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Abstract: The recent dramatic improvements in high-performeatiermoelectric (TE) oxides
provide new exciting applications in the TE fieldjt the mechanical properties so important for
engineering applications remain largely unexplo®dsed on density functional theory (DFT)
calculations, we report the ideal strength, defdionamechanism, and fracture toughness of such
TE oxides as n-type ZnO and Srgi@nd p-type BiCuSeO and Nafxn. The Zr-O and T+O
bonds forming the 3D Zn-O and Ti-O frameworks daatenthe deformation and failure
mechanisms of ZnO and SrTiOrespectively. Due to the higher stiffness of TieGtahedra
compared with that of Zn-O tetrahedra, Srié@hibits more robust macro-mechanical properties
such as elastic modulus and fracture toughnessZhén The B+Se and NaO bonds, which
couple the different 2D substructures, are resptedor the relative slip in BiCuSeO and
NaCagQ,, respectively. Since the 20 and T+O bonds are much stronger than the®i and
Na—O bonds, we find that n-type ZnO and SrJiave a higher ideal strength and fracture
toughness compared with p-type BiCuSeO and Nagd his work reveals that for TE module
applications of oxides, it is most important torsfigantly improve the mechanical properties of
the p-leg.
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1. INTRODUCTION

The world’s energy overconsumption, inchglthe rapid depletion of fossil fuels, has led to
severe environmental impacts on the global climett@nge. Thermoelectric (TE) energy
conversion technology, which directly converts wastat into electrical energy with no moving
parts, could play a significant role in the solntir global sustainable energy [1-2]. However,
engineering applications of TE materials lead &riio-mechanical stresses that can cause crack
or fatigue damage in TE materials, resulting infiikire of TE devices [3]. Consequently, it is
essential to improve such mechanical propertietgraagth and fracture toughness for developing
commercially viable TE devices.

The materials with the best TE propertiessemiconductors containing such heavy (mostly
toxic) elements as Bi, Pb, Sb, or Te [4-7], butstheompounds are easily oxidized when
subjected to air at high temperatures during headwery. Thus TE oxides exhibit better stability

in ambient conditions, which enable the fabricattdrmore durable devices. The thermoelectric
figure of merit ¢T, ZT =a’20T/K, where a is the Seebeck coefficientgis the electrical

conductivity, T is the temperature ,arx is the thermal conductivity) of oxide materialssha
been remarkably enhanced within the last two dec§8ld 1], leading to values up &3 = 1.4
[11], but their mechanical properties are not wethblished, which limit their applications.
Efficient TE devices require both p- andype legs, preferably made of compatible
materials with simultaneous higiT values and robust mechanical properties. The dsgoof
good 3D n-type oxides including doped SrTitased perovskites and ZnO, and promising p-type
oxides such as layered BiCuSeO and N&iohas broken a new ground in the TE research field
[8-11]. ZnO is a promising higlaT material due to its high melting point, high etezl
conductivity, and high Seebeck coefficient [12].Wéwer, the thermal conductivity of ZnO (~40
W/mK for polycrystalline samples at 300 K [13])vsery high compared to other TE materials.
Thus, the reduction of the thermal conductivitgssential for obtaining highl values in n-type
ZnO. Ohtakiet al. used Al and Ga co-doping to successfully redueethiermal conductivity,
obtainingzT = 0.65 at 1273 K for ZypsAlgoGan o0, Which is, to the best of our knowledge, the
highestzT in bulk n-type oxides [14]. SrTiQhas received wide attention as a TE material
because doped SrTi@xhibits n-type conduction behavior with high @armobility and high
power factor [15]. However, the observed high trereonductivity due to its simple crystal
structure limits thegT values to < 0.2 [10]. Through a nano-scale motratioping strategy,
Zhao et al. achieved a record highl above 0.6 at 1000 - 1100 K in Nb-doped SrT|[D6].
BiCuSeO is a potential p-type TE candidate exhibithe highestT value (~1.4) in oxides [11].



The intrinsically low thermal conductivity of BiCe® suggests that the most effective method to
improve itszT value is enhancing the electrical transport priggrsuch as optimizing the carrier
concentration through doping [17], increasing tlaerier mobility through texturing [18], and
band gap tuning [19]. Another layered p-type oxidgterial, NaCgD,, also shows outstanding
high TE performance, which is attributed to its hhigarrier concentration and low thermal
conductivity [20]. An improvement ofT = 0.7-0.8 could be achieved for polycrystalline
NaCagO, [21]. Although the TE properties have been markeidhproved, the mechanical
reliability of these promising oxides remains assexious consideration for their practical
applications. Unfortunately, the intrinsic mechathicproperties, such as ideal strength,
deformation mechanism, and fracture toughness aesfettoxide compounds remain unknown so
far.

To predict the ideal strength, deformationl failure mechanism, and fracture toughness of
n-type 3D (ZnO, SrTig) and p-type 2D (BiCuSeO, and Nag) TE oxides, we used density
functional theory (DFT) at the Perdew-Burke-ErnopdérfPBE) functional level to examine their
response under pure shear deformation.

» We find that n-type ZnO has the lowest ideal sls¢r@ngth of 7.80 GPa along the (001)/<110>
slip system, which leads to an estimated fractougliness of i = 0.42 MPa r?and K. =
0.34 MPa r{?based on its ideal stress-strain relation.

» The other n-type SrTi¢has its lowest ideal strength of 3.11 GPa aloeg(111)/<1-10> slip
system with a fracture toughness of. & 0.58 MPa ?and K, = 0.50 MPa rH2,

e On the other hand, p-type BiCuSeO and N#&¥;chave much lower ideal strengths of 2.0
GPa along the (001)/<100> and 0.69 GPa along tB&)/©110>, respectively, as well as
much lower fracture toughness values gf &f 0.26 and 0.13 MPah

We find that the ideal shear strength of n-type ar@d SrTiQ are much higher than those of p-

type BiCuSeO and Na@0D,. We attribute this behavior to the more rigid-Zhand T+O bonds

based on higher calculated stretching force cotst8FC) of 5.63 eV/Afor Zn-O and 5.43

eV/A? for Ti-O, compared with the BBe (SFC = 0.22 eV/A and NaO bonds (SFC = 0.37

eV/A?). This work provides fundamental insights for urstending the deformation mechanism

of TE oxides towards developing reliable and hiffficiency TE oxide devices.

2.METHODOLOGY

All DFT simulations were performed using tiennaab initio Simulation Package (VASP)
plane wave periodic code [22-24]. The projector raeigted wave (PAW) method and the
Perdew-Burke-Ernzerhof (PBE) exchange-correlatiorctional were applied to account for the
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core-valence interactions [25]. The plane-wave ffutmergy was set to 500 eV in all the
calculations, which gave excellent convergence mergy, force, stress, and geometries. The
energy error for terminating electronic self-cotesis field (SCF) and the force criterion for the
geometry optimization were set equal to 1XHV and 1x17 eV/A, respectively. Brillouin-zone
integration was performed dncentered symmetry reduced Monkhorst-Pack meshtbsanine
resolution of 2 x 1/40 A™ for all calculations. The spin polarization wag wonsidered here.
The Electron localization function (ELF) value, whiranges from 0 to 1, was calculated to
enable a reliable analysis of the bonding charaatet lone pair formation [26]. The elastic
property is calculated using Voigt-Reuss-Hill metja7], and the shear deformation simulation
is similar with our previous study [28]. They arghkined in the supporting information (SI).

3. RESULTS AND DISCUSSION

3.1 Crystal structure and chemical bonding

ZnO crystallizes in hexagonal wurtzite stame (space groug?6,mc) which is the

thermodynamically stable phase at ambient conditidime unit cell contains 2 x Zn and 2 x O
atoms where each Zn atom is tetrahedrally cooréihatith O, as shown in Figure 1(a). The
structure consists of a 3D framework of Zn-O witle bond length of 2.0 A. The large Pauling
electronegativity (EN) difference between Zg.(= 1.65) and O Yo = 3.44) atoms indicates
significant ionic bonding character, which is inregment with the ELF isosurfaces localized
around the oxygen atoms (Figure 1a). We calculptenized lattice parameters af= 3.29 A
andc = 5.31 A, which are only 1.2% and 1.9% larger timexperimental values af= 3.25 A
andc = 5.21 A at 298K [29], and are in good agreemaitt te theoretical values af= 3.28 A
andc = 5.30 A from previous DFT calculations basedtmPBE functional [30].

SrTiQ crystallizes in the cubi®m3m perovskite structure with the Ti atoms locatethat
cube centers, the Sr atom at the corners and titer® at the face centers (Figure 1(b)). Thus, Ti
is octahedrally coordinated, while Sr is 12-foldatinated with O atoms. The 3D framework has
linear Ti-O-Ti connections with a Ti-O bond length 1.98 A. The EN difference of 1.90
between TiXr = 1.54) and Oxo = 3.44) is even slightly higher than the valug9}.of Zn-O
suggesting an ionic Ti—O interaction. SimilarlyZoO, ELF isosurfaces localized around the O
atoms suggest that the interaction between Ti aratdins is primarily ionic. Our optimized



lattice parameter ia = 3.95 A. This value is only 1.0% larger than éx@erimental value of 3.90
A at 298K [31].

Layered BiCuSeO crystallizes in a ZrCuSsisicture type with the space grog@ / nmm.
The structure consists of Bi-O layers alternatédgleed with the isostructural Cu-Se layer along
the c-axis (Figure 1(c)). The van der Waals-like-Be interactiondgi_s. = 3.27 A) couples the
Bi-O and the Cu-Se layers. The ELF maxima betweiomic BF* and anionic & imply shared
electrons between these atoms and a polar covabading character of BD bond (g0 = 2.34
A) with an electronegativity difference of 1.42.i3ls similar to the covalent €&e bond dc,-se
= 2.53 A) with a much lower electronegativity diface of 0.55PBE gives equilibrium lattice
parameters of = 3.95 A,c = 9.09 A, which are only 0.5% and 1.8% larger ttiemexperimental
lattice parameters @f= 3.93 A,c = 8.93 A [11].

Layered NaG@®,has an orthorhombic unit cell withmmn symmetry. The Na content is
varied, which changes the crystal structure somewha good TE properties are observed in
stoichiometric NaCg, [32]. The structure is schematically, as showrdrigure 1(d), with the
Co-O layer and the Na layer stacked alternatelpgatbec-axis. The ELF maxima between Co
and O atoms within the Co-O layer indicate a paavalent CeO bonding characted¢,-o
=1.89 A) with an electronegativity difference 068, while the ELF local maxima around the O
atom suggest lone pairs. The ionic-ainteraction @y._o= 2.34 or 2.46 A) couples the Co-O
and the Na layers, and the polar covalent@donding couples the Co-O layers. The unit cell
contains 4 x Na, 8 x Co, and 16 x O atoms withohiémized lattice parameters af 4.90 A b
=5.66 A,c=11.04 A. These values agree very well with tkgeeimental lattice parameters af
=4.88Ab=563Ac=11.13 A[33].

3.2 Elastic mechanical properties

To provide basic information on the stabiland rigidity of these oxide compounds, we
computed the elastic properties including elastitstants €;;), bulk modulus B), shear modulus
(G), and Young's modulus]. The predicted elastic mechanical propertiedisted in Table 1,
which agree reasonably well with previously repoib initio and experimental results [30,34].
Since these oxides all contain such transition Isets Zn, Ti, Cu, and Co, we examined elastic
properties of oxides using PBE+U (tblevalue is chosen from Refs [11, 35-37]), and fothmat
the U correction plays a minor role in determining thecmanical properties. Due to the stronger
3D Zn-0O and Ti-O frameworks, the elastic modulSoTiO; and ZnO are much larger than those
of BiCuSeO and NaG®, which have 2D layered frameworks. While the strigtg force
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constant of ZrO bonds (5.63 eV/ A is slightly larger than that for ¥O bonds (5.43 eV/ 3,

the greater number of bonds in SrfiQ@i-O octahedron) leads to larger elastic modBliG, E)
compared to ZnO (Zn-O tetrahedron). In 2D oxide&;uBeO and NaG@, exhibit similar
elastic properties. In all oxides, the shear maosl®) is much lower than that of bulk modulus
(B) and Young's modulug, implying that shearing has a weaker resistan@énag external
deformation compared to tension or compressions HEoiggests that shearing could play an

important role in the deformation and failure metbm of these oxides.
3.3 Deformation and failur e mechanism
3.3.1 Shear-stress — shear-strain relationship of oxides

The ideal strength of a material is a fundatal mechanical property closely related to the
nature of chemical bonding in a crystal [38]. Theaximum stress at the stress-strain curve
represents the theoretical strength only if angothstability does not occur prior to reaching the
maximum, and the phonon spectra along the defoomatath is sufficient to examine this
structural instability [39-41]. The value of thee@ strength depends on the type of deformation,
such as tension, compression, or shear. The peedétastic properties above suggest that shear
dominates the ideal strength and failure mechanisms

To determine the ideal shear strength aflesx we applied pure shear deformation along
various slip systems of each compound to examieestiear response from the elastic region to
the limit of the structural stability, as shownHigures S1-S4 in the Sl.

* For ZnO, the maximum stress for ideal shear deftamalong the (001)/<110> is 7.80 GPa,
which is lower than those shear along the (001)0=1(¥.82 GPa), (001)/<210> (8.85 GPa),
and (101)/<110> (12.50 GPa) slip systems. This ssiggthat (001)/<110> is the least stress
shear slip system for ZnO, indicating that it is thost likely failure slip system.

e In addition, (111)/<1-10>, (001)/<100>, and (001®> slip systems are found to be the
most likely plausible slip systems for SrEjGBiCuSeO, and NaGO,, respectively, as
shown in Figures S2-S4.

We summarize the shear-stress — shear-strainamsdiips for oxide compounds along their most

plausible slip systems in Figure 2. Because thdrabeworks in ZnO and SrTiare stronger

than the 2D frameworks in BiCuSeO and NgQo(Figure 1), ZnO and SrTihave a higher
ideal shear strength of 7.8 and 3.11 GPa, resgdgtisompared with those of BiCuSeO (2.0 GPa)
and NaCgO, (0.69 GPa). The ideal shear strength of ZnO ikdrighan that of SrTi¢) which is

opposite the behavior of the shear moduls}l és listed in Table 1. The ideal shear strength i



the lowest value obtained for all possible sheagdtions, while the isotropic polycrystalline
elastic moduli can be considered as the statigtiggn quantity along all different directions. As
shown in Figure S1 and S2, the lowest shear stnesfgbrTiO; is lower than that of ZnO, but the
shear strengths of other shear systems in Srd@i®©much higher than those in ZnO. This leads to
a much highelG in SrTiO; than ZnO. As shown in Figure 2, the structurdiffretss starts to
soften beyond the ideal strength point. In SgJilbwever, the shear stress starts to increase at
0.209 shear strain. This suggests that the stalatearrangement at this shear strain causes the
structure to be further resistant to the shear rdedtion, which is similarly found in TiNiSn
system [42].

3.3.2 Structure and bonding analysis

To determine the deformation and failurechamisms of oxides, we extracted the atomic
configurations and typical bond lengths to examine bond-responding processes. Figure 3
displays the structural patterns of ZnO at severitical shear strains shearing along the least
stress slip system of (001)/<110>. Figure 3(a) shtve intact structure highlighting the Zn-O
hexagonal framework. As the system is sheared3®blOshear strain, which corresponds to the
maximum shear stress of 7.80 GPa, the Zn-O hexadmraework is distorted to resist the
deformation (Figure 3(b)). The ZaD3 bond is stretched from 2.0 to 2.07 A with atstrimg
ratio of 3.5%, and the ZRD2 bond is slightly stretched from 2.01 to 2.03s8¢commodating the
shear deformation. This different stretching rdt@ween the Zni03 and Znt02 bonds leads
to the different reduction ratio between the-@41-0O2 and 0%Zn1-03 angles (Figure 3(d)),
resulting in the distortion of the Zn-O hexagomrahfiework. The Znd01 bond is first shrunk to
suppress the structural stiffness softening, aed this slightly stretched, as shown in Figure)3(d
As the shear strain increases to fracture strabh484, the Zn1O1 length is rapidly stretched to
2.16 A with a stretching ratio of 8%, representihg highly softening or non-interaction of this
bond and leading to the structural failure. ThidZD1 bond softening explains why the shear
stress rapidly decreases from strain 0.311 to O(E&fure 2). Moreover, the Zn-O framework
changes to a pentagon shape with Znl, 02, and G8sain a same plane (Figure 3(c)).
Therefore, the high ideal shear strength of Zn®earfrom the compression of the 2@l bond
which suppresses the softening of the structugadiity. Beyond the maximum stress point, the
rapid softening of the ZRD1 bond leads to stress relaxation and structailaré.

The structural changes of the other n-tggigle, SrTiQ, at several critical shear strains

along the least stress slip system of (111)/<1-dm@extracted, as shown in Figure 4. Figure 4(a)



displays the intact structure highlighting the-@i cubic framework. When the shear strain
increases to 0.092, corresponding to the idealrsdiezngth, the THO1 bond is stretched while
the Ti2-O1 bond is shrunk uniformly accommodating the exEreformation, because the
Til, O1, and Ti2 atoms remain on a straight line (Figll®)). The Ti201-Ti3 bond angle is
bent to resist the deformation. At the criticabsirof 0.188, the highly softening or the breakage
of the Til-O1 bond leads to the shear stress decreasing toimum value of 2.02 GPa (Figure
4(c)). Figure 4(d) displays the typical bond lersg{fiil-O1 and Ti2O1) and the bond angle
(Ti2-O1-Ti3) against shear strain. The F@1 bond length decreases from 1.97 to 1.84 A as the

shear strain increases to 0.092, and the-Qi2Ti3 angle decreases from I8 163. The

shrunk Ti2O1 bond and the bent FH®1-Ti3 angle suppress the structural stiffness saftgni
which is similarly found in ZnO. The T#D1 bond increases to 2.37 A with a large stretching
ratio of 20.3%. Beyond the maximum stress poirg,dtnuctural rigidity depends on the interplay
between the THO1 bond softening and the FH@1-Ti3 bond angle bending, where the 21
bond has no contribution to the structural stiffnemce the bond length remains unchanged.
With increasing shear strain to 0.188, the-1 bond is further stretched to 2.83 A. This
Ti1l-0O1 bond softening dominates the structural weakgeffect, leading to the decreased shear
stress against shear strain (Figure 2). Howeveh fuirther increasing of the shear strain, the
Ti2-01-Ti3 angle bending dominates the structural stifigneffect, leading to the increased
shear stress (Figure 2). Therefore, at 0.188 sdtemin, the structural rearrangement results in a
local minimum stress point in SrTiCFigure 2).

Figure 5 shows the structural changes bfpp- layered oxide BiCuSeO at various shear
strains shearing along the least stress slip syste(@01)/<100>. Figure 5(a) shows the intact
structure highlighting the alternately stacked Bia@d Cu-Se substructures. Before the shear
strain of 0.134, which corresponds to the maximumeas strength, the Cu-Se substructure is
distorted to resist the deformation while the Bs@bstructure changes minimally. This leads to a
relative slip between different Bi-O substructuassshown in Figure 5(b). With the shear strain
increasing to 0.454, the Cu-Se substructure ishigjstorted, leading to further slip between Bi-
O layers (Figure 5(c)). This weakens the structugadity, resulting in the gradually released
shear stress, as shown in Figure 2. Figure 5(d¥ phe bond lengths of BiBel, Bit+Se2 and
the bond angles of Ca3e3-Cul, Cu3Se3-Cul, O3Bi1l-01, and O2Bi1l-01 at various shear
strains. The BitSel bond is rapidly stretched and highly softendt imcreasing shear strain,

which is responsible for the yielding stage beytimelideal strength point (Figure 2). While the



Bil-Sel bond is shrunk resisting the shear deformafibese inconsistent bond deformations
lead to the increase of the Ct&3-Cul angle and the decrease of the €3683-Cul angle,
explaining why the Cu-Se layer was unsymmetricdibtorted. In addition, the G8i1-01 and

02-Bi1-01 bond angles are slightly increased from #8~78 with nearly the same bending

ratio during the entire shear proce3sis explains why the Bi-O layers hold together atig
relative to each other rather than deconstructetg/éen layers.

Figure 6 shows the structural changes efotiher p-type layered oxide Nafp at various
shear strains shearing along its least stressgdifem of (001)/<110>. As the system is sheared,
the Na layer uniformly accommodates the shear deftion since the Na atoms are isolated
along the Na layer (N&a length of 4.13 A). Meanwhile, the Co-O layersiaén intact due to
the strong polar covalent interactions between @b @ atoms. This leads to a relative slip
observed between the different Co-O substructuseshawn in Figure 6(b) and 6(c), which is
similarly found in the layered oxide BiCuSeO abotégure 6(d) plots the bond lengths of
Nal-O1 and NatOz2 at various shear strains. These bond defornsmtomalso similar with the
Bil-Sel and BitSe2 bonds in the layered BiCuSeO system as showkigumre 5(d). The
Nal-O1 bond is stretch with a much higher stretchingrahile the NatO2 bond is shrunk
with a lower shrinking ratio resisting the deforioat At failure strain of 0.266, the Na®1
bond is stretched to 3.20 A, indicating a highljtessed or a broken bond. This totally releases
the shear stress to zero and leads to the strutaiicee.

The ideal shear strength, which can beabbli determined by DFT calculations, has
essential implications for the understanding of tiechanical behavior of a material at the limit
of structural stability [38]In these potential TE oxides, n-type ZnO and SgTidth the 3D
frameworks have much stronger structural stabdlitpnpared with p-type BiCuSeO and NaOp
with the 2D frameworks. This leads to a much higheal strength observed in ZnO (7.80 GPa)
and SrTiQ (3.11 GPa) compared with BiCuSeO (2.0 GPa) and L (0.69 GPa). We
calculated the bond stiffness in these oxide comgsuo further understand how the structure
influences the ideal shear strength. In n-type an@ SrTiQ, the stretching force constant (SFC),
which is calculated by the ATAT code [43], of ZD bond (i, = 2.0 A) and T+O bond o
=1.97 A) is 5.63 and 5.43 eVArespectively. In p-type BiCuSeO and NaGg the SFC of the
Bi-Se interactiondgi_se = 3.27 A) and the N&D interaction @ya.o = 2.46 A) is only 0.22 and
0.37 eV/&, respectively. This quantitatively explains whyype 3D ZnO and SrTiQare much
more robust than p-type 2D BiCuSeO and N&LoThis trend is similarly observed in our

previous results on other non-oxide high perforneafieé semiconductors such as 3D TiNj&%2]



and CoSbh [28], and 2D SnSe [44], M§h, [45], and BjTe; [46]. In 3D ZnO and SrTig)
although the Ti-O octahedron in SrE&i@ Ti—O bonds) contains more bonds compared with the
Zn-0 tetrahedron in ZnO (4 20 bonds), the directional plane-shearing leads twueh lower
ideal shear strength (3.11 GPa) of Sralbng (111)/<1-10> compared with that (7.80 GHa) o
ZnO along (001)/<110>. In 2D BiCuSeO and NgTg although the coupling interaction of
Na—O in NaCgO, (0.37 eV/K) is a little stronger than that of the -Be (0.22 eV/A in
BiCuSeO, the stiffness of Na layers consistingsofdated Na atoms in Nag®y, is much weaker
than that of the Bi-O or Cu-Se layer in BiCuSeOQisTleads to a lower ideal shear strength of
NaCa0O, (0.69 GPa) compared with that of BiCuSeO (2.0 GPa)

3.4 Fracturetoughnessfrom ideal stress-strain calculations

Fracture toughnessJKwhich describes the ability of a material comitagy a crack to resist
fracture, is one of the most important propertiea material for many design applications [47].
The ideal shear stress-strain relations (Figurea®)be utilized to predict the fracture toughness
for mode 1l (K¢ and Il (Ko loading conditions (see Figure 7 (a)-(b)). Freettoughnes.
(mode 1) would be estimated from the tensile-stredensile-strain relations, which were not
computed in this paper. For mode Il in the planaiistcondition, the fracture toughnesdesived
[48]:

Ki = 25.G Eqn. 1
1-v

and from similar arguments, the mode Il fractureghness:

KI2IIc = ZSIICG Eqn 2
Where G is the shear modulus (Table 1) anis Poisson’s ratio which can be calculated by
V= 3B-2G
2(3B+G)

approximately to the energy required to nucledhdlalislocation (edge in mode Il and screw in

[27]. S\. =S, =V, is called the unstable stacking energy, whichesponds

mode llI). (,, which is given by the area under the ideal ereging shear stress-displacement
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curves, can be calculated by integrating the ié@eglineering shear stress-displacement curves.
The detailed estimation method is illustrated ia 8.

Figure 7(c) plots the predicted fracturegioness of ZnO, SrTiYHBICuSeO, and NaGO,.
Since flawless crystals are used for the calculatidhe predicted fracture toughness is the
possible upper limit of experiments. The n-type Za@ SrTiQ with the 3D frameworks have a
higher fracture toughness compared with the p-tBiguSeO and NaG@, with the 2D
frameworks, which is in agreement with the strualtstiffness discussion in the previous section.
In 3D oxides, due to the high stiffness of Ti-Oatwdron and large elastic properties in SgTiO
SrTiO; exhibits a higher fracture toughness{ 0.58 MPa M?and K. = 0.50 MPa rf)
compared with ZnO (. = 0.42 MPa ?and K. = 0.34 MPa . In 2D oxides, due to the
weak stiffness of the Na layer and low ideal stterig NaCgO,, NaCagO,shows a much lower
fracture toughness (K= 0.13 MPa ?and K. = 0.11 MPa 9 compared with BiCuSeO (K
= 0.26 MPa mM?and K. = 0.21 MPa . As shown in Figure 7(c), for commercial realiaat
of TE oxides, the fracture toughness of p-type 2id® BiCuSeO and NaGO, should be
enhanced.

The fracture toughness estimation verifiest the investigation of the ideal stress-strain
relations at the atomic scale can be used to mdtiomesign the macroscopic mechanical
properties, which is beneficial for the developmeritrobust oxide TE materials for the

engineering application of oxide TE devices.

4. CONCLUSIONS

We applied DFT to determine the ideal skst@ngth, deformation mechanism, and fracture
toughness of oxide compounds under pure shear ndafiom. For n-type high-performance
oxides ZnO and SrTi§) the softening of the 20 and T+O bonds leads to a decreased
structural stiffness of 3D Zn-O and Ti-O framewqnespectively, as well as the stress relaxation.
SrTiO; exhibits more robust macro-mechanical propertieh sas elastic modulus and fracture
toughness than ZnO, because the stiffness of Tét@hedra in SrTiQis much stronger than that
of Zn-O tetrahedra in ZnO. For p-type BiCuSeO araCNO,, the softening of the Gibe and
Na-O bonds creates pathways to slip between diffesahstructures, which releases the stress
and results in the structural failure. Due to a mhagher SFC of the 20 and T+O bonds
compared with the CtSe and NaO bonds, n-type ZnO and SrTj@re found to have much
higher ideal strength and fracture toughness thiype BiCuSeO and Na@G0,. For commercial
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applications of oxide thermoelectrics, the wealicttiral stiffness of p-type 2D oxide BiCuSeO

and NaCgO, should be improved to improve their mechanicarsith.

Supporting I nformation: Explanation on how we calculate the elastic coristand stress-strain
relations; The shear-stress—shear-strain relatipssfior oxide compounds (ZnO, SrTi0O
BiCuSeO, and NaG®,) under shear deformation along various slip systeRrediction of

fracture toughness from ideal shear-stress — Stesn curves.
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Table:

Table 1. Predicted elastic constant€;{ and other related elastic properties: bulk mosiu@), shear
modulus G), and Young’'s modulusE) of ZnO, SrTiQ, BiCuSeO, and NaGO, compounds. All values

given in units of GPa and a comparison with presuinitio and experimental results is provided.

Compound Method Cy; Ci, Cis C,, Cys Css Cua Css B G E

OurPBE 1915 108.7 95.0 1914 95.0 206.7 414 381B19 455 1225
PBE+U 221.1 1059 874 2211 874 2343 576 534 137.8.46 1649

ZnO
PBE[30] 188 109 92 188 92 205 37 39 130 41 111.3
Expt[34] 118
OurPBE 333.3 103.2 103.2 333.3 103.2 3333 107.87.3L 179.9 110.3 274.8
SITiOs PBE+U 3214 973 97.3 3214 973 3214 1046 10482.0 1075 266.9
PBE[30] 319 100 100 319 100 319 110 110 173 110 2723
OurPBE 143.0 60.76 56.8 143.0 56.8 96.0 40.2 26.39.5 346 90.6
BiCuSeO
PBE+U 146.3 63.2 546 1463 54.6 100.1 41.2 26.1 .28035.3 92.3
OurPBE 2615 845 10.1 2738 16.0 96.2 91.4 20.61.48 459 1159
NaCagO,

PBE+U 2656 900 31.6 2512 286 1246 834 217 959 9451187
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Figure Captions:

Figure 1. Crystal structure and chemical bonding of prongsixide TE materials: (a) ZnO (with
calculated isosurfaces at a value of 0.7 of ELF)S{i0; (0.65) (c) BiCuSeO (0.9) (d) Nago, (0.7).

Figure 2. The shear-stress—shear-strain relationships fiateosompounds along their most plausible slip
systems. In these oxides, the most plausible sigtemn for ZnO, SrTiQ BiCuSeO, and NaG@, is
(001)/<110>, (111)/<1-10>, (001)/<100>, and (001)/&>, respectively.

Figure 3. The atomic structures of n-type 3D ZnO shearingn@l the least stress slip system of
(001)/<110>: (a) Intact structure prepared to sh@grAtomic structure at 0.311 shear strain cqoesling

to the maximum stress point, (c) Atomic structurdailure strain of 0.434, (d) The typical bond dgims
(Zn1-01, Zn+02, Zn+03) and the bond angles (&Zn1-02 and O%*Zn1-03) with the increasing

shear strain along the (001)/<110> slip system.

Figure 4. The atomic structures of n-type 3D oxide Srigbearing along the least stress slip system of
(111)/<1-10>: (a) Intact structure prepared to shdgh) Atomic structure at 0.092 shear strain
corresponding to the maximum stress point, (c) Atostructure at 0.188 shear strain correspondirtheo
structural rearrangement, (d) The typical bond tlesg(Til-O1 and Ti+02) and the bond angle
(Ti3—02-T12) with the increasing shear strain along the (KILY0> slip system.

Figure 5. The atomic structures of p-type layered BiCuSe€ashg along the least stress slip system of
(001)/<100>: (a) Intact structure prepared to sh@grAtomic structure at 0.134 shear strain cqoesling

to the maximum stress point, (c) Atomic structute0a54 shear strain, (d) The typical bond lengths
(Bil-Sel and BitSe2) and the bond angles (CG&3-Cul, Cu3Se3-Cul, O3Bil-01, and
02-Bi1-01) with the increasing shear strain along the YBADO> slip system. The red dashed lines
displayed in Figure 5(a)-(c) show the slip of laa@Bi-O substructures.

Figure 6. The atomic structures of n-type layered oxide N&Zchearing along the least stress slip system
of (001)/<110>: (a) Intact structure prepared teeash (b) Atomic structure at 0.102 shear strain
corresponding to the maximum stress point, (c) Atostructure at 0.266 shear strain, (d) The typicaid
lengths (NatO1 and Na102) with the increasing shear strain along the YBQ1L0> slip system. The
black dashed lines displayed in Figure 6(a)-(cwstiee slip of layered Co-O substructures.

Figure 7. Fracture toughness estimations for ZnO, SgTiBICuSeO, and NaGO®, oxide compounds.
Schematic illustration showing the loading geonestrtorresponding to the respective fracture touggne
estimations: (a) K., and (b) k;c (Source: https://commons.wikimedia.org/w/index.ptyrid=3429474). (c)

Predicted fracture toughness from ideal shearsstreshear-strain curves.
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Explanation on how we calculate the elastic consténand stress-strain relations

The elastic constantS;;, were computed from stress - strain relationsisi@ dunction of

various cell distortionsg (o< 3%), starting with our optimized atomic structure. Thigfreess
constant,S;, was derived fronSj =(C”-)_1 Subsequently, the Voigt-Reuss-Hill method was

applied to calculate the isotropic polycrystallglastic moduli from the calculated single-crystal
elastic and stiffness constants.

To determine the ideal shear strength dred failure mechanism of these oxides, we
achieved quasi-static mechanical loading by imgpsirshear strain along one particular shear
direction while allowing full structural relaxatiomlong the other five strain components. The
residual stresses are all less than 0.2 GPa fauadl shear deformationshe computed stress-

strain relations are true stress-strain relations.
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The shear-stress—shear-strain relationships for nype 3D ZnO oxide compound

under shear deformation along various slip systems

15 : . : . - . . .
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Figure S1.The shear-stress—shear-strain relationships f@ @xide compound under shear deformation
along various slip systems. Shearing along the )(8210> is found to have the lowest ideal strengfth
7.80 GPa. This suggests that (001)/<110> is the plassible slip system to be activated under press
The (001)/<100> slip system has slightly highemidshear strength than (001)/<110>.
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The shear-stress—shear-strain relationships for nype 3D SrTiO; oxide compound

under shear deformation along various slip systems
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Figure S2.The shear-stress—shear-strain relationships filOgoxide compound under shear deformation
along various slip systems. The directional slgdeto a much weaker structural stiffness alond)(¥1-
10> compared with that along (001)/<100>. This teédl a much lower ideal strength (3.11 GPa) of
(111)/<1-10> compared with that (29.19 GPa) of j141-10>. Shearing along the (111)/<1-10> is found
to have the lowest ideal strength of 3.11 GPa. Shiggests that (111)/<1-10> is the most plausilijte s

system to be activated under pressure.
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The shear-stress—shear-strain relationships for pype 2D BiCuSeO oxide compound

under shear deformation along various slip systems
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Figure S3. The shear-stress—shear-strain relationships f@@uB8eO oxide compound under shear
deformation along various slip systems. Shearingagthe (001)/<100> is found to have the lowesélide
strength of 2.0 GPa. This suggests that (001)/<i®@ke most plausible slip system to be activateder

pressure.
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The shear-stress—shear-strain relationships for pype 2D NaCeO,4 oxide compound

under shear deformation along various slip systems
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Figure S4. The shear-stress—shear-strain relationships fo€o@, oxide compound under shear
deformation along various slip systems. Shearingagthe (001)/<110> is found to have the lowesélide

strength of 0.69 GPa. This suggests that (001)/=14.the most plausible slip system to be activaieder

pressure.
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Prediction of fracture toughness from ideal shearisess — shear-strain curves

The ideal shear-stress — shear-strain sustiewn in Fig. 2 are computed as a true-stress

(0,) and true-strain&, ). This should be converted to an engineering sf@s) and engineering

strain (&,) for the integral, which can be accomplished lgyréiations:
& =In(1l+¢,) Eqgn. S1
o, = 0,expE, ) Eqgn. S2
The engineering displacemerdd, ) is then calculated from the engineering strain by
Ad, = £, Eqgn. S3

whereC, is the optimized lattice parameter along ¢kexis direction of the shear system.

Using the relations listed above, the csrshown in Figure 2 can be converted to ideal
engineering stress-displacement. The maximum dispiant was found by linearly extrapolating
=G

the engineering stress to zero from the right-maistof the data. Thés =), values

llc Ilc
were calculated for these oxides by integratingitteal engineering shear stress-displacement
curves. Using the elastic mechanical propertigedisn Table 1, Eqn. 1-2 was used to estimate

fracture toughness, which is shown in Figure 7(c).
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