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ABSTRACT

Thermal conductance across a solid—solid interface requires an atomic/molecular-level
understanding especially when a system is in a nonequilibrium state and/or consists of nanosized
materials with prominent differences in structures, properties, and vibrational behaviors. Here,
we report the lattice dynamics of graphite-supported molecular thin films of ethanol, whose
layers exhibit in-plane hydrogen-bonded chains and out-of-plane van der Waals stacking with
clear structural anisotropy. The direct structure-probing method of ultrafast electron diffraction
reveals a surprising temperature difference of more than 400 K at picosecond to subnanosecond
times across the graphite—ethanol interface, yet the temporal behavior signifies a reasonably
large thermal boundary conductance. This apparent conflict in a nonequilibrium condition can be
resolved by considering the coupling of out-of-plane motions, instead of the commonly-used
temperature-based model, at transient times for energy transport across the interface separated by
van der Waals interactions with mismatchedunit sizes and no strong bonds. The importance of

spatiotemporally-resolved structural dynamics at the atomic/molecular level is emphasized.
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Heat transfer between two or more bodies in contact is ubiquitous and of practical significance.
After two centuries of studies, the subject still attracts research attention on the fundamental
principles involved." Today, complex architectures of modern electronic devices have reached
the nanoscale. The incorporations of low-dimensional or functional materials are actively
explored for new technological opportunities. The involvement of multiple nanoscale
components in contact requires a thorough understanding of the cross-interface transport of
energy carriers such as phonons, charges, plasmons, and their coupled phenomena.' A large
body of the literature has been focused on solid—solid interfaces, where the composing particles
(atoms or ions) often have similar sizes and are arranged in comparable lattice distances. The
typical physical pictures used to explain interfacial thermal transport involve phonon scattering
processes; the acoustic mismatch and diffuse mismatch models (AMM and DMM) are two
continuum models that provide the theoretical limits of thermal boundary conductance, under the
assumption of a thermalized phonon system on each side of an interface.” > However, it has been
recognized that details of an interface at the nanoscale, which are ignored by AMM and DMM,
may have prominent impacts-on thermal resistance."* > Hence, recent theoretical investigations
have often taken into account the atomistic nature of the interface in the calculations.” * ¢ For
example, the inclusion of a quantum-mechanical treatment on anharmonic scatterings has been
considered for weakly-interacting van der Waals (vdW) interfaces.’

Experimentally, pump-probe thermoreflectance spectroscopy, especially the time-domain
version of the technique, has been a major method to characterize interfacial thermal resistance.
> 8 By fitting the data to a heat transport model with adjustable parameters, thermal properties
such as the conductivity of thin films and the conductance of interfaces may be derived.

However, additional information about transient structural changes at the atomic scale is not



obtained. In contrast, time-resolved diffraction-based methods have the advantage of direct
structure-probing and the suitable spatiotemporal resolution for laser-induced lattice and phonon
dynamics, in addition to thermal transport information. To date, studies concerning out-of-plane

photothermally-induced dynamics have been conducted on substrate-supported elemental
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(semi)metal thin films,”'® semiconductor heterostructures, two-dimensional materials,

2223 a5 well as a graphene-polymer interface.”® However, few reports

and water and methanol ices
looked into the energy transport across thin-film interfaces when two materials’ composing units
have significant size differences and are separated by weak (vdW) interactions. Such knowledge
may be crucial to the developments of molecular-based optoelectronic devices.

In this report, the structural dynamics in graphite-supported ethanol thin films are
examined by ultrafast electron diffraction (UED). The results are compared with those obtained
in supported solid methanol,” given that both molecules. are’ capable of forming vdW-layered
structures. Dynamically, the thermal transport from laser-heated graphite to nonbonded ethanol
is found to be due to the coupling of atomic and molecular displacements at the interface; with
decent thermal boundary conductance, it‘is surprising to see a temperature difference over
hundreds of Kelvin at the graphite—ethanol interface. Further transport across the large vdW
distances in a.2D-ordered ethanol thin film is incoherent and essentially diffusive in nature.
However, for thinnest films studied, the coherent motions of the substrate surface and the lattice

match at the interface cause additional modifications to the dynamic thermal-transport behavior

at the nanoscale.
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Figure 1. Diffractions and structures of annealed vapor-deposited solid ethanol and methanol. (a
and b) Intensity-enhanced RHEED images acquired from films with a nominal thickness of 3
nm. The insets display the same images on a linear intensity scale. (¢ and d) Side view of
monoclinic ethanol and orthorhombic methanol crystal structures (O, H, and C are in red, white,
and gray, respectively). The alternating HB and vdW layers and the distance d between adjacent
HB sheets are indicated. (e and f) Comparison of the vertical and horizontal intensity profiles of

the diffractions‘from solid ethanol and methanol. The solid lines are fits of a Lorentzian function.

Shown in Figure la—d are the reflection high-energy electron diffraction (RHEED)
images of annealed 3-nm-thick vapor-deposited ethanol (on highly-oriented pyrolytic graphite,

HOPG) and methanol (on smooth InAs(111)) as well as their respective crystal structures. The



temperature- and thickness-dependent structural evolutions of ethanol and methanol thin films

728 Here, the attention is on the structural differences and

have been reported previously.’
crystallinity of the films. The two molecular solids share many similarities, including the mass
density, hydrogen-bonded (HB) chains that are infinitely extended along only one crystal axis,
aliphatic vdW forces between adjacent chains to form a 2D molecular sheet, and vdW
interactions between stacked layers along the out-of-plane direction. The-major structural
differences are that (i) the ethanol HB chains are puckered whereas the methanol ones are
zigzagged, and (ii) the vdW-layer (adjacent C—C vertical) distances are about 2.9 and 1.9 A for
ethanol and methanol, respectively. Hence, solid ethanol exhibits a weaker interlayer interaction
per molecule and a denser HB single sheet. Experimentally, unlike methanol, ethanol thin films
do not produce sharp Bragg spots along the vertical direction upon thermal annealing, which
signifies a poor stacking and the difficulty in'the 2D-to-3D transformation for the growth of the
cross-plane order (Figure le).*”*® The horizontal domain sizes-are more comparable according
to the Scherrer formula calculation based on the horizontal diffraction widths,” where solid
ethanol shows about 3.6 times larger domain size than methanol, which is consistent with the
former having a denser HB network (Figure 1f). Thus, 2D-ordered, vdW-stacked ethanol thin
films annealed up to ~120 K are used in the current dynamics study (following the consideration
to minimize sublimation loss during the thermal treatment in vacuum and the possible impact of
the interfacial structure®).

The method of UED is used to examine how atomic and molecular motions are coupled
in the HOPG—ethanol system, where the probed depth in the top of an ethanol film is estimated
to be ~2.0 nm according to the elastic mean free path of 30-keV electrons and an incidence angle

of around 1.0° (See Supplementary Information for the Experimental Section). Previous reports



have established the photodynamics of bare graphite on the sub-ps to sub-ns temporal scale.’**

Initially, photoexcitation injects energy into the electron system, and the majority of it transfers
to strongly-coupled optical phonons in ~500 fs followed by their decays into other select
phonons. Coherent lattice motions in the in-plane and out-of-plane directions also play a role in
addition to the phonon-initiated atomic motions. A slower time constant of ~7 ps was found for
further electron—phonon coupling and phonon equilibration. On such a time-scale, graphite’s
lattice is heated and its structural dynamics along all directions are essentially thermal in nature,
followed by slow heat dissipation into the bulk over longer times. Thus, for the purpose of this
study, the photoinduced dynamics of the HOPG substrate may be regarded as an impulsive
source of thermal atomic motions underneath the supported ethanol molecules with a rise time
constant of ~7 ps and slow dissipation. At the laser fluence of 6.6 mJ/cm” at 1030 nm, a surface
temperature jump of AT~ 480 K is estimated from a base temperature of 100 K, using a

33:36 Now the questions are (i) how the vdW-

temperature-dependent specific heat of graphite.
stacked ethanol layers respond to the impulsively heated substrate surface and (ii) how the
interfacial structure may influence the coupling of motions.

Shown in Figure 2 are the RHEED and UED images of a 25-nm ethanol thin film,
annealed up to. 120 K and then maintained at 100 K. The increase in the horizontal diffraction
width in panels b.and ¢ results from the use of a moderately converging beam (to minimize the
electron footprint on the sample), which leads to its diverging downstream on the imaging
device. The clear center diffraction streak without a narrow vertical width signifies the 2D-
layered nature of the ethanol assembly lacking a well-defined stacking order between layers.”®

Following the heating impulse of the supporting HOPG, a decrease in the intensity is observed

along the streak, which signifies an increase in out-of-plane molecular motions that perturb the



Figure 2. RHEED and UED images of 2D-layered ethanol films. (a) Diffraction from 25-nm
solid ethanol obtained with a collimated electron beam. (b) Diffraction from the same film
acquired with a moderately focused beam. (c) Difference image at 2 ns referenced with a
negative-time frame, which shows the decrease from the initial intensity in black. The grey color

refers to no or negligible intensity changes.

equilibrium lattice order observed in the top nanometers of a thin film. The specific sensitivity
along the vertical vdW direction is given by the reflection probing geometry according to the

Debye-Waller mechanism,



In(lo/1(t)) = 2W(8) = A{(q - (1)) = 4n?s? - A3 (1) (D
where the I, and I(t) are the diffraction intensities before the zero of time and at time t after the
heating impulse, respectively, W the Debye—Waller factor, U the molecular displacement vector,
4 = 2ns, the scattering vector, and s, = 2sin(6/2)/A the vertical momentum transfer along the
surface normal direction, with € being the total scattering angle and 1 = 0.0698 A the de Broglie
wavelength of 30-keV electrons. A(u? (t)) is the change in the out-of-plane.component of the
mean-square displacements (MSD). We rule out the possibility of photogenerated surface
transient electric fields as the cause for the observed diffraction change, as we note the absence
of notable intensity modulations near the shadow edge at the laser fluences used (Figure 2c).>"*>
37 Also, the reproducible images and dynamics recorded. over many time scans indicate no
noticeable loss of the thin films due to repeated laser heating at 1 kHz of the fluence used.

It is found that an intensity decrease 0f ~8% is eventually reached at a time dependent on

the film thickness, which signifies the gain of A(u?)to be ~0.013 A”. This means a temperature

increase of AT = 50 K near the top of the films according to the Debye model,

@2 () = miz;) E+ (GLD)Z [oo/T xdx] _ 3w o

0 eX—1| = mkp0d

where h = h/2m is the reduced Planck constant, m the mass of an ethanol molecule, kg the
Boltzmann constant; and 0y, is the Debye temperature, which is 112 K for crystalline ethanol.™
Such an increase appears to be consistent with the following two findings. First, the temperature
jump on the sub-ns to ns scale is below the thermodynamic melting point of 159 K and not too
high above the steady-state evaporation temperature above 140 K, which agrees with the
observation of a fully recoverable ground state. Second, a loss of the deposited ethanol film does

occur at a higher fluence, which implies the existence of an upper limit for the tolerable transient

AT that is not much higher than the observed value here.



However, there seems to be a glaring difference between the temperature jumps of the
substrate surface and a molecular thin film: How could ethanol molecules remain assembled
above a transiently highly heated surface? Theoretically, without any other channel for thermal
flow, the temperature of a supported thin film should keep rising until it is close to that of the

supporting surface, according to Fourier’s law and the equation for the Kapitza conductance™

aT(t) _
a

Cpd —o[T(t) — Tg(zg = 0,0)] 3)
where € = 1.38 J/(g'K) and p = 1.025 g/cm’ are the specific heat'® and density of crystalline
ethanol at 100 K, respectively, d the film thickness, o the thermal boundary: conductance, and
Tg(z, t) is the temperature of HOPG at depth z and time ¢. Given the slow decrease of Tg,

AT(t) ~ AT (0,t) — AT, exp(=at/Cpd) (4)
which signifies the approach of AT(t) toward ATg. We obtain o =~ 57 MW/(m*K) from the
approximate rise time of Cpd/o =~ 370 ps from the data of 4 = 15 nm. Such a ¢ value is within
the reasonable range for vibrational heat conduction across interfaces between crystalline solids®

21, 41 . . :
" Thus, the obvious inconsistence between

and higher than those of some solid-state materials.
AT(t) and AT indicates the inadequacy of the phenomenological model of thermal boundary
conductance.

We argue that at the nanoscale, a molecular-level understanding is needed to visualize
how the transfer-of kinetic energy takes place across the interface, especially for two- or multi-
layer systems with relatively weak interactions and appreciably different unit sizes (between
overlaying molecules and atoms of a supporting solid). Here, it is important to note that the out-
of-plane root-mean-square displacement (RMSD) of the HOPG surface is ~0.058 A at 100 K and

~0.091 A at 580 K, calculated using the middle expression of Equation 2 with the Debye

temperature of 950 K** and the mass of a carbon atom for m. The increase in the vertical RMSD

10



is therefore ~0.033 A. In a thin film, the vertical RMSD of an ethanol molecule is about 0.158 A
at 100 K and 0.195 A at the elevated temperature of ~150 K, which, coincidentally, exhibits
about the same amount of increase. Such a match of increased RMSDs provides strong evidence
for a movement-based picture for energy transport across a nonbonded interface to a soft

material, instead of a simple temperature-based model (see below).
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Figure 3. Time-dependent dynamics of 2D-layered ethanol thin films with a nominal thickness
of (a) 15 to 30 nm, (b) 10 nm, and (c) 5 nm. The solid lines are the theoretical curves based on a
thermal diffusion model. The agreement is satisfactory for thicker films, whereas larger deviation
is seen for the thinnest film studied. The black solid line in (¢) is the temperature of the HOPG

substrate surface derived from a UED experiment.
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Following the RMSD coupling at the interface, the increased molecular motions around
the assembly’s lattice positions ensue and propagate across a thin film. The motions’ effect on
the diffraction intensity is measured from the top nanometers and exhibits prominent thickness
dependence. We find that the UED results of 15- to 30-nm films can be explained using the 1D

thermal diffusion equation,

oT(zt) _ K 9°T(zt)
at  pC 9z2 )

where K = 0.28 W/(m-K) is the thermal conductivity of solid ethanol obtained, which agrees well
with the literature value for an ordered crystal*® and is comparable to the value of 0.36 W/(m‘K)

1.2 * With the theoretical model alsoused in a previous report,” the

for crystalline methano
agreement between the experimental observations and the simulation results is satisfactory
(Figure 3a); the rise, decay, and onset delay of the dynamics are reproduced (see Supplementary
Information for further details of the model). Hence, the thermal transport mechanism in
sufficiently thick ethanol films is diffusive in nature. However, as the film thickness decreases,
some deviations are noticed. For 10 nm, the diffusion model does not capture the faster rise seen
in the first 250 ps, although the slow recovery part after 500 ps seems to match well (Figure 3b).
The disagreement for the 5-nm case is even more prominent, where the experimental data
suggest a higher temperature rise (or a larger-than-anticipated out-of-plane MSD before the
conversion using Equations 1 and 2) in a few hundred ps followed by a decay seemingly faster
than the rate of the supporting substrate (Figure 3c). If a temperature jump similar to those of
thicker films is used, the simulation curve can be made to match with the early rise and later
recovery, but disagreement is found for a duration of ~1 ns.

Taking all observed features of the structural dynamics together, we believe that the

following RMSD-based picture provides an intuitive and adequate explanation. In the current
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graphite—ethanol system, vast differences are seen in (7) the strengths of the chemical bonds in
graphite, the interactions between the graphene lattice and the near-commensurate interfacial

ethanol,28

and the vdW forces between HB ethanol layers; and (i) the sizes and masses of the
atomic and molecular constituents across the interface, the lattice constants, and orders of the
packing on two sides of the interface. It may not be straightforward to explain the interfacial
thermal transport considering the distinctly different vibrational properties and spectra. However,
from an atomic/molecular viewpoint, the RMSDs of graphite’s carbon atoms acquire a fast jump
following the pulsed laser excitation and phonon thermalization. For the incoherent motion part,
the moderate amount of the RMSD increase is governed by graphite’s larger Debye temperature
although the temperature jump is high. On such a "quivering" surface, overlaying larger
molecules (separated by the vdW distances of a few A) experience the underlying incoherent
motions and transferring of kinetic energy, and thus a similar amount of their vertical RMSD
increase (merely one to few per cent of the spacing) is resulted in order to maintain the average
interfacial distance. The good coupling of the RMSDs, experimentally supported by the decent
value, is anticipated given the immediate contact (and presumably a reasonable overlap of the
low-frequency part of the lattice vibrational spectra). However, the softness and low Debye
temperature of the molecular film mean that the effective temperature jump is limited and far
below that of the substrate. Hence, the phenomenon of volatile molecules holding onto a pulsed-
laser-heated surface can be understood. Afterward, molecules in upper HB ethanol layers
(separated in ~3 A by vdW forces) also experience a higher RMSD from underneath and
therefore incur a similar extent of increased motions around their equilibrium positions in the
lattice. The UED results of thicker ethanol films indicate the incoherent nature of the process,

which should have a strong connection with the structural noncrystallinity vertically. Hence, a
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thermal diffusion model can capture the transport dynamics of the lattice motions well.

hv

Ethanol

Figure 4. Schematic of the motion-coupled energy transport at the photoexcited graphite—ethanol
interface. At early times, the coherent phonon motions of the top graphene layer are depicted by
the wavy substrate surface (not drawn in scale). The incoherent thermal motions of carbon atoms
are represented by the color gradient in the substrate block. (Lower) At a low thickness, the
quivering graphite surface incites relatively fast and large displacements of ethanol molecules in
the interfacial assembly structure and upper layers. (Upper) At a larger thickness, the vdW weak
coupling between adjacent ethanol layers causes incoherence of displacement motions, leading to

effectively diffusion-like thermal transport to the top on a longer time scale (brown arrows).

For low thicknesses, we need to consider the effects of the coherent part of the substrate
atoms’ motions and the near-commensurate lattice match at the interface (Figure 4). It is known
that coherent acoustic phonons (CAPs) across the stacked layers of graphite are also dynamically

343 which cause additional amplitudes in the vertical motions

induced following laser excitation,
at the solid-molecule interface that can push overlaying molecules further. Such CAP motions
are wavelike and may therefore incite a much faster response in adjacent molecular layers
compared to the diffusion-based prediction (early-time dynamics in Figure 3b; schematic in
Figure 4, lower). Furthermore, the combined effects from the substrate surface’s coherent and
incoherent motions (and possibly the good match of the in-plane structures™ for a better dynamic
coupling) may lead to a larger dynamic change as seen in Figure 3¢ for the thinnest film studied,

where an accumulation of larger RMSDs is produced in the molecular film via driven oscillation

motions in a weakly-coupled, vdW-layered lattice. However, at longer times as the substrate
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continues to relax, a faster dissipation of the additional molecular RMSDs is seen until the rate
matches the theoretical prediction. We further note that the enhanced interfacial coupling quickly
diminishes as the film thickness increases, which is in line with the interfacial structure
transitioning to the bulk-like layers after ~2 nm away from the graphite surface, as well as the
structural inhomogeneity along the layer-stacking direction (Figure 4, upper);

Essentially, the same mechanism is found applicable to the thermal-transport dynamics
for both the graphite—2D-ethanol and InAs—2D-methanol systems at the nanoscale, with RMSD-
matched coupling at the interface and diffusive transport across molecules in vdW-spaced HB
layers. The commonality signifies the key role of atomic/molecular displacements and
incoherently-driven motions in the flow of thermal energy across nonbonded constituents and
interfaces; given the direct contact, the different vdW distances (Figure 1, ¢ and d) do not have a
fundamental impact. However, differences still exist between the behaviors of assemblies of the
two structurally similar molecules. First, it-is difficult for ethanol thin films to form a good
vertical stacking order and adopt'more ballistic-type transport as methanol assemblies can via
careful annealing.”® Second, it is intriguing to see a faster-than-theory rise of dynamic changes in
a 10-nm ethanol film (Figure 3b), whereas a 2D-layered methanol film of the same nominal
thickness ‘exhibits the predicted dynamics. We hypothesize that the larger lateral HB network
size for ethanol as'well as the presence of a near-commensurate interfacial structure to mediate
the coupling modify the collective motions of the molecules but in a limited nanoscale range.

In summary, UED is used as a time-resolved direct-structure-probing method to visualize
the thermal-transport dynamics of graphite-supported HB ethanol films. For such a nonbonded
two-component system with largely different vibrational properties and interlayer vdW spaces, it

is found that the phenomenological conductance model is not adequate to account for the vast
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difference in materials’ temperatures across the interface at transient times. Instead, a
microscopic model considering the same amount of increase in the atomic and molecular
displacements provides the explanation for the interfacial coupling of transient motions. The
significance of such dynamics is consistent with the findings of interfacial phonon modes at the

interface within a limited range of ~I nm*

and the dominant contribution of out-of-plane
vibrations to energy transfer at weakly-interacting interfaces.*’ Although the thermal transport in
a poorly-stacked thicker molecular assembly is diffusive in nature and slow, faster changes can
be observed at the nanoscale when collective molecular motions are facilitated by the lateral
crystalline order, to compensate for (or even outweigh) the incoherent behavior originating from
the inhomogeneity of the out-of-plane stacking. Our structural dynamics obtained with a sub-
ps/ps impulse reveal the structure—behavior relation. It will be interesting to compare with results

acquired from other interfacial systems with-different bonding, packing orders, and vibrational

spectral overlaps.
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