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Abstract

Low-dimensional materials attract extensive interest in electronic applications since the synthesis of
graphene. Understanding the thermal transport in low-dimensional materials with shrinking

characteristic size where strong confinement effect occurs is of importance for the thermal management
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of nano electronics. Recently, the atomically precise armchair graphene nanoribbons (AGNRs) with
well-defined edges have been successfully synthesized. Serving as the fundamental functional elements,
AGNRs can potentially make novel nano electronics realizable. Here we systematically investigate the
thermal property variations of the ultra-narrow AGNRs with width without hydrogen termination using
the density-functional-based tight binding (DFTB) method, which combines the accuracy of density
functional theory and the efficiency of tight-binding approximation. The lattice thermal conductivity
increases unexpectedly from 531.7 W/m-K to 3470.6 W/m-K as the width decreases from 0.97 to 0.35
nm, different from the width dependence in larger scales; the lattice constants, low frequency phonon
group velocities and lifetimes, and acoustic phonon contributions also show increasing trends as the
width decreases. Such behaviors are attributed to the changes in the lattice constants and the phonon
scattering channels of the dominant low frequency acoustic phonons. Further DFTB calculations reveal
that planar ultra-narrow armchair BN nanoribbons also show analogous trends in thermal properties with
the shrinking width. This study unveils the width-dependent phonon transport behaviors of ultra-narrow

planar nanoribbons and offers guidelines for the thermal design of potential nano electronics.

1. Introduction

Graphene-based low-dimensional materials have attracted extensive attention in recent years due to
their exceptional mechanical,' electrical,” and thermal properties.> Graphene nanoribbon (GNR), the
strip of graphene, is one of the most well-researched nanostructures among them. The adjustable width
makes the physical properties of GNRs tunable for potential applications. For the electrical properties,
the armchair GNRs (AGNRs) show increased band gaps as the width decreases*® in the nanoscale
regime, providing opportunities for atomically controlling features of gap-modulated semiconductor
junctions.” For the mechanical property, the Young’s modulus demonstrates a general increasing trend

as the width increases.®!° For the magnetic properties, compared to the nonmagnetic 2D planar graphene,



zigzag GNRs (ZGNRs) have magnetic edges which can be modulated and the related properties are
width-dependent.'"!> GNRs are also 1D symmetry-protected topological materials characterized by the

7> invariant'?

and the topological properties are closely related to the width.!*!> Thus, it is very
fundamental yet essential to investigate the width dependence of the physical properties of GNRs for the

multiple potential micro-nano devices.

As for the thermal properties, a few experiments have been conducted to investigate the size
dependence of thermal transport in GNRs.!®2° In general, AGNRs without hydrogen termination are less
stable that the AGNRs with hydrogen termination. Due to the uncontrollable defects, edge roughness,
polymeric residues of samples and the different measurement techniques,?® high-quality single-crystal
graphene and GNRs are difficult to be synthesized, suspended, and measured. The measured thermal

conductivity of 2D graphene is still inconsistent,-*?

and the measurements of thermal conductivity of
GNRs in nanoscale is rare. Bae et al. measured the thermal conductivities of different substrate-

supported GNR samples with widths of 45-130 nm (with considerable edge roughness) and found that

the thermal conductivity scales with the width approximately as ~W18+°3 16 In fact, only a few

experimental measurements of the thermal properties of GNRs have been done in the width range of
tens of nanometer,'®?*?* let alone for the ultra-narrow GNRs with well-defined edges. Recently,
atomically precise AGNRs with well-defined edges (e.g., 7-AGNR, 9-AGNR and their heterostructures
with hydrogen termination) have been realized by polymerization of dedicated molecular
precursors. #1322 Therefore, a full and accurate understanding of the thermal transport in these

atomically precise GNRs is necessary.

Many theoretical efforts have been devoted to studying the thermal transport in GNRs with different

widths. It is predicted that the thermal conductivity of ZGNRs is higher than that of AGNRs with the

h,27-31

same widt and the thermal conductivity of both types can be reduced by edge conditions (hydrogen



termination®? and roughness?-23%). Moreover, many theoretical studies based on empirical potentials
tried to extract the width dependence of the thermal conductivity of GNRs in various size ranges at room
temperature. Using the equilibrium molecular dynamics (MD) simulations with empirical potentials,
several studies demonstrated that the thermal conductivity of smooth GNRs decreases as the width

decreases in the size range from 40 to 1.7 nm,*”*>*

agreeing well with the expectation that classical size
effect suppresses phonon transport (The finite sample size introduces boundaries or edges as extra
phonon scattering sources). However, based on the Boltzmann transport equation (BTE) method with

1’36

the interatomic force constants (IFCs) calculated from an optimized Tersoff potential,”® Lindsay et al.

found that the thermal conductivity of AGNRs increases from &,,qpnene 10 1.2+ Kypapnene as the width

decreases from 2.7 to 0.42 nm.’’ In their study, the width W (W = nd) of AGNR was fixed to the
perimeter of a corresponding single-wall carbon nanotube (SWCNT). Because the lattice structures were
not fully relaxed, it also led to a contradiction that all AGNRs have a thermal conductivity above or

equal to that of graphene.?

The width dependence of thermal conductivity of the ultra-narrow AGNRs is still controversial
because of the limitations in the accuracy and transferability of empirical potentials. For instance, it was
reported that based on equilibrium MD simulations with Brenner potential,®® 24.6 nm in length is large
enough to eliminate the size effect for phonon transport in GNRs at room temperature;*® whereas, an

13¢ yielded a minimal length range of 75 - 100 nm,?’ despite their different

optimized Tersoff potentia
absolute values (467 W/m-K compared to 680 W/m-K for AGNR with a width of around 4 nm). These
problems may be overcome by the BTE method with precise IFCs calculated from density functional

theory (DFT), which has achieved great success in predicting phonon transport properties in various

materials.’**> However, the DFT calculations for accurate IFCs demand a large computational cost and



can only be applied to simple crystals. Currently, for GNRs the DFT calculations for IFCs are very time-

consuming.

The density-functional-based tight binding (DFTB) method, combining the accuracy of DFT
calculations and the efficiency of the tight-binding method, can be a good quantum simulation choice for
thermal property calculations of GNRs. With proper precalculated and tabulated DFTB parameters, this
method can be two orders of magnitude faster than DFT calculations without losing much accuracy and
has been used in studying the phonon transport in graphene,**** MOF-74,% and Si-based materials,*%*’
demonstrating its good transferability. In this paper, we investigate the thermal transport properties of
ultra-narrow AGNRs without hydrogen termination based on the DFTB calculations within the BTE
scheme. Unlike ZGNRs, the calculations of AGNRs require no spin-polarization effects*® and can be
implemented more easily. The AGNRs without hydrogen termination eliminate the passivation effect on
thermal transport, and they are also semiconducting® (also see Fig. S1, Supporting Information). The
semiconducting nature means that the electronic contribution to thermal transport in the AGNRs without
hydrogen termination may be ignored. We calculated the thermal conductivity of the N-AGNRs (N: 4-9)
using the full iterative solution of BTE and found that the thermal conductivity increases largely as the
width decreases from 0.97 to 0.35 nm. To better understand the width dependence, the detailed analysis
of the lattice constants, phonon group velocity, lifetimes, and mean free paths (MFPs) of N-AGNRs is
performed. For AGNRs with a narrower width, the dominant low frequency phonons in thermal
transport exhibit lower scattering rates and larger phonon group velocities, which are demonstrated
through the analysis of the elongation of lattice constants along the armchair direction and the weighted
phase space of low frequency phonons. Similar behavior is also observed in armchair BN nanoribbons

(ABNNRs) with respect to its width. The corresponding mechanism for the width dependence is

discussed.



2. Method

According to Fourier’s law and the kinetic theory, the lattice thermal conductivity can be expressed as
a summation of contributions from all the phonon modes A denoted by wavevector ¢ and phonon

polarization s,

1
Kor =~ 7.7 2 Feonvd R DFY, (L1)

where a, f are the Cartesian indices, Ny is the total number of g-points in the first Brillouin zone, V' is the

unit cell volume, o is the phonon frequency, v represents the phonon group velocity (v, = 0w,/0q),
and fY stands for the equilibrium phonon Bose-Einstein occupancy. F is the linear phonon perturbation
vector, which is related to the real occupancy f, = f5 + f5(f5 +1)Fy - VT, and can be calculated by

iteratively solving the BTE,*!

h ~
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n
Here p, ;- is the combined scattering matrix, P/{lll is the three-phonon scattering probability. Three

phonon scattering processes satisfy the energy conservation, w, + w,' + w;” = 0, and Pf/{l,” represents the
three-phonon scattering probability for the process w; + w;' £ w;»= 0. § is the Dirac delta function, and
V3 is the third order force constant projected onto the eigenvector space.’?> Using the above equations
with the second and third order IFCs as inputs, the lattice thermal conductivity can be calculated
iteratively. In this study, all IFCs are calculated efficiently by the DFTB method via DFTB+%* along

with the selected parameters.>**° In the DFTB method, the total energy of a system is the second order



Taylor expansion of the Kohn-Sham total energy in DFT with respect to charge density fluctuation.>¢->

The DFTB parameters used in this study have been verified to give the accurate description of phonon
transport properties including phonon dispersion relations, phonon lifetimes, and thermal conductivities

of 2D graphene and BN.#3%

Since ultra-narrow AGNRs are quasi-1D structures, only the lattice constant (a) along the armchair
direction (x direction as shown in Fig. 1) needs to be optimized. A vacuum layer with a thickness of at
least 15 A was used to avoid the interactions between adjacent nanoribbons in the other two directions.
While optimizing the lattice constant a, the atoms in the unit cell were also allowed to move in all three
directions. The total electronic energy tolerance was set to 10 eV for the DFTB calculations. All the
AGNRs were optimized using DFTB+ with a 15x1x1 k-point sampling grid and a convergence criterion
of 10 eV/A for atomic forces. When calculating the second and third order IFCs of the N-AGNRs, a
9x1x1 supercell (2Nx9 atoms) was used. A cutoff distance of at least 8 A was adopted in calculating the
third order IFCs to reduce computational cost without losing much accuracy. The lattice thermal
conductivity was calculated on a 1100x1x1 ¢ mesh to guarantee the convergence (see Supporting
Information). In addition, the monolayer thicknesses of AGNRs and ABNNRs were taken as 3.35 and
3.31 A, respectively, corresponding to the van der Waals diameters of the constituent atoms. The actual
width of AGNRs is defined as the maximum distance along the y direction between the outmost edge

atoms as shown in Fig. 1.
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Fig. 1 The optimized structures of (a) 4-AGNR and (b) 5S-AGNR. Supercell: 3x1x1. The inset

indicates the unit cell (dark black box, 4 atoms) of graphene, and ay is the lattice parameter along the

armchair direction.

3. Results and discussion

3.1. Structures and harmonic properties of AGNRs

After the DFTB relaxation, the edges of AGNRs are well-defined, and all the atoms are in the same xy
plane. The optimized structures of 4-AGNR and 5-AGNR are shown in Fig.1 as representatives. The
lattice constants and widths of AGNRs are listed in Table 1. Compared to the corresponding parameter
of graphene ap = 4.316 A (see the inset of Fig. 1), the lattice constants of AGNRs are slightly larger and
show an ascending trend with decreasing width, which is consistent with previous first-principles
calculations.®®®! The phonon dispersion relations of 4-AGNR and 9-AGNR calculated from both DFTB
and DFT are compared in the supplementary Fig. S2, showing good agreement, especially for the low
frequency phonons (e.g., @ between 0 and 12 THz). Figure 2 displays the calculated phonon dispersion
relations of AGNRs for the frequency from 0 to 8 THz (full range phonon dispersion relations are
plotted in Fig. S3 along with the phonon dispersion relation of graphene along the high-symmetry path
I'-K). The N-AGNRs are divided into two groups in the plot according to whether N is even or odd.

Since the AGNRs are 1D structures, there exist four acoustic phonon modes: longitudinal acoustic (LA),



twisting acoustic (TWA), flexural acoustic (ZA), and transverse acoustic (TA) modes. The ZA and TA
phonon branches near I' point show quadratic dispersion (for graphene, only the ZA phonon branch®*#%),
which leads to zero group velocity as the wavevector approaches I' point. The TWA phonon branch is
unique for 1D materials compared to the 2D materials, which is also observed in other 1D
materials.>”*12 Also, the phonon branches of AGNRs largely soften compared to graphene, especially
for the LA and TA phonon branches. These features demonstrate the size confinement effect when the

width is below 1 nm, which is different from the previous study of ZGNRs.*’

Table 1 The width (W), lattice constant (a), lattice thermal conductivity (x) at 300 K, and contributions
of ZA and total acoustic phonons to x of the AGNRs. The ratio between a and the corresponding

graphene lattice parameter ag (ap = 4.316 A) is also listed.

Width (A) a(A) x (W/m-K) | ZA (%) Acoustic alag (%)
(%)
4-AGNR 3.464 4.482 3470.6 50.5 93.9 103.85
5-AGNR 4.741 4.433 2137.0 51.3 93.6 102.71
6-AGNR 5.973 4417 1074.9 49.0 88.7 102.34
7-AGNR 7.231 4.397 884.5 46.6 84.6 101.88
8-AGNR 8.488 4.383 687.5 40.8 75.6 101.55
9-AGNR 9.723 4.379 531.7 352 70.3 101.46
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Fig. 2 Phonon dispersion relations of (a) 4-, 6-, and 8-AGNR, and (b) 5-, 7- and 9-AGNR from 0 to 8

THz.

Unlike graphene, in the AGNRs there exist many low frequency optical phonon branches, and the
lowest frequency of flexural optical (ZO) phonon modes reaches around 2 THz, smaller than that of
most LA and TA phonon modes. Such low frequency optical branches make the acoustic-optical phonon
scattering more easily and could reduce the thermal conductivity of AGNRs. However, as the width
decreases, the lowest ZO phonon branch of the AGNRs hardens. For instance, the frequency of ZO
phonon modes of 9-AGNR at I" point is below 2 THz, while that of 4-AGNR is around 10 THz, which
indicates that the acoustic phonons of AGNRs with smaller width may be less easily scattered by the
optical phonons. The phonon group velocity is another key parameter when determining the lattice
thermal conductivity. Figure 3 plots the calculated phonon group velocity of the AGNRs and graphene
with respect to frequency. It is clear that as the width decreases, the phonon group velocity of low
frequency (i.e., @ < 4 THz) phonons increases. Since the low frequency phonons usually carry most of

the heat, the width-dependent behavior of their phonon group velocities in AGNRs can strongly affect

the lattice thermal conductivity.
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Fig. 3 Phonon group velocity of the AGNRs and graphene.

3.2. Anharmonic properties and lattice thermal conductivity of the AGNRs

The phonon lifetimes of the AGNRs at 300 K are displayed in Fig. 4. It is obvious that the low
frequency phonons have longer lifetimes, especially the ZA and TA phonon modes. For the low
frequency ZA, TA, and LA phonon modes, their phonon lifetimes increase as the width decreases. The
only exception is the TWA phonon branch, whose low frequency phonon lifetimes decrease as the width
decreases. However, the lifetimes of the low frequency ZA and TA phonon modes are much larger than
those of the low frequency TWA phonon modes. Therefore, the low frequency ZA and TA phonon
modes dominate the thermal transport in the AGNRs, and their properties largely influence the width
dependence of the lattice thermal conductivity. It is also noted that for small wavevector, the phonon

lifetimes of the ZA and TA modes show ¢° dependence, while these of the TWA and LA phonon modes

11



approach constant (i.e., ¢ independence). Similar ¢° dependence (or ¢ independence) was also observed

43,52,63

for the ZA phonon modes (or LA and TA phonon modes) for small wavevector in graphene and

the polyethylene chain.>!
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Fig. 4 Phonon lifetimes of (a)4-, 6-, and 8-AGNR, and (b) 5-, 7- and 9-AGNR.

After obtaining the phonon harmonic properties and the lifetimes, the lattice thermal conductivity can
be calculated. Our DFTB lattice thermal conductivity of graphene is 4625 W/m-K by considering only
three-phonon scattering, which agrees well with previous studies.**%* It was argued in a few studies
based on empirical potentials that four-phonon scattering may contribute to the thermal transport in
graphene, despite of lacking first-principles confirmation.’®® Figure 5 plots the lattice thermal
conductivity of AGNRs with respect to the width at 300 K. As the width decreases from 0.97 to 0.35 nm,
the lattice thermal conductivity at 300 K shows a large increase from 532 W/m-K to 3471 W/m-K. At

the width of 0.97 nm, the ratio Kicenr/Kgraphene 18 around 0.12 according to our DFTB results. With the

same ribbon width, the BTE study using a reoptimized empirical potential predicted the ratio

KAGNR! Kgraphene 10 b€ 1.05,”7 much larger than our result. Such discrepancy may attribute to the

unresolved AGNR structures®® and the usage of empirical potential in the previous BTE calculation.

Other studies involving ultra-narrow AGNRs mostly focused on the phonon ballistic transport regime

12



(that is, the length of AGNRs is very short),?!*® which is different from the current work. In Table 1, the
absolute values of lattice thermal conductivity and contributions from the ZA and acoustic phonon
modes in N-AGNRs are summarized. The acoustic phonon modes dominate the thermal transport in the
AGNRs, especially the ZA phonon modes. The ZA and total acoustic phonon contributions also show
ascending trends as the width decreases. In 4-AGNR, the low frequency acoustic phonons own the
largest group velocities and lifetimes (that is, the longest MFPs), resulting in the highest lattice thermal
conductivity. To better understand this, the normalized cumulative thermal conductivity of the AGNRs
with respect to the MFP is plotted in Fig. 6. The MFPs corresponding to the 50% contribution of 4-
AGNR and 9-AGNR are around 2350 nm and 390 nm, respectively, which implies that phonons with
long MFPs contribute more to the thermal transport in the narrower AGNRs. Another 1D material,
SWCNT, also shows a similar diameter dependence of thermal conductivity, as demonstrated in both

137

empirical potential’’ and ab initio studies.®® Large enhancement in phonon lifetimes of small-diameter

SWCNTSs was also reported.®
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Fig. 5 The lattice thermal conductivity of AGNRs at 300 K.

o

Normalized cumulative thermal conductivity

Fig. 6 The normalized cumulative thermal conductivity with respect to the phonon MFP of AGNRs and
graphene at 300 K. Only three-phonon scattering is considered. The horizontal dash line denotes the 50%

contribution.

To better understand the width-dependent thermal transport, the ratios between the lattice constants of
the AGNRs and the corresponding lattice parameter of graphene (a/ap) are also listed in Table 1.
Compared to graphene, the ultra-narrow AGNRs seem to be all elongated slightly (< 4%) along the
armchair direction. As the width decreases, the elongation effect is enhanced. To investigate the
influence of elongation, the phonon dispersion relations of unstrained 9-AGNR and 9-AGNR with a

small tensile strain are displayed in Fig. 7(a). The small tensile strain is set to

(@4 aanr — Qo acnr) /G acnr » SO that the lattice constant of the strained 9-AGNR is the same as that

of 4-AGNR. Compared to unstrained 9-AGNR, the ZA and TWA phonon branches (also the TA phonon

14



modes near I" point) of the strained 9-AGNR harden, and the phonon group velocities increase. Previous
studies of graphene also demonstrated that small biaxial tensile strain can induce phonon hardening and
increase the phonon group velocity, leading to the increase of lattice thermal conductivity.**>? Such
thermal conductance enhancement induced by small tensile strain is also observed in other 2D
materials.®”%* However, directly applying tensile strain also modifies the acoustic phonon dispersion
relations of 9-AGNR near I" point (e.g., the quadratic ZA dispersion relation near I point becomes more
linear), and a portion of the low frequency phonon lifetimes (e.g., phonons below 0.3 THz) decrease
under tensile strain as shown in Fig. 7(b). It is also noticed that the lowest ZO phonon branch near I
point is barely influenced by the small tensile strain. Since the gaps between the low frequency ZO
phonon modes and ZA or TWA phonon modes near I' point in the strained 9-AGNR become narrower,
the low frequency acoustic-optical phonon scatterings near I point may be enhanced under a small
tensile strain, leading to the decreased low frequency phonon lifetimes. Thus, the elongation effect
mainly hardens the acoustic phonon branches, increases the low frequency phonon group velocities and
a portion of low frequency phonon lifetimes. As the width decreases, the elongation effect of the ultra-

narrow AGNRs strengthens, and the low frequency phonon group velocities decrease.
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Fig. 7 Phonon (a) dispersion relations and (b) lifetimes of unstrained and strained 9-AGNR. The lattice
constant of the strained 9-AGNR is equal to that of 4-AGNR. The thermal conductivity of 9-AGNR

increases from 531.7 to 1296.7 W/m-K at 300 K when the tensile strain is applied.

The three-phonon scattering rates are directly related to the phonon scattering channels. The weighted
phase space quantifies the three-phonon scattering processes allowed by both energy and momentum
conservations.”®”! A larger weighted phase space suggests more three-phonon scattering channels and
shorter phonon lifetimes. Figure 8 plots the calculated weighted phase space of the low frequency
phonons in the ultra-narrow AGNRs and graphene. The ultra-narrow AGNRs have significantly more
scattering channels than graphene. Also, the low frequency phonons in the narrower AGNRs own fewer
phonon scattering channels and consequently, longer phonon lifetimes. As the width decreases, the low
frequency ZO branch hardens, and the low frequency acoustic-optical branch gap enlarges, leading to

the decrease of phonon scattering channels and increase of phonon lifetimes.
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Fig. 8 Weighted phase space vs frequency for the ultra-narrow AGNRs and graphene.

Therefore, as the width of the ultra-narrow AGNRs decreases, the enhanced elongation effect of

lattice constant increases the low frequency acoustic phonon group velocities and a portion of low

16



frequency phonon lifetimes, and the decrease of phonon scattering channels of low frequency phonons
also induces ascending phonon lifetimes, which together result in an increase of the lattice thermal
conductivity. It is expected that the effects of lattice elongation and phonon scattering channels of low
frequency phonons will reach saturation as the width increases in larger scales (larger than the width
considered here), and the lattice thermal conductivity will reach a minimum value. Meanwhile, the
contribution of acoustic phonons keeps decreasing, and the intermediate frequency phonons become
more important in thermal transport. Marepalli et al. reported that phonon branches of GNRs start
grouping together at larger widths, leading to degenerate phonon modes and reduced phonon scattering
channels,®> which account for the ascending thermal conductivity as width increases in the range of
larger width. When the width becomes even larger, AGNRs no longer have strict 1D structures, and the
acoustic phonon branches will approach those of graphene (e.g., the TA branch near I' point will change
from quadratic to a linear relation). The thermal transport mechanism for the ultra-narrow AGNRs is no
longer applicable, and eventually, the lattice thermal conductivity of AGNRs will approach to the bulk
value of graphene. It is also worth mentioning that the edges of ultra-narrow AGNRs in this study are
well-defined and are possibly the smoothest; in other words, edge scattering is neglected, which is
different from the traditional macroscale models. In the macroscale regime, the edge or surface
roughness is always considered classically, which plays a significant role in suppressing thermal

transport as the size decreases because of the increasing surface/volume or edge/plane ratio.*®

3.3. Thermal transport in ABNNRs

After exploring the width dependence of thermal conductivity of the ultra-narrow AGNRs, a question
naturally arises: does this behavior occur in other similar quasi-1D materials? The planar monolayer h-
BN shares a similar honeycomb structure with graphene and has relatively high thermal

conductivity.*’>”> The phonon dispersion relation of the ZA branch is also quadratic near I" point.*>"?
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To address the above question, the thermal properties of N-ABNNRs (N: 5-10) are investigated at 300 K.
The lattice thermal conductivity of monolayer 4#-BN is predicted to be 1140 W/m-K based on our DFTB
calculations taking into account the three-phonon scattering, which agrees well with the first-principles
calculations.” Analogously, with small biaxial tensile strain, the lattice thermal conductivity of
monolayer #-BN was predicted to increase.®>’”> The optimized structures of ultra-narrow ABNNRs are
shown in Fig. S4. Compared to the AGNRs, although the edges of ABNNRs undergo minor
reconstruction, they are still well-defined. Such reconstruction does not affect the phonon dispersion
relations and lifetimes, as demonstrated in Fig. 9. The structural parameters, lattice thermal conductivity
at 300 K, contributions of the ZA and total acoustic phonons are listed in Table 2. As the width
decreases, the lattice thermal conductivity of the ultra-narrow ABNNRs increases, which is consistent
with the trend for the ultra-narrow AGNRs. Comparing to the ultra-narrow AGNRs, similar width-
dependent relations of other structural parameters (a, a/ap) and thermal properties (phonon group
velocity, lifetimes) are also observed in the ultra-narrow ABNNRs, providing further supports for our
analysis and conclusion. The width dependence of the ultra-narrow AGNRs and ABNNRs and the
resolved mechanism behind may be extrapolated to other ultra-narrow 1D planar or buckling
nanoribbons, providing a deeper insight into the precise thermal management of potential nano

electronics.
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Fig. 9 Phonon (a) dispersion relations and (c) lifetimes of 5-, 7-, and 9-ABNNRs. Phonon (b) dispersion

relations and (d) lifetimes of 6-, 8- and 10-ABNNRs.

Table 2 The width (W), lattice constant (a), lattice thermal conductivity (x) at 300 K, and contributions

of ZA and total acoustic phonons to the lattice thermal conductivity of ABNNRs. The ratio between a

and the corresponding 2D 4-BN lattice parameter ap (ao = 4.416 A) is also listed.

Width (A) a(A) x (W/m-K) | ZA (%) Acoustic alag (%)
(%)
5-ABNNR 5.180 4.487 567.5 51.06 933 101.61
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6-ABNNR | 6.484 4.468 411.9 46.72 87.79 101.18
7-ABNNR | 7.750 4.460 357.5 44.17 84.58 101.00
8-ABNNR | 9.036 4.452 322.8 40.71 80.08 100.81
9-ABNNR 10.310 4.448 271.7 36.73 74.17 100.72
10-ABNNR | 11.589 4.444 242.8 33.67 70.92 100.63

4. Conclusions

In summary, based on DFTB calculations within the BTE scheme, we have predicted the thermal
properties of the ultra-narrow AGNRs without hydrogen termination at 300 K and extracted their width
dependence. The lattice thermal conductivity of the ultra-narrow AGNRs increases from 531.7 W/m-K
to 3470.6 W/m-K as the width decreases from 0.97 to 0.35 nm at 300 K, which is attributed to the
behavior of the dominant low frequency acoustic phonons. Accordingly, the lattice constants, low
frequency phonon group velocities and lifetimes, and acoustic phonon contributions also show
increasing trends. As the width decreases, the elongation of lattice constant along the armchair direction
enhances, and the number of phonon scattering channels of low frequency acoustic phonons decreases,
leading to the increase of the low frequency acoustic phonon group velocities and lifetimes, and
consequently, the lattice thermal conductivity. Additionally, planar ultra-narrow ABNNRs show
analogous trends in thermal properties with respect to the width, which provides further supports for our
analysis. This work provides a fundamental physical understanding of thermal transport in nanoribbons

and may benefit the thermal design of atomically precise nano electronics.
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