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Supplementary Note 1 | Computational simulation methods

Different computational models were built to compare with the experimental results in this
work. The SWCNTs with a bundle structure were built by rolling up single graphene along the
armchair direction!, as shown in Supplementary Fig. 8. Since it is not obvious that the chiral
angle of SWCNT has any impact on the growth of the nanocrystals according to our
experimental results, all the SWCNTs used in the computational studies were armchair-type
tubes. The electronic structure of SWCNTs is similar to that of a graphene sheet where each
carbon atom has three sp*-hybridized electrons, forming strong covalent o-bonds with the
nearest neighbors, and a nonhybridized electron in p-orbitals, forming the weaker delocalized
n-bonds which has a key influence on the electronic properties of SWCNTs?. Due to the
curvature of the SWCNTs, the lengths of C-C bonds and the direction of p-orbitals are different
from the case of a graphene sheet. Furthermore, grooves with unique properties are formed
between neighboring SWCNTs in a bundle (Supplementary Figs. 9-11), and these are expected
to have strong interactions with the deposited atoms®.

In this work, the diameter of SWCNTs is ~1.6 nm, which is similar to the actual value. The
deposited nanocrystals contained tens to one hundred atoms and were initially located around
one groove of SWCNT bundle to build the SWCNT bundle-nanocrystal computational model.
Geometrical optimization and ab initio molecular dynamics (AIMD) simulations were carried
out for SWCNT-nanocrystal systems using the CP2K program as described in Supplementary
Note 2. CP2K is an open-source software to perform atomistic simulations and provides a
general framework for different modeling methods such as Density Functional Theory (DFT)
using mixed Gaussian and plane waves approaches®. It has higher precision than the Molecular

Dynamics (MD) software (e.g. LAMMPS®) using a traditional empirical potential function and
S3
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a lower computational cost than other DFT software (e.g. Vienna Ab initio Simulation
Package®). AIMD is an algorithm using forces obtained from accurate electronic structure
calculations to generate the finite temperature MD trajectories in an accurate and unbiased way’.
The total number of atoms used in the CP2K simulation was up to ~1,200. The time interval
was 0.5 fs for AIMD and the maximum simulation time was up to 4.5 ps. The simulation
temperature for AIMD relaxation was from 300 K to 800 K. Classical MD simulations were
also performed for Sb2Tes nanocrystals to calculate the lattice thermal conductivity and the
flexibility as described in Supplementary Notes 7 and 11, by using the LAMMPS package’ with
a two-body interatomic potential®. The time interval was 1 ps for LAMMPS and the simulation

temperature was from 270 K to 330 K.
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Supplementary Note 2 | Epitaxial growth mechanism for the highly ordered
microstructures

SWCNTs have unique electrical, thermal and mechanical properties and are a promising
candidate for building high-performance hybrid materials. The deposited atoms preferentially
nucleate at grooves in the SWCNT bundle and grow into nanocrystals. The preferred
crystallographic growth orientation of a nanocrystal can be controlled by the deposition
conditions (such as temperature, pressure, etc.), lowering the surface/interface energy. The
(Bi1,Sb)2Tes alloy is a layer-structured TE material, consisting of quintuple Tei-Bi (Sb)-Te2-Bi
(Sb)-Te1 layers stacked perpendicular to the <000/> direction. The crystallographic orientations
of the neighboring nanocrystals are well-aligned with the groove, and low-angle tilt boundaries
are thus formed between them (Fig. 2). Such highly ordered microstructures can only be
obtained at a temperature higher than ~600 K so that the deposited Bi-Sb-Te atoms have enough
energy to overcome diffusion barriers and grow into energetically favorable crystal orientations
and microstructures.

To explain the experimental observations, a SWCNT-(Bi,Sb).Tes system was
computationally simulated (Supplementary Fig. 9). After structural relaxation, we see that the
(Bi1,Sb)2Tes nanocrystals deposited on the surface of the SWCNT bundle always keep their
bottoms away from the SWCNT surface with a separation distance greater than ~0.3 nm in all
computational simulations. This distance is larger than the typical chemical bond length (~0.2
nm) between a deposited atom and a SWCNT, but close to the typical van der Waals (vdW)
distance (~0.33 nm) between carbon nanotubes’. The electronic density calculations clearly
show that no structural or chemical bond is formed between the (Bi,Sb).Tes nanocrystal and
SWCNT bundle, even at the groove region (Supplementary Fig. 9). Therefore, both the
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computational and experimental results indicate that the periodic distribution of vdW
interactions along the CNT axis may play an important role in determining the growth of the
(B1,Sb)2Tes nanocrystals to form highly ordered microstructures along the 1D SWCNT bundle
axis. The geometry of the SWCNT bundle results in a periodic distribution of vdW forces
around the SWCNTs grooves along the axis, as shown in Supplementary Fig. 10. We see that
the groove region has lower energy for deposited atoms and nanocrystals compared with other
regions on the SWCNT surface (Supplementary Fig. 11), indicating the SWCNT groove has a
strong vdW interaction with the deposited atoms.

The energy of the SWCNT-Bi2Tes nanocrystal hybrid with different orientations was
calculated using CP2K software. These calculated results are not influenced by Bi/Sb
substitution. It was found that the SWCNT-(000/) Bi-Te atomic plane has the minimum surface
energy compared with the (1100), (0115) and (01110) orientations, as shown in Supplementary
Fig. 12. These results suggest that the Bi2Tes nanocrystal deposits on the SWCNT bundle with
the (000/) atomic plane parallel to the top surface of the bundle, forming an energetically
favorable crystal orientation. The underlying mechanism is determined by the intrinsic
properties of Bi2Te3 nanocrystal'®. Furthermore, the dependence of the total energy of the
SWCNT-Biz2Tes nanocrystal on the rotation angle of the Bi2Tes nanocrystal along the <000/>
direction has also been calculated (Fig. 2f). The results suggest that the most stable state is for
the deposited Bi2Tes nanocrystal to have its <1210> direction parallel to the SWCNT axis,
which is consistent with the experimental results.

Based on these results, we see that the nanocrystals nucleate at the SWCNT bundle groove

and are highly aligned with a specific orientation parallel to the SWCNT axis by a strong
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SWCNT-nanocrystal vdW interaction, to achieve a minimum energy state. There is therefore a
specific crystallographic orientation of the nanocrystals parallel to the SWCNT bundle grooves
held there by vdW forces to minimize the free energy. Furthermore, it is shown that due to a
long-range periodic vdW interaction, the SWCNT bundle can be generally used to guide the
epitaxial growth of various nanocrystals with highly ordered microstructures, such as Pt, Au,
Cu, Si, etc. (Supplementary Figs. 1-7). The static energy of truncated polyhedral Pt nanocrystals
with different orientations and different positions relative to a SWCNT was also investigated
and the results are shown in Supplementary Fig. 11. They show that the total energy of the
system decreases to achieve a stable state as the Pt nanocrystal gets closer to the SWCNT
groove region, and a truncated polyhedral Pt nanocrystal with its <100> direction aligned with
the SWCNT axis/groove gives the minimum energy state. These results and analysis are clearly
compatible with the experimental observations (Supplementary Fig. 3).

In contrast, the conventional approach for epitaxial growth using a 2D substrate requires a
small lattice mismatch and an atomically flat surface, and thus extremely limits the kind and
quality of epitaxial nanostructures’. Our results show that at a suitable deposition temperature,
the deposited atoms have enough energy to overcome the barrier for rearrangement and
diffusion, resulting in the epitaxial growth of nanocrystals with a specific crystallographic

orientation.
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Supplementary Note 3 | Epitaxial growth of the SWCNT-(Bi,Sb):Tes; hybrid

At the beginning of the deposition, the Bi-Sb-Te atoms reach the surface of SWCNTs
(Supplementary Fig. 13) and epitaxially nucleate at a bundle groove by a strong vdW

interaction'!-1?

and the neighbouring nuclei merge into larger ones through surface diffusion.
The nanocrystals are individually and separately anchored on the SWCNT scaffold, indicating
that the early deposited atoms preferentially aggregate to grow into nanocrystals rather than
occupying the bare surface of the SWCNT bundle (Fig. 2a). Most of the nanocrystals have very
similar hexagonal morphology of nanosheets and have an in-plane size of hundreds of
nanometers and a thickness of a few nanometers (Supplementary Fig. 14). The long edge of
each nanosheet is parallel to the local axis/groove of the SWCNT bundle (Fig. 2a-c), indicating
fast diffusion and the growth direction'®. All the hexagonal atomic planes appear to be
approximately perpendicular to the e-beam in the SEM/TEM (Fig. 2g,h), suggesting a preferred
crystallographic orientation with minimum free energy. As shown by the SEM and TEM
analysis, the hexagon is the (Bi,Sb).Tes (000/) atomic plane (Fig. 2a,b), which is approximately
parallel to the hybrid free surface. With the growth of the (1210) atomic plane, the nanosheet
gradually covered the whole SWCNT bundle (Fig. 2a). With increasing deposition time, Bi-Sb-
Te atoms are stacked on the formed (000/) atomic plane to make it thicker, forming a flat surface
with an atomic-level height step edge (Fig. 2d and Supplementary Video 1). After ~40 minutes
of deposition, the thickness of the hybrid had increased to ~720 nm and the spaces in the
SWCNTs network could not be fully filled by the depositing atoms, forming irregular and
randomly distributed nanopores between the nanocrystals. Supplementary Fig. 15 shows X-ray

diffraction (XRD) patterns of the deposited hybrid, and the characteristic diffraction peaks can

be indexed to rhombohedral (Bi,Sb)2Tes (JCPDS no. 49-1713). The orientation factors F of the
S8



182 hybrids were calculated using Lotgering’s method'>!

and are given in Supplementary Table 1.
183 The BiosSbisTes nanocrystals have a strong out-of-plane (000/)-texture, consistent with the

184  SEM and TEM analyses (Fig. 2 and Supplementary Fig. 1).
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Supplementary Note 4 | Thermoelectric properties of SWCNT-(Bi,Sb).Tes hybrids

The in-plane electrical conductivity (o) values of all samples decrease with increasing
temperature, showing a degenerate semiconductor behaviour. The o values of the hybrids are
lower than those of the dense film and the o value of (000/)-textured hybrid is higher than that
of the non-textured one (Fig. 3a). The carrier concentration () and carrier mobility (x) values
of samples with different Bi:Sb ratios are shown in Supplementary Fig. 16. In the hybrids, n
rapidly increases with the decreasing mole content of Bi atoms and the u values change
inversely which could be because of the increase of Sbre antisite defects'>. Although the
contribution of SWCNTs to the TE performance is limited (Supplementary Figs. 17 and 18),
the SWCNTSs play an important role in guiding the highly ordered growth!! of the freestanding
hybrid with unique microstructures that cause little carrier scattering and suppress the phonon
transport!'®. The TE properties of the hybrids were tested at 370 K for ~120 h (Supplementary
Figs. 19 and 20) to evaluate their long-term durability, and almost no change was observed in
the Seebeck coefficient () and o values, indicating good thermal stability. All the in-plane «
values are positive (Fig. 3b), indicating p-type hole carrier conduction. & reaches a maximum
value at ~390 K, because of the bipolar effect!”. The SWCNT is an intrinsic n-type
semiconductor'® and the deposited (Bi,Sb)2Tes is p-type. When the (Bi,Sb)2Tes nanocrystals
are attached to the SWCNTSs, p-n heterojunctions are formed at the interfaces, which could
consume the hole carriers and result in a decrease of n. Although the volume fraction of the
SWCNTs is as low as ~1.4%, the (Bi,Sb).Tes/SWCNT interfacial area is large because of the
very small diameter of the nanotubes. Because of the misalignment between their band
structures, there could be a band bending effect at the (Bi,Sb)2Tes/SWCNT interface. The

carriers would generally suffer energy-dependent scattering at the interface because of the
S10
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bending potentia

119,20

, which could lead to an increase in «. However, the « values of the hybrid

are close to that of dense film, indicating the interfacial effect on filtering out low-energy

electrons is weak in the hybrid, consistent with the changes in « (Fig. 3b) and x (Supplementary

Fig. 16).
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Supplementary Note 5 | Scattering parameter estimation based on the Pisarenko
expression

Assuming a simple parabolic electronic band structure for degenerate semiconductors, the
relationship between « and n values can be estimated by the following formula®!23:

87kym'T w 2 e s1
= (5, (1) (S1)

where m" is the carrier density-of-states effective mass, and r is the scattering parameter.
Although the calculation may not be accurate due to the complicated scattering processes and
the non-parabolic behavior of the conduction band of Bi2Tes-based alloys®*, the relationship
between |a], ¥ and m” can be approximately described by this formula?>-?’. The m* of the hybrid
cannot obviously be changed by the SWCNTs because of their low volume content. Therefore,
based on the above expression and the measured |@] and n values of the hybrids and a dense
BixSb2xTes film (Supplementary Fig. 16), their scattering parameter values can be calculated.
Assuming the charge carriers are predominantly scattered by acoustic phonons, the ratio of
scattering parameter values for the dense BiosSbi.sTes film (n1), and the ~720-nm-thick BixSba-
xTe3-SWCNT hybrids with different Bi doping levels (x = 0.3, 0.4, 0.5, 0.55; n = n2, n3, na, ns)
can be expected to be given by the measured Seebeck coefficients and carrier concentrations

based on the above equation:

(a, 1) (- m) (o - m): (- m)): (o - nd) = (141 )(14my):(14ms)(1+1):(14rs)  (S2)

Based on the measured o and n values, the scattering parameter values for the hybrids and dense
BixSb2xTes film are calculated to be approximately equal, implying that the SWCNTSs have little
influence on the carrier scattering mechanism of the hybrid, which is in good agreement with

the analysis of the fitted electrical conductivity (Supplementary Fig. 16).
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Supplementary Note 6 | Calculation of thermal conductivity contribution

To reveal the underlying mechanism for the reduced thermal conductivity of the hybrid, the
lattice (K,h), electron (x.') and bipolar (/q?) thermal conductivities were calculated using the
Wiedemann-Franz relationship. &'+ = &y - &, &" =L-0-T, where L is the Lorenz
number. The estimate of the Lorenz number is based on the measured Seebeck coefficient?®:
L=1.5+exp (—|S|/116) (where L is in units of 10 W Q K2 and S in uV K™). It was found that

2930 and slightly increase with

the x+x values are smaller than those of a dense film
increasing temperature (Supplementary Fig. 21b) due to an increase of the ;" effect!’. The
contributions of phonons with different mean free paths to x; were recently calculated for the
BizTes-based alloys®!. In the (Bi,Sb):Tes alloy, the phonons with mean free paths shorter than
~200 nm make more than a ~95% contribution to the total «; (ref. 3?). Therefore, multiscale
defects, including point defects, dislocations, grain boundaries, stacking faults, twin boundaries,
pore boundaries, interfaces, etc., that are of the same or a smaller size strongly scatter the
phonon transport, substantially decreasing the lattice thermal conductivity. Such structures may
therefore produce a highly decreased x;. The phonons in the hybrid have a wide range of
wavelengths and are scattered by the combined effect of many different multiscale defects.
Phonons with a short-wavelength are mainly scattered by the short-range intrinsic defects, such
as point defects, dislocations, stacking faults, twin boundaries, etc.; the phonons with mid-to-
long wavelength are strongly scattered by the long-range defects, such as the
(Bi,Sb)2Tes/SWCNT interfaces, grain boundaries and pore boundaries etc. (ref. *!). In the p-
type (Bi,Sb)2Tes alloy, the point defects of Sbre and Bite antisites or Vsb and Vi vacancies are
the main reasons for the acceptor conduction behavior'>. Because the carrier concentrations and

29,30

average grain size in the (000/)-textured film and the hybrid are comparable”", their influences
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264

on phonon conduction are similar. Therefore, the nanoporous structure, the
(B1,Sb)2Tes/SWCNT interfaces and the randomly distributed, irregularly shaped nanopore
boundaries in the hybrids could account for such ultralow lattice thermal conductivity**. The
nanopores with large specific pore boundary areas scatter the phonons more effectively than
the micropores®®, as illustrated in Fig. 1. The (Bi,Sb)2Tes/SWCNT interfaces also lower the
lattice thermal conductivity without much effect on the electrical conductivity, which is
demonstrated by modifying the interface structure using a plasma-treated SWCNT deposition

matrix 6.
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Supplementary Note 7 | MD simulation of the effect on the value of «x; of grain
boundaries with tilt angles

The thermal transport properties of Sb2Tes nanocrystals with small and large tilt angle grain
boundaries were calculated using the non-equilibrium molecular dynamics (NEMD) method in
a large-scale atomic/molecular massively parallel simulator (LAMMPS). The Sb2Tes models
were constructed by combining two neighboring grains with a tilt angle (6) of 0-30°, as shown
in Supplementary Fig. 22. According to Fourier’s law, the thermal conductivity x is defined
by the following equation:

J=-kVT (83)
where J is the heat flux in units of energy per area per time and V7 is the spatial gradient of
temperature. In this work, the kinetic energy is swapped between atoms in two different layers
of the simulation box, which induces a temperature gradient between them. The transferred
cumulative energy can also be obtained after full relaxation to calculate the heat flux. With the
calculated heat flux and temperature gradient, the thermal conductivity x can be obtained
using the above equation. During the relaxation, a free boundary condition was applied along
all directions. The pair potential was applied for the SbaTes nanocrystals since there is no
suitable ternary empirical potential function for the (Bi,Sb).Tes system. The underlying
mechanism of the effect of grain boundaries on phonon transport and lattice thermal
conductivity should be the same in Sb2Tes and (Bi,Sb)2Tes alloys.

After minimizing the energy of the system using the conjugate gradient method, the
simulation system was then relaxed using a canonical ensemble at 300 K for 20 ps, followed
by further relaxation at 300 K using the microcanonical ensemble for another 20 ps. The
temperature distribution was then changed by adding and subtracting the thermal energy from
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the hot and cold regions at the two ends of the model, respectively, at a constant rate by velocity
scaling along the <1210> direction under total energy conservation. The region containing grain
boundaries was located at the center of the computational box along the <1210> direction in
order to avoid the influence of the artificial addition and removal of thermal energy.

After full relaxation, the temperature gradient was then determined, as shown by the inset
image in Supplementary Fig. 22b. Following the method provided in ref. 34, the generated
temperature distribution curve along the y axis was then obtained. The lattice thermal
conductivity of SbaTes nanocrystals was calculated using the following formula:

_9. L

; x TAT (S4)
where x is the thermal conductivity in W/(m-K), Q is the amount of heat transferred through
the material in Watts, L is the distance between the two isothermal planes, 4 is the area of the
surface that is perpendicular to the heat transfer direction in square meters, and AT is the
temperature difference in Kelvin. Following the above method, it is clear that for the heat
transfer process of SbaTes models containing different grain boundaries, only the A7 value is
different. Therefore, the normalized thermal conductivity (&) of @ SboTes nanocrystal with

grain boundaries formed by rotating one grain along [000/] by different angles, 6, can be

calculated by comparison with a nanocrystal without grain boundaries:

Ky _ AT@

A (S5)

Knorm =

The results shown in Supplementary Fig. 22c¢ clearly show that the lattice thermal conductivity

of Sb2Tes nanocrystals is strongly impacted by grain boundaries even with small tilt angles.
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Supplementary Note 8 | Calculation of the P., COP, O, P;, power density values of a
micro-TED

The internal electrical resistance (R) of the micro-TED module consists of the electrical
resistance of the two p-n couples (Rp-n), the Pt leads (Riead) and the contact resistance (Rcontact)
between the p-n couples and the Pt leads. Rp-n is ~130 Q, as measured by a four-probe technique,
and R is ~258 Q at RT determined by applying a voltage and measuring the electric current
through the whole micro-TE module. Because the p- and n-type hybrids have different thermal
and electrical conductivities, the p- and n-leg are designed with different dimensions to optimize
the n-p couple TE performance. The p and n couples both have dimensions of ~50 pm wide
(W), ~50 um long (L) and ~0.72 um (Dp) and 0.65 pum (Dn) thick (Fig. 4a). The maximum
cooling power P/™ of a TE module including two (N = 2) p-n couples is defined as the
maximum cooling ability at a temperature difference of zero (A7=0 K) across the module and
can be estimated by the following equation®:

P& =N % (SynTelmax - 0.5 X ;o R) (S6)
where Spn, R, Imax and 7¢ are the Seebeck coefficient, the electrical resistance, cooling current
at the highest cooling effect and the temperature of the cold side of the TE module, respectively.
Using the measured Spn, R and 7c values. The maximum cooling power density QcmaX is

estimated by dividing P;"™* by the total cross-sectional area (Ac) of the two p-n couples along

the heat flow direction, as shown in Fig. 4c.

max max
Pe P

A, NxWx(DytDy)

oM™ = (87)

The COP values with the cooling current (/) at A7= 0 K are expressed by the following equation:

_ (SpaTel -0.5x I’R)

cop -
I’R

(S8)
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For the micro-TEG, when the load resistance matches the TE module resistance, the maximum

output electrical power (P, ) can be approximately estimated by the expression:

max _
P = 1R (S9)

where V' is the open circuit thermal voltage, R is the internal resistance of the TE module. The

max

maximum output power density (Qg

) is estimated by dividing P,"" by the total cross-

sectional area (A4c) of the two p-n couples along the heat flow direction, as shown in Fig. 4g.

Both P, and P, are inversely proportional to the R of the TE module and can therefore

be improved by reducing the resistance of the TE module.
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Supplementary Note 9 | Dependence of cooling A7 on an applied current of micro-TEC

In a closed system, the dependence of net cooling on applied electrical current is caused by
three primary competing mechanisms. First, the charge carriers carry heat from the target
cooled area to the heat sink through the Peltier effect which varies linearly with the applied
current. Second, the electrical current also heats the whole device by Joule heating because of
the electrical resistance and this varies as the square of the current. There thus exists a certain
current, at which the cooling power reaches its maximum value. When the electrical current is
larger than a certain value, Joule heating dominates the heat balance and decreases the total
cooling performance. Third, there is a cooling loss by thermal conduction from the TEC hot

side to the cold side due to the temperature gradient.
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Supplementary Note 10 | Estimation of the bending strain of the hybrid

When a deposited film and a compliant substrate have the same Young’s modulus, the strain in

the top sample (£gmple) is as follows*®,

Aot day
Example = ( sampleZRs bstrate) (SIO)

where the thickness and Young’s modulus of the deposited film and substrate are dgmpi. and
dgubstrate> Ysample aNd Yupsirate» TESPectively, and R is the bending radius. When the film and
substrate have different moduli (¥sumpie™Ysubstrate)> the neutral plane moves toward the more
rigid film, and &gl 18 given by:

e _ (dsample+dsubstrate) (1+2’7+X’72)
sample 2R (L+m)(1+0m)

(S11)

(dsample+dsubstrate)
2R

Esample = 0.83% (S12)
where 7= dgmple / dsupstrate a0 ¥ = Ysample / Ysubstrate- Equations (S11) and (S12) provide the
theoretical basis for evaluating the SWCNT-(Bi,Sb)2Tes/polyimide samples®’*°. The equations

allow us to obtain the approximate value of &gmp., Which for the freestanding SWCNT-

(Bi1,Sb)2Tes couple with an average thickness (d) of p- and n-type hybrids, is given by:

d
Esample ~ ﬁ (813)

The bending of the freestanding p-n couple could be driven by AFM, and a schematic and the

relationship between strain and moving distance, are shown in Supplementary Fig. 25.
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Supplementary Note 11 | MD simulation of the flexibility of highly ordered nanocrystals

The bending of Sb2Tes nanocrystals with low and high angle tilt grain boundaries has been
simulated using the LAMMPS code with the two-body interatomic potential developed by
Prabudhya et.al., which has been successfully used in calculations of the thermal conductivity
and mechanical properties of SbaoTes (ref. ®). Considering the non-negligible size effect of the
nanocrystals with low-tilt-angle grain boundaries, the AIMD method is not suitable because of
the limit on the number of atoms in the calculation. Because of the lack of a precise ternary
empirical potential function for (Bi,Sb).Tes, only Sb.Tes bending is simulated but the
underlying bending mechanism should be the same. SWCNTs are not considered in this
simulation because of their ultra-high flexibility and good interfacial adhesion force (no
nanocrystals peel-off during the bending test). The results of Sb2Tes coupled with the previous
simulation studies for BizTes (ref. '!) should indicate the underlying mechanisms of the
crystallographic-orientation-dependent bending of (Bi,Sb)2Te3 nanocrystals.

Structural models used in our simulations are built using three neighboring Sb:Tes
nanocrystals with the same (000/) orientation (along the Z direction) as shown in Supplementary
Fig. 26, corresponding to the (000/)-textured structure in our experimental samples. Two grain
boundaries are formed between these three grains. Low (5°) and high (15°) angle tilt grain
boundaries are generated between the neighbouring nanocrystals by rotating the middle one
around the normal direction to the (000/) atomic plane (Z-axis) by the given angle. The total
number of atoms used in the Sb2Te3 simulation model is up to ~54,000. Following the method
reported in ref. !, the system is first relaxed before bending is applied by adding forces along
the positive Z-axis on atoms at the central bottom region of the middle grain, while forces along

the negative Z-axis on atoms at the bottom of two side grains, as shown in Supplementary Fig.
S21
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26a. After each movement, the stress tensor is calculated to show the stressed state of the grain
boundaries, especially to check whether the stress concentration has been formed.

For the <1210> -5° grain boundary model, the low-angle between two neighboring grains
results in a smooth connection between them after relaxation. A stress concentration is only
observed in the limited mismatched region, while the other matched region efficiently releases
the in-plane stress/strain concentrations by the slight sliding of neighbouring Tei-Te: layers
connected by vdW force, as shown in Fig. 5c-e and Supplementary Fig. 26b. In contrast, for the
<1210> -15° model, a larger mismatched region with significant stress concentrations prevents
the atomic plane from sliding across the nanocrystals, resulting in discontinuous atomic
displacements and the rearrangement of atoms at the grain boundaries. Different from the
models of nanocrystals aligned along <1210> direction, a strong stress concentration and
discontinuous atomic displacements are observed both at low-angle (5°) boundaries when the
nanocrystals are aligned along the <1100> direction, indicating that <1210> is the easy sliding
direction on the (000/) atomic plane.

The cyclic bending of Sb2Tes nanocrystals with 5°, 15° and 30° tilt boundaries along the
<1210> direction has been simulated at room temperature. First, external forces are applied on
the nanocrystals as shown in Supplementary Fig. 26a to produce bending. The nanocrystals
were then relaxed, and the bending-relaxation processes were repeated ~40 times. After the
bending cycles, the low (5°) angle tilt boundaries almost returned to their initial states, while
the microstructures of the region near the grain boundaries with high (15° and 30°) tilt angles
were irreversibly changed. The yellow lines in Fig. 5f indicate the mismatch of (000/) atomic

layers between the two neighboring nanocrystals with the low- and high-angle tilt boundaries.
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Such distortions could substantially scatter the electron transport and decrease the electrical
conductivity.

It is concluded that the nanocrystals in the (000/) orientation with a low tilt-angle grain
boundary along the <1210> direction have much better flexibility than others, such as
nanocrystals in the (0115) or (000/) orientations with a tilt boundary along the <1100> direction.
These results have clearly explained the reason for the excellent flexibility of (Bi,Sb).Tes
nanocrystals deposited on bundles of SWCNTs with (000/) atomic plane and the alignment with

their <1210> direction parallel to the grooves in the bundle.

§23



418 Supplementary Fig. 1
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420  Supplementary Fig. 1 | SEM images of highly ordered SWCNT-BixSb2xTes; hybrids with
421 different Bi doping levels. a-b, SWCNT-Bio25Sbi.75Tes hybrid and a schematic of the
422 orientation relationship. ¢-d, SWCNT-Bio.sSbisTes hybrid and a schematic of the orientation

423  relationship. e-f, SWCNT-Bi:SbiTes hybrid and a schematic of the orientation relationship.
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424  Supplementary Fig. 2
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426  Supplementary Fig. 2 | a-b Bright-field TEM images of a highly ordered SWCNT-PbTe
427 hybrid. Inset in b is the inverse-fast Fourier transform (FFT) image. ¢, False-color inverse-FFT
428  image from the area outlined in b. Inset is the corresponding FFT. d, Schematic of the

429  orientation relationship between PbTe and SWCNT.
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Supplementary Fig. 3

~2nm

Supplementary Fig. 3 | a-b, Bright-field TEM images of a highly ordered SWCNT-Pt
hybrid. Inset in b is the inverse-fast FFT image. ¢, False-color inverse-FFT image from the
area outlined in b. Inset is the corresponding FFT. d, Schematic of the orientation relationship

between Pt and SWCNT. Supplementary Fig. 3a is also shown in Fig. 2a.
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436 Supplementary Fig. 4

<~—— Groove

0.6.60.6.0
[} (] o [ )
0.0.0.0.0.0 |°VVCNT
0.0.0.0.0.0.0
°o°o°o°o°o° ~2 nNMm
0.0.0.0.0
0000

437

438 Supplementary Fig. 4 | a-b, Bright-field TEM images of a highly ordered SWCNT-Au
439 hybrid. Inset in b is the inverse-fast FFT image. ¢, False-color inverse-FFT image from the
440  area outlined in b. Inset is the corresponding FFT. d, Schematic of the orientation relationship

441 between Au and SWCNT.
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442 Supplementary Fig. 5

443

444  Supplementary Fig. 5 | a-b, Bright-field TEM images of a highly ordered SWCNT-Cu
445  hybrid. Inset in b is the inverse-fast FFT image. ¢, False-color inverse-FFT image from the
446 area outlined in b. Inset is the corresponding FFT. d, Schematic of the orientation relationship

447  between Cu and SWCNT.
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Supplementary Fig. 6
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Supplementary Fig. 6 | Microstructural characterization of highly ordered SWCNT-PbSe,
SWCNT-Cu;Te and SWCNT-Ag;Te hybrids. a, SWCNT-PbSe, b, SWCNT-Cu:Te, ¢,
SWCNT-Ag2Te, Bright-field TEM images (a-1, b-1, ¢-1), the corresponding SAED patterns
(a-2, b-2, ¢-2) and schematics of orientation relationships between the two components (a-3,

b-3, ¢-3). Supplementary Fig. 6¢c-1 is also shown in Fig. 2a.
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455  Supplementary Fig. 7
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457 Supplementary Fig. 7 | Microstructural characterization of a highly ordered SWCNT-Si
458  hybrid. a-¢c, SEM images. d, Schematic of the orientation relationship between the Si

459  nanocrystal and a SWCNT.
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460  Supplementary Fig. 8

><

461

462  Supplementary Fig. 8 | Illustration of the structure of SWCNTs used in the computational
463  simulation. Because the chiral angle of the SWCNTSs has no obvious impact on the growth of
464  the nanocrystal in our experimental results, all the SWCNTs used in simulations are armchair-

465  type tubes.
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Supplementary Fig. 9

Qs O @c

Supplementary Fig. 9 | The valence charge-density contour surface for a (Bi,Sb).Te;
nanocrystal deposited on the groove region of a SWCNT bundle. The SWCNT-(B1,Sb)2Tes
system is fully relaxed using the AIMD process. The white wireframe around the atoms is the
isosurface of the valence charge-density. The strong overlap of the charge-density isosurface
between metal atoms (Bi or Sb) and Te atoms indicates chemical bonding, while the empty
black background between the (Bi,Sb).Tes nanocrystal and the SWCNT bundle shows no

formation of chemical bonding between them.
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475  Supplementary Fig. 10
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477 Supplementary Fig. 10 | Schematic of the vdW interaction energy around SWCNTSs. The

478 SWCNT bundle groove has a stronger vdW force to guide an epitaxial growth than other areas.
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Supplementary Fig. 11
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Supplementary Fig. 11 | Comparison of the calculated energy of a Pt nanocrystal with a

truncated polyhedron shape with SWCNTs. a, Energy of Pt nanocrystals at the groove and

other areas of SWCNTs. b, Energy of Pt nanocrystals at groove region with different

orientations and positions. The Pt nanocrystal (100) atomic plane is parallel to the X-Y plane.

Two sets of (100)-oriented Pt nanocrystals with <100> and <110> directions aligned with the

SWCNT groove (X-axis) are calculated for the energy comparison. Inset: illustration of a

SWCNT-Pt nanocrystal hybrid. Zmc is the distance from the mass center of the Pt nanocrystal

to the SWCNT. dmin is the minimum distance between the Pt nanocrystal and SWCNT atoms.

dmin values are shown in the figure.
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490  Supplementary Fig. 12
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492 Supplementary Fig. 12 | Illustration of the calculated interface energy between different

491

493 BiyTe; atomic planes and a SWCNT bundle. a, (000))/SWCNT. b, (1100)/SWCNT. ¢,
494 (0115)/SWCNT. d, (01110)/SWCNT. The interface energy is calculated by the formula:

495  AE = E; 1e;-swont - (EonttEBiyTe;)- The result clearly shows that the (000/) Bi2Tes atomic

496  plane/ SWCNT bundle has the minimum interface energy.
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497 Supplementary Fig. 13
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499  Supplementary Fig. 13 | Bright-field TEM image of Bi-Sb-Te atoms deposited on a
500 SWCNT bundle.
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501  Supplementary Fig. 14

502

503  Supplementary Fig. 14 | Cross-sectional high magnification bright-field TEM image of a
504  (Bi,Sb)2Tes nanocrystal anchored on a SWCNT bundle. Inset is the corresponding FFT

505  image.
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506  Supplementary Fig. 15
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508  Supplementary Fig. 15 | X-ray diffraction (XRD) patterns of the SWCNT-(Bi,Sb).Te;
509  hybrids. a, The (000/)-textured SWCNT-BiosSbisTes hybrid. b, the non-(000/)-textured
510  SWCNT-Bio.sSbisTes hybrid.
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Supplementary Fig. 16
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Supplementary Fig. 16 | Measurement of electrical properties of SWCNT-(Bi,Sb).Te;
hybrids and a (Bi,Sb),Te; dense film. a, Temperature-dependent electrical conductivity. b,

Carrier mobility. ¢, Carrier concentration. d, Bi-doping concentration-dependent relative
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Supplementary Fig. 17 | TE properties of the (000/)-textured SWCNT-BiosSb1.sTes hybrid

with different Bio.sSb1.5Te3 deposition times. a, Electrical conductivity. b, Seebeck coefficient.

¢, Power factor, its measurement uncertainty is about 10%.
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522 Supplementary Fig. 18

a Deposition time (x10°% s) b Deposition time (x10° s)
0 1 2 3 0 1 2 3
FT T L L L L A | L L |
0.4 $ 83 3
: ; mf L+
-~ 03[ 150
IE [ ol = F o
o o, L 100 F
g Ver > g
S 2 s0f
5 C o F
o) 0.1 :- 1oy 0 E
0.0 :_e -50
TSR R RSN AT A WS R P P B B I
0 20 40 60 80 100 0 20 40 60 80 100
V-BiosSbysTe; / V-SWCNTs V-Biy sSb, sTe, / V-SWCNTs
c Deposition time (x10% s)
0 1 2 3
[T T & &
o eF T “TL
Lo <}
e 12|
; L
o 8l 4
o L
X i
5 af
NtJ r
i ®
0 #n v b b b by |

0 20 40 60 80 100

V-Biy 5Sb, sTe, / V-SWCNTs
523

524  Supplementary Fig. 18 | Dependence of the room temperature TE performances of (000/)-
525  textured SWCNT-BigsSbisTes hybrids on the BipsSbisTes deposition time (Bio.sSbi.sTes
526  volume ratios, V- BigsSb1.sTes/V-SWCNT). a, Electrical conductivity. b, Seebeck coefficient.

527 ¢, Power factor. The respective measurement uncertainties for a-c are about 5%, 3% and 10%.
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Supplementary Fig. 19 | TE performance stability test of a 720-nm-thick (000/)-textured
SWCNT-BiosSbisTes hybrid. a, Electrical conductivity. b, Seebeck coefficient. ¢, Thermal
conductivity. d, Calculated ZT value. The respective measurement uncertainties for a-d are

about 5%, 3%, 10% and 20%.
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Supplementary Fig. 20 | TE performance stability test of a 720-nm-thick (000/)-textured
SWCNT-BiosSbisTes hybrid. a, Electrical conductivity. b, Seebeck coefficient. ¢, Thermal
conductivity. d, Calculated ZT value. The respective measurement uncertainties for a-d are

about 5%, 3%, 10% and 20%.
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540  Supplementary Fig. 21
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542 Supplementary Fig. 21 | Thermoelectric characterization of the (000/)-textured SWCNT-
543  BixSb2xTes-hybrid, a (000/)-textured dense Bio.sSbisTe3 film and a non-(000/)-textured
544  SWCNT-BiosSb1sTes hybrid. a, Calculated power factors, b, Total in-plane thermal
545  conductivity and contributions from lattice thermal conductivity and a bipolar effect, c,
546  Calculated ZT values. Error bars for the calculated ZT are ~20%, as determined from the
547  measurement uncertainties in the Seebeck coefficient (~3%), electrical conductivity (~5%) and

548  thermal conductivity (~10%).
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549  Supplementary Fig. 22
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551  Supplementary Fig. 22 | The influence of tilt boundaries with different angles () on the
552 thermal conductivity of a Sb;Te; nanocrystal. a, Illustration of heat conduction across
553  neighboring nanocrystals with a tilt boundary. b, Illustration of the temperature gradients of
554  nanocrystals after full relaxation. The thermal conductivity (x) is inversely proportional to the
555  value of AT. The result shows that the x value rapidly decreases with the increase of tilt angle
556 from 0° to 10° and then slowly decreases from 10° to 30°. ¢, Thermal conductivity of two Sb2Tes

557 nanocrystals with a tilt boundary.
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Supplementary Fig. 23
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Supplementary Fig. 23 | TE properties of the n-type SWCNT-BiTes hybrid. a, Electrical

conductivity. b, Seebeck coefficient. ¢, Thermal conductivity. d, Calculated ZT value. The Error

bar of calculated Z7 is ~+ 20%.

S46

ZT

-190

1.2

0.9

0.6

0.3

0.0

1 1 - 1 1
300 315 330 345 360
T(K)
| I IS U T I
300 315 330 345 360 375
T(K)



563  Supplementary Fig. 24
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564
565  Supplementary Fig. 24 | Illustration of direct radiative and convective heat transfer between
566  the heat source and heat sink. Comparison of TEDs with a vertical structure (a) and a lateral

567  structure (b).
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Supplementary Fig. 25 | Flexibility evaluation of a freestanding p-n couple of a micro-
TED by an AFM instrument. a, Schematic of the bending a freestanding p-n couple driven
by an AFM probe. b, Dependence of the bending radius of curvature (R) and the strain (&) of

the freestanding p-n couple on the distance moved (d). ¢, d are the photographs of the flat and

bent freestanding p-n couple.
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Supplementary Fig. 26
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Supplementary Fig. 26 | MD simulation of Sb:Tes nanocrystals under bending. a,
[Nlustration of the three-point model used for MD simulation. Sb2Tes nanocrystals with low 5°
(b) and high 15° (¢) angle tilt boundaries along Sb2Tes <1210> direction, and low 5° (d) angle
tilt boundaries along Sb2Tes <1100> direction. The (000/) atomic planes of Sb2Tes nanocrystals
are parallel to the X-Y plane before bending simulations. The atomic displacement and shear

strain of each case under bending deformation are shown on the Y-Z plane.
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583  Supplementary Table 1 | Calculated orientation factors F(X) of the SWCNT-(Bi,Sb):Tes
584  hybrids

(09) 0006 0115 10110 00015
000/ 0.3483 —0.3253 —0.1467  0.0952
non-000/ 0.0051  0.7487 —0.1358 —0.0468
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