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a b s t r a c t 

Cu 3 Sn, 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 Cu 3 Sn. 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 Cu 3 Sn 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 3 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. 
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. Introduction 

Technological and environmental factors have been driving the 

evelopment of high-performance Pb-free integrated circuits with 

ltra-fine pitches and vertical integration [ 1 , 2 ]. The new microelec- 

ronic architectures have interconnects with dramatically reduced 

imensions (20 μm) and require bonding materials capable of op- 

rating in high power density environments. Between-chip joints 

ased on Cu-Sn compounds have shown several advantages over 

he conventional Sn-rich solders characterized by relatively low 

elting temperatures and susceptibility to liquid bridging. In par- 

icular, Cu-Sn-Cu couples that transform into Cu/Cu 3 Sn/Cu fully in- 

ermetallic joints benefit from the Cu 3 Sn alloy’s high melting tem- 

erature (640 °C) [3] , low electrical resistivity (8.8 μ��cm) [4] , 

igh resistance to electromigration and oxidation [5–8] , and rapid 

ond formation (below 10 s at 250 °C with ultrasonic assistance) 

9] . 
∗ Corresponding authors. 

E-mail addresses: kolmogorov@binghamton.edu (A.N. Kolmogorov), sschiffr@ 

inghamton.edu (S.N. Schiffres). 
1 These authors contributed equally to this work. 
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Despite the extensive research on Cu 3 Sn and the material’s 

echnological promise, the anisotropy of the thermal conductiv- 

ty in this hexagonal close-packed (HCP)-based compound known 

o crystallize in different long-period superstructures [10–14] has 

ot been studied. The only available information on the transport 

nisotropy 2 in Cu 3 Sn is the orientation-dependent measurement of 

he electrical conductivity in liquid-phase electroepitaxied samples 

y Liu et al. [10] . The maximum to minimum ratio of 2.8 found in

hat study might not seem extraordinarily large considering that 

he reported out-of-plane to in-plane conductivity ratios in pure 

CP metals [15–19] range from 0.54 in Co (computed electrical 

ransport σzz / σxx ) 
3 [15] to 2.9–5.4 in Fe at high pressure (mea- 

ured thermal transport κzz / κxx ) [19] . However, the factor of 2.8 

nisotropy in the thermal conductivity of a bonding material can 

ave a drastic impact on the interconnect performance and dura- 
2 The Wiedmann-Franz law discussed below is commonly used to relate thermal 

nd electrical transport anisotropies. Our density functional theory results support 

he validity of the approximation for Cu 3 Sn. 
3 Sanborn et al. reported the Co anisotropy as the resistivity ratio ρzz / ρxx = 1 . 84 . 

ere, we use the inverse to specify the conductivity ratio σzz / σxx = ( ρzz / ρxx ) −1 = 

 . 54 . 

https://doi.org/10.1016/j.actamat.2022.117671
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117671&domain=pdf
mailto:kolmogorov@binghamton.edu
mailto:sschiffr@binghamton.edu
https://doi.org/10.1016/j.actamat.2022.117671
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ility. For example, a hypothetical package with a 20 μm thick 

u 3 Sn film passing 10 W/mm 
2 heat flux [20–24] would have tem- 

erature differences of 13 °C versus 4.5 °C in the slow versus fast 

irections. These temperature differences are significant given that 

he 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 

nderstanding of the anisotropic thermal conductivity of pure 

u 3 Sn. Frequency domain thermoreflectance (FDTR) and electron 

ackscatter diffraction (EBSD) were paired to measure the thermal 

onductivity and orientation of grains of an arc-melted Cu 3 Sn in- 

ot. The direct mapping of small grain ( ∼400 μm) thermal con- 

uctivities to crystallographic orientations is challenging and has 

nly been done once before [26] . Density functional theory and 

aximally localized Wannier functions were coupled to probe the 

nisotropy of the material’s thermal and electrical transport. The 

enfold Cu 3 Sn superstructure proved to be prohibitively large for 

 direct ab initio calculation of these properties and was approxi- 

ated systematically with a set of smaller structural models. The 

ombined experimental and computational results indicate that 

he compound’s intrinsic anisotropy is considerably smaller (1.15–

.24) than previously thought (2.8). The revised knowledge may 

mprove the use of Cu 3 Sn not only as an electronics packaging ma- 

erial but also as a 3D printed material [27–29] or a cost-effective 

etallic oxidation catalyst [ 30 , 31 ]. Given the difficulty of measur- 

ng or calculating transport anisotropy and the general paucity of 

uch data on intermetallic compounds, the presented analysis may 

lso be helpful for constructing simple descriptors [32] to pre- 

ict transport properties based on easily accessible structural, elec- 

ronic, or vibrational features. 

. Methods 

.1. Sample preparation 

Pure Cu 3 Sn was formed by arc-melting stoichiometric propor- 

ions of Cu and Sn wire (99.999% metals basis, ESPI Metals) on a 

ater-cooled Cu hearth in a Ti-gettered argon atmosphere. After an 

nitial melting of the wire, the resulting ingot (24.97% Sn, 75.03% 

u) was turned on its side and re-melted four times to ensure 

omplete mixing. It was then heat-treated in a forming gas envi- 

onment (95% Ar, 5% H 2 ) at 898 K for 30 days to improve chemical

omogeneity and relieve stresses. The ingot was ground and pol- 

shed with a final step of colloidal silica (0.02 μm). 

.2. Material characterization 

X-ray diffraction (XRD) was used to identify the phase of the 

rc-melted sample. The sample was converted to powder with a 

le. The 2 θ- ω scan with a copper source (Cu K α) was performed

n a Malvern Panalytical X’Pert PRO XRD system. 

The polished sample was imaged optically (Zeiss Axio Im- 

ger M1m) and by scanning electron microscopy (SEM) (Zeiss 

ield Emission SEM, Supra 55 VP). Electron backscatter diffraction 

EBSD) was used to identify the orientation of each imaged grain. 

n the EBSD measurements, Kikuchi patterns were collected every 

.5 μm across the surface and compared with calculated patterns 

sing the crystallographic data provided by [11] under a potential 

f 25 kV with a 12 mm working distance (EDAX DigiView). The 

rientation of each grain was calculated by taking a 10-point av- 

rage of the output from positions near the center of each grain. 

ata from highly spotted grains were excluded from further inter- 

retation. 

Grains oriented near their principal orientations were prepared 

or transmission electron microscopy (TEM) (JEOL High-resolution 
2 
EM JEM 2100F) by focused-ion beam milling (FIB) (FEI Nova 600 

anolab). TEM characterization validated the crystal structure anti- 

hase periodicity and the EBSD determined orientations. FDTR 

nd EBSD mappings were performed to establish the orientation- 

ependent thermal conductivity of each grain. 

.3. Thermal conductivity measurements 

Local thermal measurements were performed via FDTR map- 

ing [33–36] . Our FDTR experimental setup employs a periodically 

odulated pump operating at 488 nm that periodically heats the 

ample. A coaxial probe laser measured the temperature via ther- 

oreflectance using a continuous wave laser at 532 nm. The pump 

nd probe beams were focused with a 20X objective (Mitutoyo 

lan-Apochromat, 0.42 NA, 20 mm WD) to 3.2 and 2.9 μm 1 / e 2 

adii beams, respectively. At each location, thermal phase measure- 

ents were taken at 13 logarithmically-spaced frequencies ranging 

rom 15 kHz to 2.6 MHz. 

A two-parameter fit of the thermal diffusion model provided 

imultaneous extraction of the thermal conductivity of the Cu 3 Sn 

ayer and the interfacial resistance between the Au film and the 

u 3 Sn layer. In this material system, the Au-oxide and oxide-Cu 3 Sn 

nterfaces were grouped and approximated as a single interfacial 

ayer. The oxide film was estimated to be ∼2 nm in thickness based 

n the work of Cho et al. [37] , in which TEM was used to mea-

ure the oxide thickness formed on Cu 3 Sn nanoparticles. The thick- 

ess of each grain in the Cu 3 Sn ingot was estimated to be much 

arger than the thermal diffusion length at the lowest measure- 

ent frequency and consequently was treated as a semi-infinite 

erminating layer. The volumetric heat capacity of Cu 3 Sn has pre- 

iously been reported [38] and was input as a fixed parameter in 

his analysis. A bulk thermal conductivity measurement was per- 

ormed with flash diffusivity (Anter Flashline 20 0 0). The absolute 

ncertainty of a single thermal conductivity measurement was cal- 

ulated to be ∼1.7 W/m-K. This was determined by propagating 

ncertainties 	κi for each input parameter i and then combining 

hem orthogonally: 	κC u 3 Sn 
= 

√ ∑ 

i 	κ 2 
i 
. Table S1 in the Supple- 

entary Material compiles the 	κi , along with detailed experi- 

ental uncertainty analysis. 

To construct a thermal map using FDTR, a three-axis motorized 

ranslation stage (Thorlabs PT3 Z8) was employed during imag- 

ng experiments to scan the laser across the sample surface in a 

8 × 242 grid with 20 μm increments. Measurements were per- 

ormed near room temperature with a steady-state temperature 

ise of less than 10 K. 

.4. Stability and thermal conductivity calculations 

Our density functional theory (DFT) analysis was performed 

n the generalized gradient approximation [39] with the Perdew- 

urke-Ernzerhof exchange correlation functional [40] . Unless spec- 

fied otherwise, we used VASP [ 41 , 42 ] with the projector aug- 

ented wave potentials [43] and a 500 eV energy cutoff. Select 

tructures were also evaluated in the local density functional ap- 

roximation (LDA) [44] . Vibrational entropy contributions to the 

ree energy were evaluated for supercells with 128 atoms using the 

rozen phonon method implemented in Phonopy [45] . 

Electron transport coefficients were evaluated (i) in the con- 

tant relaxation time approximation (CRTA) with maximally local- 

zed Wannier functions using the Wannier90 code [46] and the 

oltzwann module [47] ; and (ii) in the relaxation time approxi- 

ation (RTA) using the Electron-Phonon Wannier (EPW) package 

 4 8 , 4 9 ]. For the latter, we used the QUANTUM ESPRESSO package

50] with norm-conserving pseudopotentials and a 90 Ry energy 

utoff. The formalism and the settings are described further in the 

orresponding sections. 
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Lattice transport for the smallest representative structure was 

alculated at the DFT level in the single-mode relaxation-time ap- 

roximation and a full solution of the linearized phonon Boltz- 

ann equation as implemented in Phono3py [51] . The lattice 

ransport coefficients for larger structures were evaluated with 

hono3py and a neural network (NN) interatomic potential. The 

N was constructed with our MAISE-NET protocol [52] , which gen- 

rates reference data and optimizes adjustable parameters in an 

terative fashion. We started with previously developed Cu and Sn 

N potentials [52] and built a binary Cu-Sn model using our strati- 

ed training approach [53] . The 145–10–10–1 Behler-Parrinello NN 

odel with 1880 adjustable parameters fitted to 7685 energy data 

nd 69,579 atomic force data had a root mean square error of 

.5 meV/atom. 

In order to reduce the numerical noise due to the k -point 

ampling and plane-wave expansion in the DFT calculations of 

elative stability, we used 64-atom orthorhombic representations 

f all structures (except for the tenfold model) with the same 

2 × 2 × 16 k-mesh. The observed numerical errors were found to 

e in the 0.2–0.4 meV/atom range. The a = 5.526 Å, b = 48.519 Å,

nd c = 4.318 Å lattice constants of the tenfold superstructure fully 

ptimized in our DFT calculations were within 0.02, 1.5, and 0.03% 

f Müeller and Lidin’s values. Full structural information for the 

ost relevant configurations considered in this study is given in 

he Supplementary Material. 

. Results and discussion 

.1. XRD 

As shown in Fig. 1 , the powder x-ray diffraction (XRD) corre- 

ponds with the literature [11] , confirming a pure single phase of 

u 3 Sn. Lattice constants calculated from this experiment agreed 

ithin 0.2% of Müeller and Lidin’s lattice spacing of a = 5.520 
˚ , b = 47.790 Å, and c = 4.333 Å. These dimensions indicate a 

enfold repeating superstructure that agrees with the TEM analy- 

is performed on grains calculated to have orientation near or at 

rincipal orientations of the Cu 3 Sn crystal structure. 

.2. Thermal conductivity mapping 

Fig. 2 displays the optical image, the raw EBSD Inverse Pole Fig- 

re (IPF), and the FDTR thermal conductivity map of the probed 

rea. The IPF displays orientations relative to the sample surface. 
ig. 1. Raw powder XRD diffraction pattern shows excellent agreement with spectra base

raphic data [11] . No peaks for the eightfold structure were detected. Inset: Cu 3 Sn tenfold

3 
rains were numbered using the EBSD IPF. Indeterminate orienta- 

ions were observed for a few grains (e.g. , 38, 114), as the backscat- 

er detector size was too small to uniquely identify the crystal ori- 

ntation from the Kikuchi pattern [54] . 

Fig. 3 displays the TEM images of grains #15 and #62. These 

rains were chosen because their EBSD orientations were near 

rincipal axes. TEM analysis revealed a crystal structure composed 

f a tenfold repeating superlattice for both grains and the calcu- 

ated orientations were in good agreement with the EBSD mea- 

urements (see Fig. S1 for details on the electron diffraction pat- 

ern analysis). 

Pixel analysis of the thermal image provided representative 

hermal conductivity values for each grain. As an aid in this pro- 

ess, grain boundaries observed in the optical image were overlaid 

nto the thermal image. The perimeter of a grain was traced, pro- 

ucing a binary map where the intensities of the pixels inside the 

raced area were saved, while all pixels outside the trace were ig- 

ored. This process was repeated for each grain. To reduce the ef- 

ect of outliers on the average grain conductivity, a normal distri- 

ution was fit to the pixel intensity histogram distribution of each 

rain. Fig. 4 a and b show the statistical distribution of thermal con- 

uctivities in grains #15 and #104. The fits for locations indicated 

n Fig. 2 c are shown in Fig. 4 c and d for grains #15 and #104. 

The effect of crystal orientation on thermal conductivity is 

hown in Fig. 5 . In this representation, orientation and conductiv- 

ty pairs were plotted, where the direction from the origin rep- 

esents the crystallographic orientation and the magnitude of the 

ector represents the thermal conductivity in that direction. An 

llipsoid surface was then fit to the orientation and conductivity 

airs using a least-squares regression enabling visualization of the 

hermal conductivity for any prescribed orientation [55] . Intersec- 

ions of the ellipsoid with each axis represent the thermal conduc- 

ivity parallel to each principal axis of Cu 3 Sn’s crystal structure. 

he standard deviation of the ellipsoid fit residuals is less than 

.3 W/m-K. 

Our measured bulk thermal conductivity value of 62.5 W/m-K 

alls within the measured directional conductivity range. However, 

his value is closer to the upper conductivity limit. This is likely 

ue to a preferred grain directionality along the c-axis within the 

ngot. The flash diffusivity bulk thermal conductivity measurement 

greed well with the literature [38] . The reported average of R i ∼
.5 × 10 −8 K m 

2 /W in this study was comparable with previously 

eported values for thermal resistance through thin metal-oxide 

lms [56–58] . 
d on Müller and Lidin’s annealed at 823 K (tenfold superlattice unit cell) crystallo- 

 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. 
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Table 1 

Literature comparison of the thermal conductivity of Cu 3 Sn. 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. 

κ (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 ∗ –

w

r

b

p

fi

t

3

C  

m

s

In intermetallic alloys at room temperature, heat is transported 

rimarily by electrons, and conversion between thermal and elec- 

rical conductivity can be done with the Wiedmann-Franz law, 

= LκT , where σ is the electrical conductivity, κ is the thermal 

onductivity, T is the temperature, and L is the Lorentz number 

59] . A universal constant of 2.44 × 10 −8 W �K −2 for L is typi-

ally used for pure metals and some alloys [60] . However, some 

ivergence from this constant is common among intermetallic al- 

oys [59] . 

Only two other studies have looked at the thermal [ 38 , 10 ]

r electrical [10] transport in Cu 3 Sn, and neither measured the 

nisotropic thermal conductivity. To compare all available trans- 

ort data, we converted the anisotropic electrical conductivity 

easured by Liu et al. [10] to the corresponding thermal con- 

uctivity values using the orientation-averaged Lorentz parame- 

er L = 2.07 × 10 −8 W �K −2 from Ref. [38] . Table 1 illustrates

otable differences in the three sets of results obtained on gas 

tomized [38] , liquid-phase electroepitaxied [10] , and arc-melted 

this study) Cu 3 Sn samples. The slightly higher (11%) bulk value 

easured by Frederickse et al. [38] compared to ours can be at- 

ributed to differences in the microstructures (deviations in stoi- 

hiometry can also lead to sizable thermal conductivity changes in 

ntermetallic compounds [61–63] , but Cu 3 Sn has a narrow range 

f allowed compositions [11] ). The much lower conductivities and 

uch higher anisotropy ratio of Liu et al. [10] may have been 

aused by the unique sample processing method employed in that 
p

4 
ork. The liquid-phase electroepitaxy process applies a large cur- 

ent that could induce anisotropy, non-stoichiometric forms, grain 

oundaries, and defects. Unfortunately, we could not establish the 

recise reason for the discrepancy between our and Liu et al.’s 

ndings because crystallographic orientation-resolved conductivi- 

ies, microstructure, and microscopy data were not reported. 

.3. Crystal structure analysis 

Several crystal structure solutions have been considered for 

u 3 Sn over the last century [ 11 , 12 , 64–67 ]. The widely accepted

odel proposed by Wantanabe et al. in 1983 [12] is a tenfold 

uperstructure based on the Cu 3 Ti lattice, although eightfold su- 

erstructures had also been reported [67] . In 2014, Müeller 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 Cu 3 Sn superlattice, respectively. 
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4 The reported cohesive energies of −3.949 eV/atom for |0|, −3.271 eV/atom for 

|01|, and −4.426 eV/atom for |0 0 0 0 011111| [68] result in 	E | 01 |−| 0 | = 678 meV/atom 

and 	E | 01 |−| 0 0 0 0 011111 | = −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 	E | 01 |−| 0 | = 
idin found that the eight- and tenfold structures never appeared 

n samples together and that the formation of the particular su- 

erstructure had no clear correlation with either composition or 

nnealing temperature [11] . These authors proposed a new off- 

toichiometry modulated structure model that successfully ac- 

ounted for the absence of even-order reflections in XRD patterns. 

n 2009, Sang et al. observed a different phase of Cu 3 Sn, deter- 

ined with electron diffraction and HRTEM to have a much sim- 

ler D0 19 structure [66] . 

In this work, we employed DFT calculations detailed in 

ection 2.4 to investigate the stability of the competing mod- 

ls with respect to the structural and compositional modulations 

t different temperatures. Structural modulations were studied by 

onsidering supercells with different stackings of basic 8-atom 

u 3 Ti units along the b axis and, correspondingly, different num- 

ers of anti-phase boundaries (APBs). Two structures, representing 

he extremum cases, served as reference points for comparison, 

hereas intermediate phases were used to approach the large- 

ize eight- and tenfold structures known experimentally. The phase 

ith no APBs, denoted as |0|, has a single Cu 3 Ti unit (D0 a ). The

hase with the maximum number of APBs along the b axis, de- 

oted as |01|, consists of one direct and one inverted Cu 3 Ti units; 

his stacking is the hexagonal P6 3 /mmc Ni 3 Sn prototype (D0 19 ) in 

n orthorhombic representation. 

Fig. 6 a shows the Cu 3 Sn stability at zero temperature as a func-

ion of the number of APBs. Interestingly, we found the |01| struc- 

ure to be notably more stable than |0| by 2.3 meV/atom and any 

f the eight- or tenfold superstructures by ∼1.2 meV/atom. The en- 

rgy differences were found to be not very sensitive to the DFT 

avor, as we observed similar respective values, 2.8 meV/atom and 

1.7 meV/atoms, at the LDA level. Therefore, the observed approx- 

mately linear dependence of the relative stability on the number 

f APBs in Fig. 6 a indicates that the boundaries have a persistent 
−

5 
tabilizing effect in these DFT calculations. Qu et al. [68] have re- 

ently published DFT results on the cohesive and formation ener- 

ies of competing Cu 3 Sn phases but the proposed order of stability 

ppears to have been based on unphysically large energy differ- 

nces 4 . 

The established favorability of the previously synthesized D0 19 
hase [66] in our DFT calculations at zero temperature suggests 

hat the formation of the long-period Cu 3 Sn superstructures could 

e promoted by temperature-dependent thermodynamic and/or 

inetic factors. For thermodynamic stability analysis of relevant 

tructures at elevated temperatures, we calculated free energy 

ontributions arising from the vibrational and configurational en- 

ropies. 

In order to resolve sub-meV/atom free energy differences on ac- 

ount of phonons, we used supercells with the same number of 

toms and similar dimensions as described in Fig. S2. Converged 

esults obtained for the |0|, |0011|, and |01| structures reveal only 

inor 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- 

pect to |0011| and |0|, respectively (hollow points in Fig. 6 a). 

Examination of the possible stabilization effect due to composi- 

ional modulation involved simulations of substitutional defects in 

he |0|, |0 0 0 01111|, |0011|, and |01| superstructures with 64 atoms. 

e chose this cell size to probe Cu 3 + y Sn stoichiometries around 

 = 0.16 reported experimentally [11] , as one Sn substitution with 

u corresponds to x ≈ 0.234 or y = (1–4 x )/ x ≈ 0.27. Since the con-
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 

analysis is from an upsampled image, with ∼50 pixels equaling one thermal measurement. 

Fig. 5. Surface representation of the thermal conductivity variation with orienta- 

tion. The measured data was reflected into each quadrant in an effort to show the 

alignment between the data and conductivity ellipsoid. 
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idered models have 1, 4, 2, and 1 non-equivalent Sn sites, respec- 

ively, we obtained between 1 and 4 defect energies per structure 

anging between 0.24 and 0.33 eV/defect (see Fig. S3). Fig. 6 b sum- 

arizes the free formation energies with respect to the Cu ↔ |01|- 

u Sn tie-line calculated at zero and elevated temperatures. We 
3 

6 
sed the standard F conf = k B T [ x d ln x d + ( 1 − x d ) ln ( 1 − x d ) ] + x d E d 
xpression, which works well in materials with a single defect en- 

rgy value E d and a small effective interaction between defects 

t concentration x d . The relative free energy curve for |01| calcu- 

ated at 900 K indicates that the range of stability extends down 

o x = 0.246 ( y ≈ 0.065), in good agreement with the experi- 

ental analysis [11] . The assessment of the configurational en- 

ropy term for |0011| and |0 0 0 01111| is more complicated because 

he structures have 2 and 4 different values of the defect ener- 

ies, respectively. Based on Refs. [ 69 , 70 ], F conf for low concentra- 

ions of weakly interacting defects can be evaluated to first order 

s k B T [ x d ln x d + ( 1 − x d ) ln ( 1 − x d ) ] − k B T x d ln ( 
1 
K ( 

∑ K 
k =1 e 

−E k 
d 
/ k b T ) ) ) , 

here E k 
d 
is the defect formation energy associated with each of 

he K non-equivalent defects. The free formation energy curve at 

00 K for |00001111| is shown in Fig. 6 b in red. The configurational

ntropy contribution reduces the zero-temperature 1.2 meV/atom 

ree formation energy gap between |0 0 0 01111| and |01| by no more 

han 0.2 meV/atom at 900 K, which, at best, only offsets the esti- 

ated 0.2–0.7 destabilization effect due to the vibrational entropy. 

e also examined the possibility of obtaining off-stoichiometry 

hases with x > 0.25 by calculating defect energies for substitut- 

ng Cu with Sn. As can be seen from the steep curves in Fig. 6 b,

he stability range to the right is expected to be negligible even at 

igh temperatures. 

These findings indicate that the long-period superstructures are 

ot high-temperature ground states. Their formation may be de- 
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Fig. 6. ( a ) Relative stability of Cu 3 Sn phases with the vibrational entropy contribution at 900 K (hollow points) and without it (solid points) as a function of the number 

of APBs per two 8-atom units. The line connecting the endpoints is a guide for the eye. ( b ) Relative free energy for off-stoichiometry structures with respect to Cu and 

|01|-Cu 3 Sn. The points at x ≈ 0.234 correspond to 64-atom superstructures with one substitutional defect, the dashed (solid) curves show approximated free energies at 0 K 

(900 K), the dot-dash lines are tangents to the free energy curves, and the color-coding is shown in panel ( a ). ( c ) Illustration of Cu 3 Sn superstructures, with the inverted 

Cu 3 Ti units shaded in blue. 
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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 Cu 3 Sn structures. 

method structure κxx κyy κ zz 

DFT |0| 0.99 0.74 1.45 

NN |0| 1.06 0.72 1.29 

NN |01| 0.82 0.82 1.79 

NN |0011| 0.65 0.57 1.08 

g

N

fi

u

f

p

p

t  

i

o

a

t

c

C

p

i  

b

υ

�

i  

d

K

t

K

σ

ermined by the kinetics of the phase nucleation and annealing 

rocesses that are beyond the scope of ab initio simulations. Ex- 

erimentally, the annealing time has been shown to affect the size 

f APB domains in D0 19 -based alloys [ 71 , 72 ]. Due to the difficulty

f comparing the details of sample preparation procedures from 

ifferent studies, further systematic investigation is needed to es- 

ablish how the synthesis conditions influence the formation of the 

articular Cu 3 Sn phases. 

It is worth acknowledging that there is a generally good agree- 

ent between common DFT approximations and experiments re- 

arding ground state crystal structures in metal alloys and inter- 

etallics [ 73 , 74 ]. While accurate evaluation of formation energy 

agnitudes does require specific functionals in some cases [ 75 , 76 ], 

he description of relative energies for similar structures is more 

eliable due to the cancelation of errors. In particular, our previous 

FT calculations have helped (i) revise misidentified structures of 

rB 4 [ 77 , 78 ], MnB 4 [73] , and Na 2 IrO 3 [79] ; (ii) guide the discovery

f new LiB [ 80 , 81 ], CaB 6 [82] , FeB 4 [ 83 , 84 ], and NaSn 2 [81] mate-

ials; and (iii) reproduce and explain the shifts in stoichiometry in 

he known Na 1 + x Sn 2 [85] and LiB x [86] compounds. 

.4. First principles calculations of the thermal conductivity 

Ab initio calculation of the Cu 3 Sn transport properties presents 

 considerable challenge due to the size of the experimentally es- 

ablished structures. In view of the recent work on related mate- 

ials [ 87 , 88 ] and our tests on representative Cu 3 Sn structures, we

nd the following approximations suitable for handling large sys- 

ems and reliable for estimating the transport anisotropy in this 

ompound. 

First, we examined the lattice contribution to thermal transport. 

 recent systematic ab initio analysis of metals with simple struc- 

ures [87] revealed that phonons can be responsible for up to 41% 

f the total thermal conductivity at room temperature. In order to 

btain an upper bound for the lattice transport, we calculated the 

honon-phonon relaxation time due to three-phonon scattering. 

valuation of third-order force constants requires a larger num- 

er of displacements, e.g., 2621 for the 2 × 2 × 2 supercell of the 

mallest 8-atom |0| phase, and becomes prohibitively expensive at 

he DFT level for bigger structures. 

Table 2 demonstrates that the lattice thermal conductivity con- 

ribution calculated with DFT for |0| is below 1.5 W/m-K, which is 

ess than 2.5% of the measured thermal conductivity. We also eval- 

ated this term using a NN interatomic potential and observed a 
7 
ood agreement with the DFT results ( Table 2 ) even though the 

N was not specifically fitted to the near-equilibrium Cu 3 Sn con- 

gurations [52] . The significantly lower computational cost allowed 

s to check that the phonon-phonon contribution remains small 

or the |01| and |0011| representations. Since the inclusion of the 

honon-electron scattering would further lower the lattice trans- 

ort according to Matthiessen’s rule [89] (e.g., in Cu 3 Au it reduced 

he value from 2.37 W/m-K down to 1.89 W/m-K [87] ), it is ev-

dent that the lattice thermal conductivity has a negligible effect 

n the full transport anisotropy in Cu 3 Sn. 

For evaluation of the electron transport properties, a common 

pproach to solve the Boltzmann transport equations for large sys- 

ems, typically with fewer than 32 atoms per unit cell and in some 

ases with up to 64 atoms per unit cell [90–95] , relies on the 

RTA and maximally localized wave functions (MLWFs). MLWFs 

rovide a smooth interpolation of the band structure for obtain- 

ng the group velocities in the i and j directions in Eq. (1) for each

and n at an arbitrary k -point: 

i,n k = 

1 

h̄ 

∂ E n k 
∂ k i 

(1) 

i j ( ε ) = 

1 

V 

∑ 

n k 

υi,n k υ j,n k τδ( ε − E n k ) . (2) 

The transport function with a simple linear dependence on τ
n the CRTA (see Eq. (2) [47] ) can now be calculated and used to

etermine thermoelectric transport properties. Eqs. (3 )–(6) define 

, the electrical conductivity σ , the Seebeck coefficient S , and the 

hermal conductivity κ: 

 i j ( μ, T ) = 

1 

T 

∫ + ∞ 

−∞ 

dε 

(
−∂ f ( ε, μ, T ) 

∂ε 

)
( ε − μ) 

2 �i j ( ε ) , (3) 

i j ( μ, T ) = e 2 
∫ + ∞ 

−∞ 

dε 

(
−∂ f ( ε, μ, T ) 

∂ε 

)
�i j ( ε ) , (4) 
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Fig. 7. Thermal conductivity ratios, κ zz / κxx and κ zz / κyy , for the experimental |0 0 0 0 011111| structure (solid green points) and the simulated |0|, |0011|, and |01| models as a 

function of the number of APBs along the b axis per two 8-atom units. The solid red points correspond to the RTA results, while the hollow points show the CRTA results 

obtained with EPW (red) or Boltzwann (blue). The corresponding calculated electrical conductivity anisotropies are shown in Fig. S8. The linear interpolations shown as red 

dashed lines are a guide for the eye. At x = 0.2, the minimum and maximum interpolated values are 1.155 and 1.233, respectively. 

Fig. 8. Local atomic environments for Cu atoms in the |0| and |01| reference structures fully relaxed with DFT. The four Cu and two Sn neighbors in the x-y plane are shown 

in orange and blue, respectively. The lighter shades denote two Cu and one Sn neighbors below the plane (an identical set above the plane is not shown for clarity). The 

interatomic distances from the central atom are given in Å. 
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 i j ( μ, T ) = 

e 

T σi j 

∫ + ∞ 

−∞ 

dε 

(
−∂ f ( ε, μ, T ) 

∂ε 

)
( ε − μ) �i j ( ε ) , (5) 

= K − S σS T (6) 

here f ( ε, μ, T ) is the Fermi-Dirac distribution f ( ε, μ, T ) = 

1 

e ( ε−μ) / K B T +1 
. 

We started our analysis with the simple CRTA to examine the 

ransport anisotropy arising from the k -dependence of the elec- 

ronic band structure in different Cu 3 Sn structural models. We con- 

tructed MLWFs with the Boltzwann module [47] of the Wannier90 

oftware package [46] and observed converged values of the ther- 

al conductivity anisotropy in the orthorhombic representations of 

he |0|, |01|, and |0011| models for the disentanglement tolerance 

f 10 −7 (see Fig. S5) and the 180 × 90 × 240, 180 × 90 × 240, 

nd 180 × 45 × 240 interpolation meshes, respectively. The hol- 

ow blue points in Fig. 7 show that the κzz / κxx and κzz / κyy ratios 

n the CRTA are lower than the measured values. Namely, the |01| 

tructure, with most APBs and identical κxx and κyy due to the 

ymmetry of the hexagonal lattice, was found to have the least de- 

ree of thermal conductivity anisotropy, as the in-plane and out- 

f-plane values differed by only 2.5%. The reduction in the struc- 

ural modulation leads to a more pronounced difference between 

he average in-plane and out-of-plane thermal conductivities: 7.9% 

n |0011| and 10.0% in |0|. Within the plane, the sizable and non- 

onotonous changes in κzz / κxx and κzz / κyy indicate that a sim- 
8 
le interpolation for intermediate structures might not capture the 

omplex relationship between the transport anisotropy and the 

umber of APBs. Note that the effective τ of about 9 fs evaluated 

rom the measured thermal conductivity (see Fig. S7) is close to 

he typical 10 fs value used in CRTA calculations [47] . 

In order to account for directional dependence of the electron- 

honon coupling, one must go beyond the CRTA. In the RTA, the 

 k -resolved scattering rate is obtained by integrating the square of 

he electron-phonon matrix elements | g mnν ( k, q ) | over the phonon 
odes q v as 

1 

τn k 
= 

2 π

h̄ 

∑ 

m νσ

∫ 
dq 

�BZ 
| g mnν ( k, q ) | 2 

×
[
( 1 + σ ) / 2 − σ f 0 mk + q + n qν

]
δ
(
	ε mn 

k,q − σ h̄ ω qν

)
here f 0 

n k 
is the equilibrium Fermi-Dirac distribution function, n q ν

s the Bose-Einstein occupation, and σ = ±1 indicates phonon ab- 

orption or emission. These τn k values are then used in the evalua- 
ion of the self-energy ( Eq. (2) ). Achieving convergence of transport 

roperties in the RTA is far more demanding and only a handful 

f calculations have been performed for structures with above 10 

toms per unit cell [96–98] . Once we obtained well-behaving ML- 

Fs with the combination of QUANTUM ESPRESSO and EPW (Fig. 

4), a customized EPW version was employed to evaluate trans- 

ort anisotropy. As a consistency check, we calculated κzz / κxx and 

zz / κyy in the CRTA (hollow red points in Fig. 7 ) and observed a 

ood agreement between the EPW and Boltzwann results for the 
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Fig. 9. Electronic band structure and density of states (DOS) for the |00| (left panels) and |01| (right panels) phases of Cu 3 Sn. The electronic states are decomposed by orbital 

character in the band structure plots and by element in the DOS plots. The black lines in top DOS panels show − f ′ (ε, μ, T ) ( ε − μ) 2 from Eq. (3) at T = 300 K. 
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0| and |01| structures and comparable fine meshes. In our final 

TA calculations, 64 3 k - and q - meshes (Fig. S6) proved sufficient 

o ensure convergence of the thermal conductivity anisotropy esti- 

ates to within ∼2%. The solid red points in Fig. 7 illustrate that 

he k and q dependences of the electron-phonon scattering pro- 

esses noticeably increase the ratios: from 1.10 to 1.16 for κzz / κxx 

nd from 1.14 to 1.26 for κzz / κyy in |0|; and from 1.02 to 1.14 for

oth ratios in |01|. The RTA results suggest that the κzz / κxx and 

zz / κyy ratios for the eight- and tenfold structures would likely 

all in the 1.15–1.24 range and would be in good agreement with 

he measured 1.14–1.16 values. The absolute ( κxx , κyy , κzz ) ther- 

al 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- 

ental values obtained in this work (absolute transport properties 

end to converge more slowly than their ratios because they do not 

enefit from the cancelation of errors). 

.5. Analysis of atomic and electronic structures 

In order to further investigate the dependence of the com- 

ound’s bonding and transport properties on the presence of APBs, 

e examined the atomic environments ( Figs. 8 and S5) and elec- 

ronic features ( Figs. 9 , S3, S6, and S7) in all considered stoichio-

etric models paying special attention to the |0| and |01| endpoint 

tructures. 

The |0|, |0 0 0 01111|, |0011|, and |01| HCP-based models share 

everal morphological traits. They all have Cu 12 -coordinated Sn 

ites with similar interatomic distances (2.7–2.8 Å) and Cu 8 + Sn 4 - 

oordinated Cu sites with markedly different ranges of the in-plane 

2.6–3.0 Å) and out-of-plane (2.6–2.7 Å) Cu-Cu distances. What 

istinguishes the models with different numbers of APBs is the 

istribution of the in-plane Cu-Cu distances within the 2.6–3.0 Å 

ange: as shown in Figs. 9 and S5, the Cu1 sites in |0| and |01|

ave 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 

lectronic structure features. The valence states in the ( −11; −7.5) 

V energy range have a dominant Sn- s character, the Cu- d states 

eak in the ( −5; −1.5) eV range, and all Sn- s / p and Cu- s / d orbitals

ontribute to the hybridized states in the displayed range above 
9 
7.5 eV. The subtle differences from the structural modulation are 

est illustrated with the |0| and |01| band structures ( Fig. 9 ) cal-

ulated for similar 16-atom orthorhombic unit cells and along the 

ame k -path see Fig. S10 [99] . In particular, the slightly different 

andwidths, 3.4 in |0| and 3.7 eV in |01|, of the states centered 

round −9 eV provide clues about the interplay between the Sn 

nd Cu sublattices. While this dispersion is defined primarily by 

he Sn ss bond integrals centered on Sn atoms ∼3.7 Å apart, the 

ybridization between the low-lying Cu- s and the antibonding Sn- 

 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 

ybridization, the Cu- s states need to be dispersed significantly 

nough to become comparable in energy with the Sn- s states. As 

ig. 9 shows, the two manifolds are separated by a 0.5 eV gap in 

0| but have overlapping energies along �-Y in |01|. The features 

re consistent with |01| having a higher fraction of the short 2.6 Å 

u-Cu interatomic distances that cause a wider Cu- s bandwidth, 

hich, in turn, contributes to the structure’s higher stability. 

The transport properties are defined primarily by the Cu- d and 

n- p states in the vicinity of the Fermi level shown with the 

ouble-peak curves in the DOS panels at the top of Fig. 9 . The

ost significant difference between the |0| and |01| band struc- 

ures in this energy window is observed along the �-Z-U-R direc- 

ions. 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 

-U and U-R. Second, the bottom edge of the Cu- s -Sn- s band near

he Z point shifts from 0.8 eV in |0| down to just above 0.1 eV

n |01| and these states start to contribute to thermal transport. 

espite these beneficial features along these select high-symmetry 

irections in |01|, the MLWF-based integration over the full Bril- 

ouin zone in the CRTA showed overall higher thermal conductiv- 

ty components (77.9, 73.5, 83.2) W/m-K in |0| compared to (75.3, 

4.9, 77.0) W/m-K in |01| if the same constant τ= 10 fs was used 

or the two compounds (see Fig. S8). 

. Conclusions 

Cu 3 Sn has promising applications in electronics packaging, ad- 

itive manufacturing [ 27–29 , 100 ], and catalysis [ 30 , 31 ] for which

nowledge of the thermal conductivity is important. The 1.14–1.16 
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hermal conductivity anisotropy measured in our arc-melted Cu 3 Sn 

ngot and 1.15–1.24 values estimated for Cu 3 Sn long-period super- 

tructures with our DFT calculations are considerably lower than 

he 2.8 value observed previously in liquid-phase electroepitax- 

ed samples [10] . The anisotropy of ∼15%, primarily between the 

ut-of-plane and in-plane directions, is fairly modest for an HCP- 

ased material. Simulation of several Cu 3 Sn superstructures reveals 

hat the presence of anti-phase boundaries can change the trans- 

ort anisotropy by ∼10%. The DFT thermodynamic stability analysis 

uggests that the previously observed D0 19 structure featuring the 

aximum number of anti-phase boundaries is the Cu 3 Sn ground 

tate in the relevant temperature range, which points to the impor- 

ance of kinetic factors in the formation of the known long-period 

uperstructures. 
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