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ABSTRACT

Two-dimensional (2D) materials exhibit a significant potential for thermal management and thermoelectric energy generation due to their
unique electrical and thermal transport properties that enhance performance. Their notable stretchability indicates the feasibility of
employing strain engineering to optimize both electronic and thermal properties. In this study, we apply first-principles computational meth-
ods and the Boltzmann transport equation to explore the impact of strain and higher-order anharmonicity from four-phonon (4ph) scatter-
ing on the thermal conductivity (x;) of 2D silica. Our results indicate that under a small strain of 3%, k;, increases due to the decrease in the
phonon scattering rate and phonon phase space. However, under larger strains (8%), x; decreases significantly due to an increased phonon-
phonon scattering rates. These findings provide deeper insights into the thermal transport behavior of 2D silica, paving the way for future

research in strain and phonon engineering in 2D materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0253235

Silicon dioxide (silica), one of the most abundant materials in the
Earth’s crust, has attracted considerable research attention due to its
significance in areas such as geology, microelectronics, and catalysis. In
recent years, both experimental and theoretical studies have made sub-
stantial progress in the growth of ultra-thin silica films on metal
single-crystal substrates, including Mo (112)," Ru (0001),” and gra-
phene.”* Additionally, advancements have been made in the detach-
ment of 2D silica films from their growth substrates,” opening up new
possibilities for exploring the atomic structure of 2D silica and its
potential applications in mechanical,” ® electronic,” ' and crystalline-
vitreous interfaces.”"”

2D silica features a kagome lattice structure composed entirely of
rigid, interlocking triangles, which leads to an inherently unstable crys-
tal configuration. Under lattice compression, this topological and
mechanical instability causes the triangular units to rotate,"” highlight-
ing the substantial effect of strain on the structural stability and atomic
interactions of 2D silica. The stability of the kagome lattice is signifi-
cantly influenced by phonon-phonon interactions at finite tempera-
tures, underscoring the essential role of anharmonic effects in the
material’s thermodynamic behavior.' "

Strain and deformation commonly exist in 2D materials. When
2D materials are integrated into nanodevices, typically they are
deformed due to constraints imposed during device assembly. On the

other hand, strain engineering has also been proposed to tune elec-
tronic, photonic, and even thermal properties.' ™" x; of 2D materials
demonstrates significant strain dependence. For graphene, tensile
strain can enhance or reduce , with the trend determined by sample
size."®"” In pristine MoS, sheets, tensile strain markedly reduces ther-
mal conductivity, primarily due to strain-induced strong anharmonic-
ity and diminished phonon group velocities, as revealed by molecular
dynamics simulations.””*'

When contemplating thermal transport properties, a potential
overestimation of x; may occur in certain materials if the calculation
solely accounts for the effects of third-phonon (3ph) anharmonicity. It
is imperative to consider the influence of 4ph interactions.”” **
Examples of such materials include silicon,”” diamond,”* arsenic boride
allotropes,zs‘26 graphene,23 TlAgl, 7 Tlgste6,28 and perovskjte.29‘3()

This study systematically analyzed x; of 2D silica under strains
ranging from 0% to 8%, incorporating the contributions of 3ph and
4ph interactions and exploring the influences of heat capacity, phonon
group velocity, phonon scattering rate, weighted phase space, and fre-
quency shifts in dispersion relations. By applying biaxial tensile strain
up to 8% to reflect its tunable thermal performance, 2D silica exhibits
an increase in x;, in the range of 0%-3% tensile strain, attributed to the
decrease in phonon scattering rate and phonon phase space, which col-
lectively outweigh the decrease in heat capacity. These competing
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properties interact in a complex manner, causing a nonlinear increase
in g, when tensile strain is applied. Under large-scale strains ranging
from 3% to 8%, a significant decrease in x, is observed due to the ele-
vated scattering rates.

DFT calculations were performed using the Vienna ab initio sim-
ulation package (VASP)’" with the projector-augmented wave (PAW)
method.”>”” The PBE functional was employed to determine the lattice
constants. Cutoff energy of 550eV was used with 15x15x1
Monkhorst-Pack k-grids. The self-consistent iteration for the energy
convergence criterion was 10~® eV, and all geometries were optimized
by the conjugate-gradient method until none of the residual
Hellmann-Feynman forces exceeded 10~ * éV/A. We adopt our modi-
fied Alamode code’”" to output the renormalized anharmonic
second-, third-, and fourth-order IFCs that are functions of the tem-
perature and can be smoothly interfaced with the ShengBTE.”” For
3ph and 4ph scatterings, we used a 40 X 40 X 1 and 7 X 7 X 1 g-mesh
grids. Related theory and more calculation details can be found in pre-
vious works.”"*®

In Figs. 1(a) and 1(b), the top and side views of the crystal struc-
ture of 2D-Si,Og with P6/mmm symmetry are presented. Its primitive
cell contains 4 silicon (Si) atoms and 8 oxygen (O) atoms with opti-
mized lattice constants a = b = 5.312 A. Within the planar bilayer, four
neighboring oxygen atoms surround one silicon atom, forming stan-
dard sp® hybrid orbitals. From the top view, 2D silica possesses a
kagome lattice that is composed of rigid triangles, which has many
exotic properties such as surface phonons'*'” and topological phases
for non-abelian braiding.”” Since the intrinsic twisted mode of the
kagome model, lattice compression would lead to the rotation of the
triangular units, indicating the significance of the instability'” of pho-
non and anharmonicity’ >’ in the thermodynamics state.

Figures 1(c) and 1(d) illustrate the structural changes in 2D-Si,Og
under applied strain, presenting the functional relationships between
tensile strain and lattice constants, bond lengths, and bond angles.
Upon the application of biaxial strain, the nanocage undergoes expan-
sion, leading to a linear increase in the lattice constant (black line),
nanocage Si-O bond length 1 (blue line), and bond length 2 (orange
line). This indicates that there is no phase transition when external
strain. Variations in Si-O bonds during the strain process modify the
charge density distribution of O atoms, as illustrated in Figs S1-S3.
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In addition, bond angle 1 (blue line) increases, while bond angle 2
(orange line) decreases.

Under the single-mode relaxation time approximation (SMRTA),
lattice thermal conductivity x; based on the Peierls-Boltzmann trans-
port theory can be expressed as

hZ
KL = Z ny(n; + l)w%vi R v;7), (1)

ksT2VNo &

where ki, kg, T, V, and N, are the reduced Planck constant, Boltzmann
constant, absolute temperature, primitive unit cell volume, and the
total number of sampled phonon wave vectors in the first Brillouin
zone, respectively. n;, ;, v;, and 7, are the phonon population, fre-
quency, group velocity, and lifetime for the 2 mode (wave vector g and
branch index s), respectively.

In Fig. 2(a), lattice thermal conductivity K 4 and x4 “pn of 2D-
Si40g with apphed strain at 300K is presented HA is harmonic
approximation. K3Ph represents the results considering only three-
phonon scattering, while ™ apn corresponds to the results cons1der1ng
both three-phonon and four-phonon scattering. Notably, in K3Ph and
K3 4pp» the transition points from an initial increase to a subsequent
decrease occur at &€ = 3% and & = 1% strain, respectively. Therefore,
subsequent analyses focus on further examining x; for strains of
&= 0%7 1%, 3%, and 8%.

K3ph of 2D-5i,0g without strain and & = 1%, 3% and 8% strain
are 28.289, 90.511, 95.755, and 26297 W m ' K}, respectively. An
increasing trend in K3ph is observed when a small strain is applied, and
a decrease in x4 ph starts to manifest when the strain reaches 3%. KA iph
under the 1nﬂuence of four-phonon interactions is 1.400, 8.304, 7.490,
and 2.848W m ' K™, respectively. The inflection point where K344ph
exhibits an initial increase followed by a subsequent decrease occurs at
&= 1%.

In Fig. 2(b), K and K3 “iph of 2D-8i,0g with varying applied
strain are depicted, ﬂlustratlng the relationship with temperatures
ranging from 100 to 900K As the temperature increases, x of 2D-
SiyOg decreases. K14, /ici4 reflects the additional influence of 4ph
scatterlng on top of tﬁe 3pﬁ process. As shown in Table I, the ratios of

iy 4ph/ K3Ph indicate 4ph scattering significantly increases the phonon
scattering. This suggests that 4ph interactions play an indispensable
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FIG. 1. (a) The top and (b) side views of 2D silica crystal structure without applied strain. Silicon (Si) and oxygen (O) are denoted by red and blue colors, respectively. (c) The
lattice constant (left), bond lengths (right), and (d) bond angles as a function of the tensile strain in 2D silica.
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FIG. 2. (a) Lattice thermal conductivity x; (W m~" K~) of 2D-Si,Og with applied strain at 300 K. (b) Two types of thermal conductivity Ksp,, and K3 "4pn S @ function of tempera-
ture for 2D-Si,Og without applied strain and with 1%, 3%, and 8% applied strains. (c) The x; spectra and the normalized cumulative Kﬁph as a function of frequency at 300 K.

(d) The effect of Si and O vacancy on ;csp,, of 2D-Si,Og according to Eq. (2).

TABLE I. The effect of biaxial strain on xf, and x4}, and the additional 4ph
scattering compared with 3ph scattering in 2D-Si;Og.

Strain ¢ (%) 0 1 3 8

K3ph Wm'K! 28.289 90.511 95.755 26.297
KA i Wm 'K 1.400 8.304 7.490 2.848
EA /A 0.049 0.092 0.078 0.108

role in x; of 2D-SiyOg, highlighting its strong anharmonic
characteristics."”

To ascertain the causes of the strain-induced variations in &,
Fig. 2(c) presents the thermal conductivity spectrum () and cumu-
lative x; curves for 2D-Si;Og under applied strain at 300 K. For 2D-
Si40g without strain, lattice heat conduction is primarily governed by
low-frequency phonons and mid-frequency optical branches. These
contribute approximately 54% in the range of @ =0-100cm ' and
about 80% in the range of w = 0-200 cm L. As strain increases, the
dominance of the low-frequency phonon branch in lattice heat con-
duction initially rises and then declines.

Given the inevitable formation of vacancy defects during the
growth of 2D silica,”® their impact on x; of 2D silica is analyzed.

Extrinsic scattering rates due to grain vacancy ('L'dl) are calculated
by

Ty =9 fvw) PDOS(w), (2)

where A represents the phonon mode (g, j) with q and j labeling the
phonon wave vector and branch, respectively. f, represents the concen-
tration of the vacancy. Likewise,  and PDOS(w)represents the angu-
lar velocities and partial density of states of a basis atom, respectively.
The coefficient 9 in Eq. (2) accounts for the mass and bond loss associ-
ated with the defect Vacancy.40 Figure 2(d) shows the effects of Si and
O vacancies on k of 2D-Si,Og. At 300K, O vacancies significantly
reduce xp, with the effect of Si vacancies being even greater. For exam-
ple, when 16% O vacancies are added, x; decreases by about 50%. The
decreasing trend is more pronounced when increasing Si vacancies
and x;, decreases by about 55%.

The phonon dispersion and PDOS for the strained structure are
first calculated, as shown in Fig. 3(a). The absence of imaginary fre-
quencies in the phonon spectrum of strained Si;Og indicates the
dynamic stability of the structure. The PDOS reveals a stiffening of the
phonon branches with increasing tensile strain. Meanwhile, the low-
frequency phonon density of states at 3% strain is anomalously lower
than that at 1%.
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In Fig. 3(b), the calculated heat capacity (Cy) of 2D-SiyOyg is a
function of temperature. Derived from Cy, it is evident that x; of 2D-
SiyOg continuously decreases after the application of strain. This con-
trasts with the phenomenon observed in x;, where an initial increase
is followed by a subsequent decrease after strain. In Fig. 3(c), the aver-
age phonon group velocity vy, of 2D-Si,Og changes ignorable when
the strain increases.
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tional period of a phonon mode. Once the SRs exceed the curve,
implying that the phonon lifetime 7 is less than one vibrational period,
the effectiveness of the phonon quasi-particle picture diminishes. As
shown in Figs. 4(a) and 4(b), the majority of 3ph and 4ph scatterings
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FIG. 4. (a) and (b) Scattering ratios (SRs) and (c) and (d) weighted phase space as a function of frequency of 2D-Si,Og without strain and ¢ = 1%, 3%, and8% strain at
300K. The black, blue, green, and orange colors represent without strain and ¢ = 1%, 3%, and 8% strain. 3ph and 4ph represent scattering affected by the harmonic approxi-
mation and 4ph scattering affected. The green lines in (a) and (b) indicate the scattering rate is equal to the phonon frequency (1/t = w/2x).
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are distributed below the 1/7 = w /2 curve, supporting the validity of
the Boltzmann transport equation (BTE) solution in this study.””*"**

Due to the application of different strains, the contribution of var-
ious frequency ranges to x, varies. As strain increases, there is an ini-
tial rise, followed by a decline in the dominance of low-frequency
phonons in . At applied strains of ¢ = 1%, 3%, and 8%, approxi-
mately 80% of the cumulative x;, is accounted for at o around 130, 80,
and 100cm ™', respectively. For the scattering rates of strained 2D-
SiyOyg, there is an initial decrease from without strain to 3% strain, fol-
lowed by an increase with further strain application. Strain induces
reduced scattering rates, enhancing k;, aligning with the observed
changes in k;, after strain application in 2D-Si,Os.

Under the influence of 4ph scattering, the scattering rate
decreases initially from without strain to 1% strain, followed by an
increase with further strain application. This corresponds to the
observed trend in x£4 . which exhibits an initial rise followed by a
subsequent decline. Additionally, the scattering rate for 4ph processes
is approximately one order of magnitude higher than that for 3ph pro-
cesses. This substantiates the significant impact of 4ph interactions on
i1, of 2D-Si,Og with strain.

On the one hand, x; initially increases and then decreases as a
function of strain, whether considering 3ph or 4ph processes. When ten-
sile strain is applied, the strain-induced flattening of the structure causes
the Si-O tetrahedron to deviate increasingly from the standard sp’
hybridization, as shown in Figs. 1(c) and 1(d). This structural change,
driven by small strains, reduces the phonon scattering intensity of the
ZA phonon mode (e.g, ZA+ZA — ZA, ZA — ZA+ZA, or TA+ZA
— LA/TA). As aresult, in Figs. 4(a) and 4(b), the phonon scattering rate
for low-frequency acoustic phonons (<100cm™') is significantly
reduced at 1% and 3% strain compared to the unstrained state, leading
to an increase in x,. However, for large strains, such as 8% tensile strain,
Cy [Fig. 3(b)], vpn [Fig. 3(c)], and 7 [Figs. 4(a) and 4(b)] decrease, result-
ing in a substantial drop in x; compared to the smaller strain cases. This
behavior is analogous to that observed in monolayer silicene. "

On the other hand, the effect of strain on 3ph scattering is more
pronounced than on 4ph scattering. This difference arises from the
phonon dispersion shown in Fig. 3(a). For acoustic phonons, the fre-
quency increases due to phonon stiffening, while optical phonons
soften as a function of tensile strain. This behavior reduces the acous-
tic—optical (A-O) phonon mode distance, and since each phonon-
phonon scattering process must satisfy both quasi-momentum and
energy conservation, the A-O phonon mode distance plays a crucial
role. Our previous work™* shows that 4ph scattering is sensitive to this
A-O distance. Furthermore, the increased phonon-phonon scattering
rate, as shown in Figs. 4(a) and 4(b), also highlights the differing roles
of 3ph and 4ph in ;. Therefore, the impact of strain is more pro-
nounced in 3ph scattering than in 4ph scattering.

To delve further into the potential mechanisms of phonon scat-
tering, an analysis of 3ph and 4ph phonon scattering phase spaces of
2D-Si4Og at 300 K was conducted, as shown in Figs. 4(c) and 4(d). The
results indicate a monotonous reduction in scattering phase space with
applied strain, leading to a significant decrease in scattering channels.
This reduces the scattering probability, contributing to the elevation of
k1. Consequently, it emerges as one of the primary factors causing the
observed increase in x; under small applied strain in 2D-Si,Os.

In summary, utilizing first-principles computational methods
approach combined with the phonon BTE, we conducted theoretical
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calculations on strained 2D-Si;Og. The obtained x; under the influ-
ence of 3ph and 4ph interactions was investigated to explore the
modulatory effects of applied strain on x; of 2D-Si40g. 2D-Si4Og
with strain exhibits strong anharmonicity, with 4ph interactions play-
ing an indispensable role in the computation of x;. Under strain, the
predominant factor influencing the increase in xj, at small strains is
achieved by reducing the phonon scattering phase space and, conse-
quently, lowering the scattering rates. For larger strain magnitudes,
the decrease in x is primarily accomplished by an increase in the
scattering rates.

Our results elucidate the microscopic heat transfer mechanisms
in 2D-Si4Og under applied strain, highlighting the critical influence of
lattice strain distribution on ;. Additionally, we demonstrate the
indispensable role of four-phonon scatterings in determining x;, of 2D
silica. This study may inspire further theoretical and experimental
research on strain engineering and substrate effects in materials exhib-
iting kagome and glasslike rc;.”"**

See the supplementary material for the elastic modulus tensor,
Young’s modulus, differential electron density function, electron distri-
bution density, and electron local function of 2D silica without strain,
under 3% strain and under 8% strain.
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