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a b s t r a c t

Nanoscale interfaces, such as grain boundaries (GBs) within a polycrystalline material, play an important
role in suppressing the phonon heat transport. The interfacial thermal resistance RK of a GB has a strong
dependence on the detailed interfacial atomic structure, including the misorientation between two
grains and GB dislocations. Along this line, numerous molecular dynamics simulations on RK have been
carried out on a twist Si GB. Owing to the challenge of measuring such a GB within a bulk material, these
simulations are rarely compared with experimental data. In this work, a super-flexible 70-nm-thick Si
thin film was hot pressed onto a Si wafer to represent a twist GB. The RK of the film-wafer interface was
measured as a function of the rotation angle between the film and the wafer. The experimental data were
further compared with an analytical model to interpret the twist angle dependence of the measured RK.
It was found that the strain part of the grain-boundary energy is correlated with the measured twist-
angle-dependent RK.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

A grain boundary (GB) inside polycrystalline materials can
transmit or reflect incident phonons. Such interfacial phonon scat-
tering introduces an interfacial thermal resistance RK, known as the
Kapitza resistance [1,2]. With a high volumetric density of GBs,
phonon transport within a material with fine grains can be largely
suppressed by GBs [3]. The reduction of lattice thermal conductivity
kLbyGBshasbeenexploited todevelopbetter thermal insulationand
thermoelectric materials [4]. In addition, the RK for GBs and other
interfaces can significantly impede heat spreading in electronic de-
vices, thus creating challenges for thermal management [3,4].

In a polycrystal, various GBs with different structure and en-
ergies are present simultaneously, which can be described through
the GB character distribution [5]. GBs within this distribution have
varying crystal misorientations (with five macroscopic degrees of
freedom) and varying atomic structures at the interface (additional
microscopic and atomic degrees of freedom). The total GB energy
(gGB) is given as gGB ¼ gcore þ gstrain, where gcore and gstrain are the
energy due to broken bonds across the interface and the energy due
o).
to GB strain fields, respectively. The atomic structure ofmany GBs in
their low total energy atomic configuration minimizes the number
of broken bonds across the interface and is viewed as arrays of GB
dislocations separated by strained perfect crystal [5]. In contrast,
GBs described as disordered or amorphous tend to contain larger
amounts of broken bonds across the interface and, while they
usually have lowamounts of strain energy, they tend to be higher in
total energy [6]. It is widely accepted that the structure of a GB can
influence phonon transport across it [3,4]. However, detailed
studies are required to determine which attributes of this GB
structure and energy are the most important for phonon transport.

In some molecular dynamics (MD) studies, the total GB energy
(gGB) is proposed to be associated with RK [7e9]. Additionally, the
local strain field that forms at a GB has been shown to affect the
phonon transport [10]. In thewidely used acoustic mismatchmodel
(AMM) and diffuse mismatch model (DMM), however, the
complexity associated with the structure and energy of a GB is
usually neglected. Assuming specular phonon scattering on an
interface, the AMM fails to predict the GB RK because of the same
acoustic impedance between two grains made of the samematerial
[3]. Developed for a rough interface with diffusive phonon scat-
tering, the DMM [2] instead predicts a fixed GB phonon trans-
missivity tGB of 0.5 at all frequencies due to structure symmetry of a
GB [11]. Because high-frequency phonons are anticipated to be
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scattered stronger by a GB, tGB should decrease with an increased
phonon frequency, and the DMM is thus expected to be over-
simplified [8,12,13]. More advanced MD simulations have been
carried out to predict the RK for various GBs [8,14e17]. However,
experimental measurements are often lacking to validate these
predictions, mainly due to the challenge in measuring a single GB
within a three-dimensional bulk material [4]. In most data analysis,
the averaged RK of all GBs within a polycrystalline material can be
extracted using an effective medium formulation, whereas the
difference between varied GBs is neglected [18e22].

Due to the challenge in measuring a single GB within a bulk
material, bonding between identical wafers with relative rotation
has been used to gain insights into the phonon transport across
twisted GBs [23,24]. In these studies, two identical crystals are
rotated relatively around an axis that is perpendicular to the GB
plane. A phonon focusing image has also been taken for twist-
bonded wafers [25]. A major challenge for such studies is main-
taining high-quality bonding across the whole wafer. This requires
both wafers to be atomically flat to avoid the creation of voids or
unintended structural defects. From this perspective, much better
thermal bonding can be achieved using super-flexible thin films as
one of the crystals. This is essentially due to a large initial film-
wafer contact area and negligible separation or fracture during
the bonding process. Even for a film and a wafer with a large lattice
mismatch and/or a large twist angle, a high-quality interface can
still be obtained, which is challenging when bonding two rigid
wafers. For device fabrication, extremely high-quality bonding has
been demonstrated between a 200-nm-thick and millimeter-sized
Si membrane and a Ge wafer [26]. High-resolution transmission
electron microscopy (TEM) shows a thin ~1 nm region for the
bonded Si-Ge interface. With moderate pressure at 473 K, stacked
nanometer thick membranes can be used to form a Si-Ge- super-
lattice with a cross-plane kL below 2 W/m$K [27]. For phonon
transport studies, these high-quality interfaces for film-wafer or
film-film bonding provide ideal model systems for real GBs that are
formed by hot pressing nanopowder into a bulk material [28,29].

In this work, thermal investigation of twist GBs was performed
with a 70-nm-thick (100) Si thin film hot pressed onto a (100) Si
wafer. The high-quality interfaces achieved via film-wafer bonding
was confirmed by TEM studies and enabled thermal studies of GBs
across a large range of misorientation angles. Temperature-
dependent interfacial RK between the film and the wafer was car-
ried out for different twist angles between the film and the wafer.
GBs with a low (<15�) and high twist angle were measured, which
was enabled by the film-wafer bonding. This broad range of twist
angles reached beyond previous studies, which used wafer-wafer
bonding methods and were constrained to small twist angles
[23,24]. Detailed electron microscopy studies were carried out on
representative samples to reveal the interfacial atomic structures.
An analytical model based on such an interfacial structure was used
to interpret the observed twist-angle dependence of RK. Although
some earlier studies associated RK with the total GB energy gGB
[7e9], this work suggests a correlation between RK and the strain-
part of the GB energy, gst. Our results provide new insights into
phonon transport across GBs, which are important for technologies
ranging from microelectronics to energy materials.

2. Material and methods

2.1. Sample preparation

The (100) thin films used were released from a commercial
silicon-on-insulator (SOI) wafer and transferred onto another (100)
Si wafer with 500 mm thickness. The film transfer was performed in
diluted hydrogen fluoride (HF) acid to prevent oxidation of Si,
which was found on the bonded interface of Si wafers [24] and at
GBs within hot-pressed nanocrystalline silicon [12]. The whole
transfer process followed that used for graphene, with a photoresist
layer to protect the film during the transfer process [30]. This
photoresist layer was later dissolved in acetone. Before the hot
press, the film was further annealed at 473 K to ensure good
sample-substrate contact. A thin SiO2 layer with 20 nm thickness
was then deposited onto the sample to avoid possible contamina-
tion during the following hot press. The hot press was then carried
out under N2 protection at around 1223 K with 1-min holding. The
rapid heatingwas provided by an induction heater, as used for bulk-
material synthesis [31]. Roughly 50 MPa pressure was applied with
a graphite die and this pressure was uniformly distributed across
the film using a soft graphite foil. After the hot press, the SiO2 layer
was etched off by HF. The residual graphite was removed together
with the SiO2 layer, as shown in Fig. 1a.

The employed hot-press condition should be compared with
that used for nanocrystalline bulk Si, where a higher hot-press
temperature (1327e1523 K) with 0e2.5 min holding was
required to obtain up to 99.5% theoretical density [12]. For bulk
materials, this higher hot-press temperature is required to soften
the irregular-shaped nanopowder for better compaction. For film-
wafer bonding, a lower bonding temperature was usually used
because the film and wafer were in good contact already. In prac-
tice, further increasing the hot-press temperature may cause cracks
on the film when the twist angle between the film and the wafer
was large. To further improve the bonding quality, all samples were
finally sealed in a vacuum tube and annealed at 1173 K for 1 hr. The
interfacial RK for all samples was measured after annealing, and
selected samples were also measured right after the hot press.

Cross-sectional TEM studies were also carried out on repre-
sentative samples with a low to a high film-wafer twist angle
(Fig. 1b and c). GB regions with around 3.0 nm and 4.25 nm
thicknesses were observed in the TEM images of samples with 3.4�

and 86.5� twist angles, respectively. Interfacial layers were
observed with no apparent structure (appears amorphous) when
viewed in this direction, as suggested byMD simulations previously
[32]. Some GB structures were found later within this “amorphous”
region [33]. These interfacial layers were thicker than the ~1 nm
interfacial layer for the previous bonding between a Si film and a Ge
wafer [26], which was performed only at 673 K for 30 min. For all
samples, further checking with energy-dispersive X-ray spectros-
copy suggested almost uniform surface natural oxidation across the
entire cross section, i.e. there is no amorphous SiO2 layer at the
film-wafer interface. In previous thermal studies using wafer-wafer
bonding, an extra SiO2 layer was found on the bonded interface so
that the measured RK did not represent that for a “clean” GB in bulk
materials [24]. This oxide layer was prevented in this study with
careful oxygen protection during the hot press.

To better understand the GB region, TEM images normal to the
GB plane (i.e. plane view) were also taken to reveal that the inter-
facial region is not amorphous but shows a periodic GB dislocation
structure for the sample with a 3.4� twist angle (Fig. 1d and e). This
further confirms that clean interfaces with low-energy atomic
configurations were synthesized. In the literature, similar TEM
studies were carried out for the bonding between the device layer
of a SOI wafer and a Si wafer [34]. A similar dislocation networkwas
observed in this earlier study. However, the device layer was not
released from the SOI wafer during the thermal bonding, which
differs from the current work.

2.2. Offset 3u measurement

The obtained film-on-substrate structure was measured with an
offset 3u method [35] by comparing the measurements in regions



Fig. 1. (a) The top-view scanning electron microscopy (SEM) image of a 70-nm-thick Si film bonded onto a Si substrate by hot press. Cross-sectional TEM images of film-wafer
interfaces for a twist angle of (b) 3.4� and (c) 86.5� after 1173 K anneal. The GB region is enclosed by dashed lines, with the thickness indicated. Plane-view TEM image for the
GB with a 3.4� twist angle, with (d) high and (e) low magnifications. TEM, transmission electron microscopy; SEM, scanning electron microscopy; GB, grain boundary.

Fig. 2. DTACA=P for a typical comparison 3u tests, with the inset showing the cross-
section diagram of the measurement setup. The symbols are measurement results,
and the curves are linear fitting. The black curve and circles are for location A, with
SiO2-coated film-wafer assembly. The blue curve and triangles are for location B,
without the Si film. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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with and without the bonded Si film. In such measurements, an AC
current with an angular frequency u was passed through a metal-
line heater/thermometer, and the 3u voltage signal was sensed to
extract the thermal properties of the underlying structure. Similar
comparison measurements were carried out on a-Si:H thin films
grown on aMgO substrate [36]. To avoid current leakage, thewafer-
film assembly was uniformly coated with a 20-nm-thick amor-
phous SiO2 layer for electrical insulation. The thickness of the SiO2
coating on and off the Si-film-cover region was checked with
spectroscopic reflectometry (Filmetrics F-20), and the thickness
variation was within 0.5 nm in general, ensuring good accuracy for
comparison measurements. A 20-mm-wide and millimeter-long Cr/
Au line was then deposited as the thermometer/heater used for 3u
measurements. The Au layer and its underlying Cr adhesion layer
were 200 and 10 nm thick, respectively. In thermal analysis, the
width of the metal line was much larger than the 70 nm film
thickness so that one-dimensional heat conduction across the film
thickness can be assumed. As the reference, an identical metal line
was also patterned on the same wafer and near the Si film.

In Fig. 2, the two comparison measurements have the in-phase
AC temperature oscillation DTAC at all frequencies shifted by a
constant value, i.e. PðRFilm þ RKÞ=A. Here, P, A, and RFilm are the
amplitude of the heating power at the 2u frequency, area of the
metal line, and the cross-plane thermal resistance of the film,
respectively. Both RFilm and RK are evaluated per unit area of the
thin film. In Fig. 2, the shift ofDTACA=P is thus determined by RFilm þ
RK and is unrelated to the selected P value. The slope of all curves
yields the thermal conductivity of the Si wafer. The room-
temperature k value is measured as 135e142 W/m$K, which is
within 10% divergence from k ¼ 150 W/m$K for bulk Si. The linear
regime is obtained when the thermal penetration depth is at least
2.5 times larger than the metal-line width [37] as 20 mm here. With
the thermal diffusivity az8� 10�5 m2=s for the Si substrate at
300 K, the penetration depth is computed as
ffiffiffiffiffiffiffiffiffiffiffiffi
a=2u

p
. At 300 K, the

employed AC frequency f ¼ u=2p should be less than 2.5 kHz. In all
measurements here, the maximum f is about 1 kHz in general. This
frequency range is also suitable for measurements below 300 K,
with larger a values and thus a higher thermal penetration depth.

2.3. Uncertainty of offset 3u measurement

In previous 3u studies, uncertainty analysis emphasized the
error in the dRMetal=dT slope for the measured electrical resistance
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RMetal ofmetal lines. In data analysis, dRMetal=dT was used to convert
the measured AC voltages into DTAC [38,39]. This error was mainly
due to the 1e2 K accuracy (offset) of thermocouple reading in
temperature-dependent measurements. However, this error may
be overestimated because the slope dRMetal=dT should be mostly
affected by the ~0.01 K repeatability of thermocouple reading [40].
Along this line, highly accurate Seebeck coefficients can be obtained
from the slope dDV=dDT for varied voltage difference DV and
temperature difference DT of a few Kelvins applied across a sample
[41].

In this study, aforementioned dRMetal=dT error is neglected. For
all metal lines, R2 > 0.9999 is obtained for the linear fitting of
RMetalðTÞ over 77e300 K, indicating highly reliable dRMetal=dT
values. In this situation, the uncertainty of measured RFilm þ RK
mostly results from the electrical measurements and the possible
thickness variation of the SiO2 coating at locations A and B in Fig. 2.

In all measurements,DTACA=P is averaged over all frequencies in
Fig. 2 to extract RFilm þ RK . For this averaged RFilm þ RK , the half
width of its 95% confidence interval (uR) ranges from 1.2 � 10�10 to
3 � 10�9 m2 K/W for all temperature-dependent measurements.
This corresponds to less than 8% divergence from the extracted
RFilm þ RK value.

The accuracy of the offset 3umeasurements is first calibrated by
measuring the cross-plane thermal conductivity of amorphous SiO2
layers deposited onto a Si wafer by electron beam evaporation.
Similar measurements have been carried out before to validate the
offset method [36,42]. Fig. 3a shows DTACA=P for measurements
with different SiO2 thicknesses. In reference, a dashed line is also
added as DTAC for the case without any oxide coating, which is
predicted by the theoretical model [35]. Fig. 3b plots the extracted
RFilm þ RK as a function of film thickness t. Because the thermal
conductivity k of amorphous SiO2 is weakly dependent on the film
thickness, the slope of the curve is thus 1=k. The linear fitting of
measured data yields room-temperature k z 0.8 W/m$K for SiO2,
which is within the 0.618e0.947 W/m$K range reported before
[43]. This value is lower than bulk value as 1.4 W/m$K and is
attributed to defects within electron-beam deposited SiO2. With
this k value, the aforementioned 0.5 nmvariation in the thickness of
deposited SiO2 corresponds to uSiO2

¼ 6 � 10�10 K m2/W as the
uncertainty for extracted RFilm þ RK due to oxide coating. To further
check the influence of the selected electrical insulation layer, a few
real film-wafer assemblies were also re-measured by replacing the
original SiO2 layer with a 30-nm-thick Al2O3 layer. Still by
comparing measurements at locations A and B in Fig. 2, the sub-
tracted RFilm þ RK for the film-wafer bonding diverged from that
measured with SiO2 coating by less than 8� 10�10 m2K/Wat 300 K.
Fig. 3. (a) DTACA=P for measured amorphous SiO2 layers, with the dashed line as the com
thickness. This thermal resistance contains the cross-plane RFilm for the SiO2 layer, and RK
2.4. Cross-plane RFilm calculation

The offset 3umethod only yielded the summation RFilm þ RK . To
extract RK , the cross-plane thermal resistance of the film RFilm
should be known first. In a similar study on bonded Al2O3 wafers,
RFilm was simply neglected. RFilm in this early study would be the
resistance of the 1e2 mm-thick Al2O3 film that was polished down
from a top wafer bonded to the bottom wafer [23]. This led to
overestimated RK . In our study, RFilm was always subtracted from
the measured RFilm þ RK to provide more reliable RK values.

Because direct thermal measurements were challenging for
ultra-thin films, the cross-plane thermal conductivity k of a thin
film and thus RFilm ¼ t=k were estimated using the bulk phonon
mean free paths (MFPs) and a film thickness of t ¼ 70 nm. Only
three acoustic branches were considered due to the weak contri-
bution by optical branches. For a film surface roughness as small as
1.63 nm, complete diffusive phonon scattering by film boundaries
has been suggested above 100 K [44]. Therefore, complete diffusive
phonon scattering by the film boundary was assumed in all cal-
culations. Because phonon phase coherence was mostly destroyed
by diffusive phonon scattering, no phonon wave effects were
considered here, which also resulted from the large film thickness
in comparison with the dominant phonon wavelengths, i.e. a few
nanometers for the investigated temperature range [45].

In modeling, both k and RK may depend on the film thickness t
and interfacial phonon scattering. In detailed phonon transport
analysis, RK is affected by the energy distribution of phonons
incident on the interface. Under strong ballistic phonon transport
across an ultra-thin film, phonon temperature within the thin film
is almost uniform so that the incident phonons originate from lo-
cations with very close temperatures. In this situation, the film
thickness dependence of RK can be very weak [46]. When this one-
dimensional phonon transport analysis is extended to three-
dimensional polycrystalline materials, phonon transport
modeling still considers phonon size effects within each grain and
RK between adjacent grains [18,47]. The extracted RK for film-wafer
interfaces can thus be viewed as RK for GBs associated with grain
sizes that are much smaller than majority phonon MFPs. Based on
first-principles calculations, around 50% of the room-temperature
kL is contributed by phonons with MFPs longer than 1 mm [48].
With weak phonon scattering, the contribution from long-MFP
phonons monotonously increases at decreased temperatures.
Therefore, the extracted RK can be generally accurate for grain sizes
of a few hundred nanometers or less.

Based on the kinetic theory, the cross-plane lattice thermal
conductivity kz kL is given as
puted result for bare Si. (b) Thermal resistance of SiO2 films as a function of the film
(y-intercept value) for SiO2/Si and metal/SiO2 interfaces.



Fig. 5. Comparison between measured and predicted RK values of twist GBs at 300 K.
Samples enclosed by the dashed line are measured both before and after the anneal.
MD, molecular dynamics; GB, grain boundary.

D. Xu et al. / Materials Today Physics 6 (2018) 53e59 57
kL ¼
1
3

X3
i¼1

Zumax;i

0

CiðuÞvg;iðuÞLiðuÞdu; (1)

where the subscript i indicates the phonon branch, u is the phonon
angular frequency, C is the differential phonon specific heat per
unit volume, vg is the phonon group velocity, and L is the phonon
MFP. Assuming diffusive film-boundary phonon scattering, the
phonon MFP Li ðuÞ is modified from the bulk value LBulk; i ðuÞ by
the film thickness t, given by Majumdar as [49].

1=Li ðuÞ ¼ 1
�
LBulk; i ðuÞ þ 4=3t: (2)

The same MFP modification can be found for gas molecules
confined within a gap of size t [50], again as classical size effects.
More accurate calculations have been proposed using the lattice
Boltzmann method [51] but Eq. (2) is still used in this work for
simplicity. Detailed phonon transport analysis for film-on-
substrate structures can also be found elsewhere [46,52].

Using first-principles phonon MFPs computed by Esfarjani et al.
[48], the room-temperature kL can be predicted as a function of the
film thickness (solid line in Fig. 4a). These phonon MFPs are vali-
dated by experiments on bulk Si [53]. In data analysis, available k
measurements on nanowires [54,55] and nanoporous Si films [56]
can both be well explained using these phonon MFPs. The first-
principles prediction also agrees well with a separated calculation
using the exact phonon dispersion and fitted phonon MFPs [57]
(dashed line in Fig. 4a). Both predictions are higher than the
experimental data on a suspended 500-nm-thick Si film [58] (filled
circle in Fig. 4a). The divergence has been attributed to the defects
in real samples and some uncertainties in time-domain thermor-
eflectance measurements [57]. The measurement data [58] can be
an underestimate because the same work also reports nanoporous
Si films with k values much lower than theoretical predictions [59].

Below 300 K, detailed temperature dependence is not given for
the first-principles phonon MFPs [48]. In another work, Ward and
Broido suggest LBulk; i ðu; TÞ � 1=gðTÞ for all acoustic phonons [60].
This simple temperature dependence is employed here to estimate
temperature-dependent bulk phonon MFPs based on room-
temperature phonon MFPs. The temperature-related function is

g ðTÞ ¼ T ½1� expð � 3T=QDÞ �; (3)

where the Debye temperature is QD ¼ 645 K for Si [60]. Using Eq.
(3), temperature-dependent kL along the cross-plane direction is
computed and presented in Fig. 4b. These values are used to
calculate RFilm in the data analysis.
Fig. 4. (a) Cross-plane kL as a function of the film thickness at 300 K. The solid and dash
respectively. The solid circle is the experimental data by Hopkins et al. [58]. (b) Temperatu
3. Results

3.1. Measured twist-angle-dependent RK

In Fig. 5, the extracted room-temperature RK values are plotted
as a function of the twist angle between the film and the wafer. The
error bars assume the overall uncertainty as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uR

2 þ u2
SiO2

q
, where

both uR and uSiO2
are discussed earlier. Three low-twist-angle

samples were measured before (green circle) and after (red cir-
cle) the 1173 K annealing. All measured RK values are higher than
predictions by MD simulations (square) for a twist (100) Si GB [8].
Other MD simulations can also be found in an earlier study [13].
However, the employed atomic structures on a GB are usually
oversimplified when compared with that revealed in the TEM im-
ages, particularly for the strained interfacial layer with an array of
dislocations. In addition, these MD simulations apply the Si
Stillinger-Weber interatomic potential which is known to under-
estimate Grüneisen parameters, particularly for transverse pho-
nons (see Table I of Porter et al. [61]). Since phonons scatter off
strain fields through anharmonic terms in the interatomic poten-
tial, underestimation of the Grüneisen parameters should under-
estimate RK if phonon-strain effects are important.

Representative samples after annealing are also measured for
temperature-dependent RK that monotonically decreases at
increased temperatures (Fig. 6). This trend is consistent with MD
studies on twist (100) Si GBs [8] though the measured RK values are
much higher than MD predictions, presumably due to the under-
estimated phonon-strain field interaction. Part of this trend is
ed lines are predictions using first-principles phonon MFPs and fitted phonon MFPs,
re-dependent cross-plane kL computed for a 70-nm-thick Si film.



Fig. 6. Temperature-dependent RK for representative samples. Fig. 7. Experimental data of the GB energy (gGB) and thermal boundary resistance (RK)
of Si twist GBs. Open circles (left axis) are data from Otsuki [63]. Blue squares (right
axis) are data from this study for samples after annealing. The lines are associated with
the left axis and show the extended Read-Shockley model for GB energies, where the
core energy (gcore) and the strain energy (gstrain) sum to give gGB. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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attributed to more activated phonon modes at elevated tempera-
tures to enhance the heat transfer across a GB.

3.2. Extended Read-Shockley model for GB energies

Although GBs are varied and complex, GB energy gGB is a useful
single parameter that correlates with many properties. The widely
used Read-Shockley model [62] effectively describes [6,7] the
structure of a GB as an array of dislocations, as shown in Fig. 1d. In
general, gGB is split into two parts, i.e. the core energy gcore and the
strain energy gstrain. The Read-Shockley model was generalized by
Wolf [6] into what is now called the extended Read-Shockley model,
where the core energy response due to broken bonds across the
interface (Ec=b) and the GB strain energy response (Est=b) are
treated as fitting parameters:

gGB ¼ gstrain þ gcore ¼ 2 sin 2 q

�
Ec
b
� Est

b
lnðsin 2 qÞ

�
; with 0�

� q � 90�

(4)

where q is the GB twist angle.
We now apply this model to experimental data of gGB for (100)

Si twist boundaries provided by Otsuki [63]. This early study on Si-
Si bicrystals was made using a solid-state bonding method at
1473 K for 10 hr. The boundary was wetted with a liquid Sn-Al alloy
at 1473 K for three days in Ar. Grooves were formed on the surface
at the GB to satisfy the energy balance between the GB energy (gGB)
and the solid-liquid interfacial energy (gSL). The dihedral angle of
the groove is thus a measure of gGB normalized by 2gSL, which is
taken to be a constant. In a more recent study, the GB energy gGB
was associatedwith the twist angle q between a film and its bonded
wafer [26]. A comparison of the GB energy model in Eq. (4) to the
experimental data is shown in Fig. 7 with Ec=b ¼ 0:35 ð2gSLÞ and
Est=b ¼ 0:4 ð2gSLÞ. As q increases, the spacing between GB
dislocations decreases. As can be seen in Fig. 7, gstrain peaks
between q ¼ 10 and 15� and decreases at higher q due to interac-
tion between individual GB dislocations.

Watanabe et al. have analyzed the thermal boundary resistance
data of diamond obtained via MD simulations [7]. They concluded
that the Kapitza length, which is directly proportional to RK, is
correlated with the gGB. In MD studies of two-dimensional poly-
crystalline graphene [9] or a twist Si GB [8], a larger gGB was also
found to lead to a higher RK. Comparing our experimental data of RK
of annealed Si twist GBs to the extended Read-Shockley model, it
seems that RK may be correlated with gstrain, the interfacial strain
energy of the twist GB (Fig. 7), instead of the total energy gGB. To
accurately capture the phonon-strain-field interaction in a MD
simulation, the anharmonicity and Grüneissen parameters of the
material need to be accurately represented by the interatomic po-
tential employed. Because the transverse Grüneissen parameters of
the Stillinger-Weber and Tersoff potentials are significantly
underestimated, the correlation between RK and gst may be missed
in existing MD simulations [61].

We note that this GB energy model neglects energy cusps that
occur at special GBs, i.e. the S3 boundary at q ¼ 36:9�, and the non-
zero gGB at q ¼ 90�. While the measured gGB does indeed show
cusps in GB energy at special boundaries, the experimental data
available show that they are relatively shallow. Although there will
be additional complexities and variations from this model when
special boundaries are considered, we argue that the general trend
of GB energy captured by the extended Read-Shockley model may
hold.
4. Discussion

In this work, bonding between a 70-nm-thick (100) Si thin film
and a (100) Si wafer is used to prepare twist GBs for phonon
transport studies. The bonding formation is under comparable
conditions as the hot press for bulk materials. This allows detailed
studies of individual GBs with controllable misorientations,
particularly for GBs with a high twist angle. In contrast, existing
measurements of varied bulk nanocrystalline Si only extract the
averaged influence of many GBs on phonon transport [12,18].
Directly measuring a single GB inside a bulk polycrystalline mate-
rial still remains as a challenge.

Although existing studies often suggest a strong correlation
between the total GB energy gGB and RK [7e9], the twist angle
dependence of our measured data instead indicates strong influ-
ence on RK from the strain component of the GB energy gstrain. This
finding indicates that the nanometer-thick strained interfacial layer
can be critical to the phonon transmissivity and its temperature
dependence. We suspect that strain field effects on RK should be
important for general hetero-interfaces as well [64]. Along this line,
more attention should be paid to the role of a strained layer in the
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interfacial phonon transport, which is critical when engineering
phonon transport across interfaces [65e68].
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