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The understanding of the dynamics of a glass above its devitrification
temperature remains incomplete. Here, we build a spatio-temporal map

of the relaxation dynamics of a highly stable glass into its supercooled
liquid using real-time atomic force microscopy imaging. This methodology
enables direct visualization of the progression of the liquid phase and
clarifies and quantifies the presence of localized fast mobility regions
separated by giant length scales. Our data establish a clear correlation
between dynamiclength and time scales in glasses. This approach may also
be applicable to unveil the microscopic structure and dynamics of other
glass-forming systems with much shorter length and time scales, including
liquid-cooled glasses.

Glasses are non-equilibrium materials arrested during cooling in met-
astable configurations. The temperature that marks the transition
fromthe ergodic state, the liquid, to the non-ergodic one, the glass, is
known asthe glass transition temperature, 7,. Ahallmarkinliquid and
glassy dynamics is the recognition that dynamic heterogeneities are
at the core of the slowing down of the dynamics and are responsible
for the glass transition and its temperature dependence’”. Dynamic
heterogeneities are characterized by clusters of regions of atoms or
molecules with correlated mobility that grow as the temperature is
decreased. The existence of these clusters of mobility hasbeeninferred
from previous experiments™*™, butit is experimentally challenging to
identify them or their length scales, althoughiitis recognized that the
broad distribution of time scales in a glass can be associated with the
presence of mobile and immobile regions'>". It is generally accepted
that therelaxation of the glassinto the supercooled liquid (SCL) at the
devitrification temperature on heating, T,,, happens throughagradual
softening of the glass acrossits entire volume with a correlation length
of afew nanometres. However, we have recently shown this view is
not unique and can be changed by accessing a temperature and/or
time regime above T, where glasses transform into the liquid by the
formation of localized regions of liquid within a glassy matrix™, even

though the associated length scale has not been directly measured by
experiments yet” . Vapour-deposited stable glasses appear as model
systems to explore this scenario’® % and recent simulations pointin
this direction®.

Since direct spatial visualization of equilibrated regions above
T,.isextremely challenging due to the subtle structural changes over
very small distances, we follow a different strategy based on the local
mechanical instabilities that the liquid regions generate on a rigid
ultrathin layer grown on top of the glass. Well-defined surface undu-
lations can be produced in several ways***, leading to self-organized
wrinkling patterns with a rich variety of morphologies depending on
the particularities of the system®?. One approach to induce surface
wrinkling is by capping a soft thin-film material (typically a polymer,
but also a small-molecule organic glass) spin-coated on a rigid sub-
strate by a thinner film of a metal layer* or by another organic layer
with a higher T, (ref. 27). The instability can be initiated by annealing
the organic material into the rubbery state where wrinkling across
the whole surface appears due to the development of compressive
stressesinduced by differences in thermal expansion coefficients?%,
Wrinkling canbelocally induced at specific sites of the film by localized
surface modifications using focused ion beams®®, swelling-induced
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Fig.1|Representative images of the highly heterogeneous transformation of
astable TPD glass. a,b, Sketch of the trilayer structure (a) and of the annealing
protocol (b) in the AFM setup. ¢, AFM snapshots obtained at 349 K after time
tshowing the formation and progression of local wrinkles induced by the
transformation of the middle TPD layer into a SCL. The bottom graphs show the
line profiles of the selected regions. A white arrow marks the pattern considered.

Scale bars, 4.0 pum. d, Power spectral density (PSD) distribution of the fully
transformed sample indicating the prominent wavelength of the wrinkled
distribution. PSD has been calculated with WxSM software with no associated
uncertainty. The value of d is determined from the maximum of PSD with an error
corresponding to the separation between two adjacent points.

stress through toluene absorption® or local heating with an external
source, such asalaser®.

Here, we take advantage of a previously established proto-
col to induce bulk ‘melting’ in thin-film glasses®* by capping the
organic film (V,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidinem,
TPD, T, = 333 Kmeasured at 10 K min™) with two ultrathin layers of an
organic glass with a higher T, (tris(4-carbazoyl-9-ylphenyl)amine or
TCTA, T, = 428K, 10 Kmin™). The mechanical instabilities produced
during isothermal treatments above T, are measured in situ using
atomic force microscopy (AFM) and optical microscopy. We address the
continuum mechanics finite element modelling (FEM) of the wrinkling
phenomenon to demonstrate that the local surface wrinkles appearing
at T,,, > T (TPD) are induced by the equilibration of the intermediate
TPDlayer atlocalized spots. The observed patterns are compatible with
atime-dependent number of initiation sites that appear to propagate
radially. With these data, we construct a spatio-temporal, microscopic
map of the relaxation of amolecular glass, delivering a clear picture of
the heterogeneous devitrification dynamics of glasses with enhanced
stability. Imaging by AFM or optical microscopy provides a direct
visualization of giant lengths scales between fast mobility regions and
the growth of the liquid by dynamic facilitation. This methodology
also offers an original approach to study the glass transition from a
localized and new perspective and bridge the gap with the microscopic
information accessible to computer simulations™?*¢,

Asketch ofthe trilayer organic structure grown ona500-pm-thick
Si substrate with its native oxide (surface root mean square (RMS)
roughness, 0.13 nm in 1 x 1 um?) together with the thermal protocol

is shown in Fig. 1a,b. The TPD layer is vapour-deposited at a sub-
strate temperature of 0.857T,, (285 K) and has a fictive temperature”,
Ty=292+2K, 40 K below its T,,. Details of the growth of the organic
layers and the experiments are giveninthe Methods. After growth, the
thin-film stack (13 nm TCTA/63 nm TPD/13 nm TCTA/silicon, Fig. 1a)
is taken to an AFM or optical microscope equipped with a heating
stage. Mostresultsinvolve AFM due toits superior spatial resolution.
InAFM, the temperatureis raised toaworking value of 349 K, T, + 16 K,
insequential steps as showninFig. 1b to allow for equilibration of the
AFMsetup (Methods). At 349 + 1K, the transformation time of TPD into
the SCL is around 270 min (¢, = 2 x 10°t,, where 7, is the relaxation
time of the equilibrated liquid at that temperature)™, taking t=0s
as the time at which this temperature is reached. This time interval
offers a convenient scale to follow the kinetics of the transformation
inreal time, given thateach AFM scan takes around 4 min to complete
(Methods). Figure 1c shows some representative in situ AFM images
obtainedat T =T, + 16 Kin the same spatial location for different times.
The surface of the trilayer was initially very smooth (RMS roughness
below 0.3 nmin1x1um?) and did not show any surface undulation
before reaching the annealing temperature. Figure 1c bottom repre-
sents the apparent height of the surface topography across the line
scans marked in the AFM images (Methods). The images reveal the
emergence of surface corrugation thatinitially appearsin the form of
Gaussian-type protuberances with aspect ratios around 100:1, that s,
afew nanometres in height and a few hundred nanometres in width.
The corrugation develops over time so as to form localized wrinkle pat-
terns that grow radially from theinitial seed. A set of AFM and optical
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Fig.2|Surface undulation patterns and their modelling via finite element
simulations. a, Schematic showing the growth of an SCL region (in green)
from a nucleation site within the TPD interlayer towards the top and bottom
TCTA layers (growth direction marked with green arrows). This results in the
development of the first surface undulation triggered under the applied thermal
stresses (marked with black arrows). Notice the periodic onset of further
secondary undulations as the cylindrical-shaped SCL region extends radially
and mechanical instabilities develop. b, Simulated normalized out-of-plane
displacement (top) isotropic view of the whole simulated structure, (bottom,
left) isotropic view of azoomed region containing the first surface undulation
of diameter 8 = 250 nm within the TPD interlayer and (bottom, right) a cross-
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sectional view of the surface undulation region. The neo-Hookean model with
material parameters C=3.71x10° Paand d = 5.58 x 10 ® Pa*is assumed in the
simulations. ¢, Comparison between the simulation results from finite element
modelling (FEM) and the experimental AFM measurements concerning the
shape of the first undulation during the early propagation stages of the liquified
front. AFM datais for an emerging liquid nucleus, with no associated uncertainty
values. d, Comparison between a simulated wrinkled pattern of 6 21,000 nm
under the assumption of the neo-Hookean model with material parameters
C=3.71x10°Paand d=5.58 x 108 Pa!, and the AFM image of a typical patternin
13/63/13 nm trilayers. Scale bars,1.2 pum.

microscopy images of the transformation of a13/63/13 nm trilayer
are shown as videos in Supplementary Videos 1 and 2. We note that
the onset of the local perturbations could not be identified by AFM,
sothese measurements are not sensitive to theinitial formation of the
liquid droplet within the film and only monitor its appearance when
theliquidregionislarger than the thickness of the middle layer (sche-
maticsinFig.2a). This limits the spatial resolution to the thickness of
this layer. The peak-to-peak amplitude of the central part evolves from
2to3 nmoftheinitial seeds to around roughly 30 nm (peak-to-valley)
atthe end (Fig. 1¢), although the precise dimensions depend slightly
on the selected wrinkled pattern. The dominant wavelength of the
fully transformed sample, obtained from the power spectrum analy-
sis of the fast Fourier transform image, Fig. 1d, amounts to 912 nm
(Methods). The AFMimages in Fig.1and Supplementary Videos 1and 2
show two main features: the appearance of new local corrugations
of the trilayer as time evolves and their radial growth. Corrugation is
irreversible and maintainsits structure over months at room tempera-
ture. The observed patterns are not associated with crystallization,
grazing-incidence X-ray diffraction as well as transmission electron
microscopy imaging of the fully corrugated sample after the thermal
treatment show that the trilayer maintains its amorphous structure
(Supplementary Fig. 1). Capping the TPD middle layer at both sides
isrequired to avoid surface induced transformation and to observe

localized patterns evolving with time. TPD samples grown directly on
weakly interacting native oxide-Si substrates and capped only ontop
by TCTA do show wrinkling at the whole surface from the beginning
ofthe experiment due to the transformation of TPD into the SCL by a
propagation front that starts at the TPD-SiO, interface (Supplemen-
tary Fig. 2). This corrugationbehaviour is consistent with the thermal
wrinkling commonly observed in metal and polymer bilayers™.

Mechanical analysis of wrinkle formation

Continuum mechanics finite element simulations are used to correlate
the formation of surface undulations with the existence of SCL regions
within the intermediate TPD layer. A distinctive feature of the investi-
gated mechanical instabilities compared with most previous thermal
wrinkling studies is their local character, where the softened (liquid)
sites slowly populate the interlayer. While the three-layer thin-film
system thus behavesinaccordance with linear thermoelasticity, cylin-
drical SCLregions arisein the middle TPD layer after some time above
T, Surface undulation patterns are then induced due to the transfer
ofthe compressive thermalloads fromthe TPD interlayer to the stiffer
and much thinner TCTA top layer, which remainsinits glassy state. This
is amechanically unstable phenomenon triggered under the roughly
33-fold higher elastic modulus and roughly 88-fold smaller thermal
expansion coefficient of the Si substrate compared to the organic
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layers. These surface undulation processes are schematically illustrated
inFig.2a, resulting in the experimentally observed wrinkled patterns.
Concentrically ridged undulations are also produced as a function of
the relative layer thicknesses (Supplementary Fig. 3).

The onset of the first surface undulation (single ridge configu-
ration) is concomitant to the vertical expansion of the cylindrical
SCL regions due to density (p) differences between the liquid and
the ultrastable glass (UG) (p(UG) 2.8% higher than p(SCL) at T, +16 K
(refs. 40,41) and the compression induced by the surrounding TPD
glassy interlayer. The capacity of the cylindrical SCL regions to with-
stand shear stresses at the outermost regions close to the top TCTA
layeris thenregarded as an essential element of the attainment of the
multiple periodic undulations associated with the mechanical instabil-
ity of the thin-film system. The suddeninception of fully wrinkled sur-
faceswith the partly capped, two-layer system (Supplementary Fig. 2)
is indicative in that this capacity is maintained across larger surface
areas. Some viscous relaxation of the shear stresses is finally seen to
occurat T, +16 K, tentatively reducing the heights of the undulations.

In our finite element simulations, we consider that the softened
TPDinterlayer is adense liquid that exhibits solid-like properties below
acertain elastic limit. As we are essentially interested in assessing the
onset of the surface undulations under sustained shear, it is assumed
that the cylindrical SCL regions deform though linear elasticity with
discretionary levels of compressibility and small elastic modulus.
The softened interlayer is alternatively assumed to deform under
the non-linear neo-Hookean hyperelastic model, so as to capture a
possible decrease in the initial elastic modulus at small strain levels
(Methods). Comparisons between the experimental and computational
results are shown in Fig. 2b-d. A cross-section of a scanning electron
micrograph showing the surface undulation of a trilayer is shown in
Supplementary Fig. 8b.

Equilibration of liquid regions: giantlength
scales

Theimages of Fig. 1cand Supplementary Videos1and 2 offer a detailed
view of the evolution of the glass following a temperature jump above
Ty, inwhichlocalized regions within the TPD glass having higher mobili-
ties evolve towards the liquid state: a process referred to as softening
and equilibration, subsequently consuming the glassy environment by
dynamic facilitation. These images clarify previous experiments and
theories about the bulk transformation of stable glasses'®2°*2, These
studies, throughindirect measurements, suggested that bulk melting on
these glasses proceeds through a‘nucleation and growth’-type process
with giantlength scales between the initial patches of liquid. Here, we
assume the first regions equilibratinginto the liquid correspond to those
with the highest mobility and therefore we interpret the emergence
of newly equilibrated regions at different times as clear evidence of
dynamic heterogeneity. Our results confirm that dynamic heterogenei-
tiesin UGs are characterized by giant length scales of many micrometres
between fast mobility regions. Besides these localized spots, we also
haveindirect evidence that the entire glass matrix slowly softens during
the annealing above Ty, but to the most part without reaching equili-
bration. Calorimetric measurements show the change in the position
of the endothermic overshoot of the highly stable glass matrix during
the annealing treatment (ref. 17 and Supplementary Fig. 4).

In Fig. 3, we represent the time evolution of the heterogeneous,
localized softening obtained from AFM. Figure 3a plots the cumulative
number of regions that enter the regime of equilibration and become
liquid-like per unit area (black symbols). Theinset is a plot of the newly
developed liquid regions per unitarea (black circles), and normalized
by the areaofthe untransformed fraction (blue symbols) as afunction
of time (Supplementary Information). This representation highlights
an acceleration of the number of local regions entering the liquid
regime over time. We foresee two possible scenarios to explain this
behaviour: (1) acceleration originates from the softening of the matrix,

or (2) itis directly related to the intrinsic shape of the distribution
of relaxation times of the UG at this temperature, or to some mixed
effect. In Fig. 3b we plot a two-dimensional spatial map of the sample
with the position of the equilibration spots as they appear. The colour
scale marks the time from the appearance of the first liquid regions.

Aninitial period of about 2 h without any noticeable surface fea-
ture canbe clearly discerned inFig. 3a. This long transient isrelated to
the high stability of the glass, that is, some regions attain liquid mobility
within this long time. To some extent, the large induction period could
also be associated to a slower growth velocity of the minuscule initial
seedslocalized inside the TPD matrix before they reach the TCTA cap-
pinglayers dueto pressure effects originating from density differences
betweenthe UG and the SCL above T, asreported recently inanumeri-
cal simulation study®. This effect may have a minor influence here
because of the small layer thickness but could become important for
thicker films. In the time interval between 0.9 and 1.25 x 10* s, the evolu-
tion of the number of liquid seeds (Fig. 3a) can be roughly approxi-
mated by alinear function (dashed bluelinein Fig. 3a) giving an average
‘formation frequency’ v 6 + 2 x 10’ nuclei m2s™. This magnitude
translates intoameanseparation distance of liquid droplets appearing
in1s per unit area of 130 um, using &) = (v(1s))""¢, where d is the
dimensionality of the system. Experimentally, the giant length scale
ofthe bulk transformation was previously indirectly inferred from the
lower bound of the cross-over length between front propagation and
bulk melting, as well as from calorimetric measurements that identified
the appearance ofisolated liquid regions™"°. Length scales of the order
of 1-4 um have been suggested. To compare with previous estimates
ofthe cross-over lengthin thinfilms, itis necessary toaccount for the
time dependence. That s, in 3,000 s the average distance between
localized liquid regions roughly equals 2 um (under the assumed
v=6x10" nuclei m?s™ (Fig. 3a)), which falls within the same order of
magnitude as the roughly 1.2 pm distance travelled by the front at
T, +16 K in the same time scale (considering vy, > 0.4 nms™, as dis-
cussed below). This confirms the length scale from the previous
cross-over experiments™',

Relaxation map of the glass

We also follow the time evolution of the size of the liquid regions both
from AFM and optical microscopy images (Fig. 4 and Supplementary
Fig. 5). The methodology used to extract the radius of the liquid
domains and the transformed fraction of liquid from the AFM and
optical microscopy imagesis describedin detail in the text accompany-
ing Supplementary Figs.12and 13. Astrongindicator that the wrinkles
originate from the presence of liquid in the TPD layer is found in the
radial propagation velocity of the instability region. We have analysed
many individual spots, such as those shown in Fig. 4a, rendering an
average radial propagation speed at T, + (16 1) Kof 0.3+ 0.1nms™
This is consistent with the growth front velocity of the SCL TPD at this
temperature, v=0.4 + 0.1 nms™, evaluated independently through
extrapolation of high and low-temperature calorimetric data (Supple-
mentary Fig. 6). Thus, the wrinkle patterns propagate laterally at the
speed of the liquid front, confirming a previous hypothesis”. Although
theliquid signature on the mechanical instability looks radial on aver-
age, we cannot infer whether mobility locally spreads isotropically or
through string-like, fractal, dynamics. From the wrinkled area, we can
estimate theliquid transformed fraction (Supplementary Fig. 13) that
follows asharp sigmoidal shape, asshownin Fig. 4b, most probably due
tothe continuous formation of new liquid seeds and its acceleration as
time evolves. Figure 4c,d represents spatio-temporal maps of the evolu-
tion of theliquid including its progression by dynamic facilitation taken
attransformed liquid fractions X=34 and 90%, respectively, and canbe
interpreted asrelaxation maps of the glass. As time progresses, regions
of fast mobility spatially separated by giant length scales equilibrate
towards the liquid and they ignite adjacent regions that also become
more mobile by afacilitation mechanism. A direct comparison between
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Fig. 3| Formation of liquid seeds in the TPD interlayer during annealing
above T,. a, Evolution of the cumulative number of nuclei per unit area. No
uncertainty is considered for the absolute discrete number of nuclei. The inset
shows anumber of new nuclei that appear in each AFM image per unit area (black
symbols) and per unit area of untransformed glass (blue symbols). The error bars
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Fig. 4 | Relaxation maps of the stable TPD glass showing the impact of

dynamic facilitation. a, Growth of several liquid regions as a function of time at
T, +16 K. The growth time is normalized with respect to the observed nucleation
time for each nucleus. The radius of the SCL regions represent best fit values to
the AFM images. The error bars range between the smallest and largest circles
that could fit at least some of the points of the perimeter of the liquid regions, as
shownin Supplementary Fig.12. b, Transformed fraction of liquid versus time.

Data points correspond to the total liquid area calculated as explained in the
Supplementary Information. The error bars show an uncertainty proportional to
the total length of the perimeter of the liquid regions, and are thus considered to
be 10% of the transformed fraction. ¢,d, Spatio-temporal maps of the relaxation
of the glass including lateral progression of the liquid by dynamic facilitation
at34% (c) and 90% (d) of transformed fraction. The colour scale marks the time
evolution. The nuclei evaluated inaare indicated by numbers.

the maps at 90% of the transformation of Figs. 3b and 4d evidence
that most of the glass transforms into liquid by dynamic facilitation,
suggesting that alarge fraction of the as-prepared glass consists of

highly stable, inactive regions that may only transform fromadjacent
zones that have become liquid. Roughly 10-15% of the glass has still not
transformed after 1.5 x 10* s at T, +16 K (darker brown areasinFig. 4d),
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indicating that these regions show relaxation times above roughly
2 x10°7,. The mechanism described above is consistent across arange
of annealing temperatures above T and thickness of the TPD layers
(60-400 nm), as briefly shown in Supplementary Figs. 7-9 and 11, but
we leave a complete study for future work. We emphasize trilayers
grownon cleanand smooth surfaces transformby a ‘bulk-like’ process
thatis notinfluenced by interfaces in the thickness range analysed here,
inagreement with previous measurements®*. The onset temperature
of formation of theliquid regionsisthe same, T, =79.5 + 0.5 °C, for both
13/63/13 and 13/200/13 trilayers, as demonstrated during in operando
AFM and/or optical microscopy measurements under slow heating rates
of 0.1K min™ (Supplementary Fig. 9). This value also agrees with the
T, estimated from differential scanning calorimetry dataat 0.1 K min™
(T,,=79.5+0.5°C) onabulk, 20-um-thick sample vapour-deposited at
0.85T,,. (Supplementary Fig. 9, right). We also note in passing that the
dynamics canbe accelerated by the presence of defects or contamina-
tion on the substrate surface before vapour deposition (or increased
roughness of the substrate) as shown in Supplementary Figs.10 and 11.

Conclusions and outlook

We have reported a clear, direct and real-time visualization of the
spatio-temporal dynamics of the devitrification of an ultrastable glass
by AFM and optical measurements. Our data unambiguously dem-
onstrate the correlation between time and length scales in glasses.
Glasses with ultraslow average dynamics and huge transformation
times, 7, = 10°z,, show giant length scales, measured as the aver-
age distance between patches of fast mobility that equilibrate into
theliquid, of the order of 100 pm at 7, +16 K. This giant length scale
paves the way to manipulate the properties of ultrastable glasses by
nanostructuration, opening aninteresting avenue to furtherinfluence
the dynamics. We also anticipate that reducing the stability of the glass
(thatis, itstimescale) willalsoresultinareduction of thelength scale.
By using the mechanical instabilities described here, it should be pos-
sible to test the existence of heterogeneity onasmaller time and spatial
scale by using ultrathin capped layersinless-stable glasses, ultimately
enabling a quasi-direct observation of dynamic heterogeneities in
liquid-cooled glasses.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-023-02125-0.
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Methods

Growth of organic glasses

Previous experiments have shown that capping a low T, stable glass
at both interfaces with a higher 7, material inhibits the formation of
liquid fronts atits surfaces and interfaces forcing the glass to devitrify
on heating through a bulk-like mechanism'®"*>*#* The stack we use
in this work consists of trilayers of TCTA-TPD-TCTA grown on a rigid
substrate (native SiO,-Si) or bilayers of TCTA-TPD-rigid substrate
with various TPD and TCTA thicknesses. TCTA has a glass transition
temperature of 428 K (7,,) and the T, of TPD is 333 K (Ty,), so annealing
above 333 K induces the transformation of the TPD while the TCTA
remains as arigid layer.

Thin-film glasses of TPD and TCTA were grown on both Si sub-
strates and SiN, membranes at a substrate temperature of 0.857,, for
TPD and 0.677,, for TCTA (T, = 285K), to ensure TPD is formed as
ultrastable glass. Since the TPD thickness is only around 65 nm, it is
cappedatbothsidesby anultrathinlayer of a TCTA layer of 13 nm. The
growthrateis fixed at 0.08 nm s for both materials. The trilayer struc-
tureis schematically shownin Fig.1a (left). The kinetic and thermody-
namic stability of the TPD layers is measured before and after capping
withultrathin layers of TCTA by in situ fast-scanning nanocalorimetry,
asalready shown elsewhere***¢,

Inoperando AFM
Temperature-dependent AFM experiments were performed with a
Keysight Technologies 5500 AFM controlled with a PicoScan 3000
electronics system, and enclosed in a chamber that was vibrationally
and acoustically isolated*. Relative humidity was reduced below 10%
relative humidity by circulating nitrogen. Heating was performed by
gluing the samples with silver paste to a modified commercial high
temperature stage from Keysight Technologies. The temperature was
controlled with aLakeShore 311 Temperature Controllerinaclosedloop
using the internal PT-100 sensor of the heater and measured with an
additional PT-100 sensor glued with silver paste to the surface of the
copperblock of the heater (and close to the sample) and the resistance
measured inafour-wire configuration. The temperature at the sample
surface was periodically calibrated with an additional PT-100 sensor
glued with silver paste on a silicon wafer of the same thickness as that
of the samples. The x, y and z dimensions of the piezoscanner were
calibrated with reference samples. For the 1 x 1 pum?scans, PS-PMMA
block copolymers with fingerprint-like morphology and periods of
35 nmwere used*®, while for larger scans (up to 20 x 20 pm?) commer-
cial calibration grating (TGXYZ01 and TGXYZO02 from MikroMasch)
were used. Images were analysed with both WSxM* and Gwyddion®.
The AFM was operated in open-loop intermittent contact mode
using microfabricated silicon cantilevers with force constants of about
42N m™and ultrasharp silicon tips (nominal tip radius R <10 nm)
(PPP-NCHR, Nanosensors). The resonance frequencies were in the
250-350 kHz range. After laser alignment, the sample was fixed to the
heater and the heater stage coupled to the AFM head. When the whole
setup was vibrationally and acoustically isolated, severalimages rang-
ingfrom1x1upto20 x 20 pm?in scansize were taken until stabilization
of the microscope. Once stabilized at room temperature, the sample
waswithdrawn and the heater was drivenup to 7,10 Kat aheating rate
of 5 Kmin™ (as recommended by the manufacturer). Once the desired
temperature was reached, the resonance frequency was tuned (the
frequency decreases forincreasing temperature), the laser was aligned
again, the tip was engaged and a few images were acquired to check
for the stability of the instrument. Then, the sample was withdrawn
again and the temperature increased up to the target temperature,
T, +16 K. Again, when the temperature was reached, the tuning of the
resonance frequency was not necessary in most cases to adjust the laser
position. Then, the tip was engaged to find suitable regions to follow
theisothermal evolution of the surface as afunction of time. When the
temperature experiments were finished, the sample was withdrawn, the

temperature control set to room temperature and after stabilization
the resonance frequency was tuned, the laser position corrected and
afewimages at room temperature were acquired.

With the selected 512 points per line and two lines per second,
eachimage took 256 s to complete (more than 4 min). Lower acquisi-
tion times were tested resulting in poor resolution images. Although
shorter times would be highly desirable, the evolution of the features
was slow enough to be tracked satisfactorily. During withdrawal and
engage cycles, the tip would not land exactly on the same position (due
to hysteresis of the piezoscanner), which makes it difficult to localize
aspecific regionin transformed samples.

At the target temperature, the apparent lateral dimensions (for
example, periodicity of the wrinkles) become smaller due to the
increase of the strain coefficients (nm V™) of the piezoscanner with
temperature that is not corrected during image acquisition®. The
actual dimensions should be increased by a factor less than 10% (typi-
cally 5%), as obtained fromimages acquired at room temperature after
the isothermal treatment. A similar trend is expected for the heights
butin this case the correction is more involved since the tip-surface
interaction should change with temperature, abehaviour that has not
been explored sufficiently here, combined with the difficulty to localize
aspecific region at room temperature that was previously measured
at high temperature, so that the obtained heights remain as apparent
(uncorrected), althougha10%increase would be reasonable’. Further
calibration experiments should be undertaken to quantify the variation
of height withtemperature. The spatial periodicity of the transformed
surfaces has been calculated from the power spectral density (PSD)
distribution as a function of the wavevector modulus®. In this case,
the wavelength corresponds to the inverse of the wavevector (without
the2 mfactor).

Finite element simulations

The thin-film system was modelled as an axisymmetric disc stiffened
by the semi-infinite Si substrate (Supplementary Fig. 3). The overall
thin-film geometry was discretized using 20-noded, brick-shape ele-
ments. Since possible processing stresses are unknown, the disc was
assumed to beinthe fully relaxed (or stress-free) configuration at the
deposition temperature of 285 K. Linear thermoelasticity was then
invoked as the temperature was ramped to 349 Kin the first load step of
thefinite element simulations. This temperature was setin accordance
with that where the surface corrugation occurred in the experiments.
An inner disc of radius r representing the SCL region was then weak-
enedinasecond simulation stage, where numerical convergence was
ensured after aslight temperature increment of 0.05 K. The finite ele-
ment simulations were performed using ANSYS Multiphysics (release
v.19.0, http://www.ansys.com).

Thecylindrical, weakened SCL regions were assumed to deformin
accordance with linear elasticity with specific Young’s modulus £ and
Poisson’sratio v. Alternatively, the neo-Hookean hyperelastic formalism
was alsoinvoked so as to account for the potential decrease of the elastic
modulus of the weakened SCL regions at small strains. In this model,
the total strain energy density is given by U = C(I; — 3) + d~!(detF - 17,
where Cand d are material parameters, /, is the first deviatoric strain
invariantand detFis the volumeratio. The second termin the right-hand
side of the neo-Hookean formulation explicitly accounts for possible
material compressibility or volume changes, so that the SCL regions
approach fullincompressibility when d — 0.

The capping TCTA top and bottom layers were assumed to remain
linear elastic in all simulations, with matching Young’s modulus Fand
Poissonratio vto those inthe glassy state (see the thermoelastic prop-
erties for the thin-film materials and Si substrate in Supplementary
Information). The material parameters for the SCL disc where then
allowed to vary within the wider ranges of C=3.84 x10°t01.43 x 10’ Pa
andd=1.12x107t02.79 x 10 "Pa’. The experimentally observed transi-
tion between the onset of a single ridge to wrinkles with increasing r
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from 250 to 1,000 nm was then mimicked within the simulation subset
where the SCL properties varied as before.

Data availability
Datathat support the plots and other findings of this study are available
at https://doi.org/10.5281/zenodo.7950765.
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