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We report measurements of the interfacial thermal resistance between mechanically joined single
crystals of silicon, the results of which are up to a factor of five times lower than any previously
reported thermal resistances of mechanically created interfaces. Detailed characterization of the
interfaces is presented, as well as a theoretical model incorporating the critical properties determining
the interfacial thermal resistance in the experiments. The results demonstrate that van der Waals
interfaces can have very low thermal resistance, with important implications for membrane-based
micro and nanoelectronics.

Nanoscale thermal management is of fundamental im-
portance in modern electronics [1, 2], and as electronic
device dimensions continue to shrink, thermal transport
becomes increasingly dominated by structural interfaces
and materials inhomogeneities [3]. For applications, ei-
ther low or high thermal resistance may be important.
The former is critical, e.g., for mitigating the effects of
hotspots [4], while the latter is important for thermo-
electric energy conversion applications [5, 6]. It thus
is important to be able to fabricate, grow, or assemble
structures that reach either limit. With the advent of
transferable and flexible electronics based on semiconduc-
tor membranes—which frequently involve composites of
quite disparate materials—the question of thermal trans-
port across interfaces is becoming increasingly impor-
tant [7–9].

In this Letter, we present measurements of the thermal
resistance of a simple, model interface that is also im-
portant for applications: a thin crystalline-silicon sheet
transferred and bonded to a silicon substrate. This ex-
periment enables us to extract the interfacial thermal
resistance (ITR) between two well-aligned, identical, sin-
gle crystals. Because the crystals have no acoustic mis-
match, the nature of the interface itself is paramount in
determining the ITR. We show that these transferred Si-
Si interfaces can have an ITR as low as 2.8 m2K/GW.
Further, we demonstrate that the surface condition is
critical in determining and controlling the thermal re-
sistance across the interface through modulation of the
interfacial bonding energy. Interfaces formed between Si
surfaces that are hydrogen-terminated have an ITR of 9.2
m2K/GW, more than three times higher than that ob-
served when one of the surfaces is terminated by a thin
oxide layer. Both values are lower than any previously re-
ported ITR of mechanically joined interfaces [10–14]. We
support the thermal measurements with characterization
of the interfaces by high-resolution scanning transmis-
sion electron microscopy (STEM) and atomic force mi-
croscopy (AFM). We present theoretical calculations of
the ITR using a modification of the acoustic mismatch
model [15] and a theoretical framework for van der Waals
(vdW) bonded interfaces [16]. The theory shows that the
experimental results can be explained in terms of two

parameters, interface separation and interfacial bonding
energy, offering a simple framework for understanding
thermal resistance in transferred membranes and inter-
faces.

Individual materials interfaces are both the real and
conceptual building blocks of larger systems, yet in spite
of the critically important role interfaces play, the ma-
jority of previous ITR measurements have focused on
only a single type of interface: those formed between
a metal thin film deposited on a nonmetal substrate,
which lend themselves to measurement by thermore-
flectance [3]. Such metal-nonmetal interfaces typically
have low ITR, with almost all values reported between
2.2 and 20 m2K/GW [10, 12, 17–39]. High-quality epi-
taxial interfaces, such as those between TiN and MgO,
have been shown to have an even lower ITR of 1.4
m2K/GW [40]. Recently, it has become possible to mea-
sure the ITR of mechanically joined interfaces, and mea-
surements of such interfaces have yielded larger ITR val-
ues, from 15 to 110 m2K/GW [10–14]. While the mem-
brane transfer process allows the creation of interfaces
between single-crystal Si and essentially arbitrary sub-
strates, it is an open question whether such interfaces,
formed by mechanical transfer, can exhibit low ITR. We
show here that such interfaces can have ITR as low or
lower than metal films deposited (e.g., evaporated or
sputtered) on dieletrics.

The samples we study are fabricated by transfer
printing (100)-oriented Si nanomembranes (NMs) onto
bulk (100) Si substrates using the thermal-release tape
method [41]. Because we measure 14 different samples,
each with up to 8 different membranes, care is taken to
align the crystal axes of each Si nanomembrane to the un-
derlying substrate, primarily to ensure that the interfaces
formed beneath all of the transferred membranes are as
similar as possible to each other. Although the effects
of acoustic mismatch are expected to be small (as dis-
cussed below on page 4), the good crystalline alignment
has the added benefit that there is no acoustic mismatch
across the interface, enabling us to focus on the influ-
ence of the interface itself. Repeating the transfer pro-
cess, we can stack two membranes on top of each other,
producing two Si-Si van der Waals (vdW) bonded inter-
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FIG. 1. Schematic device cross sections and corresponding thermal resistance results. (a) Schematic device cross sections of
single interface H-H and H-ox devices, not to scale. Silicon nanomembranes are mechanically transferred onto bulk silicon
receiver substrates. After transfer, the samples are capped with a layer of Al2O3, and Ti/Au microstructures are fabricated
on top. We create two types of devices - those in which the receiving surface is hydrogen terminated, and those in which the
receiving surface is oxide terminated. In all cases the underside of the NMs are hydrogen terminated. (b) Differential thermal
resistance values of single and double interface nanomembrane sample structures. H-H interface values are given by circles,
H-ox values by diamonds. Each marker represents a single independent measurement run. The mean value of each type of
sample is given by the solid line, the standard deviation is given by the shaded region. For both interface types, the samples
with two interfaces are twice as resistive as the samples with a single interface. (c) Schematic device cross sections of double
interface H-H and H-ox devices. Double interface samples are fabricated by the same method as single interface samples, with
the surface preparation and NM transfer iterated twice.

faces in series, and enabling a check for consistency with
the results obtained from single interfaces. Because the
NMs are only 300 nm thick, the interfaces are close to
the outer, instrument accessible surface, enabling high-
resolution measurement of the ITR, which is otherwise
obscured by a large bulk signal. After transfer, the high-
est temperature the interfaces experience during process-
ing is 300◦C, as described in Ref. 42.

Figure 1 shows the two interface configurations we
study here: in the upper diagrams of Fig. 1(a) and (c),
interfaces are formed between a pair of H-terminated Si
surfaces (H-H), and in the lower two diagrams, inter-
faces are formed between an H-terminated surface and an
oxide-terminated surface (H-ox). Hydrogen terminated
surfaces are achieved in a hydrofluoric acid (HF) bath,
while oxide terminated surfaces are created in piranha
solution [45]. Because the interface (or interfaces) of in-
terest are much closer to the surface than the width of
the patterned metal thin film on the surface, the ITR can
be determined by subtracting the results of 3ω measure-
ments [46] performed with and without the interface of
interest, enabling the isolation of the thermal resistance
arising from the interface(s) under study [42].

Figure 1(b) shows the differential thermal resistance
results for many single- and double-interface H-H and H-
ox samples. Each marker represents a differential mea-

surement, as described in Ref. 42. The mean value of
the resistance for each type of sample is given by the
solid line: brown for the H-H samples, and blue for H-
ox. The shading represents one standard deviation for
each sample type. For both interface types, the samples
with two interfaces in series are twice as resistive as the
samples with a single interface within experimental un-
certainty. From the values of thermal resistance through
single- and double-interface structures, we determine the
ITR of a single H-H interface between two well-aligned
Si(100) regions to be 9.2±2.3 m2K/GW, and of a sin-
gle H-ox interface between the same two regions to be
2.8±0.9 m2K/GW.

In order to understand the phonon transport through
the vdW-bonded H-H and H-ox interfaces, it is impor-
tant to consider their thickness, roughness, and bonding
energy. To measure the total thickness of the interfacial
region, scanning transmission electron microscopy is per-
formed on both H-H and H-ox type samples. Electron
transparent cross-sectional TEM samples are prepared
directly on a previously measured 4-probe measurement
device via an in situ lift-out technique that uses focused
ion beam (FIB) etching.

Figure 2 shows high-resolution STEM images of the in-
terface region for both sample types. The average H-H in-
terface thickness is 1.5 nm, while the average H-ox inter-
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FIG. 2. High-resolution z-contrast STEM images of typical
H-H and H-ox interfaces taken along the [110] zone axis of
Si, used for interface characterization. (a) The H-H interfaces
have a total interfacial thickness of 1.5 nm. (b) The presence
of an additional oxide layer at the H-ox interfaces increases
the total thickness to 2.9 nm. (c) Schematic diagram of the
interface for both H-H and H-ox type samples. The total
interface thickness is greater than the interfacial separation
distance d because each surface has a termination that is not
visible by STEM.

face thickness is 2.9 nm. These thicknesses represent the
total distance between Si crystals, which is larger than
the separation distance of the vdW-bonded interface, as
schematically illustrated in Fig. 2(c), because each Si sur-
face has a covalently-bonded termination, which is not
visible by STEM. It is the distance of these surface termi-
nations from each other that defines the thickness of the
vdW-bonded interface separation, for which the STEM
results provide a definitive upper bound.

The rotational alignment of the membrane transfer,
also important to our understanding of phonon trans-
port through the interface, is very good in all samples
measured by STEM. As can be seen by the well-aligned
Si dumbbells in the silicon regions on either side of the
interface, the rotational alignment is within 1◦ [47].

To determine the interface roughness, which is diffi-
cult to estimate by STEM, AFM measurements were con-
ducted. Measurements were taken on four surfaces: H-
terminated and oxide-terminated receiver substrates as
prepared for NM transfer, the exposed top NM surface di-

rectly after transfer, and the exposed substrate adjacent
to that membrane after transfer. The roughness is con-
sistent across all measured surfaces, with average root-
mean-square (RMS) roughness of 0.12 nm and average
peak-to-peak roughness of 1.1 nm. Because all measured
roughnesses were consistent, regardless of what process-
ing steps each surface had been exposed to, we assume
that the bottom surface of the NM, at the interface, has
this same roughness.

Also key to modeling the ITR is the bonding energy
of each interface, which are available from previous wafer
bonding experiments. The H-H interface bonding energy
has been measured to be 30 mJ/m2 at room tempera-
ture, and 100 mJ/m2 after annealing to 300◦C [48]. H-
ox bonding has been shown to be 60-80 mJ/m2 at room
temperature with no anneal [49]. While to our knowledge
the bonding energy of such H-ox interfaces annealed to a
temperature of 300◦C has not been previously published,
the presence of OH groups is known to enable increases in
bonding strength at lower temperatures than for surfaces
that lack such groups [50].

We use these results in a model that we refer to here as
vdW-AMM and that is based on the Acoustic Mismatch
Model (AMM) [15] and the theory of thermal conduction
through van der Waals bonded interfaces [16]. To model
thermal transport through an interface, it is important to
know the transmission coefficient τ for each phonon mode
~q. Within the vdW-AMM model, the phonon transmis-
sion coefficient τvdWb (~q) due to the vdW contact between
identical materials is

τvdWb (~q) =
1

1 +
ω2

b(~q)

4K2
A
Z2
b(~q) cos2 Θ

, (1)

where ωb(~q) is the phonon angular frequency of mode ~q
on phonon branch b making angle Θ with the interface
normal, and Zb(~q) is the acoustic impedance. KA is the
spring constant per unit area, and is dependent on the in-
terfacial separation distance d and the interfacial energy
γ [42].

Phonon transmission through interfaces generally does
not get interrupted at low phonon frequencies, whereas
phonons with higher frequencies experience more scat-
tering, because their wavelength becomes comparable to
the nanoscale size of interfacial imperfections. This fea-
ture can be observed directly in Eq. 1, where the phonon
transmission through the vdW interface reaches unity as
the phonon angular frequency ω goes to zero, correspond-
ing to the acoustic or long wavelength limit, and as ω
increases, the transmission decays as ω−2.

The interface conductance σvdW is obtained from the
transmission coefficient by summing over all phonon
branches b that contribute to transport in each layer i,
and all modes ~q [51, 52]:

σvdW
i,T =

1

2

∑
b,~q

Cb,T (~q)υb(~q) cos ΘτvdWb (~q)

1− 〈τvdWb (~q)〉
, (2)
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where Cb,T (~q) is the modal heat capacity given by

Cb,T (~q) =
[~ωb(~q)]

2

kBT 2

e(~ωb(~q)/kBT )[
e(~ωb(~q)/kBT ) − 1

]2 , (3)

and T is the temperature. The correction factor in the
denominator of Eq. 2 ensures that the interface resistance
goes to zero in the limit of a fictitious ideal interface be-
tween two identical materials, where τvdW becomes unity
and interface resistance must vanish [53].

The results of the vdW-AMM calculations are dis-
played in Fig. 3. The vdW-AMM component of the total
ITR is plotted for both interface types as a function of
both interface separation distance d, on the vertical axis,
and interfacial bonding strength γ, on the horizontal axis.

Using the previously measured bonding strength for
H-H interfaces of γ=100 mJ/m2 [48] and our measured
value for the H-H ITR of 9.2 m2K/GW, the vdW-AMM
model gives an interfacial separation distance of d=0.38
nm (the blue circle in Fig. 3). This value describes the
distance between vdW-bonded planes at the H-H inter-
face, is smaller than the total separation distance be-
tween Si crystals, as expected, and it is consistent with
the roughness measurements performed on membrane
and substrate surfaces.

Because the oxide-terminated and H-terminated sur-
faces have equal roughness, we assume the H-ox inter-
faces have interfacial separations equal to those of the
H-H interfaces. The additional 1.4 nm of amorphous
oxide termination at the H-ox interface contributes a
thermal resistance in series with the vdW-bonded inter-
face. We account for this by using the minimum-thermal-
conductivity calculation for amorphous SiO2 of κox=1.05
W/(m K) [54], which yields a resistance of Rox=1.5
m2K/GW. The total interfacial thermal resistance is then
given by ITR=Rox+RvdW , yielding RvdW =1.3 m2K/GW
at the H-ox interface. Inverting the vdW-AMM model re-
veals the bonding strength of this interface to be γ=300
mJ/m2 (the red circle in Fig. 3). This result is consistent
with the expectation of increasing the bonding strength
through annealing.

It is useful to compare the ITR of the H-ox interface
with one of the common theoretical interfaces that can
be regarded as a limit of van der Waals bonding: a hypo-
thetical perfect Si-Si interface that is limited by a single
perfectly diffuse scattering layer. This type of interface,
in which every phonon is scattered with uniform proba-
bility into a completely random direction, corresponds to
the Diffuse Mismatch Model [52], and calculations using
this model for transmission from Si into Si yield an ITR
of 0.61 m2K/GW. The portion of the H-ox ITR that we
attribute to the vdW bonding of the interface is only a
factor of 2 larger than this result, emphasizing the ex-
tremely low thermal resistance achieved by those H-ox
interfaces.

Using the vdW-AMM model, we also calculate the ex-

γ (mJ/m2)

σ
 (n

m
)

 

 

100 200 300 400 500
0.25

0.3

0.35

0.4

0.45

0.5

−2

−1

0

1

2

3

d 
(n

m
)

0.50

0.45

0.40

0.35

0.30

0.25 100 200 300 400 500
! (mJ/m2)

100

1000

10

1

0.1

0.01

R
vd
W

 (m
2 K

/G
W

)

RvdW = 9.2 m2K/GW

RvdW = 1.3 m2K/GW

γ (mJ/m2)

σ
 (n

m
)

 

 

100 200 300 400 500
0.25

0.3

0.35

0.4

0.45

0.5

0.01

0.1

1

10

100

1000

FIG. 3. Contribution to the ITR due to vdW bonding as a
function of the interfacial separation distance d and bonding
strength γ, calculated from the vdW-AMM model. Thermal
resistivity is dependent on the spring constant KA, which is
proportional to the adhesion energy γ [42]. Consequently,
ITR decreases with γ, approximately as 1/γ2, and increases
with d. The experimental thermal resistance results are
shown, with the H-H (red circle) and H-ox (blue circle) in-
terfaces both consistent with calculations at d=0.38 nm and
γ=100 mJ/m2 and 300 mJ/m2, respectively.

pected ITR of several related interface types. Si (111)
membranes transferred to Si (100) substrates have a the-
oretical increase in ITR of less than 10% over the results
shown here for Si (100) transferred to Si (100). This pro-
vides an upper bound on the possible increase in ITR
due to crystallographic mismatch, including rotational
misalignment. In addition, we have done calculations of
interfaces between Sn crystals, heavier than Si, given the
same interfacial properties as the H-ox Si-Si system. We
find that the vdW contribution to the ITR rises to 1.9
m2K/GW. This increase in thermal resistance is driven
by the reduced phonon group velocity in Sn, leading to
fewer phonons incident on the interface. The opposite
effect will be true for lighter materials, such as diamond.
The calculations for Sn-Sn and Si(111)-Si(100)interfaces
show that, even with changes in materials properties and
phonon dispersions, the ITR values we measure here are
comparable with expectations for van der Waals inter-
faces for other materials, and thus it is the interface itself
that contains essential parts of the thermal transport.

Previous studies have suggested that the presence of
an oxide at a mechanically created Si-Si interface has
a negligible effect on interfacial thermal resistance [14].
We see here, however, that the oxide contribution to the
thermal resistance is only negligible for interfaces with
high overall thermal resistance, such as unannealed sam-
ples. More importantly, however, we see that even if the
resistance of the oxide itself is negligible, the role the ox-
ide plays in the bonding strength of the interface is vital.
Further, past studies have compared ITR between inter-
faces fabricated on H-terminated substrates to interfaces
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fabricated on oxide-terminated substrates, although not
in Si-Si structures. The results of these studies have not
been conclusive, with multiple reports of increased ITR
at the oxide interface [25, 30], as well as multiple re-
ports of the opposite effect, decreased ITR at the oxide
interface [22, 24, 33]. Here we find clear evidence that
oxide-terminated substrates lead to lower ITR between
mechanically joined single-crystal silicon regions due to
the increased interfacial bonding energy when compared
to interfaces with hydrogen-terminated substrates.

In conclusion, we show that vdW bonded interfaces
of transferred nanomembranes can have very low in-
terfacial thermal resistance. Further, the surface con-
dition of vdW-bonded interfaces between like materi-
als can affect the ITR by over 300%: interfaces cre-
ated by transfer printing hydrogen-terminated silicon
nanomembranes onto oxide-terminated silicon receiver
substrates show a significantly lower interfacial thermal
resistance than those formed by transferring to hydrogen-
terminated substrates because of increased interfacial
bonding energy and despite additional oxide thermal re-
sistance and greater separation distance between Si crys-
tals. The vdW-AMM model, which we propose here,
accurately captures and describes the interface-specific
properties critical to ITR and confirms our understand-
ing of the experimental ITR values, characterization mea-
surements, and theoretical modeling methods. We show
the direct relationship between ITR and bonding energy.
The results are important for the future of thermal man-
agement in electronic devices built on flexible, stretch-
able, and transferable nanomembranes.
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