Ultra-Low Thermal Conductivity in Nanoscale, Epitaxial SnS Grains
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Thermally insulating nanoscale building blocks enable efficient routes to both passive and active heat management in
miniaturized architectures. However, identifying suitable nano materials by computational and experimental means
is difficult as critical dimensions reach the scale of thermal carriers and thermal interfaces become dominant. In this
work, we propose epitaxially grown layered SnS as an outstanding thermal insulator at the thin film limit. The challenge
of measuring heat transport at the nanoscale was tackled by locally probing out-of-plane thermal transport on grains
of varying thickness utilizing scanning thermal microscopy. We consistently find an ultra-low thermal conductivity
value of 45 mWm~'K~! which is among the lowest reported for dense solids to date. This finding challenges previous
predictions of the SnS system and opens up promising prospects for its integration into heat management components.

The ongoing increase in computational density and energy
consumption is accompanied by an increasing demand for ef-
ficient heat management at the nanoscale either by passive
routes such as thermal insulation/channelling and waste heat
recycling or by active routes such as thermoelectric cooling.
Passive approaches critically depend on the availability of
materials with low thermal conductivity k. Also active ap-
proaches benefit from low k as the thermoelectric figure of
merit 77 = oTS? /k (where T is temperature, o is the elec-
trical conductivity and S is the Seebeck coefficient) inversely
scales with k, making decreasing k a cornerstone for both pas-
sive and active thermal management technologies.

Tin mono sulfide (SnS) has attracted interest in the fields
of ferroelectrics, photoabsorbers and thermoelectrics.!™*. SnS
grows in an orthorhombic crystal structure analogous to phos-
phorene, featuring a combination of high S (400-700 uV/K),
moderate electrical conductivity (0.1-1 S/m, depending on
structure and doping), a low k (0.45-0.7 Wm~'K~! at room
temperature) and a high degree of anisotropy with out-of-
plane (OOP) stacked quasi van der Waals (vdW) layers and
two anisotropic in-plane directions (see Fig.l(a))z’s‘g. As a
consequence of this anisotropy, thermal conductivity k is ex-
pected to differ significantly along the diverse crystallographic
directions in SnS and especially between the in-plane and
OOP directions’.

Nevertheless, as with other anisotropic materials, SnS is of-
ten characterized globally as accessing the transport along dif-
ferent crystal axes is complicated, especially at the nanoscale.
In this regime, critical dimensions reach the scale of the mean-
free-path of thermal carriers (electrons and phonons) and ther-
mal interfaces become dominant!?. Additionally, approaching
the nanoscale raises challenges in (at relevant scale) uniform
material synthesis and ambient stability. Hence, overcom-
ing these challenges in thermal characterization of nanoscale,
anisotropic systems requires ideally local, non-invasive and
consistent methods.

The Scanning Thermal Microscopy (SThM) method meets

the demands for non-invasive nanoscale characterization, of-
fering high spatial resolution and thermal sensitivity but suf-
fering somewhat from a set of tip-sample interactions which
complicate quantitative interpretations. The feasibility of
SThM for characterizing thermal transport in 2D materials
and the closely related SnSe system has previously been
reported“‘“. On SnS, however, such studies have been ab-
sent in the literature.

In this work, we demonstrate nanoscale characterization of
thermal transport in ultra-thin, highly crystalline SnS grains
epitaxially grown on c-plane ¢-Al,O3. We use SThM to lo-
cally measure the thermal resistance of crystallographically
aligned SnS grains, revealing an ultra low effective thermal
conductivity, one order of magnitude lower than in bulk SnS.
We attribute this finding to strain induced inter-planar dis-
order of AB stacked SnS layers which can suppress thermal
transport as previously reported in other vdW materials!'>-16.
Our findings are consolidated by using multiple calibration
method approaches for the thermal probes, ensuring statisti-
cally significant results. With its ultra-low thermal conduc-
tivity, SnS shows great potential for heat management appli-
cations, paving the way for boosted efficiency by integrating
thin SnS films into thermal devices.

SnS thin films were grown on commercial 2” c-plane -
Al,O3 wafers by plasma-assisted molecular beam epitaxy.
The base pressure of the growth chamber was 10~ Torr. The
as-delivered wafer was pretreated by heating from the back of
the substrate up to a 7 set point of 750 °C and exposure to
H;S plasma from a radio frequency (RF) source with a power
of 600 W and resulting in a temporary chamber pressure of
107 Torr. After 10 minutes pre-treatment, the sample was left
to cool to growth temperature (set point 350 °C). The film was
grown by simultaneous exposure to 100 W RF H,S plasma
and Sn vapor from an effusion cell kept at 1130 °C. For the
reference sample, 300 nm of SiO, were thermally grown on
bulk Si. The variation of SiO, thickness was achieved through



an inclined cut by a focused ion beam.

To determine the crystal structure of the SnS thin film,
we performed high-angle annular dark field scanning trans-
mission microscopy (HAADF-STEM) and X-ray diffraction
(XRD). A good match between the characteristic stacking of
the SnS layers (a-face) with the HAADF-STEM image of a
18 nm thick grain is shown in Fig.1(b). The XRD spectrum in
Fig.1(c) shows exclusively two peaks matching to OOP direc-
tions SnS(004) and SnS(008) which confirms the global align-
ment of SnS grains. We observe small deviations from theo-
retical 20 values, which we attribute to crystallographic strain.
An additional confirmation of the SnS phase is provided by
the Raman spectrum shown in Fig.1(d)(i). Five of the most
prominent modes at 95.0 cm™!, 187.4 cm~!, 220.0 cm™!,
158.7 cm~! and 135.1 cm™! can be attributed to the Ag(1-3)

and a double set of B, modes, respectively!”. Next, we con-
sider the edge of the as-grown SnS thin film, where average
grain thickness is gradually decreased and the amount of ex-
posed substrate gradually increases. Fig.1(d)(ii) shows Raman
spectra recorded along a 40 um long line across this transi-
tional area (marked green in the optical image). We find a
transition between saturated signal at x=0 um to completely
vanished signal at x=40 yum. Notably, the major Raman peaks
from Fig.1(d)(i) decrease equally across the full 40 yum until
vanishing (see Supplementary Material, Fig. S1) and without
the appearance of any further Raman peaks. Hence, we con-
clude that the SnS phase remains pure across the edge transi-
tion.

To characterize the thermal conductivity, we recorded
SThM data within the transitional area of the SnS film edge,
making use of the gradual variation of material thickness.
Fig.2(a) shows a topographic map of the SnS films edge re-
gion (see also Fig.2(b)), transitioning from an almost contin-
uous coverage with roughly 20 nm high SnS grains on the
left to a region with sparse coverage with only few nm high,
dendritic SnS shreds and a high amount of substrate expo-
sure. Subsections of this map contain a varying distribution
of grain thickness while the lateral scale of the grains remains
similar. In Fig.2(c), we show a schematic of the thermal trans-
port measurement which allows simultaneous recording of to-
pography and thermal voltage Usthm. UsthMm 1S @ measure of
the cool-down of the heated probe caused by varying thermal
conductance through the tip-sample interface which depends
on both, interface and material properties. Maps of topogra-
phy and Usthm are shown in Fig.2(d). The topographic and
thermal voltage maps were recorded using a Bruker Icon Di-
mension scanning probe platform with a commercially avail-
able SThM probe (KNT-SThM-2an, Kelvin Nanotechnology)
under an ambient environment. The thermal voltage signal
was amplified and read out by the lock-in technique (oper-
ated at 91 kHz) coupled to a Wheatstone bridge as reported
elsewhere'>!3. Due to the thermalization time of the probe
(= 1 ms), the heating remains effectively constant at this fre-
quency, depending only on the DC part of the applied current.
The thermal response (i.e. Re(T), where Ry is the electrical
probe resistance and T is temperature) was calibrated prior to
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FIG. 1. (a) b-face and a-face of SnS. (b) Overlay of a-face SnS model
with HAADF-STEM image of a SnS grain. Scale bar is 10 nm.
(c) Out-of-plane XRD scan of SnS thin film (orange) and theoreti-
cal XRD spectrum (black, computed using VESTA software). (d) (i)
Raman spectrum on the SnS thin film and (ii) across the transition at
the edge of the film. The substrate is Raman silent in the displayed
range (first peak at 417 cm~!). The scale bar in the image is 20 ym.

measurements as explained elsewhere!?.

To obtain the thermal resistance Ry, from Ustnm, We cal-
ibrated the probe by recording point traces (Fig.2(e)) on
the a-Al,O3 substrate (thermal conductivity of o-Al, O3 19:
ka1,0,=35 Wm~'K~!). In such a point trace, the change in
UsthmM 1s measured while the distance between probe and sur-
face is gradually decreased beyond contact. Using this cal-
ibration effectively compares the recorded Usthy signal to
AUsthm from when the tip is in full thermal contact with the
substrate and when the tip is thermally out of contact. This
AUsthv depends on the specifics of the probe and the thermal
conductivity of the substrate (see also Supplementary Mate-
rial, Fig. S2). The thermal resistance Ry measured by the
SThM method comprises several components in series'>!8:
the tip thermal resistance Ry, the tip-sample interface resis-
tance Rjy and the heat spreading resistance Rg. For a given
material, Ry, and Riy can be considered constant, leaving
only Rg to vary with sample thickness 4. Fig.2(f) shows a his-
togram representation of all values computed from the images
in Fig.2(d). Here, constant contributions have been subtracted
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FIG. 2. SThM across the edge of a SnS thin film on a-Al,03. (a) Topographic map of the transition from continuous SnS film to isolated
SnS grains. Scale bar is 2 um. (b) Optical image of the SThM probe scanning the edge of the SnS film. (c) Schematic of SThM measurement
as detailed in the main text. (d) Topographic and SThM signal Usthy map of SnS grains in an area with balanced thickness / distribution.
Scale bars are 1 um. (e) Approach curve taken on the ¢-Al,O3 substrate. The distance on the x-axis is defined as the tip-substrate separation.
(f) Histogram of ARy, VS grain thickness & of SnS. Data outside dotted lines are due to a small variation of measured substrate signal (at
h < 0 nm) and artifacts from short loss of thermal contact (visible as shadow in Ustyy map in (d) leading to data at ARy, < 0 MK/W) and have

been excluded from the fit (green line).

in ARy, = Rs(h) — Rs, where Rs  is the thermal resistance
measured at # = 0 nm. Thus, the variation in ARy, in Fig.2(f)

w | 1+ Kexp (7 zéthf

arises only from the thickness variation of the SnS grains. We
fit ARy (h) with Rg(h) (green line in Fig.2(f)) using a model
developed in previous works'®20;

1
Rs(h) =
s(h) ﬂklaeff/o

, where aegr is the radius of the effective thermal contact
area, hegr=h + rine X k1 is an effective thickness including the
layer-substrate interfacial resistance (riy;) and effective ther-
mal conductivity of the material layer (k;), J; is the first-order
Bessel function of the first kind and the K parameter is defined
as

K=—2 )

where kg is the thermal conductivity of the substrate. We
obtain ultra-low values of order k; ~10~2 Wm 'K ~! for the
thin SnS grains (more details below, see Fig.4(a)). Here, the
effective contact area has been approximated based on line
traces in the topographic map (see Supplementary Material,
Fig. S3 and S4).

g M(E)sin&) L2 M

To substantiate our finding of ultra-low thermal conductiv-
ity further, we performed a complementary approach (dataset
B) for the approximation of the effective tip radius. In Fig.3,
we present dataset B recorded using another SThM probe
and a SiO,/Si reference sample. Fig.3(a) shows a schematic
of the reference measurement; thermal resistance variation
is achieved through thickness variation by an inclined cut
through a 300 nm SiO, layer as reported elsewhere!®. Fig.3(b)
shows topographic and Usthy maps recorded on the refer-
ence sample represented by a ARy, vs thickness & histogram
in Fig.3(c). Using the known thermal conductivity of SiO,,
ksio,=1.3 - 1.4 Wm~'K~!, we fit Rs and extract ag= 74.1 -
88.5 nm. In analogy to Fig.2(d) and (f), Fig.3(d) and (e) show
topographic and Ustyv maps of an area semi-populated by
SnS grains of various heights and a histogram of ARy VS
SnS thickness (see Supplementary Material, Fig. S2 for cor-
responding substrate approach curves). Using aeg from this
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FIG. 3. SThM dataset B including a SiO,/Si reference. (a) Schematic of reference measurement. (b) Topographic and Ustpy maps of the
Si0,/Si reference. Contamination on the sample surface are marked in green and excluded from analysis. (c) Histogram of ARy, VS grain
thickness % of SiO,/Si. Dotted lines indicate the data thresholds for the fit. (d) Topography and Ustnn maps of SnS grains. (e) Histogram of
ARy, VS grain thickness % of SnS. As before, dotted lines indicate the thresholds of data inclusion for the fit (green line). All scale bars in the

maps are 1 pm.

calibration to again fit Rg likewise returns an ultra-low SnS
thermal conductivity of the order of 1072 Wm 'K~

The effective SnS thermal conductivity ks,g extracted from
the fits crucially depends on the estimate of the effective ther-
mal contact area, i.e. the contact radius aes. Fig.4(a) shows
ksns resulting from fits to both datasets with varying assumed
values of the acfs parameter. The probes of dataset A and
B have significantly different a.¢ but produce a qualitatively
and, within experimental error bar, quantitatively consistent
ksps. Combining both datasets by weighted average yields
an ultra low value of kg,g=45 + 7 mWm 'K ~!, one order
of magnitude lower than the value range 0.45-0.7 Wm~'K~!
of bulk SnS at room temperature?>>~’ and amongst the lowest
reported in solid materials to date (see Fig.4(b)).

The horizontal error bars in Fig.4(a) represent estimates for
acfr. In case of dataset A, the error is a combination of line
trace variation and uncertainty about the real width of the
grain edges (see Supporting Material, Fig. S3). In the case
of dataset B, the error contains variation of approach curves,
uncertainty about the exact SiO, thermal conductivity, and
the possible formation of a water meniscus between tip and
thin film, which can contribute an estimated 6% to the flow
of heat’!. Dataset A and B are consistent within error esti-
mates. At the same time, these findings highlight the need
and challenge to accurately estimate a.g. We find that the use
of a calibration sample (dataset B) is providing a significantly
improved accuracy compared to the common method of es-
timating a.fr by topographic line-traces (dataset A), which is
particularly prone to variation of topographic line traces and
edge-sharpness related overestimates of the effective thermal

contact radius (see Supporting Material, Fig. S4). Further
sources of error that may lead to an underestimate in our anal-
ysis such as the effect of lateral thermal penetration depth and
additional thermal interfaces due to grain overlap have been
excluded in our analysis (see Supporting Material, Fig. S5 for
more detail).

Concerning the ultra-low value of thermal conductivity;
three key factors contributing to low thermal conductivity in
SnS have been identified in previous studies; low intrinsic
thermal conductivity (low phonon velocity, high phonon scat-
tering probability), SnS phase (keypic < korthorhombic) and trans-
port direction (c-axis is the hard axis, i.e. has lowest thermal
conductivity)24‘26. Indeed, vdW materials naturally host the
potential for large thermal anisotropy'®23. We note that our
measurement geometry applies a temperature gradient along
the OOP axis (i.e., c-axis) and the film thickness is small
compared to the thermal contact radius (i.e. h / ae << 1).
Thus, the measured thermal resistance predominately reflects
the OOP thermal transport in the grains. This assessment is
further supported by finite element modeling (see Supporting
Material, Fig. S6). Nevertheless, a thermal conductivity as low
as in the present study occurs rarely in dense solids. Ultra-
low cross-plane thermal conductivities, especially compared
to their bulk counterparts, have been measured by time-do-
main thermoreflectance on WSe>, WS, and MoS, thin films
with interlayer disorder'>!®. In analogy to the materials in
these studies, the observed strain in our SnS film (Fig.1(c))
likely promotes the ultra-low thermal conductivity in multiple
ways; by altering phonon transport intrinsically as previously
reported in other thin film materials?’-?® and with dopant in-

duced strain in SnS?’, and by inducing inter-planar stacking
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FIG. 4. Comparison of kg,s from both datasets with literature. (a)
shows kg,s extracted from the model depending on the tip radius pa-
rameter deg for datasets A (orange) and B (red). Estimated ag are
represented by the error bars an estimated average values by black
points. The weighted average of ksps=45 mWm~K~! (standard de-
viation + 7 mWm~ K1) is represented by the green dotted line. (b)
Comparison of kgyg from this work with out-of-plane thermal con-
ductivity of other vdW materials in literature: bulk WS, and MoS,22,
highly conductive TizC, Ty flakes'2, bulk SnS%>~7 bulk SnSe?3, and
thin film MoS,, WS, !5 and WSe, ! with interlayer disorder.

variation leading to impeded inter-layer phonon transport.

The potential of simultaneously tuning electrical conductiv-
ity and, via the hypothetical link with strain, the thermal con-
ductivity by doping, points out the significant prospects for the
design of thermoelectrics and thermal rectifiers or resonators
based on thin film SnS. At present, the already ultra-low ther-
mal conductivity observed in this study makes this material
a high potential ingredient in components for multiple appli-
cations such as photo absorber layers, thermal insulators and
active thermoelectric materials, all of which benefit from the
spatial retention of heat flows.

In summary, we measured the out-of-plane thermal conduc-
tivity of SnS by a local probing method that utilizes thick-
ness variation of grains at a film transition area. We re-
port two datasets, each with a different approach for deter-
mining the effective thermal contact area between the SThM
probe and the material, a parameter that crucially impacts the
modeling of the thin film thermal conductivity. The two ap-
proaches vary in accuracy but consistently yield an ultra-low
thermal conductivity value ks,s=45 =7 mWm~!'K~! which is
among the lowest reported for dense solids to date. This find-
ing highlights the exceptional potential of SnS based building
blocks for heat management and outlines the progression of

nanoscale thermal insulation based on vdW layered materials.

SUPPLEMENTARY MATERIAL

The supplementary material contains further Raman
analysis, SThM approach curves, elaboration on tip radius
estimates, a closer inspection of individual grains and finite
element modeling.
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Supporting Material for: Ultra-Low Thermal
Conductivity in Nanoscale, Epitaxial SnS Grains

FURTHER RAMAN ANALYSIS
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FIG. S1. Further Raman analysis. (a) Shows Raman spectra mapped
across the edge of the SnS film. Major peak positions are marked and
labeled 1-5. (b) Peak intensities along lines marked in a). (c) Nor-
malized peak intensities showing equal behavior of all major peaks.

STHM APPROACH CURVES ON SUBSTRATES
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FIG. S2. Approach curves recorded on (a) Si and (b) Al,O3 for
dataset B in main text. The same probe yields more variation on
the Si substrate due to its higher thermal conductivity.

TIP RADIUS ESTIMATE

As discussed in the main text, the effective radius aeg of
the thermal contact area plays a crucial role in the analysis of
scanning thermal microscopy (SThM) data. Here, we discuss
two potential sources of error on a.g in more detail: omit-
ting the finite slope of grain edges (here modeled as straight
slopes) and the overestimate of the contribution of the physical
tip radius ayp, to the effective radius for thermal transport aetr.
Fig.S3 illustrates the former potential source of error coming
into play when

meeas
1 —b2eas’

meas

brea < b' = (S1)

where breal = AR/AWreal, Dmeas = A/ AWpeys are the real
and measured slope of the grain edges, respectively. Given

breal, this relation provides a quantifiable threshold useful for
assessing whether the grain edge slope can be neglected. In

S1

Fig.S4 (a) and (b) we estimate a lower limit for b, from
a high resolution tapping-mode AFM image taken on the
more continuous part of the film. We obtain by, > 1.28.
In Fig.S4c), we compare b’ in Eqn.S1 (computed for profiles
1-9 across grain edges in topographic data in Fig.S4(d)(i)) to
this lower limit. We find the condition is not met for any of
the measured grain edges. Consequently, using model 1, we
obtain a;jp = (58.2 & 24.8) nm.

(b)
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FIG. S3. Illustration of edge slope impact on the estimate of tip
radius agp. (a) and (b) show idealized cases for when the grain’s
slope may or may not be omitted leading to model 1 and model 2,
respectively . (c) demonstrates the error for a given scenario with
bmeas=0.4; for by < b;eal model 1 overestimates a;j, and model 2 is
accurate and vice versa. d) shows both scenarios for the exemplary

case of byeas=0.4.

To estimate the contribution of the physical tip radius ayp
to the effective thermal contact radius afr, we compare the
aforementioned topographic profiles 1-9 to their correspond-
ing counterparts in the SThM signal (Fig.S4(d)(i) and (ii) and
e)). The widths of the SThM profile steps are consistently
smaller than the width of the corresponding topographic steps
by an average factor ¢ = 0.72. Factoring in this correction into
our measurement of topographic width w in our estimate from
model 1 finally yields aegr = (32.7 &+ 13.9) nm.

CLOSER INSPECTION OF INDIVIDUAL GRAINS

We assess the impact of lateral thermal penetration depth
on our analysis by checking for Ustyy variation along the lat-
eral dimensions of the grains. Fig.S5 shows line traces along
the scan direction crossing the lateral dimensions of seven dif-
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FIG. S4. Topographic and SThM data for the estimate of aeg. (a)
High resolution tapping-mode AFM of semi-continuous part of SnS
film. (b) Profiles extracted from edges in (a). (c) b’ extracted from
topographic profiles in (d)(i). The dotted line represents the lower
limit estimate of b,,,; extracted from (b). (d) Topographic and SThM
signal maps. Indicated profile lines correspond to profiles in (e) (la-
belled 1-9 from left to right). Scale bars in all images are 1 um.

ferent grains. We find no significant difference between cen-
tral and edge regions of SnS grains. Additionally, interfaces
formed between overlapping SnS grains may locally decrease
Usthm decreasing the value of ksps. However, we find no sig-
nificant impact of this effect in such regions (highlighted in
Fig.S5).

FINITE ELEMENT MODELING

We performed finite element modeling to assess the impact
of the lateral boundaries on the thermal spreading resistance.
We model the grain with a fixed thickness of 20 nm, resting on
an alumina substrate and vary the grain radius. The substrate
is a square of 10 um lateral size. The SThM tip is modeled as
a circular heat source on the grain surface. To determine the
thermal spreading resistance, we compute the average temper-
ature rise in the circle and normalize to the power injected, as
Ry = dT/Q. We performed the simulations for the two tip
contact radii used in the experiments (32 nm and 74 nm). The
results are shown in Fig. S6(a). It can be observed that the
grain radius only has a marginal effect on thermal resistance.

Next, by systematically changing the in-plane and out-of-
plane thermal conductivity of the grain, we obtained a thermal
resistance heatmap to study the impact of the anisotropy. For
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FIG. S5. Closer inspection of individual grains on the Ustyy map
from Fig.2(d) for assessing artificial contributions to kg,s. Line pro-
files are flat along lateral dimension of 7 assessed grains. Grain over-
lap regions are marked by green dotted circles. Scale bar is 1 pum.

both, a 10 nm (Fig. S6(b)(i)) and a 20 nm (Fig. S6(b)(ii)) thick
grain, it can be observed that the in-plane thermal conductiv-
ity (horizontal axis) has less impact on the measured thermal
resistance than the out-of-plane thermal conductivity (vertical

axis).
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FIG. S6. Finite element modeling of the grain radius impact (a) and
thermal conductivity anisotropy (b) on the thermal spreading resis-
tance. In (a), two contact radii are used, as in the experiment. In (b),
the results are shown for a 10 nm (i) and a 20 nm (ii) thick grain.



