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Abstract
Ultrastable glasses (mostly prepared from the vapor phase under optimized deposi-
tion conditions) represent a unique class of materials with low enthalpies and high
kinetic stabilities. These highly stable and dense glasses show unique physicochem-
ical properties, such as high thermal stability, improved mechanical properties or
anomalous transitions into the supercooled liquid, offering unprecedented opportuni-
ties to understand many aspects of the glassy state. Their improved properties with
respect to liquid-cooled glasses also open new prospects to their use in applications
where liquid-cooled glasses failed or where not considered as usable materials. In this
review article we summarize the state of the art of vapor-deposited (and other) ultra-
stable glasses with a focus on the mechanism of equilibration, the transformation to
the liquid state and the low temperature properties. The review contains information
on organic, metallic, polymeric and chalcogenide glasses and an updated list with
relevant properties of all materials known today to form a stable glass.

Keywords Ultrastable glasses · Organic glasses · Metallic glasses ·
Vapor-deposition · Glass transition · Thin films · Low-temperature · Organic
electronics

Since their discovery in 2007 by Mark Ediger and his group at the university of Wis-
consin [1], Madison, vapor-deposited stable glasses have become an important area of
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research within the glass community due to their remarkable properties that facilitate
new approaches to the exploration of some long-standing problems in glass science,
such as the glass transition phenomenology and the existence or not of an ideal glass
that is hidden by the kinetic glass transition observed in the laboratory. At the same
time, vapor-deposition offers a versatile route to produce organic thin film glasses
with enhanced kinetic and thermodynamic stability, as well as tailored molecular ori-
entation, opening new possibilities to improve the efficiency and lifetime of organic
optoelectronic devices [2].While much research has focused on organic glasses, a new
burst of activity is related now to ultrastability in metallic glasses and polymers, two
families of materials with many relevant industrial applications. We note that several
excellent reviews have been recently published covering aspects related to the ori-
gin of ultrastability, their packing anisotropy and tuning of the molecular orientation,
as well as structure–property relationships of stable organic glasses [3–5]. Here, we
intend to give a broader description that provides updated information on the different
materials that have been grown from the vapor as ultrastable glasses including metal-
lic, organic, polymeric, and chalcogenides. Although during the 14 years of activity
in this field most of the work has involved organic glasses, we incorporate whenever
possible data from metallic glasses and polymers. From this diverse perspective we
focus on the mechanism of formation of stable glasses and on their low-temperature
properties, their transformation into the supercooled liquid, the role of fragility in
stable glass formation and some potential applications of these materials. The review
is organized as follows. The first section provides a general introduction of the main
characteristics of stable glasses and some common properties and distinctions between
stable glasses of different families and prepared by different routes. It includes organic,
metallic, polymer and chalcogenide glasses and a comprehensive up-to-date list/table
of most materials prepared from the vapor as stable glasses. The second section covers
the mechanism of formation of low enthalpy glasses by vapor deposition. Section 3
deals with the transformation mechanism of organic stable glasses into the super-
cooled liquid. It covers two scenarios: in very thin films propagation fronts parallel
to the film surface (or interfaces) dominate the transformation and, in much thicker
films, the transformation proceeds through a bulk process that resembles nucleation
and growth in the melting of polycrystalline solids. Section 4 describes some of the
remarkable features of the low-temperature properties of glasses and the exceptional
properties of vapor-deposited stable glasses. Finally, Sect. 5 summarizes some interest-
ing (opto)electronic and thermal transport properties of vapor-deposited stable glasses
in relation to present or potential applications.

1 Introduction

Glasses can be broadly defined as non-equilibrium solids lacking long-range order.
The absence of periodicity provides exceptional attributes to these materials. In par-
ticular, they can be made more homogeneous on larger scales than crystals due to the
absence of grain boundaries and there is a large flexibility in tuning their composition
and properties without entering well-defined thermodynamic states. They exhibit a
reversible transition between the glass and the supercooled liquid that is termed glass

123



Ultrastable glasses: new perspectives… 327

transition. Consequently, a good understanding of the dynamical behavior of super-
cooled liquids is crucial for a precise knowledge of the formation of the glass. The
reader is referred to several reviews covering the supercooled liquid state [6, 7], here
we briefly introduce some ideas that we consider relevant for the discussion below.
The glass is usually obtained by cooling the liquid from above the melting temperature
of the material, bypassing crystallization, to low temperature regions where viscosity
is high enough to consider the material a solid in observational time scales.1 In the
glass state, molecular motion almost ceases, except for thermal vibrations. A similar
statement can be formulated in terms of the structural relaxation time, τ (also called
alpha relaxation), considering theMaxwell equation [8] that relates the relaxation time
of the supercooled liquid and the shear viscosity through τ = G∞ · η, where G∞ is
the shear modulus measured at high frequency. The relaxation time of the liquid is
proportional to the viscosity and roughly follows its same temperature dependence,
since the variation of G∞ with temperature is much less dramatic than that of the
viscosity. Therefore, similarly to viscosity, τ of the supercooled liquid grows abruptly
close to the glass transition, although this dynamical change is not associated to a
structural variation. The relaxation time can be considered as a characteristic time
associated to the rearrangement of a system once it has been externally altered and
moved out from equilibrium. It can also be associated to the dissipation of sponta-
neous density fluctuations occurring in the liquid structure. Both characteristic times
are related by the fluctuation–dissipation theorem. For example, when reducing the
temperature of a liquid by a small value, its volume (or enthalpy) does not change
immediately, but the process requires a certain amount of time to reach equilibrium.
This equilibration time (or relaxation time), which is temperature dependent, governs
the dynamics of such a change. The temperature at which the relaxation time of the
material exceeds standard laboratory time scales (by convention chosen at around
100 s) is considered as the standard glass transition temperature, Tg, (Fig. 1a). This
temperature marks the transition from the supercooled liquid to the glass state [6].
The glass transition temperature can be defined in many other alternative ways: for
instance, in calorimetry experiments, its value for a given substance is defined by a
finite discontinuity of the heat capacity when cooling from the liquid at − 10 K/min
[9] (see Fig. 2). Throughout this review, we will refer to a conventional glass as one
that has been cooled from the liquid at − 10 K/min, and its Tg is measured on cool-
ing or at the subsequent heating at + 10 K/min. However, the temperature associated
to the atomic/molecular arrest depends on the thermal history of the material, that
is, for instance, on its cooling rate. The lower the cooling rate, the lower the glass
transition temperature, if crystallization can be avoided. In other words, the glass can
be made more stable (lower Tg on cooling) by simply decreasing the cooling rate.
Of course, besides the risk of crystallization that is a handicap for many families of
glasses, there is a practical obstacle to this processing route since, roughly speaking,
temperature excursions of tens/hundreds of degrees from the liquid state are typically
required to produce a glass. That is, cooling at 0.01 K/min for 100 K will require
around 10 days. Further lowering two orders of magnitude, the cooling rate to obtain a
glass with higher thermodynamic stability (lower Tg) will raise this number to 3 years.

1 The glass state is said to be reached when the viscosity attains 1012 Pa·s (1013 poise)[238].
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Fig. 1 Representation of the dynamics of typical glass-forming liquids: a logarithm of the structural (alpha)
relaxation time of glycerol as a function of 1000/T , showing the exponential growth of relaxation dynamics
as the temperature is lowered, and b logarithm of the viscosity as a function of the normalized inverse
of temperature for materials with different fragility. Strong materials, such as silicon dioxide, follow an
Arrhenius expression, while fragile glass formers, such as o-terphenyl, follow a super Arrhenius expression.
Data obtained from [13, 14]

Fig. 2 Representation of the typical specific heat trace of a glass transition during cooling (dashed red line)
and the subsequent heating, at a faster pace than the previous cooling (blue line). The beginning of the
glass transition peak on heating corresponds to the onset temperature (Ton). The integration of the specific
heat trace yields the enthalpy curve. The limiting fictive temperature can be calculated as the intersection
between the enthalpy curve and the extrapolation of the supercooled liquid enthalpy line

The amount of stability enhancement upon lowering the cooling rate will ultimately
depend on the fragility of the supercooled liquid. The kinetic fragility is a measure
of the non-Arrhenius character of the change of viscosity (or relaxation time) of the
supercooled liquid when approaching the glass transition temperature. Strong liquids
display an Arrhenius temperature dependence, while fragile liquids are highly non-
Arrhenius [10, 11]. The larger the deviation from Arrhenius, the higher the fragility,
as schematically shown in Fig. 1b. An indicator of the kinetic fragility of the liquid
is the parameter m, that is obtained through the Angell plot [12] (log (η) vs Tg/T , as
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in Fig. 1b), using the following expression, m = dlog[τ(T )]

d
(
Tg
T

)
]

T=Tg

. Low and large m

values mean strong and fragile liquids, respectively.
The stability of a glass can also be improved by annealing the glass below the glass

transition temperature, a process often termed aging. Aging, in a structural sense, is
a very slow relaxation process because it relies on the bulk structural relaxation, that
has a sharp exponential behavior below Tg (see Fig. 1a). Therefore, unreachable time
scales are often needed to prepare a glass with very high thermal stability. This is the
main drawback of liquid-cooled glasses, because if the glass is not stable enough at the
working temperatures it may undergo changes during its lifetime operation in many
practical applications.

One of the most relevant attributes of vapor-deposited stable glasses is that they
can be prepared in thermodynamic states comparable to glasses that have been cooled
(or equivalently aged) for hundreds/thousands of years. This property brings unusual
opportunities to prepare, in just a few hours, glasses that may take unattainable waiting
times by conventional liquid-cooled protocols. This correspondence between vapor-
deposited and conventional glasses is always established upon extrapolation of the
properties of the liquid-cooled glass towards extremely low cooling rates or geologi-
cal timescales of aging. In addition, vapor-deposited glasses often exhibit molecular
packing anisotropy [15, 16] which adds another degree of freedom to tune the prop-
erties of the material, but at the same time hinders a direct correlation of some of
their properties with respect to isotropic liquid-cooled glasses. Therefore, one of the
relevant questions in the field of vapor-deposited stable glasses is whether they would
be comparable to glasses prepared by conventional means in unreachable timescales,
or they correspond to unique configurations that are a particularity of the preparation
method.

Probably, the most prominent characteristics of vapor-deposited glasses are related
to their kinetic and thermodynamic stabilities. The kinetic stability is typically mea-
sured through the shift of the onset of devitrification (Ton), defined as the temperature
at which the glass starts to transform into the supercooled liquid on heating. Since
stable glasses are prepared from the vapor as films, the variation of Ton is typically
measured either with calorimetry (by standard calorimetry for micron-thick films or
chip-based calorimetry for thinner ones) or with ellipsometry, measuring the thickness
change as a function of temperature. Ton is evaluated at the crossing point between the
heat capacity of the glass and the rapidly increasing heat capacity line. This tempera-
ture coincides with the inflection point of the Cp line during cooling when |qc| = |qh|.
If heating is faster than cooling, Ton is right shifted compared to the inflection point
of the heat capacity on cooling (Tg), as shown in Fig. 2. This is the situation for
vapor-deposited glasses: since they are in thermodynamic states equivalent to glasses
cooled at extremely small cooling rates, but Ton is measured on heating at rates around
10 K/min. Therefore, Ton is shifted to high temperatures with respect to Tg, the larger
the shift the higher the kinetic stability of the glass. An alternative (but closely related)
quantification of the kinetic stability can be obtained by comparing the time needed
to transform a material to its supercooled liquid state during an isotherm at T > Tg
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with the alpha relaxation time at that temperature. This time is referred to as trans-
formation time. For instance, if a glass takes 1000 s to become a liquid at T1 > Tg
and τα is 0.1 s at T1, then the ratio ttrans/τα is 104. Another signature of the high
stability of ultrastable glasses is the thermodynamic stability, which is measured by
the decrease of a state variable (enthalpy, volume) with respect to the liquid-cooled
glass. Enthalpy reductions around 5–10 J/g are typically reached in ultrastable glasses
(Table I). The thermodynamic stability is described through the concept of the fictive
temperature (T f), defined as the temperature at which the state variable (enthalpy or
density) has the same value for the glass and for the extrapolated equilibrium liquid
[9, 17] (see Fig. 2). While it has been recognized that glasses do not show a unique,
macroscopic, T f, but rather a microscopic dispersion of fictive temperatures [18], it
is a useful parameter to globally define the stability of a glass and we will use it this
way throughout this review. The evaluation of T f can be done in several ways: using
calorimetric data, the integration of heat capacity yields the enthalpy as a function of
temperature and the extrapolation of the enthalpy of the supercooled liquid line to low
temperatures provides T f at the crossing point between the liquid and the glass lines
(see Fig. 2).

T f can also be evaluated from the specific heat data using the area matching method
of Moynihan et al. [17]. A different approach is to use ellipsometric data and extract
T f as the intersection between the thickness of the glass and the extrapolation to lower
temperatures of the thickness of the liquid. In view of the above, though ultrastability
is a tunable quantity, an ultrastable glass could be defined as a glass that simultane-
ously exhibits: (i) transformation times when annealed above Tg that are orders of
magnitude larger than the alpha relaxation times at that temperature (typical values in
organic glasses are 103–106) or equivalently shifts in Ton (during a heating scan) by
some important fraction (around 5% or more) relative to Tg. �Ton (%) is defined as
((Ton(stable)-Tg(conventional))/Tg(conventional)) × 100, and (ii) a fictive tempera-
ture evaluated through any relevantmacroscopic property (enthalpy, density, hardness)
that approaches the ideal glass state beyond what can be achieved by cooling the liquid
in reasonable time scales. As will be shown below, not all materials termed ultrastable
glasses in the literature comply with the same characteristics. Organic glasses show
low enthalpic fictive temperatures while in metallic glasses, due to the difficulty of
measuring in a sufficiently large temperature interval the heat capacity of the liq-
uid because of crystallization, it is best to correlate the stability with respect to the
mechanical properties.

At this point, we introduce the potential energy landscape (PEL) paradigm, which is
so widely employed to visualize and discuss the dynamic and thermodynamic behav-
ior of glasses and viscous liquids. As depicted in Fig. 3, the PEL of an ensemble of N
particles is essentially a topographic view of the (3N + 1) potential-energy hypersur-
face of any glass-forming substance [19–21], though it is schematically projected on
two dimensions for sake of convenience. Even a small portion of this energy diagram
is plenty of local minima and saddle points for thermal energies below kBTm (where
Tm stands for the melting temperature of the stable crystalline state, when it exists).
When a liquid is supercooled bypassing the crystallization down to the glass-transition
temperature Tg, it becomes a glass getting trapped in one of the many possible local
minima or metastable states, depending on the thermal history followed. Furthermore,
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Fig. 3 Schematic potential energy landscape (PEL) for supercooled liquids and glasses, including the hypo-
thetical absolute minimum for a glass state. An ideal glass would be obtained after an infinitely long aging
at the Kauzmann temperature TK. Double-well (DWP) and single-well (SWP) potentials are also suggested
(see Sect. 4 for a detailed discussion). A glass could evolve by aging, exploring lower energy states, or
by rejuvenation, moving towards higher energy states. A vapor deposited ultrastable glass can access low
energy states, close to the ideal glass

many authors have speculated on the possible existence of an “ideal glass” which
should correspond to the best and most stable possible glass achievable, associated
with the lowest relative minimum. This ideal glass would have zero configurational
entropy, equal to that of crystals, and has been associated to the possible existence of
an underlying, likely second order, thermodynamic glass transition occurring at the
so-called Kauzmann temperature TK [22].

Interestingly, a few experiments in the last decade have addressed more directly
this question, by trying to get very deep in the energy landscape, approaching the
ideal glass state, as illustrated in Fig. 3. The recent emergence of highly stable glasses
has opened an appealing and timely window to investigate these issues in a real, not
speculativeway [23–25]. In a PEL view the kinetic stability can be seen as the height of
the barriers that need to be overcome to attain another, more equilibrated, metastable
state. Hence the thermodynamic stability is pictured by a deep position in the PEL.
The lower the value of T f, the higher is the stability of the glass or, to put it another
way, the lower is the position of the glass in the PEL.

1.1 Organic glasses

Most of the work on ultrastable glasses has involved molecular glasses. Since the first
measurements in 2007 [1] with 1,3-bis-(1-naphthyl)-5-(2-naphthyl)benzene (TNB)
(Tg = 347 K) and indomethacin (IMC) (Tg = 315 K), more than 45 different organic
molecules, ranging from small molecules such as toluene [26–28] and ethylbenzene
[28] to pharmaceuticals such as IMC and TNB and more recently to organic semicon-
ductors like TPD [29, 30], NPD [31, 32] and TPBi [2], have shown their ability to form
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highly stable glasses upon growth by physical vapor deposition at the right processing
conditions. Table 1 shows a comprehensive list of molecules and some of the out-
standing properties of the vapor-deposited thin film ultrastable glasses obtained from
them. As a general trend, vapor-deposited organic glasses show a substantial increase
of Ton compared to a conventional glass prepared by cooling the liquid at− 10 K/min.
�Ton roughly varies from 2 to 10% (see Table 1) depending on the molecular system
and growth conditions.

The two most relevant external parameters influencing the kinetic and thermo-
dynamic stability of vapor-deposited organic glasses are the substrate temperature
during growth from the vapor, T sub, and the growth rate, g [33–35]. In most cases,
stable organic glasses are deposited using g values around 0.1–1 nm/s. Lower (higher)
rates can be used to prepare glasses with higher(lower) stability. The influence of
these parameters on glass stability can be understood through the concept of surface
equilibration and will be deeply discussed in Sect. 2. Figure 4 shows typical trends for
Ton and T f as a function of the substrate temperature (for g ≈ 0.1–1 nm/s). The region
of maximum stability (both kinetic and thermodynamic) is broadly located between
0.8 and 0.9 Tg, being Tg the glass transition temperature of the conventional glass.
In the region close to Tg the glass can be grown in equilibrium with the liquid at the
deposition temperature if the growth rate is low enough [36]. That is, in these condi-
tions, a glass grown at a substrate temperature of, for example, 0.95 Tg, will have a
fictive temperature that equals 0.95 Tg. Figure 4 also shows that as we lower T sub we
get to a temperature at which the glass falls out of equilibrium, i.e. does not follow
the extrapolation line of the supercooled liquid. This has been explored in detail by
Beasley et al. [25] and brings the interesting issue as to how low can we reduce the
substrate temperature (and, concomitantly, the growth rate) to obtain glasses in equi-
librium with the supercooled liquid. The fundamental and relevant question would be:
How far an ultrastable glass can go down in the energy landscape? That is, can we
reach an enthalpy state close to the one theoretically predicted for the ideal glass? This
relevant issue is further discussed in Sect. 2.5.

In practical experiments, lowering the value of g even further is experimentally
challenging, and at some point when the substrate temperature decreases the vapor-
deposited glass will fall out of equilibrium, i.e. its average fictive temperature will be
higher thanT sub. This is the shadow region inFig. 4a.Theproperties of vapor-deposited
glasses grown at low substrate temperatures, below 0.75 Tg, have not been explored in
detail and it is too early to draw conclusions about the mechanism of stabilization in
this temperature regime, at least for organic glasses. Recent experiments fromFakhraai
and coworkers [40] show that at temperatures around and below 0.85 Tg it is possible
to access to a different phase in TPD vapor deposited glasses but only for very thin
films, below 70 nm. This is a clear example showing how complex can become the
relaxation mechanisms that take place during the deposition process.

The role other external variables can play in the properties of the glass is much less
explored compared to temperature and growth rate. Below, we describe several ways
one could think to modify the energy of the incoming molecules or their arrange-
ment/packing within a glass. For instance, ion-beam-assisted deposition (IBAD)
irradiating the substrate surface with a low-energy ion beam during growth could be
used to enhance surface diffusion. If crystals can be avoided during thin film growth,
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a b c

Fig. 4 Onset temperature of devitrification (bottom) and fictive temperature (top) of several organic thin
films: a Toluene; b Tris(4-carbazoyl-9-ylphenyl)amine (TCTA), c Celecoxib. Lines are a guide to the eye.
The devitrification was measured by quasi-adiabatic membrane-based nanocalorimetry, at heating rates of
the order of 3 × 104 K/s for films of equal thickness. Data extracted from different sources [37–39]

this deposition technique may enable highly stable glasses at lower deposition temper-
atures compared to standard physical vapor deposition. Other external variables such
as electric/magnetic fields or light during thin film growth may have some impact
on the formation of stable glasses depending on the nature of the organic molecule.
For example, organic molecules with large intrinsic electric dipolar moments could
be orientationally tuned by high external electric fields while keeping a high thermo-
dynamic stability. The presence of magnetic fields during deposition may also play a
role in molecules containing magnetic atoms. Or illumination of the substrate during
growth may affect the formation of semiconductor molecules with homo–lumo levels
lower than the energy of the incident light [41].

Another property that is very useful in understanding some of the unusual prop-
erties of stable organic glasses is density. Ellipsometry data are employed to infer
the density of the films and highly stable organic glasses are consistently more dense
than conventional liquid-cooled glasses by around 1–2% depending on the organic
molecule and the deposition conditions (see Table 1). The increased density of the
glass correlates relatively well with the enhanced thermodynamic stability, i.e. fictive
temperature [37, 38]. The high packing density of stable glasses is often invoked to
explain the heterogenous nature of the transformation of the stable glass into the super-
cooled liquid, that starts in regions of high mobility at the surface of the glass, where
mobility is orders of magnitude higher than in the bulk. The observation of propaga-
tion fronts that start at surfaces/interfaces has already been observed and analyzed in
many organic glasses. Section 3 gives a detailed overview of this mechanism.

A remarkable characteristic of many vapor-deposited glasses is the existence of
molecular anisotropy. An excellent review on this topic has appeared recently [5] and
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hereweonly give a short summary.While conventional glasses, those preparedby cool-
ing from the melt, are completely isotropic, glasses prepared by physical deposition
exhibit a particular molecular arrangement whose magnitude depends on deposi-
tion conditions (T sub and growth rate) and on molecular shape. In general, glasses
deposited below, and close to, Tg, exhibit an isotropic structure comparable to con-
ventional glasses.DecreasingT sub, the grownglass has an increasing tendency towards
end-on packing (i.e. long axis of the molecule perpendicular to the substrate). Even-
tually, upon further decreasing of T sub, the orientation of the molecule becomes more
planar (parallel to the substrate), see Fig. 5. These observations have been experimen-
tally determined using variable angle spectroscopic ellipsometry, X-ray diffraction,
infrared/UV spectroscopy or absorption [3, 5, 42–45] and supported by a number
of simulation works[29, 46]. The relation of molecular anisotropy with the mode of
growth is described in Sect. 2 and the impact on the electronic and other properties
considered in Sect. 5. To what extent molecular ordering and thermal stability are
related is not well known, but several experiments point out that both properties are
not correlated (see Sect. 2.5).

Fig. 5 (Left) GIWAXS scattering patterns obtained from TPD glasses vapor deposited at substrate temper-
atures of 260 K and 315 K. The concentration of intensity observed along qz and qxy indicates anisotropic
packing. These scattering patterns were obtained at an incidence angle of 0.14° and represent scattering
from the entire thickness of the film. (Right) Schematic representing the microstructures of TPD glasses
with the highest magnitude positive and negative order parameters in this study corresponding to sample
prepared at 260 K and 315 K. For illustrative purposes, the degree of order has been enhanced in the
schematics. Reprinted with permission from A. Gujral et al. Chem. Mater. 2015, 27, 9, 3341–3348 [47].
Copyright 2015 by American Chemical Society
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1.2 Metallic glasses

Metallic glasses, MG, are a family of remarkably important materials that share the
properties of both metals and glasses giving rise to unique mechanical and functional
properties, key to their use in many applications, such as computer memories and
magnetic resistance sensors in electronics, surgical tools in the bio-medical industry,
nuclear waste disposal reservoirs due to their resistance to irradiation or as the core
of high-power transformers based on the soft magnetic properties of some metallic
alloys [48].However, their applicability is often limited by their tendency to exhibit low
thermal stability and crystallization. Therefore, one of the main goals in the metallic
glass community over the years has been to enhance the glass forming ability and to
improve the thermal stability and mechanical strength of glasses.

While most of the studies are devoted to bulk metallic glasses (BMG) and the
emphasis is placed on obtaining large-size disordered materials from the liquid using
low cooling rates avoiding crystallization, recent efforts are also directed towards the
preparation of thin film metallic glasses (TFMG) because of their potential use in
specific areas such as biomedical and optical components [49]. Recent work on thin
film metallic glasses prepared by magnetron sputtering has shown the feasibility of
obtaining ultrastable metallic glasses in a broader range of deposition conditions (T sub
and g) compared to organic glasses [35, 50, 51].

In contrast to the behavior of organic vapor-deposited glasses where both kinetic
and thermodynamic stability appear to be correlated and are always enhanced in highly
stable glassy materials, the observation of high kinetic stability in TFMG, typically
identified by a shift in Ton to higher temperatures during heating, has not always been
accompanied by an enhancement of the thermodynamic stability (we note that in the
metallic glass community Tg refers to the onset of the devitrification temperature mea-
sured by calorimetry at heating rates of around 10 to 20 K/min). That is, some stable
MG exhibit simultaneously a higher onset of devitrification temperature and, appar-
ently, a high position in the potential energy landscape, quantified through enthalpy
plots or through the enthalpic fictive temperature. It seems that in metallic glasses
the presence of large energy barriers to change the inner energy of the system also
appear in states that are located high in the potential energy landscape, i.e. states with
low thermodynamic stability. This is a distinct, and still not well understood, variation
between vapor-deposited metallic and organic glasses. We note, however, that it is
often difficult to evaluate with enough accuracy the enthalpic fictive temperature in
thin film metallic glasses because of the presence of crystallization close to the glass
transition.

Two reports in 2013 [50, 51] were the first observation of ultrastability in metallic
glasses and since then many others have been published, most of them within the Zr-
based family [35, 52–59]. Aji et al. reported ultrahigh stability in a multicomponent
metallic alloy of composition Zr55Cu30Ni5Al10 (at %) [50]. They vapor-deposited
the material using magnetron sputtering with a single sputtering target at a substrate
temperature of 0.8 Tg (573K) and a growth rate of 0.2 nm/s. The calorimetric curves of
the vapor-deposited film showed an increase of the onset temperature of devitrification
by 51 K with respect to the liquid-quenched glass of the same composition measured
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Fig. 6 DSC scans at heating rate of 20 K/min of Zr55Cu30Ni5Al10 glass samples: (a) bulk glass produced
by copper-mold-casting (black); ultrastable glass produced by RF sputtering deposited at 573 K (green);
bulk glass annealed at 683 K for 60 (red) and 360 min (blue). (b) Enthalpy of Zr55Cu30Ni5Al10 glass
samples derived by integrating the curves shown in (a). Reprinted with permission from Aji et al. [50]

on heating at 10 K/min, �Ton = 7.1%, as shown in Fig. 6A. The crystallization
temperature (Tx) also increased by207K. In addition, the hardness and elasticmodulus
were also improved by ~ 30% with respect to the bulk metallic glass.

The thermodynamic stability in metallic glasses is difficult to quantify from calori-
metric data since crystallization frequently occurs not far from the glass transition
temperature, although these authors reported an apparent decrease of the fictive tem-
perature in the stable glass (Fig. 6b). In parallel with the previous work, Yu et al. [51]
reported ultrastability in the ternary Zr65Cu27.5Al7.5 glass vapor-deposited at 0.8 Tg
(Tg = 676 K) using a higher growth rate of 1.4 nm/s. The as-grown glass had an
11 K increase in Ton (�Ton = 1.6%), but an enthalpy higher than the liquid-cooled
or annealed glasses. Another option to quantify stability is using the relaxation time.
Ruta et al. [52] usedX-ray photon correlation spectroscopy onCu50Zr50 thin filmMGs
prepared by magnetron sputtering at different conditions to find that glasses prepared
at 0.89Tg have higher structural relaxation times than fast quenched MGs, a factor
2–3 slower. Moreover, when taken to temperatures close to Tg, this vapor deposited
MGs relax into a less stable configuration, with a higher relaxation time, in a similar
way to hyperaged geological amber when taken to temperatures above its T f [51].

In general, as it occurs in organic glasses, the deposition temperature and the growth
rate are very influential parameters to obtain stable metallic glasses. However, some
reports also point out that the specific technique used for deposition can also have a
significant impact on the growth conditions to achieve high stability [55]. In fact, while
most thin film ultrastable MGs are grown by magnetron sputtering in the temperature
window between 0.7 and 0.85 Tg, some other approaches have shown the feasibility to
obtain stable glasses at even lower temperatures. Ion beam assisted deposition (IBAD)
has been used by Bai and coworkers [56] to obtain stable glassy materials of CuZr
(Cu50Zr50) using very low deposition rates (down to 0.06 nm/s) at room tempera-
ture. Although these materials do not show a well-defined devitrification process in
calorimetry scans, the increase of the crystallization temperature and the enhancement
of the mechanical properties suggest that they are in a more stable state compared to
liquid-quenched MGs. Very recently, the work of Luo et al. [35] has challenged the
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Fig. 7 a Representative DSC curves at a heating rate of 20 K min−1 for Zr46Cu46Al8 MGs grown by IBAD
technique. Ordinary glass produced by melt-spinning technique; vapor-deposited glass films produced at
different growth rates as denoted below each curve. Tg and Tx are defined from the onset of the transforma-
tion as indicated by the intersection of the black lines. b Tg vs. deposition rate. For comparison, the Tg and
Tx with their variation ranges for the ordinary glass are presented by the shaded magenta areas. Reprinted
with permission from Luo et al., Nat Comm. 9, 1389 (2018) [35]

view that ultrastable vapor-deposited glasses need to be grown at temperatures in the
vicinity of 0.8–0.85 Tg. By using ion beam assisted deposition (IBAD) and reducing
the growth rate to 0.017 nm/s these authors demonstrate ultrastability in a Zr-based
(Zr46Cu46Al8 (at.%)) MG at deposition temperatures as low as 0.43 Tg, (Fig. 7). As
a cautionary note, in the technique used by this group the ions were used to sputter
the atoms from the target to the surface of the substrate. This is in contrast to what
is commonly referred to as IBAD, in which ions are used to bombard the substrate
surface during deposition with the aim to increase the density of the thin films or to
enhance adhesion [60]. The onset of devitrification of the vapor-deposited ultrastable
glass increases by ∼60 K (�Ton = 8.5%) and displays a better glass forming ability
that the liquid-quenched glass. They also report and enhancement of Tx, so higher
annealing temperatures are necessary to initiate crystallization. Remarkably, the crys-
talline phases obtained by annealing this Zr-based vapor-deposited ultrastable glass
are different from the ones obtained by annealing a conventional MG. That may be
due to different local atomic arrangements in both materials. Analogous conclusions
are reached in the work of Ferry and coworkers [55] who observed an increase in the
onset temperature of devitrification by ∼ 70–75 K (�Ton = 10.5%) compared to bulk
MGs by reducing the deposition rate a factor of 50 from ∼ 4 nm/s to ∼ 0.08 nm/s at
0.43 Tg for glasses of Zr50Cu44.5Al5.5 and Zr50Cu41.5Al5.5Mo3. Interestingly, using
magnetron sputtering they achieved similar degree of kinetic stability than the work of
Luo et al. [35] but with 10 times faster growth rates (∼ 0.17 nm/s versus∼ 0.017 nm/s),
which illustrates that the impact of the growth rate on glass stability may depend on
the specificities of the technique used for deposition, among them on the energetics of
the atomic species when they reach the substrate surface. These works [35, 54] clearly
exemplify the influence of the deposition rate in attaining very high stability at a given
deposition temperature. There is aminimumgrowth rate (whose value depends onT sub
for each deposition technique) beyond which no further enhancement of stability is
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achieved. Figure 7 illustrates the impact of reducing the growth rate on enhancing Tx.
The role of oxygen or other impurities at this very low growth rates (or at higher tem-
peratures) should be properly addressed, as their presence may substantially impact
the physic-chemical and mechanical properties of the glass. It is remarkable that the
influence of the growth rate on the degree of stability is much stronger in metallic
glasses than in the case of organic molecules. As an example, Luo et al. achieved a
variation of onset temperature with respect to Tg (�Ton/Tg) of 7.1% over one order
of magnitude change of growth rate between 1 and 10 nm/min, while in the case of
the organic semiconductor TPD, Kearns et al. reached a lower �Ton/Tg of 3% over
more than two orders of magnitude variation in growth rate, from 0.3 to 70 nm/s [61].
This difference could be related to the fragility of the glass-forming systems [62]. A
recent work by Muley et al. [62] investigated the stability, mechanical properties and
structure of vapor-deposited glasses of Zr65Cu27.5Al7.5 with the same composition as
those reported previously by Yu et al. [51]. While the general features of both studies
are similar, the most stable glasses of Muley’s work were achieved at different con-
ditions and with a different degree of stability compared to Yu’s work. And, in fact,
growing above 0.707 Ton and at any deposition rate, the samples inMuley’s workwere
crystalline while in that by Yu et al. were amorphous. This points to the influence of
uncontrolled processing parameters that may play a significant role in the properties
of the material. Interestingly, the icosahedral order in these CuZrAl MG seems to
improve for the kinetically more stable glasses grown at the slowest deposition rates.
This in agreement with the earlier report by Aji et al. [50] in which atomic ordering
analysis revealed that the stable MG had a higher medium range order (MRO) com-
pared to liquid-cooled or annealed glasses. The changes in MRO may originate from
enhanced surface mobility during vapor deposition at temperatures close to Tg that
enable atoms to find more energetically favorable positions.

We also note on the existence of conflicting results in which increased deposi-
tion temperature produced metallic glasses with enhanced density and mechanical
properties but with lower thermal stability, i.e. lower temperatures of crystallization.
This was the case for MG of composition ≈ Zr60Cu8Ni25Al4Hf1Ti2[63]. Chu et al.
observed no modification of the thermal stability (Tg = 400 °C and Tx = 500 °C)
in sputter-deposited Zr51.4Cu29.5Ni12.3Al6.8 thin film metallic glasses prepared at dif-
ferent temperatures ranging from RT to 400 °C [59]. On the contrary, hardness and
elastic modulus increased by 30% and 20%, respectively, in films grown at 400 °C
with respect to those grown at room temperature.

The enhancement in mechanical properties is a common feature of most vapor-
deposited metallic glasses and some authors consider them ultrastable because of this
improvement [53]. Gianola and coworkers [64] investigated the mechanical proper-
ties of Pd77.5Cu6Si16.5 MG by nanoindentation. Maximum values of hardness were
achieved in samples grown at 0.73Tg with values 33% higher (hardness = 9.7 GPa)
than for the glass grown at room temperature (0.52Tg, hardness = 7.3 GPa). At this
temperature shear banding was also enhanced in the more stable MGs. Dziuba et al.
[53] related the enhanced mechanical properties of a Cu50Zr50 ultrastable glass to
a low position in the potential energy landscape. Following this trend, Muley et al.
[62] used a relation already established [65] to relate deformation energy and fictive
temperature to quantify the improvement in thermodynamic stability of their vapor
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deposited glasses. Nevertheless, some vapor depositedmetallic glasses show the oppo-
site behavior, an improvement of the mechanical properties together with an apparent
decrease of thermodynamic stability [51]. This uncorrelation could be a signature that
in metallic glasses other parameters, such as local structure, should be considered to
get the full picture when considering the characteristics of vapor deposited glasses.

A different approach towards ultrastability was adopted by Bai et al. [66] using
high pressure in a PdNiCuP (Pd40.16Ni9.64Cu30.12P20.08)MG. Interestingly, they found
that those glasses, after being held at approximately 15 GPa for 1 h, exhibit similar
properties to vapor-deposited metallic glasses (at least to those reported previously by
Luo et al. [35] and somehow to those reported by Aji et al. [50]), namely higher Tg by
8–11K, higher density by up to 1%, higher hardness by up to 8%, higher glass forming
ability (GFA: �T = Tx − Tg) up to 10 K at 18 GPa. Similar to Samwer’s glasses [51]
these pressurized glasses do not have low enthalpy. They are located up in the potential
energy landscape (PEL), but with high barriers (higher Tg) indicating that a lot of
energy is needed to take themout from the energyminimawhere they are located. In the
same manuscript they also reported that pressure induces changes in the local atomic
order with respect to ‘normal’ liquid-quenched glasses. The effect of pressure-induced
structural changes has also been explored in organic glass formers. Rams-Baron et al.
showed that a liquid-cooled glass of etoricoxib formed at high pressure exhibited,when
measured at ambient pressure, an increased devitrification temperature and higher
density [67]. On the other hand, Rodriguez-Tinoco et al. investigated the effect of
pressure on IMC glasses, both vapor-deposited and rejuvenated. Both exhibited an
increase on the onset of devitrification with increasing pressure, though at a different
pace. However, the rejuvenated glass submitted to high pressure and subsequently
depressurized exhibited the same devitrification temperature that a glass formed at
ambient temperature [68].

1.3 Polymer glasses

While there are many examples of reported ultrastable organic glasses made out from
small molecules, the production of ultrastable polymers from the vapor is far more
problematic. Because of the strong intermolecular forces between polymer chains, the
polymer can thermally degrade rather than vaporize, manifested in some cases as a
reduction ofmolecularweight or decomposition of some components [69].Despite this
difficulty, there are a few works reporting on the production of ultrastable polymer
glasses from the vapor-phase, though most of them cannot be considered exactly
equivalent to the physical vapor deposition, PVD, of molecular glasses.

Yoon et al. [70] described the preparation of vapor-deposited ultrastable polymer
glasses of Teflon AF 1600, known to have weak molecular interactions and a low
dielectric constant, by vacuum pyrolysis technique, i.e., pyrolysis of the target material
and subsequent repolymerization on the substrate. Because of the pyrolysis process,
they observe some chain scission, but they argue that the resulting thin film is still
polymeric with an equivalent chemical state as the precursor. By tuning the substrate
temperature during the deposition, they obtained glasses exhibiting large enthalpy
overshoots and higher devitrification temperatures upon heating in a Flash DSC®.
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Glasses deposited at around 0.85Tg exhibit the largest devitrification temperatures
but an increase in fictive temperature of 14% with respect to the rejuvenated glass,
obtained by slowly cooling from the supercooled liquid.

With the aim of fully avoiding changes in the polymer nature, Guo et al. usedmatrix
assisted pulsed laser deposition (MAPLE) to prepare thin films of PMMAglasses [71].
As opposed to other evaporation routes,MAPLE provides a gentle and non-destructive
means for the deposition of polymer films. By controlling the substrate temperature
during deposition and setting a growth rate of 0.25 nm/s, they were able to form glassy
polymer films with higher devitrification temperature, up to 40 K, and lower specific
heat (a reduction of up to 20%), with respect to ordinary glasses prepared from the
melt. Furthermore, the kinetic stability in the glassy state (transformation time at Tg)
could be enhanced by two orders of magnitude. However, contrary to stable organic
molecular glasses, which show an increase in density and a lower enthalpy, the stable
polymer glasses exhibited a reduction in density of 40% (glass grown at 0.86Tg) and
a higher enthalpy (up to 60 J/g higher for T sub = 0.84Tg). The calculated T f for
these glasses was up to 24% higher. According to the authors, the origin of this unique
combination of propertieswas related to the growthmechanism, different to the surface
facilitation mechanism responsible for the formation of stable vapor deposited glasses
of small molecules. In MAPLE, film formation proceeds by the assembly of nearly
spherical polymer nano-globules. According to the authors, solvent evaporation of the
globules in their path from the target to the substrate induce their collapse into stable
globules. In parallel, limiting coalescence of each of these globules would result in a
poorly packed structure. The combination of the two phenomena would give rise to a
glass with higher devitrification temperature (due to the stability of the globules) but
with lower overall density (due to limited coalescence).

A simpler approach, but reliable in the sense that the structure of the material is
preserved, and similar to those of small-molecular glasses,was followed byForrest and
co-workers [72]. To obtain appreciable deposition rates at temperatures below those at
which thermal degradation occurs, they used near-oligomeric (N � 6–12) polystyrene
and polymethyl methacrylate. By characterizing the properties of the resulting thin
layer by ellipsometry, they found an increase in devitrification temperature of 6%,
as well as an increase in density of about 1.6% and 25 K decrease in limiting fictive
temperature, for layers deposited at 0.89 Tg. It should be noted that the Tg of the
material is affected by the deposition conditions, since the molecular weight of the
material changes due to temperature changes or time after the deposition has started
(the smaller oligomers are evaporated first and then the largest ones). These glasses
exhibit an (extrapolated) transformation time of up to 3 million years.

A very different kind of highly stable polymer glass, not prepared from the vapor
phase but by chemical vitrification, is that of geological glasses such as amber. Amber
is a fossilized tree resin which has undergone a maturation and stabilization process
for tens or even hundreds of millions of years. This is another route to go very deep in
the PEL (Fig. 3), which will be described more in detail in Sect. 4 in the framework of
low-temperature properties of ultrastable glasses. Another potential route to stabiliza-
tion has been demonstrated by aging below Tg ultrathin polymer films and spherical
nanoparticles [73, 74].
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1.4 Chalcogenide glasses

Amorphous chalcogenides are useful for applications ranging from phase change
memory materials for random access memory applications to photovoltaics. Zhang
et al. have prepared thin film glasses of Sb2Se3 by vapor deposition in the temperature
window where glass stability could be present [75]. Although they could not clearly
identify the glass transition signature by DSC, they report an enhanced crystalliza-
tion temperature, lower surface roughness and high refractive index for glasses grown
at 373 K as an indication of enhanced thermal (kinetic) stability of the material. In
particular, the crystallization temperature increased by 17 K with respect to a glass
grown at room temperature. Interestingly, this work reports a distinct (and surprisingly
smaller) coordination number for the stable glass with respect to the ordinary amor-
phous material, but close, at the same time, to the one of the crystal. Stable glasses
are also less dense, implying that there is not always a direct correlation between sta-
bility and density. In the case of chalcogenides, this could be due to the large number
of intramolecular interactions, which can result in strong repulsive forces in a dense
molecular packing.

Amorphous selenium has also been grown as a thin film from the vapor in the range
of temperatures and growth rates that could lead to high stability [41]. In addition,
since a-Se is very sensitive to above-band gap visible light, white illumination was
used during growth to investigate the effect of this parameter. Glasses grown in the
dark and under white-light illumination showed signs of high stability, both in terms of
kinetic and thermodynamic stability, an indirect indication that the surface mobility is
enhanced compared to the bulk dynamics. However, films prepared under white light
exhibited lower density, but higher kinetic stability (higher onset of devitrification)
when directly compared to films grown in the dark, providing access to a different
local minimum on the potential energy landscape, not accessible by any other means.
Apparently, light would induce the formation of a chain structure that lowers density
but increases kinetic stability due to the difficulty of breaking these extra bonds. Since
the formation of these networks is induced by light, it is exclusively a surface effect
and therefore, the propagation of these networks throughout the film is only achievable
because of the illumination of the sample during the PVD deposition. As happened
with the stable chalcogenide glass and some metallic glasses, amorphous selenium
shows that density (or thermodynamic stability) does not necessarily correlate always
with kinetic stability.

2 Mechanism of formation of low enthalpy glasses by vapor
deposition

A priori, one would think that molecules landing onto the substrate during vapor depo-
sitionwould be submitted to extremely fast cooling rates, from the high temperatures at
which they are ejected from the source (typically around the Tm of the material) to the
low temperatures of the substrate (around or below Tg). Consequently, without invok-
ing any equilibration mechanism, glasses produced by PVD should vitrify at higher
temperatures due to the arrest of the structural relaxation and, therefore, would be less
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stable (lower density) than those prepared by controlled cooling from the melt. This
intuitive description does not match with reality, it is just the opposite, since highly
stable glasses are nowadays routinely produced in this way [1]. Therefore, a particular
molecular mechanism that allows equilibration of the molecules during the deposition
process must exist and, in fact, decreasing the growth rate at a fixed substrate tem-
perature leads to more equilibrated glasses [25, 35, 61]. In the following we describe
several alternative views that may explain the enhanced stability of vapor-deposited
organic glasses, though this subject is still under intense investigation. Although this
section mainly deals with molecular glasses where most of the research has been done,
several very recent works on metallic glasses are also included.

2.1 Is surface diffusion responsible for ultrastable glass formation?

Surface diffusion seems to be a relevant quantity andonly recently sensitive approaches
have been devised to infer its value over extended temperature intervals. Enhanced
molecular diffusion at the surface is responsible for fast surface crystal growth inmany
organic glasses as crystal growth rate is nearly proportional to the surface diffusion
coefficient, Ds [130]. One way to measure surface diffusion is by the embossing of
surface gratings onto glassy surfaces and subsequent measurement by diffraction of
the decay of the grating pattern [89, 131]. Surface diffusion can also be accessed
by measuring the evolution of the response when a probe is placed on the surface,
inducing the formation of a meniscus due to surface-mediated flow. Fakhraai and
coworkers, for instance, used the tobacco mosaic virus to investigate surface diffusion
in molecular glasses of TPD [100, 122]. In general, measured Ds values on organic
glasses range from 10–11 to 10–16 m2/s at Tg, 4 to 8 orders of magnitude larger than
the bulk counterpart, as shown in Fig. 8 [89, 100].

Fig. 8 Bulk and surface diffusion
coefficients (Dv and Ds) versus
Tg/T . “u.b.” stands for “upper
bound”. Values of Ea and Ds and
their corresponding references in
Table 1. Adapted with
permission from Chen Y et al. at
J Phys Chem B 121:7221–7227
(2017) [89]. Copyright 2017
American Chemical Society.
TPD data obtained from [100]
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This eightfold enhancement of surface diffusionwith respect to bulk diffusion [131]
allows to circumvent the restrictions to molecular rearrangement imposed by the slow
bulk dynamics. Indeed, at the surface layer, molecules exhibit diffusion levels that
allow them to reach stable packing arrangements in timescales comparable to the
residence time of these molecules on the surface. This time is determined by the
growth rate. For a given deposition rate g, the mobile surface layer of depth ξ will
be equilibrated on a time scale ξ/g. If the surface layer is considered to have 1 nm
and the growth rate is 0.1 nm/s, then the residence time of each molecule is 10 s. If
surface diffusion is high enough, the residence time may be enough for the molecules
to efficiently sample the energy landscape and find close to equilibrium configurations
before being buried by other incoming molecules. Surface diffusion typically follows
anArrhenius dependencewith temperaturewith activation energies around 100 kJ/mol
(Table I and Fig. 8). This behavior is in contrast to bulk diffusion, which follows a
super-Arrhenius dependence with temperature, inducing a more abrupt kinetic arrest
as temperature is decreased.

The relevance of surface diffusion as an indicator of the formation of stable glasses
has been analyzed in detail in several reports involvingorganicmoleculeswith different
degrees of hydrogen bonding (HB) and/or variations of molecular size [131]. HB
reduces surface diffusion due to their robustness at surface layers, which makes the
barrier for diffusion approximately the same on the surface as in the bulk. As an
example, the surface diffusion coefficient of o-terphenyl (OTP), a non HB-molecule,
and sorbitol (HB molecule), two molecules with similar sizes, differ by 105 at Tg
[132]. In the same reasoning line, it was shown that molecules forming extensive
intermolecular HB, such as polyalcohols, produced glasses of lower kinetic stability
compared to non-hydrogen-bonding molecules at the same deposition rate [88, 91, 93,
132].

Molecular size also plays a role in surface diffusion. In non-HB molecules, such as
OTP, TNB or IMC, it has been shown a decrease in surface diffusion as the size of the
molecules increases (five orders of magnitude increase of DS per decreasing 1 nm in
size, as seen in Fig. 9a) [133, 134]. This behavior is attributed to a steep gradient of
mobility beyond the free surface and the penetration of large molecules into areas with
lower mobility. This anchoring effect leads to slower diffusion of the hole molecule
(understanding the movement of the molecule as the movement of its center-of-mass)
even though the top part of the molecule is in a more mobile environment [135].

While the decrease of glass stability correlates well with the increase of hydrogen
bonding and the reduction of surface diffusion, glass stability seems to be less affected
bymolecular size, at least ford <1nm, as seen inFig. 9b.Apossible explanation for this
uncorrelation is that stable glass formation does not show a simple relationship with
the translational molecular motion due to surface diffusion. Since glass stabilization
relies on the improvement of local packing arrangement, other processes involving a
reduced amount of translational movement may be responsible for the high stability
attained during growth [131].

The influence of other mechanisms beyond surface diffusion on the stability
of the glass is illustrated in the experimental work of Samanta et al. [122] They
analyzed ultrastable glass formation of two molecular glass formers, TNB and 9-(3,5-
di(naphthalen-1-yl)phenyl)anthracene (α,α-A), with very different values of surface
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Fig. 9 Representation of a measured surface diffusion values and b transformation time (as a measurement
of kinetic stability of the vapor deposited glass) with respect to the size of the molecule. Symbols with
the text “ub” indicate the upper bound for the surface diffusion in these materials. The left figure shows a
good correlation of the surface diffusion in non-HB systems within an extended range of molecular sizes,
d. Reprinted with permission fromYinshan Chen et al., J. Chem. Phys. 150, 024,502 (2019), AIP publishing
[131]

diffusion. While TNB exhibits measurable enhanced surface diffusion compared to
bulk, α,α-A does not, due to pairing or aggregation of anthracenyl substituents on the
free surface. Remarkably, they observe that both systems can be prepared in similar
stability states. Moreover, they infer enhanced dynamics by dewetting experiments.
Their conclusion is clear: enhanced surface diffusion is not a requisite for enhanced
dynamics and, hence, for the formation of highly stable glasses by PVD [122]. The
decoupling between DS and τ s (surface relaxation time) has also been observed in
polymers, where surface diffusion is avoided by the large degree of entanglement
between polymeric chains. Notwithstanding, enhanced surface relaxation time has
been measured [136, 137]. All these observations point towards a complex scenario,
where surface equilibration to reach ultrastability cannot be explained by surface dif-
fusion alone.

2.2 Surface relaxation

As discussed above, the crucial factor that seems to allow the formation of ultra-
stable glasses is a surface equilibration mechanism that operates fast enough to enable
the equilibration of molecules in timescales comparable to the residence time of the
adsorbed molecules before they are buried by other molecules during growth. A pro-
cess that may not be related to translational molecular movements, but to a local
relaxation mechanism, thus decoupling surface diffusion and mobility. In the previ-
ously mentioned experiment, Samanta et al. investigated thin film dynamics (10 nm)
of TNB and α,α-A by measuring the dewetting dynamics as a proxy to surface relax-
ation time [122]. As-deposited thin films showed evidence of dewetting on a silicon
substrate, even at a T sub which yielded stable glasses, an indication of a reduced
relaxation time at the surface. This is not the only evidence of fast dynamics at the
surface. Very recently, fast surface dynamics has been directly probed by Thoms et al.
[138] through the recording of the dielectric relaxation spectra during film growth of
a molecular glass former (2-methyltetrahydrofuran, MTHF) at T sub = 0.82 Tg and at
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g = 0.2 nm/s onto interdigitated electrodes (IDE). This work provides direct evidence
of the existence of a mobile surface layer, 2.5 nm thick, with an average relaxation
time of 0.1 s, orders of magnitude faster than the bulk, that grows with a high kinetic
stability. Higher deposition rates, to the point that the residence time of the molecules
at the surface is below τs, may result in films with lower stability because equilibration
is restricted.

It is often argued that the structural relaxation of a free-standing thin-layer or a
supported ultrathin layer speeds-up. However, there is a strong debate on that topic,
extensively studied in polymers, mainly due to the sensitivity of the dynamics to many
factors, especially the sample boundary conditions [136, 139]. In the limit of a mono-
layer, the structural relaxation time of this nanoconfined layer would correspond to the
surface dynamics that controls the stability of a glass growing from the vapor. In this
sense, Zhang et al. using dewetting as a proxy for relaxation time for TPD thin layers,
observed that, as the thickness decreases, molecular motion speeds up [140]. Interest-
ingly, in a subsequent work, Zhang [141] compared the evolution of these relaxation
times with that of the surface diffusion. They observed that, by reducing the thick-
ness, the later stays invariant while the former increases, supporting the uncorrelation
between surface mobility and diffusion, discussed above.

The role of surfaces on the relaxation dynamics of a structure, and how the cooper-
ative structural relaxation speeds up at the free interface, is explained in a simple way
by the random first-order transition theory (RFOT). In this framework, the vitrifica-
tion of glasses is due to the cage effect, i.e., the constraining of a particle because it is
surrounded by its neighbors. In mean field theory this leads to a friction crisis at the
mode coupling theory (MCT) critical temperature (TC), below which any large-scale
motions require cooperativity and the definition of a cooperative length-scale. Since
surface particles feel a weaker structural cage, they would undergo dynamic arrest at
a lower temperature and remain more mobile below the bulk glass transition temper-
ature [142]. Under this framework, hence, the acceleration of the surface relaxation
is related to the effect of free surfaces on the bulk relaxation process, and this surface
relaxation time can be expressed as τs ∝ √

τbulk.
Some molecular dynamics simulations have also pointed in a similar direction.

Kuon et al. [143] investigated the emerging heterogeneous dynamics at the surface of
a supported supercooled liquid film in comparison with the dynamics of a bulk-like
region of the film. The dynamics at the surface turns out to be almost three orders
of magnitude faster than the dynamics within the bulk. Note that the reported differ-
ence in surface and bulk dynamics is much lower than the experimentally determined
difference in diffusion coefficients (up to 8 orders of magnitude). In another work,
Berthier and co-workers were able to computationally reproduce a vapor deposited
glass, equilibrated at low temperatures, by using a swapMonte Carlo algorithm [144].
This study provides a quantitative test of the role of surface mobility in the creation
of vapor deposited glasses. From the decay of a self-intermediate scattering function,
they extract the relaxation times of the different particles of the simulated system. At
high temperature there is a population of fast particles across all the sample, but at low
temperature fast particles are concentrated on the surface of the material. The surface
relaxation time follows a super-Arrhenius dependence with temperature, like the one
followed by bulk dynamics, but with lower values and lower divergence temperature
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(see Fig. 10). They argue that this faster surface relaxation process is at the origin of the
ultrastability of vapor deposited glasses and conclude that the surface relaxation time
and deposition rate determine the distance to equilibrium for vapor-deposited films
in the exact same way that bulk relaxation time and cooling rate control the distance
from equilibrium for liquid-cooled films.

When discussing about any property “at the surface”, it is fundamental to consider
the length scale across which this property propagates into the bulk. By measuring the
relaxation dynamics of thin glassy TNB and α,α-A films, Samanta et al. concluded
that while the bulk of the glass is in a deeply quenched glassy state, the molecules
within 10 nm from the surface can have a faster dynamics and are able to equilibrate
before becoming part of the bulk [122]. Similar conclusions are obtained by More
et al. [145]. They used molecular dynamics simulations to study empirical coarse-
grainedmodels of organicmolecules containingmodel fluorocarbon tails of increasing
length: zero, one, four, and eight fluorocarbons, with a structure composed of a phenyl
“body” and a fluorocarbon “tail”, to simulate the formation of a vapor deposited
glass. They observe that longer molecules tend to become trapped locally during
deposition reaching less optimized packing. They also observe that films show a tail-
enriched surface due to the migration of tails towards the surface. Very interestingly,
this tail enrichment is progressively erased during deposition, i.e., during growth, the
film reconfigures towards a more homogeneous structure. This means that the more
mobile surface layer extends beyond the length of the molecule. They conclude that
significant rearrangement could occur in layers below the immediate free surface, even
for molecules that do not show significantly enhanced surface diffusion (molecules
with long tails). Early evidence for enhanced mobility below the surface, based on the

Fig. 10 Examples of the variation of bulk and surface structural relaxation processes as a function of the
inverse of the temperature. In a, the overall relaxation time in two different simulations (constant volume
(NVT, canonical ensemble) and constant pressure (NPT, Isothermal–isobaric ensemble)) is represented
together with the bulk and surface contributions. In b, the surface relaxation time is fitted in a short tem-
perature range with an Arrhenius curve. The bulk relaxation time is fitted, in all cases, with a VFT curve.
Reprinted with permission from (a) J. Chem. Phys. 149, 074501 (2018), AIP publishing [143] and (b) Phys.
Rev. Lett. 119, 188002 (2017), copyright 2017 American Physical Society [144]
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breadth of the interfaces determined by neutron scattering, was already presented by
Swallen et al. in 2007 [1]. In the same direction, Wolynes stated that the enhanced
mobility of the surfacewould penetrate the bulk at least on the cooperative length-scale,
of few intermolecular spaces. This intense mobility gradient is relaxed, diffusing the
excessmobility towards the bulk.At the end, the distance the excessmobility penetrates
is calculated as 20 times the correlation length, i.e., 20 nm for Indomethacin, one of the
most studied ultrastable glasses, an amount significantly larger than “just the surface”
[142].

2.3 Ultrastability and fragility

There have been several attempts to correlate glass stability and fragility with distinct
and uncertain success. Here we briefly outline some of the most relevant works. If
the enhanced surface mobility is a consequence of a different molecular arrangement
around the molecules at the surface with respect to the more crowded environment
in the bulk, as proposed by most of the above-mentioned interpretations, it is reason-
able to think that the fragility of the glass-former may play a role on ultrastable glass
formation. As described in Sect. 1, the fragility is defined as the degree to which the
relaxation time increases when approaching Tg and is often considered as a deviation
of the Arrhenius dependence between relaxation time and temperature [12]. Several
works have shown a moderate positive correlation between fragility and ultrastability.
Yu and Samwer [51] reported a mild correlation between the onset temperature of the
transformation of vapor-deposited organic and metallic glasses (Ton) and the kinetic
fragility index m of the corresponding supercooled liquid. Tylinski et al. [93] thor-
oughly analyzed the potential role of fragility in the formation of ultrastable glasses
by considering additional measures of fragility and increasing the number of explored
systems. As an indicator of the stability achieved for each material, they use the
transformation time needed to transform the glass into the supercooled liquid at a
temperature above Tg. By analyzing data corresponding to 14 systems, they observe a
slight positive correlation between fragility and the transformation time. The correla-
tion is especially good when using log(τα) at 1.25Tg as proxy for fragility. It is noted
that log(η) (an equivalent parameter to log(τ )) was previously successfully correlated
with the surface diffusion [132], Fig. 11. There are several empirical arguments to sup-
port the positive correlation between stability and fragility. Chen and co-workers argue
that the loss of neighbors at the surface can be compared to an “excitation”, similar to a
temperature increase [132]. Since strong systems follow anArrhenius behavior, energy
barriers do not increase significantly upon cooling and onemight think that strong sys-
tems are “easier” to equilibrate even by cooling from the liquid and, therefore, also
by vapor deposition. The advantage of fast surface dynamics would not provide then
any significant enhancement. In other words, fragile glass-forming liquids should lead
to highly stable vapor-deposited glasses and stronger liquids may fail to reach high
stability in the glassy state [93, 146]. This viewwas supported by early experiments on
molecular [147] and metallic glasses [51], but contradicts more recent data on organic
(methyl-m-toluate and ethylcyclohexane) and metallic glasses (ZrCuAl family) with
strong character that have been grown as highly stable glasses [51, 94] (see Table 1
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Fig. 11 Relationship between thermodynamic stability and fragility for different glass-formers, following
two alternative approaches. (Left) The transformation time of the ultrastable glassmeasured aboveTg is used
as a signature of the thermodynamic stability (longer transformation times are related to higher stability),
while the value of the structural relaxation time of the corresponding supercooled liquid at 1.25Tg is used as
a measurement of fragility (lower values of log(τ ) imply larger fragility values, note the inverted horizontal
axis). (Right) The stability parameter ϑ0 is used as a measurement of thermodynamic stability (lower ϑ0
means larger stability) while the parameter D obtained from the VFT fitting of log(τ ) vs 1000/T is used as
an indicator of fragility (larger D means lower fragility). Colors and symbols match in both figures and the
legend. Reprintedwith permission fromTylinskiM et al., J ChemPhys 145, 174506 (2016), AIP publishing,
and Royall CP et al., J Phys Condens Matter 30, 363001 (2018), IOP Science [93, 148].

for values of m and associated indicators of stability). Therefore, there are also argu-
ments and experimental data to justify the opposite conclusion. Larger fragilities, i.e.,
more abrupt slowing down of structural relaxation dynamics upon cooling, is related
to larger cooperative rearranging regions: since more molecules should cooperatively
relax to reach equilibrium, the process becomes slower. Therefore, one would assume
that, if more fragile materials indeed have longer co-operative length scales, the size
of cooperatively rearranging regions might grow sufficiently, so the ability to relax
via the surface, crucial for ultrastable glasses, would be lost. Conversely, for strong
glass formers, with small co-operative length scales, the ability of the surface to enable
relaxation may be retained at much deeper supercooling. Royall and co-workers tested
this hypothesis by plotting the parameter θ0 = (T eq − T0)/(Tg − T0), with respect
to the inverse fragility D found after Vogel–Fulcher–Tammann fitting of the liquid

by equation τα = τ0 × exp
(

DT0
T−T0

)
[148]. T0 is the Vogel–Fulcher–Tammann diver-

gence temperature and T eq is equivalent to T f. They observe a negative correlation
between both parameters, indicating that stronger glass formers should yield more
stable glasses (Fig. 11).

The lack of clear correlation between fragility and ultrastable glass formation may
undermine a direct connection between structural relaxation (and its faster counterpart
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at the surface) and ultrastable glass formation. In this direction, Mangalara et al.
proposed a new model [149] based on the well-known mismatch between variations
in structural relaxation time (and, hence, Tg) and density near free surfaces: while
the former is affected along a length scale of 10 nm, gradients in density exhibit
much shorter length scales, of about 1 nm [150]. In their model, they introduce an
intermediate layer in the growing glass with mixed properties: it exhibits bulk like
liquid density (like in the inner layers of the glass) and nearly suppressed Tg (like in
the very surface layer), i.e., with decoupled density and structural relaxation. Because
of the lower Tg, vitrification of the intermediate layer occurs at lower temperature,
allowing the formation of a lower enthalpy glass. A similar conclusion is reached by
Sussman and co-workers in a molecular dynamics study of thin film glasses [151]. In
that work, the authors invoked the concept of softness, related to local structure around
a particle, to decouple changes in local structure to changes in dynamics at different
points of a thin film. In bulk, there is a direct connection between the local structural
environment of a particle and its easiness to rearrange [152, 153], however, near free
surfaces, relaxation is dominated by mechanisms that are independent of the local
structure. In other words, the faster equilibration process that brings to the formation
of an ultrastable glass may not be uniquely linked to the change in local structure at the
very surface. And they go further in their interpretation of the simulation results: the
relaxation dynamics in glassy thin films is characterized by two independent processes,
one that depends on local structure, active at the surface of the film, and another one that
is purely Arrhenius and depends on the position in the film but not on local structure.

2.4 Alternative explanations for enhanced surfacemobility

Different authors have explored the hypothesis that fast surface mobility is a conse-
quence of the change in structure at the surface layer and have proposed alternative
ideas to explain the formation of stable glasses by vapor deposition. We briefly sum-
marize some of them: Ngai and coworkers, in the frame of the Ngai’s coupling model,
relate surface diffusion to the secondary Johari-Goldstein (JG) relaxation found in
many glass formers [154]. In this context, JG-beta relaxation has been linked to the
surface mobility in analogy to the role of structural relaxation in bulk dynamics.
They have compared the range of deposition temperatures at which a physical vapor
deposited glass exhibits enhanced stability in relation to the liquid quenched coun-
terpart, with the temperature range where the JG-beta relaxation is allowed to relax
during the experimental timescale (i.e., lower than 100 s) (see Fig. 12). The two ranges
matched fairly, suggesting that the activity of the secondary mode was connected to
the enhancement of stability observed in vapor deposited glasses.

A related explanation involving the beta relaxation is also provided by Schick
and co-workers to interpret their experimental data [94]. They explored the role of
the growth rate in the formation of stable glasses of ethylcyclohexane at different
substrate temperatures, to determine the time required to equilibrate the glass at that
temperature,maximizing its kinetic stability. The equilibration time of vapor deposited
glasses across a wide temperature range, spanning near 100 K below Tg, followed a
much weaker temperature dependence than the structural relaxation. Their measure
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Fig. 12 Relaxation dynamics of
supercooled celecoxib (top) and
stability of the vapor-deposited
glass measured through their
onset of devitrification in
heating scans (bottom). In the
indicated temperature range,
beta relaxation time is lower
than 100 s, and the vapor
deposited glass shows enhanced
kinetic stability with respect to
the ordinary glass. Reprinted
with permission from K. L. Ngai
et al., J. Phys. Chem. Lett. 8,
2739–2744 (2017) [154].
Copyright 2017 by American
Chemical Society

of equilibration time is within two orders of magnitude of the beta relaxation, even
though the authors remark that the temperature dependence is not the same (Fig. 13),
and they argue that the β process is just a speed limit for surface relaxation.

Another hypothesis about the stabilization of vapor deposited glasses can be
extracted from the recent study of aging in polymer systems performed by Cangialosi
et al. [73, 155, 156]. Enthalpy recovery experiments of polymer thin films and spheres
aged for different times and at different temperatures show the presence of a two-
step enthalpy recovery with two different enthalpy plateaus that could be associated
to two equilibration time scales. The faster one exhibits an activation energy signifi-
cantly smaller than that of the structural relaxation process at Tg, whereas the slower
time scale is compatible with the bulk structural relaxation. These observations are
compatible with the theoretical predictions made by Sussman et al. [151]. According
to their analysis, the relaxation dynamics in glassy thin films are characterized by
two independent processes, one super Arrhenius that depends on local structure but
remains unchanged regardless of the distance from the surface, and another one that
is purely Arrhenius and depends on the distance from the surface but not on local
structure [151]. Cangialosi and coworkers, using this fast relaxation process at free
surfaces, dramatically reduce the time to equilibration in thin films of PS and small
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Fig. 13 Timescales of different
dynamic processes in
ethylcyclohexane. Red stars
correspond to the frequency
dependence of dynamic glass
transition temperatures from AC
calorimetry. The required
surface equilibration times
(τ surface = 10 τKWW) at each
substrate temperature are shown
as solid blue triangles. Solid
black squares and circles
correspond to the α- and
β-relaxations of
ethylcyclohexane. T0 and TK
are shown as a reference.
Reprinted with permission from
Y. Z. Chua et al., J. Chem. Phys.
142, 054506 (2015), AIP
publishing [94]

PtBS spheres reaching a near ideal glass state in experimentally accessible timescales,
with T f values down to 70–80 K below the Tg of the bulk material, close to the Kauz-
mann temperature [73, 74, 157]. These results are consistent with the accelerated aging
observed by Sepulveda et al. on ultrathin films of liquid-cooled toluene glasses [158].
In these fast equilibration experiments, the existence of large surface/bulk ratios is
fundamental. Indeed, models based on the diffusion of free volume holes [159] from
the bulk to the surface have been used to explain the efficiency of nanosized systems
to reach equilibrium. This fast equilibration mechanism would be responsible for the
translation of these free volume holes to the surface. While it would be tempting to
ascribe this first fast equilibrationmechanism to the secondary relaxation, as discussed
above, the real nature of that process is still unknown, even though Ngai has ascribed
the nature of this fast equilibration mechanism in some polymers to the JG-β relax-
ation [160]. In a very recent work, Low et al. prepare vapor deposited ZrCuAl metallic
glasses deposited below Tg at different growth rates to explore the effect of the surface
residence time on stability and microstructure [161]. For all investigated rates, they
obtain glasses with enhanced kinetic stability (as measured through Ton on heating).
However, the microstructure of the fast-deposited MG exhibits a nanoscale composi-
tional segregation more accentuated than in the conventional glass, while in the case of
the slow-deposited glass, they observe a remarkable homogeneity. They attribute these
differences to two different surface phenomena: at high rates, high-energy molecules
diffuse on the surface developing this nanoscale heterogeneity, while at low deposi-
tion rates, long residence times allows for the removal of these heterogeneities and
the growth of a homogeneous metallic glass. Whether these two mechanisms could
be compared to the two equilibration mechanisms discussed in polymer systems is
not clear. Importantly, in this picture, the authors incorporate an element often not
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Fig. 14 Fictive temperature as a function of substrate temperature and deposition rate for vapor deposited
ethylbenzene glasses. Values calculated from thickness change (red symbols), changes in index of refraction
(teal symbols) and from enthalpy measurements (black squares). Glasses grown at the minimum growth
rate follow the extrapolated equilibrium liquid line to within 2 K of TK. Gray solid lines are guides to the
eye. Reprinted with permission from M. S. Beasley et al., J. Phys. Chem. Lett. 2019, 10, 4069–4075 [25].
Copyright 2019 by American Chemical Society

considered in the context of organic glasses: the high kinetic energy of the atoms that
land on the substrate.

2.5 Towards what state?

We have discussed about different alternative views to explain the mechanism respon-
sible for the formation of ultrastable glasses from the vapor phase, but are these glasses
equivalent to glasses produced by cooling from the melt, if sufficiently time would be
provided to the liquid-cooled glass? As commented in Sect. 1, glasses grown below,
but close to, Tg exhibit a value of T f that closely matches T sub if the growth rate is low
enough. By decreasing the growth rate, one could virtually follow this equilibrium line
down to the Kauzmann temperature, TK. This idea was explored by Beasley et al.who
were able to obtain ethylbenzene glasses with T f only 2K above TK [25] (Fig. 14). The
main uncertainty in this evaluation comes from the exact value of TK, which is prone
to some considerations. The readers are recommended to consult references [22, 162]
for more information on the evaluation of TK. Following this idea, one would expect
that the lower the equilibration temperature, the higher the kinetic and thermodynamic
stability of the glass if it has been equilibrated (since the enthalpy of the supercooled
liquid continuously decreases with decreasing temperature).

However, the experiment of Chua et al. shows that the apparent equilibrium state
reached by a vapor deposited glass grown at sufficiently low T sub exhibits shorter
transformation times that one grown at higherT sub, i.e. with lower kinetic stability[94].
One could not discard, though, that this state may correspond to the first plateau of the
two-steps equilibration mechanism discussed above and, in that case, further lowering
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the growth rate would allow to obtain glasses whose properties would match the ones
expected from the equilibrium liquid.

As described in Sect. 2.4 systems with large free interfacial areas such as ultra-
thin films, free-standing ultrathin membranes or (micro)nanoparticles undergo a rapid
reduction of the time scale to reach equilibrium. Using this approach, it has been
shown that polymer microspheres (Tg = 415 K) can be equilibrated by mild aging
at 260 K into the ideal glass state (T f = 330 K) [73]. This state is characterized by
a kink in the enthalpy, that the authors identify with a transition to the ideal glass.
This highly aged glass shows no Boson peak (see also Sect. 4). Remarkably, these
‘highly-aged’ polymer glasses do not exhibit high kinetic stability, i.e. Ton does not
increase with a reduction of T f. A different behavior with respect to vapor-deposited
ultrastable glasses.

Another ingredient that originates certain controversy to the similarity between
liquid-cooled and vapor-deposited glasses is the existence of molecular anisotropy.
At this point, it is fundamental to remark, as already briefly introduced in Sect. 1,
that vapor deposited glasses often exhibit anisotropy in the molecular arrangement.
Since the surface is highly anisotropic and surface equilibration is the mechanism
of formation of vapor-deposited films, at least at temperatures close or below Tg,
molecules in vapor-deposited thin film glasses are often arranged with different ori-
entation patterns depending on the growth conditions. This is remarkably different to
liquid-cooled glasses that are highly isotropic with a molecular structure equivalent to
the liquid state. A very recent review [5] describes the influence of the surface equi-
libration mechanism on the molecular orientation. Anisotropic packing is therefore
almost ubiquitous in vapor-deposited glasses [29, 43–45, 163]. This fact automati-
cally poses the question whether vapor deposited glasses are equivalent to ordinary
isotropic glasses prepared from the liquid, and if the equilibration state reached in
this way, could lead to a true equilibrium state. Considerable progress has been made
recently in understanding what controls the anisotropy of organic glasses prepared
by vapor deposition. According to the current view, molecular anisotropy in vapor
deposited glasses can be rationalized in the context of the discussed surface equili-
bration mechanism. But one extra ingredient is required: the molecular anisotropy at
the surface of liquids in equilibrium, theoretically observed in computer simulations,
and depicted in Fig. 15. While the bulk of the liquid is completely isotropic, on the
very surface molecular layer, even though early work pointed to a universal pattern
for rod-shaped molecules [29], a range of patterns have been observed in subsequent
work, depending upon molecular shape and interactions [164].

During deposition and depending on the time during which the landing molecule
is sufficiently mobile (which depends, at least, on T sub and growth rate), landing
molecules will be able to equilibrate into one of these equilibrium arrangements.
Therefore, at low T sub, only the top layer equilibrates, and this leads to a glass in
which horizontal orientation is trapped. At a higher T sub, the top two layers manage
to equilibrate during deposition; further deposition then leads to a glass in which
vertical orientation is trapped [4]. As a result, it exhibits a particular value ofmolecular
orientation, from glasses with molecules predominantly laying on the substrate to
glasseswhere themolecules are, on average,with the axis perpendicular to the substrate
(on-face vs on-edge, respectively) (Fig. 15).
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Fig. 15 (Left) Schematic showing the different molecular packing that can be found in the film as a function
of thickness when changing the preparation conditions of the thin film organic glass (based on computer
simulations). The lozenge shapes illustrate the orientation of a rod-molecule such as TPD. (Right) Order
parameter, Sz, for glassy thin films of three organic molecules as a function of substrate temperature.
According to the definition of Sz, a value of Sz = − 0.5 corresponds to a completely horizontal orientation
of themolecules (parallel to the substrate),whileSz =1would beobtainedwhenmolecules are perpendicular
to the substrate. Reprinted with permission from M.D. Ediger, J. Chem. Phys. 147, 210901 (2017), AIP
Publishing; and M.D. Ediger et al., Acc. Chem. Res. 2019, 52, 407 − 414 (2019), copyright 2019 by
American Chemical Society [3, 4]

In addition of the in-plane molecular orientation, some molecular layering has also
been observed. While molecular orientation is often identified by X-Ray diffraction
techniques from the relative intensity along the amorphous halo observed in organic
glasses at 1.4 A−1 (distance between carbon atoms), molecular layering is identified
from a peak in the diffraction pattern at shorter wavevectors. Contrary to the molecular
orientation, which deviates from the ordinary isotropic arrangement almost across the
whole deposition temperature range, molecular layering is only observed relatively
close (and below) Tg, with a maximum around 0.85Tg [88, 126, 165]. Interestingly,
some vapor deposited glasses can exhibit molecular layering (diffraction peak related
to molecular size) with negligible molecular orientation, such as Alq3. The origin of
this molecular layering has also been ascribed to the equilibrium conformations at the
surface layer in bulk liquids [16]. According to these observations, the nature ofmolec-
ular orientation in vapor deposited glasses is linked to an equilibration process, which
is intrinsically different to the one we may observe in glasses formed from the melt.
It is natural to ask whether this equilibration process is the same as the mechanism
responsible for fast enthalpy relaxation or if it is a different and independent molecular
process. In fact, it is possible to produce ultrastable glasses in systemswithout intrinsic
anisotropy, as has been demonstrated in metallic glasses and in some organic glasses.
Vapor-deposited glasses of a spherical molecule such as tetrachloromethane that, in
principle, are isotropic, exhibit high kinetic stability (high-onset temperatures) relative
to the conventional liquid-cooled glass [90]. This is another evidence that molecular
anisotropy is a feature of the vapor-deposition process in the organic materials but
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Fig. 16 Relaxation map of itraconazole. Bulk processes are shown in grayscale (squares: structural relax-
ation, upward triangles: secondary relaxation, downward triangles: equilibration of orientation in bulk
glasses). The timescale of surface order relaxation processes (orientation and layering) is shown in blue.
The fit to the experimental data is also shown. The vertical dashed line indicates the standard Tg of Itra-
conazole. Reprinted with permission from C. Bishop et al., J. Phys. Chem. Lett., 10, 3536−3542 (2019),
AIP publishing

not required to achieve ultrastability. Also, Fakhraai and coworkers prepared ultra-
stable glasses from α,α-A, that retains nearly isotropic shape. Indeed, as measured by
photoluminescence, they conclude that the vapor deposited glasses show no molecu-
lar orientation, while forming a highly stable glass [123]. However, to fully discard
this hypothesis, one should be able to independently tune molecular orientation and
enthalpy in glasses formed by physical vapor deposition. While more experimental
data is needed to confirm this view, simulated vapor-deposited glasses made of hard
spheres [166, 167] do show enhanced stability with similar structural order as in the
liquid state. In a recent work on the liquid crystal itraconazole, Bishop and co-workers
[33] investigated the effect of T sub and growth rate on the structural anisotropy and
the layering structure of the glass former and estimated the time required for surface
molecules to reach the equilibrium state, shown in Fig. 16, in an analogous way as
Schick and co-workers did to estimate the equilibration time of vapor deposited glasses
of ethylcyclohexane in terms of transformation time [94]. A comparison between ori-
entation (and layering) and enthalpy equilibration times would be very tempting to
determine whether the same molecular mechanism is responsible for the two main
characteristics of vapor deposited stable glasses. Unfortunately, up to the date, there
is no available data for the two magnitudes in the same system. We note that, even
though itraconazole is a liquid crystal and, contrary to other molecular glass formers,
shows orientation already in the conventional state, the equilibration of the orientation
with time could be used as a representation of the mechanism active on the surface
layers of all vapor deposited organic glasses.

It is also interesting to note the similitude in activation energies of the orientation
equilibration time and the delta secondary relaxation measured in bulk itraconazole
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(see in Fig. 16, downward and upward triangles, respectively), attributed to reorien-
tation of the molecules [168], indicating, as discussed previously for the enthalpy
relaxation, that the molecular mechanism responsible for orientation does also exist in
bulk material. In relation to that, a recent work by Cassidy et al. [169] shows the relax-
ation of the spontaneous polarization formed in vapor deposited films of cis-methyl
formate during growth. They relate this relaxation time to the time taken before the
first molecules begin to rotate away from a dipole-oriented conformation. At low tem-
peratures, they observe the decay of the induced electric field after times much shorter
than the timescale of structural reorganization related to diffusion. They relate the
depolarization mechanism to a secondary relaxation, much faster than the structural
relaxation.

As mentioned above, the origin of the molecular arrangement of vapor deposited
glasses is the equilibrium configuration of the topmost liquid layers during glass
formation. It is natural to think, hence, if the substrate may influence the molecu-
lar configuration, as it happens in crystal or polymer growth. Yokoyama et al. [44]
claimed that the molecular structure of 100 nm glassy films deposited on different sub-
strates (ITO, sapphire or fused silica) was different. A similar effect was observed by
Yoshizaki et al. [170] measuring the polar order of 200 nm thin film glasses deposited
on gold or aluminum. On the other hand, in a recent work by Bagchi et al. the authors
measure the GIWAXS order parameter of thin glassy films of DSA-Ph with thick-
nesses ranging from 10 to 600 nm [171]. They observe that molecular orientation
tends to be vanished when the thickness of the layer goes below 20 nm. The authors,
supported by both experiments and simulations, conclude that a 3–8 nm isotropic layer
is formed at the interface with the substrate, both for gold or native silicon oxide. The
authors attribute the formation of such an isotropic layer to the interaction with the
substrate. However, they mention, as a possible partial source of isotropicity, at the
very beginning of the deposition process, the existence of an isotropic dewetted layer.

3 Mechanisms of transformation into supercooled liquid

One of the most intriguing characteristics of vapor-deposited stable glasses is related
to their transformation into the supercooled liquid and to the fact that stable glasses
transform with characteristic times much longer than those of the structural alpha
relaxation at a given temperature [172]. This very slow kinetics is one of the essential
signatures of stable glasses and yields a differentiated transformationmechanism com-
pared to liquid-cooled glasses. So, a relevant question here is: how does an ultrastable
thin film glass transits from the glassy to the liquid state? There is significant evi-
dence, from theory, simulations and experiments, which show that the transformation
behavior of ultrastable glasses is more similar to crystals than to conventional liquid-
cooled glasses, resembling a melting process, far from the cooperative rearrangement
expected for a glass [18, 173, 174]. For very thin films, the transition takes place via
a liquid parallel front that forms at free surfaces and mobile interfaces [175] and pro-
ceeds until consuming all the glass (see Fig. 17). This is the dominating mechanism
when the thickness is lower than a certain characteristic length, the cross-over length.
This magnitude is defined as the distance that the parallel front has travelled when the
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Fig. 17 Cartoon showing the different regions where the melting of ultrastable glasses can originate. a Thin
film, with a transformation mechanism that consists predominantly of a parallel liquid front that grows
parallel to the surfaces and interfaces with higher mobility. Even if there are some nuclei forming in the
bulk of the film, those are so dispersed that the fraction of glass transformed via a growth of the liquid phase
inside the film is negligible in comparison to the fraction transformed via the parallel front. bWhen the film
ismuch thicker, although the nuclei are dispersed in the film, the fraction of glass transformed via the growth
of these nuclei becomes more significant the thicker the film when compared to the one corresponding to
the liquid front. These nuclei are identified as regions of higher mobility than the surrounding glass. When
submitting the glass to an up-jump of temperature, the surrounding glass would remain frozen in the initial
conditions while these regions could be in equilibrium with the external temperature. c When the thin film
is capped with a less mobile material (higher Tg), the mobility at the surface and interfaces is arrested and
there is no propagation front, so the only transformation mechanism originates in the liquid regions formed
in the bulk. The ratio between thickness and width is not at scale with real samples

transformation of the bulk glass dominates the transition and its value depends on the
material, the stability of the glass and the temperature as explained further below [98,
173]. However, films thicker than this cross-over length transform into the supercooled
liquid mainly via the growth of patches of liquid distributed all over the bulk of the
glass [176], as schematically shown in Fig. 17. The basic requirement for these types
of transitions to take place is basically a big contrast between the mobilities of the
actual glass and the new phase to form, i.e. the equilibrated supercooled liquid [18].
This contrast can easily be achieved when working with ultrastable glasses [112]. At
the end, and in agreement with random first-order transition theory, it seems that both
mechanisms (front and bulk) may originate from the same physical mechanism but
at different locations in the sample, due to the existence of nearby regions with high
mobility contrast [177].
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a b

Fig. 18 a Propagation velocity of the supercooled liquid parallel front as a function of the alpha-relaxation
time for IMC samples grown at different deposition temperatures (indicated in the legend). The fitting of
the data has been done using Eq. 1, which yields an exponent γ of 0.78 for all glasses, regardless the
deposition temperature. b Same representation than in a including data measured at lower temperature.
The figure shows how Eq. 1 can fit the data for an extended range in relaxation time, while an Arrhenius
function does not fit the high and low temperature data. The low temperature data of T sub = 220 K sample
has been extracted from [34]. Reproduced from C. Rodríguez-Tinoco et al., Phys. Chem. Chem. Phys, 17,
31,195–31,201 (2015) with permission from Royal Society of Chemistry.

3.1 Front melting

The presence of this transformation mechanism in thin film ultrastable glasses was
first suggested by Swallen et al. in 2008 [178] after carrying out isothermal treatments
above Tg on isotopically labeled ultrastable multilayer films of tris_naphthylbenzene
(TNB) and measuring the translational motion using neutron reflectivity. One year
later, the same group directly observed by secondary ion mass spectrometry [179]
that the transformation was spatially inhomogeneous with sharp fronts originating
at surfaces/interfaces. From that moment, many other techniques have been used to
identify and investigate the dynamics of the liquid front. In all cases, results were
consistent, showing as solid observations the non-dependence of front velocity with
film thickness, for films thinner than the cross-over length, and a strong dependence
of this velocity with temperature [30, 99, 106, 117, 173, 175, 179–181]. An empir-
ical relation between velocity and temperature was suggested, where the relaxation
time of the equilibrated super-cooled liquid is invoked to introduce the temperature
dependence of the propagation front [120]:

v = C × τ−γ , (1)

where τ is the alpha relaxation time of the supercooled liquid, C is a constant and γ is
constant and below 1. The value of gamma depends exclusively on thematerial and for
the organic glasses measured so far has been found to be in the range of 0.7–0.95 [104,
180]. An Arrhenius relation for the front velocity and the temperature has also been
satisfactorily used to fit the experimental data [99] in limited temperature intervals, as
shown in Fig. 18.

Equation 1 shows that the temperature dependence of the front velocity is inversely
proportional to the alpha relaxation time softened by an exponent close to one. In
other words, the velocity at which the supercooled liquid front propagates into the
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glass is strongly dependent on the mobility of the equilibrated supercooled liquid at
that temperature. Calculations by Wolynes in the frame of random first order theory
(RFOT) already predicted this result, showing that the velocity of a transforming front
depends mainly on the mobility of the most mobile region which in this case is clearly
the newly formed liquid front [18]. In particular, the relation between front velocity
and temperature of Eq. 1 was reproduced by Wisitsorasak and Wolynes using numer-
ical methods and linearized inhomogeneous mode coupling theory (Li-IMCT) [177].
Equation 1 has been found to be valid to describe the velocity of the front for a large
range of temperatures, as shown in Fig. 18b (from Tg up to Tg + 75 K for the case
of indomethacin glasses) or equivalently spanning 12 orders of magnitude in τα . The
exploration of the velocity dependence in this large temperature interval was possible
thanks to the combination of conventional calorimetry (DSC at 10 K/min) and fast-
scanning nanocalorimetry (3.5 × 104 K/s) that due to its fast heating rates shifts the
onset temperature of devitrification to even higher temperatures [112]. Interestingly,
the relationship described by Eq. 1 also holds for glasses with lower stability [38]. In
this case, the velocity of the front is faster but the dependence of the velocity with tem-
perature remains the same (see Fig. 18a). The effect of the lower stability of the glass
or other characteristics such as the preferential orientation of the molecules, heavily
linked to the deposition conditions, are introduced in the model via the parameter C
of Eq. 1. To date, the exact effect of each one of these different parameters on C is
not yet well established [38, 180]. What is beyond doubt is that the velocity of the
front, and therefore the transformation time is much slower in ultrastable thin film
glasses. Just for the sake of giving some context, a glass obtained by cooling down the
melt at 10 K/min would take around 100 s to transform into the SCL at Tg, while an
ultrastable thin film glass (of IMC in this case, although there is not much difference
between molecules) would transform at a rate of 0.003 nm/s, i.e., a 1 μm film would
take around 3 × 105 s to transform and, theoretically, one would need to go below nm
thickness to transform in the same time as the conventional glass.

If glasses with lower stability also transform by a propagation front that propa-
gates faster than in ultrastable glasses one can wonder, why this mechanism was not
previously observed in liquid-cooled glasses. The answer is probably related to the
value of the cross-over length. The lower the stability of the glass, the smaller is the
cross-over length [38, 98], to the point that a conventional glass can have a cross-over
length of few nanometers, making it very challenging to identify this mechanism for
the transition into the liquid of a standard liquid-cooled glass. However, the crossover
length depends on the temperature at which the transition is taking place and being
the glass transition a dynamic transformation, the crossover must depend also on the
heating rate to the point that if a conventional glass is heated at very high heating
rates (105 K/s) it is possible to identify the propagating front of the SCL as the main
transformation mechanism, as previously shown by Sadtchenko and coworkers [98,
182]. On the opposite side it would be interesting to understand if a liquid-cooled
glass substantially aged at T aging < Tg to attain a limiting fictive temperature of T aging,
will transform into the SCL via propagation fronts similarly to a vapor-deposited glass
grown in equilibrium at the same temperature.

The existence of the supercooled liquid propagation front as the main transforming
mechanism of thin film stable glasses plus the crossover to a bulk transition for thicker
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filmshas also been observed in simulations [177, 183–187]. For instance, dePablo et al.
[183] used molecular dynamics and a simulation procedure that imitates the physical
deposition process but of a mixture of Lennard–Jones binary particles for producing
thin film glasses of different stabilities. A parallel front is the only transformation
mechanism in very stable samples, which remain frozen when the mobility of the
surface layer is restrained. Léonard and Harrowell [184] used a facilitated kinetic
Ising model, generally used for modelling the collective relaxation in a glass forming
liquid, tomimic the transition of an ultrastable thin film glass.Without the involvement
of an equilibrium phase transition, this simple spin model can reproduce the features
of the heterogeneous front-like transition mechanism observed experimentally, i.e.
the presence of a liquid front that starts at the surface and progresses transforming the
glass at a velocity that changes with temperature according to the empirical relation
of Eq. 1.

3.2 Cross-over length

As stated above the cross-over length, ξ, can be understood as the thickness trans-
formed into liquid by the propagating front before the bulk mechanism sets in and
dominates the transformation. The cross-over length can be determined by measuring
the transformation time of a thin film glass as a function of its thickness at constant
temperature [104, 173]. For films thinner than the crossover length, the transformation
time increases linearly with thickness in agreement with the propagation of a liquid
front at constant velocity. Thicker films, however, always take the same time to fully
transform into the liquid irrespective of the thickness of the film, since the transforma-
tion occurs simultaneously in the whole sample volume. The value of the cross-over
length spans from few nanometers to several microns [38, 98, 104, 173] depending
on the material, the deposition conditions (which determine stability, density, and
molecular orientation) and the temperature. To understand this dependence, we must
include the interplay between the dynamics of glass and liquid during the transfor-
mation process. Several works have contemplated the necessity of considering extra
transition layers to describe the interface between the glass and a more mobile region
[98, 149, 182, 188]. Rodriguez-Tinoco et al. considered the transformation front as a
progression of transforming intermediate layers that would take a time ti = d/vF to
transform into the liquid state where d is the thickness of the intermediate layer and vF
is the velocity of the front. One would expect the properties of the intermediate layer
to be some kind of average of the properties of the two adjacent states, the supercooled
liquid, and the glass [98]. According to this assumption, the velocity of the front at a
specific temperature is expressed as:

log(vF) = log

(
d

ti

)
= log(d) − 0.5(log(tbulk) + log(τα)), (2)

where tbulk is the transformation time of the bulk, which depends on the temperature
and the properties of the glass [112], and τα is the alpha-relaxation time of the liquid.
Equation 2 assumes the lifetime of this intermediate layer associated with the moving
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a b c

Fig. 19 Characteristic times for Indomethacin (a), toluene (b) and TPD (c). In orange, alpha-relaxation time
for each material. In black, transformation time for a bulk ultrastable glass [112]. In blue, transformation
time for an intermediate layer, ti , according to Eq. 2 calculated from experimental data of the front velocity
considering a thickness of the intermediate layer of d = 2 nm (open squares) and directly from the tbulk
and τα data (stars). Lines are fittings performed with the corresponding models: VFT for τα , modified VFT
for tbulk [112] and Eq. 2 for ti , considering d = 2 nm

front as the geometric mean between the bulk transformation time and the alpha
relaxation time (see Fig. 19).

According to this definition ξ can be redefined as the thickness corresponding to the
number of intermediate layers (each of them of thickness d and taking ti to transform)
that transform during tbulk:

log(ξ) = log

(
d · tbulk

ti

)
= log(d) + log(tbulk) − log(ti )

= log(d) + 0.5(log(tbulk) − log(τα)). (3)

This expression for the cross-over length would explain the dependence of this
parameter with the properties of the glass, via the transformation time of the bulk,
which is expected to be shorter as the stability of the glass decreases, decreasing the
crossover length and making it more difficult to be observed experimentally. Although
not explicitly, Eq. 3 also contains information about the dependence of the crossover
length with temperature. Since τα decreases faster than tbulk as a function of temper-
ature [112], the crossover length will increase for higher temperatures.

A similar expression to Eq. 3 was obtained by Wolynes [18] by combining mode
coupling theory (MCT) with the mosaic distribution of relaxation times of RFOT to
study the expansion dynamics of amobile region of the glass during the transformation
of the glass into the supercooled liquid when there is a big contrast inmobility between
the mobile region and the surrounding glassy matrix. In that work a more general
expression was obtained for a 3D scenario and a distribution of relaxation times via
the β stretched exponential of the KWW distribution of relaxation times:

tR =
(

ξo

ξ

√
3

2

) 3
3+β

[̂τ(T f in
F , T )]3/3+β [τ(T in

F , T )]β/3+β
, (4)
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where tR is the rejuvenation time, τ̂ is the harmonic mean relaxation time at the
final fictive temperature T fin

F ∼ T , τ is the mean relaxation time of the rejuvenating
regions, and ξ and ξo are, respectively, the correlation length and the size of the initial
equilibrated region, with ξ ∼ ξo [18]. Equation 4 reduces to the expression for ti of
Eq. 3 when considering a propagation of the fast region in one-dimension, as it is the
case of the parallel front, an equivalency between tR and ti , τ̂ (T fin

F , T ) and τ , τ(T in
F , T )

and tbulk, and a beta close to one, implying a relatively sharp distribution of relaxation
times in the glass, as is expected for ultrastable glasses [106] (An estimation of the
dispersion in front velocity, and therefore in relaxation time according to Eq. 4, in
ultrastable glasses yields distributions with a full-width half-maximum lower than a
25% of total deviation [106]).

This critical length scale has also been explored in silico using quite diverse
approaches. Reichman et al. [187] recreated glasses of different stabilities using ran-
dom pinning of a certain fraction of particles, f , from an equilibrated supercooled
liquid sample. After a sudden temperature jump, the mechanism for the system return-
ing to equilibrium depends on the fraction of pinned particles, showing a competition
between front and bulk transformation and the appearance of a characteristic length
determining the dominance of one of the two mechanisms depending on f . Gutiérrez
and Garrahan [185] used a kinetically constrained model, a three-dimensional East
model with soft constraints, to reproduce the transition of thin film glasses. In their
work, they reproduce the crossover between the two transformationmechanisms, front
and bulk, as a function of film thickness. Fullerton et al. [186] used a combination
of swap Monte Carlo and molecular dynamics to prepare glasses of size polydisperse
Lennard–Jones particles of different stabilities, achieving glasses of unprecedently
high kinetic stability. This allows them to study the front and bulk transitions and
the crossover between them as a function of different parameters such as melting
temperature but also glass stability. The crossover length arises naturally from their
simulations, with a similar trend as has been observed experimentally, with a decrease
both for lower stability glasses and for lower melting temperatures. The way in which
the authors of this study prepare their samples results always in isotropic, equilibrium
glasses. The fact that they observe a front-mediated transformation in all cases, lets the
authors conclude that this transformation mechanism results from the inherent kinetic
stability of the glass, independently of the preparation process or the anisotropy of
the glass. It should, therefore, be observed also in liquid-cooled glasses under proper
melting conditions.

3.3 Bulk melting

If the ultrastable glass film is thicker than the crossover length, then a bulk trans-
formation mechanism dominates the transition of the glass into the liquid state, as
schematically shown in Fig. 17b. In this section we highlight experimental and simu-
lation evidence pointing out that the bulk transformation of highly stable glasses bears
a close resemblance with a melting process in crystals.

The first experimental work addressing the anomalies of the bulk mechanism for
stable glasses with respect to conventional liquid-cooled glasses was published by
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Kearns et al. back in 2009 [173]. This work already identified the kinetics of the bulk
process as an Avrami-type kinetics [189]. Subsequently, many theoretical and sim-
ulation studies have worked on the transformation of low-temperature equilibrated
glasses which are exposed to a temperature jump above Tg [18, 174, 185, 187, 190,
191], to find that the equilibration to this new temperature takes place via the expan-
sion of high temperature equilibrated regions into the immobile glass matrix. The
requirement for this process to dominate the transition is the presence of large mobil-
ity contrasts between both regions, which can be achieved either by a big temperature
jump or by a very low-temperature equilibrated glass as a starting configuration. These
high mobility regions are the result of fluctuations in the system, as in the case of the
entropy drops of the model based on RFOT developed by Wolynes [18], the inher-
ent dynamic heterogeneities as in the facilitated kinetic Ising model of Douglass and
Harrowell [191], the local excitations as in the kinetically constrained model used by
Gutiérrez and Garrahan for simulating ultrastable glasses [185], or higher temperature
regions as in the simulations by Lulli et al. based on a distinguishable-particle lattice
model, where the authors followed the spatial profiles of particle displacement and
their interactions [190], as shown in Fig. 20. Jack and Berthier reproduced the same
transformation mechanism using the triangular plaquette model, which is defined in
terms of spin variables with simple interactions. In that study, they reproduced not only
the nucleation and growth mechanism for equilibration to higher temperatures of very
stable glasses which is successfully characterized using the Avrami formalism, but
also the transition into the homogeneous relaxation with a broad range of relaxation
times expected for low stability glasses when the starting configuration corresponded
to a glass equilibrated at higher temperatures [174]. More recently, Fullerton and
Berthier [167] used the Swap Monte Carlo approach to generate in-silico glasses of
ultra-high stability, with transformation times five orders of magnitude slower than
the equilibrated liquid. When analyzing the transition of these glasses into the liquid
state, they found out that again it took place via the formation of liquid patches that
grow until consuming the static glass matrix, following an Avrami-like kinetics. The

Fig. 20 Snapshots of structural temperature TS
(−→x , t

)
and particle displacement d

(−→x , t
)
for a temperature

up jump. Different columns refer to average overlap q between the actual and the initial configuration,
corresponding to increasing time from left to right. TS

(−→x , t
)
and d

(−→x , t
)
show heterogneous evolution

with large domains for the up jump. Immobile domains coincide with low structural temperature (i.e. low
limiting fictive temperature) domains. Reprintedwith permission fromLulli et al. 124, 095501 (2020) [190].
Copyright 2020 by American Physical Society
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reason behind this behavior, was attributed to the big contrast between the density of
the glass and that of the new-formed liquid.

Since the cross-over length for highly stable organic glasses is typically larger than
onemicron, one needs to produce thick glasses to engage in such a study, which is time
demanding given the fact that highly stable glasses are typically grown with growth
rates around 0.1 nm/s. This limitation can be overcome by arresting the mobile regions
that would initiate the liquid front. By capping the stable filmwith a layer of an organic
molecule with higher Tg, one can inhibit the formation of the front [30, 175] at the
interfaces forcing the stable glass to transform through a bulk process. In a recent study
from Vila-Costa et al. [176], capped ultrastable thin films were isothermally annealed
at temperatures above the glass transition temperature and their transformation kinetics
extracted from the calorimetric trace of partially transformed glasses. A schematic of
the thermal treatment together with an example of the resulting curves is reproduced
in Fig. 21.

The first calorimetric peak in Fig. 21c,d corresponds to the glass transition of a
fast-cooled glass, which is the result of the formation of regions of supercooled liquid
during the isothermal treatment. The fast cooling of the sample at around − 500 K/s
after the isotherm transforms these liquid regions into a fast-cooled glass, which has
a lower glass transition temperature with respect to the vapor-deposited stable glass,
as shown in the final up scan. During an isotherm at T > Tg, the progress of the
transformation, i.e. the development of these liquid regions for different times, can be
followed from the evolution of the calorimetric peak of the fast-cooled glass [176].
This analysis yields curves of transformed fraction as a function of time providing
information on the transformation mechanism (Fig. 21b). The fitting of these curves
using the Kolmogorov–Johnson–Mehl–Avrami–Erofeev, KJMAE [189], formalism
corroborates that the transformation of the highly stable glass into the supercooled
liquid takes place by a nucleation and growth process in agreement with theoretical
predictions and previous work [18, 190, 191]. The KJMAE formalism describes the
occupation of space by the transformed phase during a transformation based on sta-
tistical considerations. This model is widely used for phase transitions which take
place via a nucleation and growth of the new phase, such as a crystallization from an
amorphous phase or melting. Non-random nucleation, non-isotropic growth and finite
size effects are not properly described by KJMAE [189]. However, it is compatible
with homogeneous, time, temperature o pressure dependent nucleation rates and also
with interface, diffusion and time, temperature and pressure dependent growth rates.

In the case of an ultrastable organic thin film glass capped with a higher Tg mate-
rial, the fitting of the transformed fraction data, during an isotherm above Tg, using
the KJMAE formalism yields Avrami exponents of the order of two. Considering that
these are thin film glasses (around 70–80 nm thick), it is an indication that the transfor-
mation into the supercooled liquid takes place by 2D growth from pre-existing nuclei.
When measuring much thicker films (more than 10 μm thick) the Avrami exponent
takes values around n = 3, compatible with a 3D growth of pre-existing nuclei, con-
sistent with the results obtained for thinner films (see Fig. 21). However, identifying
the transformation mechanism using the Avrami exponent alone is not conclusive
since the same exponent is compatible with different transformation mechanisms and
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Fig. 21 Results of the study of bulk glass transition of TPD thin and thick ultrastable film glasses. a Thermal
protocol to measure the amount of liquid formed during an isothermal treatment. The samples are deposited
at T sub. Afterwards, samples are hold at T iso for a specific time. After the isotherm, samples are cooled
down at 10 K/min in the case of the thick films (30 μm) and at 500 K/s in the case of the thin films (around
80 nm). Samples are then heated at 10 K/min in the case of thick films and at 3 × 104 K/s in the case of thin
films. bMass fraction of liquid formed during the isotherm at T iso = Tg + 14 K as a function of annealing
time for thin and thick films. The fraction is extracted from the specific heat data, evaluating the amount
of fast-cooled glass from the growth of the first calorimetric peak. The lines are fits of the data performed
using the Avrami model, which yields exponents close to 2 for the thin films and close to 3 for the thick
films. c, d Resulting specific heat curves (last step of the thermal protocol) after different times (indicated in
the legend) at T iso = Tg + 14 K for thin (c) and thick films (d). The inset in fig. d is a magnification of the
low temperature peak region. The first calorimetric peak can be identified with the liquid regions formed
during the isotherm, that become a fast- cooled glass when cooling down the sample after the isotherm.
The second peak corresponds to the glass transition of the remaining glass. Reprinted with the permission
of A. Vila-Costa et al., Phys. Rev. Lett. 124, 076002 (2020) [176]. Copyright 2020 by American Physical
Society

geometries. Extra information about the characteristics of the sample, i.e. some inde-
pendent measurements of the nucleation sites or about the growth front velocity of the
SCL, would be very useful to confirm the precise mechanism of the transformation.

However, the nature of these pre-existing nuclei is difficult to identify experi-
mentally. As mentioned above, many simulations predict the existence of dynamic
heterogeneities that would act as seeds for the initiation of the transformation. These
heterogeneities could be viewed as intrinsic dynamic fluctuations of the system [18,
190], to the point to assert that if there were none of these heterogeneities, the equili-
bration of the glass at that temperature would never take place [191]. This view would
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agree with the existence of pre-existing nuclei, as the analysis of the experimental data
suggests. Another possibility, described in some simulations, invoke a rate of forma-
tion of high fictive temperature regions [174, 185]. Although this approximation is
not consistent with the treatment of the experimental data so far, the formation of new
liquid regions during the isothermal treatment cannot be fully discarded. In any case,
there seems to be a relation between the stability (volume density) of the glass and the
number density of these dynamic homogeneities, with a decreasing number of defects
the higher the stability of the glass [192].

The average distance between the initiation sites is difficult to discern from the
fitting of the transformed fraction since this parameter and the growth front velocity
are both correlated in the equation leading to the transformed fraction. Therefore,
similar fittings to the experimental data could be achieved with a lower density of
nuclei and larger growth-front velocity or, oppositely, using a much higher density of
nuclei with a slower propagation front velocity. As a first assumption, the work of Vila-
Costa el al. [176] uses the velocity obtained for the propagation front during the surface
transformation of very thin films at each temperature. In this case, the obtained average
distance between nuclei of few microns roughly coincides with the cross-over length
[104, 173, 176] yielding a consistent result. Assuming that the growth of the liquid
phase is 2D (Avrami exponent close to 2) a lower limit of the growth front velocity
can be estimated. Since the films under study were 80 nm thick, the distance between
nuclei must be at least around twice this thickness for the growth to be considered
2D [193], that is around 200 nm. In this extreme case, the nuclei density would be
around two orders of magnitude higher compared to the one obtained using the front
velocity as liquid growth rate [176]. Since the transformation rate depends on the
product Nv2, with N the density of initial nuclei and v the growth rate, a higher nuclei
density would yield a lower growth rate. If N changes by two orders of magnitude
the velocity of the liquid regions in the bulk would be one order of magnitude slower
than the velocity of the surface propagation front. In this scenario, the difference in
propagation velocity of the liquid between the front and the bulk could be due to a
pressure increase arising from the difference in density of 1.7% between the glass and
the liquid at the same temperature [40]. However, a study of the transformation of
very thick films of an organic glass by means of dielectric spectroscopy showed that
the relaxation time of the liquid surface propagation front and of the liquid formed in
the bulk was not only the same, but equal to the alpha-relaxation time expected for
an equilibrium supercooled liquid at that temperature [104]. Still, even if the liquid is
completely equivalent, the propagation velocity could be different. Clearly, a precise
determination of the density of nuclei is necessary to get a better insight into the
transformation mechanism.

In the case of bulk transition in ultrastable thin film glasses, the second peak of the
calorimetric traces shown in Fig. 21 corresponds to the glass transition of the remain-
ing glass, which has not experimented a remarkable softening during the isotherm,
considering that its position shifts only slightly to lower temperatures when increasing
the isothermal time. The shift ismore significant however, in the thicker films.Whether
this difference is related to the thickness of the films or to the fact that the heating
ramp after the isothermal treatment is performed five orders of magnitude slower in
the case of the thick films, it is still not known. In fact, a very interesting question is

123



382 C. Rodríguez-Tinoco et al.

which is the mechanism behind the transition of the ultrastable glass when submitted
to a continuous heating treatment. Is it the same nucleation and growth mechanism
obtained for the isothermal treatment? Is it a homogenous softening as in the case of
conventional glasses? Or is it a mixture of both mechanisms?

Back to the theoretical models and simulations, a common feature is that the exis-
tence of these melting-like transitions into the supercooled liquid requires a large
mobility contrast or difference in the equilibration temperature, between the immo-
bile glass and the high temperature equilibrated nuclei. Following this argument, it
should be possible therefore to observe this transformationmechanism in conventional
glasses. The only requirement would be to measure the transition at temperatures far
above the glass transition of the glass, so the above-mentioned condition would be
fulfilled. The realization of such an experiment is challenging due to the short trans-
formation times for such glasses when getting far above Tg. On the opposite side,
one would expect that the equilibration of an ultrastable glass, which has been driven
above its equilibration temperature just a few degrees, would take place following the
dynamics of a cooperative rearrangement. Again, the experimental realization of such
an experiment would require extremely long measuring times.

4 Low-temperature properties: two-level systems and boson peak

Non-crystalline solids, whether glasses or other amorphous solids, and even some
glass-like disordered crystals, are well known to exhibit thermal, acoustic and dielec-
tric properties at low temperatures clearly different from those found in textbook
crystalline solids [194–196]. Furthermore, these low-temperature glassy “anomalies”
show a remarkable degree of universality for any type of glass, qualitatively and, in
many respects, even quantitatively. Specifically, below about 1 or 2 K the specific heat
of non-crystalline solids is much larger than that of their crystalline counterparts and
depends roughly linearly on temperature,Cp ∝ T , whereas the thermal conductivity is
orders of magnitude lower and varies almost quadratically, κ ∝ T2. Both power laws
are in clear contrast with the cubic dependences observed in crystalline solids, which
are successfully explained by Debye’s theory. Acoustic properties also dramatically
differ from those found in crystals, the attenuation being much stronger—as may be
expected—, but with a rich and peculiar phenomenology of frequency and temper-
ature behavior, including sign-changing logarithmic temperature variations of sound
velocity. Dielectric properties exhibit a similar behavior [194].

Most of those low-temperature properties of glasses below 1 K have been suc-
cessfully explained by the Standard Tunneling Model (STM) since long [197–199].
The essential hypothesis of the STM is the ubiquitous existence of atoms (or, more
likely, groups of atoms) in amorphous solids, which can sit almost equally well in
two different configurations of similar energy. Hence, there will be a vast, random
distribution of low-energy anharmonic excitations via quantum tunneling at low tem-
perature between the two lowest energy levels of such atomic groups, what will work
as two-level systems (TLS) in asymmetric double-well potentials.

To calculate the specific heat of that random distribution of tunneling states within
the STM, it is a good and usual approximation to simply take a constant density of TLS,
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i.e. n(E) ≈ nTLS. Then, CV = (π2/6) nTLS kB2T is readily obtained, which accounts
for the experimentally observed quasilinear dependence of the specific heat in glasses.
Typical values nTLS ~ 1046 J−1 m−3 have been so found for many different materials,
within one order of magnitude, though the dispersion could be much stronger [200]. A
corresponding STM expression accounts for the thermal conductivity and its quadratic
dependence on temperature, governed by the TLS resonantly scattering off thermal
phonons [194, 197–199]. Also, acoustic and dielectric properties at low temperature
can be reasonably explained by the STM.

Despite the apparent success of this 50-year-old model, the structural origin and the
very microscopic nature of the TLS remain unclear indeed. Although single-molecule
spectroscopy experiments [201, 202] have provided some experimental evidence for
their existence in particular cases, a few authors [196, 203–205] have seriously ques-
tioned the STM and the very idea of a random ensemble of independent tunneling
states as the cause of the universal behavior of every glass at low temperatures.

Furthermore, the thermal behavior of glasses above 1–2 K presents other features
beyond the reach of the tunneling model and its TLS. A broad maximum in Cp/T3 is
observed in most glasses at typically 3–10 K, which is associated with the so-called
“boson peak” [194, 206], observed by Raman scattering, inelastic neutron scattering
and other spectroscopic techniques, arising from an unexpected and controversial
excess in the Debye-reduced vibrational density of states g(ω)/ω2 at around 1 THz.
In the same temperature range of the Cp/T3 peak, the thermal conductivity levels off
to a plateau region. Astonishingly, the thermal conductivity coefficient of all non-
crystalline solids is ~ 10−3 W cm−1 K−1, irrespective of the type of material. This
is probably the most universal glass anomaly, together with a related feature in the
acoustic properties, namely another universal plateau Q−1 ~ 5 × 10−4 in the internal
friction [194, 196, 207].

An open question for decades has been whether these universal “anomalies” of
glasses at low temperature could be eventually suppressed by strong or long enough
annealing (or aging) stabilization processes near or below the glass transition tempera-
tureTg. In fact, many different experiments have been long reported about these issues,
thoughwith unclear or contradictory conclusions (see amore detailed discussion about
it in ref. [208]).

For decades, rare exceptions to the general picture described above had been
observed only for the internal friction in amorphous films of covalently bonded,
fourfold-coordinated elements, namely Si, Ge, and C [207, 209, 210], presumably
because of the rigid and stable character of their network. In addition, an absence of
the characteristic far-infrared resonant absorption ascribed to TLS was reported [211]
for a “tetrahedral liquid” such as low-density amorphous (LDA) water.

The case of amorphous silicon (a-Si) is particularly interesting and has been thor-
oughly addressed. After earlier acoustic experiments in a-Si showed a depletion of
the TLS plateau in the internal friction (see left panel in Fig. 22), low-temperature
specific heat and thermal conductivity measurements in evaporated thin films con-
firmed such depletion of glassy low-energy excitations in a-Si [212]. As depicted in
the right panel of Fig. 22, studied a-Si thin films exhibited a simple Debye behavior
at least down to 2 K, apparently without a linear term nor a boson peak (only a typi-
cal van Hove peak above 30 K). Nonetheless, more recent experiments performed by
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Fig. 22 Data on amorphous silicon. Left panel: Internal friction of as-sputtered and annealed thin films of
a-Si. The solid line shows the internal friction of bulk a-SiO2, and the double arrow indicates the glassy
range observed in typical amorphous solids (after Ref. [212]). Right panel: Specific heat of a-Si, including
earlier data and crystalline Si as a reference (after Ref [210].). Reprinted with permission from X. Liu et al.,
Phys. Rev. B 58, 9067 (1998) and Zink et al. Phys. Rev. Lett. 96, 055902 (2006) [210, 212]. Copyright by
American Physical Society

the same group have shown that changing the preparation conditions of the a-Si thin
films determined the occurrence or not of typical low-energy glassy excitations at low
temperature [213–215].

Wemake use again of the potential energy landscape to point out there the existence
of tunneling TLS in double-well potentials (DWP) and low-frequency vibrational
excitations in single-well potentials (SWP), visualized as local minima in the rugged
potential landscape (see Fig. 3 in Sect. 1). The interest in the preparation of glasseswith
low-enthalpy is twofold. First, it could provide a definite answer to the fundamental
question of whether or not ideal glasses would contain such excess of “glassy” low-
energy excitations, since we would be measuring ideal or almost ideal glasses, not
just extrapolating or inferring results. Second, the presence of TLS excitations in
non-crystalline solids is the main difficulty hampering, for example, an efficient use
of superconducting circuits for quantum computation [216, 217], which seems to
be mainly limited by TLS losses. Specifically, tunneling TLS present in amorphous
parts of the devices are thought to be the major source of noise and decoherence in
superconducting quantum circuits [218].

In Fig. 23 we show specific-heat measurements [219] at low temperature performed
on several physical vapor deposited (PVD) thin films of indomethacin (IMC), one of
the first and most studied ultrastable glasses up to date. The left panel (a) shows the
data in the whole temperature range using the typical Debye-reduced cp/T3: T plot,
whereas the right panel (b) amplifies the lowest temperature region to determine the
linear and cubic coefficients. Two samples, prepared under slightly different depo-
sition conditions as ultrastable glasses (labeled USG-1 and USG-2), exhibited a full
suppression of the linear contribution ascribed to TLS. On the contrary, another sim-
ilar sample but prepared under non-ideal deposition conditions (conventional glass)
presented the usual glassy behavior with a significant linear term. Moreover, one of
the USG samples was stored in poor vacuum and temperature conditions for months
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a
b

Fig. 23 Specific-heat data for different PVD thin films of indomethacin, including one conventional glass,
two ultrastable glasses—USG-1 is 50μm-thick andUSG-2 is 80μm-thick—, another standard glass formed
by degradation of the latter, and a film in crystalline state (Debye extrapolated at lower temperatures).
a Debye-reduced cp/T3: T plot; b cp/T : T 2 plot at very low temperatures to determine the TLS (linear)
and the Debye (cubic) coefficients. Dashed lines show the corresponding linear fits for experimental data
below 2 K

(labeled as degraded USG). Then, it was measured again and showed a recovery of its
glassy features. Also, a similarly prepared sample was led to crystallization and was
measured as a reference.

In summary, USGs of IMC lack the universal linear term coefficient in CP, in clear
contrast with samples of the same substance prepared as standard glasses. Therefore,
it is tempting to associate the found depletion of TLS for the USG of IMC to the
extraordinary structural and thermodynamic stability of this kind of glasses. Another
possibility pointed out in Ref. [219] would be, however, that the special growing
conditions and the corresponding anisotropic character of these PVD highly-stable
glasses hindered the appearance of TLS. The latter option was suggested also because
of the results obtained in a different type of highly-stable glasses, namely hyperaged
geological glasses of amber [208, 220].

Amber is a polymeric glass that has been aging below Tg for millions of years.
In contrast to standard annealing processes, in the case of amber the pristine sample
is the highly-stable glass. Subsequently, after performing the desired measurements,
the very same sample is annealed and thus partially or totally rejuvenated. Oppositely
to the case of PVD ultrastable glasses of IMC, stable amber glasses of 110 Myears
(from El Soplao, Spain) [208] were undoubtedly found to exhibit a linear term in the
specific heat, which is, qualitatively, and even quantitatively, identical to that seen
in its state as rejuvenated or standard glass. Also, the presence of a glassy “boson
peak” persists in ancient amber (in comparison to rejuvenated samples), though in this
case the strength of the peak increased with rejuvenation. This observation in Cp/T3

was later confirmed by measuring the low-frequency vibrational density of states by
means of inelastic X-ray scattering (IXS), as shown in the left panel of Fig. 24 [221].
The persistence of these glassy thermal properties at low temperatures in highly-stable
glasses was also observed in Dominican amber glass [220, 222], again in clear contrast
with the case of IMC (Fig. 23).
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Fig. 24 Specific heat of 110-Myear-old Spanish amber [209]. (Left): Typical cp/T 3: T representation show-
ing the boson peak for the pristine amber and for the same sample after fully rejuvenation. Solid lines are
curves calculated from the vibrational density of states obtained from IXS data [221]. (Right): same cp data
plotted as cp/T : T2 at the lowest temperatures to show the invariant linear coefficient (the intercept with
the ordinate axis), also including the sample in an intermediate partially-rejuvenated state

Most recent advances in computational studies can shed light on this issue. By using
a new Monte Carlo algorithm (swap), a strong depletion of TLS when increasing the
stability in computer-generated glasses has been recently found [223], apparently
supporting the abovementioned results obtained in PVD ultrastable glasses of IMC
[208]. The question of why amber glasses behave so differently is left aside.

More experiments are needed to answer the question of whether the persistence or
suppression of TLS in stable glasses could depend on the kind of glass-forming mate-
rial and is not a universal property, or if the anisotropy may play a role. Specifically,
further specific-heat measurements in other glasses able to be prepared with a high
kinetic and thermodynamic stability would be most interesting, as well as more simu-
lations on computer glasses of different kind, including polymeric-like or anisotropic
systems.

Finally, we could mention a possible new kind of highly-stable glasses recently
introduced by Cangialosi and coworkers [73]. They prepared glasses out of polymer
spheres with large interfacial area, which appeared to attain the ideal glass state in
time scales of about one day. By employing inelastic neutron scattering they observed
a suppression of the boson peak in the Debye-reduced vibrational density of states for
the stabilized glasses. Certainly, it would be most desirable to explore the existence
or absence of TLS by specific-heat measurements or other properties at very low
temperatures in this new system.

5 Opto-electronic properties and thermal transport in organic
vapor-deposited glasses

5.1 Electronic transport

Small organic semiconductor molecules are key to develop organic based electronic
and optoelectronic devices, such as organic field effect transistors (OFETs), organic
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light emitting devices (OLEDs) and organic photovoltaics (OPVs) with higher per-
formance than their inorganic counterparts. Electronic applications, in which carrier
transport is the key parameter, often involve crystalline layers due to their superior
carrier mobilities in comparison to structurally disordered organic glasses. Over the
years, there has been an intense effort to prepare single crystalline organic layers
with high carrier mobilities enabling high electronic conductivity. Yet, it is extremely
challenging to obtain large area single crystals and typically, OFETs are made of poly-
crystalline layers. However, the presence of grain boundaries is detrimental to carrier
transport and therefore highly-dense amorphous layers with improved air and thermal
stability and better electrical properties could have some advantages over their poly-
crystalline counterparts. Many of the prominent small organic molecules with high
mobilities are based on acenes and fused heteroacenes, i.e. pentacene, tetracene. The
key of their success is linked both to their molecular structure and to the intermolec-
ular packing that determine the energetic disorder of the energy levels and the charge
transfer integral between adjacent molecules. However, these materials have a high
tendency for crystallization during vapor-deposition and are extremely challenging to
grow as glasses within the correct temperature window to form stable glasses. Other
more-complex, organic semiconductors, such as those used in OLEDs, are easier to
grow from the vapor as glasses [2, 45]. One of the main limitations of organic glasses
is their low carrier mobility compared to other inorganic materials. Most disordered
organic semiconductors operate in the hopping regime in which carriers hop from one
molecule to another under the influence of an external electric field. The disordered
structure and the weakly van der Waals forces between molecules give rise, therefore,
to low mobility hopping transport [224]. However, during the last 25 years mobility
has raised from 10–4 to 10–3 cm2/Vs to values exceeding 1–10 cm2/Vs, same order of
magnitude as those characteristic of thin film amorphous Si (0.5–1 cm2/Vs) [224]. One
possibility to further enhance mobility is through increasing the density and molecu-
lar alignment of the molecules conforming the glass. The higher density and tunable
molecular orientation of glasses grown under appropriate conditions may also facili-
tate charge hopping through the enhancement of the charge transfer integral between
adjacent molecules. Density enhancement may also lead to other beneficial effects
such as lower vapor uptake to improve the air stability [119] and device performance
[31] and higher photostability under light irradiation [111].

To improve the efficiency of organic devices, it is mandatory to control the prop-
erties of the semiconductor glass by tuning molecular orientation, increasing kinetic
and thermal stability and glass density as to achieve the highest efficiency through
enlargement of the π–π interactions.

There have been quite a few studies devoted to understanding the effect of deposition
temperature on the charge transport properties of thin film glasses of organic semicon-
ductors. Yokoyama et al. [15, 43, 44] have already shown that molecular orientation
modifies charge transport in anisotropic glasses and that substrate temperature could be
used to tune the molecular orientation of linear-shaped molecules from horizontally-
aligned at low temperature to a more isotropic distribution at higher temperatures,
below the glass transition temperature (see Sect. 2). Ellipsometry (not shown) indi-
cates OXD7 films are optically isotropic whereas the Bpy-OXD film exhibits a very
large optical anisotropy. A horizontal orientation with respect to the substrate strongly
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Fig. 25 Variation of electron mobility as a function of the electric field for OXD7 (blue) and Bpy-OXD
(red) films determined using two devices each (circles and triangles). Reprinted with permission from D.
Yokoyama et al., Appl. Phys. Lett. 95, 243303 (2009), AIP publishing [15]

increases electrical conductivity in the perpendicular direction, as shown in Fig. 25.
The effect is by no means small and tenfold improvements or more in mobility can be
reached, as shown in Bpy-OXD or for the linear-shaped BSB-Cz molecule [15]. The
enhancement is related to the increase in carrier mobility attributed to an improved
π–π stacking that result in better overlap of the HOMO–LUMO orbitals of adjacent
molecules. These earlier studies were not aware of the increased density and enhanced
thermal stability of the thin filmglasses grown belowTg and therefore, could not disen-
tangle the separate role of density and molecular orientation on carrier mobility. More
recently, Adachi and coworkers have studied the influence of molecular orientation
and density on the transport properties of alpha-NPD thin film glasses. Interestingly,
they observed that a density increase of 1–2%, reached at T sub = 0.7–0.8 Tg, was the
main reason for the increase of the current density and that molecular orientation had a
minor contribution [31]. The increased density of the stable films was also responsible
for the larger operational lifetime of the devices. This was preliminary ascribed to a
better thermal stability related to the lower water vapor uptake of denser films [119].

In glasses, there is an energetic and structural disorder in the alignment of the
energy levels compared to crystals. In amorphous solids, the energy levels are shifted
and broadened with respect to the corresponding HOMO and LUMO levels of the
isolated molecules. In general, the HOMO–LUMO gap shrinks, and the density of
states becomes a Gaussian distribution. Typically, the energetic disorder is bound to
have a significant impact in the mobility, since a broad distribution of energy levels is
synonymous of larger average hopping barriers between adjacent molecules. In this
sense, it would be highly desirable to understand the role of the deposition conditions
on the energetic disorder of the HOMO–LUMO distributions. It is to be expected
that a higher density and a better molecular alignment may also modify the energetic
distribution resulting in a narrower density of states, DOS. A narrow DOS will result
in improved hopping due to the lower energy barrier for states at the center of the
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DOS distribution. In fact, in a recent work, Adachi and coworkers [32], carried out
thermally stimulated current (TSC) measurements to unveil the reason for the change
in the hole current density in amorphous (bulk-like, thickness 300 nm) films of alpha-
NPD, a hole-transporting material, deposited at various substrate temperatures below
the glass transition temperature (Tg = 362 K). The highest value of the hole current
was found at T sub = 0.75 Tg. The analysis of the TSC measurements led the authors
to conclude that hole traps were uniformly distributed across the films for all substrate
temperatures, but the hole trap energy was the smallest for the films grown at 0.75 Tg,
Fig. 26.However, the hole trap density decreased linearly as temperaturewas increased
from 240 to 330 K (0.65–0.90 Tg), as shown in Fig. 26. At present, there is not a
clear correlation between increased density, trap energy, trap density and molecular
orientation, so further studies are mandatory to better understand structure–property
indicators that allow for proper tuning of the electronic properties of vapor-deposited
organic semiconductor glasses.

Atomistic studies of charge transport in simulated vapor-deposited glasses also
highlight the benefits of structural ordering on enhancing the rate of hopping of charge
carriers through the glass. De Pablo and coworkers [225] used simulated ethylbenzene
glasses as a simple example to understand other, more complex, molecular semicon-
ductor glasses. Interestingly, the transfer integral between neighbor molecules was
enhanced by 10% and the energetic disorder of the anisotropic and more stable vapor-
deposited glass was 10% lower relative to the conventional glass. While more work

Fig. 26 a Orientational order parameter S and b relative density ρrel as a function of substrate temperature
during vacuum deposition, T sub. The chemical structure of α-NPD is shown in the inset of panel a. c Plot
of current density J at E = 1.0 × 105 V/cm versus T sub. d dependence of hole trap density on T sub. e Trap
depth versus T sub. Lines are guides to the eye. Reprinted with permission from Esaki Y et al., J. Phys.
Chem. Lett. 8, 23, 5891–5897 (2017). Copyright {2017} by American Chemical Society and Esaki Y et al.,
Appl Phys Lett 114, 173301 (2019), AIP Publishing [31, 32]
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needs to be done on larger molecules used in practical applications, this tendency
supports the still scarce experimental evidence discussed above.

5.2 Organic light emitting devices

Organic light emitting devices (OLEDs) are composed of a series of stacks of organic
materials to enable injection of charge carriers (electrons and holes) when a voltage
is applied to the electrodes and their recombination within the emissive layer. A sim-
plified stack including contacts, electron transport layer (ETL), hole transport layer
(HTL), hole and electron blocking layers (HBL and EBL, not shown) and the emissive
layer (EML) at the center is shown in Fig. 27. It is important to realize that the organic
layers conforming the OLED structure are disordered and often grown by vapor depo-
sition at room temperature irrespective of the glass transition of the glassy films. The
reader is referred to more specialized reviews for details of this large field of research
[226]. Although in use in applications such as mobile displays and TVs, there are still
challenges OLEDsmust overcome for amore diverse deployment. Long-term stability
is one of the main issues in relation to high-brightness applications (> 1000 cdm−2)
and here the high thermal stability attained by ultrastable glass can be an added value.
However, the OLED community has not yet paid much attention to the implications
to use high dense low enthalpy ultrastable glasses as part of the OLED stack and, in
fact, all materials are grown at room temperature regardless the Tg of each material
evaporated.

Recent studies have analyzed how vapor deposition affects molecular alignment in
single layers of organic semiconductors [29] and the impact of orientation on trans-
port properties [44], as discussed in Sect. 5.1. Mu et al. [227] studied the effect of
the deposition temperature on the performance of a highly simplified OLED based on
a CBP:Ir(ppy)3 [CBP = 4′-bis(carbazol-9-yl)biphenyl emission layer (EML). They
assigned a Tg for CBP of 60 °C and according to this value the best devices were
grown at temperatures above the glass transition temperature of the ETL and HTL,
therefore outside the window of formation of highly stable glasses. However, recent

Fig. 27 (Left) OLED device working principle. The electroluminescence is achieved when a voltage is
applied across the electrodes allowing the injection of holes and electrons to the HOMO and LUMO levels
of the respective organic layers. Those form an exciton that recombines radiatively. (Right) OLED light
outcoupling. Sketch of the different light losses mechanism that can occur within an OLED device. Total
internal reflection will be produced for emission at higher angles than the critical angle. Adapted from [37]
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measurements have shown the Tg for CBP is about 110 °C, using two different tech-
niques [228]. Based upon the revised Tg value, the best devices in the work of Mu
et al. were produced at 0.87 Tg.

Here we briefly outline recent efforts to incorporate ultrastable glasses into OLEDs
and themain achievements so far. There are different aspects to consider building up an
efficient OLED. High charge injection and electrical conductivity within the electron
and hole transport layers is a first requirement to generate a high number of photons
in the emissive layer. Other factors are essential to extract all these photons as useful
light outside the device. Among them the most relevant are, the radiative efficiency
of the decay process, the photon emission direction achieved through an adequate
molecular orientation (preferentially with the emitter parallel to the substrate) and the
refractive index of the layers to improve light-output. The first attempt to study the
impact of the growth conditions of the organic layers during vapor deposition on the
performance of state-of-the-art OLEDs was carried out several years ago by Rafols-
Ribé et al. [2]. They used the simplified three-layer Meyer stack outlined in Fig. 28
to test the influence of the deposition temperature on the efficiency and lifetime of a
monochrome phosphorescent light-emitting diode. The hole transport layer (HTL) is
TCTA (Tg = 151 °C) whereas TPBi (Tg = 122 °C) is used both as emitter matrix
for the emission layer (EML) and electron transport layer (ETL). This study showed
significant improvements of the external quantum efficiency EQE and luminous effi-
ciency LE (up to 24% and 30%, respectively) and device lifetime (by up to 4 times)
for the green emitter, Ir(ppy)2(acac)) by heating the glass substrate to 0.85 Tg during
evaporation of the ETL and EML (Fig. 28) Other phosphorescent emitters such as
Ir(MDQ)2(acac), Ir(ppy)3, and FIrpic were also tested with EQE enhancements by
15%, 22% and 163%, respectively at T sub = 0.85 Tg.

Fig. 28 (Left) Schematic device structure of the studied device. As a first study, and single OLED run was
prepared using the green emitter Ir(ppy)2(acac) (8 wt%) and evaporating the EML and ETL layers at six
different substrate temperatures. The rest of the layers were deposited at room temperature. A second run,
explained later in the text, consisted in using the same stack but with three different emitters and just
two substrate temperatures for each emitter. (Right) Devices performance versus deposition temperature.
External quantum efficiency (EQE) (red, left-axis) and luminous efficacy (LE) (blue, right-axis) at 100
cdm−2 as a function of the deposition temperature. The error bars are the standard deviation at the 95%
confidence interval and weighted with the t-student factor for small samples sizes (between 2 and 6 samples
for each temperature). Lines are a guide-to-the-eyes.Reprintedwith permission from J.Ràfols-Ribé, Science
Advances 4, eaar8332 (2018) [2]
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These improvements were attributed to a superior radiative efficiency due to
observed changes of the excited state lifetime. The reduced non-radiative decay rate of
the emitter was probably related to a denser packaging of themolecules. This viewwas
supported by a previous study by Qiu et al. [92] that showed the enhanced resistance to
light irradiation (photostability) achieved in ultrastable glasses of DO37 (3-[[4-(2,6-
dichloro-4-nitrophenyl)azo]-N-ethylanilino]-pro-pionitrile or Dispersive Orange 37).
The high density of the films formed as ultrastable glasses is likely to suppress cou-
pling to generally accessible decay states present in OLEDs. The influence of other
potentially relevant parameters such as charge transport, radiative rate and emitter
orientation were ruled out as the main sources of improvement of device performance
after detailed characterization. In the case of charge transport current–voltage char-
acteristics were minimally affected by substrate temperature. Emitter orientation was
also shown not to influence light-output since a detailed investigation of the tran-
sition dipole moment of the emitter Ir(ppy)2(acac) clearly showed that a change of
dipole orientation was not the origin for the enhancement. In another work, Bang-
sund et al. [229] link the observed increased of the EQE efficiency in the Meyer stack
comprising ultrastable glasses to the reduction of spontaneous oriented polarization
(SOP)-induced exciton quenching. SOP leads to the accumulation of charge carriers,
typically holes, at the interface that are effective in exciton quenching. Thus, accord-
ing to these authors heating the substrate is effective to reduce SOP and increase the
efficiency. Another recent studywith the green thermally activated delayed fluorescent
(TADF) emitter (4CzIPN) in a similar stack as that used by Rafols-Ribé et al. [2] was
carried out by Will et al. [230] using a similar strategy of growing the ETL and EML
at different temperatures. The EQE shows little sensitivity to changes of the substrate
temperature. The efficiency of the stack did not reach the one of state-of-the-art devices
that used other emitters probably because of insufficient energy transfer to the 4CzIPN
emitter used in this study.

These studies show that layer deposition at the right deposition conditions (mainly
at the appropriate temperature) may be a useful route to improve the efficiency and
lifetime of OLEDs. However, it is still too early to draw general conclusions since the
underlying processes are still not well understood andmore research efforts are needed
to elucidate the physics behind the observed improvements and if this methodology
can be extended to other emitters, materials and stacks.

5.3 Thermal transport

While many previous studies have focused on the electronic transport properties of
small molecule organic glasses, thermal transport in thin film organic glasses remains
largely unexplored and only few studies are reported to date [101, 176, 231–234].
The van der Waals interaction between adjacent or next-neighbor molecules has a
profound effect on heat propagation and disorder seems to play a minor effect on the
thermal conductivity compared to organic crystals. Therefore, the changes of thermal
conductivity between glassy and crystalline organic materials are much lower than
the ones observed in inorganic solids. One illustrative example is Si, for which the
thermal conductivity, k, ranges from 150Wm−1 K−1 at room temperature in the single
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crystal to 1.5 Wm−1 K−1 in the amorphous material. In contrast, thermal transport in
poly- or single-crystals of small organic molecules (rubrene, pentacene, Alq3, TIPS-
pentacene, DNTT, C60) [233, 235–237] already lie in the low k range 0.1–1 Wm−1

K−1.
The limited thermal conductivity in organic semiconductors is often described

through localization of lattice vibrations where heat is transferred by random walk
motion through the lattice. However, our current understanding of heat conduction
in organic glasses is limited by the largely incomplete knowledge about the actual
mechanisms ruling over thermal energy exchange in these systems and how the glass
atomic scale morphology affects transport.

Cross-plane and in-plane thermal transport measurements of vapor-deposited thin
film glasses of TPD [101] and α-NPD [37] indicate molecular orientation plays a
pivotal role in the value of the thermal conductivity.Rafols-Ribé et al. [101] have shown
that by changing the deposition temperature, the thermal anisotropy ratio, defined as
the relative difference between in-plane k‖ and through-plane k⊥ conductivity, (k‖ −
k⊥)/k⊥, can be modified to nearly 40%. As described in Sect. 2, molecular orientation
in vapor-depositedTPDorα-NPDglasses is dominated by surface equilibration at each
deposition temperature and it is well stablished that the lower the substrate temperature
during growth, the higher is the tendency towards horizontal orientation. That is, films
grown at around 0.7 Tg are mostly face-on oriented, while films grown around 0.9 Tg
have a small degree of vertical alignment and those grown above 0.95 Tg are mostly
isotropic, as shown by the order parameter, Sz, in Fig. 29 for TPD. Figure 29 also
shows the relative variation of k‖(blue squares, left-axis) normalized to the 325 K
value, 0.152 ± 0.004 Wm−1 K−1.

Fig. 29 Correlation between thermal conductivity and molecular orientation. The left vertical axis shows
the relative variation of the in-plane thermal conductivity with respect to its value a substrate temperature
of 325 K, k‖ = 0.152 Wm−1 K−1 and the right axis the order parameter obtained from Dalal et al. Both
quantities are plotted against the substrate temperature scaled by Tg. Reprinted with permission from J.
Ràfols-Ribé et al., Phys. Rev. Materials 2, 035603 (2018) [101]. Copyright 2018 by American Physical
Society
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Interestingly, the role of the anisotropic molecular packing in thermal transport is
anticorrelated with respect to electronic transport. That is, thermal transport is favored
along the direction of the long-axis of the TPD molecule while electronic transport
favors propagation along the perpendicular direction to the long axis of the molecule
provided there is sufficient π–π interaction. This is supported by molecular dynamic
all-atom simulations that identify the variation of thermal transport with changes in
the strengths of the molecular interaction. Stronger molecular interactions along the
backbone of the molecule favor the propagation of microscopic heat carriers along
this direction [101]. The decoupling of electrical and thermal transport provides an
interesting avenue to further explore the thermoelectric properties of small molecule
thin films, since the efficiency of a thermoelectric material is evaluated through the
dimensionless figure of merit, zT = S2σ/k, where S is the Seebeck coefficient, σ the
electrical conductivity and k the thermal conductivity due to charge carriers and lattice
vibrations, being T [K] the average temperature between the hot and cold regions. So,
zT is high in materials that simultaneously exhibit high electrical conductivity and
low thermal conductivity.

6 Conclusions

Ultrastable glasses have becomeanopportunity for newdiscoveries in the areas of glass
physics and chemistry, and represent one of the major cornerstones of the glass com-
munity in recent years. Herewe have intended to provide a broad vision of the different
aspects that encompass the research of stable glasses, highlighting and discussing dif-
ferent views offered by scientists in the area along their 14 years of existence. While
most of the work on stable glasses has revolved around organic glasses, the increas-
ingly important contribution of metallic and polymer glasses is also included in this
review. The most significant properties are compiled in a table that contains 57 differ-
ent glassy systems prepared by PVD in the range of substrate temperatures close to
Tg. Most of them formed stable glasses under suitable growth conditions.

Central to the debate of ultrastable glasses is their mechanism of equilibration. It is
highly recognized today that the extraordinary properties of vapor-deposited glasses
are linked to the enhanced mobility of the surface layer leading to a very fast equilibra-
tion under appropriate deposition conditions, where molecules or atoms have enough
time to reach equilibrium before being buried by other atoms/molecules. We also offer
some alternative views invoking the influence of beta relaxation or other equilibration
mechanisms to explain the formation of stable glasses. With high densities and low
enthalpies approaching the ‘ideal glass’, highly stable glasses show unique features
in their transformation to the liquid state, such as the existence of front melting in
very thin films, starting at regions of high mobility located at surfaces/interfaces. Very
thick (bulk-like) films have a glass transition that resembles melting or crystallization
by nucleation and growth. In this respect, there is still a lack of understanding about
the influence of the stability in the mechanism of transformation. Moreover, there are
no detailed investigations of the mechanism behind the glass transition in ultrastable
polymer and metallic glasses. The universality of the low-temperature glassy prop-
erties (in particular, the existence of two-level systems) seems to be broken by this
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family of highly-stable vapor deposited glasses. However, the research in this area is
still scarce and more data is needed before reaching sound conclusions. For instance,
we are not aware of any measurements of thermal conductivity in the low-temperature
region to ascertain whether stable glasses show the thermal conductivity plateau often
observed in conventional glasses.

The enhancedmechanical properties, thermal stability and resistance against degra-
dation and crystallization of highly stable glasses, bringgreat opportunities for their use
in applications where conventional liquid-cooled glasses fail. In addition, the simul-
taneous tunability of the molecular orientation in vapor-deposited organic glasses and
their higher density reached under appropriate deposition conditions, is of relevance
to prepare (opto)electronic devices with higher efficiencies and lifetimes. Some pre-
liminary activities in organic light emitting diodes and organic field effect transistors
have shown promising results, but the field is still largely unexplored.
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