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Cu3Sn, a well-known intermetallic compound with a high melting temperature and thermal stability, has
found numerous applications in microelectronics, 3D printing, and catalysis. However, the relationship
between the material’s thermal conductivity anisotropy and its complex anti-phase boundary superstruc-
ture is not well understood. Here, frequency domain thermoreflectance was used to map the thermal
conductivity variation across the surface of arc-melted polycrystalline CusSn. Complementary electron
backscatter diffraction and transmission electron microscopy revealed the thermal conductivity in the
principal a, b, and c orientations to be 57.6, 58.9, and 67.2 W/m-K, respectively. Density functional theory
calculations for several CusSn superstructures helped examine thermodynamic stability factors and evalu-
ate the direction-resolved electron transport properties in the relaxation time approximation. The analysis
of computed temperature- and composition-dependent free energies suggests metastability of the known
long-period Cu;Sn superstructures while the transport calculations indicate a small directional variation
in the thermal conductivity. The ~15% anisotropy measured and computed in this study is well below

previously reported experimental values for samples grown by liquid-phase electroepitaxy.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Technological and environmental factors have been driving the
development of high-performance Pb-free integrated circuits with
ultra-fine pitches and vertical integration [1,2]. The new microelec-
tronic architectures have interconnects with dramatically reduced
dimensions (20 pm) and require bonding materials capable of op-
erating in high power density environments. Between-chip joints
based on Cu-Sn compounds have shown several advantages over
the conventional Sn-rich solders characterized by relatively low
melting temperatures and susceptibility to liquid bridging. In par-
ticular, Cu-Sn-Cu couples that transform into Cu/Cu3Sn/Cu fully in-
termetallic joints benefit from the Cu3Sn alloy’s high melting tem-
perature (640 °C) [3], low electrical resistivity (8.8 p€2-cm) [4],
high resistance to electromigration and oxidation [5-8], and rapid
bond formation (below 10 s at 250 °C with ultrasonic assistance)
[9].
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Despite the extensive research on Cus3Sn and the material’s
technological promise, the anisotropy of the thermal conductiv-
ity in this hexagonal close-packed (HCP)-based compound known
to crystallize in different long-period superstructures [10-14] has
not been studied. The only available information on the transport
anisotropy? in CusSn is the orientation-dependent measurement of
the electrical conductivity in liquid-phase electroepitaxied samples
by Liu et al. [10]. The maximum to minimum ratio of 2.8 found in
that study might not seem extraordinarily large considering that
the reported out-of-plane to in-plane conductivity ratios in pure
HCP metals [15-19] range from 0.54 in Co (computed electrical
transport o0z;/0x)° [15] to 2.9-5.4 in Fe at high pressure (mea-
sured thermal transport kz;/kxx) [19]. However, the factor of 2.8
anisotropy in the thermal conductivity of a bonding material can
have a drastic impact on the interconnect performance and dura-

2 The Wiedmann-Franz law discussed below is commonly used to relate thermal

and electrical transport anisotropies. Our density functional theory results support
the validity of the approximation for Cus;Sn.

3 Sanborn et al. reported the Co anisotropy as the resistivity ratio p,;/pox = 1.84.
Here, we use the inverse to specify the conductivity ratio 0,,/0xx = (0z/Pw) "' =
0.54.
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bility. For example, a hypothetical package with a 20 pum thick
Cu3Sn film passing 10 W/mm? heat flux [20-24] would have tem-
perature differences of 13 °C versus 4.5 °C in the slow versus fast
directions. These temperature differences are significant given that
the total thermal budget might be only 60-80 °C and that every
~7 °C increase halves the mean time to electronic device failure
[25].

The present investigation is focused on providing a better
understanding of the anisotropic thermal conductivity of pure
CusSn. Frequency domain thermoreflectance (FDTR) and electron
backscatter diffraction (EBSD) were paired to measure the thermal
conductivity and orientation of grains of an arc-melted CusSn in-
got. The direct mapping of small grain (~400 pm) thermal con-
ductivities to crystallographic orientations is challenging and has
only been done once before [26]. Density functional theory and
maximally localized Wannier functions were coupled to probe the
anisotropy of the material’s thermal and electrical transport. The
tenfold CusSn superstructure proved to be prohibitively large for
a direct ab initio calculation of these properties and was approxi-
mated systematically with a set of smaller structural models. The
combined experimental and computational results indicate that
the compound’s intrinsic anisotropy is considerably smaller (1.15-
1.24) than previously thought (2.8). The revised knowledge may
improve the use of Cu3Sn not only as an electronics packaging ma-
terial but also as a 3D printed material [27-29] or a cost-effective
metallic oxidation catalyst [30,31]. Given the difficulty of measur-
ing or calculating transport anisotropy and the general paucity of
such data on intermetallic compounds, the presented analysis may
also be helpful for constructing simple descriptors [32] to pre-
dict transport properties based on easily accessible structural, elec-
tronic, or vibrational features.

2. Methods
2.1. Sample preparation

Pure Cu3Sn was formed by arc-melting stoichiometric propor-
tions of Cu and Sn wire (99.999% metals basis, ESPI Metals) on a
water-cooled Cu hearth in a Ti-gettered argon atmosphere. After an
initial melting of the wire, the resulting ingot (24.97% Sn, 75.03%
Cu) was turned on its side and re-melted four times to ensure
complete mixing. It was then heat-treated in a forming gas envi-
ronment (95% Ar, 5% H;) at 898 K for 30 days to improve chemical
homogeneity and relieve stresses. The ingot was ground and pol-
ished with a final step of colloidal silica (0.02 pm).

2.2. Material characterization

X-ray diffraction (XRD) was used to identify the phase of the
arc-melted sample. The sample was converted to powder with a
file. The 260-w scan with a copper source (Cu Ko) was performed
in a Malvern Panalytical X'Pert PRO XRD system.

The polished sample was imaged optically (Zeiss Axio Im-
ager M1m) and by scanning electron microscopy (SEM) (Zeiss
Field Emission SEM, Supra 55 VP). Electron backscatter diffraction
(EBSD) was used to identify the orientation of each imaged grain.
In the EBSD measurements, Kikuchi patterns were collected every
7.5 um across the surface and compared with calculated patterns
using the crystallographic data provided by [11] under a potential
of 25 kV with a 12 mm working distance (EDAX DigiView). The
orientation of each grain was calculated by taking a 10-point av-
erage of the output from positions near the center of each grain.
Data from highly spotted grains were excluded from further inter-
pretation.

Grains oriented near their principal orientations were prepared
for transmission electron microscopy (TEM) (JEOL High-resolution
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TEM JEM 2100F) by focused-ion beam milling (FIB) (FEI Nova 600
Nanolab). TEM characterization validated the crystal structure anti-
phase periodicity and the EBSD determined orientations. FDTR
and EBSD mappings were performed to establish the orientation-
dependent thermal conductivity of each grain.

2.3. Thermal conductivity measurements

Local thermal measurements were performed via FDTR map-
ping [33-36]. Our FDTR experimental setup employs a periodically
modulated pump operating at 488 nm that periodically heats the
sample. A coaxial probe laser measured the temperature via ther-
moreflectance using a continuous wave laser at 532 nm. The pump
and probe beams were focused with a 20X objective (Mitutoyo
Plan-Apochromat, 0.42 NA, 20 mm WD) to 3.2 and 2.9 pm 1/¢2
radii beams, respectively. At each location, thermal phase measure-
ments were taken at 13 logarithmically-spaced frequencies ranging
from 15 kHz to 2.6 MHz.

A two-parameter fit of the thermal diffusion model provided
simultaneous extraction of the thermal conductivity of the Cus3Sn
layer and the interfacial resistance between the Au film and the
CusSn layer. In this material system, the Au-oxide and oxide-Cu3Sn
interfaces were grouped and approximated as a single interfacial
layer. The oxide film was estimated to be ~2 nm in thickness based
on the work of Cho et al. [37], in which TEM was used to mea-
sure the oxide thickness formed on Cu3Sn nanoparticles. The thick-
ness of each grain in the Cu3Sn ingot was estimated to be much
larger than the thermal diffusion length at the lowest measure-
ment frequency and consequently was treated as a semi-infinite
terminating layer. The volumetric heat capacity of Cu3Sn has pre-
viously been reported [38] and was input as a fixed parameter in
this analysis. A bulk thermal conductivity measurement was per-
formed with flash diffusivity (Anter Flashline 2000). The absolute
uncertainty of a single thermal conductivity measurement was cal-
culated to be ~1.7 W/m-K. This was determined by propagating
uncertainties Ak; for each input parameter i and then combining
them orthogonally: Akcy,sn =+/>; AK,.Z. Table S1 in the Supple-
mentary Material compiles the Ak;, along with detailed experi-
mental uncertainty analysis.

To construct a thermal map using FDTR, a three-axis motorized
translation stage (Thorlabs PT3 Z8) was employed during imag-
ing experiments to scan the laser across the sample surface in a
78 x 242 grid with 20 pm increments. Measurements were per-
formed near room temperature with a steady-state temperature
rise of less than 10 K.

2.4. Stability and thermal conductivity calculations

Our density functional theory (DFT) analysis was performed
in the generalized gradient approximation [39] with the Perdew-
Burke-Ernzerhof exchange correlation functional [40]. Unless spec-
ified otherwise, we used VASP [41,42] with the projector aug-
mented wave potentials [43] and a 500 eV energy cutoff. Select
structures were also evaluated in the local density functional ap-
proximation (LDA) [44]. Vibrational entropy contributions to the
free energy were evaluated for supercells with 128 atoms using the
frozen phonon method implemented in Phonopy [45].

Electron transport coefficients were evaluated (i) in the con-
stant relaxation time approximation (CRTA) with maximally local-
ized Wannier functions using the Wannier90 code [46] and the
Boltzwann module [47]; and (ii) in the relaxation time approxi-
mation (RTA) using the Electron-Phonon Wannier (EPW) package
[48,49]. For the latter, we used the QUANTUM ESPRESSO package
[50] with norm-conserving pseudopotentials and a 90 Ry energy
cutoff. The formalism and the settings are described further in the
corresponding sections.
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Lattice transport for the smallest representative structure was
calculated at the DFT level in the single-mode relaxation-time ap-
proximation and a full solution of the linearized phonon Boltz-
mann equation as implemented in Phono3py [51]. The lattice
transport coefficients for larger structures were evaluated with
Phono3py and a neural network (NN) interatomic potential. The
NN was constructed with our MAISE-NET protocol [52], which gen-
erates reference data and optimizes adjustable parameters in an
iterative fashion. We started with previously developed Cu and Sn
NN potentials [52] and built a binary Cu-Sn model using our strati-
fied training approach [53]. The 145-10-10-1 Behler-Parrinello NN
model with 1880 adjustable parameters fitted to 7685 energy data
and 69,579 atomic force data had a root mean square error of
9.5 meV/atom.

In order to reduce the numerical noise due to the k-point
sampling and plane-wave expansion in the DFT calculations of
relative stability, we used 64-atom orthorhombic representations
of all structures (except for the tenfold model) with the same
12 x 2 x 16 k-mesh. The observed numerical errors were found to
be in the 0.2-0.4 meV/atom range. The a = 5.526 A, b = 48.519 A,
and ¢ = 4.318 A lattice constants of the tenfold superstructure fully
optimized in our DFT calculations were within 0.02, 1.5, and 0.03%
of Mieller and Lidin’s values. Full structural information for the
most relevant configurations considered in this study is given in
the Supplementary Material.

3. Results and discussion
3.1. XRD

As shown in Fig. 1, the powder x-ray diffraction (XRD) corre-
sponds with the literature [11], confirming a pure single phase of
CusSn. Lattice constants calculated from this experiment agreed
within 0.2% of Miieller and Lidin’s lattice spacing of a = 5.520
A, b = 47790 A, and ¢ = 4.333 A. These dimensions indicate a
tenfold repeating superstructure that agrees with the TEM analy-
sis performed on grains calculated to have orientation near or at
principal orientations of the CusSn crystal structure.

3.2. Thermal conductivity mapping
Fig. 2 displays the optical image, the raw EBSD Inverse Pole Fig-

ure (IPF), and the FDTR thermal conductivity map of the probed
area. The IPF displays orientations relative to the sample surface.
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Grains were numbered using the EBSD IPF. Indeterminate orienta-
tions were observed for a few grains (e.g., 38, 114), as the backscat-
ter detector size was too small to uniquely identify the crystal ori-
entation from the Kikuchi pattern [54].

Fig. 3 displays the TEM images of grains #15 and #62. These
grains were chosen because their EBSD orientations were near
principal axes. TEM analysis revealed a crystal structure composed
of a tenfold repeating superlattice for both grains and the calcu-
lated orientations were in good agreement with the EBSD mea-
surements (see Fig. S1 for details on the electron diffraction pat-
tern analysis).

Pixel analysis of the thermal image provided representative
thermal conductivity values for each grain. As an aid in this pro-
cess, grain boundaries observed in the optical image were overlaid
onto the thermal image. The perimeter of a grain was traced, pro-
ducing a binary map where the intensities of the pixels inside the
traced area were saved, while all pixels outside the trace were ig-
nored. This process was repeated for each grain. To reduce the ef-
fect of outliers on the average grain conductivity, a normal distri-
bution was fit to the pixel intensity histogram distribution of each
grain. Fig. 4a and b show the statistical distribution of thermal con-
ductivities in grains #15 and #104. The fits for locations indicated
in Fig. 2c are shown in Fig. 4c and d for grains #15 and #104.

The effect of crystal orientation on thermal conductivity is
shown in Fig. 5. In this representation, orientation and conductiv-
ity pairs were plotted, where the direction from the origin rep-
resents the crystallographic orientation and the magnitude of the
vector represents the thermal conductivity in that direction. An
ellipsoid surface was then fit to the orientation and conductivity
pairs using a least-squares regression enabling visualization of the
thermal conductivity for any prescribed orientation [55]. Intersec-
tions of the ellipsoid with each axis represent the thermal conduc-
tivity parallel to each principal axis of Cus3Sn’s crystal structure.
The standard deviation of the ellipsoid fit residuals is less than
0.3 W/m-K.

Our measured bulk thermal conductivity value of 62.5 W/m-K
falls within the measured directional conductivity range. However,
this value is closer to the upper conductivity limit. This is likely
due to a preferred grain directionality along the c-axis within the
ingot. The flash diffusivity bulk thermal conductivity measurement
agreed well with the literature [38]. The reported average of R; ~
3.5 x 10~8 K m2/W in this study was comparable with previously
reported values for thermal resistance through thin metal-oxide
films [56-58].
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Fig. 1. Raw powder XRD diffraction pattern shows excellent agreement with spectra based on Miiller and Lidin’s annealed at 823 K (tenfold superlattice unit cell) crystallo-
graphic data [11]. No peaks for the eightfold structure were detected. Inset: Cu3Sn tenfold superlattice unit cell and the projected images of each principal plane.
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Fig. 2. Side-by-side comparison of the (a) optical, (b) orientation, and (c) thermal conductivity images.

In intermetallic alloys at room temperature, heat is transported
primarily by electrons, and conversion between thermal and elec-
trical conductivity can be done with the Wiedmann-Franz law,
o = LkT, where o is the electrical conductivity, ¥ is the thermal
conductivity, T is the temperature, and L is the Lorentz number
[59]. A universal constant of 2.44 x 10-8 WQK~2 for L is typi-
cally used for pure metals and some alloys [60]. However, some
divergence from this constant is common among intermetallic al-
loys [59].

Only two other studies have looked at the thermal [38,10]
or electrical [10] transport in Cus3Sn, and neither measured the
anisotropic thermal conductivity. To compare all available trans-
port data, we converted the anisotropic electrical conductivity
measured by Liu et al. [10] to the corresponding thermal con-
ductivity values using the orientation-averaged Lorentz parame-
ter L = 2.07 x 108 WQK=2 from Ref. [38]. Table 1 illustrates
notable differences in the three sets of results obtained on gas
atomized [38], liquid-phase electroepitaxied [10], and arc-melted
(this study) Cus3Sn samples. The slightly higher (11%) bulk value
measured by Frederickse et al. [38] compared to ours can be at-
tributed to differences in the microstructures (deviations in stoi-
chiometry can also lead to sizable thermal conductivity changes in
intermetallic compounds [61-63], but Cu3Sn has a narrow range
of allowed compositions [11]). The much lower conductivities and
much higher anisotropy ratio of Liu et al. [10] may have been
caused by the unique sample processing method employed in that

Table 1

Literature comparison of the thermal conductivity of CusSn. The asterisked ther-
mal conductivities represents the thermal conductivity estimated from electrical
conductivity based on the Wiedmann-Franz law. A comparison based on crystal-
lographic directions is not possible because Liu et al. did not report orientation-
resolved conductivities.

Kk (W/m-K) This work Liu et al. [10] Frederikse et al. [38]
Min 57.6 15.53* -

Max 67.2 44.03* -

Bulk 62.5 - 70.4

Ratio 1.17 2.83% -

work. The liquid-phase electroepitaxy process applies a large cur-
rent that could induce anisotropy, non-stoichiometric forms, grain
boundaries, and defects. Unfortunately, we could not establish the
precise reason for the discrepancy between our and Liu et al.’s
findings because crystallographic orientation-resolved conductivi-
ties, microstructure, and microscopy data were not reported.

3.3. Crystal structure analysis

Several crystal structure solutions have been considered for
CusSn over the last century [11,12,64-67]. The widely accepted
model proposed by Wantanabe et al. in 1983 [12] is a tenfold
superstructure based on the CusTi lattice, although eightfold su-
perstructures had also been reported [67]. In 2014, Miieller and
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Fig. 3. TEM analysis of two neighboring grains shown in Fig. 2: (a-c) grain #15 and (d-f) grain #62. (a,d) The electron diffraction pattern; (b,e) the fast Fourier transform
patterns from (c,f); and (c,f) the high resolution TEM (HRTEM) images. Panel (c) clearly shows a tenfold superlattice. The orientations of the grains #15 and #62 correspond

to [0 1 0] and [1 -5 1] zone axes of the tenfold CusSn superlattice, respectively.

Lidin found that the eight- and tenfold structures never appeared
in samples together and that the formation of the particular su-
perstructure had no clear correlation with either composition or
annealing temperature [11]. These authors proposed a new off-
stoichiometry modulated structure model that successfully ac-
counted for the absence of even-order reflections in XRD patterns.
In 2009, Sang et al. observed a different phase of CusSn, deter-
mined with electron diffraction and HRTEM to have a much sim-
pler DO¢g structure [66].

In this work, we employed DFT calculations detailed in
Section 2.4 to investigate the stability of the competing mod-
els with respect to the structural and compositional modulations
at different temperatures. Structural modulations were studied by
considering supercells with different stackings of basic 8-atom
CusTi units along the b axis and, correspondingly, different num-
bers of anti-phase boundaries (APBs). Two structures, representing
the extremum cases, served as reference points for comparison,
whereas intermediate phases were used to approach the large-
size eight- and tenfold structures known experimentally. The phase
with no APBs, denoted as |0|, has a single Cu3Ti unit (DOg). The
phase with the maximum number of APBs along the b axis, de-
noted as |01], consists of one direct and one inverted CusTi units;
this stacking is the hexagonal P63/mmc Ni3Sn prototype (D0O;q) in
an orthorhombic representation.

Fig. 6a shows the Cu3Sn stability at zero temperature as a func-
tion of the number of APBs. Interestingly, we found the |01| struc-
ture to be notably more stable than |0] by 2.3 meV/atom and any
of the eight- or tenfold superstructures by ~1.2 meV/atom. The en-
ergy differences were found to be not very sensitive to the DFT
flavor, as we observed similar respective values, 2.8 meV/atom and
~1.7 meV/atoms, at the LDA level. Therefore, the observed approx-
imately linear dependence of the relative stability on the number
of APBs in Fig. 6a indicates that the boundaries have a persistent

stabilizing effect in these DFT calculations. Qu et al. [68] have re-
cently published DFT results on the cohesive and formation ener-
gies of competing Cu3Sn phases but the proposed order of stability
appears to have been based on unphysically large energy differ-
ences®,

The established favorability of the previously synthesized D0qg
phase [66] in our DFT calculations at zero temperature suggests
that the formation of the long-period Cu3Sn superstructures could
be promoted by temperature-dependent thermodynamic and/or
kinetic factors. For thermodynamic stability analysis of relevant
structures at elevated temperatures, we calculated free energy
contributions arising from the vibrational and configurational en-
tropies.

In order to resolve sub-meV/atom free energy differences on ac-
count of phonons, we used supercells with the same number of
atoms and similar dimensions as described in Fig. S2. Converged
results obtained for the |0|, [0011]|, and |01]| structures reveal only
minor changes in the relative free energies that further favor the
|01] phase: by 0.2 meV/atom and 0.7 meV/atom at 900 K with re-
spect to |0011| and |0|, respectively (hollow points in Fig. 6a).

Examination of the possible stabilization effect due to composi-
tional modulation involved simulations of substitutional defects in
the |0|, |00001111], |0011|, and |01| superstructures with 64 atoms.
We chose this cell size to probe Cus,ySn stoichiometries around
y = 0.16 reported experimentally [11], as one Sn substitution with
Cu corresponds to x ~ 0.234 or y = (1-4x)/x ~ 0.27. Since the con-

4 The reported cohesive energies of —3.949 eV/atom for |0, —3.271 eV/atom for
|01], and —4.426 eV/atom for [0000011111| [68] result in AEg|_jo) = 678 meV/atom
and AE||_joo00011111) = —477 meV/atom. These energy differences are orders of
magnitude larger than typical relative energies for phases with close morpholo-
gies and well beyond typical systematic/numerical errors in DFT calculations.
For example, using the k-meshes specified in Ref. [68], we obtained AEg_jo) =
—2.2 meV/atom, consistent with our value of —2.3 meV/atom.
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Fig. 4. (a) Thermal conductivity histograms corresponding with traced outlines from Fig. 2. (b) Measured phase and best fit of the locations indicated in Fig. 2. The image
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sidered models have 1, 4, 2, and 1 non-equivalent Sn sites, respec-
tively, we obtained between 1 and 4 defect energies per structure
ranging between 0.24 and 0.33 eV/defect (see Fig. S3). Fig. 6b sum-
marizes the free formation energies with respect to the Cu < |01]-
CusSn tie-line calculated at zero and elevated temperatures. We

used the standard F. ;= kgT[x41Inx; + (1 —x4) In(1 — x4)] + x4E4
expression, which works well in materials with a single defect en-
ergy value E; and a small effective interaction between defects
at concentration x;. The relative free energy curve for |01| calcu-
lated at 900 K indicates that the range of stability extends down
to x = 0.246 (y ~ 0.065), in good agreement with the experi-
mental analysis [11]. The assessment of the configurational en-
tropy term for |0011| and |00001111| is more complicated because
the structures have 2 and 4 different values of the defect ener-
gies, respectively. Based on Refs. [69,70], F.oy¢ for low concentra-
tions of weakly interacting defects can be evaluated to first order
as kpT[xgInxg + (1 —x4) In(1 — x9)] — kTxg In( % (Ch_; e EiloDy),
where E§ is the defect formation energy associated with each of
the K non-equivalent defects. The free formation energy curve at
900 K for |00001111]| is shown in Fig. 6b in red. The configurational
entropy contribution reduces the zero-temperature 1.2 meV/atom
free formation energy gap between |00001111| and |01| by no more
than 0.2 meV/atom at 900 K, which, at best, only offsets the esti-
mated 0.2-0.7 destabilization effect due to the vibrational entropy.
We also examined the possibility of obtaining off-stoichiometry
phases with x > 0.25 by calculating defect energies for substitut-
ing Cu with Sn. As can be seen from the steep curves in Fig. 6b,
the stability range to the right is expected to be negligible even at
high temperatures.

These findings indicate that the long-period superstructures are
not high-temperature ground states. Their formation may be de-
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termined by the kinetics of the phase nucleation and annealing
processes that are beyond the scope of ab initio simulations. Ex-
perimentally, the annealing time has been shown to affect the size
of APB domains in D0qg-based alloys [71,72]. Due to the difficulty
of comparing the details of sample preparation procedures from
different studies, further systematic investigation is needed to es-
tablish how the synthesis conditions influence the formation of the
particular Cu3Sn phases.

It is worth acknowledging that there is a generally good agree-
ment between common DFT approximations and experiments re-
garding ground state crystal structures in metal alloys and inter-
metallics [73,74]. While accurate evaluation of formation energy
magnitudes does require specific functionals in some cases [75,76],
the description of relative energies for similar structures is more
reliable due to the cancelation of errors. In particular, our previous
DFT calculations have helped (i) revise misidentified structures of
CrBy4 [77,78], MnBy4 [73], and NayIrO3 [79]; (ii) guide the discovery
of new LiB [80,81], CaBg [82], FeB4 [83,84], and NaSn, [81] mate-
rials; and (iii) reproduce and explain the shifts in stoichiometry in
the known Naj, xSn, [85] and LiBx [86] compounds.

3.4. First principles calculations of the thermal conductivity

Ab initio calculation of the Cu3Sn transport properties presents
a considerable challenge due to the size of the experimentally es-
tablished structures. In view of the recent work on related mate-
rials [87,88] and our tests on representative CuzSn structures, we
find the following approximations suitable for handling large sys-
tems and reliable for estimating the transport anisotropy in this
compound.

First, we examined the lattice contribution to thermal transport.
A recent systematic ab initio analysis of metals with simple struc-
tures [87] revealed that phonons can be responsible for up to 41%
of the total thermal conductivity at room temperature. In order to
obtain an upper bound for the lattice transport, we calculated the
phonon-phonon relaxation time due to three-phonon scattering.
Evaluation of third-order force constants requires a larger num-
ber of displacements, e.g., 2621 for the 2 x 2 x 2 supercell of the
smallest 8-atom |0| phase, and becomes prohibitively expensive at
the DFT level for bigger structures.

Table 2 demonstrates that the lattice thermal conductivity con-
tribution calculated with DFT for |0] is below 1.5 W/m-K, which is
less than 2.5% of the measured thermal conductivity. We also eval-
uated this term using a NN interatomic potential and observed a

Table 2

Phonon-phonon contribution to the thermal conductivity (in W/m-K) calculated at
300 K with the density functional theory (DFT) and a neural network (NN) inter-
atomic potential for different CuszSn structures.

method structure K xx Kyy Kz

DFT 10] 0.99 0.74 1.45
NN 10] 1.06 0.72 1.29
NN 101] 0.82 0.82 1.79
NN |10011] 0.65 0.57 1.08

good agreement with the DFT results (Table 2) even though the
NN was not specifically fitted to the near-equilibrium Cu3Sn con-
figurations [52]. The significantly lower computational cost allowed
us to check that the phonon-phonon contribution remains small
for the |01]| and |0011| representations. Since the inclusion of the
phonon-electron scattering would further lower the lattice trans-
port according to Matthiessen’s rule [89] (e.g., in CuzAu it reduced
the value from 2.37 W/m-K down to 1.89 W/m-K [87]), it is ev-
ident that the lattice thermal conductivity has a negligible effect
on the full transport anisotropy in CusSn.

For evaluation of the electron transport properties, a common
approach to solve the Boltzmann transport equations for large sys-
tems, typically with fewer than 32 atoms per unit cell and in some
cases with up to 64 atoms per unit cell [90-95], relies on the
CRTA and maximally localized wave functions (MLWFs). MLWFs
provide a smooth interpolation of the band structure for obtain-
ing the group velocities in the i and j directions in Eq. (1) for each
band n at an arbitrary k-point:

1 9E,
Vink = ﬁTkk (1)
1
1
&)=y D UinkVink T8 (& — Eno)- (2)
nk

The transport function with a simple linear dependence on t
in the CRTA (see Eq. (2) [47]) can now be calculated and used to
determine thermoelectric transport properties. Eqs. (3)—(6) define
K, the electrical conductivity o, the Seebeck coefficient S, and the
thermal conductivity «:

1 [* of(e,u, T
1<,~j(u,T)=T/ dg(_f(agﬂ)

+00
oy =e [ de (W)Efj(s>, (4)

)(e - w)*Zi(e). 3)
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where f(e,u,T) is the Fermi-Dirac distribution f(e, u,T) =

1

Sij(u, T) = )(8 — ) Zi(e), (5)

We started our analysis with the simple CRTA to examine the
transport anisotropy arising from the k-dependence of the elec-
tronic band structure in different Cu3Sn structural models. We con-
structed MLWFs with the Boltzwann module [47] of the Wannier90
software package [46] and observed converged values of the ther-
mal conductivity anisotropy in the orthorhombic representations of
the 10|, |01], and |0011| models for the disentanglement tolerance
of 107 (see Fig. S5) and the 180 x 90 x 240, 180 x 90 x 240,
and 180 x 45 x 240 interpolation meshes, respectively. The hol-
low blue points in Fig. 7 show that the «,;/kxx and kz[kyy ratios
in the CRTA are lower than the measured values. Namely, the |01]
structure, with most APBs and identical kxx and kyy due to the
symmetry of the hexagonal lattice, was found to have the least de-
gree of thermal conductivity anisotropy, as the in-plane and out-
of-plane values differed by only 2.5%. The reduction in the struc-
tural modulation leads to a more pronounced difference between
the average in-plane and out-of-plane thermal conductivities: 7.9%
in |0011| and 10.0% in |0|. Within the plane, the sizable and non-
monotonous changes in Kz /kxx and kz[kyy indicate that a sim-

ple interpolation for intermediate structures might not capture the
complex relationship between the transport anisotropy and the
number of APBs. Note that the effective 7 of about 9 fs evaluated
from the measured thermal conductivity (see Fig. S7) is close to
the typical 10 fs value used in CRTA calculations [47].

In order to account for directional dependence of the electron-
phonon coupling, one must go beyond the CRTA. In the RTA, the
nk-resolved scattering rate is obtained by integrating the square of
the electron-phonon matrix elements |gmnv (k, q)| over the phonon
modes qv as

2 [ ol k)
x [(1 +0)/2 =0 for.q+ w8 (Aely — o heg)

where f,?k is the equilibrium Fermi-Dirac distribution function, nqy
is the Bose-Einstein occupation, and ¢ = 41 indicates phonon ab-
sorption or emission. These 7, values are then used in the evalua-
tion of the self-energy (Eq. (2)). Achieving convergence of transport
properties in the RTA is far more demanding and only a handful
of calculations have been performed for structures with above 10
atoms per unit cell [96-98]. Once we obtained well-behaving ML-
WFs with the combination of QUANTUM ESPRESSO and EPW (Fig.
S4), a customized EPW version was employed to evaluate trans-
port anisotropy. As a consistency check, we calculated k;[kxx and
Kzz[kyy in the CRTA (hollow red points in Fig. 7) and observed a
good agreement between the EPW and Boltzwann results for the

Tnk
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|0] and |01| structures and comparable fine meshes. In our final
RTA calculations, 64° k- and g-meshes (Fig. S6) proved sufficient
to ensure convergence of the thermal conductivity anisotropy esti-
mates to within ~2%. The solid red points in Fig. 7 illustrate that
the k and q dependences of the electron-phonon scattering pro-
cesses noticeably increase the ratios: from 1.10 to 1.16 for k;/kxx
and from 1.14 to 1.26 for «z/kyy in |0]; and from 1.02 to 1.14 for
both ratios in |01|. The RTA results suggest that the «,;/kxx and
Kzz[kyy 1atios for the eight- and tenfold structures would likely
fall in the 1.15-1.24 range and would be in good agreement with
the measured 1.14-1.16 values. The absolute (kxx, kyy, K7zz) ther-
mal conductivities in the RTA ((106.1,97.8,122.9) W/m-K in |0| and
(91.4,91.4,104.0) W/m-K in [01]|) are within 54-83% of the experi-
mental values obtained in this work (absolute transport properties
tend to converge more slowly than their ratios because they do not
benefit from the cancelation of errors).

3.5. Analysis of atomic and electronic structures

In order to further investigate the dependence of the com-
pound’s bonding and transport properties on the presence of APBs,
we examined the atomic environments (Figs. 8 and S5) and elec-
tronic features (Figs. 9, S3, S6, and S7) in all considered stoichio-
metric models paying special attention to the |0] and |01]| endpoint
structures.

The |0], |00001111|, |0011|, and |01|] HCP-based models share
several morphological traits. They all have Cujy-coordinated Sn
sites with similar interatomic distances (2.7-2.8 A) and Cug-+Sny-
coordinated Cu sites with markedly different ranges of the in-plane
(2.6-3.0 A) and out-of-plane (2.6-2.7 A) Cu-Cu distances. What
distinguishes the models with different numbers of APBs is the
distribution of the in-plane Cu-Cu distances within the 2.6-3.0 A
range: as shown in Figs. 9 and S5, the Cul sites in |0] and |01]
have two short and two long bonds but the additional Cu2 site in
|0] has one short, one long, and two intermediate-length bonds.

Likewise, the considered models share a number of common
electronic structure features. The valence states in the (—11;-7.5)
eV energy range have a dominant Sn-s character, the Cu-d states
peak in the (—5;-1.5) eV range, and all Sn-s/p and Cu-s/d orbitals
contribute to the hybridized states in the displayed range above

—7.5 eV. The subtle differences from the structural modulation are
best illustrated with the |0| and |01| band structures (Fig. 9) cal-
culated for similar 16-atom orthorhombic unit cells and along the
same k-path see Fig. S10 [99]. In particular, the slightly different
bandwidths, 3.4 in |0] and 3.7 eV in |01], of the states centered
around —9 eV provide clues about the interplay between the Sn
and Cu sublattices. While this dispersion is defined primarily by
the Sn ss bond integrals centered on Sn atoms ~3.7 A apart, the
hybridization between the low-lying Cu-s and the antibonding Sn-
s states is significant: the bandwidth shrinks down to 2.4 eV in
|0] and 2.8 eV in |01] if all Cu atoms are removed. For effective
hybridization, the Cu-s states need to be dispersed significantly
enough to become comparable in energy with the Sn-s states. As
Fig. 9 shows, the two manifolds are separated by a 0.5 eV gap in
|0] but have overlapping energies along I'-Y in |01|. The features
are consistent with 01| having a higher fraction of the short 2.6 A
Cu-Cu interatomic distances that cause a wider Cu-s bandwidth,
which, in turn, contributes to the structure’s higher stability.

The transport properties are defined primarily by the Cu-d and
Sn-p states in the vicinity of the Fermi level shown with the
double-peak curves in the DOS panels at the top of Fig. 9. The
most significant difference between the |0] and |01| band struc-
tures in this energy window is observed along the I"-Z-U-R direc-
tions. First, the lack of the crystal field splitting at the U point in
|01] results in extra Cu-d-Sn-p bands crossing the Fermi level along
Z-U and U-R. Second, the bottom edge of the Cu-s-Sn-s band near
the Z point shifts from 0.8 eV in |0] down to just above 0.1 eV
in |01] and these states start to contribute to thermal transport.
Despite these beneficial features along these select high-symmetry
directions in |01|, the MLWF-based integration over the full Bril-
louin zone in the CRTA showed overall higher thermal conductiv-
ity components (77.9, 73.5, 83.2) W/m-K in |0|] compared to (75.3,
74.9, 77.0) W/m-K in |01]| if the same constant 7=10 fs was used
for the two compounds (see Fig. S8).

4. Conclusions

Cu3Sn has promising applications in electronics packaging, ad-
ditive manufacturing [27-29,100], and catalysis [30,31] for which
knowledge of the thermal conductivity is important. The 1.14-1.16
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thermal conductivity anisotropy measured in our arc-melted Cu3Sn
ingot and 1.15-1.24 values estimated for Cu3Sn long-period super-
structures with our DFT calculations are considerably lower than
the 2.8 value observed previously in liquid-phase electroepitax-
ied samples [10]. The anisotropy of ~15%, primarily between the
out-of-plane and in-plane directions, is fairly modest for an HCP-
based material. Simulation of several CusSn superstructures reveals
that the presence of anti-phase boundaries can change the trans-
port anisotropy by ~10%. The DFT thermodynamic stability analysis
suggests that the previously observed D0qg structure featuring the
maximum number of anti-phase boundaries is the CusSn ground
state in the relevant temperature range, which points to the impor-
tance of kinetic factors in the formation of the known long-period
superstructures.
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