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Film-thermoelectric cooling devices are expected to provide a promising

active thermal management solution with the continues increase of the power
density of integrated circuit chips and other electronic devices. However,
because the microstructure-related performance of thermoelectric films has
not been perfectly matched with the device configuration, the potential of
planar devices on chip heat dissipation has still not been fully exploited. Here,
by liquid Te assistant growth method, highly (00 /) orientated Bi,Te;-based
films which is comparable to single crystals are obtained in polycrystal films in
this work. The high mobility stem from high orientation and low lattice thermal
conductivity resulting from excess Te induced staggered stacking faults leads

to high in-plane zT values -1.53 and -1.10 for P-type Big 4Sb; ¢Te; and N-type
Bi,Te; films, respectively. The planar devices basing on the geometrically
designed high orientation films produce a remarkable temperature reduction
of -8.2 K in the hot spot elimination experiment, demonstrating the great
benefit of Te assistant growth method for oriented planar Bi,Te; films and
planar devices devices design, and also bring great enlightenment to the next
generation active thermal management for integrated circuits.

The heat dissipation problem of the chip package has become a key
bottleneck limiting the performance of electronics products. In
some mobile electronics application, the heat flux could increase
over 100 W/cm?, and induces dynamic hot spots with temperature
over 100 degree C, which greatly deteriorates the performance and
service lifetime of customer electronics. Film thermoelectric
cooling devices(f-TEC), which based on the Peltier effect’, have
great advantages such as miniature?, high reliability, and espe-
cially, high response speed® that is compatible with the dynamic
operation of circuit chips and is highly expected as one of the
solutions for the dynamic hot spots dissipation of chips.

In past decades, two typical configurations of f-TECs have been
developed®. One is the vertical f-TEC which can pump the heat from the
hot spot directly to the packaging heat sink in the cross-plane direc-
tion. This type f-TEC could reach a high cooling density up to 200 (W/
cm?)’, but it also increases local heat dissipation load for the back end
heat sink due to the large power consumption of f-TEC itself. There-
fore, the benefit of the high cooling density of vertical f-TEC is often
offset by the backward heat flow, and can hardly contributes to the hot
spot dissipation®. The other configuration is the planar f-TEC which
could spread the heat from the local hot spot to a broader plane
(Fig. 1a). Despite the cooling density of the planar configuration is not
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so high as the vertical types, it could also clip the transient peak
temperature of the hot spot and increase the transfer area to the heat
sink’, thus providing more flexibility for integrational thermal man-
agement solution.

The cooling ability of both types of f-TECs largely depend on the
figure of merit of constituted thermoelectric materials, which is qua-
lified by zT=S’T/p(ke+k;), where S, T, p,k¢ and k; are Seebeck coeffi-
cient, absolute temperature, electrical resistivity, electronic and lattice
component of the thermal conductivity, respectively. Bi,Tes is the
state-of-art mostly adopted material® to construct various vertical’/
planar f-TECs’. Nevertheless, since Bi,Te; has a typical layered crystal
structure and shows superior thermoelectric power factor parallel to
the (00 /) planes, thus, in order to realize the maximum cooling ability,
the film orientation needs to be consistent with the direction of heat
flow in specific device configuration (Fig. 1a). However, since the (00 /)
orientation would greatly decrease when the thickness is above several
micrometers, the in-plane power factor (PF, defined as $%/p) and zTs of
widely electrodeposited’, magnetron sputtered™ or thermally depos-
ited inorganic Bi,Te; films" are still far from that of bulk Bi,Te; alloys'
or Bi,Te; single crystal nanosheets" (PF - 42 yWem™K 2 and zT - 1.1). As
a result, the planar thin film devices consistently fail to achieve large
cooling ability, and the feasibility of planar f-TEC for removing hot spot
is still underestimated.

In this work, a simple Te-rich gradient deposition method was
developed for achieving highly orientated Bi,Tes-based thick films.
The gradiently increased extra Te accelerated small grains grow pla-
narly when annealing near Te melting point temperature, and also
facilitated the Bi-Te antisite defect blossom into staggered stacking
faults in the lattice. The films are highly (00 /) orientated which is
comparable to single crystals or single crystal nanosheets. Benefiting
from the high in-plane carrier mobility stemming from high (00 /)
orientation, and the low lattice thermal conductivity resulting from in-

plane staggered stacking faults, the films show rather high power
factor (-45 pWem™K ™ for P-type and -30 pWem ™K for N-type (Fig. S1)
which is comparable to reported single crystal sheets”, and superior
in-plane zT values of 1.53 for P-type Bip4Sb;¢Te; and 1.10 for N-type
Bi,Te;, respectively (Fig. 1b). Based on the high in-plane TE perfor-
mance, the planar f-TEC generates a high-record (Fig. 1c) temperature
reduction (47 ~8.2K) for the hot spot simulated by laser heating. In
detail, the initial temperature reduction reaches 4.43 K within 50 ms,
exhibiting an excellent response speed and demonstrating great
potential for active hot spot elimination.

Results and discussion

The P-type Bip.4Sb;¢Te; and N-type Bi,Te; films were deposited by a
two-step magnetron co-sputtering process in this work. Firstly, the
Bio.4Sbi¢Tes or BiyTes targets are sputtered together with an addi-
tional Te target for a given time, and then Te target is powered off, only
the compound target is sputtered to reach the desired thickness of
~4 pm. Thus, the as-deposited film is rich of Te atoms at the bottom
with a certain thickness (Fig. S2). In principle, the amorphous atoms
nucleate in random orientations initially, and then the crystal nuclears
grow up gradually during the post-annealing. According to the che-
mical bonding theory of single crystal growth', the anisotropic growth
rate can be expressed by r=K %, where E,,, and A, is the
chemical bonding energy and the projection area of growth unit along
the [uvw] direction at the growth plane, d,,,, is the net space of (hkl)
planes along the [uvw] direction, and K is the growth constant. For
Bi,Te; compound, the calculated chemical bonding energy and the
anisotropic growth rate of different crystal orientations clearly show
that the growth rate along (00 /) planes is almost ten times higher than
that of vertical (015) planes, and also about 3 times higher than that
along (015) planes, as shown in Fig. 2a. When the annealing tempera-
ture is up to 673 K, which is close to the melting point of Te, the extra
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Fig. 2 | Orientation enhancement by Te-assistant growth for Bi,Te;-based films.
a The bonding energy and relative growth speed for different crystal directions of
Bi,Tes; (b) and the sketch map of in-plane growth of Bi,Te; film with additional Te;

0.17

X

The room temperature XRD patterns (c) and corresponding orientation factor F (d)
for P-type Bio 4Sby ¢Tes.x and N-type Bi,Tes., films (x=0 and 0.17); (e)The EBSD
images and the polar diagram inset of P-type x=0.17 sample.

Te atoms at the bottom tend to form a liquid amorphous phase, as
proved by XRD patterns (Fig. S3) and the differential scanning calori-
meter (DSC) curve near 675K (Fig. S4). The liquid Te at the bottom
would rapidly diffuse to the whole films, which could further accel-
erate the anisotropy growth rate. Meanwhile, since the vertical space is
limited by the total thickness of the as-deposited film, the grains which
is parallel to the substrate would grow much larger than those vertical
to the substrate, then they could dissolve the small grains that are not
parallel to the substrate (the process sketch is illustrated in Fig. 2b).
This phenomenon is highly consistent with the liquid-phase sintering
process of bulk ceramics and powder metallurgy materials>'¢. There-
fore, the films exhibit an extremely high (00 /) orientation, which is
desired for the planer f-TEC. As shown in Fig. 2¢, after annealing at
673 K for 1 hour, the intensity of (00 /) peaks gradually increase and the
intensity of (015) peaks decrease simultaneously with the increase of
Te content at room temperature (Fig. 2c and Fig. S5) for both P-type
Big.4Sbi¢Tes, and N-type BiTes., films. Especially, for P-type
Bio.4Sby¢Tes., films, the orientation factor F jumps from 0.08 for
x=0 to 0.68 fo x=0.17, and then to 0.84 for x=0.24, which is com-
parable to the zone-melting crystals (Fig. 2d and Fig. S6). Moreover,
the sharply enhanced (00 /) orientation is also consistent with the large
planar grain size of SEM and EBSD result as presented in Fig. 2e and
Figs. S7-S10. For P-type Bip4Sby¢Tess, films with x=0.17, the mean
grain size obviously enlarged from 0.21pm to 5.41pm, and the orien-
tation becomes more intense and concentrated in (00[) crystal
direction, indicating the gradient deposition of extra Te greatly
enhance the (00 /) orientation. Meanwhile, the EDS images in Fig. S8
showed that trace of residual Te precipitate at the grain boundaries,
but the final components inside of Biy 4Sb; ¢Te; and Bi,Te; grains are
close to the stoichiometric ratio (Table SI).

The liquid-Te assisted growth based on gradient deposition not
only elevate the (00 /) orientation, but also bring abundant hierarchical
microstructure for the films. The microstructure of grains for P-type
x=0.17 sample is characterized by high-resolution transmission elec-
tron microscopy (HRTEM) in Fig. 3. Normally, repetitive quintuple

layers with a sequence of Te-(BiSb)-Te-(BiSb)-Te were stacked to
form the regular Van der Waals layered structure of Bi,Tes;. However, in
current study, tremendous of staggered stacking faults can be found
through out the whole film as shown in Fig. 3a, b. These staggered
structure can be clearly identified as that a bilayer in one quintuple-
layer unit splits out and combines with the adjacent quintuple layers
unit forming a new seven-layer unit. The atomic configuration is
carefully examined by Aberration-corrected high-angle annular dark-
field (HAADF) in Fig. 3e, where the intensity of atomic columns is
roughly proportional to atomic number (Fig. 3f). The bilayer of
Te-(BiSb) in Zone 1 gradually split out from the original quintuple
layers unit and changed into inverse (BiSb)-Te bilayer, thus combines
with upper quintuple layers unit and forms new Van der Waals gap
(Fig. 3g). The original two folds of Te-(BiSb)-Te-(BiSb)-Te unit was
reformed by the group of triple Te-(BiSb)-Te layers and
Te-(BiSb)-Te-(BiSb)-Te-(BiSb)-Te  sevenlayers. = This  split-
recombination behavior could occur in every few dozens of lattice
distance in both direction of along and vertical the Van der Waals
layers, thus induce tense of lattice strain comparing with the regular
Van der Waals lattice, as shown in Fig. 3¢, d and Figs. S11, S12. This
phenomenon is very similar with the defects evolution of (Bi/Sb),(Te/
Se); single crystal under in-situ stress, which was reported by Lu®.
Differently, the staggered stacking faults in current study is formed
during the annealing process and can be stably maintained, other than
formed under external mechanical stress. The formation of this stag-
gered stacking faults structure can be assumed caused by that in Te
rich circumstance the (Bi/Sb)-Te antisite defect is more easily to gen-
erate compared with normal stoichiometry, and the continuous
arrangement of antisite defects leads to the exposed Bi/Sb chemical
bonds connect with the Te atoms in the next lattice unit and leaving Te
to Te vader Wal gap with the original lattice unit. This hypothesis is
verified by the calculated formation energy of antisite defects in Bi,Te3
and Sb,Te; under different Te chemical potential. As shown in Fig. 3i,
with Te content increasing, the formation energies of both Bi-Te or Sb-
Te antisites are apparently reduced. Each Bi-Te antisite defect can be
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the lattice; (e) high-magnification image of the staggerd layers structure; (f) the
image intensity along the arrow 1 and 2 in the enlarged high-magnification TEM
image (g) of the single typical staggered layers; (h) the atomic configuration map of
the single typical staggered layers in (g); (i) the formation energy of typical defects
in Bi;Te; and Sb,Te; compounds under different Te chemical potential; (j) the
sketch map of staggered layers generation mechanism.

served as a nucleation and induce an inverse (Bi/Sb)-Te bilayer, thus
eventually forming the dispersed staggered layers structure in the
whole films, as exhibited in Fig. 3j.

The hierarchical microstructure leads to a significant improve-
ment of thermoelectrical performance of Bi,Tes-based films. Firstly,
the enlarged grain size and high orientation are beneficial for the in-
plane electrical properties. The temperature-dependent Seebeck
coefficient, resistivity, and power factor for P-type Big 4Sb; ¢Tes+, and
N-type Bi,Tes., films are displayed in Fig. 4a—c and Fig. S13, individu-
ally. All the samples studied here show a typical degenerate semi-
conductor behavior, meaning an increase of Seebeck and resistivity
with increasing temperature. Since most extra Te has been evaporated
after annealing, the carrier concentration tends to reach stabilization
when x is above 0.17 both for P-type and N-type films, as shown in
Fig. S14. For P-type films in this work, the hall carrier concentration-
dependent hall mobility is greatly enhanced to about ~300 cm?V's™
for x=0.17 sample at room temperature because of the high orienta-
tion, which is comparable to bulk zone-melting crystal”, while the

carrier mobility of N-type x=0.17 is also up to 120 cm?V's (Fig. S14).
The hall carrier concentration dependent Seebeck coefficient, hall
mobility, and power factor for both P-type and N-type are displayed in
Fig. 4d-f, together with those of bulk Big 4Sb; ¢Te; and Bi,Te; data for
comparison”"?, For both N-type and P-type films the hall carrier con-
centration dependent Seebeck coefficient in this work are consistent
with those of reported bulk materials and the predicted solid line,
which is based on the single parabolic band model*>*. The density of
state effective mass and deformation potential about mg*1.1 m,
Eqer~20 eV for P-type and mg*-1.6 me, Eqer-12 €V for N-type films are
taken individually for the solid Pisarenko lines. The models adopted
above took the acoustic phonon scattering as the dominated scatter-
ing mechanism, which can be demonstrated by the 7'° temperature
dependent hall mobility in Fig. 4d. Benefiting from the high mobility
induced by high (00/) orientation and large grain size, the final power
factor of P-type films reaches -45 pyWcm™K 2 at room temperature (Fig.
4c), which is comparable to zone-melting Big 4Sb; ¢ Te; crystals” %, and
outbalancing most of the reported thermoelectric films. Besides, the
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dependent Seebeck coefficient (e), power factor (f) for P-type Bio.4Sb; ¢Tes., and
N-type BiyTes.y (0 < x < 0.24) films in this work, with a comparison to those of
reported bulk materials" 2,

power factor of ~30 pWem™K2 for N-type films at room temperature
also ranks ahead among the reported high values'****, These results
further indicate that a high orientation is beneficial for the electrical
properties of Bi;Tes-based thermoelectric films.

On the other hand, the dispersed staggered layers structure
induced by the liquid Te assisted growth could greatly enhance the
phonon scattering, thus depress the thermal conductivity. As dis-
cussed above, the staggered layers structure is more likely a mix-
ture of dislocations and stacking faults. The beginning of the
splitting gap of layers can be regarded as the dislocation core
formed by the absent layers thus exhibits one dimensional char-
acter, meanwhile the inverse (Bi/Sb)-Te bilayers can be regarded as
two-dimensional stacking faults. Both of these defects and the
induced concentrated stress could greatly scatter phonons. The
thermal conductivity of the films were measured by TPET method*
(details can be found in supporting information) and the corre-
sponding raw data used to fit the thermal diffusion coefficient are
illustrated in Tables S2, S3. The thermal conductivity of gradiently
deposited samples is obviously lower for both P-type and N-type
films, although they have larger grain size after liquid Te assisted
growth. The lattice thermal conductivity is estimated by subtract-
ing the electronic component (kg =LT/p) from total thermal con-
ductivity, where the Lorenz factor (L) is determined based on a
single parabolic band model approximation. The lattice thermal
conductivity is as low as 0.45 Wm™K™ at room temperature for
P-type x=0.17 sample and ~0.3 Wm™K™ for N-type x=0.17 sample
(Fig. 5b), which approaches the minimum value according to Cahill
model. We further carefully fit the lattice thermal conductivity of
P-type Big4Sby¢Tes., films according to Debye-Callaway model
and exhibit the results in Fig. 5¢, Fig. S15 and Tables S4, S5. The
dispersed staggered structure greatly enhanced the scattering
effect from dislocations and stacking faults, especially for the low-
frequency range in the phonon spectrum. Benefiting from the high
power factor and the low lattice thermal conductivity, the final
figure of merit value - 1.47 for P-type Big 4Sby¢Tes., and ~ 1.02 for

N-type Bi,Tes.x film are achieved at room temperature when
x=0.17, as shown in Fig. 5d, and with the increase of temperature,
the maximum 2z7s could achieve 1.53 and 1.10, respectively.

To further demonstrate the cooling ability of the obtained ther-
moelectric films, a five pairs planar f-TEC was designed by finite-
element simulations as shown in Fig. S16. As shown in Fig. 6a with
geometric drawing, the final film thermoelectric cooler had a lateral
dimension of 7mm with outer radius, and in vertiacal dimension,
thermoelectric P/N films ~4 um, Ti diffusion barrier ~500 nm and Cu
electrode -2 um in thicknesses are deposited on PI substrate in order
with designed patterns by masks. As captured by an inferred camera,
the film thermoelectric cooler (f-TEC) shows 2.8 K temperature dif-
ference in air between the center and outside of the device when the
working current is 8 mA (Fig. 6b). Furthermore, a high maximum AT
(AT max) ~ 5.3K for T;,=300K can be obtained in the vacuum, and it
increases to 8.01 K when Ty, =353 K (Fig. 6¢, d), which is superior to the
reported planar f-TEC modules as shown in Fig. 6d. This steady AT ,ax
value is also consistent with the result in the transient laser hot spot
elimination test as shown in Fig. 1d and repeated test in Fig. S17, which
demonstrated the high reliability of the f-TEC prepared in this work
and highlights the high superiority of gradient sputter process for the
TE performance improvement of Bi,Tes-based films. Considering the
total thickness of the Bi,Tes-based TE film is about 4 pm, the additional
out-plane interfacial thermal resistance is only equivalent to about
0.04 cm?K/W. This value is about one level lower than current typical
thermal interface materials*’, which would not significantly worsen the
out-plane heat transfer to the heat sink in the chip package. Mean-
while, this planar device can also serve as flexible TEG device, and
provides a highest power density of 298.2 W/m? among the published
works at the temperature difference ~50 K, as shown in Fig. S18, which
shows great potential on wearable electronics.

This work systemically developed a gradient co-sputter method
to obtain high thermoelectric performances of Bi,Tes-based films. The
promotion of the extra Te phase and post-annealing near the Te
melting point can effectively facilitate the growth of grains and
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Fig. 5 | Thermal transport properties, and 2T of P- and N-type films.

a Temperature dependent total thermal conductivity and (b) lattice thermal con-
ductivity versus Te content for P-type Big 4Sby ¢Tes., and N-type BiyTes. films; (c)
Room-temperature spectral lattice thermal conductivity (k,) calculated using the
Debye-Callaway model. G represents grain boundary scattering, U refers to the

Umklapp process, PD refers to the point defect scattering, and D refers to the
dislocation scattering, and S refers to the stacking faults scattering.

d thermoelectric figure of merit for P-type Big 4Sb; ¢ Tes. and N-type Bi,Tes., films
in this work.

enhance the orientation of (00 /) plane comparable to single crystals.
Meanwhile, the rapid growth of the grains in the Te-rich circumstance
could promote the formation of Bi/Sb-Te antisite and induce tre-
mendous of staggered stacking faults defects. On account of the high
orientation and large grain size induced high power factor and
stacking defects induced low lattice thermal conductivity, high zT
values of ~1.5 for P-type Big4Sb;¢Tes and ~1.1 for N-type Bi,Te; films
have been achieved near room temperature in this work. Based on the
high performance TE films, a planar f-TEC was designed and fabricated
on PI substrate. The transient hot spot eliminating experiment simu-
lated by laser heating showed that such planar f-TEC could realize a
remarkable temperature reduction AT-8.2K in few milliseconds,
which verified the feasibility of planar f-TEC for chip cooling. It is worth
noting that, the sputtering process is highly compatible with the
CMOS process, and also costs much less than MBE and MOCVD
technologies for superlattice films, therefore, giving it a great poten-
tial to embed in chips integration process or packaging process and
enlightening the future development of thermal management design
for the electronics industry.

Methods

Magnetron sputtering for n- and P-type thermoelectric
materials

Polycrystalline P-type Big 4Sb; ¢Tes and N-type Bi,Tes films with thick-
ness of 4 um are deposited on flexible clean PI substrates by a two-step
magnetron sputtering process, and the as-deposited films are com-
posed of Te-rich bottom layer and the nominal composition up layer.
The magnetron sputtering equipment for deposition of BST/BT films is

PVD75 PRO (Kurt J. Lesker Company). The samples in this work are
named after Big 4Sb; ¢Tes. (x=0, 0.12,0.17, 0.24) (P-type) and Bi,Tes.,
(x=0, 0.08, 0.12 and 0.17) (N-type) where x is the calculated extra Te
content. The obtained as-deposited films were then annealed at 673K
(N-type) and 723K (P-type) for 1h for the uniform distribution of Te.
The raw commercial Bi,Tes, Big 4Sb; ¢Te; and Te targets are 76.2 mm in
diameter (99.99% purity) from Zhongnuo Advanced Material (Beijing)
Technology Co., Ltd. The targets are 15cm below the substrates. To
supplement different content of Te, the Te target adopts different co-
sputtering ratio of the whole process time (0, 50%,70% and 100%) to
provide different proportion of excess Te for Big4Sb;g¢Tes.x (Xx=0,
0.12, 0.17, 0.24) and Bi,Tesz., (x=0, 0.08, 0.12 and 0.17) for BST/BT
film. The proportion of time is consistent with the change trend of Te
supplement. The BST/BT target is sputtered and deposited using a DC
power supply (90 W), but the Te target is powered by the RF supply
(30 W). The total deposition time is 135 mins for the 4 pum film when
fabricating the devices.

Film thermoelectric device design and integration

A five pairs of planar film device is designed and the geometric size is
optimized by COMSOL simulation based on the thermoelectric
property of obtained N-type and P-type films. In simulation, the
whole system is placed in a vacuum insulated environment, the
boundary temperature of the hot end of the device is set to be 300K,
and contact resistance of 5 uQ cm? is adopted. The structure size with
inner radius ~1.5 mm, outer radius ~7 mm, electrode width ~-1.5mm
are used for the planar film device. And the total angle of each pair is
56°, the spacing of adjacent pairs is 16°, the spacing with n/p-legs is
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The optimized geometric dimensions and f-TEC prepared in this work (a); the
cooling ability in air captured by inferred camera at 300 K (b); the current
dependent cooling temperature of simulation and experiment result at different

without current

60
55 ® Reported planar f-TECs
*  Superlattice vertical f-TECs
501 A Other vertical f-TECs
45 4 L
40 *
< q2]
~ N
=~ 104 Th K N
is wor
8 " Qo
N 0/
6 a é/ 2
4 &
[
i )
2 2 - A
0 T T T T T T T
290 300 310 320 330 340 350 360
Ty (K)

hot end temperatures (c); the maximum cooling temperature at different hot end
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other vertical f-TECs for comparison>>>*°>3 (d).

8°. The specific angles of p/n-legs were optimized within the range of
24° + 8°, The device with optimized geometry is fabricated with
designed masks and the layers are stacked with thermoelectric films
(4 pm), Cu electrode (2 um) and barrier layer Ti (500 nm) individually
on 50 um PI substrate.

Transient photo-electro-thermal (TPET) technique for thermal
conductivity measurement

In the TPET method?, TE films were cut into thin strips and suspended
between two aluminum electrodes to record the temperature rise
induced voltage increase by an oscilloscope when vertical laser was
applied. The characteristic time At, is identified from the 6,,o;m (nor-
malized temperature elevation) -t curve when 6, reaches 0.8665.
And the measured thermal diffusivity can be determined as
QAmea = 0.20261%/At.. The measurement was carried on with different
length samples, and the total thermal diffusivity (acon) of the samples
and support film could be obtained from the intercept of the fitted line
which is determined by thermal diffusion (a@e,) and the square of
sample length (L?).

1 806717

. 1
pCp, d m? ®

amea = aCOII

p is the density, C, is the specific heat, & is the emissivity of
sample, o is the Stephen-Boltzmann constant, d is the thickness of the
sample respectively.

The thermal diffusivity coefficient of the film (aqg) was obtained
by deducting the thermal diffusivity of the PI film (&) apart from the
total thermal diffusivity (acon) Of the film and substrate according to
the following equations.

2

Acon = ClaTE + C2 Asup

PreCredye
Ci= 3
Y preCredre + PsunCounsup ©)
C2 _ Psub Csubdsub ( 4)

- Pre CTE dTE * Psub Csub dsub

In this work, the thickness of PI substrate is 6 um, and the mea-
sured as,, is measured by the same method. The uncertainty of the
result is about 5% considering the heat loss due to heat radiation and
heat in the direction perpendicular to the sample and substrate.

Device cooling and generation performance measurement

The thermoelectric cooling temperature was evaluated by a
homemade thermoelectric cooling test system under the vacuum of
0.5~1.0 Pa. Thermocouples were pressed on the center and outer
circle of the f-TEC to collect the temperature, and a direct current
(Keithley, 6221) with scan step of 1 mA in the range of 0 ~ 15 mA was
supplied. An infrared camera was taken to capture the actual tem-
perature difference between the center cold side and the outer
circle hot side at room temperature in air when the device was
working. The laser heat dissipation experiment to simulate the
chip’s hot spot heat dissipation was also completed on this plat-
form, and the device was placed at an ambient temperature of 327 K
to simulate the chip’s working temperature. The input power of the
laser with a wave of 808 nm (MDL-H-808-6W) is from 1.0 W to 6.0 W,
and the spot diameter is 3.0 mm. All the heating is by irradiating the
center of the device vertically at 300 K. The thermocouple was used
to measure the temperature at hot and cold ends when scanning the
current to the device. The power generation test of the device was
conducted on same platform. The temperature rise of the hot end
(Tp) of device was provided by an external copper-based heating
block, and the temperature control of the cold end (7. =300 K) was
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provided by the heat sink. During the test, a nanovoltmeter was
used (Keithley, 2181 A) to obtain the voltage under different con-
ditions of AT.

Debye-Callaway model for fitting lattice thermal conductivity
According to the Debye-Callaway model, the lattice thermal con-
ductivity with doping or alloying can be calculated with the following
equation®®:

kg (kgT\>® [%/T  xter
- Kgl re 5
o 2n2us< h > ./o Frot (ex —1)? dx ©

The integrand item in conjunction with the coefficient of above
equation is the spectral lattice thermal conductivity (ks), namely:

ky (kgT\? xter
_xe 6
2n21/5< h ) foot o 12 ©

K=

where kg is the Boltzmann constant, v is average sound speed, # is
the reduced Plank constant, 8y is Debye temperature, 7., is total
relaxation time and x = iw/kgT (w denoting the phonon frequency)
is the reduced phonon frequency. Due to the particularity of stag-
gered stacking faults in this work, we considered five phonon
scattering mechanisms here, including Umklappp phonon-phonon
scattering, grain boundary scattering, point defect scattering,
dislocation scattering, and stacking faults scattering, which are
given by:

Too =Ty +T5 +Tpp +Tpl +Tgf )
Umklappp phonon-phonon scattering®:

-1 oo, ( 90)
T, == wTexp( —z= 8
U M26, P\ =37 ®

Grain boundary scattering:

TE] - % (9)
Point defect scattering®**
Vot
e 10
Tep 4y 3 (10)

For dislocation scattering, there are two parts of scattering sour-
ces, dislocation cores and dislocation strain, which can respectively be
given by refs. 10,32

i/4/3 2 2\ 2
4 1. 1/1-2r v

~1 — W 1=B 2N 2|2+ — + ht

Tpe =0.55N, ”: w’ and Tpg =By N,y {2 24<1 r> <1 ﬁ<0[> > }w

an
Stacking faults scattering®?*:
b*Y2N o

Vs

T$=0.7 12

where y is the Gruneisen parameter, 6, is the Debye temperature, v; is
average sound speed, M is the average atomic mass, V is the average
atomic volume, I"is the disorder scattering parameter, L is the average
grain size, B, is the Burgers vector and b is the 2D dimension of stag-
gered stacking faults, which were both considered as the van der waals
gap, Ny is the dislocation density, r is the Poisson’s ratio, and N is the
number of staggered layers in a line of unit length, respectively, which
can be obtained.

Then, the overall phonon scattering relaxation time is expressed
as:

1,1 =25 + Aw* + Ba? Te % +Cw® + Dw + Ew? 13)

L

where A, B, C, D and E are the fitting parameters for point defect
scattering, phonon-phonon Umklapp scattering, dislocations core
and strain scattering, stacking faults scattering, respectively.

Data availability

Most of the original data are found in the supplementary Information.
All data generated are available from the corresponding author on
reasonable request.
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