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Two-dimensional (2D) materials are uniquely suited for highly anisotropic thermal transport,
which is important in thermoelectrics, thermal barrier coatings, and heat spreaders. Solution-
processed 2D materials are attractive for simple, low-cost, and large-scale fabrication of devices on,
virtually, any substrate. However, to date, there are only few reports with contrasting results on
the thermal conductivity of graphene films, while thermal transport has been hardly measured for
other types of solution-processed 2D material films. In this work, inkjet-printed graphene, h-BN and
MoS; films are demonstrated with thermal conductivities of ~10 Wm 'K~ and ~0.3 Wm 'K ~!
along and across the basal plane, respectively, giving rise to an anisotropy of ~30, hardly dependent
on the material type and annealing treatment. First-principles calculations indicate that portion of
the phonon spectrum is cut-off by the quality of the thermal contact for transport along the plane,
yet the ultra-low conductivity across the plane is associated with high-transmissivity interfaces.
These findings can drive the design of highly anisotropic 2D material films for heat management

applications.
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I. INTRODUCTION

Thermal conductivity is one of the most important
properties of a material. While the range of thermal
conductivity values spanned by fully dense materials is
limited to within only 4 orders of magnitude[l], access-
ing these limits is crucially important for heat manage-
ment in broad applications areas such as computing[2],
energy generation[3, 4] and storage[5], and space
exploration[6]. In some applications, such as thermo-
electric generators[7], electronic packaging[8] and data
storage[9], it is highly desirable to have a high thermal
conductivity along one direction, typically in the plane
of the substrate (K), and a low thermal conductivity
in the orthogonal direction, out of the plane of the sub-
strate (K| ). To this end, combining these requirements
would mean having insulating or semiconducting mate-
rials with light atoms, strong bonds, low anharmonic-
ity and large crystal size in-plane[10], while having large
mass contrast, weak bonds and lack of long-range order
out-of-plane[11, 12].

2D materials, their layered heterostructures or inter-
calated compounds can satisfy these requirements[13-
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15]. The body of knowledge on heat transport of lay-
ered materials has provided some insights into structure-
property relationships, but less is known about the ul-
trahigh /ultralow conductivity limiting cases or about
how K| and K, may be related. Achieving high K|
values leads to selecting crystals such as graphite and
h-BN, and the conductivity is then limited by crystal
size[16]. However, once these materials are selected, it
is not clear how to significantly lower K| much below
the bulk value, since the differences in phonon disper-
sions along and across the basal plane sets intrinsic lim-
its to the heat transport. Omne approach to lowering
K| involves heterogeneously layered crystal structures
that are composed of alternating 2D crystals of differ-
ent composition[12, 14, 17], but these are difficult and
expensive to fabricate in large quantities. Similarly, fab-
ricating thin film systems with high interface densities
can also decrease transport across the plane[18, 19], but
suffer similar drawbacks. Another approach is to limit
the out of plane crystal size, thereby introducing ad-
ditional boundary scattering[16, 20]. Using thin films
below 10 nm, however, limits the use of thin crystals
for thermal applications. Graphite and h-BN laminates
composed of micron-sized flakes a few atomic layers thick
could achieve overall arbitrary thickness while maintain-
ing low K|, and these have been shown to posses high
K [21, 22], but the only studies available on anisotropy
and K, deal with films having relatively porous struc-
tures made by evaporation or vacuum filtration (see for
example Refs. [22-24]), and therefore K| depends highly



on fabrication conditions and amount of compression the
films are subjected to.

Scalable and inexpensive fabrication approaches such
as solution-processing[25] present very attractive man-
ufacturing routes to assemble high-quality 2D crystal
laminates. However, while heat transport has been ex-
tensively studied for single crystals and crystalline thin
films[12, 14-17, 21, 22], only very few works have pro-
vided a detailed characterization of both K I and K|
in films of solution-processed 2D materials (a table of
the state of art is provided in the Supporting Informa-
tion). In particular, in the case of pristine graphene, only
five studies have been reported[23, 24, 26-28], showing
anisotropy value Agip = KH/KJ_ in the range 70-675,
where the highest values are typically obtained by high-
temperature annealing at 1,000 C[23]. Furthermore, only
two works report the thermal conductivities for other 2D
material[20, 29]. In addition all the studies were per-
formed on thick laminates (thickness above 1 ym), mostly
produced by vacuum filtration, which is known to give a
poor control on the assembly of the flakes, compared to
other techniques, such as ink-jet printing[30]. Unfortu-
nately, the results from the previous works are difficult
to compared due to the different materials properties and
processing conditions used. Because of that, a full under-
standing on thermal conductivity of solution-processed
2D crystal films and how it relates to their microstruc-
ture and quality of the interfaces is still lacking. In par-
ticular, no work reported to date for these materials in-
cludes theoretical models that consider non-diffusive heat
transport, which is necessary when the structure size is
comparable to the heat carrier mean free path.

This work provides a comprehensive study on the ther-
mal transport in printed films by looking at different 2D
materials, different flake sizes, film thickness and post-
processing conditions. The films studied in this work are
composed of a dense and aligned stack of few-layer 2D
crystals, and are made by inkjet printing, a cheap and
scalable technique, without the use of high temperature
annealing or harsh post-processing. We demonstrate that
inkjet-printed films made of defect-free graphene, h-BN
and MoS, nanosheets yield ultra-low K |, i.e. well below
the respective bulk phase and lower than the thermal con-
ductivity of glass. Ak, is found to be ~30, independent
of the chemical composition of the 2D crystal and the
films thickness (< 400 nm). Ab-initio modeling shows
that even for such low K| energy transport is essentially
ballistic across near-ideal interfaces. This is a remarkable
result considering that previous reports demonstrating
comparable thermal conductivities are obtained for either
the disordered amorphous limit[11, 31] or by maximizing
atomic mass contrast in layered compounds[12, 14]. At
the same time, the measured K of these films are found
to be very similar to one another. While this may at
first be surprising considering the nearly 2 orders of mag-
nitude difference in intrinsic thermal conductivities, the
weak flake bonding filters high-energy phonon modes and
limits the phonon spectrum contributing to the overall

K. This highlights fundamental differences from previ-
ous studies on single crystal 2D materials.

II. 2D CRYSTAL FILM PREPARATION AND
CHARACTERIZATION

Graphene, h-BN, and MoSy inks were prepared by
stabilizer-assisted liquid phase exfoliation, as previously
reported[25] (further details in the Supplementary Infor-
mation). Two graphene dispersions have been prepared
containing nanosheets with average lateral size of 170
nm and 90 nm, while h-BN and MoSs dispersions con-
tain nanosheets with average lateral size of 160 nm and
50 nm, respectively, as determined by atomic force mi-
croscopy (more details of ink preparation and nanosheet
characterization in the Supporting Information). The av-
erage flake thickness ranges from 4 to 8 nm, which how-
ever cannot be converted directly into number of layers,
as the value also includes the presence of residual stabi-
lizer on the surfaces of the nanosheets. A more precise
estimate of the actual thickness was obtained by trans-
mission electron microscopy, which indicates 4-7 layers
on average[32], corresponding to average thickness of 2
nm for h-BN and the two graphene dispersions, and 4
nm for MoSs.

The thickness of the inkjet-printed films, using the
same ink, is in the range 50-400 nm by changing the
number of printed passes. Some of the films were also
annealed at 150 °C in air. The microstructure consists
of a rather dense laminate of stacked flakes, Figure 1. Ad-
ditional images of the cross sections of the pristine and
annealed films can be found in the Supplementary Infor-
mation, in addition to images of films obtained from the
same ink by using vacuum filtration. We note that the
microscopy image of the film microstructure is obtained
for much thicker films than those used here, and the ap-
parent presence of voids in the cross-section is likely the
result of the film preparation prior to imaging. The up-
per bound for the amount of residual stabilizer in the
films is between 3 and 10%. A thin layer of Al, ~50 nm
thick, is deposited on the surface of the film, as shown
in Figure 1, to enable the measurement of its thermal
properties through frequency domain thermoreflectance
(FDTR)[33]. In this method, the phase lag between the
heat flux generated by a sinusoidally modulated pump
laser and the oscillating surface temperature observed
by a reflected probe laser is measured as function of
modulation frequency. The resulting frequency depen-
dence of the thermal phase contains information about
the thermal properties of the sample, and is used to ob-
tain the values for K 1 Ko of the 2D crystal film and
the thermal boundary conductance (TBC) between the
2D crystal film and the top Al layer (Figure 2). FDTR
measurements were performed at room temperature as
previously described[33, 34]. Briefly, a pump laser oper-
ating at 515 nm is modulated from 50 kHz to 50 MHz
and is focused using a 40X objective on the surface of
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FIG. 1. Schematic of the sample preparation for thermal conductivity measurements by pump-probe frequency-domain ther-
moreflectance. The 2D-material based ink is first prepared by assisted-liquid phase exfoliation, and then inkjet printed on
silicon substrate and coated with an Al metal layer. The films are characterized by a dense array of 2D crystal nanosheets (see
inset, showing the film cross section, taken by scanning electron microscopy; scale bar = 1 pm).

the films coated with a 50 nm Al layer. The resulting
changes in the surface temperature are detected by a
785 nm probe laser and are phase-shifted with respect
to the pump modulation. The thermal phase as func-
tion of modulation frequency is then fit to a multilay-
ered anisotropic solution of the diffusive heat equation
to determine the unknown thermal parameters of inter-
est. Further details of the thermal model, sensitivity
to measured values and sources of error are provided in
the Supplementary Information. FDTR measurements
were performed in several locations in each printed film.
Each measurement was fit to a multilayer diffusive model
and errors for each fit were obtained through a Monte
Carlo routine that propagates uncertainties in experi-
mental and assumed parameters[34]. Results for each
film thickness or material type are reported by taking
the statistical average and standard deviation of the rel-
evant ensemble, though the thermal properties for each
material are reported for all film thickness values as these
were found to be independent on thickness (Figure 3).
Our results show that the values of the thermal bound-
ary conductance, TBC, between Al and the different 2D
crystal films are very similar, near 50 MWm 2K !, Fig-
ure 2(c). These values compare favorably with those re-
ported for Al/graphite[35] and Al/MoS3[36], though we
are not aware of previous reports for the Al/h-BN inter-
face. Generally, the TBC at metal-2D crystal interfaces
is low compared to that of most metal-dielectric inter-
faces. Interfacial phonon mismatch, metal bond adhesion
strength[35] and phonon focusing[37] affect the TBC in
these systems.

III. RESULTS

Figure 2(a) shows that the in-plane thermal conductiv-
ities of the films are low and remarkably similar. The K
for the as-prepared films of graphene, h-BN and MoSs
are all within a few percent of 8 Wm ™K. This
is at first surprising, considering that the intrinsic val-
ues of the thermal conductivities along the basal planes

span a large range: ~2,000 Wm =LK~ for graphite[38],
~400 Wm~tK~! for h-BN[39] and ~100 Wm 1K1
for MoS3[40]. As we shall discuss later, the similar-
ity is largely coincidental, but has a common micro-
scopic origin, as the K is dominated by the allowed
phonon modes that transmit at the interface of overlap-
ping flakes. This is brought into evidence by comparing
the results for graphene films made by dispersions con-
taining nanosheets with different average size: the de-
crease in size from 200 nm to 80 nm reduces K from
8.5 Wm™'K~! to 3.7 Wm~!K~!. In contrast to the
size of the flakes, thermal annealing treatment increases
K, with larger changes observed for graphene. This is
qualitatively in line with the expectation that annealing
improve contacts between adjacent flakes, as also shown
qualitatively by the cross-section images (Supplementary
Information), by reducing the interfacial scattering and
allowing a broader phonon spectrum to be transmitted.
This is also reflected in the electrical conductivity, as the
sheet resistance of the graphene film decreases after an-
nealing treatment, Figure 3(a). Note that values reported
in literature for K| span from 40 to 140 Wm~tK~!
for very thick laminates made of graphene produced by
liquid-phase exfoliation[21, 24] and reaches even higher
values for graphene produced by electro-chemical or other
types of exfoliation methods[41, 42]. The highest value
reported is 1,529 Wm ' K ! for defect-free graphene, ap-
proaching the K| of graphite of ~2,000 Wm~L1K~1[38].
Finally, in the case of h-BN our value is close to the one
reported by Zheng et al. (~20 Wm~'K~!), for flake
size of ~1 pm([22]. It is important to note that it is
challenging to draw conclusions by comparing values in
the literature in light of the large role that fabrication
methods have on microstructure, defects, interface qual-
ity and the resulting transport. However, our results in-
dicate that in the case of inkjet-printed films there is
no need to use thick films or large size flakes, as both
K| and K are weakly dependent on those parameters.
On the other hand, this also implies that graphene with
similar thermal conductivity but very different electrical
conductivity can be made very easily by tuning the film
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FIG. 2. Thermal conductivity and thermal boundary conductance (TBC) of inkjet-printed 2D crystal films. Each value is the
average of the measurements obtained for films of varying thickness, where each film thickness is measured on several different
locations. As-deposited films before annealing are labeled as “pristine”, otherwise films were annealed in air at 150 °C. Smaller
diameter flakes obtained through a longer sonication treatment of the ink solution (no annealing) are labeled as “small flakes”.
The in-plane thermal conductivity (a) shows remarkable similarity for crystals having intrinsically very different bulk thermal
conductivities. This quantity is affected mostly by flake size and quality of interface among flakes (see text and Figure 4).
The out-of-plane thermal conductivities (b) are ultra-low, a repercussion of the small thickness of the flakes, but associated
with high transmissivity interfaces (Figure 4). The TBC of the printed film with Al (c) shows values that are typical of metal

interfaces with 2D materials.

thickness or by using post-processing.

The out-of-plane thermal conductivities were found
to be remarkably low (0.3-0.5 Wm~1K~!) for all 2D
materials investigated, comparable in value to that of
glasses[11]. This is striking, considering that conduc-
tivities below 1 Wm™1K~! are typically found in ei-
ther highly disordered structures such as amorphous
Carbon[31] or Selenium[11], or in nanostructures with
high atomic mass contrast and interface density[12, 14,
18, 43]. In the present case, along the direction perpen-
dicular to the basal planes, the 2D crystal film structure
is not akin to an amorphous structure, nor does it present
layers of varying atomic mass contrast, but rather it is
more closely related to turbostratic graphite[44]. There
are only few reports for graphene films including K,
with values ranging from 0.25 to 5.5 Wm ™1 K ~1[24, 45].
The K for the graphene samples obtained here of ~0.3
Wm~1K~! is below 6 Wm~1K~! for bulk graphite[38]
and ~3 Wm~1K~! for turbostratic graphite[44]. For
comparison, the lowest K| for dense layered nanostruc-
tures were 0.33 Wm™tK~! for Au/Si multilayers[18],
0.6 Wm~tK ! for W/AlyO3 nanolaminates[46] and 0.05
Wm~1K~1 in SnSes-MoSes heterostructures[14]. In the
case of dichalcogenide films, turbostratic structures have
been shown to yield similar K, as the MoSs sample
reported here, with values of 0.3 Wm 'K ~! for sput-
tered MoS3[47] and lower values of 0.05 Wm 1K1
for WSey thin films deposited by modulated elemental
reactants[12]. The interpretation of the ultralow K
in layered materials has typically centered on the dom-
inant role of thermal boundary conductance at phonon-
mismatched interfaces. The interpretation of transport
in turbostratic dichalcogenide materials has however var-
ied. Muratore et al. interpreted their results on MoSs by

decreasing the bulk conductivity value obtained through
the Slack equation through the effect of an additional in-
terface scattering term[47] having scattering length 3-10
nm, as obtained by fitting the experimental data. FEr-
hart et al. interpreted the data of Chiritescu et al.[12]
on WSe, through first principles calculations|[17] to con-
clude that layer stacking disorder and lattice expansion
in addition to interface scattering contributed to the low
K| reported. It is indeed interesting to compare our re-
sults with those of Ref. [12], because the films have been
grown and the WSe; nanosheets are expected to have
clean interfaces, i.e. no residual solvent or surfactant, al-
though the crystal thickness was limited to < 2 nm. In
agreement with Ref. [12], the smallest K, is not found in
the amorphous form, but in a layered structure made of
randomly stacked flakes. In comparing our results with
Refs. [12] and [17], and in light of the density functional
theory results presented below, we can assert that K
in our films are characterized by relatively transmissive
interfaces and that the low K| is dominated by the small
thickness of the flakes.

Our measurements indicate that the thermal conduc-
tivity anisotropy Agqp, of printed films made of a wide
range of 2D materials is ~30, and this is due to an ex-
tremely low K ;. Remarkably, the thermal conductivity
of these printed films cannot be tuned by changing the
elemental composition of the 2D material and weakly de-
pends on film thickness, size of the flakes and annealing.

IV. AB-INITIO MODELING

To interpret the present results, we first remark that
the phonon mean free paths known for the bulks of
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FIG. 3. Thickness dependence of sheet resistance and in-plane
thermal conductivity of inkjet-printed graphene films. The
sheet resistance (a) shows a marked change with film thick-
ness, size of the flakes and annealing. The in-plane thermal
conductivity (b) shows negligible dependence on film thick-
ness and annealing, whereas flake size has a more marked
contribution. The thermal conductivity is expected to stay
constant with film thickness if the microstructure is unaltered.
Annealing increases the electrical conductivity more than the
thermal conductivity. Flake size alters the boundary scatter-
ing length scale, as indicated in Figure 4.

the three materials[16, 20, 48] are much longer that
the dimensions of the nanosheets and it is thus possi-
ble that the transport within a single flake is approach-
ing the ballistic transport limit. To explore these hy-
potheses, we use as reference the properties of the three
bulk crystalline materials obtained from ab-initio calcu-
lations based on density functional theory (DFT). Ther-
mal transport conductivities were calculated by using the
approach developed by Fugallo[49], by using phonon dis-
persions and anharmonic three-phonon scattering coef-
ficients computed with density functional theory within
the plane-waves and pseudopotential approaches of the
Quantum Espresso package[50-52]. Computational de-
tails are reported in the Supplementary Materials. We
now examine the problem at various level of complexity.

A. Ballistic model and ideal interface

To begin, we consider only the transport along the out-
of-plane direction. As a first approximation we consider
the transport to be entirely ballistic within a single flake
and that the thermal resistance is only due to the inter-
faces among different flakes. Let us consider the system
as a stack of planar thin crystal flakes. If the average
thickness of one flake is L and the conductance associated
to the interface is G (1/G is the Kapitza resistance[53]),
one can easily find that the measured overall film conduc-
tivity is K = GL. In this model, the temperature (de-
fined as in the classical textbook examples of electronic
ballistic transport[54]) is constant within the thickness of
the flakes and the temperature drops only at the inter-
faces according to J = GAT, where J is the energy flux
perpendicular to the interface and AT is the tempera-
ture drop. Within the Landauer-Buttiker approach[54],
the conductance of an ideal interface can be written as a
function of the properties of the neighboring bulks:

Go= 3(on ). (1)

Here, n and € are the Bose-Einstein occupation factor
and energy of a specific phonon (both characterized by a
wavevector k and a branch index v omitted to simplify
the text). v is the modulus of the group velocity of that
phonon (projected along the direction of transport), and
() = 1/(NVe) 32y ,» where the sum is performed on a
grid of N wavevectors. V. is the unit-cell volume. Using
Equation 1 is equivalent of assuming, as in Ref. [53],
that the Kapitza resistance is that of an ideal junction
between two phonon reservoirs behaving as black-body
emitters[53] or that the interface is totally diffusive[55].
Gy from Equation 1 is associated with a transmissivity
T =1 for all the carriers and thus we refer to this as the
“ideal” interface, keeping in mind that it is associated to
a temperature drop and, thus, should not be considered
as a perfect grain boundary in which the crystal structure
is not disrupted.

Within DFT[50, 51], we determined the phonon disper-
sions of the three bulk crystals and, by means of Equa-
tion 1, the ”ideal” conductances Go = 0.247, 0.307, 0.137
Wm~ K ~'nm~"! for Graphite, h-BN, and MoSs, respec-
tively. Multiplying these by the measured flake thick-
nesses we have the purely ballistic conductivity Kp =
GoL = 0.49, 0.61, 0.51 Wm 'K~ respectively. Consid-
ering the crudeness of the model these numbers are in a
remarkable agreement with the measured conductivities
(0.30, 0.48, and 0.3 Wm 'K ~!, respectively) providing a
good hint of the physics at play. To validate this picture
we need, first, to quantify at which level the transport
can be actually considered ballistic within the flakes. In-
deed, while passing through the flakes, phonons undergo
other scattering events (this is true even in perfect crys-
tals because of intrinsic anharmonic effects) resulting in
a partially diffusive transport regime.



B. Ballistic vs. diffusive transport

The description of an intermediate regime between bal-
listic and diffusive thermal transport in nanostructured
materials is a complex problem not too often discussed
(see e.g. Refs. [55-57] and references therein). Here we
compare two models, that we will call RS and BT, both
based on the ab-initio (DFT) phonon properties of the
crystals.

Within the “resistors in series” (RS) model, the crystal
flake is associated with an intrinsic thermal conductivity
K;. The resistance of the interfaces and that of the flakes
are summed in series. The overall measurable thermal
conductivity, expressed as a function of L, is then

GoLK;

Kes(D) = G LK

(2)
K;, which does not depend on L, is calculated within
the Boltzmann transport equation (BTE) approach us-
ing the single mode relaxation time approximation: K; =
(4 ev27;), where 7; is the intrinsic lifetime of a given
phonon calculated by DFT at the lowest anharmonic or-
der (three-phonon scattering) using the approach devel-
oped in Ref. [49] (see also Refs. [16, 20, 48] reporting
analogous calculations for the same crystals). Here and
in the following, the velocities are always considered as
projected along the direction of transport.

The BT model is also based on the BTE, but the
phonon lifetime now depends on the flake thickness L:

dn 1 1 2v L

Kir(D) = (') ==+ 727 (1) @
where [ = w7; is the phonon mean free path and
F(z) =z(1—e")/[2(x — 1+ e 7")], obtained by rewrit-
ing the suppression function[56, 58] introduced in Equa-
tion 2 of Ref. [59]. F(z) is bound between F(0) = 1
and F(4+o00) = 1/2, and the meaning of Equation 3
is straightforward: phonons with mean free path much
smaller than L (L > [), behave diffusively and 7(L) ~ 7;
is purely intrinsic, while those with L < [ behave bal-
listically and 7(L) ~ L/2v does not depend on 7;. Note
that Equation 3 is used to describe the conductivity of a
system which is not homogeneous in real space. The con-
tribution of a specific phonon (for a given k,v) is, then,
to be interpreted as spatially averaged at the mesoscopic
level[56, 58, 59].

The models RS and BT provide a dependence of the
conductivity on L, and both have the same limits for the
limiting values of L: in the diffusive limit the conduc-
tivity converges to the bulk intrinsic value (Krg(L) ~
Kpr(L) ~ K; for L > 1), while in the ballistic regime
(L < 1) the conductivity is that of a series of ideal in-
terfaces (Krg(L) ~ Kpr(L) ~ GoL for L < l). The
comparison of the two models, which are based on dif-
ferent principles, can provide an indication of the error
that is implicit with these approaches. Most important,
the comparison of Krg(L) and Kpr(L) with the purely

ballistic conductivity Kp(L) = GoL at the experimental
values of L should quantify the importance of the diffu-
sive scattering within a single flake.

Before proceeding, it is interesting to compare 7(L)
from Equation 3 with that of the so-called Casimir-Ziman
length model (usually written as 7=! = 7,7! + 2v/L),
which is commonly used to introduce an extrinsic scat-
tering mechanism in a Boltzmann-type evaluation of lat-
tice thermal conductivity (see e.g. Ref. [49] and refer-
ences therein). Although, at first sight, the expression
for 7(L) is similar, there are important conceptual differ-
ences. The Casimir-Ziman model has been conceived to
describe lateral scattering from the lateral borders in, for
example, a nanowire: v should be the component of the
velocity perpendicular to the heat flux and L the lateral
width of the wire[60]. On the contrary, in the present
work v is the component of the velocity parallel to the
transport direction and L is the distance between two
barriers at each end of the flake, perpendicular to the
transport direction. Moreover, while the Casimir model
represents a maximum limit for the scattering reached for
rough lateral surfaces (perfectly specular surfaces do not
affect the transport)[60], here 2v/L is associated to a bar-
rier having the ideal Landauer-Buttiker conductance Gg
(perfect transmissivity), which can always be decreased
as we will discuss later.

We now compare in Figure 4 the three models: the
fully ballistic Kp(L) = GoL model, Kgs(L) and Kpr(L)
with the measurements for K| . For L equal to the mea-
sured flake thickness (the abscissa of the black dots),
Kgrs(L) and Kpr(L) do not substantially differ from
Kg(L), meaning that the transport is actually predicted
to be quasi-ballistic within a single flake. For MoSs, how-
ever, the diffusive component of the transport within the
flake is not negligible near and above 10 nm of flake thick-
ness. For all the materials, the measured K, is not far
from the models and we can thus argue that the interface
almost behaves as an ideal interface. We cannot claim a
quantitative agreement with measurements (in the worst
case of graphene, the disagreement is ~30%), but, given
the distribution of flake sizes in the samples and un-
certainty in the microstructural flake arrangement, the
agreement is overall acceptable.

As a comparison, Figure 4 also reports measurements
of K| in turbostratic graphite from Refs. [44, 61] and
MoS; from Ref. [20] (open symbols) taken in samples
having small nanocrystals whose dimensions could be
quantified.

C. Disorder limit for the BTE

The models discussed so far are meaningful when the
conductivity within a flake can be considered as result-
ing from the sum of single-carriers corresponding to bulk
phonons. This assumption is not necessarily acceptable
since for an out-of-plane dimension L sufficiently small
(of the order of the lattice spacing) the system should be
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FIG. 4. Modelling of the thermal conductivity of assembled flakes with size L along two possible transport directions (out-of-
plane, K, and in-plane, K ) for the three studied materials. Black solid dots are the measurements in this work of non-annealed
samples (the abscissa is the average thickness of a single flake within the film), while open dots are from Refs. [20, 44, 61]
(see main text). The lines correspond to various models labeled as B (ballistic), RS (resistance in series), BT (Boltzmann
Transport), Generalized Boltzmann (GB), and are obtained assuming an “ideal” (K, blue lines) or “dirty” (K™, red lines)
interface among the flakes. Vertical and horizontal grey lines are defined in the text.

considered as disordered. Establishing a minimum value In particular, Ref. [62] provides a more general form
for L below which the present treatment becomes mean- for the BTE conductivity that we will call Kgp (Equa-
ingless is not a trivial problem and it is remarkable that  tion 12 in Ref. [62]) which is still based on bulk phonon
frameworks for a quantitative answer are possible only properties but which could be used also to describe dis-
thanks to very recent conceptual developments[62, 63].  ordered systems (the idea that disordered systems can



be described starting from bulk phonon properties has
been discussed, e.g. in Ref. [64]). In this framework, we
can consider the lifetime of a phonon (1/I' in Equation
12 of Ref. [62]) as an extrinsic parameter which can be
tuned to pass from a regime in which the single-phonon
BTE picture is acceptable (for large lifetimes, when Kpr
from standard BTE is not distinguishable from the gen-
eral form Kgp from Ref. [62]) to a regime in which the
system should be considered as disordered (for small life-
times, when Kpr and Kgp are substantially different).
In the present context the phonon lifetimes depend on
the thickness of the flake L, which can be considered as
an external tunable parameter. In Figure 4 we report
Kgp(L) obtained by substituting (for every k, v mode)
the lifetime 1/T" from Equation 12 of Ref. [62] with 7(L)
from Equation 3 above. For the three investigated mate-
rials, Figure 4, at the measured values of L, Kpr(L) and
Kep(L) are not substantially different (above they be-
come indistinguishable) meaning that the single-phonon
BTE is still a reasonable approximation. This happens
in spite of the fact that, strictly speaking, in none of the
three materials studied we can isolate a range for L in
which Kpr(L) is entirely ballistic (i.e. linear in L) and,
at the same time, the single phonon BTE can be consid-
ered reliable (where Kpr(L) ~ Kgp(L)).

D. Hard limits of the phonon models

As further benchmarks, Figure 4 reports as a ver-
tical line the values of L corresponding to the lattice
spacing along the transport direction. Figure 4 also re-
ports as horizontal lines the conductivities obtained by
substituting the phonon lifetime 7 in Equation 3 with
half of the phonon period (r = wh/e for every k,v
mode). The values obtained for MoS; (0.03 and 0.4
Wm~L1K~! for out-of- and in-plane) are out of scale.
The idea, which has been already employed to discuss
related problems[12, 65], is that of the minimum con-
ductivity model[66], which provides a lower limit to the
lattice thermal conductivity of a material. On the left
side of the vertical lines and below the horizontal ones,
the present models are meaningless.

E. Ideal vs. dirty interfaces

We now discuss the in-plane transport. The models
discussed so far are based on the concept of “ideal” inter-
faces, meaning, in the language of the Landauer-Buttiker
approach, that the interface transmissivity 7 = 1 for ev-
ery phonon. If we apply the same models to the in-plane
transport K (right panels of Figure 4) the agreement is
very poor, providing a conductivity much larger than the
measured one (up to almost two orders of magnitude for
graphene). The explanation of this in-plane out-of-plane
asymmetric behavior is to be found in the geometry of the
system. Indeed, we are studying very thin and relatively

wide flakes obtained from lamellar materials. From scan-
ning electron microscopy, the flakes appear to stick one
on the top of the other with a relatively flat surface. On
the contrary, the flakes’ lateral geometry is not well de-
fined and (unless we conceive the in-plane arrangements
of the flakes as a tilework) the contact between two adja-
cent borders is more disturbed, possibly presenting small
void regions.

A more suitable form for the interface conductance is
then

« 1, dn
G" = §<CTT€7JT>7 (4)

where 7 < 1 is the transmission associated with a given
phonon k,v. We consider 7 = e_”:z, where z = ¢/FE,,
E. a cut-off energy characterizing the interface. A sim-
ple extension of the RS and BT models is obtained by
substituting Gy with G* in Equation 2 and L with 7L
in Equation 3. The corresponding Kj¢(L) and Kfr(L)
have the limits Kj¢(L) ~ Kjp(L) ~ K; for L > [ and
Kpo(L) ~ Kip(L) ~ K5(L) = G*L for L < 1. Con-
sidering F,. as a fitting parameter, the measured values
for K| are reproduced with £, = 11, 11, 17 meV (for
graphene, h-BN and MoS,, respectively), which cut off
an important part of the phonon spectrum (see Supple-
mentary Information). The analogous fit for the mea-
sured K, gives higher F, ~44, 350, 55 meV, respec-
tively, mildly affecting the conductance. The calculated
K| curves are reported as red lines in the right panels
of Figure 4, while the analogous K| are not shown since
they almost superimpose with the “ideal” lines already
present.

V. CONCLUSIONS

Concluding, the measured conductivities are compati-
ble with the presence of relatively clean flakes: the trans-
port is quasi-ballistic within a single flake and the ther-
mal resistance is essentially due to the interfaces among
different flakes. In spite of K| being ultra-low, K,
is explained by relatively clean, high-transmissivity in-
terfaces, and a model based on the ”ideal” Landauer-
Buttiker interface conductance gives a qualitatively good
result for graphene, h-BN and MoSs. On the contrary,
K| is much smaller than predicted by such an “ideal”
model, and measurements can be explained only by in-
voking an interface transmissivity cutting off an impor-
tant part of the phonon carriers. This anisotropic behav-
ior (good out-of-plane transmissivity vs. bad in-plane
transmissivity) is compatible with the intrinsic geome-
try of the system consisting on relatively thin and flat
flakes sticking on one another. Thus, we argue that the
use of different chemistry leading to a different kind of
inter-flake bonding could be exploited as a means to in-
crease the lateral thermal contact conductance among
flakes and/or diminish the one along the out-of-plane
direction (which in this work is almost ideal). Phonon



modal mismatch across flakes of different materials (as in
heterogeneously layered 2D crystals) can also lower the
transmissivity and further reduce K. All these effects
would lead to a further increase of the thermal conduc-
tion anisotropy.
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