which the glass evolves towards the equilibrium supercooled

liquid, even if it corresponds to a less stable configuration (higher T), during an

isothermal annealing above its fictive temperature (see Section Figure 1.5b).

It is important to note that the fictive temperature provides a global parameter to define
the stability of the glass. However, as we have seen in Section 1.4, glasses present
spatially heterogeneous dynamics that are manifested by clusters of different mobility,
which implies a distribution of relaxation times. Therefore, strictly speaking, the system

does not have a unique, macroscopic Ty, but rather a distribution of fictive

temperatures [22].

1.6 Theoretical views of the glass transition

Understanding the physics of glass formation remains one of the major unsolved
challenges of condensed matter science that persists to this day. The main difficulty stems
from the apparent disagreement between the minimal structural changes and the huge
variations of the dynamics across the glass transition. The complexity to explain this
simple observation can be grasped from the many divergent views and associated models
and theories that have been developed over the years to try to explain it from various
perspectives [6,40-45]. Interpretations of this dramatic slowdown of the structural
relaxation time in supercooled liquids upon cooling across the glass transition
temperature can be broadly divided into two competing categories [41]: thermodynamic
and kinetic. The first one defends that the kinetic slowdown in the supercooled liquid is
due to the presence of an underlying “ideal” (thermodynamic) glass transition [4,44],

closely linked to the emergence of a growing static correlation length. Contrary, the latter
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assumes that the rich dynamical behavior near the glass transition is a consequence of
kinetic constrains, while thermodynamics and static correlations play a very limited or no
role at all [40,41,46].

Among the theories that support an underlaying thermodynamic transition at a finite
temperature we can find the Adam-Gibbs theory [47], the Goldstein energy landscape
scenario [48], and the Random First Order Transition (RFOT) theory [49-51]. On the
other hand, regarding the theories that advocate for kinetic constrains as the cause of the
dramatic slowdown in Kkinetics during the glass transition, we can highlight: the Mode
Coupling Theory (MCT) [40,52], Frustration-Limited Domains theory [10,53,54] and
Dynamical Facilitation Theory [55-57]. In the following lines, we provide a brief

description of some of these theories.

1.6.1 Adam-Gibbs Theory

Adam and Gibbs (1965) developed a theoretical framework in which the relaxation times
in deeply supercooled liquids are driven by entropy considerations [47]. In this theory,
they suggest that the relaxation of the glass towards equilibrium takes place via the
rearrangement over large groups of correlated particles, the so-called Cooperative
Rearranging Regions (CRR), which evolve independently of each other and their
surroundings. The configurations that each CRR can adopt are significantly limited, since
all its constituents are strongly dependent. One of the key ideas of the Adam-Gibbs model
is the assumption that the number of configurations that a single CRR can adopt is

constant regardless of the size of the CRR and the temperature [10].

1.6.2 Goldstein landscape scenario

Goldstein formulation of the energy landscape scenario (1969) [48] put the emphasis on
the evolution of the system in the phase space, i.e., the space of all the configurational
degrees of freedom. Over this space it is defined the total potential energy of the system,
and the surface of this function is often called the potential energy landscape. In this
scenario, each configuration is represented by a point in the phase space, and the
dynamics of the system are described by the motion of this point over the potential energy
landscape. In the Goldstein scenario, local minima correspond to locally stable
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configurations, where the absolute minimum is given by the ground state, that is, the
crystal. The remaining local minima above the crystalline phase correspond to defect
crystals, polycrystals and particles arrangements that lack long-range order, i.e., the
amorphous or glassy states. The latter is expected to have a potential energy that is

extensively larger than the crystalline one.

In his studies, Goldstein suggested that as molecules in the liquid pack more closely with
decreasing temperature there should be a point where free diffusion, characteristic of
simple liquids and dense gases, can no longer occur because the molecules begin to “jam
up” and energy fluctuations are needed to free them. That is, at low enough temperatures
a system explores the phase space mainly by activated jumps between different energy
minima, separated by potential energy barriers that increase when the temperature
decreases or the number of particles to rearrange is higher. It is important to note that

Goldstein stresses the importance to give this rearrangement regions a local nature.

However, when the temperature is increased, the thermal energy rises and becomes
comparable or even higher than the typical potential energy barriers. In this regime, the
liquid becomes very fluid and local rearrangements are no longer ruled by thermal
activation, breaking down Goldstein’s scenario. This breakdown marks a conceptually
useful border between two different regimes: a low-T activated and viscous regime,

versus a high-T non-activated and fluid regime.

1.6.3 Random First Order Transition Theory (RFOT)

The Random First Order Transition theory (RFOT) or mosaic theory was formulated by
Kirkpatrick, Thirumalai and Wolynes in the late 80’s [49-51] and it depicts the glass as
a mosaic of glass droplets or “glassites” of linear size &, the length of which is fixed by a

competition between the surface tension cost and the configurational entropy gain.

The mean-field version of RFOT approach predicts the presence of a dynamical transition
at a non-zero temperature, T4, below which the configuration space of the glass former
splits into a collection of an exponential number of possible metastable states. Within
mean field models, below T, the system will remain trapped inside a metastable state,

since the potential barriers separating states diverge. However, for finite systems the
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dynamical transition, T;, becomes a cross-over point: relaxation time and correlation

functions become large, but finite, leading to the phenomenological glass transition.

In RFOT, the system explores the whole collection of possible states with lower free
energy via activation events as the temperature is decreased. Upon further lowering the
temperature, the states with the lowest free energy are reached at a temperature T, where
most RFOT models predict an equilibrium phase transition with a real divergence of the
relaxation time. Therefore, the mosaic picture presents two characteristic temperatures T,
and Ty, that separate three different regimes: at high temperature, T > T, the landscape
is simple and presents a single minimum, the high temperature liquid state. This is
followed by an intermediate temperature regime, T, < T < T; where an exponentially
large number of minima appear, and the system enters the so-called glass phase. And
finally, a low temperature regime, T < T}, where the configurational entropy vanishes and

the system, if equilibrated, enters an ideal glass state.

It is important to note that what actually drives the rearrangement in the mosaic theory
are thermal fluctuations. That is, once the region has been pushed out from its original
state by thermal fluctuations, the probability that the droplet will remain in the original
state or change to another state will depend on entropic considerations of the number of

the available states.

Beyond the differences the RFOT presents with the Adam-Gibbs theory, it recovers the
most important result from the latter: a characteristic length scale that increases with

decreasing configurational entropy.

1.6.4 Mode Coupling Theory (MCT)

The Mode Coupling Theory [40,52] makes use of the dynamical correlation function of
density fluctuations to explain the behavior of the supercooled liquid approaching the

glass transition.

The key idea we need to take from this model is that MCT developed a set of self-
consistent equations in which introducing only static observables like the structure factor,
S(k), which can be obtained directly from scattering experiments, we end up with a set of
dynamical equations. This is possible thanks to the implementation of non-linear
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interactions, which gives rise to a direct dependence between the static structure and the

dynamics.

An interesting result of the MCT is that this model is able to reproduce the two-step
relaxation near the glass transition of the dynamical correlation function, meaning there
are “fast” and “slow” dynamics in the supercooled liquid. In this scenario, a plateau
emerges and its length scale increases when decreasing temperature (as shown in Figure
1.4 for real systems). However, due to the mean field character of this model (which
forbids to restore ergodicity), MCT predicts that the length of the plateau and, therefore,
of the relaxation time, will diverge at a finite temperature, T,.. Nevertheless, for
temperatures above T, the predictions of the MCT are in good agreement with what is

observed in supercooled liquids and the theory is widely supported.

1.6.5 Frustration-limited-domains (FLD) theory

The frustration-limited-domains theory [10,46,53] is based in two concepts: locally
preferred structure (LPS) and geometric frustration. Similar to the Adam-Gibbs or mosaic
theories, the LPS can be defined as an arrangement of molecules that minimize some local
free energy. However, in this case, the origin of the cooperative regions is not of
thermodynamic origin but due to geometric frustration. It is this frustration, which arises
from the incompatibility of the LPS regions to attain long-rage order, what controls much
of the physics of the system and, in particular, the characteristic slowing down of the

glass-forming liquids.

1.6.6 Dynamical Facilitation Theory (DFT)

The dynamical facilitation theory [55-57] defends that all the physical aspects in glass-
forming liquids can be understood purely at the dynamical level. The main idea of this
theory is that the mobility of the supercooled liquid is localized in very specific regions.
At low temperatures, all the system is arrested and only few particles will be mobile.
These particles, which can be interpreted as mobility defects, will be the ones that will
prompt, or facilitate, mobility in its neighboring regions. This is known as dynamic (or

Kinetic) facilitation.
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In this context, the slowdown of the dynamics is a consequence of the effective dynamical

constraints among the particles when the temperature is lowered.

Despite the proliferation of many different theories and views, none of them is able to
describe fully the physics behind the glass transition, which is why different theories are
often combined. For instance, RFOT is often combined with MCT to describe the high
temperature range and with dynamic facilitation theory to help explain the growth of the

liquid phase in stable glasses [22].

22



[1]
[2]

[3]

[4]

[5]

[6]

[7]
[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Chapter 1. Theoretical framework

References

D. Turnbull, Under What Conditions Can A Glass Be Formed?, Contemp Phys 10, 473 (1969).

C. A. Angell, Structural Instability and Relaxation in Liquid and Glassy Phases near the Fragile
Liquid Limit, J Non Cryst Solids 102, 205 (1988).

C. A. Angell, K. L. Ngai, G. B. McKenna, P. F. McMillan, and S. W. Martin, Relaxation in
Glassforming Liquids and Amorphous Solids, J Appl Phys 88, 3113 (2000).

V. Lubchenko and P. G. Wolynes, Theory of Structural Glasses and Supercooled Liquids, Annual
Review of Physical Chemistry.

M. D. Ediger, C. A. Angell, and S. R. Nagel, Supercooled Liquids and Glasses, J Phys Chem 100,
13200 (1996).

P. G. Debenedetti and F. H. Stillinger, Supercooled Liquids and the Glass Transition, Nature 410,
259 (2001).

R. Bruning and K. Samwer, Glass Transition on Long Time Scales, Phys Rev B 46, 11318 (1992).
C. T. etal. Moynihan, The Glass Transition and the Nature of the Glassy State, Vol. 279 (1976).

S. R. Nagel, Susceptibility Studies of Supercooled Liquids and Glasses, in Phase Transitions and
Relaxation in Systems with Competing Energy Scales, edited by T. Riste and D. Sherrington
(Springer Netherlands, Dordrecht, 1993), pp. 259-283.

A. Cavagna, Supercooled Liquids for Pedestrians, Phys Rep 476, 51 (2009).

I. Tah, A. Mutneja, and S. Karmakar, Understanding Slow and Heterogeneous Dynamics in
Model Supercooled Glass-Forming Liquids, ACS Omega 6, 7229 (2021).

C. A. Angell, Formation of Glasses from Liquids and Biopolymers, Science (1979) 267, 1924
(1995).

C. M. Roland, Characteristic Relaxation Times and Their Invariance to Thermodynamic
Conditions, Soft Matter 4, 2316 (2008).

Q. Gao and Z. Jian, Critical Cooling Rate Prediction by the Reduced Glass Temperature and
Fragility Index, Physica Status Solidi (b) 256, 1900012 (2019).

W. Kob and H. C. Andersen, Testing Mode-Coupling Theory for a Supercooled Binary Lennard-
Jones Mixture. Il. Intermediate Scattering Function and Dynamic Susceptibility, Phys Rev E 52,
4134 (1995).

R. H. A. Kohlrausch, Theorie Des Elektrischen Rickstandes in Der Leidener Flasche, Ann Phys
167, 179 (1874).

G. Williams and D. C. Watts, Non-Symmetrical Dielectric Relaxation Behaviour Arising from a
Simple Empirical Decay Function, Transactions of the Faraday Society 66, 80 (1970).

E. Vidal Russell and N. E. Israeloff, Direct Observation of Molecular Cooperativity near the
Glass Transition, Nature 408, 695 (2000).

M. D. Ediger, Spatially Heterogeneous Dynamics in Supercooled Liquids, Annu Rev Phys Chem
51, 99 (2000).

23



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Chapter 1. Theoretical framework

L. Berthier, Trends Dynamic Heterogeneity in Amorphous Materials, Physics (College Park Md)
4,42 (2011).

D. N. Perera and P. Harrowell, Consequences of Kinetic Inhomogeneities in Glasses, Phys Rev E
54, 1652 (1996).

P. G. Wolynes, Spatiotemporal Structures in Aging and Rejuvenating Glasses, Proc Natl Acad
Sci U S A 106, 1353 (2009).

U. Tracht, M. Wilhelm, A. Heuer, H. Feng, K. Schmidt-Rohr, and H. W. Spiess, Length Scale of
Dynamic Heterogeneities at the Glass Transition Determined by Multidimensional Nuclear
Magnetic Resonance, Phys Rev Lett 81, 2727 (1998).

0. Dauchot, G. Marty, and G. Biroli, Dynamical Heterogeneity Close to the Jamming Transition
in a Sheared Granular Material, Phys Rev Lett 95, 265701 (2005).

A. S. Keys, A. R. Abate, S. C. Glotzer, and D. J. Durian, Measurement of Growing Dynamical
Length Scales and Prediction of the Jamming Transition in a Granular Material, Nat Phys 3, 260
(2007).

L. Berthier, G. Biroli, J.-P. Bouchaud, L. Cipelletti, and W. van Saarloos, Dynamical
Heterogeneities in Glasses, Colloids, and Granular Media, in (2011).

T. E. Angelini, E. Hannezo, X. Trepat, M. Marquez, J. J. Fredberg, and D. A. Weitz, Glass-like
Dynamics of Collective Cell Migration, Proceedings of the National Academy of Sciences 108,
4714 (2011).

M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B. Liverpool, J. Prost, M. Rao, and R. A. Simha,
Hydrodynamics of Soft Active Matter, Rev Mod Phys 85, 1143 (2013).

B. OImos, I. Lesanovsky, and J. P. Garrahan, Facilitated Spin Models of Dissipative Quantum
Glasses, Phys Rev Lett 109, 20403 (2012).

Z. Nussinov, P. Johnson, M. J. Graf, and A. v Balatsky, Mapping between Finite Temperature
Classical and Zero Temperature Quantum Systems: Quantum Critical Jamming and Quantum
Dynamical Heterogeneities, Phys Rev B 87, 184202 (2013).

A. P. Sokolov, E. Rossler, A. Kisliuk, and D. Quitmann, Dynamics of Strong and Fragile Glass
Formers: Differences and Correlation with Low-Temperature Properties, Phys Rev Lett 71, 2062
(1993).

M. T. Cicerone and M. D. Ediger, Enhanced Translation of Probe Molecules in Supercooled O-
terphenyl: Signature of Spatially Heterogeneous Dynamics?, J Chem Phys 104, 7210 (1996).

Joan Rafols-Ribé, Organic Vapour-Deposited Stable Glasses: From Fundamental Thermal
Properties to High-Performance Organic Light-Emitting Diodes., Universitat Autonoma de
Barcelona, 2017.

Cristian Rodriguez-Tinoco, Calorimetric Study of Vapour Deposited Glasses: Beyond
Conventional Stability and Temperature Limits, Universitat Autonoma de Barcelona, 2016.

P. Badrinarayanan, W. Zheng, Q. Li, and S. L. Simon, The Glass Transition Temperature versus
the Fictive Temperature, J Non Cryst Solids 353, 2603 (2007).

24



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Chapter 1. Theoretical framework

C. T. Moynihan, S.-K. Lee, M. Tatsumisago, and T. Minami, Estimation of Activation Energies
for Structural Relaxation and Viscous Flow from DTA and DSC Experiments, Thermochim Acta
280-281, 153 (1996).

E. Gruber, L. G. E. Struik: Physical Aging in Amorphous Polymers and Other Materials. Elsevier
Sci. Publ. Comp., Amsterdam-Oxford-New York 1978. 229 Seiten, 141 Abbildungen, Preis: US $
42,50, Holl. Gulden 97,50., Berichte Der Bunsengesellschaft Fir Physikalische Chemie 82, 1019
(1978).

A., Vila-Costa, J. Rafols-Ribé, M. Gonzalez-Silveira, A. F. Lopeandia, LI. Abad-Mufioz, J.
Rodriguez-Viejo, Nucleation and Growth of the Supercooled Liquid Phase Control Glass
Transition in Bulk Ultrastable Glasses, Phys Rev Lett 124, 076002 (2020).

M. Luttich, V. M. Giordano, S. le Floch, E. Pineda, F. Zontone, Y. Luo, K. Samwer, and B. Ruta,
Anti-Aging in Ultrastable Metallic Glasses, Phys Rev Lett 120, 135504 (2018).

L. M. C. Janssen, Mode-Coupling Theory of the Glass Transition: A Primer, Front Phys 6, 1
(2018).

G. Biroli and J. P. Garrahan, Perspective: The Glass Transition, J Chem Phys 138, 12A301
(2013).

T. Hecksher and J. C. Dyre, A Review of Experiments Testing the Shoving Model, J Non Cryst
Solids 407, 14 (2015).

J. F. Stanzione, K. E. Strawhecker, and R. P. Wool, Observing the Twinkling Fractal Nature of
the Glass Transition, J Non Cryst Solids 357, 311 (2011).

J. C. Mauro, Y. Yue, A. J. Ellison, P. K. Gupta, and D. C. Allan, Viscosity of Glass-Forming
Liquids, Proceedings of the National Academy of Sciences 106, 19780 (2009).

V. Lubchenko, Theory of the Structural Glass Transition: A Pedagogical Review, Adv Phys 64,
283 (2015).

G. Tarjus, S. A. Kivelson, Z. Nussinov, and P. Viot, The Frustration-Based Approach of
Supercooled Liquids and the Glass Transition: A Review and Critical Assessment, Journal of
Physics: Condensed Matter 17, R1143 (2005).

G. Adam and J. H. Gibbs, On the Temperature Dependence of Cooperative Relaxation Properties
in Glass-Forming Liquids, J Chem Phys 43, 139 (1965).

M. Goldstein, Viscous Liquids and the Glass Transition: A Potential Energy Barrier Picture, J
Chem Phys 51, 3728 (1969).

T. R. Kirkpatrick and D. Thirumalai, Dynamics of the Structural Glass Transition and the P-Spin-
--Interaction Spin-Glass Model, Phys Rev Lett 58, 2091 (1987).

T. R. Kirkpatrick and P. G. Wolynes, Connections between Some Kinetic and Equilibrium
Theories of the Glass Transition, Phys Rev A (Coll Park) 35, 3072 (1987).

T. R. Kirkpatrick and P. G. Wolynes, Stable and Metastable States in Mean-Field Potts and
Structural Glasses, Phys Rev B 36, 8552 (1987).

U. Bengtzelius, W. Gotze, and A. Sjolander, Dynamics of Supercooled Liquids and the Glass
Transition, Journal of Physics C: Solid State Physics 17, 5915 (1984).

25



[53]

[54]

[55]

[56]

[57]

Chapter 1. Theoretical framework

D. Kivelson, S. A. Kivelson, X. Zhao, Z. Nussinov, and G. Tarjus, A Thermodynamic Theory of
Supercooled Liquids, Physica A: Statistical Mechanics and Its Applications 219, 27 (1995).

G. Tarjus and D. Kivelson, Breakdown of the Stokes—Einstein Relation in Supercooled Liquids, J
Chem Phys 103, 3071 (1995).

J. P. Garrahan and D. Chandler, Geometrical Explanation and Scaling of Dynamical
Heterogeneities in Glass Forming Systems, Phys Rev Lett 89, 35704 (2002).

L. Berthier and J. P. Garrahan, Nontopographic Description of Inherent Structure Dynamics in
Glassformers, J Chem Phys 119, 4367 (2003).

J. P. Garrahan and D. Chandler, Coarse-Grained Microscopic Model of Glass Formers,
Proceedings of the National Academy of Sciences 100, 9710 (2003).

26



Chapter 2. Vapor-deposited glasses

Chapter 2

Vapor-deposited glasses

The most common way of obtaining a glass is by cooling a liquid at a pace fast enough
to avoid crystallization. However, getting access to low energy states by this route is
impracticably slow [1,2]. As discussed in Chapter 1, when a supercooled liquid is cooled
down, the relaxation time increases dramatically as the temperature is reduced, until a
certain temperature, where the mobility becomes too slow to allow the molecules to reach
equilibrium and the glass is formed [1,3]. Because glasses are thermodynamically
unstable, lower energies in the landscape are eventually achieved when the glass is kept
at a certain temperature (conventional aging). However, this process is so slow that the

time needed to reach states deep in the landscape is unattainable in laboratory timescales.

This scenario changed in 2007, when it was discovered that glasses grown by physical
vapor deposition (PVD) under specific conditions could show remarkable properties
compared with liquid cooled ones. Swallen et al. [4] reported that via vapor deposition it
is possible to bypass the kinetic restrictions caused by the slowdown during the cooling
process, achieving glasses with outstanding thermodynamic and kinetic stability as well
as atypical high densities. In their work, they analyzed PVD glasses of the organic
molecules 1,3-bis-(1-naphthyl)-5-(2-naphthyl) benzene (TNB) and indomethacin (IMC)
and realized that vapor deposited samples grown in the vicinity of 0.85Tg at low
deposition rates (~5nm/s) present much higher onset devitrification temperatures
(enhanced kinetic stability) and lower enthalpy and fictive temperature values (i.e.
enhanced thermodynamic stability) when compared with glasses obtained by cooling
from the liquid phase. Thus, making it possible to access glasses that are much deeper in
the potential energy landscape.
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Even though most of the work on highly stable glasses has involved organic molecules,
by means of vapor deposition, one can prepare glasses with high stabilities for a wide
variety of materials [5]. After the first measurements in 2007 [4] with TNB and IMC,
more than 45 different organic molecules [5], as well as some polymers [6] and metallic
glasses [7] have shown their ability to form highly stable glasses if grown under the
adequate conditions.

2.1 Formation mechanism

The fact that physical vapor deposition yields glasses with enhanced stabilities was rather
remarkable given that, before 2007, the literature on vapor-deposited glasses mainly
reported glasses characterized for exhibiting low density and low stability [8-10]. It was
thought that the molecules, as soon as they arrived on the cold substrate, would be arrested
due to the extremely fast cooling rates on the surface, trapping the system in a less stable
state than the liquid cooled sample. It has been seen, however, that this description does
not match with reality and that in fact, depending on the deposition conditions, molecules
do have enough energy and time to explore the different configurations achieving glasses
with much higher densities and stabilities [4,11-13]. The formation of these high-density
glasses can be rationalized by a surface equilibration mechanism: if the mobility at the
glass surface is high enough, the molecules will be able to efficiently sample the energy
landscape and attain the optimal configuration according to the substrate temperature
before being buried by the upcoming ones, even if the temperature is below T, [5]. For
low deposition rates, the molecules at the surface will be able to get closer to equilibrium
configurational states and a glass with higher stability will be obtained [11,14]. In
contrast, if the deposition rate is fast, molecules will be locked inside the bulk of the film
after sampling just a small fraction of the energy landscape, obtaining in this way a less

stable glass.

Initially, the equilibration mechanism was thought to be related to the enhanced diffusion
that molecules exhibit at the surface of a material compared with its bulk counterpart. In
general, measured surface diffusion coefficients on organic glasses range from 107! to

10® m?/s at T,;, which is 4 to 8 orders of magnitude larger than the bulk [5,15-17]. This

enhancement of surface diffusion with respect to the bulk [18] allows to overcome the
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kinetic restrictions to molecular rearrangement due to the slow bulk dynamics, reaching
in this way stable packing configurations in timescales which are comparable with the
residence time of the molecules at the surface. In contrast with bulk diffusion, which
follows a super-Arrhenius dependence with temperature, surface diffusion typically

follows an Arrhenius type behavior [5,15].

Although the enhanced surface diffusion seems to correlate well with the obtention of
some organic glasses with high stabilities, recent studies suggest that surface equilibration
cannot be explained by surface diffusion alone. Experimental studies involving different
organic molecules have reported the possibility to obtain glasses with similar stability
states regardless of the fact that, some of these molecules present enhanced surface
diffusion, and others do not [19], concluding that this parameter is not a requisite for the
formation of highly stable glasses. This uncorrelation between equilibration and surface

diffusion has also been observed with molecular dynamics simulations [20,21].

A possible explanation for this uncorrelation is that stable glass formation, which relies
on the improvement of local packing arrangements, may involve other processes that are
not related to translational molecular movements, but to a local surface relaxation
mechanism [22,23]. Some authors [24] have associated the stable glass formation with
the secondary Johari-Goldstein (JG) relaxation found in many glass formers. In this
approach, the JG-beta relaxation has been linked to surface mobility in an analogous way
as structural relaxation is linked to the bulk dynamics. Alternatively, other works [25,26]
have reported the presence of a two-step enthalpy recovery with two different enthalpy
plateaus in polymer thin films and spheres which have been aged at different temperatures
for certain amounts of time. This double plateau can be associated to two different
equilibration time scales: a faster one with an activation energy significantly smaller than

the structural relaxation at T, (related with the surface dynamics) and a slower one,

comparable with the bulk structural relaxation process.

Even when there is a significant number of hypotheses which try to explain the nature of
this phenomenon, the surface equilibration mechanism is yet not completely agreed upon.
However, there seems to be consensus on the fact that these fast dynamics are not
exclusively superficial but propagate into the bulk. In general, most authors propose that
this enhanced mobility of the surface penetrates several times the cooperative length-scale
of the material [19,27].
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Regardless of the true nature of the equilibration mechanism, the enhanced surface
mobility allows us to surpass the slow dynamics near T, and access low regions of the
potential energy landscape, unreachable by conventional aging in laboratory time scales.
It is estimated that aging an ordinary glass, i.e. a glass obtained from the melt, to a similar
position in the landscape would require thousands or millions of years [11]. Because of
their high stability, vapor-deposited glasses prepared at deposition temperatures around

0.85T, and low deposition rates are referred to as highly stable or ultrastable glasses (UG).

2.2 Properties of highly stable glasses

Glasses prepared by physical vapor deposition present remarkable properties. Among
them, the most prominent one is the enhancement of their thermodynamic and kinetic
stability. Since the first reports of stable glass formation by PVD [4], many other systems
(mostly organic) have reported higher kinetic stabilities and lower enthalpies via many
different techniques, such as calorimetry [11,28-30], ellipsometry [31,32], dielectric

relaxation spectroscopy [33,34] or neutron reflectivity [4], among many others.

In calorimetry measurements, the kinetic stability is typically measured by the shift of the
onset of devitrification (7,,), that is, the temperature at which the sample starts to
transform into the supercooled liquid on heating. As we discussed in Chapter 1, glasses
with high kinetic stability present, for the same heating rate, high values of the onset

temperature. For highly stable glasses shifts in T,, of around 5% relative to T, are
typically reported [5].

Another way to quantify the kinetic stability is by comparing the time needed to transform
the material into the supercooled liquid phase during an isotherm at a temperature above
Tf (tirans) With the alpha relaxation time (z,). It has been seen that highly stable glasses

require up to 10° times the structural relaxation time of the supercooled liquid to fully

transform [35].

On the other hand, the thermodynamic stability, which is measured by the decrease of a
state variable (enthalpy, volume) with respect to the liquid-cooled glass, is generally

described by the fictive temperature (T¢), i.e. the lower the fictive temperature, the higher
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the thermal stability. In this case, Tr reductions of around 6-13% are typically reached in

highly stable glasses [5].

Figure 2.1 shows T, an T as a function of the substrate temperature for two organic
semiconductor molecules grown at deposition rates between 0.1nm/s and 1nm/s. These
systems present a maximum of stability for deposition temperatures between 0.8-0.97, as
it can be observed by the maximum values of the onset temperature and minimum values
of the fictive temperature. This behavior can be generalized to most glass formers, which

report the highest stabilities when grown at these specific conditions.

As it can be observed in Figure 2.1, at temperatures just below T, the limiting fictive
temperature matches the deposition temperature. In this temperature range, the deposition
molecules are in thermodynamic equilibrium with the liquid and the glasses present
macroscopic properties that resemble those expected for the supercooled liquid [31].
However, at lower temperatures (generally below 0.87), this trend falls apart and the
glass does not follow anymore the extrapolation line of the supercooled liquid, falling out

of this thermodynamic equilibrium.
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Figure 2. 1. Limiting fictive temperature (left-axis) and onset devitrification temperature (right-axis) for
TPD glasses (a) and TCTA glasses (b) as a funtion of deposition temperature.The uncertainty in T,

corresponds to the square sum of statistical uncertainty and instrumental unccertainty. Figure adapted
from [36].

Another important characteristic of many vapor-deposited glasses is the existence of
molecular anisotropy. In contrast with liquid cooled glasses, which present mainly

isotropic packing [37], vapor-deposited glasses generally exhibit certain molecular

31

Onset temperature (K)



Chapter 2. Vapor-deposited glasses

arrangements that depend predominantly on the deposition conditions (deposition
temperature and deposition rate) and on the molecules’ shape [38,39]. The most accepted
view regarding the origin of anisotropy in vapor-deposited glasses can be understood
combining the surface equilibration mechanism and the existence, in equilibrium, of
preferred anisotropic molecular arrangements at the glass surface [12,38]. Recent
studies [39] have reported that while the bulk of the liquid is completely isotropic, the
surface molecular layer presents a range of specific patterns (see Figure 2.2a). During
deposition, molecules near the surface strive to equilibrate towards the packing preferred
at the equilibrium interface. It has been seen that for low deposition temperatures, only
the top layer equilibrates, obtaining glasses with molecules predominately laying parallel
to the substrate. At higher temperatures, however, the top two layers manage to
equilibrate and further deposition leads to glasses in which vertical orientation is
trapped [12,40]. As a result, modifying the deposition conditions it is possible to tailor

preferred molecular orientations on VD glasses (see Figure 2.2b).

It is important to remark that even though most vapor-deposited glasses show some
degree of anisotropy, no correlation has been found between anisotropy and glass

stability.
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Figure 2. 2. (a) Schematic representation of the anisotropic molecular packing in vapor-deposited glasses
as a function of depth for different deposition conditions. (b) Order parameter, S,, as a function of
deposition temperature. Here the deposition temperature is normalized by T,. S, < 0 corresponds to
molecules orientated parallel to the substrate with S, < —0.5 refering to a complete horitzontal orientation
of the molecules. S, = 0 corresponds to isotropic samples while S, > 0 is obtained for molecules which
tend to be perpendicular to the substrate. Image reprinted from [5].

Besides the enhancement of thermodynamic and kinetic stability and the presence of
anisotropic packing, highly stable vapor-deposited glasses exhibit other remarkable

properties when compared to the conventional glass. Some of the most striking ones are:
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e Higher densities: density scales with stability [41-44] and ultrastable glasses can
be up to 1.5% denser than the conventional glass.

e Enhanced mechanical properties, such as higher mechanical moduli and sound
velocities can also be achieved with the proper deposition conditions [43,45,46].

e Suppression of B-relaxation in some molecules such as toluene or n-propanol [47].

e Suppression of the two-level systems at low temperatures [77].

e Heterogeneous transformation mechanism into the supercooled liquid when
heated above T [29,35,42,48-50].

This last property is one of the main focuses of this thesis and, therefore, it will be studied

in further detail in the following sections.

2.3 Transformation mechanism in vapor-deposited glasses

One of the most striking characteristics of vapor-deposited glasses is the mechanism by
which they transform into the supercooled liquid when heated. In contrast with liquid
cooled glasses, that transform into the liquid via a cooperative rearrangement of the
molecules which takes place homogeneously in the whole volume of the sample [51],
vapor-deposited stable glasses transform via a heterogeneous process that resembles the

melting of a crystal [52-54].

2.3.1 Front propagation mechanism

In highly stable glasses, the increased density and tight molecular packing are believed to
be the cause for the transformation to start at regions of the sample where the mobility is
higher. The transformation takes place, as a result, via liquid parallel fronts that start at
the free surfaces and mobile interfaces and then propagate into the glass at a constant
speed, vg,-, with a well-defined interface between the super cooled liquid and the not-yet
transformed stable glass [12]. This phenomenon was first identified by Swallen et al. in
2008 with the study of the translational motion in protio-/deuterio-tris(naphthylbenzene)
(TNB) multilayer films using neutron reflectivity [55]. Since then, a wide variety of
techniques have been used to study the dynamics of the propagating fronts in several

systems. Experimentally, they have been identified by secondary ion mass spectrometry

33



Chapter 2. Vapor-deposited glasses

(SIMS) [35,48], spectroscopic ellipsometry [42,43] and calorimetric techniques such as
AC-calorimetry [56] or fast-scanning nanocalorimetry [29].

All these studies are consistent with transformation rates independent of film thickness
but strongly dependent on temperature [42,48,57-60]. Specially, for many organic
glasses it was suggested that the velocity of the front follows an empirical relationship
with the structural relaxation time of the supercooled liquid, 7,, and the deposition

conditions:

Vgr(Taep) = C(Taep)Ta™ (2.1)

where C depends on the deposition conditions [58] and is independent of temperature,

T, is the a-relaxation time of the liquid and T,,,, refers to the deposition conditions. The

value of the y exponent depends exclusively on the material and for organic glasses has
been found to be in the range 0.7-0.95[34,58]. The relationship expressed in
Equation 2.1. was initially found for vapor-deposited glasses of IMC and TNB [35] in a
limited temperature range around the glass transition temperature of these materials.
However, later studies, have shown that this same expression is valid to describe the
velocity of the front for a large range of temperatures, going from T, up to T, + 75K, in
the case of indomethacin glasses [29], and up to T, + 25K (spanning 8 orders of
magnitude in relaxation time) for Toluene glasses [61]. Interestingly, this relationship
also holds for glasses with lower stabilities [28,61]. In this case, the transformation rate
presents the same temperature dependence but an absolute value that increases for lower

stability glasses. The more stable the glass, the slower the front velocity.

This transformation mechanism by propagating fronts has been discussed in detail in
several theoretical/computational works. Gutierrez and Garrahan [62] used a three-
dimensional East model with soft constraints to recreate the front transformation in stable
glasses. Wolyness et al. [52,63] described the existence of moving fronts within RFOT
by an analogy to a combustion process. More recently, the SWAP methodology [64] has
enabled Berthier and coworkers to produce in-silico glasses with stabilities that compare
well to the highly stable glasses created in the laboratory by vapor deposition [4,30].
These simulated stable glasses, if made thin enough, completely transform into the liquid

by moving fronts.
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All these observations can be rationalized in terms of the big contrast between the
relaxation time (or density) of the actual glass (much denser and with less mobility) and
the liquid-like upmost layer of the film together with the concept of Kinetic
facilitation [65]. The mismatch in relaxation times (and mobilities), prompts the early
transformation of the more mobile surface layer into the supercooled liquid which
afterwards mediates the transformation inside the bulk via a propagating front with
dynamics that are characteristic of the interface between the liquid and the glass [66].
Originally, the dynamics of the growth front were believed to be dominated exclusively
by the relaxation dynamics of the fastest component, i.e., the supercooled liquid [67,68].
However, recent works have suggested the necessity of considering extra transition layers
to describe the interface between the glass and the more mobile liquid region [5,66,69,70].
Rodriguez-Tinoco et al. [66] considered that the front dynamics can be explained by the
existence of a progression of transforming intermediate layers with a lifetime given by
the average between the transformation time of the bulk and the a-relaxation time of the

liquid.

2.3.2 Bulk transformation mechanism

The front transformation mechanism is the dominating mechanism for samples with
thicknesses lower than a certain characteristic length: the crossover length. A front that
propagates a long distance from the free surface into a stable glass will eventually be
disrupted by regions of the sample that have already transformed into the supercooled
liquid by a process initiated in the bulk [61,66,71]. We can define, thus, the crossover
length, &, as the distance that the propagation front travels before the bulk transformation
is triggered. A common way to determine the crossover length is measuring the
transformation time of a film as a function of its thickness at a constant temperature. The
transformation time for films thinner than the crossover length increases linearly with
thickness, suggesting that a propagating front with constant velocity controls the
transformation in this regime. Films thicker than the crossover length, however, always
take the same time to transform into the liquid phase regardless of the thickness,
indicating a transformation that is taking place simultaneously in the whole
volume [53,66,72].
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The value of this crossover length varies widely depending on the molecules under study,
the deposition conditions (which determine stability, density and molecular orientation)
and the temperature [34,53,61,66], spanning from values of several micrometers (5um
for UG methyl-m-toluate [34]) to only a few nanometers in low stability glasses [58,62].
These variations can be understood, in an analogous way to the front transformation, by
the interplay between the dynamics of the glass and liquid during the transformation
process [66].

The first experimental studies regarding the bulk transformation in ultrastable glasses
were reported by Kearns et al. [53] and they suggested that samples thicker than the
crossover length transform into the supercooled liquid mainly via the emergence of liquid
patches inside the glass which grew transforming the sample following an Avrami-like

kinetics.

Different theoretical approaches and simulations have also tried to describe the bulk
transformation mechanism in ultrastable glasses yielding similar results: the return to
equilibrium after a temperature jump above T in high stable glasses takes place via the
growth of equilibrated regions that expand into the surrounding glass matrix. Douglass
and Harrowell, use the facilitated kinetic Ising model to study the relaxation of the glass
into the supercooled liquid and the high mobility regions are introduced as inherent
dynamic heterogeneities [73]. Gutiérrez and Garrahan use local excitations to initiate the
transition in the kinetically constrained model when simulating ultrastable glasses [62].
Lulli et al. introduce equilibrated higher temperature regions in a model based on a
distinguishable-particle lattice, where they follow the spatial profiles of particle
displacement and their interactions to study the relaxation of the glass [74]. Jack and
Berthier use a triangular plaquette model based on spin variables considering simple
interactions to reproduce the relaxation of glasses equilibrated at different temperatures
(i.e. of different stability) [54]. They find that the transition in stable glasses takes place
via the nucleation and growth of equilibrated liquid regions. On the contrary, glasses
equilibrated at higher temperatures, relax via a relaxation with a broad range of relaxation
times, as expected for this type of glasses. Wolyness and coworkers, within Random First
Order theory (RFOT) [52], consider the formation of entropy drops in the glass to explain
the glass transition. These are small mobile glassy regions that by statistical fluctuations
relax fully into the equilibrated liquid and once relaxed, propagate the relaxation into the
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less mobile adjacent regions via a kinetic facilitation process [65]. This relaxation would
spread as a flame, accelerating the transition of the glass into the liquid. The spreading of
this equilibrated liquid into the adjacent regions would be faster than the time required
for each of the individual regions to relax, dominating the transition of the whole glass
into the liquid. Another recent work by Fullerton and Berthier [75] used the Swap Monte
Carlo approach to generate in-silico glasses of ultra-high stability. The transition of this
type of glasses into the liquid state takes place via the formation of liquid patches that
grow until consuming the static glass matrix, following an Avrami-like Kinetics [76]. The
basic requirement in all these models for the liquid regions to appear and develop
consuming the glass is a big contrast in mobility between these equilibrated liquid regions
and the glass matrix, which can be achieved by a jump to higher temperatures (the lower
the stability of the glass, the higher the temperature jump required to achieve this mobility

contrast).

Regardless of the numerous theoretical and simulation studies, the bulk-like
transformation of stable glasses has not been experimentally analyzed in detail yet. Being
the only experimental work addressing it the original work by Kearns et al.
aforementioned [53]. In this sense, the development of this work is committed to
contribute to the experimental observation of the bulk transition of highly stable glasses
and help to better understand the transformation dynamics of these glasses in the recovery

to equilibrium after a temperature jump.
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Chapter 3

Experimental methods

In this chapter, we describe the experimental methods used for the development of this
work. We start explaining the basis of physical vapor deposition, which is the technique
we use to prepare all the samples in this thesis. We continue by providing the basics of
the different characterization techniques employed and finish up with a detailed

description of the actual experimental setup used in this work.

3.1 Physical vapor deposition process

Physical vapor deposition (PVD) describes a variety of vacuum deposition methods
which can be used to produce thin films and coatings. PVD relies on a physical process
that transforms the precursor material (solid or liquid) into a vapor phase, which is
transported afterwards through vacuum or a low-pressure environment to the substrate,
where it condenses. PVD processes can be used to deposit films of elemental materials,
alloys and compound materials as well as some polymeric materials [1-3]. Typically,
PVD processes are used to grow films with thicknesses that can range from few
nanometers to several microns, even though they can also be used to produce very thick
samples, graded composition deposits or freestanding structures [4]. There are different
methods to produce the vapor phase, such as thermal evaporation, sputtering deposition,
arc vapor deposition, e-beam deposition or pulsed laser deposition. A variation of the
later, MAPLE (Matrix Assisted Pulsed Laser Evaporation), has been recently used for the

deposition of polymers [5]. In this work, we produce glasses of two organic compounds

43



Chapter 3. Experimental methods

with relatively low melting temperature, thus thermal evaporation is the most suitable

approach.

Thermal evaporation is a process in which material from a source is thermally vaporized
(by heating the material above or near its melting point, in the case of solids) and
transported to the substrate with little or no collision with the other molecules in the space
separating the source and the substrate. In this sense, a high enough vacuum environment
is essential in order to achieve a long mean free path of the deposited molecules. The
vacuum environment also provides the ability to highly reduce gaseous contamination in
the deposition chamber. Typically, vacuum deposition takes place in vacuum

environments with gas pressure lower than 10 mbar [4].

Thermal evaporation is generally achieved using thermally heated sources such as
tungsten wire coils or by a high energy electron beam (e-beam) directly heating the source
material. Due to this direct heating, the substrate is usually mounted at a prudential
distance from the source to reduce radiant heating.

3.2 Characterization techniques: the basics

One of the most widely used magnitudes to study the glass transition and the properties
of glasses is heat capacity. Typically, heat capacity data is obtained by using conventional
calorimetry. However, when the samples under study consist of very thin films, the
thermal processes will involve small amounts of energy and conventional calorimetry
does not offer sufficient resolution. Quasi-adiabatic fast scanning nanocalorimetry, in this
sense, has proven to be able to achieve very high resolution [6-9] , making it an ideal tool
for characterizing small mass samples such as thin films. For the development of this
work, conventional differential scanning calorimetry and quasi-adiabatic fast scanning
calorimetry have been the mainly used techniques to study the glass transformation

mechanism in different organic glasses grown by physical vapor deposition.

In addition to the changes in thermodynamic and kinetic parameters probed with
calorimetry, the transformation mechanism of thin films is also studied by means of
atomic force microscopy. In this case, we take advantage of the changes in the surface
morphology of the film during the glass transition to obtain crucial information regarding

the spatial dynamics of the studied system, not accessible by other techniques.
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3.2.1 Differential scanning calorimetry (DSC)

When materials experiment a transition between two different states, there is generally a
transfer of heat either from the material to its surroundings (exothermic reaction) or from
the surroundings to the material (endothermic reaction). Differential Scanning
Calorimetry (DSC) is a technique that allows us to monitor this heat exchange in order to
infer the dynamics behind the transition, the energy involved in the process and the

evolution of the heat capacity of the system, among many others.

Conventional differential scanning calorimetry relies on the monitoring of the heat flux
and temperature of two almost identical cells: sample and reference. There are two
modalities of this technique: heat-flux and power compensation DSC, but only the latter
will be used for this particular work. In this modality, two identical cells, one of them set
as the reference and a second one containing the sample, are heated independently and
kept at a set temperature. In order to maintain both cells at the same temperature the
system is divided in two control loops: the first, corresponds to the temperature control
which ensures that both cells, the sample and the reference, follow the same temperature
program, and the second, guarantees that if there is a difference in temperature between
them (due to an exothermal or endothermic reaction in the sample), the provided power

amount will change to compensate this difference.

Platinum sensor

e TN L NN W T WL

N e

b
Sample heater %, f Reference heater

Figure 3. 1. Schematic of the operation principle of a power compensated DSC. In this modality each of
the calorimetric cells are heated independently, providing different amounts of power in order to ensure
that both cells remain at a set temperature. Figure reprinted from [10].

Before measurements can be performed, the device should be calibrated. This calibration
is performed by measuring a reference material which will follow a transformation of

known temperature and latent heat. In our case, we used as reference the melting
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temperature and latent heat of a known mass of indium. It is also important to notice that
the calibration factor depends on the heating rate and, therefore, a new calibration needs
to be carried out for each different heating rate used for the experiments. In conventional
DSC techniques, the accessible heating rates range, typically, between 0.1 K/min and
150 K/min.

3.2.2 Quasi-adiabatic fast scanning Nanocalorimetry

Conventional calorimetry faces two main limitations. In first place, the heating rates
which can be imposed and monitored with this technique are limited across a restricted
range. In addition, another important disadvantage for conventional DSC is the resolution
of the device, basically due to the large mass of the addenda. The need for samples with
masses in the order of, at least, several milligrams is a major limitation for the study of
some specific nano-scaled systems, because of the small amounts of energy involved in

the reactions.

In that sense, the advances in microfabrication techniques driven by the Si technological
industries supposed a big step forward in the development of devices with enhanced mass
and energy resolutions, which was marked by the reduction of the heat capacity addenda
of their calorimetric cells [11]. Making possible, in this way, the measurement of
nanoscale systems and opening the path to the development of a whole new branch of

techniques based on microfabricated membrane-based devices.

A powerful technique to measure thermal processes in nano-size systems is quasi-
adiabatic fast scanning nanocalorimetry. This technique is characterized by using thin
dielectric free-standing membranes (generally made of silicon nitride) that allow the
measurement of the small amounts of energy involved in thermal processes of nanoscopic
samples (down to a few nanometers in thickness). It is possible, thus, to get access to the
transformation dynamics, specific heat (C,), entropy changes, transition temperatures and
transformation enthalpies of nanosized layers, making it the ideal tool for the

development of this work.

Allen and co-workers [12] settled down the basis for adiabatic nanocalorimetry, also
known as thin-film differential scanning calorimetry (TDSC), in 1995. This technique

combined the membrane-based technology with high heating rates, above 10* K/s,
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achieving extraordinary heat capacity resolutions (better than 1 nJ) in samples of just a
few nanograms. Since then, many more efforts were made in order to achieve higher
resolutions, either reducing the dimensions of the calorimetric cells, increasing the
heating rates or changing the surrounding conditions (pressure, gas...), expanding in this

way the range of possible studies and measurements that can be carried out.

In that sense, in 2001, the Group of Thermal Properties of Nanoscale Materials (GTNaM)
designed and microfabricated an ultrathin calorimeter based on a thin film dielectric
membrane [8,9]. This device was designed using a single metallic thin film element as a
heater and thermometer, which greatly reduced the heat capacity addenda per unit area
(down to 500 nJKmm2 at room temperature), making it possible to reach high heating
rates (up to 106 Ks™).

3.2.2.1 Device description and microfabrication process

The calorimeters used for the development of this work are shown in Figure 3.2. These
devices consist of a 3x6 mm? and 180 nm thick silicon nitride free standing membrane
held by a silicon frame. On the top side of this membrane, a 100 nm thick platinum
serpentine circuit is deposited. This serpentine circuit acts both as a temperature sensor
(monitoring the change in resistance as a function of temperature) and heater (by Joule
effect). Four platinum contacts permit the external connection to the control devices
(intensity source and voltage acquisition system). This 4-wire configuration allows to
measure only the central area of the calorimeter known as the sensing area, which has a

surface of 1.085 mm?2.

On the other side of the membrane, and on top of the sensing area, a 200 nm thermal plate
of Aluminum is deposited. The main function of this thermal plate is to improve the
profile temperature homogeneity on the sensing area both in the steady state conditions

and during the calorimetric scan (see Section 3.2.2.2).
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8.00
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Figure 3. 2. Sketch of the nanocalorimeters used in the development of this work from different angles.
The images show the most significant sizes in mm. Figure reprinted from [13].

The microfabrication process is described in Figure 3.3. It starts with a double-sided
polished p-silicon wafer oxidized with a 50 nm thick silicon oxide film on top of which a
180nm thick low stress SisN4 is grown by low pressure chemical vapor deposition (Figure
3.3a). Once the SizN4 has been deposited, squared windows in the backside of the device
are opened exposing the underlying silicon (Figure 3.3b). On the other side, in the front
side of the calorimeter, the metallic elements are deposited forming the meander circuit
and electrodes that define the calorimetric cell (Figure 3.3c). Finally, the silicon on the
backside is removed by KOH anisotropic etching (Figure 3.3d), giving as a result a device
with a trapezoidal cross-section and a free-standing silicon membrane. More details of
the process can be found elsewhere [14].

Silicon
B Thermal SiO2
B Low-stress SisN4
M Platinum

Figure 3. 3. Schematics of the different steps of the microfabrication process of the nanocalorimeters.
(a) Thermal oxidation of the silicon wafer and growth of the 180 nm thick, low stress silicon nitride layers.
(b) Opening of squared windows on the backside. (c) Deposition of the metallic elements. (d) KOH
anisotropic etching of the silicon to release the silicon nitride membrane. Figure adapted from [13].
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3.2.2.2 Operation principle

In general, any quantitative calorimetric measurement requires the simultaneous
monitoring of the temperature evolution, the injected power and the heat losses to the
surroundings. The calorimeter layout has a 4-wire configuration (Figure 3.4a): two
contacts to inject current, I(t), into the serpentine and two contacts to measure the voltage
drop, V(t), across the sensing area. When current is injected in the metallic element, it
produces an increase in the temperature of the calorimetric cell and of the sample
deposited just beneath it due to Joule effect. From the measurement of the instant voltage
drop the power released to the sensing area can be inferred as P;,, = V(t)I(t). From the
resistance of the heating element, R(t) = V(t)/I(t), the temperature in the sensing area
can be determined from the relation R(T), previously obtained by calibrating the device,

a procedure that is described in more detail in Section 3.3.1.2.

Figure 3.4c shows a sketch of the heat losses in the nanocalorimeters. In a vacuum
environment, the thermal losses mainly consist of conduction across the SiNx membrane
and losses by thermal radiation (since conduction through air is suppressed in vacuum
conditions). One of the fundamental distinctiveness of quasi-adiabatic nanocalorimetry is
the injection of relatively high intensity pulses in very reduced time intervals (typically
of the order of a few ms), which induces heating rates on the calorimetric cell of the order
of f~10* K /s. These fast-heating rates, combined with the low thermal conductance
across the membrane (~4 PW/K at room temperature) will minimize the thermal
conduction between the sensing area and its surroundings during the measurements. On
the other hand, for temperatures lower than 500 K, the losses for thermal radiation are
minor and they can be corrected with a baseline subtraction [13]. Given that our
experiments are performed in ultra-high vacuum (UHV) and in a range of temperatures
below 500K, we can assume the measurements performed by this technique to be in the
quasi-adiabatic regime.
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Figure 3. 4. Schematics of the principle of operation of the devices used for the development of this work.
(a) Scheme of the connections of the nanocalorimeter with two contacts for current feeding and two for
measuring the voltage drop. (b) Temperature dynamics in the nanocalorimeter in pulse mode (continuous
line) and steady-state mode (dashed line). (c) Schematics of the cross-section of a nanocalorimeter,
indicating the different parts and their size as well as power input and energy dissipation mechanisms.
Figure reprinted from [13].

Even though we can minimize thermal losses by conduction imposing high heating rates,
they are not completely negligible. Furthermore, in steady-state, heat conduction becomes
even more relevant, and the temperature map tends to be parabolic, inducing temperature
differences in the sensing area of several degrees [13]. Figure 3.5 shows the simulated
temperature maps of the calorimetric cell obtained by COMSOL Multiphysics for a
calorimeter in steady-state conditions (Figure 3.5a) and after a heating ramp at 8x10* K/s
(Figure 3.5b). The specific values used for the simulation can be found elsewhere [13].
Although the temperature profile looks more homogeneous during a fast-heating ramp, a
close look to the temperature distribution (see Figure 3.6a) shows that the dispersion is
not only not negligible, but it also changes as a function of temperature (indicated as

elapsed time in the graphical representation).
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Figure 3.5. COMSOL simulation of the temperature profile in a calorimetric cell (a) in steady state
conditions and (b) during a heating scan at 8x10* K/s. Figure reprinted from [13].

In order to reduce the temperature inhomogeneity across the sensing area a thermal
diffusive layer is deposited on top of the membrane, even at expenses of increasing the
specific heat of the device, therefore, reducing the sensitivity. As it can be observed in
Figure 3.6b, including a thermal plate of 200 nm of Aluminum avoids the degradation of

the temperature profile on top of the sensing area over time and temperature.
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Figure 3. 6. Histogram of the temperature profile at the sensing area of (a) a nanocalorimeter without
thermal plate and (b) a nanocalorimeter with a 200nm Aluminum plate for same intensity current pulses
during different amounts of time (indicated in the legend). Longer current pulses translate into higher
temperatures in the sensing area and the thermal plate avoids the degradation of the temperature profile.
Reprinted from [15].
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Measuring in differential mode allows for a significative enhancement of the sensitivity.
In this configuration, a couple of twin calorimeters with almost identical heat capacity
and temperature-resistance dependence (R(T) relationship) are used simultaneously. One
of the calorimeters is loaded with the sample and the other is used as reference to subtract
the background contribution, allowing to amplify the calorimetric signal generated by the
sample while excluding from the amplification the information coming from the
surroundings. A measurement performed with a single calorimeter can be amplified
around a factor 3 while, using the differential mode, the differential signal can be

amplified up to 500 times.

3.2.2.3 Heat capacity derivation

The heat capacity of the samples is extracted from the voltage drop across the devices
after injecting a short intensity pulse. Under adiabatic conditions, all the input power, P =
V -1, is spent on heating the sensing area. This increase in temperature is related to the

heat capacity of the system as
C,(T)dT =V ()I(t)dt = P(t)dt (3.1)

The heat capacity of the calorimetric cells can also be expressed as a function of the

measured variables V and I. In that case the expression for C, (T) can be written as

V(I
B(t)

is the heating rate. The temperature as function of time, T (R), can be

Co(T(D) = (32)

dT(R)
dt

obtained by measuring the resistance and applying the relationship between resistance

where B(t) =

and temperature found in the calibration process (see Section 3.3.2.2).

In the differential configuration, the heat capacity of the sample can be measured as the

differential calorimetric signal of both sensors, sample and reference:

I, Vglg Vglg (Vs
s _VRIR _ RR(SSBR_l) (3.3)

v,
86 (T0) = 5= =5 == 5 Veleps

where subscripts S and R stand for sample and reference, respectively. Note that for
simplicity and since all the magnitudes depend on time, we have omitted this variable

from the equations. Up until now no assumptions or simplifications have been made in
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the development of this calculation, however for this work some assumptions can be
safely made in order to simplify our analysis. In first place, the two calorimeters are
connected in series to ensure that the same current is fed to both of them. Therefore,
Is = Iz = 1. Insecond place, for our measurements the calorimeters are fed with constant
current pulses (intensity constant over time). Thus, the voltage and resistance derivative
are related by dV = d(IR) = IdR since V = IR. Finally, we can include the differential
voltage, AV, which contains the information of the sample with the relation
AV =V, — V. Using all the considerations above, the expression for the heat capacity

can be rewritten as:

IAV 1V,
AC. = R(l ﬁs)

In this expression, the term AV can be heavily amplified. However, the term g_s introduces

R

a lot of noise in our signal. A strategy to significantly reduce this noise and obtain reliable

data is following the development used by Efremov et al [7]. This approach consists of

substituting the term ?—S for an indirect calculation using parameters obtained during the
R

calorimetric measurements (specifically from the differential signal, AV). Including this

change in Equation 3.3 we obtain:

dAV  dVs dVy Bs (dAV/dt) (dVR/dTR)t
= — - — =
dt —dTsg'> dTR'* " Br PBr(dVs/dTs), = (dVs/dTs),

(3.5)

Where the subscript “t” refers to the derivative at constant time. Finally, introducing all
the considerations made until now, the final expression for the difference between both

heat capacities can be written as:

CIAV Va(dAV/de),  IVy(  (dRg/dTq)
MGy (T5(0) = 5=~ B @R, dTy), E( _(dRs/de):>

(3.6)

where the temperature derivative of the resistance can be calculated using the R(T)
relationship of the metallic element (obtained following the procedure indicated in
Section 3.3.2.2).

Even though the pair of calorimeters sample-reference are chosen to be as similar as
possible, there are always some differences. Therefore, the differential signal obtained in
the measurement does not correspond exclusively to the heat capacity of the sample, but
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rather to a combination of the heat capacity of the sample and the excess heat capacity
introduced by the difference in the C, of the two cells. In order to take this into account,
we need to previously carry out measurements with both cells empty so we can determine
their heat capacity before the sample is deposited. This process is known as the baseline
correction. When comparing the loaded sample cell, AC,, and the empty one, ACPO, we
can see a mismatch between the measured temperatures in both calorimeters for a given
time. This can be explained by the difference in mass: the loaded cell will have a higher
heat capacity and therefore the heating rate will decrease substantially. Knowing the
relative temperature evolution between both cells and between the baseline and the loaded
sample measurements, it is possible to determine the excess subtracted heat capacity
(ACp — ACPO). The heat capacity of the sample can be expressed as:

C{jamme (Ts) = AC, 5(Ts) — ACp,so(Ts) +ACy R (T5) — ACp,RO(TS) 3.7)

It is also possible to further reduce the noise by performing multiple scans and averaging
the output data. This is used specially to reduce the noise in the baseline, where typically

100 scans are taken, as well as in measurements involving reversible processes.

3.2.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a powerful tool to investigate surface properties and
structure of materials in the nanometric scale. This technique is a high-resolution type of
scanning probe microscopy (SPM) that can image almost any type of surface, including
glass, polymers, ceramics, and biological samples, among others. One of the main
advantages of AFM with respect to other SPM techniques is the fact that the type of
surface and environment are not considered as important limitation factors, measurements
can be made in atmosphere-controlled conditions, on liquid surfaces, vacuum, etc.
Additionally, samples imaged by AFM require no special treatment (like metal or carbon
coatings, drying or freezing procedures, etc.) that would irreversibly change or damage

the sample, making it a very versatile tool for all kinds of experiments.

The atomic force microscope consists of a cantilever with a sharp tip (probe) - typically
of less than 10 nm radius of curvature, which scans across the sample surface using a

piezoelectric element controlled by a computer. When the tip is brought into proximity
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of a sample, interaction forces between the tip and the sample lead to a deflection of the
cantilever according to Hooke’s law. This deflection is monitored using an optical
detection system that consists of a laser beam which reflects off the back of the cantilever
onto a four-quadrant photodiode, obtaining an electric signal which intensity is
proportional to the displacement of this probe. A feedback loop maintains a constant
interaction between the tip and the sample as the tip scans the sample (Figure 3.8). The
system detects the cantilever motion during the scan, typically either by monitoring the
vertical deflection (contact mode) or the amplitude (tapping mode). The tip movements,
normal to the surface, are digitally recorded and can be processed and displayed in three
dimensions. This technique has a lateral (X-Y) resolution of 1-5 nm with height
resolutions of around ~1 A, making it the ideal tool for surface imaging or measuring

surface roughness.
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Figure 3. 7. Sketch of a typical atomic force microscope (AFM) set up. Generally, AFM uses the force
existing between the probe and the sample to build an image of the scanned surface. The tip is brought in
close contact with the sample through a set of piezoelectric materials that can move with sub-nanometer
precision. The reflected laser beam focused on the back side of the cantilever is detected by a photodiode,
which provides information on the position of the probe and how it changes on the surface of the sample.
At each position the cantilever deflection is measured and from this measurement a topography map can be
constructed. Figure reprinted from [16].

AFM can be operated in several modes depending on the application. The most used

applications are topographic imaging, force measurements and sample manipulation.

For the development of this work, we will focus mainly on topographic imagining. In this
category, three different modes can be used depending on the nature of the tip motion:

Contact Mode, Tapping or Intermittent contact Mode and Non-contact Mode (see Figure
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3.9). For the present study we use the Intermittent contact Mode, which will be briefly

explained down below.

Contact mode Contact mode

Noncontact mode Noncontact mode

Tapping mode

Figure 3. 8. Sketch of the movement of the probe on top of the sample surface for the three main AFM
topographic imaging modes: contact mode, non-contact mode and tapping or intermittent mode. Figure
extracted from [17].

The Intermittent contact mode, also known as Tapping Mode or Amplitude Modulation
Mode (AM-AFM mode) is probably the most frequent used AFM mode when operating
in ambient conditions or in liquids thanks to the wide range of properties that can be
tackled by the tapping process.

In this mode, the cantilever oscillates at or near its resonant frequency using a
piezoelectric as the mechanical excitation source. When the tip is not in contact with the
surface (the so-called free amplitude) the piezoelectric motion causes the cantilever to
oscillate with high amplitudes (in the order of tens of nm). When the tip approaches the
surface, interactions with different attractive forces start to induce changes in the
oscillations and the amplitude is slightly decreased. And finally, when the tip starts
tapping or touching the surface, this amplitude of oscillation is again reduced and we
enter the so-called semi-contact range. This is the range of work for the tapping mode

and, once we achieve it, the system is ready to start scanning the sample.

In tapping mode, the frequency and amplitude of the driving signal are kept constant,
leading to a constant amplitude oscillation of the cantilever as long as there is no
interaction with the surface. When there are changes on the surface topography which

reduce the distance between the cantilever and the sample, the amplitude of oscillation
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decreases due to the reduction in space to oscillate; and, in an opposite way, when the
probe scans over a zone where the cantilever is further away from the surface the
amplitude of oscillation increases since the cantilever has more room to oscillate (Figure
3.10). Using these changes in oscillation, the system is set to keep the amplitude of the
vibration constant to a desired setpoint so the distance between the probe and the surface

remains constant and this way the topography of the surface is revealed.

G m—

Figure 3. 9. Sketch of the amplitude oscillation changes in tapping mode to probe the samples’ surface.

In contrast with contact mode, the tapping mode presents poorer resolution because of the
larger distances between the tip and the sample (thus, weaker interactions). However, this
is one of the most suitable working modes to imagine soft organic surfaces due to reduced
sample degradation. In tapping mode, the mechanical contact is strongly reduced and this
translates into lower probabilities of the material to be pulled sideways by shear forces,

modifying the measured surfaces or getting stuck on the tip.

3.3 Experimental set up

3.3.1 Deposition chamber

The UHV (ultra-high vacuum) chamber used for the deposition of the samples studied in
this work is shown in Figure 3.10. In this Figure we can also see highlighted the main
elements needed for the correct growth and later study of the thin films. Since all the
samples were grown by PVD in the same chamber, most elements are common in all

depositions. However, depending on the posterior characterization, whether it is in situ
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(for nanocalorimetry measurements) or ex situ (for DSC and AFM measurements), the

sample setup will change slightly as we will see further below.

The UHV is achieved in the chamber thanks to a turbomolecular pump attached to a dry
scroll pump. For this set up a Variant SH-110 scroll pump has been used to generate the
primary vacuum and then a Variant Turbo-V 301 turbomolecular pump (Figure 3.10 (1))
has been added to achieve the UHV levels needed for the deposition process, 3x10~8
mbar. The pressure of the system is measured by a Bayard-Alpert hot filament ionization

gauge located at one of the front ports (Figure 3.10(3)).

Figure 3. 10. Set up of the UHV deposition chamber used for the growth of the films studied in this thesis.
(1) Turbomolecular pump. (2) Nitrogen cold trap. (3) Bayard-Alpert hot filament ionization gauge.
(4) Effusion cells. (5) Effusion cells inside the deposition chamber, where the crucibles are placed.
(6) Quartz crystal microbalance (QCM). (7) and (8) shutters. (9) and (10) external ports of the shutters.
(11) electrical feedthrough.

To further improve the vacuum level a copper cold trap has been installed on top of the
chamber with a feedthrough to the exterior so it can be filled with liquid nitrogen (Figure
3.10 (2)). This cold trap constitutes a big copper surface inside the chamber that when
refrigerated at 77 K (liquid nitrogen boiling point) allows us to remove the remaining
small molecules (not removed with the mechanical pumps), mainly water, by

condensation on its surface. Using the cold trap, we can improve our vacuum level in
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about one order of magnitude achieving environments of 10° mbar. A picture of the cold
trap used for this work can be seen in Figure 3.11.
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Figure 3. 11. (Upside down) Copper cold trap used to improve the vacuum level in the deposition chamber.

At the bottom part of the chamber, we installed two effusion cells as vapor sources, which
allow an accurate control of the vapor pressure and deposition rate. For this work the
chamber is equipped with two low temperature effusion cells (Figure 3.10 (4)) in order
to grow multilayers of two different materials without breaking the vacuum. These
evaporators consist typically of a crucible where the material is loaded and then heated
radiatively via a hot filament (which ensures a good temperature uniformity across the
cell) up to temperatures slightly above its melting point. For this specific experiment, a
Createc low-temperature effusion cell and an organic effusion cell from MBE
Komponenten were used with a stainless-steal and quartz crucible, respectively. The top
openings of the effusion cells inside the chamber that lead the vapor to the substrate can
be appreciated in Figure 3.10(5). The temperature is monitored and controlled by a K-

type thermocouple with a proportional-integral-derivative (PID) system.

The evaporation rate of the samples is monitored with a quartz crystal microbalance
(QCM) placed near the sample holder (Figure 3.10 (6)), which allows us to follow the
thickness evolution of the deposited material in real time. In this work, we typically use
an evaporation rate of 0.07-0.08 nm/s. QCMs measure mass variation per unit area by

measuring the change in frequency of the quartz crystal, which depends, mainly, on the
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mass that is arriving to the device. The changes in frequency however are also sensitive
to thermal variations so before starting the deposition process it is important to ensure the
thermal stability of the microbalance. Since the QMC is not in the same position as the
substrate, it needs to be calibrated first to ensure a correct reading. This calibration is
usually performed growing a few samples with different thicknesses and comparing the
QCM reading with ex situ profilometry measurements.

There are two different shutters in the system: one, at a higher position (Figure 3.10(7)),
used to (i) cover the substrate until having a stable evaporation rate to avoid material
mixing when changing from one source to the other, and (ii) to terminate the evaporation
process after reaching the desired thickness; and a second one, installed right on top of
the evaporation sources (Figure 3.10(8)) to allow the evaporation of only the desired
material. This configuration allows us to have both effusion cells at high temperature
while only one of the materials can reach the substrate, increasing the time efficiency of
the process. Numbers (9) and (10) in Figure 3.10 correspond to the external ports of
shutters (7) and (8), respectively.

As discussed in Chapter 2, the substrate temperature during the deposition process is a
critical factor for the growth of glasses with high stabilities. For that reason, the sensing
devices and substrates (nanocalorimeters, and Si and Al substrates) are placed on a
costume-build socket which allows us to control the temperature and extract the required
electrical signals for the measurements. The socket is fabricated with a one-sided
photoresist board where the circuit for the electrical connections is printed by means of
conventional photolithography techniques. The circuit used for this work is shown in
Figure 3.12a and consists basically of eight tracks, to connect both nanocalorimeters in a
4-wire configuration, and four extra tracks for the temperature sensor, in this case two
Pt100.

For this specific set up, the socket is attached to the base of the cold trap which acts as a
heat sink, allowing us to set the temperature bath for the sample’s socket. A steel screw
(Figure 3.12) provides the thermal link between the socket and the cold trap achieving

base temperatures of around 130 K (~55 K above the cold trap temperature).

Depending on the subsequent characterization of the samples, if it is in situ or ex situ, two

different configurations of the socket are used. For in situ measurements, the
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configuration used is the one shown in Figure 3.12a. In this case, the deposition is made
directly on the membrane of the nanocalorimeters.

In the case of ex situ measurements, the socket is covered with copper tape to achieve a
more homogeneous temperature profile on the back side, where the substrates (typically

Si for AFM measurements and Al for DSC) are assembled (see Figure 3.12b).

@

Thermal link

Figure 3. 12. Images of the temperature-controlled socket for (a) in situ measurements (hanocalorimetry)
and (b) ex situ measurements (DSC and AFM). The socket is attached to the cold trap, which acts as a heat
sink. The temperature is monitored and controlled by Pt100 sensors and a home-made Labview software.

In all cases, the temperature of the socket can be monitored and controlled thanks to an
incorporated Pt100 sensor and a couple of resistances that act as heaters. Connections to
the outside of the chamber are made via electrical feedthroughs (Figure 3.10 (11)). A
home-made Labview software allows us to control the power supply and the resistance

measurement for temperature monitoring and control.

3.3.2 Experimental set up for nanocalorimetry measurements and
measurement pI‘OtOCO|

Two temperature-calibrated nanocalorimeters are placed on the temperature-controlled

socket and mounted inside the vacuum chamber, where they are set at a reference

temperature (for most of the measurements in this thesis it will be 200 K). In first place,
and with both calorimeters still empty, a sequence of temperature scans is performed and
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averaged to obtain the baseline (typically pulses of 35 mA and 8 ms are used for this
work). The raw voltage data is acquired with a data acquisition (DAQ) system
NI PXle-1073 (with an acquisition frequency of 4MHz) and box averaged to increase the

signal-to-noise ratio.

After the measurement of the baseline, the sample is grown by physical vapor deposition
on the calorimetric cell at a certain deposition temperature, which can be determined by
feeding the calorimeter with a stationary current. Once the sample is deposited, another
temperature scan using the same parameters as the ones used for the baseline is performed
and the data acquired. These parameters are chosen according to the maximum
temperature we want to achieve in the sensing area. For organic molecules, if the
temperature during the scan reaches a high enough value, it can cause the sample to
evaporate. This is one of the main advantages of this technique since it allows to do in
situ measurements. The fact that the samples can be grown, measured and removed
without having to break the vacuum allows us to do measurements consecutively saving
time between measurements and avoiding the exposure of the samples to environmental

conditions before their characterization.

Due to the low mass of the calorimetric cells, immediately after the intensity pulse, the
passive cooling rates achieved are of the order of 500 K/s. These fast-cooling rates may
have a crucial impact on the properties of the sample (for instance its stability) as we will

see in following chapters.

3.3.2.1 Conditioning of the nanocalorimeters

When performing calorimetric studies, a precise measurement of the temperature is
essential. Therefore, we need to know the exact relationship between the resistance of the
platinum serpentine and the temperature, R(T), in the working temperature range, which
in our case expands from 200 K up to ~550 K. Before starting the calibration process,
however, the devices go through a conditioning process consisting of several steps: i)
cleaning of the calorimetric cells, ii) alignment of deposition masks and thermal plate
evaporation and iii) thermal stabilization of the calorimetric device. After the
conditioning process, the calorimetric devices are ready to be calibrated. The description
of the three processes is detailed in the following lines:
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) Cleaning of the calorimetric cells. To increase the survival rate of the
membranes during the cutting and manipulation of the wafers, a 5 to 10 um Si
layer is maintained when doing the KOH etching process during the
microfabrication process. This remaining layer is later removed by applying

the same KOH solution at room temperature in controlled intervals of time.

Figure 3.13 shows a sequence of images depicting the process.

Figure 3. 13. Sequence of images where the final Si etch onto the membrane with KOH can be observed.
Figure reprinted from [13].

i) Alignment and thermal plate deposition. To ensure a good measurement of the
sample and good temperature maps, it is important that the sample is
selectively deposited on top of the sensing area of the calorimeter. Thus, a
shadow mask was microfabricated in silicon to delimit the deposition area (see
Figure 3.14). This mask is also used to delimit the physical vapor deposition
of the 200nm Al thermal plate.

Figure 3. 14. Sketch of the deposition masks (or shadow masks) together with a nanocalorimeter from
different angles. Reprinted from [13].

i) Thermal stabilization of the calorimetric device. In order to avoid a

degradation of the resistance as a function of temperature during the
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measurements in the temperature working range, a thermal stabilization
process is carried out. This process consists of two steps: an isothermal
annealing above the highest temperature used during the experimental work

(~600 K) followed by a sequence of 600 to 1000 high intensity pulses.

3.3.2.2 Calibration process

The resistance-temperature relationship of the platinum in the temperature range used for
this work (between 200-550K) can be well approximated by a quadratic dependence,

known as the Calendar-Van-Dusen equation:

In order to find the specific values for this relationship, the nanocalorimeters are placed
in a temperature-controlled socket where measurements of the resistance at different
temperatures are performed (Figure 3.12). For a better temperature homogeneity between
the temperature-controlled socket and the sensing area of the calorimeters, the calibration
process is carried out under argon atmosphere at near-ambient pressure conditions. Once
the calorimeters are thermalized at a given temperature, current/voltage pulses of very
low intensities are performed and the resistance is inferred. It is important to note that
even though these pulses are performed at low intensities and for short amounts of time
(typically 2mA to 5mA and times of 5ms) the devices can present self-heating. In order
to find the value of the resistance when no self-heating has been produced, an
extrapolation to t=0 s of the averaged measurement of the resistance is performed.
Usually, the resistance is measured every 10K in the whole working temperature range in
order to obtain enough data to ensure a proper fitting of Equation 3.8. For the lower
temperature range, below room temperature, liquid nitrogen is used to refrigerate the

socket.

Plotting the resulting resistance of the calorimeters used for this work for different
temperatures and adjusting them by a second order polynomial fit, we obtain the
calibration curves shown in Figure 3.15. From this calibration curves the values of Ry,

Ty, @ and B are obtained.
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Figure 3. 15. Resistance versus temperature curves of the sample (black squares) and reference (red circles)
nanocalorimeters used in this work. The R(T) curve is calculated by a quadratic fitting of the measured
values of resistance in the whole temperature range (marked as dashed lines in the figure).

3.3.3 Experimental set up for DSC measurements

For the DSC measurements, Aluminum substrates are placed on the temperature-
controlled socket as shown in Figure 3.12b and the temperature is set at 285 K (0.85Tg
for the TPD molecule). The samples are grown by physical vapor deposition with a

thickness of around 35um.

Once the films are deposited, the samples are moved to a conventional DSC, in this
particular case to a power compensated DSC7 from Perkin Elmer (Figure 3.16). The
samples are introduced in one of the Aluminum pans while the other is left empty as a
reference for the differential measurement. A cooling system maintains a base
temperature of 273 K and Argon gas flows during the measurements helping the overall
temperature homogeneity and providing a non-oxidizing environment. Finally, the
calorimetric ramps consist of heating scans at 10 K/min from base temperature up to
380 K.
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Figure 3. 16. Photo of the DSC used to measure the bulk samples. The heating/cooling ramps for the
measurements were performed at 10K/min from the base temperature (273K) up to 380K.

3.3.4 Experimental set up for AFM measurements

Samples, in this case, are vapor deposited on top of Si substrates as shown in Figure 3.12b
at a deposition temperature of 285K. In an analogous way to the DSC measurements,
once the samples are deposited, they are extracted from the chamber and brought to the
atomic force microscope to be characterized. The AFM measurements in this work were
performed at Institut Catala de Nanociencia i Nanotecnologia (ICN2) with a Keysight
Technologies 5500 AFM (Figure 3.17a).

The AFM used for our studies has a temperature stage that allows to heat up the sample
to study the glass transition of the organic films (Figure 3.17b). The temperature is
monitored with a Pt100 placed on top of the thermal plate as close as possible to the
substrate to ensure an accurate measurement. The heating rates for the experiments are
set at 5K/min (as recommended by the manufacturer) and in order to ensure not
overheating the sample the thermal protocol is designed to stop at T,,- 5K and wait until
thermal stability is reached. A calibration procedure is also performed placing a second
Pt100 on top of the Si substrate and comparing the values obtained for both Pt100, the
one on top of the substrate and the one in contact with the thermal plate. It was observed
that uncertainties of around 1K were found for all temperatures. The X, Y and Z
dimensions of the piezo-scanner where also calibrated, in this case, using reference
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samples: PS-PMMA block copolymers were used for small scans (1x1pum?), while

commercial calibration gratings were used for larger scans (up to 20x20um?).

For this study the AFM is operated in tapping mode using microfabricated silicon
cantilevers with ultrasharp silicon tips with nominal radius R<10nm. For the
measurements the resonance frequencies were around 250 kHz and the scans were set at
20x20pm? in order to image as much area of the sample as possible without compromising
the image resolution, making it easier to follow the transformation dynamics. Each scan
consists of 512 points per line and 2 lines per second, therefore each image takes a total
of 256s to complete (slightly above 4min). Lower acquisition times were tested resulting

in poor resolution images.

The obtained images are analyzed with the software WSxM, which makes it possible to
study properties such as height, amplitude and phase difference directly from the data
registered with the AFM.

i
Nitrogen

Electrical
imput/outputs

Figure 3. 17. a) Experimental set up for AFM measurements. The AFM is enclosed in a chamber
vibrationally isolated and with a relative humidity below 10%, which is achieved by circulating nitrogen.
b) Temperature stage, which allows the heating and monitoring of the temperature on the sample.

3.4 Materials

Two different organic molecules have been used for the development of this work: N,N'-
Bis (3- methylphenyl)-N,N'-diphenylbenzine also known as TPD and Tris(4-carbazoyl-
9ylphenyl)amine or TCTA used as the capping material for the TPD thin films.
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Both molecules, TPD and TCTA, are organic semiconductor hole transport materials used
mainly in organic electronics, being TPD a molecule widely used for OLED (Organic
Light Emitting Diodes) fabrication. TPD’s melting point is located around 450 K and its
glass transition temperature can be found at 333 K [18]. It was acquired from Sigma-
Aldrich (now known as Merck) in powder form with a purity level above 99% and used
without further treatment. Regarding the TCTA molecule, it has a melting temperature
that ranges between 571 and 573 K and a glass transition temperature of 424 K [19]. It
was also purchased in the crystalline phase from Sigma-Aldrich with a purity higher than
97% and used without further treatment. Figure 3.18 shows a scheme of the two different

compounds.

The different samples have been prepared in all cases with a deposition rate of 0.08nm/s
for both TPD and TCTA. The deposition temperatures range from 0.857, to 1.02T, for
TPD and the TCTA layers are grown in all cases at the same temperature as the TPD

layer.

a)
TPD TCTA

: @ 0&

TPIPNe
Q e

Figure 3. 18. Representation of the chemical structure of the molecules used in this work: a) TPD and
b) TCTA.
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Chapter 4

Access to bulk transformation in thin film

vapor-deposited glasses

While experiments and glass theories conclude that liquid cooled glasses transform into
the supercooled liquid via a cooperative relaxation process that takes place
simultaneously across the volume of the sample [1,2], thin film highly stable glasses
transform via the formation of an equilibrated liquid parallel front that initiates at the
surface and propagates consuming the glass [3-5]. The increased density and tight
molecular packing of stable glasses has been proposed as the responsible for the
transformation process to start in regions of the sample where the mobility is higher, i.e.
free surfaces and interfaces [6]. The front transformation mechanism is not exclusive to
highly stable glasses, in fact, it has been seen that vapor-deposited glasses with lower
stabilities also start the transformation into the supercooled liquid via growth fronts [7,8],
which dominate the transition until the bulk mechanism is triggered. However, the lower
the stability of the glass, the shorter the distance the front travels before the bulk
transformation is active [5]. This characteristic distance has been identified as the
crossover length. Although this type of mechanism via growth fronts has been difficult to
detect in low stability glasses, the propagating fronts have been directly measured for
TPD and IMC glasses of different stabilities using spectroscopic ellipsometry [8,9] and
Rodriguez-Tinoco et al. used fast-scanning nanocalorimetry to study the front
transformation in IMC glasses spanning a broad range of stabilities [7].

Thus, to access the bulk transformation in all type of glasses, it will be necessary to avoid

the formation of the liquid front, not only in ultrastable glasses, but also in glasses of
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lower stability. In this chapter we present, in first place, the methodology to identify the
front transformation in thin film vapor-deposited glasses. We proceed by showing how it
is possible to avoid the formation of this propagating front by capping the different
surfaces of our samples with a material with lower mobility. Finally, we show this
strategy works regardless of the stability of the glass, making it possible to study the bulk
transformation in all type of vapor-deposited glasses.

4.1 ldentification of the transformation mechanism

Using fast scanning nanocalorimetry, the existence of a propagating front can be inferred
from the heat capacity data, C,, using an appropriate data treatment. Figure 4.1 shows
the specific heat as a function of temperature for thin film TPD glasses with different

thicknesses obtained from two different routes: vapor deposited at 264K (0.79T,) (Figure
4.1a) and fast cooled from the liquid phase (Figure 4.1c).

The data in Figure 4.1a shows a clear shift of the devitrification onset towards higher
temperatures for thicker films. This behavior is characteristic of a front mediated
transformation mechanism [10]. Specific heat data is usually obtained by dividing the
heat capacity trace by the total mass of the sample (mass normalization). When measuring
a transition that takes place simultaneously in the whole volume of the sample and the
transformed volume is proportional to the total volume, this normalization yields curves
that overlap regardless of their size, as it can be seen in Figure 4.1c for a liquid cooled
glass. However, the transformed volume in a transition that takes place via a parallel front
that initiates at the surface and propagates consuming the glass is proportional to the
surface of the sample and not to the total volume. Therefore, normalizing by the total
mass results in a shift to lower temperatures of the transition peak for thinner films as

long as the samples have the same surface (as it can be seen in Figure 4.1a).

To further confirm the transformation of the glasses showed in Figure 4.1a takes place
via a front mechanism, we can proceed with a normalization of the C, data that takes into
account the surface and thickness of the films. The starting point is to consider that the
heat capacity, CS’“’ (T), can be decomposed into three different terms as shown in
Equation 4.1: the first term corresponds to the heat capacity contribution of the liquid, the
second term to the contribution of the glass and the last one to the transformation rate,
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d
CP(T) = mo (0,(T)cky + (1= x(T))cd, + an LD (4.1)
where cfp and c_ép are the specific heat of the glass and supercooled liquid,

respectively [11], m, is the total mass of the sample, Ah refers to the excess enthalpy
involved in the transformation and x; is the volume fraction of glass that has already
transformed into supercool liquid. This last parameter is time/temperature dependent and

ranges from O (sample in glass state) to 1 (sample completely transformed into SCL).

Assuming a situation where the sample is transforming exclusively by a transformation
front that advances independently of the film thickness, we can apply the following

changes:

I. my = dyAp, where A is the surface area, d,, the total thickness of the sample

and p is the density of the material (in the supercooled liquid state).

ii. X = %, where d; is the thickness of the glass that has already transformed
0
into supercooled liquid.
Therefore, C,*” (T can be renormalized as follows [7] :

exp
P (1)

o) =

— clpdy = dy(T)(cky — &) + A XL (4.2)
With this normalization, at the right side of Equation 4.2 we have only d; as
time/temperature dependent variable. Since the evolution of the front should be
independent of the thickness of the film, we should observe an overlap of all the
normalized calorimetric curves. Figure 4.1b shows the heat capacity traces presented in
Figure 4.1a but normalized according to Equation 4.2, i.e., by the thickness and surface
of the films. Using this normalization, the onsets of the calorimetric traces of the different
samples overlap into a single curve regardless of their thickness. This superposition
confirms the fact that this transition indeed scales with the surface of the film and not
throughout the sample’s volume and, therefore, it is compatible with a transformation

dominated by the evolution of parallel growth fronts.

On the other hand, for liquid cooled glasses we observe the opposite behavior. While
surface normalization results in curves that present different onset temperatures (Figure

4.1d), the mass normalization of the heat capacity data produces the collapse of all curves
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in a single master curve (Figure 4.1c) regardless of their thickness. This superposition of
the mass normalized curves is characteristic of systems that transform homogeneously
throughout the volume’s sample and in which the transformed fraction per unit time is
independent of the total mass (or volume), as typically found in liquid cooled glasses.
Therefore, normalizing the heat capacity data by the total mass of the sample or the
sample’s surface (with Equation 4.2) has shown to be a useful method to distinguish
homogeneous transformation processes from transformations dominated by propagating

growth fronts.
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Figure 4. 1. Heat capacity curves as a function of temperature of TPD samples with thicknesses ranging
from 20nm to 90nm obtained by nanocalorimetry which have been normalized by total mass (a and c) or
using Equation 4.2 (b and d). Figures a and b correspond to a glass deposited at 0.797, and figures ¢ and d

correspond to a liquid cooled glass at ~500 K/s.

It is worth noticing that using this method, we cannot distinguish between the existence
of a single front (initiated at the free surface) or the existence of two fronts (one surface-

initiated and another interface-initiated) in contrast with other experimental techniques
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(such SIMS [6]). Using nanocalorimetry, the existence of one or two growth fronts can
be determined using capping layers as we will see in the following section.

4.2 Suppressing the front transformation

The transformation mechanism into the supercooled liquid via growth fronts in vapor-
deposited glasses has been attributed to the higher molecular mobility at the free surfaces
and/or interfaces of the films, in contrast with the tight molecular packing found in the
material’s bulk [12]. In this scenario, one might think that by removing these highly
mobile regions, it should be possible to delay the transformation process by stopping the
growth fronts from appearing, gaining access, in this way, to the bulk transformation

mechanism in vapor-deposited glasses.

This approach was already used by Sepulveda et al. [13]. They showed, by means of
secondary ion mass spectroscopy (SIMS), that capping the free surface of indomethacin
layers with a material that has a higher glass transition temperature (in their case a,a,5-
TNB) stops the formation of the growth front. Using this strategy, they were able to
increase the sample’s kinetic stability by delaying the transformation into the supercooled

liquid of the capped indomethacin layers.

Following an analogous reasoning, for our study we cap TPD (T,=333K) thin film glasses
with TCTA, a molecule with glass transition at T,=424 K, that is 91K above the glass
transition temperature of TPD. Since molecular mobility in glassy systems decreases
drastically below T (see Section 1.2), at the temperature range where TPD glasses could
acquire enough mobility to start transforming by propagating fonts, the TCTA layers will
still be found in a deeply glassy state (around 100K below their T,) with very limited
mobility.

Two film configurations are used in order to evaluate the effect that capping has on the
transformation dynamics of thin film glasses of TPD: i) TPD single layers (used mainly

for comparison with the capped ones) and ii) capped TPD thin films with a layer of TCTA
on both the free surface and the interface with the substrate (see Figure 4.2).
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TPD

substrate
substrate

Figure 4. 2. Sketch of the two main configurations used to study the suppression of growth fronts in TPD
thin films using the organic semiconductor TCTA as the capping material. TPD films range from
20 to 70 nm in thickness while TCTA layers have thicknesses ranging from 10 to 20 nm.

For both configurations, single TPD layers and capped samples, three different
thicknesses of TPD (around 20, 40 and 70nm) have been deposited at a substrate
temperature of 285K, temperature at which we obtain the ultrastable glass (UG) for this

system (0.85T,). TCTA layers have, in all cases, thicknesses that range between 10nm

and 20nm and are deposited at the same temperature as the TPD.

Figure 4.3 shows the calorimetric scans corresponding to the three different thicknesses
of TPD glasses in the two different configurations described in Figure 4.2. Note that in
Figure 4.3, the heat capacity contribution of the TCTA glass layers is subtracted from
each calorimetric curve in order to simplify the comparison between the capped and single
layers of TPD. It is important to remark that only the glass contribution is subtracted to
the total heat capacity curve, not the enthalpy of transformation nor the liquid
contribution. That is the reason why in the calorimetric traces of samples that contain
TCTA its devitrification peak is always present (as can be seen in Figure 4.4b at around

440K). The TCTA glass contribution to C,, can be directly inferred from the specific heat
of the TCTA glass, cfp, (obtained from single TCTA layers) and the mass of each of the

layers, measured precisely with the QCM. A more detailed explanation of this procedure

can be found elsewhere [14].

Comparing the single TPD (open symbols) and capped samples (solid symbols) in Figure
4.3, we can distinguish two different scenarios: i) TPD single layers show a shift of their
devitrification onset temperature with thickness in the mass-normalized specific heat,

characteristic of samples that transform via growth fronts; ii) For the capped TPD films,
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however we obtain devitrification peaks that collapse regardless of the sample’s

thickness, showcasing the typical trace of a bulk transformation.

The capping strategy is also effective with glasses of lower stability. Figure 4.4a and 4.4b
show the specific heat curves corresponding to TPD samples (single and capped layers)
deposited at 250K (0.757;) and 325K (0.98Ty)), respectively. As it can be seen, equivalent
results as the ones observed for ultrastable glasses are obtained: while the non-capped
TPD glasses show calorimetric traces typical of heterogeneous front transformation
(Figure 4.4a and 4.4b open symbols), all the capped samples collapse into a single curve
(Figure 4.4a and 4.4b filled symbols). Confirming, therefore, that we are able to avoid the
formation of parallel fronts and access the bulk transformation mechanism not only in the

case of the ultrastable glass but also for less stable glasses.
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Figure 4. 3. Specific heat as a function of temperature of TPD ultrastable glasses deposited at 285K for
single layers (open symbols) and capped samples (filled symbols). Different colors and symbols refer to
different thicknesses as described in the legend and the dashed lines mark the onset temperature of the
capped layers. The small variations in the area of the peaks for the capped samples are an artefact produced
by the different TPD/TCTA mass ratios in each sample, which are not considered by the normalization.
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Figure 4. 4. Specific heat as a function of temperature of TPD films deposited at (a) 250K (0.75T;) and (b)
325K (0.98T,) for single layers (open symbols) and capped films (filled symbols). The purple and green

curves in (b) correspond to the calorimetric trace of bilayers of TPD and TCTA with the configuration
substrate/TCTA/TPD and substrate/TPD/TCTA, respectively. The feature at high temperature (around
440K-445K) corresponds to the devitrification of the TCTA layers.

This capping strategy is also useful to identify with calorimetry if the transformation into
the supercooled liquid takes place via one or two growth fronts. Capping only with a
TCTA layer the interface between the TPD and the substrate, we obtain a calorimetric
trace identical to the ones obtained for single TPD layers (Figure 4.4b purple curve).
However, capping only the free surface and depositing the TPD directly on top of the
substrate yields curves that overlap with totally capped films (Figure 4.4b green curve).
This is a clear indication that in our TPD films, the devitrification process is dominated

by a single surface-initiated growth front, at least when measuring with nanocalorimetry.

Finally, it is worth mentioning that in order to ensure the total suppression of the growth
front, we performed a study capping a 50nm TPD thin film with TCTA layers of different
thicknesses. As it can be observed in Figure 4.5, for samples with TCTA layers thicker
than 8nm all curves overlap, indicating that we need at least layers 8nm thick of TCTA

in order to completely block the propagating fronts.
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Figure 4. 5. Calorimetric trace of TPD glasses capped with TCTA layers of different thicknesses. A TPD
single layer is also deposited in order to compare it with the capped ones. All samples are grown at 285K.

4.3 Summary

We have seen how the transformation of stable thin film vapor-deposited glasses into the
supercooled liquid state proceeds via a parallel front that starts at the surface of the
sample. This transformation mechanism can be easily inferred from the calorimetric data

using an ad-hoc surface normalization, which considers the surface and thickness of the
films instead of their total mass.

In addition, we studied a capping strategy which has shown to be a useful method to
effectively suppress the formation of liquid growth fronts. In this way, we gain access to
the bulk devitrification of thin film glasses, not only for ultrastable glasses but also for
samples with different stabilities.
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Chapter 5

Bulk glass transition in ultrastable

glasses

The first and only experimental work addressing the bulk transformation of stable glasses,
before our present study, used alternating current nanocalorimetry to measure the
reversing heat capacity of stable indomethacin very thick films (up to 30um) as they
transformed into the supercooled liquid [1]. The films were much thicker than the
crossover length (~lpum), so the bulk transformation mechanism dominated the
transition [2—4]. In this work, it was reported that the transformation kinetics of the
almost-bulk samples could reasonably be fit using the Avrami formalism [5-8] with an
Avrami exponent n~4, which was consistent with a transition into the supercooled liquid
via the homogeneous nucleation and growth of three-dimensional liquid “bubbles”. This
same perspective has also been discussed in several theoretical and simulation works in
which it is proposed that the bulk transformation can be triggered by regions with higher
mobility, which may act as nucleation sites from where the liquid grows in a similar
manner as it does from the surface in non-capped films [9-13]. In this sense, Gutiérrez
and Garrahan used local excitations to initiate the transition in a kinetically constrained
model to recreate the bulk transformation in stable glasses [10]. Wolyness and
coworkers [11], in the RFOT framework, consider the formation of entropy drops in the
glass that fully relax into the liquid and then propagate the relaxation into adjacent
regions. Also in more recent works, the swap methodology [14] has enabled the

production of in-silico glasses with stabilities comparable to vapor deposited ultrastable
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glasses [15,16]. The transition of these simulated glasses into the liquid phase has seen to
take place via moving fronts (resembling a melting process) and if made thick enough, a

competing transformation between bulk and front or only a bulk process is observed [13].

In the previous chapter we have seen how the emergence of liquid growth fronts in vapor-
deposited glasses can be effectively suppressed experimentally by arresting the mobility
of the free surface and interface with the substrate. This can be achieved by capping the
sample with a higher T, material [17]. If the front is suppressed, instead of the
characteristic heterogeneous transformation via growth fronts [3,18,19], the
transformation in highly stable glasses is expected to occur mainly in the bulk of the
material [1,20]. The capping strategy, therefore, grants us access to the bulk
transformation mechanism in thin film highly stable glasses, without the need of working

with very thick films.

In this chapter, we study the bulk-like transformation into the supercooled liquid of highly
stable glasses of TPD grown from the vapor at 0.857; during isothermal annealing at
temperatures ranging from T,+14K to T,+34K. For this study, we use mainly fast-
scanning nanocalorimetry (taking advantage of the fast heating/cooling rates) to
investigate the amount of glass that transforms into SCL as a function of time. The heat
capacity trace signature of partially transformed glasses will help in the identification of

the transformation mechanisms into the liquid phase.

5.1 Sample preparation and thermal protocol

For this study, we will mainly use samples grown in the three-layer configuration stack
(TCTA-TPD-TCTA) as depicted in Figure 4.2. Both TPD films (85 nm thick) and TCTA
capping layers (13 nm thick) are grown at a deposition rate of 0.08nm/s and at a deposition
temperature of 285 K, temperature that corresponds to the formation of highly stable
glasses in TPD (0.857;). Once this three-layer stack is grown onto the Al plate of our
calorimetric chip, we isothermally anneal it for various times (from 130 min to 15 s) at
temperatures ranging from T, +14K (347 K) to T, +34K (367 K). After the annealing, the
sample is passively cooled at around 500 K/s down to T = 200 K. Next, a temperature
scan is immediately performed at a heating rate of 3.5x10* K/s up to a temperature well

above the onset of devitrification of the stable glass. Figure 5.1 shows a schematic of the
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thermal protocol followed from the deposition process until the measurement of the
specific heat trace.

For comparison, we also analyze the bulk transformation of 35um thick TPD films
deposited under similar conditions as the thinner layers, with the only difference that thick
samples are not capped with TCTA films. Calorimetric measurements for thick samples
are conducted on glasses annealed at T,;+14K using heating/cooling rates of 10 K/min in
a Perkin-Elmer DSC. These samples are grown on top of Al substrates, which are
subsequently introduced in the pans for the DSC measurements (details can be found in
Section 3.3.2).

Temperature
N
Isotherm 4
Tiso 3.5x10 KI/s
T=333K [-==—===—f-—————————sm—m— e e mm e
a g=100K/s
Td =285
" deposition
g=-500K/s
Time

Figure 5. 1. Schematics of the temperature profile followed by the samples from the deposition stage to
the final calorimetric scan. The samples are grown in the TCTA/TPD/TCTA configuration at 285 K on top
of the nanocalorimeter sensing area. Right after the deposition they are heated above T, for a certain
annealing time and quenched down to base temperature (200 K). Immediately afterwards, the calorimetric
scan is performed. The specific heat traces presented in the following sections correspond in all cases to
this last calorimetric scan, from which information regarding the transformation of the glass into the liquid
during the isotherm can be extracted.

5.2 Glass transition in capped thin film ultrastable glasses

Figure 5.2a shows the specific heat traces for capped TPD thin films after annealing them

at T,+29K for times up to 65s. The black continuous curve represents the specific heat
obtained during a temperature scan of the as-deposited stack. This curve presents only

one large overshoot with peak temperature Tlfe‘;ak ~ 428K, which corresponds to the
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devitrification of the stable TPD glass (SG). The light green curve, on the other hand,

corresponds to a sample fully transformed after an isotherm at T,+29K for 65s. The

endothermic peak at low temperature (Tgfak ~ 372 K) is characteristic of the glass

transition of a glass with very low stability and it originates from the complete
devitrification of the TPD glass during the isotherm which is subsequently fast cooled
from the liquid state (FC glass). The broad feature at higher temperature (around 430 K)
is the glass transition of the TCTA layers which have not transformed yet during the
isothermal annealing. The heat capacity traces of samples annealed at intermediate times
(0 < t < trrqns) Show two main features: i) the appearance of an endothermic peak at
lower temperatures, which fits in temperature with the transition of a FC glass, is a clear
indication that some equilibrated liquid is formed during the annealing, becoming a FC
glass due to subsequent fast cooling. The area increase of this peak over isotherm time
denotes that the longer the annealing time, the higher the amount of glass that has
transformed into the liquid phase. ii) A continuous decrease of the area and a shift towards
lower temperatures of the large endotherm associated with the devitrification of the stable
glass, indicative of a loss in stability. These two features reveal that the bulk
transformation of the stable glass proceeds via two parallel competing processes: on one
hand, the transformation of part of the glass into the equilibrated super cooled liquid
(SCL) which upon cooling forms a FC glass and, on the other hand, the partial
rejuvenation or softening of the non-transformed stable glass, that is, the remaining stable
glass loses stability continuously as time increases when annealed above its fictive

temperature (Ty=292K for these TPD thin film glasses).
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Figure 5. 2. Specific heat as a function of temperature for capped TPD thin film glasses grown at
T4ep=285K which have been submitted to isothermal treatments at a) T,+29K, b) T, +14K, c) T;+24K and

d) T,+34K for different annealing times (see legend). Black curves correspond to the calorimetric trace of

an as-deposited sample. Light green curves represent the glass transition of a capped TPD glass totally
transformed into the supercooled liquid during the annealing.

Equivalent measurements were performed for identical glasses at three other annealing
temperatures (T, +14K, T,+24K and T,+34K) with similar results. In Figure 5.2. we can
observe that all the calorimetric traces present the two characteristic endothermic peaks
(corresponding to the glass transitions of the fast-cooled glass and the remaining stable
TPD glass), as well as a shift to lower temperatures of the second peak due to a softening
of the more stable glass, regardless of the annealing temperature. The total transformation
time, however, is significantly reduced as we increase the annealing temperature, ranging

from around 3h for the isotherm at T, +14K to barely 15s at T, +34K.

In the following sections we will analyze in more detail the processes behind the observed

features.
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5.2.1 Liquid formation during the isotherm

In order to study the formation of equilibrated liquid during the isotherms, we analyze the
evolution of the FC peak as function of time for each annealing temperature. From this
calorimetric peak, we can evaluate the fraction of glass that has transformed into the liquid
phase during the previous isotherm and has became FC glass upon fast cooling using two
different methods. Prior to the analysis of the heat capacity data, the heat capacity

contribution of the glassy TCTA capping layers is subtracted as indicated in Section 4.2.

In the first case, the SCL transformed fraction, f, can be evaluated directly from the
specific heat value at a temperature in between the FC and the stable glass endothermic
peaks (around 388K for T,+29K). We can assume that the specific heat is additive and,
therefore, the specific heat values in this region, cy,**?, correspond to the linear sum of
two contributions: the specific heat of the liquid TPD that was formed during the isotherm

and has already transformed after the first calorimetric peak, cép, plus the specific heat

g

of the remaining TPD stable glass, cg),

multiplied by their respective fractions (or

masses). This can be numerically written as:
csp®P (372K < T < 428K) = cl,f + c5,(1 = f) (5.1)

In a totally transformed sample c,,*** = cép and therefore, f = 1 while, for the as-
deposited glass, we will find that there is no liquid contribution, thus we obtain a
transformed fraction f = 0. All the other curves corresponding to intermediate times will
lay between these two values (see Figure 5.3), allowing us to determine the transformed

fraction for each annealing time.
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Figure 5. 3. Specific heat vs temperature obtained at a heating rate of 3,5x10* K/s of ultrastable capped
TPD glasses after different annealing times at 7,+29K (see legend). The transformed fraction has been
extracted from the specific heat curves by assuming that the specific heat trace at around 388K is the result
of the addition of the specific heat of liquid TPD plus the specific heat of the remaining TPD glass at that
temperature, weighted by the corresponding fraction.

On the other hand, the SCL transformed fraction can also be determined from the heat
capacity data by fitting the experimental specific heat curves, c,,®*?, to an equation that
considers the full calorimetric curve for each temperature scan. In a similar manner as in
Equation 4.1, which decomposed the specific heat data of a glass transition in three terms:
contribution of the liquid, contribution of the glass and transformation rate, we can define
an expression that includes the three different devitrification peaks in our C, data
(Equation 5.2). This way, we obtain an equation with three different terms (contribution
of the liquid, glass and transformation rate) that take into account three different phase
transitions: the fast-cooled TPD glass (at low temperatures, around 375 K), the initial
stable glass which has been subject to softening (between 415 K and 430 K) and the
TCTA glass (at higher temperatures, around 430 K).

esp®P(T) = chy(Xref + Xsa(1 = 1)) + (1 = Xpcf + Xsg(1 = ) + Dby f ZEE

Ahg(1 - f) =52 + B (5.2)

+

Where cﬁp is the specific heat of the liquid TPD, c;"p is the specific heat of the glass TPD,

f the SCL transformed fraction, Ahg. and Ahg; the excess enthalpy per unit mass of the

87



Chapter 5. Bulk glass transition in ultrastable glasses

TPD glass transformed into liquid during the isothermal treatment (first glass transition
peak in the calorimetric curves) and the yet not transformed TPD stable glass (second
glass transition peak), respectively. Xz and X, are Boltzmann like functions which
describe the transformation from glass to liquid and range from 0 (for the glass) to 1 (for
the liquid state) and depend on parameters that can be fitted from the shape and position
of the peaks. Finally, B is a constant that includes the TCTA glass transition and the liquid

contribution to the specific heat curves.

Considering that c§p and cfp are known expressions, that the FC glass is the same for the

different annealing times at a certain annealing temperature (same AT) and that the TCTA
does not change during the isotherm, the only unknown parameters in Equation 5.2 are
the excess enthalpy of the stable glass, which changes due to the loss of stability with
annealing time, and the transformed liquid fraction, f (parameter that we are interested
in calculating). Fitting Equation 5.2 to the experimental data we can obtain these fitting

parameters for each of the samples.

Figure 5.4 shows the experimental data together with one of the fittings obtained for a
glass deposited at 285K (0.85T,) and annealed at T, + 14K during 4200s. As it can be
seen, this corresponds to a glass that transformed into the liquid phase a 54% during the
isotherm. The results obtained using this method differ in average around a 4% compared
with the first method explained. Therefore, since both methods yield comparable results,

both of them will be used indistinctly during the development of this thesis.
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Figure 5. 4. Experimental specific heat as a function of temperature of a sample deposited at 285K and
annealed at T, + 29K for 4200s during a calorimetric scan at 3-10* K/s (green open symbols) together with
the fitting obtained using Equation 5.2. The fraction of SCL corresponds to 0.54 in this case. ;
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The estimated transformed fractions, f, of the capped TPD glasses annealed at T;+14K,
T,+24K, T,+29K and T, +34K are plotted in Figure 5.5a. The data have a sigmoidal shape
as typically observed for transformations following nucleation and growth like
kinetics [21]. Normalizing the data by the time required for each sample to totally
transform into the supercooled liquid, t;,-q,s, We find that all curves collapse into a single
master curve (Figure 5.5b), indicating that these ultrastable glasses transform into the
SCL following the same dynamics with a temperature dependence that scales with the
inverse of the time. A thorough discussion on the dynamics of liquid formation is

presented in Section 5.4.
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Figure 5. 5. (a) Fraction of liquid in ultrastable capped TPD glasses as a function of time for four different
isotherm annealing temperatures: T,+14, T,+24, T,+29 and T,+34K where T;=333K. (b) Master curve of

the liguid transformed fraction obtained normalizing the annealing time by the time needed for the sample
to be fully transformed into SCL. The total overlap of the curves indicates that the transformation dynamics
are the same for the different annealing temperatures with a dependence on temperature that scales with the
inverse of time. The dashed lines are KIMAE fittings imposing n = 2.

5.2.2 Softening of the stable glass

Aside from the formation of liquid during the isotherm, which we can distinguish by the
appearance of a devitrification peak at low temperatures (FC glass) in the heat capacity
curves, in Figure 5.2 we can also see how the glass transition peak corresponding to the
remaining stable glass (feature at higher temperature) changes as a function of annealing
time. In particular, a shift to lower temperatures together with a broadening and area

reduction of the stable endothermic peak can be observed. This evolution is characteristic
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of a softening process, where the glass progressively loses stability. Even though the area
reduction is partially related to the thermodynamic stability loss, it is also related to the
fact that for longer annealing times the amount of stable glass in the sample is reduced at
the expense of the formation of the liquid phase (the longer annealing times, the higher
the fraction of stable glass transformed into the liquid state). Yet, the temperature shift is
a distinct indicator that the glass is indeed losing stability during the annealing treatment.
The broadening of the peak, on the other side, indicates an increase of the dispersion of
the relaxation times in the glass for longer times, suggesting that the softening process is
not completely homogeneous. The evolution of the remaining stable glass during the
isotherm, therefore, can be analyzed monitoring the shift of the stable devitrification peak.

Figure 5.6 shows the SCL transformed fraction and the temperature shift of the T,,.4 Of

the stable glass (Tgfak) for a sample annealed at T;+29K. A comparison between the time

evolution of the two mechanisms, softening and liquid formation and growth, exposes
their relative importance. The amount of formed liquid is monitored via the transformed
fraction, x;. The degree of softening is monitor via the ratio AT(t)%°™ = AT(t)/ ATsrqns
where AT(t) is the shift of the devitrification peak with respect to the initial position, and

ATirans = Tpoqx (AD) — Thaay is the maximum possible variation of the devitrification

peak by softening. Taking t,,,, = 40s as an example, xI=75% and AT(t)%°f = 27%,
indicating that the softening is a much slower process compared with the transformation
of the glass into SCL via the formation and growth of liquid regions. In other words, the
untransformed stable glass is still a very stable glass up to its complete transformation
into the liquid. Note that the position of the peak seems to stop evolving at around t=35s
(see Figure 5.6). This does not mean that the stable glass stops evolving. Actually, the
peak continues broadening, but the shift is subtle and it cannot be measured properly.
This softening will be further studied in Chapter 7, where the bulk transformation will be

analyzed for glasses of different stabilities.
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Figure 5. 6. Calculated transformed fraction (left axis, blue solid circles) and peak temperature of the stable
TPD glass (right axis, black solid squares) as a function of annealing time for capped TPD samples
deposited at 285K and annealed at T, +29K. The peak temperature after t=35s seems to stop evolving and

the data for longer annealing times has been removed from the plot. This apparent stop can be attributed to
the broadening of the stable peak after a certain annealing time, which makes difficult properly assigning a
value to T4, from there onwards. More details on the study of the softening of stable glasses can be found

in Chapter 7.

5.3 Glass transition in UG thick films

With the objective of comparing if the bulk transformation mechanism differs in thin
films and thick samples, we grow TPD films of around 35pum thick under similar
conditions as the thinner layers (T,.,=285K and deposition rate 0.08nm/s), but without
the TCTA layers at the bottom and top of the film. In this case, only annealing treatments
at T,+14K were performed. The calorimetric measurements of the bulk sample are
conducted using conventional DSC as indicated in Section 3.3.3 and the resulting

calorimetric traces are shown in Figure 5.7.

The specific heat curves in Figure 5.7, show the same characteristics as the already seen
for thin film glasses: transformation of part of the stable glass into the SCL that upon
cooling forms a FC glass (lower temperature peak, Tpeqx = 340K) and the partial
rejuvenation of the non-transformed stable glass, as it can be seen by the shift to lower
temperatures of the high temperature glass transition peak. In this case, since the sample
is not capped with TCTA, in parallel to the bulk transformation, part of the sample will
also transform via growth fronts that start in the highly mobile surfaces.
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Figure 5. 7. Specific heat trace as a function of temperature during a heating ramp at 10 K/min of 35um
thick film glasses of TPD deposited at 285 K after isothermal treatments at T, +14K for different annealing

times (indicated in the legend).

Since we are only interested in the transformed fraction that corresponds to the bulk
process, the fraction transformed by the propagating front needs to be subtracted when
calculating the bulk transformed fraction. The quantity of sample transformed by front at
a certain temperature and during a certain time can be estimated from previous data of
the front velocity [19]. Assuming we have a single front that moves at a constant rate, the
transformed fraction due to front propagation can be calculated as:

xfront = M Cann (5.3)
0

where v, (T) is the propagation velocity for TPD at the specific annealing temperature,

d, is the total thickness of the film and t,,, is the corresponding annealing time.
Therefore, the bulk transformed fraction can be obtained from the experimental data as
indicated in Equation 5.4, expression that considers the possible overlap between liquid

regions already transformed by the other mechanism.
f — xlfront(l _ xlbulk) + xlbulk (5.4)

In Equation 5.4, f is the total transformed fraction (front & bulk) estimated as explained
in Section 5.2.1 and x;”“* is the transformed fraction that we would have if there was

only bulk transformation. Substituting by the experimental values, we find that the front
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transformation accounts at most to around a 5% of the total transformation fraction at the
end of the transformation, taking values below this 5% for shorter annealing times. This
result reaffirms the bulk character of this transition and also that the FC glass peak
emerges from the formation of liquid regions in the bulk of the material and not from the

front.

The estimated bulk transformed fraction as a function of annealing time of the 35um thick
sample is shown in Figure 5.8, together with the transformed fraction of the capped thin
film glass annealed at the same temperature (T,+14K) for comparison. It can be observed
that both curves present slightly different shapes and total transformation times. The
differences between these two curves will be explained in Section 5.4, in the context of

the dynamics of liquid formation.
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Figure 5. 8. Transformed fraction vs annelaing time of a 35um thick sample (red solid circles) and a capped
TPD glass (black solid triangles) during a isothermal annealing at T, +14K. The dashed lines correspond to
KJIMAE fittings imposing n=2 for the capped film and n=3 for the bulk TPD sample.

5.4 Dynamics of liquid formation: KIMAE formalism

As we have seen in the previous sections, the glass transition in the bulk of vapor
deposited stable glasses proceeds mainly by the transformation of the glass directly into
the liquid phase. We have also seen that the transformed fraction as a function of
annealing time presents a sigmoidal shape typical from nucleation and growth like

Kinetics. Based on these observations, as well as on previous analysis reported by other
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authors [1,12], we proceed to study the evolution of the transformed fraction using the
Kolmogorov-Johnson-Mehl-Avrami-Erofeev (KIMAE) formalism [5-8].

The KIMAE model (also known as Avrami model) quantifies the space occupied by a
new phase during a transformation event based on statistical considerations. The Avrami
equation establishes a relation between the new phase transformed fraction (liquid
fraction in our case), x;, and the extended fraction, x,,;, defined as the fraction from the
total volume that would transform into the new phase if no space limitations and
impingement between transforming regions were considered. Therefore, the extended

fraction can grow up to infinity.

If nucleation is random in space but we restrict the new nucleation sites to the
untransformed volume of the sample, then, the real transformed volume is only a fraction
of the extended volume: dV = dV,,.(1 — x;) or, equivalently for SCL transformed
fraction, dx; = dx,.,:(1 — x;). Integrating this equation yields the well-known Avrami

equation:
x; =1 —exp(—Xext) (5.5)

where the evolution of the extended fraction, x.,;, as function of time/temperature
depends on the transformation mechanism and the dimensionality. For a sample with

volume V, the extended fraction can be expressed as follows:

Xyt () = thm = fot%nr(r, )31 (t)dt (5.6)

where I is the nucleation frequency, which has a strong dependence on temperature, and
the nuclei have been assumed to have a spherical geometry. During an isothermal
annealing, if the growth is 3D and the radius evolves as r(t,t) = r* + u(t — 1) = u(t —
7), with a critical nucleus, r*, small compared to u(t — t) (here t is the time, 7 the time
of the nucleation event and u the growth rate, which is assumed to depend only on

temperature), the transformed fraction can be rewritten as:
=7 [y it —)*d (5.7)
Xext = 7 Jo 10 7)°dt .
In the case the nucleation frequency is also constant, then:

Xoxt = §Iu3t4 (5.8)
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The KIMAE equation is often written for an isothermal treatment as:
x; =1 —exp(=xex) = 1 — exp(—=(Kt)") (5.9)

where K depends strongly on the temperature and it groups all the constants resulting
from the x,,; calculation (such as nucleation rate, I, number of pre-existing nuclei, N, in
case I = 0 and the growth rate, u); and n, also known as the Avrami exponent, contains
information on the transformation mechanism and the growth dimensions. Therefore,
using the KIMAE equation for the expression obtained in Equation 5.8 we obtain n = 4
and K = ((m/3) Iu3)'/*,

If the growth is 2D, the nuclei are disks of radius r = r* + u(t — t) = u(t —7) and in

an analogous procedure as the above mentioned, we obtainn = 3 and K = (mlu?/3)%/3.

Further, if the nucleation frequency is set to zero because all nuclei already exist at

1/3
t = 0 s, for a 3D growth we have x,,; = % = 4?”Nu3t3, therefore K = (%ﬂNu3)

and n =3, and calculating the extended fraction in a 2D system, we obtain
K = (mNu®)Y3 and n = 2.

In general, the KIMAE formalism assumes n exponents with integer values between 1

and 4, depending on the transformation characteristics of the system (see Table 5.1).

Table 5. 1. Table that groups the different values of the Avrami exponent, n, and their associated dynamics.
In general, for uniform nucleation and growth, n = D + 1, where D is the dimensionality of space in which
the new phase grows. Systems with mixed transformation mechanisms for example with pre-existing nuclei
at t=0 but also with uniform nucleation rate at t>0, will present Avrami exponents in between these values.
A change in the nuclei’s geometry would also translate in a change of this exponent.

Avrami exponent Transformation characteristics
n=1 pre-existing nuclei and linear growth
pre-existing nuclei and 2D growth or
"=e Uniform nucleation and linear growth of the new phase
pre-existing nuclei and 3D growth or
"3 uniform nucleation and growth of the new phase in 2D
n=4 Uniform nucleation and growth of the new phase in 3D
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It is important to note that for the derivation of the Avrami equation (Equation 5.9) it is
necessary to make a number of significant assumptions and simplifications which
translate in many limitations when using this model: i) It considers that nucleation occurs
randomly and homogeneously over the entire untransformed part of the sample, ii) it also
considers that the nuclei start growing immediately after their appearance, iii) it does not
contemplate systems with mixed mechanisms, such as pre-existing nuclei and
simultaneous nucleation rate, and iv) it assumes the growth occurs at a constant rate in all
directions during the entire transformation time. Therefore, even though it is a good tool
to describe transitions that follow a nucleation and growth like kinetics, it might not be
completely accurate to describe systems in which one or more of these crucial parameters
undergo changes along the transformation. Nevertheless, it constitutes a useful model to
study qualitatively the transformation mechanism and compare the dynamics at different

temperatures.

In our study, we use the KIMAE model, Equation 5.9, mainly to infer the mechanism of
the transformation, encoded in the exponent n (also gives information on dimensionality
growth) and the Avrami constant K (which allows to determine jointly growth velocity

and nucleation rate/number of initial nuclei).

Regarding the Avrami exponent, a convenient representation is the In(— In(1 — x;)) vs.

In(t) plot. This representation relates to the expression 5.9 as follows:
x=1—-exp(—(Kt)") = 1 —x; = exp(—(Kt)") = In(1 — x;) = —(Kt)" =
= In(—In(1 — x;)) = nin(t) + nin(K) (5.10)

Using this representation, the slope of the curves yields direct visualization of the
exponent n. Figure 5.9 shows the data of the transformed fraction as a function of
annealing time of the capped thin films and of the thick TPD layer (Figures 5.5 and 5.8,
respectively) in a In(—In(1 — x;)) vs. In(t) plot. Note that the data in Figure 5.9 has
been normalized by the time required to transform completely the sample (t¢rqns) IN an
identical way to the normalization performed in Figure 5.5b for the capped glasses. Fitting
the data with a linear function, we obtain n = 2.1 4+ 0.1 for the capped thin films (open
symbols) and n = 3.4 + 0.1 for the thicker sample (solid symbols). The experimental
value of n = 2.10 found for the thin capped TPD layers is consistent with a 2D growth

with zero nucleation frequency (see Table 5.1), that is, the initiation sites of the
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transformation already exist at t = 0s. If the nucleation frequency was constant over time,
the exponent for 2D growth would be three instead of two. The bulk sample (35um thick)
transforms with a higher exponent, n = 3.4, which suggests a 3D growth also with
preexisting nuclei (see Table 5.1). However, it is important to note that both exponents
are slightly above 2 and 3, respectively, indicating that the growth may not be purely 2D
in the case of the thin film, or that in both cases (thin and thick samples), aside from the
pre-existing nuclei, there is also a certain nucleation frequency of new liquid seeds. As
we will see in the following chapters the second case seems to be the most plausible

scenario.
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Figure 5. 9. In(—In(1 — x) vs logarithm of the transformation time normalized by t,..,s for both thick
(solid symbols) and capped films (open symbols). Performing a linear fit, we obtain n = 2.1 for the capped
thin films and n = 3.4 for the thicker layers, which suggests a 2D and 3D growth with pre-existing nuclei,
respectively. The black solid lines correspond to the linear fittings.

As a first approach, we will assume the Avrami exponents to be n = 2 (for the thin films,
2D growth with no nucleation rate) and n = 3 (for the bulk samples, 3D growth with no
nucleation rate). Fitting the experimental specific heat data (in Figure 5.5a and 5.8) with
the KIMAE equation (Equation 5.9) imposing n = 2 for the capped thin filmsand n = 3
for the thick samples, we can obtain the Avrami constant K for the different samples
studied in this chapter (fitting values are shown in Table 5.2). Depending on the
characteristics of the system (mainly mechanism of transformation and dimensionality),

we have seen that K will present different expressions. For systems with no nucleation
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1/3
rate, we found n = 2 and K = (wNu?)'/3 for 2D growth, and K = (%"Nzﬁ) with

n = 3 for 3D systems. From these expressions we could calculate the number of pre-
existing “transformation sites”, N, and infer the distance between them, < d >. However,
the rate at which the liquid regions grow inside the glass matrix during the isothermal
annealing (u) is also an unknown parameter. As a first approximation, we can assume
they propagate at the same velocity as the growth fronts in thin film glasses. Later on, in

Chapter 6, we will see that this is indeed a good approximation.

The data of the growth front velocity, v,,., can be taken from previously studies which
measured the propagation fronts in stable TPD glasses (red circles in Figure
5.10) [2,19,22]. Although vapor-deposited glasses develop distinct anisotropic molecular
orientations depending on the deposition temperature [23], in thin film TPD glasses
grown at 0.85T; the effect is very small so we assume the growth front velocity of the

liquid patches to be nearly isotropic in our samples [24].

u (nm/s)

-4

340 360 380 400
Temperature (K)

Figure 5. 10. Growth front velocity as a function of temperature for TPD ultrastable glasses annealed at
T,+14K, Ty+24K, T,+29K and T,+34K (red solid circles) [19] , together with the reported experimental
values at higher and lower temperatures (open symbols) [2]. The black solid line is the expected front
velocity calculated using the equation log(u) = log(d) — 0.5[log (tpuux) + log(t,)] as described in [2].
Figure adapted from [2].

From the previously obtained values of K and the propagation rate, we can finally infer
the number of pre-existing liquid seeds and the average spatial distance between them,
< d >. Note that since we consider the nucleation rate to be zero for this samples, the

98



Chapter 5. Bulk glass transition in ultrastable glasses

distance between liquid regions reminds constant on average. The results obtained can be
found in Table 5.2.

The number of pre-existing nuclei, N, presents values between 1x10'! and 3x10%
nuclei/m? for the capped layers and amounts to 6x10*® nuclei/m? for the bulk sample. The
average spatial distance between initiation sites in the thin glassy layers, <d >
(evaluated using the expression (1/N)~?, being D equal to 2 or 3 for thin and thick films,
respectively), ranges from 1.8 um to 3.1um, without any clear trend with the annealing
temperature. The value for the thick films, 2.5um, lies in the same range.

Table 5. 2. Best fitting values of the main parameters controlling the bulk transformation (number of pre-
existing nuclei and distance between nucleation seeds) obtained by fitting the experimental data in Figures

5.5 and 5.8 with the KIMAE equation. Uncertainties correspond to the square sum of the instrumental and
statistical error. Front velocity extracted from Figure 5.10.

Front
Tannealing velocity n K (nuclei/s?) N (nuclei/m?) | <d> (um)
(nm/s)

T, +14K 0.22 2 (2.3:0.1) x10* | (2.3+0.2) X101 | 2.1+0.1
| Tot2AK 10.0 2 (4.4+0.2) x105 | (1.10.1)x10% | 3.1#0.1
FILMS

T, +29K 48.2 (2.7+0.1) x102 | (1.3+0.1) 101 | 2.8+0.1

T,+34K 193.8 0.14+0.01 (3.1+0.1) x10™* 1.8+0.1
TF|_I|II_(|i/IK T,+14K 0.22 (14+0.1) x10% | (6.740.1) x10% | 250.1

The giant length scale associated with the distance between initiation sites is one of the
main and more surprising results in terms of glassy physics. These observations agree,
roughly, with estimations of earlier work [1], with recent simulation on stable computer-
generated glasses [12,13] and compares well also with the crossover length for the front-
to bulk transition in highly stable TPD glasses measured in independent experiments [2].
The transition from 2D to 3D growth between 85nm and 35um thick films could be a
consequence of the average ditance beteen initiation sites < d >= 2.5um. When the
thickness of the TPD layer (85nm) is much lower than < d >, the nuclei reach the final
vertical dimension shortly after its formation and its growth proceeds laterally in 2D over
time. On the contrary, the bulk sample has a thickness much larger than < d > and the

liquid patches grow simultaneously in all directions (3D growth).

99




Chapter 5. Bulk glass transition in ultrastable glasses

We also reproduced the experimental data using a Monte Carlo approach in which the
initial seeds of the transformation are randomly distributed in the sample and the regions
of high mobility propagate radially as r(t) = r* + v,.t. Several snapshots of the
simulation are reproduced in the inset of Figure 5.11. An excellent match of the
experimental data (continous red line at T,+24K in Figure 5.11) is achieved using
parameters close to those obtained by fitting with the KIMAE equation (Table 5.2).
Therefore, supporting the idea of the bulk transformation starting at certain regions of the
glass and growing across the sample.

1004 Tg+34K Tg+29K Tg+24K ~ Tg+14K

X(%)

time (5)

Figure 5. 11. Monte Carlo fitting of the transformed fraction of a sample grown at 285K and annealed at
T,+24K (solid red line). The set of three images on the bottom right is a representation of the growth of 2D

nuclei over time where the left image corresponds to the initiation sites at t=0s. Dashed lines in the graph
are the KIMAE fittings imposing n=2.

The analysis of the transformed fraction data leads to the conclusion that the glass
transformation in capped ultrastable glasses takes place via the formation and growth of
equilibrated liquid regions. Unfortunately, our heat capacity data does not provide any
direct microscopic evidence of the origin of the initiation sites. Further experiments by
small angle X-ray scattering or related techniques may be useful to identify them. At this
stage, we can only speculate about its origin. We foresee two scenarios: i) the
transformation of the glass into the SCL initiates at regions with lower density [25] that
are randomly distributed within the sample but spatially separated by few microns
(structural origin), or ii) the stable glass contains nanoscopic regions that become active

at the annealing temperature and transform into liquid that grows into the glassy matrix
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(dynamic origin). In this view, the material has a broad distribution of local fictive
temperatures and the softening of the glass matrix along the isotherm prompts the
emergence of new equilibrated regions with time. In a system with 2D growth, this view
would be compatible with an Avrami exponent n =3. The value n = 2.10, slightly above
2, obtained for our thin films could be an indication that while in this case most of the
sample transforms dominated by the growth of pre-existing “transformation sites”, still
some new liquid regions appear during the transition, having a mix of two different

mechanisms. Further details on this topic will be analyzed in Chapters 6 and 7.

Independently of the origin of the “transformation sites” or initiation seeds, once a local
region becomes highly mobile dynamic facilitation eases its propagation to neighboring
regions with lower Tr, propagating the transformation until the sample is totally
transformed. This scenario is supported by different theories such as RFOT [11] or

dynamic facilitation theories [10].

5.5 Validity of the KIMAE model on nanocalorimetry specific heat
data

As we briefly discussed in Section 5.4, the KIMAE formalism presents some limitations
when analyzing systems with dynamics that can vary during the transformation process.
Avrami is a mean-field model, and therefore, it provides general information on the
transformation mechanism although it does not allow to easily identify and analyze
information of local phenomena or local variations during the transformation, such as a
non-constant nucleation rate or a change in the growth velocity. In this scenario, where
we are applying a model that averages onto the whole sample, small variations in growth
velocity, growth geometry, delayed nucleation rate or variable nucleation rates, among
others, could lead to a misinterpretation of the transformation mechanism or to lose some
insights on its dynamics. In this sense, temperature homogeneity of the sensing area of
the calorimeter becomes also a critical factor, since both the deposition temperature and
the annealing temperature are key parameters for the stability of the glass and the
dynamics of the transformation. When annealing at such high temperatures above T,
variations of just a few degrees can result in huge changes in the dynamics since the

relaxation time has a super-Arrhenius behavior with temperature [26]. Therefore,
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guaranteeing the maximum homogeneity in the temperature profile of the
nanocalorimeters is of great importance. However, in real devices some inhomogeneities
are bond to appear. Figure 5.12 shows the temperature profile of the sensing area of the
calorimeter (shown as a histogram of the temperature distribution) during an isothermal
annealing at 347K (T,+14K), obtained from Finite Element Modeling (FEM) in steady
state conditions using COMSOL Multiphysics.

1,01 4

0,81 _
86%

Frequency

0,2 ~ 4

0,0

344,8 3452 3456 3460 3464 3468 3472
Temperature (K)

Figure 5. 12. Histogram of the temperature profile of the sensing area of the nanocalorimeter during an
isothermal annealing at T,+14K obtained from finite element modeling in steady state conditions using

COMSOL Multiphysics. The shadowed region indicates that 86% of the sensing area is at a temperature
betweem 346K and 347.2K during the isothermal annealings.

As it can be seen in Figure 5.12, even if a 200nm Aluminum thermal plate is deposited to
improve the temperature profile (see Section 3.2.2.2), differences in temperature of
around 3K are still expected. While most of the sensing area is at temperatures between
346K and 347K (86%), some regions are at lower temperature. These inhomogeneities in
temperature can affect the measurements in two different ways: i) they could affect the
stability of the glass due to changes on the deposition temperature (which would yield
glasses with lower stabilities) and ii) they could affect the transformation dynamics during
the isothermal annealing. Regions with lower temperature, will transform with slower

transformation dynamics, delaying the total transformation process.
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In order to estimate the influence of an inhomogeneous temperature profile as the one

shown in Figure 5.12 during an isothermal annealing at T, +14K (347K), we calculate the
transformed fraction for a specific system using the Avrami equation, x; =1 —

exp(—(Kt)™).

For the particular case of a sample with 2D growth and constant nucleation rate, we’ve
seen that the Avrami parameters are n = 3 and K = wlu?/3 (see Section 5.4), where K
is temperature dependent. Due to the temperature profile, areas with different
temperatures will evolve at a different pace. The total transformed fraction, x;t°t! will
be given by the sum of the transformed fraction of each of these areas at every

temperature, weighted by its corresponding percentage (Figure 5.12).

Considering a nucleation rate independent of temperature and with a value consistent with
the total transformation time observed for the experimental data, and a growth rate, wu,
described by Equation 2.1, we can calculate the parameter K for each temperature interval
and therefore, obtain the corresponding transformed fraction. The total transformed
fraction is shown in Figure 5.13a (solid black line) in comparison with the transformed
fraction expected for a transformation of a measuring setup with no temperature
inhomogeneities (dashed red line). As it can be seen, while for the first stages of the
transformation both curves show a similar behavior, at long annealing times, the
transformed fraction of the sample with temperature inhomogeneities, deviate from the

expected behavior delaying the last stages of the transformation.

This slowing down at longer annealing times can be better appreciated in the
In(— In(1 — x;)) vs. In(t) plot (Figure 5.13b). In this representation, it can be observed
that for the first stages of the transformation, the Avrami exponent (n = 3) agrees with
the expected value for a 2D growth with constant nucleation rate. However, at longer
times the curve changes its tendency decreasing its slope (n — 2). We can expect,
therefore, that the bigger the temperature gradients on the sensing area, the flatter our
transformed fraction curves will be. Thus, the exponent obtained from fitting the
experimental data won’t correspond exactly with what is happening in reality in our

sample.

Note that this study is taking into account only the effect of the temperature due to the
isothermal annealing, considering that all the glass has the same stability. However, the

temperature profile is also important during the deposition process, where
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inhomogeneities can result in glasses with a broad range of relaxation times. In this case,
regions with lower stability would start the transformation faster, accelerating the total
transformation process, that is, the transformation would start at lower annealing times

and transform completely for shorter transformation times.
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Figure 5. 13. (a) Evolution of the liquid transformed fraction as a function of annealing time for a system
with constant nucleation rate and 2D growth during an annealing treatment at Tg+14K with a temperature
profile as the one indicated in Figure 5.12 obtained with COLMSOL Multiphysics. The dashed red line
indicates the expected evolution of the transformed fraction if no temperature inhomogeneities were
present. (b) In(—In(1 — x;)) vs. In(t) plot of the same system to highlight the Avrami exponent. While
at the first stages of the transformation we obtain the expected n=3 characteristic of their transformation,
for longer annealing times this slope decreases. The solid red line is a lineal fit with slope equal to 3.

At the same time, defects on the substrate (Al plate in our case) could also induce the
transformation of the sample. In this case again, we would expect the dynamics of the

transformation to be faster and start at lower annealing times or temperatures.

With the idea of highlighting the importance of the homogeneity in the sensing area of
the devices (in temperature or structural defects), in Figure 5.14 we present the evolution
of the transformed fraction of a ultrastable glass (T, =285 K) at 347 K (T, +14K) for two
different nanocalorimeters. As it can be seen, the same measurement in two different
devices results in slightly different behavior. While the transformed fraction obtained
with the Device 2 (green solid diamonds) fits better for an Avrami exponent n = 3 and it
just deviates at longer annealing times, Device 1 yields a curve that shows an Avrami
exponent closer to n = 2 (black solid circles). In addition, Device 1 seems to start and

complete the transformation in a shorter time interval. We attribute these differences to
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the presence of more nucleation sites (due to surface defects or a higher temperature
gradient during the deposition process) and/or the existence of a variety of growth rates
associated to areas of the calorimeter with higher/lower average temperatures, which

accelerate/delay the transformation (due to gradients on the sensing area).

It is important to note that even with all these differences, the general conclusions for this
study are still valid, since all the samples in this chapter were measured with the same
device (Device 1). The calorimetric measurements presented in the following chapters
are all performed with Device 2.
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Figure 5. 14. Transformed fractions as a function of annealing time of identical capped samples grown at
285K after an annealing treatment at T, +14K using Device 1 (black solid circles), used to study the samples

presented in this chapter, and Device 2 (green solid diamonds), used for calorimetric measurements in the
following chapters. The differences in transformation rate and total transformation time could be associated
to inhomogeneities on the sensing area of the calorimeter.

5.6 Summary

In this chapter we have seen that the bulk transformation of vapor deposited ultrastable
glasses into the supercooled liquid proceeds via a process dominated by the growth of
liquid regions inside the glass following a nucleation and growth like Kkinetics. The
simultaneous softening of the stable glass, although present, does not seem to play a

significant role in the transformation of these highly stable glasses. Regarding the kinetics
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of the transformation, the exponents associated with the evolution of the transformed
fraction, n = 2 for thin films and n = 3 for bulk glasses, correlate well with the 2D or
3D nature of the transformation and indicate that the nucleation is highly heterogeneous
and that it starts at pre-existing seeds already present at t=0s. Even though the obtention
of Avrami exponents slightly above 2 and 3, specially for the 3D sample (n = 3.4), hints
the possibility that the transformation takes place via a mixed mechanism where

nucleation rate is not strictly zero.

Surprisingly, the density of these initiation sites appears to be independent of the
annealing temperature. From the pre-existing seeds, the transformation then proceeds
driven by kinetic facilitation. We have assumed the growth velocity to be of the order of
the one measured for the propagation fronts in thin film TPD samples [19]. Under this
consideration we obtain a large separation distance between initiation sites, on the
micrometer length scale, which determines the crossover length between the front and
bulk transformation and compares well with measurements obtained in independent
experiments [17]. The origin of this initiation sites is still not completely understood due
to the lack of a direct visualization of these emergent liquid regions using calorimetric
studies, however, we speculate they originate in regions of the sample where the mobility
is higher (i.e., due to dynamic heterogeneities). This is consistent with different
simulation works, where stable glasses are also found to transform via the emergence of

equilibrated regions that grow into the surrounding glass matrix [10,27,28].

Finally, a study on the temperature heterogeneities of the sensing area of the calorimeter
exposed the importance of homogeneous temperature profiles as well as low defect
surfaces for the study of the fast dynamics in capped thin films. We have seen how
differences in temperature of just a few degrees can change significantly the shape of the

transformation, leading to misinterpretations of the overall mechanism.
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Chapter 6

AFM study of the glass transition in capped

ultrastable glasses

As we have seen in Chapters 4 and 5, nanocalorimetry is a powerful technique to
characterize the glass transition in vapor-deposited glasses and study the transformation

dynamics of thin films.

Using the capping strategy in thin films we were able to identify, via calorimetric
measurements above T, the appearance of distinguishable liquid regions which grow
inside the glass matrix dominating the transformation into the supercooled liquid.
Information on the transformation dynamics, however, can only be inferred indirectly,
using physical models such as the KIMAE formalism to try to reproduce the evolution of
the transition from the measured heat capacity data. In no case, heat capacity data
provides any direct evidence of the microscopic origin of the initiation sites for the liquid

regions or a way to follow how these regions evolve with temperature or time.

Since direct spatial visualization of the equilibrated regions inside the glass is extremely
challenging due to the subtle structural differences over very small distances, we propose
a different strategy to identify them based on the local mechanical instabilities that these
equilibrated liquid regions generate on a rigid ultrathin surface layer (TCTA in our case)
grown on top of the glass (TPD).

Previous studies have shown that compressive stress on stiff films bonded to viscoelastic
layers result in the buckling of their surface, which elastically deforms to relax the

compressive stress giving rise to well-defined surface patterns [1-4]. Such surface
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patterns can be induced in different ways [2,5] obtaining wrinkling motifs that can display
rich surface morphologies depending on the characteristics of the system [5-7]. Among
the different methods to induce wrinkling patterns, a recurrent one is capping a soft thin-
film material (typically a polymer but also small-molecules organic layers) with a thinner
metallic layer [4,5] or with a layer of another organic material with a higher T [8].
Annealing the polymer into the rubbery state promotes the formation of wrinkling across
the whole surface of the cladding layer due to the appearance of compressive stress
induced by the differences in the thermal expansion coefficients of the layers and the
substrate. This process is called thermal wrinkling and it generally takes place across the
whole surface simultaneously. Interestingly, wrinkling can also be locally induced at
specific sites of the film by localized surface modifications on the substrate using focused
ion beams [9] or by locally heating the sample with an external source, such as a
laser [10]. In this last case, the instability is initiated with a circular laser that locally heats
the polymer above its glass transition temperature promoting the appearance of wrinkling.
The wrinkling pattern at the samples’ surface is usually measured by means of AFM or

SEM (Scanning Electron Microscopy).

In this chapter, we take advantage of the fact that our capped samples resemble
considerably the systems in which thermal wrinkling can be produced (a small molecule
organic layer, TPD, capped with a more rigid material, TCTA) to study the bulk-like
transformation in highly stable glasses by means of AFM. For this study, the capped
samples (TCTA/TPD/TCTA) are vapor deposited on top of silicon substrates, with lower
thermal expansion coefficients compared with the organic layers, which will prompt the
appearance of compression stress over the sample when the stack is heated above TPD’s
glass transition temperature. This compressive stress will induce the formation of
wrinkles on the top TCTA layer as the TPD sample transforms into the supercooled liquid
phase releasing the stress on the capping layer. Therefore, studying the formation of the
wrinkling pattern by means of microscopic techniques we can have access to a direct
visualization of the bulk transformation mechanism of this intermediate TPD layer.
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6.1 Sample preparation and thermal protocol

For this study, samples of TCTA/TPD/TCTA were grown by PVD on top of Si substrates
at a deposition temperature of 285 K (0.85T,, for the TPD) and with thicknesses around
13nm for the TCTA layers and 63nm for the TPD interlayer. Once the samples are grown,
they are moved to the AFM, where a temperature stage is assembled as detailed in the
experimental methods Section 3.3.4. This temperature stage allows us to set the desired
annealing temperature while measuring the sample’s topography at the same time. This
way, we are able to follow in real time any changes on the sample’s surface during the
thermal treatment. Figure 6.1. shows the thermal protocol followed by the sample: In first
place, the sample is heated from room temperature up to T,-5K (where T, is the glass
transition of the TPD) at a heating rate of 5K/min, which corresponds to the maximum
heating rate we can achieve in this set up. Once the temperature is equilibrated at T,-5K
and the system is stable, we continue heating up the sample to the final annealing
temperature. In this case, the annealing treatment was chosen to be at 7, +18K (351 + 1K)
because the transformation time into the SCL is around 1h, a convenient time scale to
follow the Kkinetics of the transformation in real time. It is important to consider that
images are taken one by one and with no automated system and that each AFM scan of

area 20x20 pum? takes around 4 minutes to be completed.

Isotherm (Tg+18K)
Tiso

Tg =333K
Tg - 5K

Room
Temperature

v

Figure 6. 1. Sketch of the thermal protocol followed by the samples during the study of the glass transition
of TPD glass using AFM. The orange solid line indicates the moment that the image acquisition starts.

It is also important to remark that AFM techniques are not usually used with temperature
stages due to the difficulty to thermally stabilize the cantilever. This can cause a thermal
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drift as well as small changes in some measured magnitudes, such as height and distance
measurements, because of thermal strain on the piezo electric elements when going up in
temperature. For our measurements an uncertainty of around 10% in measured heights
and distances was estimated. This uncertainty will need to be considered when analyzing
the data.

6.2 AFM measurements: localized wrinkling induced by liquid

formation

Figure 6.2 shows a series of in situ AFM images obtained at the same spatial location
during the isothermal annealing at 351K (T,;+18K).

a) tgn = 8min55s b) tg, = 17 min49s C) tgn = 26 min44s

d) tgz, =32min €) tgn =35min39s f) tyn =44min33s

Figure 6. 2. Topography images of 20x20um taken by AFM at different annealing times during an
isothermal annealing at T,+18K. The acquisition time for each image is around 4 min. The times indicated
under each image correspond to the total annealing time at T, +18K once the image was acquired.
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The images reveal the appearance of corrugated regions in different parts of the sample
that grow until they merge with each other forming a wrinkling pattern that extends
throughout the whole surface of the film by the end of the isothermal annealing. The
corrugation of the film can be seen to start locally, in specific regions, as a Gaussian-type
protuberance with a height profile several nanometers higher than the rest of the film (see
Figure 6.3a) and with aspect ratios around 100, that is a few nm high and few hundred
nm wide. Upon holding the annealing temperature, this corrugation grows radially from
the initial seed giving rise to a wavy pattern with a certain periodicity. Temporal evolution

of the surface pattern obtained experimentally is shown in the insets of Figure 6.3.
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Figure 6. 3. AFM topography images (20umx20um) of a TCTA/TPD/TCTA sample annealed at T, +18K

for different annealing times (a. 8min 55s, b. 17min 49s, c. 32min and d.44min32s). The insets show the
height profile of one of the wrinkled regions and its evolution with time.
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Looking at the height profile, it is interesting to note that the feature in the center of the
wrinkling regions is always higher than the rest of the film. The amplitude of this central
peak evolves from 2-3 nm in the initial stages of the perturbation to around 25-30nm
(peak-to-valley) at the end of the wrinkling process, depending on the observed wrinkling
pattern. The wrinkling pattern as well as these higher central features can also be observed
via SEM images as shown in Figure 6.4, where the brighter spots correspond to these
higher regions measured with AFM which constitute the initial stages of the wrinkling

sites.

curr (m] 20 um

9
1.00 kV|O 10nA |44 mml ICN2 XHRSEM Magellan 400L

Figure 6. 4. Scanning Electron Microscopy (SEM) image of a TCTA/TPD/TCTA sample vapor deposited
at 285K and annealed for 60min at 7, +18K.

From Figures 6.3d and 6.4 we can also observe that the waves in the wrinkling pattern
present a clear periodicity, which remains approximately constant over time with an
average value of 815 + 30nm (obtained from the power spectrum analysis of the FFT
image), and an amplitude that decreases from the higher initial site (center of formation)
to the lower edges of the wrinkled region (see insets in Figures 6.3). The periodicity in
the wrinkling patterns has shown to depend on the film thickness, prompting larger
periodicities for thicker films [8].The emergence and growth of the wrinkled regions in
Figures 6.2 and 6.3 could resemble a surface crystallization process. In order to discard
that this phenomenon is related with the appearance of the crystal phase, Grazing Incident
X-ray Diffraction (GIXD) and Transmission Electron Microscopy (TEM) measurements

were performed. Figure 6.5a shows how the X-ray diffraction spectra for the
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TCTA/TPD/TCTA stack of a fully transformed sample presents no diffraction peaks,
indicating the tri-layer maintains its amorphous structure. In an analogous way, the
diffusive halo obtained in the TEM images (Figure 6.5c) is characteristic of scattering
from an amorphous material, confirming that there is no crystal phase present in the

samples.

300 T T T T T T T
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Figure 6. 5. Measurements performed to discard the presence of crystals in the samples under study by a)
grazing incidence X-ray diffraction and b) & c¢) TEM measurements of a fully transformed
TCTA/TPD/TCTA (13nm/63nm/13nm) sample. Image b) corresponds to the area of the sample we are
measuring during the TEM study and c) corresponds to the diffraction pattern of the area depicted in b).
The absence of diffraction peaks and the diffusive halo in this image indicate that there are no crystals in
the studied samples.

It is also interesting to note that capping both sides of the middle TPD layer is required
to observe localized patterns. TPD samples grown directly on Si substrates and capped
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only on top by TCTA show wrinkling patterns that appear simultaneously in the whole
sample and are present already from the beginning of the isothermal annealing (right upon
reaching T,+18K), as it can be observed in Figure 6.6. This is due to the different
mechanism for the transformation of the TPD layer into the SCL, which in this case
corresponds to a liquid front that starts at the TPD/Si interface and propagates from the
Si interface towards the TPD/TCTA interface. This behavior is the one usually observed
for thermal wrinkling in metal/polymer bilayers, where the polymer softens

simultaneously in the whole sample [4,11].

Looking at the height profile in the inset of Figure 6.6b, one can see that the pattern is
more homogeneous than the ones obtained with totally capped films and no regions with
higher peaks are observed, indicating that the formation of the wrinkles has not started in

localized sites but simultaneously on the whole surface of the film.
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a) Room temperature (~300K) b) T,+18K (351£1K)

Figure 6. 6. a) Si/TPD/TCTA sample at room temperature observed via AFM and b) wrinkling pattern
observed by AFM after an isothermal annealing at 7,+18K of a TPD sample capped by TCTA only on the

free surface. The wrinkling pattern can be observed already from the first stages of annealing process in
the whole surface, in contrast with the local wrinkling structures observed for totally capped glasses.

The changes in wrinkling patterns and transformation kinetics between totally capped and
partially capped samples, together with the fact that the TCTA single layers show no
topography changes at high temperatures, allow us to say with confidence that the
appearance of surface wrinkles is related to the formation and growth of localized liquid

regions in the intermediate TPD layer. Moreover, preliminary studies using finite element
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model approaches [12] agree in that the initiation of local wrinkling is consistent with the
appearance of liquid regions inside the glass. Thus, the images of Figure 6.2 can be
considered a spatio-temporal mapping of the evolution of the structural relaxation of the

TPD glass above T, and, consequently, studying the corrugated regions we get direct

access to the bulk transformation of highly stable thin film glasses.

6.3 Transformation kinetics from thermal wrinkling patterns

Analyzing Figure 6.2 we can observe that the transformation starts at localized regions
that grow propagating across the whole film, in agreement with the transformation
mechanism inferred by nanocalorimetry experiments in Chapter 5. Interestingly, the AFM
images also show the appearance of new initiation sites or seeds as time evolves.
Although we have not inferred a non-zero nucleation rate from the calorimetric studies
presented in Chapter 5, these observations are compatible with previous experiments and
theories, in which it was suggested that the bulk melting in highly stable glasses proceeds
via a nucleation and growth type process (of the liquid regions inside the glass) with giant

length scales between the initiation liquid sites [13-16].

The most noticeable feature in Figure 6.2 is the direct visualization of the large length
scales (of around 2-4um) between initial seeds, which are in agreement with the values
obtained using nanocalorimetry (see table 5.2) and also with previous estimations, where
the giant length scales were inferred from the crossover length between front propagation
and bulk melting [17,18]. We assume the formation of the liquid regions initiate at spatial
locations with the highest mobility, that is, regions that upon annealing rapidly reach the
equilibrium state. Whether these initial sites originate from an intrinsic distribution of
relaxation times in the glass or due to the presence of defects in the sample is still an
unresolved question that needs to be further addressed. The appearance of new
protuberances or initial seeds as time progresses, indicates that the formation of new
equilibrated regions is a time-dependent process and that we cannot consider the
transformation to originate exclusively from a constant/fix number of nuclei, N, as was
assumed in Section 5.4 when analyzing the evolution of the liquid fraction for ultrastable

glasses.
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A possible interpretation for the continuous appearance of newly equilibrated regions
with annealing time is based on the continuous softening of the glass matrix during the
thermal annealing process. As discussed in Chapter 5, the stable glass goes through a
partial softening that changes slightly the stability of the remaining stable glass, as we’ve
seen by the shift to lower temperatures of the endothermic peak corresponding to the
remaining glass in the calorimetric studies. In this scenario, we can consider, initially,
regions of fast mobility in the glass, spatially separated by large distances, which evolve
towards the equilibrated liquid. Once these regions are equilibrated, they free adjacent
regions of the glass that also become mobile by a kinetic facilitation mechanism [19].
After a certain time, regions of slower mobility also rejuvenate (due to the softening
process) and reach equilibrium at longer times, appearing as newly equilibrated regions

in the AFM measurements.

Although this is a plausible interpretation to explain the appearance of new equilibrated
regions based on joint observations between AFM and nanocalorimetry measurements,
other interpretations should also be considered. For instance, some theoretical views
attribute the appearance of liquid regions to different origins. In the RFOT framework,
for example, the equilibrated regions are a result of thermal fluctuations in certain regions
of the glass [20]. The appearance or not of equilibrated regions, in this case, is a statistical
probability and it is not explained strictly as a result of a softening process of the glass
matrix. Further work needs to be performed to better understand the mechanism behind

the emergence of these equilibrated regions.

6.3.1 Nucleation rate and growth velocity calculation

From the AFM images it is possible to extract an approximate value for the nucleation
rate (understanding nuclei as newly equilibrated regions) and the growth velocity of the
liquid regions. Each AFM image contains 512 scanning lines (considering trace and
retrace movements) and each of these images takes 4 minutes and 16 seconds to be
acquired. As a result, the time step between the first scanning line and the last one is non
negligible and, therefore, assigning an average time to each image would imply having a
significant uncertainty in the time variable when studying the transformation dynamics.
In order to achieve a more precise estimation of the annealing time, each image has been

divided into 16 sections (or cells) of 1.25 um x 20 um with an elapsed time of 16 seconds
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between them (see Figure 6.7). The time for each section can, therefore, be assigned

knowing the initial and final time of each individual scan.

|3 165

Figure 6. 7. Scheme of the time steps defined for each AFM image in order to account for better resolution
of the time variable in the study of the transformation dynamics. The AFM images are divided in 16 sections
of 1.25x20pum? with a time interval of 16s each. The annealing time associated to each section is calculated
as the mean value of the corresponding section’s interval time.

To obtain an approximate value for the nucleation rate, we have identified and counted
the number of newly formed equilibrated regions present in each of the 16 sections for
the different AFM images. Note that for high transformed fractions new nuclei can’t be
properly distinguished due to impingement between wrinkled regions, therefore the
maximum annealing time considered is around 50 min when most of the sample is

transformed but the new equilibrated regions can still be properly identified.

On the other hand, to obtain the growth velocity of the liquid regions we selected several
nuclei (a total of 11 for this study) and their size has been monitored over time until they
started merging with each other, making it impossible to follow the growth any further.
For both measurements we used the WSxM software which helped us to distinguish these
nuclei from the rest of the film, especially during the first stages of the transformation,
using topographic profile measurements. Figure 6.8 shows the number of nuclei per unit
area in each of the 16 sections (Figure 6.8a) and the evolution of the diameter of the

selected nuclei (Figure 6.8b) as a function of time.
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Figure 6. 8. a) Evolution of the number of nuclei per unit area as function of time for each of the 16 regions
in which we divided every AFM image (see Figure 6.7). The solid green lines are a guide to the eye.
b) Evolution of the diameter of the 11 selected nuclei as a function of time (each with a different color).
The temporal uncertainty, o, = +8s, is smaller than the symbol. Dashed lines correspond to a linear fit for
each of the studied nuclei. Solid thick lines in both graphs correspond to the total averaged data for the
corresponding graph.

Figure 6.8a shows how in the first stages of the transformation there is a small number of
liquid regions or nuclei (around 6x10° nuclei/m? separated an average distance of 4.1pm)
which remains initially constant. After a certain transient period, however, the number of
nuclei per unit area starts increasing with annealing time. Averaging the data of Figure
6.8a in the range where the nucleation increases linearly, we obtain a value for the

nucleation rate of (2.3 + 1.5) x108 nuclei/(m?s).

The latency in the nucleation rate can be attributed to different origins. While it is
consistent with the microscopic view of regions with different mobility inside the glass
that start reaching equilibrium at different times due to the softening process during the
isothermal annealing, the existence of defects on the substrate surface could also play a
crucial role in the appearance of the small number of “pre-existing nuclei” during the first
stages of the transformation. In this case, the first nuclei wouldn’t be related to a region
of the glass with very low stability (high mobility) but to the existence of imperfections
on the substrate surface, prompting the appearance of equilibrated liquid regions at times
shorter than the ones needed for the glass to relaxed enough as to reach equilibrium.

Although further studies need to be performed in order to understand this latency, recent
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measurements seem to suggest that surface defects are of great importance when it comes
to transformation dynamics [12].

We have also studied the time evolution of the size of the liquid regions as a function of
time. In Figure 6.8b we analyze the growth of 11 different nuclei at low surface coverage
to avoid any effect of overlapped stress. Averaging the values found for the different
nuclei, a propagation speed of (1.4 + 0.6) nm/s at T,+18 K is obtained. This value is
consistent with the growth front velocity of TPD single layers at the same temperature,
vgr= (1.22 £ 0.3) nm/s, evaluated independently from extrapolation of high T data (further
detail on this calculation can be found in Chapter 7). Therefore, the wrinkling patterns
propagate at a speed very similar to the liquid front underneath, indicating that the
hypothesis we made in Chapter 5 (comparable velocities between the growth rate of the
liquid regions inside capped glasses and the velocity of the propagating fronts in TPD
layers) was reasonably accurate. The good agreement between both velocities can be
considered another indicator that points towards the presence of liquid regions in the TPD

layer as the cause of the origin of the wrinkling pattern.

Although the wrinkling pattern seems to grow radially on average, we cannot infer if local
mobility spreads isotropically or through other geometries, such as following fractal
dynamics. Actually, in the first stages of the transformation the corrugated areas seem to
grow radially from the initiation sites, however for high transformation fractions it looks

like the dynamics evolve forming branches that unify adjacent initiation sites.

The bulk transformation mechanism in ultrastable glasses, therefore, seems rather
complex, mixing the existence of already pre-existing initiation sites with the emergence
of new ones. In addition, these initiation sites, although propagating at similar velocities,
do not start growing at the same time, presenting some of them a transient time before
starting to grow, and others, propagating right away after their emergence. All these
characteristics indicate that the analysis of the bulk dynamics of highly stable glasses
using the KIMAE formalism, as we did for the calorimetric data in Chapter 5, is overly
simplistic (transformation of the sample exclusively by growth of pre-existing nuclei or
by the emergence of new regions that appear at constant frequency, constant growth rate
and in a radial geometry). Thus, although the use of this type of models constitutes an

interesting tool to study the transformation dynamics from calorimetric data, we cannot
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rely on them for providing an accurate analysis of the phenomena involved in the

transition.

6.4 Summary

In this chapter we’ve seen by means of AFM how localized thermal wrinkling is induced
at the surface of capped TPD glasses when heated above its glass transition temperature.
The observed wrinkling pattern is compatible with the emergence and growth of mobile
regions in the TPD middle layer, which have been related with the appearance of

equilibrated liquid patches inside the glass.

The main advantage of microscopy techniques such as AFM is that they allow a direct
visualization of the changes happening in the sample in real time, making it a useful tool
to obtain valuable information about the transformation process, difficult to infer
otherwise. For instance, AFM measurements are behind the direct observation of the
appearance of newly equilibrated regions with annealing time, while also allowing the
observation of already existing initiation sites in the first stages of the transformation.
Such complex behavior is not possible to infer only by means of nanocalorimetry and
mean-field models such as the KIMAE formalism. By AFM measurements it was also
possible to directly infer the growth velocity of these equilibrated regions, which
correlates well with the growth front velocity of TPD at the corresponding annealing
temperature. The good agreement between this propagation rate and the growth front
velocity also supports the idea that the wrinkling pattern is directly related to the liquid

formed in the TPD layer.

Maybe one of the most striking observations using AFM is the direct visualization of the
large length sales between initial equilibrated liquid seeds (of the order of a few microns),
which up to now were only inferred from indirect measurements, such as the estimations
obtained from the crossover length between front propagation and bulk melting [17] or
from the study of the evolution of the transformed fraction in capped TPD glasses using

the Avrami model (see Section 5.4).

Although atomic force microscopy has shown to be a very useful technique to get insights
on the transformation, it also presents some limitations, such as low time resolution

(around 4 minutes are needed for each image), low heating and cooling rates (maximum
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heating rate is 5K/min) and the difficulty to thermally stabilize the system in order to
obtain good images and reduce the uncertainties in measured parameters, such as the
height or lateral position, due to thermal strain. Since all these limitations hinder the
systematic study of the transformation, this technique has been used exclusively as a

complementary tool for the development of this work.
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Chapter 7

Effect of glass stability on the bulk

transformation dynamics

As we already advanced in the introduction chapter, one of the advantages of physical
vapor deposition is the possibility of tailoring the stability of the glass by modifying the
deposition conditions, that is by changing the deposition temperature and the deposition
rate we are able to obtain glasses with a wide range of stabilities. We can, therefore, take
advantage of this versatility to study the bulk transformation in glasses of different
stabilities following a similar strategy as the one followed with ultrastable glasses (see
Chapter 5), but modifying the deposition conditions to alter the stability of the original

glass.

The glass transition in non-capped thin film glasses of different stabilities has been
already studied extensively by different authors [1-5]. In general, vapor-deposited glasses
transit into the liquid phase via propagating fronts, which initiate at the surface/interface
with the substrate and then propagate inside the bulk of the material at a constant rate.
The propagation rate depends strongly on the glass stability [3,6,7]. The more stable the
glass, the slower the velocity of the front. However, the overall temperature dependence

of the front velocity has shown to be independent of the stability of the samples [3,6].

The propagating fronts dominate the transformation up to a certain thickness where the
bulk transformation is eventually activated, becoming the fastest transformation
mechanism (thus, dominating the transition to the liquid phase) [6,8,9]. Several studies
have reported the strong dependency of this thickness (or crossover length) with the

deposition temperature [6,8]. More stable glasses achieve thicker crossover lengths, while
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for less stable glasses the bulk transformation mechanism starts at lower
temperatures/times, dominating the transformation before the front has travelled a long
distance [10,11]. In order to study the bulk in non-capped thin films, therefore, samples
thicker than the crossover length need to be prepared. Still, if one wants to completely
avoid the apparition of the surface/interface propagation fronts, the capping strategy is
the more effective method [12,13] (see Chapter 4).

In this chapter, we use fast scanning nanocalorimetry to study the bulk transformation
dynamics in thin film glasses of different stabilities when annealed at temperatures well
above T;. We take advantage of the suppression of the surface/interface propagating front
by capping the TPD thin films with TCTA to access the bulk transformation in glasses
vapor deposited at five different temperatures ranging from 285K to 325K (that is 0.85T
to 0.98T,). Analogously to the study in Chapter 5, where we presented the analysis of the
bulk transformation in ultrastable glasses, in this chapter we study the dynamics of the
bulk glass transition by means of nanocalorimetry, analyzing mainly the evolution as
function of time of the equilibrated liquid that forms in the samples after an isothermal
annealing at T,+14K during different annealing times. We will also pay attention to the
changes in the glass matrix during the annealing, which is more prompted to softening

due to a lower initial stability.

7.1 Preparation of the samples and thermal protocol

For this study, 63nm thick TPD films have been vapor deposited at five different
temperatures and capped with 13nm thick TCTA layers on both sides of the sample
ensuring the suppression of the front and the access to the bulk transformation mechanism
in glasses with different stabilities. The glasses have been grown at a deposition rate of
0.08nm/s and at the deposition temperatures 285K, 305K, 310K, 315K and 325K (i.e.,
ranging from 0.85Tg to 0.98Tg for the TPD film). Both TPD and TCTA are deposited at

the same temperature to avoid changes in the TPD glass during the deposition process.

After the samples are deposited, they are heated up to T,+14K in order to study the

devitrification of the film following a similar thermal protocol as the one used for the
ultrastable capped films in Chapter 5 (see Section 5.1). Briefly, the samples
(TCTA/TPD/TCTA) are grown at the set deposition temperature, followed by a fast up
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jump (around 100 K/s) to T,,,=347 K, 14K above the nominal T, (333 K) of the
conventional glass, for times ranging between 1s and 8h, depending on the stability of the
glass. After the isotherm, the film is passively cooled at ~500 K/s down to 200 K and
right after a fast scan at 3.5x10% K/s is performed in order to record the calorimetric trace
in the glass transition region, therefore, the calorimetric traces reflect the state of the glass

after partial transformation at T,,,,, and an immediate fast cooling down to 200 K.

7.2 Calorimetric measurements

The heat capacity traces obtained for the capped TPD glasses after isothermal annealings
at 347K (T,+14K) for different times can be seen in Figure 7.1. All curves, regardless of
the stability of the initial glass, show similar features as the ones found for capped
ultrastable glasses in Chapter 5, namely, the apparition of a low temperature glass
transition peak, at around 375K (Fast Cooled glass, FC), that increases in area with longer
annealing times, and a shift to lower temperatures of the glass transition calorimetric peak
corresponding to the initial stable glass (transition peak at high temperature, between
402K and 432K). These features are a signature of a transition into the supercooled liquid
that proceeds via two parallel processes: i) the formation of equilibrated liquid regions
inside the glass which grow consuming the more stable glass and, ii) the partial softening
of the initial (more stable) glass, that loses stability as the annealing treatment proceeds.
The feature at higher temperatures (around 440K) corresponds to the glass transition of
the TCTA layers which remain unchanged during the isothermal treatments. The
contribution of the heat capacity of glassy TCTA has already been subtracted in the curves
presented in Figure 7.1 (see Section 4.2 for details). Therefore, the calorimetric curves
only show the contribution to heat capacity of TPD, at least until the glass transition of
the TCTA films.

As already discussed in Chapter 5, the transition peak at lower temperatures in Figure 7.1
( TpeakF ¢ = 375K), corresponds to the regions of the sample that have transformed into

the liquid phase during the isothermal treatment and then vitrified again upon fast cooling
(forming the FC glass). Since the FC glass is obtained identically for all the samples, by
passively cooling at 500 K/s from the same annealing temperature (T,+14K), the

endothermic peak remains at a constant position, at a temperature around 375K. This is
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not the case for the as-deposited glasses, whose onset of devitrification depends strongly
on the deposition temperature and shifts to significantly lower temperatures for low
stability glasses (Tpeqx = 433K for glasses deposited at 0.85T, VS. Tpey =402K for
glasses grown at 0.98T;) as it can be seen in Figure 7.1a. As a consequence, the distance
between the endothermic peaks of the as deposited and the fast-cooled glasses is highly

reduced for the low stability samples, starting at AT=53K (where AT = Tyg — Tooax)

for ultrastable glasses and decreasing to barely AT =25K for glasses deposited at 325K.
The distance between the two peaks decreases even more when the peak corresponding
to the glass transition of the stable glass starts shifting to lower temperatures. This
reduction of the temperature interval between both peaks results in the overlap of the as
deposited and fast cooled devitrification curves for glasses with low stabilities, hindering
the study of the transformation dynamics. In order to avoid the overlap and increase the
separation between devitrification peaks, an interesting strategy would be cooling down
the transformed liquid phase at a faster pace, this way the FC glass would shift to even
lower temperatures, increasing the separation between peaks. However, faster cooling

rates are not accessible with our experimental set up.

In addition to the overlap of the endothermic peaks, the drastic decrease of the total
transformation times as the deposition temperature is increased (going from 8h for the
ultrastable glass to 25s for the glass deposited at 325K) constitutes another factor that
hampers the study of the bulk transition in glasses with low stabilities. In this sense, with
our experimental set up, annealing treatments shorter than 1s cannot be measured
accurately, thus limiting the study of low stability glasses during the first stages of the

transformation.
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Figure 7. 1. a) Calorimetric traces obtained during a heating ramp at 3.5x10* K/s of as deposited capped
TPD glasses (TCTA (13nm)/TPD (63nm)/TCTA (13nm)) obtained at different deposition temperatures
(indicated in legend). The highest stability is found for the glass deposited at 285K (0.85Tg) while the less
stable is the one grown at 325K as expected [2,14]. b-f) Specific heat curves obtained during heating ramps
at 3.5x10 K/s of the same glasses shown in a) after thermal treatments at T, +14K during different intervals
of time. The deposition temperature and the annealing times are indicated in the corresponding legends.
“ad” stands for “as deposited” and refers to a glass that has not been previously annealed.
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7.3 Formation and growth of the liquid regions

From the calorimetric curves shown in Figure 7.1, it is possible to extract the fraction of
equilibrated liquid phase formed during the isothermal annealing by analyzing the
evolution of the FC glass calorimetric peak as described in Section 5.2.1.

Figure 7.2 shows the liquid fraction of TPD present in the glass matrix as a function of
annealing time for the different stability glasses shown in Figure 7.1. A rapid look to
Figure 7.2a allows us to see that all the transformed fractions follow the same sigmoidal
like behavior independently of the glass stability. In fact, normalizing the data by t;,4ns
(time required to transform the whole sample), results in the overlap of all the curves into
a single master curve (Figure 7.2b), indicating that the transformation mechanism is the
same for all the samples. It is important to highlight the importance of this observation
since it implies that even though the transformation rate changes (the transformation takes
place significantly faster for less stable samples), the physics behind the transformation

mechanism is the same regardless of the stability of the glass.

We have already seen that the KIMAE model can constitute a useful tool for studying the
transformation dynamics in capped glasses. By fitting the transformed liquid fraction as
function of annealing time with the Avrami equation (Equation 5.9) we can get insights
on the transformation mechanism through the Avrami exponent n and the Avrami
constant K. It is important to note, however, that the Avrami model can only be used as a
tool to infer, always in an approximate way, the main parameters of the transformation.
We need to be aware that the KIMAE formalism presents important limitations in the
sense that the process described by this model, when using and integer Avrami exponent,
is highly simplistic (considering either constant nucleation rate or fixed number of initial
nuclei, constant growth velocity, etc.) as we already remarked in Chapter 5. For example,
the Avrami model does not consider the softening of the glass matrix, which can have an
effect on the growth rate [3,6,15] of the liquid regions specially for glasses with low
stabilities, or takes into account a non-constant nucleation rate (which has been observed
by the initial transient time in the AFM study). Therefore, although it can be a useful
model to get a first insight view on the transformation mechanism, the absolute values

should be taken merely as an approximation.
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Representing the data of the overlapped curves in Figure 7.2b in a In(— In(1 — x;)) Vs.
In(t/t+ans) Plot (see Figure 7.2c), we are able to graphically highlight the value of the
average Avrami exponent, n, for the different samples as already detailed in Section 5.4.
As it can be seen in Figure 7.2c two different tendencies can be clearly identified. For
transformed fractions up to 50-60%, the data can be fitted with an exponent
n = 2.8 + 0.1, while for higher transformed fractions the value of n seems to decrease.
A possible explanation for this change in tendency is the temperature profile in our
nanocalorimeters. As already highlighted in Chapter 5 (see Section 5.5), temperature
inhomogeneities on the sensing area of the nanocalimeter of just 3K can result in
considerable delays of the total sample transformation. That translates in a flattening of

the curve at longer times, since colder regions remain “frozen” for longer times.
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Figure 7. 2. a) Liquid fraction as a function of annealing time of glasses vapor deposited at five different
temperatures, ranging from 0.857, (285K) to 0.98TT, (325K), at the annealing temperature of T,+14K.
Dashed and continuous lines correspond to KIMAE fittings imposing n = 2 and n = 3, respectively.
b) Transformed liquid fraction of the glasses in a) normalized by t;,..s. The overlap of the curves indicates
that independently of the stability the physics behind the transformation mechanism are the same.
c)in(—In(1 — x;)) vs In(t/tyqns) Plot which helps to highlight the average Avrami exponent. Up to 60%
of the transformation we obtain n = 2.8 while for higher transformation times the transformation rate seems
to slowdown and the slope starts decreasing. The same trend can be observed in panel a).
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An experimental value of n = 2.8 + 0.1 is consistent with a 2D growth with a certain
nucleation frequency, in line with what it has been observed with AFM measurements.
However, from the AFM images we could also infer the existence of transformation
regions present in the sample since the first stages of the transformation at t=0s (pre-
existing nuclei), indicating that the emergence and growth of the liquid regions can take
place via an intermediate mechanism. Therefore, it cannot be accurately described neither
with n = 2 (2D growth from pre-existing sites, null nucleation rate) nor n = 3 (2D
growth with uniform nucleation rate, no pre-existing sites). However, we can still use the
KJMAE model to obtain a rough estimation of the number of initial transformation sites
or nucleation frequency, as well as to compare the distance between liquid seeds in glasses
with different stabilities. With that in mind the experimental data in Figure 7.2a is
individually fitted with the KIMAE equation imposing n = 2 (dashed line) and n = 3
(continuous line). It is important to remark that since we know the later part of the
transformation might be conditioned to a gradient in temperature or other unknown
factors, to study the transformation dynamics, we just considered for the fittings the data
corresponding to liquid fractions up to a 60% of the transformation. The best fitting
parameter, K (which contains information on the main variables of the transformation
such as nucleation rate, growth velocity and initial nucleation sites), can be found in Table
7.1and Table 7.2 for n = 2 and n = 3, respectively. To extract further information about
the nucleation sites from the fittings, it is necessary to introduce in the model the growth
rate of the liquid regions (see Section 5.4 for more detail). As we have seen from the AFM
measurements, in the case of the ultrastable glass, it is a quite reasonable approximation
to consider that the liquid regions grow at the same rate than the liquid front that
propagates from the surface/interface in non-capped films. However, the front velocity
depends on the stability of the glass [5,15], so it will be necessary to determine the front

velocity at the annealing temperature (T,+14 K) for each of the stabilities under study. In

the next section the procedure to obtain this information is detailed.

7.3.1 Evaluation of front velocity for glasses with different stabilities

In order to determine the front velocity in TPD glasses of different stabilities at T, +14K

(347K), 90nm thick TPD films are grown at different deposition temperatures, ranging
from 285K (0.85T,) to 325K (0.98T,), and right after they are heated up and held at 347K
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(T,+14K) during different times (between 1s and 15min depending on the stability of the
glass), following a thermal protocol analogous to the one described in Section 7.1. Figure
7.3 shows the resulting calorimetric traces. After the annealing treatment, the samples
exhibit two clear heat capacity overshoots with different onset temperatures, the
endothermic peak at higher temperature (between 398K and 410K) corresponds to the as
deposited glass, while the peak at lower temperature (TpeakF €=375K) corresponds to the
part of the sample that has transformed into the supercooled liquid phase by propagating
fronts during the isotherm and then vitrified again upon fast cooling after finishing the
thermal treatment. Since the liquid front is the same in all cases, we obtain the same fast

cooled glass transition peak regardless of the stability of the as-deposited glass.

From Figure 7.3 it can be seen that the less stable the glass, the faster the transformation
into the supercooled liquid phase, in agreement with previous observations [3,6]. As it
was already discussed in Chapter 4, these glasses transform via a single front that starts
at the free surface of the sample and sweeps across the glass transforming the whole film,
as long as the bulk transformation is not triggered. The propagation front velocity can be
calculated from the experimental heat capacity curves by two different methods. In first
place, we can obtain the front velocity at high temperatures from the up-scan of the as-

deposited glass by solving the differential Equation 4.2 for d;(T). The derivative term in
Equation 4.2 (Ah @) is, precisely, the transformation rate. Thus, the growth front

velocity can be obtained directly from this transformation rate as [15]:

v (T) = B(T) 2 = p(T)dy 2 (7.1)

where B(T) is the time dependent heating rate evaluated at each temperature, d, is the
total thickness of the film and x; is the fraction of the sample that has already transformed
into the liquid phase. It is important to note that this calculation is only applicable to
samples that transform exclusively by propagating fronts. Once the bulk transformation
is triggered, this expression cannot be used to obtain accurate velocity values anymore.
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Figure 7. 3. Specific heat curves of an up-scan at 3.5x10* K/s of 90nm thick TPD glass deposited at different
temperatures (indicated in the figure) after thermal annealing at T, +14K for different times (indicated in
the legend). “ad” stands for “as deposited” and refers to a glass that has not been previously annealed.

As we have already seen in Section 4.1, one way to identify the front-like transformation
mechanism is by applying and ad-hoc normalization to the heat capacity data of samples
with different thicknesses. The superposition of the normalized curves indicates that all

of them are transforming via a propagating front that is identical for all of them. The
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growth front velocity, therefore, is taken from the temperature range where all the curves
collapse (see Figure 7.4a). When solving Equation 4.2 to obtain the transformed liquid
fraction, x;, and the transformation rate, dx;/dT, the only parameter that needs to be
imposed to resolve this equation is the total excess enthalpy (Ah), which can be estimated
imposing that the total transformed liquid fraction goes from 0, at the glass region, to 1,
when the sample is completely transformed into the supercooled liquid phase. More

details on this procedure can be found elsewhere [3,15].

Figure 7.4b (high temperature data set) shows the growth front velocity obtained at
different deposition temperatures as a function of the alpha-relaxation time of the liquid,
T,. The temperature dependence of 7, is well-described by the VFT equation (Equation
1.2) with fitting parameters log(t,/s) = —19.2, D = 13.5, and T, = 258.9K [5]. As it
can be seen, the front velocity changes considerably with deposition temperature, being
slower for the most stable samples (black solid squares, Ty, = 285K) and faster for the
less stable ones (purple solid hexagons, T4, = 325K). In addition, in this high
temperature region, the velocities show the same trend with respect to the temperature (as
it can be seen by the parallel straight lines with a common slope of y = 0.89 + 0.01)
independently of their stability, as it has been previously measured for other

systems [3,6].
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Figure 7. 4. a) Calorimetric traces normalized according to Equation 4.2 of TPD thin film glasses of three
different thicknesses (20nm, 40nm and 63nm) vapor deposited at 285K (0.85T;) and heated at 3.5x10* KIs.
The light green circle highlights the interval of the heat capacity curves that overlap, indicating that the
glasses are transforming via identical fronts regardless of the thickness of the sample. b) Front velocity as
a function of the a-relaxation time of glasses with different stabilities for a wide range of temperatures.
Temperature and 7, are related by an VFT equation with fitting parameters log (t,/s) = —19.2, D = 13.5,
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and T, = 258.9K [5]. The high temperature data (low t,) is obtained using nanocalorimetry (panel (a)),
while the low temperature data (high z,) is obtained from isothermal annealings at T, +14K (panel (c)).
The vertical black dashed lines indicate the temperature corresponding to two different t, (one at high
temperature and the other at low temperature). ¢) Thickness of the thin film TPD glass that has transformed
into SCL during an isothermal annealing at T,+14K as a function of annealing time. The velocity can be
obtained from the slope during the first stages of the transformation. The red dashed line shows the best fit
and the resulting growth front velocity.

Due to the high heating rates used in nanocalorimetry, the growth front velocities obtained
using this first method are in a very high temperature range, starting at T,+41K for the
glasses deposited at 325K, as we can see in Figure 7.4b. Although it is possible to
extrapolate the high temperature data to lower temperatures following the relation v, =
Ct,~" [6,15], we can also measure the front velocity at T,+14K (347K) by measuring
the amount of liquid formed during the annealing treatment at that temperature and
transforming these values into thickness of the liquid front, assuming the front
propagation is the only active mechanism. Figure 7.4c shows the thickness of the liquid
front as a function of time for a sample grown at 285K (0.857,) when annealed at T, +14K.
The slope of this curve is the growth front velocity, which in the case of the ultrastable
glass (Ty.p=285K) is vy, = 0.17 £ 0.01 m/s at T,+14 K.

Representing in Figure 7.4b the front velocity values obtained at T, +14K for the different
stability glasses (low temperature data set), we can observe that while the most stable
glasses (deposited at 285K, 305K and 310K) follow the same trend with t, as the high
temperature data, the growth rate for the samples deposited at 315K and 325K is
significantly faster than expected. This can be explained by the low stability of these
glasses in which the bulk mechanism is triggered before the whole sample can transform
via the propagating front, as it can be seen in Figure 7.5 where we have plotted the
evolution of the transformed fraction at T, +14K for capped and non-capped films. As it
can be observed, the bulk and front mechanisms are almost overlapped in the last stages
of the transformation for the less stable glasses. The transformation is, therefore,
accelerated and the value obtained is not representative of the real velocity of the growth
front. In this case, the propagation rate at low temperature can be obtained by

extrapolating the data from high temperature down to T,+14K. Table 7.1 shows the

growth front velocity obtained for glasses deposited between 0.85T, and 0.98T,.
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Table 7. 1. Growth front velocity for TPD glasses vapor deposited at five different temperatures. The
velocity values for the samples deposited between 285K and 310K were obtained from the liquid
transformed fraction during the isotherm while, for the less stable glasses (deposited at 315K and 325K)
the velocity is calculated from the extrapolation of high temperature data. Uncertainties correspond to the
square sum of the instrumental and statistical error for 285K, 305K and 310K samples. In the case of the
samples deposited at 315K and 325K the uncertainty is estimated from the standard error in the
extrapolation to lower temperatures of the high temperature data.
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Figure 7. 5. Transformed liquid fraction as a function of time for TPD single layers (red open symbols)
and capped TPD samples (black solid symbols) deposited at different temperatures after an annealing
treatment at Tg+14K. Each type of symbol represents a different deposition temperature (indicated in the
legend). The dashed lines are a guide to the eye. As it can be observed, for the most stable samples (285K-
315K) thin films transform completely via the propagating front before the bulk mechanism is triggered.
On the other hand, for samples deposited at 315K and 325K, the bulk transformation mechanism activates
earlier while the front is still propagating (a 20% of the sample has transformed via the bulk mechanism
when the single layers have transformed into the supercooled liquid around a 60% and 30%, respectively).

7.3.2 Liquid nuclei formation dynamics

As shown in Figure 7.2a, the transformed fraction as a function of annealing time for
capped glasses has been fitted with the Avrami equation imposing n = 2 and n = 3. For
fittings with n = 2, the model assumes that the sample starts transforming in certain pre-
existing equilibrated regions, which grow transforming the whole sample. This growth is

two dimensional and no new nuclei appear during the transformation. The number of pre-
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existing sites, N, can be calculated from the fitting parameter K as N = K /mvg,* (as
detailed in Section 5.4), where v, is the growth front velocity of the liquid at T, +14K

(see Table 7.1) and we are assuming circular geometry of the nuclei.

As it can be seen in Table 7.2, assuming the transformation takes place only via the
growth of the pre-existing nuclei, the number of this pre-existing sites, N, would increase
sharply as stability is decreased, showing values that differ 5 orders of magnitude between

the glasses deposited in its most stable phase (T;.,=285K) and the ones grown at 325K.

The sharp increase in initiation sites translates in an important reduction of the average
spatial distance between them, < d >, which ranges from around 5um for the glasses
deposited at 285K to barely around 18nm for the ones grown at 325K. It is expected that
growing samples substantially thicker than this average distance will result in films that
show 3D growth. Further studies in this regard should be performed in order to see if
indeed there is a crossover between 2D and 3D growth depending on the thickness of the

films.

Note that the number of pre-existing transformation sites, N, is a function of « K /v, 2,

where both the Avrami constant K and the growth velocity increase significantly when
decreasing the stability of the glass. Therefore, one could expect these values to escalate
in a similar way resulting in the number of initial equilibrated regions to remain constant
or even decrease for low stability glasses. However, as it can be seen in Table 7.2 that is
not the case, obtaining a significant larger number of liquid seeds in glasses with lower
stabilities. This is compatible with simulation works [16,17] where it was reported that
glasses with lower stabilities present a higher number of defects or mobile regions than
those equilibrated at lower temperatures (therefore more stable).
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Table 7. 2. Best fitting parameter K, number of pre-existing nuclei, N, and average distance between
nucleation seeds, <d>, for five different glasses vapor deposited between 0.85T; and 0.98T,, obtained by
individually fitting the experimental data in Figure 7.2a with the KIMAE equation (Equation 5.9) imposing
n=2. Uncertainties correspond to the square sum of the instrumental and statistical error. Front velocity
used for the calculations can be found in Table 7.1.

Taep K N (Nuclei/m?) <d > (m)

2BEK (3.1+0.2) x10° (3.5 % 0.4) x101° (5.4 + 0.3) x10°
305K (3.0 0.2) x10°® (2.9 % 0.4) x10% (1.8 +0.1) x10°
310K (7.5% 0.6) X107 (4.2 £ 0.5) x10%2 (4.9 + 0.3) X107
315K (2.4 +0.3) x10° (3.5 + 0.4) X103 (1.7 £0.1) x107
325K (8.1 +0.8) x10° (3.0 £ 0.2) X105 (1.8 +0.1) x10°8

On the other hand, fitting the data in Figure 7.2a with the Avrami equation imposing
n = 3, we are still assuming a two-dimensional growth, but in this case no pre-existing
nucleation sites are considered and instead a constant nucleation rate that starts at t=0s is
the responsible of the transformation. That is, the transition is driven by the appearance
(at a constant rate) of newly equilibrated regions, which grow propagating their mobility
to adjacent areas of the sample. This perspective takes into account the nucleation rate
observed in AFM measurements, where new liquid regions appeared as a function of
annealing time. However, in the AFM images initial sites were also spotted, therefore it
is important to remark the qualitative character of this calculation using the KIMAE

model. By fitting the data with this model, we are obtaining only approximated values.

The nucleation rate, 1, can be calculated from the fitting parameter K as I = 3K /mv/, as
explained in Chapter 5 (see Section 5.4), where we are again considering circular nuclei.
As it can be seen in Table 7.3 the nucleation rate increases fast when decreasing the
stability of the glass, obtaining differences up to 8 orders of magnitude between the
ultrastable glasses and the ones deposited at 325 K. This increase in nucleation rate
translates in a higher number of equilibrated regions in the less stable glasses in the first
stages of the transformation, following the same behavior as the one obtained for N when

imposing n = 2.
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In this case, the average distance between equilibrated liquid regions will decrease as a
function of annealing time (since I > 0). To obtain a rough estimation of this average
distance between liquid seeds at the first stages of the transformation, we have evaluated
the number of nuclei when the transformed fraction reaches a 10% as Ny, ~190, = I *
tx,~10% (Where ty 1900 the time when x; = 0.1. Values detailed in Table 7.3). The
calculation yields an average distance between liquid sites that ranges from around 4um
for the ultrastable glass to 16nm for the less stable glasses, distances that match well with
the ones found for the n = 2 fitting. In an analogous way, if we analyze the distance
between nuclei for the late stages of the transformation (90% transformed and above) the
values obtained range from 2um to around 6nm, indicating that, even at long annealing
times, the distance separating the equilibrated regions is still huge in the case of ultrastable
glasses, while for low stability glasses this distances are only of a few nanometers, in the
order of the size expected for the cooperative rearranging regions [18].

Table 7. 3. Best fitting parameter, K, nucleation rate, |, and average distance between nucleation seeds at
10% of the transformation, < d >, .10y, Of five different glasses vapor deposited between 0.85T, and

0.98T, obtained from fitting individually the experimental data in Figure 7.2a with the KIMAE equation

(Equation 5.9) imposing n=3. Uncertainties correspond to the square sum of the instrumental and statistical
error. Front velocity used for the calculations can be found in Table 7.1.

I txl~10% le~10% <d >xl~10%
Tdep n K . i
(Nuclei/m?s) (s) (Nuclei/m?) (m)
(2.3£0.2) (7.8 £ 2.8) (6.0 £0.3)
3 7680 (4.1£0.1) x10°®
285K x10-13 x10° x1010
6.8+0.7 20+0.7 49+0.2 14+0.1
3 ( ) ( ) 2404 ( ) ( )
305K x1012 x108 x101 x106
5 (95+1) 1.6 £0.4) 464 (7.4 £ 0.4) (3.7+0.1)
310K x10-10 x1010 x10%? x107
1.2+0.3 5+1.3 3.0+0.2 1.8+0.1
a5k | 3 ( ) ( ) 61 ( ) ( )
x107 x101! x10%3 x107
89+2 98+1.8 3.9+0.2 1.6+0.1
a5k | 3 ( ) ( ) A ( ) ( )
x10* x10% x10% x108
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From the AFM measurements in Chapter 6, we know that the bulk transformation in thin
films is rather complex, combining the presence of pre-existing liquid sites as well as a
non-null nucleation rate, at least for highly stable glasses. However, the fact that in
nanocalorimetric studies glasses with different stabilities have shown to follow the same
dynamics (as it is observed by the overlap of all the transformed fraction curves in Figure
7.2b) allows us to assume that the bulk transformation in capped thin films takes place in
the same way regardless of the stability of the glass. The Avrami exponent n = 2.8
obtained using the Avrami model also seems to agree with that interpretation (2D growth
and positive nucleation rate). In addition, previous works also seem to point in the same
direction, reporting that 3D systems with no defects transform into the liquid phase
following nucleation and growth like kinetics with Avrami exponents n = 4 (i.e. 3D
growth with uniform nucleation rate) [19,20]. These results seem to contrast with the
transformation dynamics inferred for ultrastable samples in Chapter 5. In that case, we
obtained an Avrami exponent n = 2.1 (for thin films) indicating the transformation was
taking place following 2D growth from pre-existing nuclei with no nucleation rate. These
differences may be explained by the presence of a bigger number of defects in the surface
of the calorimeter used for the experiments in Chapter 5. The presence of more defects
would translate into a higher number of initial nucleation seeds, N, which would
completely transform the sample at a faster rate than the time needed for new liquid
regions to be equilibrated. Therefore, showcasing a transformation with null nucleation

rate, i.e., n = 2.

In order to better understand how the transformation takes place, whether or not there is
always a mix of pre-existing liquid sides and a non-null nucleation rate, it would be
interesting to perform AFM measurements of samples with different stabilities. Not only
we would get a direct visualization of the new equilibrated regions, but also of their
propagation rate. In the case of ultrastable glasses, we have seen that the propagation
velocity obtained by means of AFM matches well the front velocity reported for thin
films. For this study, therefore, we assumed the front velocity to be the same as the growth
rate of the liquid regions inside the glass. However, the glass matrix goes through a
progressive softening (further details in the following section) which may cause a change
in the growth velocity as the remaining glass matrix losses stability. In this sense, AFM
measurements would be of great help to test if significant changes in velocity growth are
present due to the softening.
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7.4 Softening of the glass matrix

We have seen that the transformation of capped thin films takes place via two competing
processes: the emergence and growth of liquid regions and the softening of the remaining
initial stable glass where, by softening, we mean the cooperative and progressive
rearranging of the glass towards, in this case, the metastable supercooled liquid
configuration. In the specific heat traces from Figure 7.1, this second process can be
identified by the shift to lower temperatures of the peak corresponding to the glass

transition of the not yet transformed TPD glass (Tsz between 395 K and 433 K). In

eak
Figure 7.6 we reproduce the evolution of this peak as function of annealing time for the
sample deposited at 285 K.
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Figure 7. 6. Specific heat curves obtained during heating ramps at 3.5x10* K/s of capped TPD samples
deposited at 285K (0.85T7,) after isothermal treatments at T, +14K during different intervals of time. The

shift towards lower temperatures of the remaining stable glass indicates that the glass is losing stability with
annealing time.

The shift to lower temperatures together with the reduction of the area under the peak
observed in Figure 7.6 are clear indicators that the glass matrix is losing stability during
the annealing process. Typically, the main parameters used to discuss stability in glasses

are the limiting fictive temperature, Ty, related to the thermodynamic stability of the

glasses, and the onset devitrification temperature, T,,,, related to its kinetic stability (see
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Section 1.5). However, in this case due to the complexity of the system: two different
TPD glasses (stable and fast-cooled) and two TCTA layers, Ty and T,,, are difficult to
evaluate for the remaining TPD stable glass for the whole thermal treatment. Subtracting
the TCTA layers and the TPD fast-cooled glass from the heat capacity data has proven to
yield values of the fictive temperature and onset temperature with high uncertainties,
especially for low stability samples, where there is an overlap of the two glass transition
peaks for longer annealing times. Therefore, Ty and T,,, are not suitable parameters to
determine the stability in capped samples. However, we can work with an alternative,
although not that reliable, indicator of the stability of the glass: Tyeqx (position of the
devitrification peak’s maximum). Figure 7.7 shows the dependence with deposition
temperature of T,,,, T and T4 Of the as-deposited glasses. The trend is very similar for
the three temperatures, so we can use the position of the peak, Ty,eqx, as an indicator of

the stability of the glass.
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Figure 7. 7. Correlation between Tf, T, and Tj.qx as a function of deposition temperature. These three
parameters are indicators of glass stability. Since Ty, T,,, and T4, follow a similar trend with deposition
temperature and the simplest one to determine in the calorimetric traces is Tjq, this temperature is chosen
as the indicator of stability for our study. Ty, and T,.q) ’s uncertainties are smaller than the symbol.

Figure 7.8a shows the evolution of T, as a function of annealing time for glasses with

different stabilities. The graph is normalized by the peak position of the FC glass, Ty,
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which corresponds to the final position at which the peak would evolve to if the glass had
transformed completely into the equilibrium supercooled liquid state by the softening
process, without the emergence and growth of liquid regions. Looking at Figure 7.8a we
notice that the evolution of the glass seems to be suddenly interrupted before reaching the

final position (i.e. Tpeqr = T,ffak). However, the evolution is not stopping. Instead of a

clear shift of the peak position, there is a broadening of the peak, with the low temperature
side expanding towards a less stable glass (see Figure 7.8b). So the softening proceeds,

but the peak position is not a useful indicator from that moment forwards.

Due to the presence of dynamical heterogeneities in the glass, with regions characterized
by different relaxation times, the softening is expected to take place following a stretched
exponential [21]. Fitting the data in Figure 7.8a with the Kohlrausch-Williams-Watts

function (KWW), f(t) = Ae-(1° (dashed lines in Figure 7.8a), we obtain 8 exponents
with values that range between f = 0.7 — 0.8, with no clear tendency depending on the
deposition temperature. Note that the value obtained for the ultrastable sample (deposited
at 285K), B = 0.84, is the one that presents a bigger deviation compared with the ones
measured for the other stabilities. However, this deviation may be explained because of
the slow evolution of this highly stable glass, which allows us to measure only a small
range of T4 before the glass is consumed by the equilibrated liquid regions, leading to
a bigger uncertainty in the fitting parameters. We can consider, therefore, that all the
samples relax in a similar manner with a stretching exponent given by the average value
B = 0.73 + 0.1, which also yields good fittings for the experimental data (see Figure 7.8a
dotted lines).

The stretched exponential function with a f < 1 is indicative that the glass matrix is
indeed going through a relaxation process characterized by a cooperative rearrangement
of the molecules with a broad range of time scales. Note that the values obtained for the
exponent S are close to 1 (between 0.7-0.8), indicating a low dispersion in relaxation
times of the vapor-deposited glasses regardless of the stability of the glass. These results
agree with previous works in vapor deposited stable glasses of methyl-m-toluate where
deviations of around 25% in the spatial distribution of the transformation times are

reported inside the glass [22].
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It is important to highlight that, to our knowledge, this is one of the first times the
softening mechanism has been measured for stable glasses. Stable glasses transform into
the supercooled liquid (when heated) mainly via propagating fronts that start at the free
surfaces/interfaces in case of thin films non-capped glasses, and via the formation and
growth of equilibrated liquid regions inside the glass matrix for capped samples.
Although the softening in the glasses studied in this chapter is clearly not the main
transformation mechanism, it is interesting to see that vapor deposited stable glasses
follow a similar softening behavior as the already observed for conventional glasses, with

the only difference being in their time scales.
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Figure 7. 8. a) Evolution of as a function of annealing time of the glass transition peak of the TPD stable
glass remaining after isothermal treatments at T, + 14K in glasses of different stabilities. Dashed lines
correspond to a fitting using the KWW expression with free parameters. Dotted lines correspond to KWW
fittings imposing B = 0.73. b) Specific heat curves of TPD capped glasses deposited at 315K after
isothermal annealings at T, + 14K during different intervals of time. The fraction of glass that does not

transform into the supercooled liquid during the annealing goes through a softening process that can be
observed by a shift in the onset temperature of devitrification. For long annealing times this shift seems to
stop (Tpeqx Starts to be constant), but the peak continues evolving broadening towards the low temperature
region.

Comparing the real transformation time, t;.q,s (that is considering together the
emergence and growth of liquid regions and the softening process) with the time that
would require to transform a 90% of the sample only by softening, txxwooo, (€Stimated
from the KWW fittings as the time required to reach (Tpeqx — Tfecak)/AT = 0.1), we find
that these two values become systematically closer the lower the stability of the glass. As

it can be seen in Figure 7.9, the ratio tixwo00/ terans decreases from 10 to 2.5 as we lower
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the glass stability, indicating that a possible transition from a mix mechanism (emergence
of liquid regions & softening) to a single mechanism (softening) might happen at lower
stabilities. That means going from a transformation with clear phase separation between
the liquid regions and the remaining glass to a pure cooperative relaxation with no
presence of a well distinguishable liquid phase, as typically observed for liquid cooled
glasses. Further details on this matter will be studied in the upcoming chapter.
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Figure 7. 9. Transformation time, t,,.,,s and time required to transform the 90% of the sample exclusively
by softening, Tywwoos, as a function of the fictive temperature of the TPD layer. Ty = Ty, for all samples
except for the ultrastable glasses with T,=292K. The lower the stability of the glass (higher fictive
temperatures), the closer the values of these two relaxation/transformation times, indicating a change in the
dominating process transforming the glass. For the glasses with lower stabilities (T, = 330K and Ty, =
333K) the calculation of 7, is extremely challenging due to the fast transformation rates and the
difficulty in separating the two different transformation processes which almost overlap. Uncertainties
correspond to the square sum of the instrumental and statistical error. The data that do not show
uncertainties in the figure is because they are smaller than the symbol in the graph.

7.5 Summary

In this chapter we have seen how the bulk transformation in capped thin film glasses takes
place mainly via a mechanism that shows a clear phase separation between the liquid and
the remaining untransformed glass independently of the stability of the samples, even for
glasses vapor deposited close to Tj. In particular, capped thin films transform into the

supercooled liquid when heated well above T, via two competing processes: the
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formation of equilibrated liquid regions inside the glass that grow by means of kinetic
facilitation and the progressive softening of the untransformed glass matrix.

As already observed in Chapter 5 for ultrastable glasses, the process that dominates the
transition into the liquid phase is the formation and growth of the liquid regions, which
can be studied by following the evolution of the fast-cooled glass transition endothermic
peak in the calorimetric measurements. Using the KIMAE model to fit the transformed
fraction data we found an Avrami exponent n = 2.8 + 0.1 which is consistent with a 2D
growth of the liquid regions with a non-null nucleation rate. Although in this model n =
3 can also describe a transition in 3D with no nucleation rate, the direct visualization of
new equilibrated regions in AFM measurements (see Chapter 6) together with the big
length scales (in the order of microns for the most stable glasses) between nucleation sites
compared with the thickness of our samples (63nm), allows us to assume confidently that

the samples are transforming via a two-dimensional growth with a certain nucleation rate.

As we have already discussed along Chapters 5 and 6, the transformation is more complex
than what is contemplated by the KIMAE formalism therefore, the values obtained for
variables such as the initial number of nucleation sites or the nucleation rate must be
considered only as a rough estimation of the real values. Considering this, we have found
large differences in the average distance between initiation sites as a function of glass
stability. We have found that while highly stable glasses present remarkable large
dynamic length scales (2-5um), in low stability glasses this distance is highly reduced to

around 20nm.

Interestingly, although the dominating process in the glass transition of capped thin films
is the formation and growth of the liquid phase, the progressive softening of the glass
shows to gain importance the lower the stability of the glass. Thus, while the softening is
almost negligible for ultrastable glasses (as we can see by the higher t;,qns/Txkww ratio),
it seems that it starts to play a more important role for glasses deposited at 325K (where
the tirans/Trww ratio is 80% smaller than in the ultrastable glass case), hinting the
possibility to have a crossover from a mixed mechanism (formation of liquid &
progressive softening) to a single one (consisting of only progressive softening) for even

less stable glasses, like it is usually observed in liquid cooled glasses.
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Chapter 8

Crossover between softening and

emergence of liquid regions

The bulk transformation mechanism in capped vapor-deposited glasses subjected to
isothermal treatments above T, has shown to take place via two competing processes: a
partial softening of the glass matrix, via a cooperative relaxation mechanism, and the
emergence and growth of equilibrated liquid regions inside the glass. As it was presented
in Chapter 7, these two mechanisms have been observed regardless of the stability of the
glass. However, while for highly stable glasses the transformation is clearly dominated
by the growth of the equilibrated liquid regions and there is an almost negligible softening
of the glass matrix, for glasses equilibrated at higher temperatures (therefore with lower

stability) the softening process is far more significant.

In many theoretical [1,2] and simulation [3-7] approaches, the transition from glass to
liquid at temperatures far above their fictive temperature (T) is found to happen via the
emergence of liquid regions inside the glass. This is explained by the existence of spatial
heterogeneous dynamics, that is, regions of the glass with different mobility. In all these
approaches, regardless of the thermodynamic or kinetic origin of the appearance of the
regions with enhanced mobility, the requirement to observe them is always a big contrast

in mobility between the glass and the equilibrium liquid at that temperature.

For ultrastable glasses, the ratio between the average relaxation time of the glass and that

of an equilibrated liquid region at temperatures close t0 Ty, Tg;455/74, IS €Xpected to be
very large (several orders of magnitude [8-10]). It has been previously shown that 7,

is equivalent to t;.qns and it can be understood as the time required to completely
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transform the glass into the liquid state at a given temperature [9,11]. It is important to
note that at T, Tgl“”/fa ~ 1. When an ultrastable glass is heated far above its fictive

temperature, due to the large difference between the relaxation time of the glass and that
of the liquid, according to all theoretical approaches, the emergence and growth of the
liquid regions will be much faster than the relaxation of the glass and, therefore, it will
dominate the transition of these highly stable glasses into the liquid. This is indeed what
we have observed for ultrastable capped TPD glasses in Chapters 5 and 6, where the
transformation was clearly dominated by the emergence of the equilibrated liquid regions

inside the glass.

Following a similar reasoning, a glass with sufficiently low stability, i.e one cooled from
the liquid at standard rates, could also experience the bulk transition into the equilibrated
supercooled liquid by forming localized liquid regions at spots with short relaxation times
provided there is sufficient mobility contrast with the adjacent regions [2,5]. The
measurement strategy would be to shift the transition to temperatures much higher than
its limiting fictive temperature, so the contrast in mobility between the liquid regions and
the adjacent glass could be high enough for the formation and propagation of these liquid
regions to be faster than the intrinsic relaxation of the surrounding glass. This assumption
was already verified for surface front transformation, where experiments by Sadtchenko
et al. [12] and Rodriguez-Tinoco et al. [10] showed that, at sufficient high heating rates
and, hence, by shifting sufficiently the devitrification temperature of the glass, a liquid-

cooled glass would also transform via front propagation.

In this chapter, we will study the glass transition in both vapor-deposited and liquid-
cooled glasses to test the emergence of liquid regions during the transition depending on
the stability of the glass and on the isothermal treatment above Tr. We aim to see if, in
fact, given enough contrast in mobility between the glass and the equilibrated liquid,
glasses can rejuvenate via the formation and growth of liquid regions independently of
the stability and/or the route by which the glass is obtained.
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8.1 Sample preparation and thermal protocol

For this study, we prepare capped TPD thin film glasses, with thicknesses of 63nm, from
the vapor-phase at two different deposition temperatures: T,,=285K (0.857}), for the
ultrastable glass (T;=292K), and Tg,,=330K (0.997), as a glass grown in equilibrium
with the supercooled liquid and, therefore, with fictive temperature Ty=330K. The as
deposited glass, grown in equilibrium with the supercooled liquid at this Ty, is
comparable to a glass obtained by cooling the liquid at a cooling rate around 1 K/min.
We cap both sides of the TPD glasses with TCTA (13nm thick layers) to inhibit the
formation of a liquid front at the surface/interfaces. On the other hand, we also obtain a
liquid-cooled glass by depositing the TPD in the liquid state at T;.,=338 K (i.e. 5K above
T,) on top of a 13nm thick TCTA layer, we then cool it down to room temperature and
finally, we anneal the resulting glass at T,,,,,=319K (T, -14K) for 96h until it is completely
equilibrated at that temperature (Ty=319K). We cap it afterwards with TCTA again to
avoid the front from appearing during thermal treatment. The reason behind the aging of
this liquid cooled glass at T,,,,=319K is to ensure the glasses obtained by this method
have enough stability as to distinguish the glassy phase (not transformed during the
thermal annealing) from the possible fast cooled (FC) glass that appears when fast cooling
the regions of the sample that have transform into the liquid phase. Otherwise, the
endothermic peaks of the original liquid cooled glass and the FC glass would overlap due
to the close stability between them. In addition, glasses with very low stabilities transform
in very short time scales, preventing us from following the transition. Aging the glass also
allows for the obtention of a glass with transformation times high enough to be

experimentally monitored.

After deposition, the glasses are taken at fast-heating rate up to a certain temperature
above the Ty of that specific glass and held there for different annealing times. During
this annealing treatment, the glasses partially rejuvenate. We then cool down the sample
to 200K at approximately -500 K/s and perform a subsequent fast heating (f=3.5x10* K/s)
scan, following a protocol analogous to the one explained in Section 5.1. The heat
capacity traces of the final fast up scan are, therefore, representative of the thermal history
of the glass and, as seen before, will present two glass transition signatures if liquid

regions have formed during the annealing: one at lower temperature, for the very low
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stability glass (related to the newly formed liquid regions), and one at higher temperature,

corresponding to the untransformed (or partially relaxed) glass.

8.2 Crossover between equilibrated liquid formation and cooperative

relaxation

Figure 8.1 shows the specific heat curves for a low stability TPD glass deposited at
Tyep=330 K (Ty=330 K) after isothermal treatments at 341 K (T,+8K) and 347 K

(Ty+14K) for different times. The transformation of this glass shows remarkable

differences depending on the annealing temperature. Annealing at T,,,,=341 K results in
a shift of the glass transition peak towards lower temperature as time increases, indicating
a progressive relaxation of the glass towards the equilibrium liquid at that specific
annealing temperature. On the contrary, at T,,,=347 K we see both the relaxation of the
as-deposited glass, by the shift of the original peak to lower temperatures, and the
formation of distinct liquid regions in the glass that are manifested by the emergence of
the second peak at lower temperature, identified by a green arrow in Figure 8.1a. This is
a remarkable result. The same glass can experience different transformation mechanisms
during the glass transition depending on the temperature at which the transformation takes
place. Remarkably, even though both temperatures differ only by 6K, the contrast in
mobility between liquid and glass is apparently different enough at these two

temperatures to show distinct outputs when the transformation is partially fulfilled.

We propose that the appearance of equilibrated regions can be rationalized from the ratio

between the relaxation time of the glass and the alpha relaxation time of the liquid
(Tgla”/ra) at the temperature of the isothermal treatment. If this ratio is large, the

nucleation and growth of liquid drops dominates the transition since on average the
relaxation of the glass is slower than the rate at which the liquid emerges and consumes
the sample. Contrary, small ratios are an indication that cooperative dynamics across the
sample is fast enough to be the main active mechanism during the transition. To further
analyze this assumption and provide a numeric estimation, we represent in Figure 8.1b
the experimental transformation times of the glass deposited at T, =0.99T as a function

of temperature (green circles).
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Figure 8. 1. a) Specific heat traces obtained at a scanning rate of 3.5x10* K/s after different annealing
treatments of samples deposited at 0.99T, (330K). The annealing temperatures and times are indicated in
the legend. The endothermic peak that appears at lower temperatures is an indication of the formation of
liquid patches in the glass during the annealing treatment. b) curves corresponding to the alpha relaxation
time of the liquid (dash-blue) [13], the relaxation time of the glass (green), which depends on the limiting
fictive temperature of the glass (Ty=330 K) and has been calculated according to Rodriguez-Tinoco et
al. [9], and the line corresponding to the crossover relaxation time calculated as 7,5, = (180 £ 60)7,
(grey). Green dots correspond to experimental transformation time, calculated from the calorimetric curves
as indicated in the main text. Uncertainties both in time and temperature fall inside the size of the dots.
Regarding the background we find in orange the temperature regions for which a cooperative relaxation
mechanism is expected for the glass transition. In green, the temperature region where we expect to find
the nucleation and growth of liquid regions during the glass transition. The cartoons represent the two
transformation mechanisms.

In order to calculate the experimental relaxation/transformation time of the glass at
different temperatures we use the following methods. In the case of temperatures at which
our glass transforms completely in laboratory timescales (from a few seconds to several
hours), transformation times are directly obtained from the annealing times, considering
the transformation time as the time at which the transformation is completed and there is
no matrix glass remaining (no presence of the second calorimetric peak). Using this
method, we obtain the two green circles at lower temperatures in Figure 8.1b. However,
this method presents various limitations, for instance we can just measure transformation
times at temperatures relatively close to T, since for higher temperatures the
transformation is too fast to be followed. To access the high temperature range, we can
take advantage of fast scanning nanocalorimetry and its ultrafast heating rates that shift
the glass transition to higher temperatures. In this case, the relaxation/transformation time
of the glass can be inferred from the devitrification peak of the glass during a calorimetric

scan and the heating rate achieved using two different approaches [9]:
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1) The relaxation time at the devitrification onset temperature, T,,,, can be inferred
using the known relation 7;8; = 1,8, [12,14], which allows us to establish a
relationship between the relaxation time of the glass and the heating rate of the
experiment. As a reference, we use a value for the relaxation time of the glass of
7, = 100s for a heating rate of 10 K/min [15,16].

2) The transformation time of each glass at the maximum of the transformation peak
can be estimated using the expression: t;rans(Tmax) = AT/Bm, Where AT is the
width of the transformation peak and £3,,, the mid value of the heating rate during

the transformation.

Figure 8.2 shows the main parameters to calculate the relaxation/transformation time

using the two approaches abovementioned.

4.0 T T T

35 T TCTA/TPD/TCTA |

Tdep=330K

Specific Heat (J/(gK))

320 3&0 360 séo 460
Temperature (K)

Figure 8. 2. Calculation of relaxation/transformation times from heat capacity data. In the first approach
we use the expression 7,8, = 7,f, to obtain the relaxation time of the glass from the heating rate at the
onset temperature and we obtain 7,=2x10*s at T=387,8 K. Using the second approach, the transformation
time is obtained from the width of the transformation peak and the heating rate and it is assigned to the
temperature corresponding to the maximum of the transformation peak. The calculation yields
terans=3.8x10%s at T=392 K.

In graph 8.1b we have also plotted the alpha relaxation time of the liquid (dashed blue
line) (extracted from [13]) and the relaxation/transformation time of the glass (green line)

as a function of temperature calculated from [9]:

T

s = tanenp (L222)

(T—To)

(8.1)
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This equation is a generalization of the well-known Vogel-Fucher-Tamman (VFT)
equation [17] aimed at describing the dynamics of supercooled liquids and glasses with
different thermal stability. In this equation all the parameters have an analogous meaning
as in the VFT equation, where 74, is the limiting value of 7, at an infinite temperature
and T, is the diverging temperature. In this case, however, D (see Equation 1.2) has been
substituted by a linear function of the limiting fictive temperature of the glass,
§(T';) = AT'; + B. In a supercooled liquid, the fictive temperature T; =T at all
temperatures from the definition of T, and one can recover the original VFT expression
for the relaxation time of the liquid. More information on the validity of this equation can
be found elsewhere [9]. We remark that the relaxation/transformation curve is not a fit
and it is calculated considering exclusively the relaxation time of the liquid and the

limiting fictive temperature of the glass.

In the particular case of the glass deposited at 330K, we see a change of mechanism in a
very small range of temperatures, barely 6K in a temperature interval between 341K and
347K, so we assume that the crossover temperature between the two regimes, gradual
cooperative softening (orange colored in the background of Figure 8.1b) and formation
of distinctive liquid regions (green colored in Figure 8.1b), should be at a temperature
between these two. For the annealing at T,,,=341K, T744s/7T, = 60, while at
Tann=347TK, 741455 /T = 300. As a rough estimation, we take the average between these
two values as the crossover ratio. Figure 8.1b shows as a grey line this crossover
relaxation time, 7455 crossover = (180 + 60)7,. We use this value as a predictor to
identify the temperature required to observe the formation of isolated liquid regions
during the glass transition for a specific glass irrespective of its initial state. The
transformation time at 341K falls to the left of the crossover line, while the one at 347K
is at the right side, following what we see in the calorimetric traces, that for each

temperature we have different transformation mechanisms.

The temperature of the crossover is somewhat ill-defined because of the difficulty to
establish in this region a clear difference between both mechanisms in the heat capacity
traces and therefore we represent it by a broad white-graded area (see Figure 8.1b). The
drawings (together with the background color) in Figure 8.1b clearly illustrate the impact
of the ratio tg44s/7, On the transformation, and schematically represent the

transformation at both sides, showing regions of liquid drops at the right (darker blue)
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within a glassy matrix (softer blue), while in the left region the transformation is spatially
less resolved.

A similar behavior has been observed in a glass cooled from the liquid. Figure 8.3a shows

the specific heat traces of a glass deposited 5K above T, (338K), cooled down and aged

at 319K for 96h. This treatment led to full equilibration of the glass at this temperature,
i.e. Tr=319K, before performing isothermal treatments at 347K (T, +14K) and at T, — 5K
(328K). Since both annealing treatments are above the glass’ fictive temperature, in both
cases the glass is expected to evolve towards the supercooled liquid, which means towards
faster relaxation times [18]. As it can be seen in the calorimetric traces, during the
annealing at 347K, distinguishable liquid regions are formed during the transition into the
supercooled liquid. On the contrary, when the annealing is performed at 328K, there is a
continuous shift of the glass transition overshoot, with no distinguishable fast-cooled
glassy regions, and the transition takes place exclusively via a cooperative relaxation

process (gradual softening).

Tdep=338 K & aged 96 h at 319K | Tdep=338 K & aged 96h at 319K 10"
Tann=328K Tann=347 K
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Figure 8. 3. a) Specific heat traces obtained at 3x10%K/s after different annealing treatments of samples
deposited at 1.05Tg, fast cooled and aged at 319K for 4 days. The annealing temperatures and times are
indicated in the legend. Left panel: The overlap between the curve corresponding to a sample deposited at
328K and the one annealed for 5h at 328 K indicates that after this time, the glass has fully transformed and
reached equilibrium. b) curves corresponding to the alpha relaxation time of the liquid (dash-blue) [13], the
relaxation time of the glass (purple) [9], and the line corresponding to the crossover relaxation time
calculated as Tg;445 crossover = (180 £ 60)7, (grey). Purple circles correspond to transformation time data
obtained from the calorimetric curves using the approaches explained in the main text.

In Figure 8.3b, we represent the relaxation times of the liquid and the glass (for a glass

with T=319K), the transformation times obtained from the calorimetric curves and the
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crossover relaxation time as in Figure 8.1b. The transformation times at 328K
(cooperative dynamics on the whole sample) and 347K (localized heterogeneous
dynamics & facilitation) fall respectively at left and right of the crossover line
(Tgiass,crossover = (180 £ 60)7,), consistent with the transition mechanism observed
during the annealing treatments (Figure 8.3a) and providing solidity to the assumption
that this crossover curve is independent of the characteristics of the glass. Looking at
Figure 8.3b we can observe that according to our estimation, for this particular glass, since
its stability is high (T;=319K), the annealing temperatures required to exclusively see the
cooperative relaxation would be below 338K (intersection between crossover relaxation
time and relaxation time of the glass). In fact, the higher the stability of the glass, the
lower the crossover temperature. This is even clearer in the case of the ultrastable glass.
Figure 8.4a shows the calorimetric traces for a sample vapor deposited at T, =285K
(0.85Ty), temperature at which the glass attains the maximum kinetic and thermodynamic
stability [19,20], after annealing at 347K (T,+14K) for different times. At this annealing
temperature, the ratio 7,455 /7, ~ 2x10° and the transformation is clearly dominated by
the formation and expansion of liquid patches in the glass. Looking at a similar scheme
than in Figures 8.1b and 8.3b, one can see in the inset of Figure 8.4b that we would need
to perform annealing treatments at T<300K (33K below Tg) with unreachable
transformation times above 10%7s to transform the glass by cooperative gradual softening

when considering the VFT extrapolation of the 7.

The crossover line between these two mechanisms can be rationalized by considering the
intrinsic dynamical heterogeneity of the supercooled liquid state. Even though the
characteristic time of the relaxation of a liquid is monitored via a single value of structural
relaxation for each temperature, the true relaxation proceeds via non-stretched
exponential decay of dynamic correlations in spontaneous density fluctuations. The
relaxation dynamics of the SCL is typically obtained by dielectric spectroscopy, where
this relaxation is manifested as a peak in the complex part of the permittivity of the sample
(dielectric loss). While the maximum of this peak is regarded as the (main) relaxation
time of the system (z,,), its width is strongly influenced by the dynamical heterogeneities
in the SCL. As a consequence, even after a time 7, parts of the SCL are still not relaxed,
corresponding to the low frequency side of the dielectric loss, which for most glass-

formers, but in particular for TPD, spreads along two orders of magnitude above the
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maximum of the peak (alpha relaxation value) [21]. Interestingly, this value is consistent

with the observation of the crossover time of (180 + 60)t,,.
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Figure 8. 4. a) Specific heat traces obtained at 3.5x10* after different annealing treatments of samples
deposited at 0.85Tg (285 K) and annealed at 347 K. The annealing times are indicated in the legend. b)
curves corresponding to the alpha relaxation time of the liquid (dash-blue) [13], the relaxation time of the
glass (black) [9], and the line corresponding to the crossover relaxation time calculated as 74455 =
(180 + 60)7, (grey). Black dots correspond to experimental transformation time, extracted from
Rodriguez-Tinoco et al. [10]. Transformation time at 347 K is obtained from the data of the a) panel. The
inset shows the same curves but in a lower temperature range, so the crossover point can be depicted.

Under this view, we could interpret that if the relaxation time of the glass is inside the
distribution of relaxation times of the liquid, the whole system relaxes as a SCL would
do, i.e. via a cooperative relaxation mechanism with no distinguishable liquid clusters. In
other words, the glass will present a cooperative relaxation mechanism at a certain
temperature as long as the glass relaxation time is comparable with the values of the
relaxation time of the liquid, taking into account that in the liquid we have a dispersion
of relaxation times. Thus, seeing or not this mechanism will depend strongly on the
stability of the glass and the measuring temperature. We speculate the two regions (green
and orange) highlighted in Figures 8.1b, 8.3b, and 8.4b could also be rationalized from a
length scale perspective. That is, distinguishable liquid regions could be identified only
if the average distance between them is much larger than the correlation length of

dynamic heterogeneities [22].

The relaxation time of the glass at the crossover temperature may have been the major
handicap for observing experimentally these liquid regions during the glass transition.

The lower the stability of the glass, the higher the crossover temperature and, therefore,
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the faster the transformation time of the glass. In the case of the glass deposited at 0.997
for instance, the crossover occurs for transformation times of the order of a few seconds.
For a conventional glass cooled at -10K/min with 7, = 100s at Ty, nucleation and
growth-like behavior would be identified only at temperatures above 359K, with
transformation times around several milliseconds. Since conventional calorimetry is
unable to work in these short time scales, most of the experiments up to now were limited
to temperatures near T, (at the left side of the crossover) and therefore, only the
cooperative relaxation mechanism had been observed in glasses so far. Now with the
general availability of fast scanning calorimetry short time scales are within reach and it
would be interesting to carry out measurements far from equilibrium to test the occurrence

of similar behavior in other glassy systems.

8.3 Summary

In this chapter we have seen that glasses transform into the super cooled liquid via two
different mechanisms depending on their stability and the temperature of the
measurement. This work provides conclusive experimental evidence to test theories of
the glass transition and is compatible with models that include heterogeneous dynamics
and dynamic facilitation and predict the formation of distinct liquid regions when there
exists a large contrast between the mobility of the equilibrated liquid and the glass. We
have also shown that the ratio of 7,,,.:/7, at a given temperature appears to be a good
indicator to predict the mechanism of the transformation. Importantly, the existence of
the two regimes identified in this work is independent of the experimental procedure or
protocol to produce the glass but their exploration may require the use of ultrafast

experimental techniques to identify the liquid regions.

163



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

Chapter 8. Crossover between softening and emergence of liquid regions

References

V. Lubchenko, Theory of the Structural Glass Transition: A Pedagogical Review, Adv Phys 64,
283 (2015).

P. G. Wolynes, Spatiotemporal Structures in Aging and Rejuvenating Glasses, Proc Natl Acad
Sci U S A 106, 1353 (2009).

I. Douglass and P. Harrowell, Can a Stable Glass Be Superheated Modelling the Kinetic
Stability of Coated Glassy Films, Journal of Chemical Physics 138, (2013).

R. Gutiérrez and J. P. Garrahan, Front Propagation versus Bulk Relaxation in the Annealing
Dynamics of a Kinetically Constrained Model of Ultrastable Glasses, Journal of Statistical
Mechanics: Theory and Experiment 2016, 074005 (2016).

M. Lulli, C. S. Lee, H. Y. Deng, C. T. Yip, and C. H. Lam, Spatial Heterogeneities in Structural
Temperature Cause Kovacs’ Expansion Gap Paradox in Aging of Glasses, Phys Rev Lett 124,
(2020).

R. L. Jack and L. Berthier, The Melting of Stable Glasses Is Governed by Nucleation-and-
Growth Dynamics, Journal of Chemical Physics 144, (2016).

C. J. Fullerton and L. Berthier, Density Controls the Kinetic Stability of Ultrastable Glasses,
EPL (Europhysics Letters) 119, 36003 (2017).

M. D. Ediger, Perspective: Highly Stable Vapor-Deposited Glasses, Journal of Chemical
Physics 147, (2017).

C. Rodriguez-Tinoco, J. Rafols-Ribé, M. Gonzélez-Silveira, and J. Rodriguez-Viejo, Relaxation
Dynamics of Glasses along a Wide Stability and Temperature Range, Sci Rep 6, 35607 (2016).

C. Rodriguez-Tinoco, M. Gonzalez-Silveira, J. Rafols-Ribé, A. Vila-Costa, J. C. Martinez-
Garcia, and J. Rodriguez-Viejo, Surface-Bulk Interplay in Vapor-Deposited Glasses: Crossover
Length and the Origin of Front Transformation, Phys Rev Lett 123, (2019).

A. Sepllveda, M. Tylinski, A. Guiseppi-Elie, R. Richert, and M. D. Ediger, Role of Fragility in
the Formation of Highly Stable Organic Glasses, Phys Rev Lett 113, 45901 (2014).

U. S. Cubeta and V. Sadtchenko, Glass Softening Kinetics in the Limit of High Heating Rates, J
Chem Phys 150, 094508 (2019).

D. M. Walters, R. Richert, and M. D. Ediger, Thermal Stability of Vapor-Deposited Stable
Glasses of an Organic Semiconductor, J Chem Phys 142, 134504 (2015).

M. Chonde, M. Brindza, and V. Sadtchenko, Glass Transition in Pure and Doped Amorphous
Solid Water: An Ultrafast Microcalorimetry Study, J Chem Phys 125, 094501 (2006).

A. Cavagna, Supercooled Liquids for Pedestrians, Phys Rep 476, 51 (2009).

Z. Wojnarowska, K. Adrjanowicz, P. Wlodarczyk, E. Kaminska, K. Kaminski, K. Grzybowska,
R. Wrzalik, M. Paluch, and K. L. Ngai, Broadband Dielectric Relaxation Study at Ambient and
Elevated Pressure of Molecular Dynamics of Pharmaceutical: Indomethacin, J Phys Chem B
113, 12536 (2009).

164



[17]

[18]

[19]

[20]

[21]

[22]

Chapter 8. Crossover between softening and emergence of liquid regions

C. A. Angell, Entropy and Fragility in Supercooling Liquids, J Res Natl Inst Stand Technol
102, 171 (1997).

J. Zhao, S. L. Simon, and G. B. McKenna, Using 20-Million-Year-Old Amber to Test the Super-
Arrhenius Behaviour of Glass-Forming Systems, Nat Commun 4, 1783 (2013).

J. Rafols-Ribé, A. Vila-Costa, C. Rodriguez-Tinoco, A. F. Lopeandi4, J. Rodriguez-Viejo, and
M. Gonzalez-Silveira, Kinetic Arrest of Front Transformation to Gain Access to the Bulk Glass
Transition in Ultrathin Films of Vapour-Deposited Glasses, Physical Chemistry Chemical
Physics 20, 29989 (2018).

S. S. Dalal, D. M. Walters, 1. Lyubimov, J. J. de Pablo, and M. D. Ediger, Tunable Molecular
Orientation and Elevated Thermal Stability of Vapor-Deposited Organic Semiconductors,
Proceedings of the National Academy of Sciences 112, 4227 (2015).

C. Rodriguez-Tinoco, M. Rams-Baron, J. Rodriguez-Viejo, and M. Paluch, Emergence of a
Substrate-Temperature-Dependent Dielectric Process in a Prototypical Vapor Deposited Hole-
Transport Glass, Sci Rep 8, 1380 (2018).

M. D. Ediger, Spatially Heterogeneous Dynamics in Supercooled Liquids, Annu Rev Phys
Chem 51, 99 (2000).

165



Chapter 8. Crossover between softening and emergence of liquid regions

166



Chapter 9. Summary

Chapter 9

Summary

Glasses are ubiquitous systems in our daily life, being present in very diverse applications
from simple tableware appliances to leading technology devices, and yet their nature is
not fully understood. In particular, both the transition from the metastable equilibrium
state (liquid) to the out-of-equilibrium state (glass) and the reverse process, i.e., the
transition from glass to liquid, are some of the most intriguing phenomena in the field of
solids physics up to this day. In this work, we focus on the latter, and we explore the rich
phenomenology behind the transition back to equilibrium of a previously arrested state.
The main objective of this work was to deepen our knowledge on the bulk transformation
mechanism by which thin film glasses transit into the equilibrium supercooled liquid
phase after an up jump in temperature. Since in thin film glasses (especially those with
higher stabilities) the surface effects induce the transformation, precluding the study of
the intrinsic bulk transformation of the glass, we focused our study in capped vapor-
deposited glasses, making use of the capping strategy to gain access to the bulk transition

of the material.

In the last years, vapor deposition has emerged as a powerful strategy to produce glasses
of unprecedented stability. Moreover, the possibility to tune the deposition conditions
allows to tailor glasses with a wide range of stabilities, as well as different layer
configurations, very useful for optoelectronic applications for example. Making it also
the ideal tool to prepare capped glasses. In this work, we use physical vapor deposition
to grow capped TPD films at a wide range of deposition temperatures (from 0.857 to
1.02T,) and at slow deposition rates, 0.08nm/s, allowing the study of the bulk

transformation in glasses with a wide range of stabilities. As capping material, TCTA has
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been used on the free surface and the interface with the substrate, ensuring the suppression
of the propagating fronts.

The main technique used to characterize the samples studied in this work is quasi-
adiabatic fast-scanning nanocalorimetry. This technique has proven to be extremely
useful to evaluate different aspects of the mechanisms behind the glass transition thanks,
mostly, to the high heating rates employed during heating scans. The high heating rates
shift the devitrification of the glass to temperatures much higher than the ones reached
using other conventional techniques (such as conventional DSC), allowing us to study
aspects of the transformation that can only be observed if high enough mobility contrast
between the different dynamical regions in the glass can be granted. In addition, the
sensitivity of the technigue allows measuring very low masses, that is the energy involved
in the glass transition of glasses with thicknesses in the order of only a few nanometers,

I.e. masses of around 1-2 ng.

Blocking the surface mobility of thin film glasses has shown to play a critical role in the
way vapor-deposited glasses transform into the liquid phase when heated well above their
limiting fictive temperature. While non-capped thin film stable glasses are characterized
for transforming into the liquid phase via propagating fronts that start at the free surface/
interface with the substrate and penetrate into the glass at a constant rate, capped glasses
have shown to follow a bulk like transformation that takes place in the whole volume of

the sample.

In this work, we have seen that, when eliminating the surface influence on the glass
transformation, the bulk transformation takes place via two competing processes when
annealed at a constant temperature well above the fictive temperature of the glass: i) the
emergence and growth of equilibrated liquid regions inside the glass that grow by means
of kinetic facilitation and ii) the progressive softening of the remaining untransformed

glass.

The emergence and growth of the liquid regions has been mainly inferred from the
calorimetric trace of the devitrification process after thermal annealing the samples for
different amounts of time. This allows to distinguish and monitor the formation of liquid
regions inside the glass from the appearance of a second devitrification peak at lower
temperatures that increases in area with annealing time. Studying the evolution of the
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transformed liquid fraction as a function of time with the KIMAE model we are able infer

in an approximate way the dynamics of the transformation.

Using this model, we observed that thin film ultrastable glasses transform into the liquid
phase following a nucleation and growth like kinetics with 2D growth of the equilibrated
regions. The total number of these liquid regions has shown to variate along the transition,
starting from a small number of pre-existing sites and then increasing as more areas of
the glass achieve equilibrium, having a certain non-null nucleation rate. Although the
origin of the pre-existing liquid sites is still not completely understood, we attribute it to
the existence of regions with more mobility due to defects on the surface of the substrate
or temperature inhomogeneities during the deposition of the sample.

One of the most remarkable results regarding these equilibrated regions inside the glass
is the gigantic length scales corresponding to the separation distance between the
initiation sites, of the order of 2-5um (in the case of highly stable glasses). These results
agree with the observations made by means of atomic force microscopy (AFM), technique
that allows a direct visualization of the equilibrated liquid regions and their evolution

thanks to the wrinkling patterns formed on the top TCTA layer due to thermal stress.

Using this technique, we could obtain direct visual confirmation of the presence of a small
number of pre-existing nuclei (where the transformation seems to start), as well as the
emergence of new equilibrated regions with annealing time and the huge separation
between equilibrated regions in the first stages of the transformation. From the AFM
measurements we were also able to evaluate the growth rate of the liquid regions inside
the glass. Interestingly, this study showed that the equilibrated liquid grows at an average
velocity that matches well with the velocity obtained for the propagating fronts in non-

capped samples at that specific temperature.

Changing the stability of the glass by growing the samples at different deposition
temperatures, we are able to study how stability affects the bulk transformation dynamics.
We have found that, independently of the stability of glass, the dominating transformation
mechanism after a temperature jump well above T, is the formation and 2D growth of
equilibrated liquid regions. In this case, the nucleation rate increases sharply the lower
the stability of the glass. As a consequence, the number of nucleation sites increases
considerably and the distance between them is strongly reduced (~20nm for glasses
deposited at 325K). This result agrees with previous studies that reported a higher number
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of high mobility regions in glasses equilibrated at higher temperatures (therefore, less
stable).

In parallel, the initial glass that does not transform into the liquid phase during the
isotherms (glass matrix or remaining stable glass) goes through a partial softening that
can be evaluated by measuring the shift to lower temperature of the corresponding
endothermic peak. This mechanism has shown to be almost negligible for ultrastable
glasses, however it gains importance the lower the stability of the glass. Up to the point
to observe that depending on the stability of the glass and the temperature of the annealing

treatment, the softening is the only apparent transformation mechanism.

We propose that the appearance of equilibrated regions during the glass transition can be

rationalized from the ratio between the relaxation time of the glass and the alpha
relaxation time of the liquid (Tgla“/ra) at the temperature of the isothermal treatment.

If this ratio is big, the samples transform dominated by the appearance of liquid regions,
since their emergence and growth rate is way higher than the relaxation time of the glass
matrix. However, if the ratio is small, we are not able to distinguish the appearance of
liquid regions since the cooperative dynamics across the sample are fast enough to
dominate the transition. In this sense, we have observed how in highly stable glasses the
transformation is clearly dominated by the formation and expansion of liquid patches in
the glass and the effect of the softening of the glass matrix is practically negligible.
However, as stability is decreased, if the annealing temperature is kept unchanged, the
cooperative dynamics start to gain a more important role, up to the point where, if the
ratio 7,.4s5/7¢ IS small enough, a change in the transformation mechanism can be
appreciated: we stop observing a transition with a clear phase separation between the
transformed liquid regions and the softening glass matrix, and start seeing a transition
mainly dominated by the cooperative dynamics across the film (no phase separation).

The crossover line between these two mechanisms can be rationalized by considering the
intrinsic dynamical heterogeneities of the supercooled liquid state. As it is commonly
known, although glasses are usually defined by a single structural relaxation time or
fictive temperature, they should be described as a mosaic of regions with a certain
distribution of relaxation times (or spontaneous density fluctuations in the RFOT
theoretical framework). Therefore, the requisite to observe one mechanism or the other is

mainly the mobility contrast between the dynamic heterogeneities intrinsic in our glass at
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a certain temperature. This contrast can be achieved by measuring at temperatures far
above the fictive temperature of the glass, which is easily achieved for highly stable
glasses, but requires temperatures much higher than T, in the case of conventional glasses.
Interestingly, we have observed that the existence of the two regimes is independent of
the experimental procedure to produce the glass (by physical vapor deposition or by

cooling from the liquid phase).

The results presented in this work, provide new insights into the processes behind the
glass transition, its transformation mechanism and the main parameters describing the
transformation towards equilibrium, establishing new paths on the way to deepen our
knowledge in one of the topics most studied and still poorly understood in the field of
solids physics.

More specifically, this work opens a path to explore, for example, the relaxation dynamics
in glasses with different stabilities and visualize the impact that parameters such as the
nanostructure of the sample, surface defects on the substrate or distance between
equilibration sites, have on the relaxation mechanism of the glass. It allows also for a
direct manipulation of the characteristic microstructure of the sample, granting us the
possibility of tailoring glasses with specific structures depending on the future

application.

From another perspective, this work also opens the path to a better understanding of the
nature of the glass transition as a kinetic or thermodynamic phenomenon. The possibility
of stablishing a relationship between stability and the length scales involved in the
transition can provide a new perspective to the analysis of the glass transition as a critical
phenomenon establishing a relation with a thermodynamic (first order) transition at a

finite temperature.
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