RESEARCH ARTICLE | MAY 30 2023
Thermal conductivity of high-temperature high-pressure
synthesized 6-TaN ©

Yizhe Liu @ ; Qinshu Li © ; Yijun Qian © ; Yumeng Yang © ; Shanmin Wang @ ; Wu Li © ; Bo Sun & ©

’ @ Check for updates ‘

Appl. Phys. Lett. 122, 222201 (2023)
https://doi.org/10.1063/5.0146492

. CrossMark
@

View Export
Online  Citation

Articles You May Be Interested In

Temperature-dependent thermal conductivity of Ge,Sb,Tes polymorphs from 80 to 500 K
Journal of Applied Physics (April 2023)

Study of TaN and TaN-Ta-TaN thin films as diffusion barriers in CeFe4Sb,, skutterudite
Journal of Applied Physics (September 2019)

Structure and mechanical properties of tantalum mononitride under high pressure: A first-principles study

2]
-
Q
)
e
()
—
/2]
O
2]
>
=
Q.
o
D
Qo
Q.
<<

Journal of Applied Physics (October 2012)

10:€2:7) €202 Joquisidas 40

Webinar

Boost Your Signal-to-Noise
Ratio with Lock-in Detection

Sep. 7th — Register now

N # Zurich

AIP 7\ Instruments

é/_‘. Publishing



https://pubs.aip.org/aip/apl/article/122/22/222201/2893212/Thermal-conductivity-of-high-temperature-high
https://pubs.aip.org/aip/apl/article/122/22/222201/2893212/Thermal-conductivity-of-high-temperature-high?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/apl/article/122/22/222201/2893212/Thermal-conductivity-of-high-temperature-high?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0002-0375-783X
javascript:;
https://orcid.org/0000-0002-5799-7281
javascript:;
https://orcid.org/0000-0001-7085-3015
javascript:;
https://orcid.org/0000-0002-8071-4470
javascript:;
https://orcid.org/0000-0001-7273-2786
javascript:;
https://orcid.org/0000-0003-3854-4268
javascript:;
https://orcid.org/0000-0002-2122-6637
javascript:;
https://doi.org/10.1063/5.0146492
https://pubs.aip.org/aip/jap/article/133/13/135105/2882800/Temperature-dependent-thermal-conductivity-of
https://pubs.aip.org/aip/jap/article/126/12/125306/1063449/Study-of-TaN-and-TaN-Ta-TaN-thin-films-as
https://pubs.aip.org/aip/jap/article/112/8/083519/375664/Structure-and-mechanical-properties-of-tantalum
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2157205&setID=592934&channelID=0&CID=791505&banID=521258763&PID=0&textadID=0&tc=1&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1693837387453456&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0146492%2F17850337%2F222201_1_5.0146492.pdf&hc=df2497055e5dfe5a167f455e25078205104fc6bd&location=

Applied Physics Letters ARTICLE

pubs.aip.org/aip/apl

Thermal conductivity of high-temperature
high-pressure synthesized 6-TaN

Cite as: Appl. Phys. Lett. 122, 222201 (2023); doi: 10.1063/5.0146492

Submitted: 14 February 2023 - Accepted: 9 May 2023 -

© th @

published online: 30 May 2023 View Online Export Citatior CrossMark
Yizhe Liu,' (® Qinshu Li,' @ Yijun Qian,? ¢ Yumeng Yang,? (%) Shanmin Wang,” (?) Wu Li,* (%) and Bo Sun">?
AFFILIATIONS

Tsinghua-Berkeley Shenzhen Institute, Tsinghua University, Shenzhen 518055, China

?School of Information Science and Technology, ShanghaiTech University, Shanghai 201210, China

*Department of Physics, Southern University of Science and Technology, Shenzhen 518055, China

“Institute for Advanced Study, Shenzhen University, Shenzhen 518060, China

*Tsinghua Shenzhen International Graduate School and Guangdong Provincial Key Laboratory of Thermal Management

Engineering & Materials, Shenzhen 518055, China

2 Author to whom correspondence should be addressed: sun.bo@sz.tsinghua.edu.cn

ABSTRACT

Recent first-principles calculation predicted that theta phase tantalum nitride (0-TaN) single crystal has an ultrahigh thermal conductivity of
~1000W m ' K~ ' at room temperature, making it one of the best thermal conductors among all materials. Here, we have synthesized 0-
TaN by phase change from ¢-TaN powder at 1750 K and 7.8 GPa. X-ray diffraction patterns and scanning transmission electron microscopy
indicate that the as-prepared 0-TaN has a hexagonal tungsten carbide structure with an average grain size of 45 nm. The room-temperature
thermal conductivity of 6-TaN was measured to be 47.5W m~' K~ ! using time-domain thermoreflectance. Temperature-dependent thermal
conductivity suggests that phonon-boundary scattering dominates thermal transport. The thermal conductivity of our sample is higher than
those of Si and SiC nanostructures with the same characteristic length. Our result suggests that it is probable to further increase the thermal

conductivity of 0-TaN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146492

Thermal management of microelectronic devices has received
extensive attention with increasing power densities.'  Efficient heat
dissipation requires thermally conductive materials and interfaces.””
While diamond and boron arsenide (BAs) are believed to be the best
thermal conductors so far where phonon dominates heat conduction,
metals have limited thermal conductivity as the electron-phonon scat-
tering reduces their conductivities. For example, silver has the largest
thermal conductivity of 427 W m~' K" in all metals, which is much
smaller than those of diamond and BAs.” In 2021, a first-principles
calculation proposed that the triply degenerate topological semimetal
theta phase tantalum nitride (6-TaN) (space group: P6m2, No. 187)
has an ultrahigh thermal conductivity of 995 and 820 W m™' K™
along a and ¢ axes at room temperature, whose thermal conductivity
exceeds those of all known metals.” In 0-TaN, phonons are found to
dominate thermal transport and the ultrahigh thermal conductivity is
attributed to the weak electron-phonon scattering as well as the large
frequency gap between acoustic and optical phonon modes. The fre-
quency gap impedes three-phonon processes while increases channels
for higher-order phonon scattering, making 0-TaN a potential

candidate to study the four-phonon process.” Compared with other
metallic materials, such as graphite, 0-TaN shows no significant
anisotropy. The hexagonal tungsten carbide (WC) structure of 0-TaN
provides it a Vickers hardness of 26 GPa due to strong covalent
bonds.'” Hence, 0-TaN is promising for heat dissipation in electronic
industries and many other applications.

Although the binary phase diagram of TaN has been constructed
several years ago,'' the requirement of high pressure and temperature
(above 3 GPa and 800K) makes growing 0-TaN a challenging task.
The volume change during phase transition significantly reduces the
stability of the synthesis process. Due to the difficulties in crystal
growth, the experimental results of 0-TaN are still lacking. Recently,
Lee et al.'” presented the synthesis of polycrystalline 0-TaN under high
temperatures (1500-2000 K) and high pressure (4.2 GPa). The thermal
conductivities of their samples at room temperature vary from 15.7 to
90.3W m~' K™, showing an obvious inconsistency in sample quality.
The x-ray diffraction (XRD) patterns also show impurity peaks corre-
sponding with the precursor, which indicates the phase transition was
not complete. In this Letter, we reported the synthesis and
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characterization of bulk 0-TaN polycrystals. The 0-TaN polycrystals
were prepared under high temperature and high pressure by phase
transition from ¢-TaN, which is stabilized employing a three-stage
heating process. XRD patterns showed no impurity peaks and the poly-
crystalline grain size of 45 nm. The thermal conductivity (A) and elec-
trical resistivity (p) were measured to be 47.5W m ' K ' and 2.4 uQ
m at room temperature. To estimate the A of bulk 0-TaN single crys-
tal, we compared A of our sample with those of Si and silicon carbide
(SiC) nanostructures with the same characteristic length. The compari-
son suggests a possibly higher A of single crystal 0-TaN than those of
Si and SiC. Our results show the potential of §-TaN as a thermal con-
ductor, and further development of growing single crystals is needed.

Before the synthesis of 0-TaN, the precursor ¢-TaN powder (Alfa
Aesar, 99.5%, 325 mesh) was compacted into a small pellet with
83mm in diameter and 2mm in height. The tightly compressed
&-TaN powder prevents volume collapse during phase transition. The
pellet was loaded into a Ta capsule, which was then placed into a NaCl
tube. The surrounded NaCl was used for pressure transfer and thermal
insulation. Next, we embedded the cell into a graphite tube and sealed
it with two steel sheets, which electrically connect with top and bottom
WC anvils and serve as the heater through Joule heating. A dehydrated
pyrophyllite cube was employed as the container to thermally insulate
the graphite tube. High-temperature high-pressure synthesis experi-
ment was carried out in a DS 6 x 10 MN cubic press and square fac-
eted WC anvils were employed to triaxially exert force on the
pyrophyllite container, generating high pressure inside the cell.” The
pressure is required to increase uniformly and slowly to maintain a
stable pressure. We achieved the target pressure of 7.8 GPa within 2 h
and then kept it for 0.5 h to guarantee homogenous pressure distribu-
tion. We took the most concern on the heating procedure as a small
fluctuation in temperature can lead to abrupt pressure change and fail
the experiment, especially around the phase transition point. Hence,
we divided the heating process into three stages. The first stage was
below 500 K, where the temperature was not high and the heating rate
was set to be 50 K/min to increase the temperature quickly. The sec-
ond stage was 500-800 K, which was approaching the phase transition
point and the heating rate was reduced to 30 K/min. When the tem-
perature exceeded 800K, the heating rate was limited to 10 K/min
until 1750 K to stabilize the phase transition process. The temperature
was maintained for 0.5 h. The selection of pressure, temperature, and
heating rate was a trade-off between the growth difficulties and crystal
grain size. Then, the system was cooled down at a rate of 50 K/min,
followed by pressure relief in 1 h. The aggregated grains were cleaned
using nitric acid to remove excess Ta and washed with de-ionized
water and ethanol to obtain pure samples for further characterization
and measurements.

XRD measurement was performed to determine the structure
and crystallinity of the obtained samples. We crushed the as-prepared
bulk sample into powder for XRD measurement. Figure 1 shows that
the XRD pattern has nine diffraction peaks at 31.1°, 35.4°, 47.8°,
63.5°, 64.7°, 72.4°, 74.8°, 76.0°, and 83.2°, corresponding to (001),
(100), (101), (110), (002), (111), (200), (102), and (201) lattice planes
of 0-TaN (ICDD: 04-004-6839), respectively. No apparent impurity
peak was observed, confirming the high purity of our sample. Noting
that the sample has quite broad diffraction peaks, implying the small
grain size. To estimate the grain size L, we applied the Scherrer equa-
tion as follows:

pubs.aip.org/aip/apl
L] T T L] T L]
-
o
L 2 4
o
o
L e 4
il s e .8 o ]
\m’_ 8 - “:8‘- (=] i
> N ~ N
£ S
7]
00 1 S I ol ¥ W0
g A
8
£l .

|| 1 1 1 II 1 I II |
20 30 40 50 60 70 80 90

20 (degree)

FIG. 1. The XRD patterns of 6-TaN powder.

L =KJ/Bcos0, 1

where K is a dimensionless shape factor with a typical value of 0.94,
of 0.1542nm is the average x-ray wavelength emitted from a copper
target, 0 is the Bragg angle, and f3 is the FWHM of the selected peak."
A typical peak at 47.8° was chosen, whose FWHM is 0.21° by fitting
the curve with a Lorentzian function. As a result, the grain size was cal-
culated to be 45 nm. We further characterized the sample employing
scanning transmission electron microscopy (STEM). We selected a
representative region and the periodic hexagonal structure was shown
in Fig. 2(a), where expected spacings of 0.254 nm and 0.191 nm were
consistent with the (010) and (101) lattice planes, respectively. The
selected area electron diffraction (SAED) was later conducted in the
region and Fig. 2(b) exhibits typical single crystal patterns along
the [101] zone axis, which is inspiring for pursuing bulk 0-TaN single
crystals with high crystallinity.

We measured the thermal conductivity A using time-domain ther-
moreflectance (TDTR), which is a non-contact pump-probe technique
to extract thermal properties of a wide range of materials."”"” Briefly,
we split the pulsed femtosecond laser (785 nm, 80 MHz repetition rate)
into two beams by a polarizing beam splitter. The pump laser beam is
modulated at a radio frequency of 0.21 MHz by an electro-optical mod-
ulator to heat the sample and generate periodic temperature oscillations
on the sample surface. The low frequency is used to avoid thermal non-
equilibrium that affects TDTR measurements.*'” The probe beam,
modulated at an audio frequency of 200 Hz by a mechanical chopper,
monitors the temperature-dependent reflectance change from the sur-
face. Before the measurement, we polished the sample and deposited an
Al film of 80 nm on the sample surface via electron beam evaporation,
serving as the thermoreflectance transducer. The signal with respect to
the delay time between pump and probe beams was demodulated
through lock-in amplifiers, which was later fitted using a diffusive ther-
mal model to extract thermal properties.'” Figure 3(a) illustrates the typ-
ical TDTR data, from which a A of 47.5W m™' K' is obtained at
room temperature. The measured A is only ~1/20 of the predicted
value from first-principles,” indicating strong phonon scattering by grain
boundaries. We then conducted the measurement from 80 to 500 K and
made comparisons with phonon thermal conductivities (App,) calculated
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FIG. 2. (a) STEM image of 0-TaN in the
selected region. (b) SAED patterns along
[101] zone axis.
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FIG. 3. () TDTR data of 0-TaN at room
temperature. We fit the experimental data
(black circles) using a diffusive multilayer
4 thermal model to obtain the A (orange solid
W line). Plots with the A changed by +5%
(purple dashed line) and —5% (green
AN dashed line) of the best values illustrate the

N fitting uncertainty. (b) Temperature-dependent
i thermal conductivities of 0-TaN. The green
circles represent the experimental values of
this work while the orange solid line shows
i the calculated Ay by Lee ef al'”” with a
grain size of 50 nm. The dashed lines repre-
sent predicted bulk values by Kundu et al’
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by first-principles at a similar grain size (50 nm), as shown in Fig, 3(b)."”
The measured temperature-dependent thermal conductivities agree well
with the calculation, which shows a typical trend dominated by
phonon-boundary scattering.

To further evaluate the quality of 0-TaN polycrystals, we con-
ducted electrical measurement using the Van der Pauw method, and a p
value of 2.4 ¢ m is extracted with an uncertainty of 5% at room tem-
perature.ZU Based on the Wiedemann-Franz law,”" the thermal conduc-
tivity contributed by electrons was estimated to be 3.3 W m™' K™ ' and
the lattice thermal conductivity A, can be calculated as 442 W m ™"
K™, corresponding to the first-principles prediction that phonons are
main heat carriers in 0-TaN. For comparison, A of TaN reported by
Lee et al.”” ranges from 15.7 to 90.3 W m ! K%, while p varies from
1.9 to 5.4 uQ m with grain size from 33.8 to 62.5 nm.

Since the grain boundary strongly scatters heat-carrying phonons
and suppresses the A of our sample, we compare A of our sample
with those of Si and SiC nanostructures, as shown in Fig. 4. The A of
our 0-TaN is about twice larger than those of Si nanowires””*’ with
similar characteristic lengths and is higher than those of Si and SiC
thin films.”* *° The comparison indicates that bulk 0-TaN might have
a A higher than that of Si or SiC, though such comparison is rather
rough as they have different phonon mean free path distributions.
Since materials with high A normally have long phonon mean free
paths, larger crystals of 0-TaN are needed for a decisive conclusion on
its thermal conductivity.

In summary, high purity 0-TaN polycrystals with a grain size of
45nm were synthesized using the high-temperature high-pressure
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FIG. 4. Thermal conductivities of 0-TaN (green circle), Si (red), and SiC (black).
The red triangles by Li et al.,** red squares by Lee et al.,*” red pentagons by Cuffe
et al,” and red circles by Liu et al.* represent the measured thermal conductivities
of Si nanostructures. The black diamonds by Anufriev et al.”® show the measured
thermal conductivities of SiC thin films.

method at 1750 K and 7.8 GPa. Detailed synthesis steps were reported
to stabilize the phase transition process. XRD patterns show the sample
has a hexagonal WC structure, which is consistent with our STEM
results. The room-temperature A of 47.5W m™ ' K" and p of 2.4 uQ m
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are in the range of the recent publication of Lee et al'’

Temperature-dependent TDTR measurements agree well with first-
principles calculation, indicating that phonon boundary scattering
dominates thermal transport. The measured A of our polycrystalline
0-TaN is higher than those of Si and SiC nanostructures with the
same characteristic length, which suggests a possible higher A for
single crystals. Our results show that -TaN probably has a high A,
which advances the search for high thermal conductivity materials.
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