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Local thermal conductivity of polycrystalline AIN
ceramics measured by scanning thermal microscopy
and complementary scanning electron
microscopy techniques*
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The local thermal conductivity of polycrystalline aluminum nitride (AIN) ceramics is measured and imaged by
using a scanning thermal microscope (SThM) and complementary scanning electron microscope (SEM) based techniques
at room temperature. The quantitative thermal conductivity for the AIN sample is gained by using a SThM with a
spatial resolution of sub-micrometer scale through using the 3w method. A thermal conductivity of 308 W/m-K within
grains corresponding to that of high-purity single crystal AIN is obtained. The slight differences in thermal conduction
between the adjacent grains are found to result from crystallographic misorientations, as demonstrated in the electron
backscattered diffraction. A much lower thermal conductivity at the grain boundary is due to impurities and defects
enriched in these sites, as indicated by energy dispersive X-ray spectroscopy.
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1. Introduction

Aluminum nitride (AIN) ceramics possess out-
standing properties, including good thermal stabil-
ity, high thermal conductivity, low coefficient of ther-
mal expansion, high dielectric constant, and so on.["2
These properties make AIN suitable for electronic and
optoelectronic devices.[®4 For the practical applica-
tion of polycrystalline AIN in miniaturized electronic
devices, it is important to investigate its local thermal
conductivity at the submicron scale. The microstruc-
tures of polycrystalline ceramics, including grain sizes,
crystallographic orientations, grain boundary types,
compositions, impurities, and defects, not only influ-
ence the total thermal property, but also induce differ-

ences in local heat dissipation. For example, the ther-
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mal conductivity of a pure single crystal AIN is pre-
dicted to be 320 W/m-K at room temperature, while
that of a sintering polycrystalline AIN is reduced into
a range between 100 W/m-K and 260 W/m-K.%!
Local thermal measurement with a high spatial
resolution can provide the missing link for under-
standing the relationship between the thermal conduc-
tion mechanism and the microstructure.l®) The scan-
ning thermal microscope (SThM) is a powerful tool
for measuring the thermal conductivity and the tem-
perature distribution with a high spatial resolution
of about 30 nm.["® The 3w method allows quanti-
tative measurement of the thermal conductivities of
low and high thermal conducting materials with an
excellent spatial resolution and a high accuracy.!”)
The local thermal conductivities through grains, grain
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boundaries, interfaces, and layered structures can be
measured simultaneously with the topography by us-
ing the SThM. Complementary investigations can be
performed at the same position by using a scan-
ning electron microscope (SEM) or an environmental
SEM (ESEM) as well as some other (E)SEM based
techniques such as electron backscattered diffraction
(EBSD) and energy dispersive X-ray spectroscopy
(EDS). An advantage of using the ESEM under low
vacuum conditions is the compensation of the elec-
trical charge effect during the electron irradiation on
the nonconductive sample. An (E)SEM equipped with
the EBSD and the EDS can achieve the crystallo-
graphic orientation measurement, the phase identifi-
cation, and the elemental analysis simultaneously.

In this work, an SThM with the frequency depen-
dent 3w method is used for the thermal imaging and
the quantitative measurement of the thermal conduc-
tivities across the grains and the grain boundaries on
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polycrystalline AIN samples at room temperature. [1°]

The influences of grain orientations, grain boundary
characteristics, and impurity distributions on the ther-
mal conductivity are analysed by using these comple-
mentary SEM techniques.

2. Experiment

A polycrystalline AIN sample was synthesized by
using 95 wt.% AIN powder with 5 wt.% Y203 powder
as the sintering aid. They were mixed with high purity
acetone in a ball mill. The slurry was dried in a vac-
uum oven and then sintered by spark plasma sintering
(SPS) at 1800 °C. The AIN sample with a thickness
of approximately 2 mm was annealed at 1100 °C to
eliminate the surface stress. To avoid rough artefacts
in the SThM and (E)SEM experiments, the surface of
the AIN sample was well polished.
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Fig. 1. Schematic set-up of the SThM-ESEM hybrid system.

A scanning thermal microscope was incorporated
into the chamber of the environmental scanning elec-
tron microscope (ESEM, FEI Quanta 200) to perform
the complementary microscopy techniques at the same
sample position, as illustrated in Fig. 1. This SThM—
ESEM hybrid system also allowed us to measure the
thermal transport at the interfaces using an electron

beam induced heat source, which has been described

O] The operating parameters of the ESEM

elsewhere.
involved a primary electron energy of 20 keV, a pri-
mary current of ~7x107 A a scan rate of 80 s per
frame, and a vacuum range of 30-80 Pa. A resis-
tive SThM thermal probe was placed at the end of
the scanning probe microscope (SPM) cantilever to
carry out the thermal conductivity measurement. The

probe acted both as a heater that induced a thermal
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wave into the sample and as a thermometer to de-
tect the material-dependent resistance variation of the
thermal probe.['Y] The resistive probe was integrated
into the alternating current (AC) based Wheatstone
bridge to measure the resistance changes. A frequency
triple multiplier of the signal frequency (3w) served as
the reference of the lock-in amplifier. As the heat flow
varied across regions of different thermal conductivi-
ties on the AIN sample during the scan, the resistance
of the probe tip changed and unbalanced the Wheat-
stone bridge. The output voltage of the bridge was
fed into the lock-in amplifier to detect the resistance
change with the highest sensitivity and to acquire the
thermal image. Thermal and topographic data were
simultaneously obtained by using the resistive probe
and were recorded by an electronic control unit and
a PC. The SThM with the 3w method for measur-
ing quantitatively thermal conductivity A has been
demonstrated by Altes et al.[12:13]

Moreover, a thermal field emission SEM (JEOL
6500F) with an EBSD-EDS system (EDAX-TSL) was
used for the crystallographic microstructure analysis
with a primary electron energy of 15 keV to reach a

high lateral resolution.

3. Results and discussion

The thermal image obtained with the 3w method
at an applied heating frequency w of 660 Hz and the
matched topographic image of the polycrystalline AIN
sample are shown in Figs. 2(a) and 2(b), respectively.
The adjacent grains exhibit different contrasts in the
thermal image. The contrast between the grains ap-
pears dark and bright, corresponding to the lower and
the higher thermal conductivities, respectively. Fur-
thermore, the grain boundaries can clearly be distin-
guished in the thermal and the topographic images,
suggesting that the frequency dependent thermal im-
age has a high spatial resolution (about several tens
of nanometers).

For a better understanding of the local ther-
mal conductivity distribution, the analyses based on
the thermal and the matched topographic images are
shown in Fig. 3. Lines A and A’ cross over a wide
grain boundary (denoted as 1 and 1’), while lines B
and B’ cross over two narrow grain boundaries (de-

noted as 2 and 2/, 3 and 3') and a grain (denoted

as 4 and 4'). The thermal profiles along lines A and
B in the thermal image are shown in Figs. 3(b) and
3(c), respectively, while the topographic profiles along
lines A’ and B’ in the topographic image are shown in
Figs. 3(e) and 3(f), respectively. The thermal and the
matched topographic profiles clearly indicate the dif-
ferences in the local thermal conductivity. From the
(i) The
highest A is located within the grain (denoted as 4

images, we notice the following properties.

and 4'). (ii) The difference in thermal conductivity
between the neighbouring grains is smaller than that
between the grain and the grain boundary. (iii) The
wide grain boundary site (denoted as 1 and 1’) has
the lowest value of the output voltage, indicated by
the lowest site of the thermal conductivity. (iv) With
the SThM, a spatial resolution of about 100 nm can be
achieved, as determined from the topographic profile
shown in Fig. 3(f).
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Fig. 2. (colour online) Thermal (a) and topographic (b)
images of AIN sample obtained with the SThM-ESEM
hybrid system.
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Fig. 3. (colour online) SThM line measurements of the AIN sample: (a) thermal image with lines A and B, (b) and
(c) corresponding thermal profiles along lines A and B, (d) matched topographic image with lines A’ and B’, (e) and
(f) corresponding topographic profiles along lines A’ and B’.

Thermal conductivity A within the grain and at
the grain boundary on the AIN sample is quantita-
tively measured by the SThM using the spectral re-
sponse of the 3w signal.['3] We have

1
Uswr = Uswz = —~lo— 7~

where Us,1 and Us,o are the output voltages of the
Wheatstone bridge at two angular frequencies of the
3w component, Iy is the current passing through the
resistive probe (heater), dR/dT is the temperature
coeflicient of the probe, for which the reference value
is 0.00165 K~! (Vecco), and P is the amplitude of the
power per unit length. The value of \ is determined by
the angular frequency of the resistive probe (w) ver-
sus the output voltage (3w) of the Wheatstone bridge
curves (Eq. (1)) at room temperature. Figure 4 shows
the heater frequency (w)-output voltage (3w) curves

of a pure gold film (as the reference material)["-'4! and
w the AIN sample. The curves for the AIN sample
are obtained at the grain boundary and within the
grain centre (site 1 of line A and site 4 of line B in
Fig. 3(a)). Note that the heater frequency (w)-output
voltage (3w) curve of the gold film is obtained assum-
ing the thermal conductivity of the pure gold film to
be 318 W/m-K. The value of the thermal conductiv-
ity at each point in the thermal image is assigned by
calculating the slope 1/ of the curve. The \ values
of a grain boundary and within a grain in the ther-
mal image (sites 1 and 4) are given to be 288 W/m-K
and 308 W/m-K, respectively. The measured results
indicate that A\ within a grain is close to that of the
high-purity single crystal AIN (320 W/m-K), while A
obviously reduces at the grain boundary. In principle,

only two different angular frequencies are necessary
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Mea-
surements at more frequencies (here 21 different fre-

for determining the slope of the w-3w curve.

quencies) allow for the improvement of measurement
accuracy and the calibration of the frequency depen-
dence of the data acquirement system.
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Fig. 4. (colour online) Heater frequency (w)-output volt-
age (3w) curves of thermal conductivity measurements for
AIN sample and gold film.

These differences in the local thermal conductiv-

ity of the AIN sample are due to the polycrystalline
microstructures, including the grain size, the crystal-
lographic orientation, the grain boundary type, and
the impurity distribution, which are demonstrated by
the EBSD measurement and the EDS analysis. Fig-
ure 5(a) shows the backscattered electron (BSE) im-
age. The grain size is several tens of micrometers in
diameter, as shown in the BSE image, consisting of
that shown in the SThM images (Fig. 2). Note that
the image contrast of the BSE for the polycrystalline
AIN sample clearly displays grain orientations (chan-
nelling contrast) and secondary phase distributions
(material contrast). Figure 5(b) shows the crystallo-
graphic orientation map with a high angle boundary
(> 15°) obtained by the EBSD, which clearly exhibits
the random orientation distribution of the AIN grains.
The BSE and the EBSD results suggest that the slight
differences in thermal conduction between the neigh-

bouring grains result from the grain misorientations.

Fig. 5. (colour online) (a) BSE image and (b) grain orientation map with a high angle boundary distribution

(> 15°) for AIN sample.
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Fig. 6. (colour online) Element analyses obtained by the EDS for the AIN sample (a) within a grain (b) and at the

grain boundary shown by the white arrows.
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The EDS analysis for the AIN sample indicates
the oxygen element to be 3.14-3.23 wt.% within the
grains whereas 5.13-11.02 wt.% at the boundaries as
shown in Figs. 6(a) and 6(b), respectively. These re-
sults suggest that the additive Y2Og3 as the secondary
phase in the AIN ceramics is mostly distributed at
the grain boundary. Oxygen and yttrium elements
enriched along the grain boundaries are also clearly
indicated by the brighter spot contrast in the BSE
image, as shown in Fig. 5(a). These results indicate
that the crystallographic orientations, the impurities,
and the defect distributions each play a significant role
in affecting the local thermal conductivity of the poly-
crystalline materials. The bright/dark contrast of the
grains appearing in the thermal images (Figs. 2(a) and
3(a)) is mainly contributed by disorientated grains.
The impurities and the defects may result in the in-
crease of phonon-defect scattering or phonon-grain
scattering.®16] These scattering processes lead to a
decrease in the total and local thermal conductivities

of the polycrystalline AIN ceramics.

4. Conclusion

Quantitative thermal conductivity imaging with
a high special resolution is obtained for polycrys-
talline AIN ceramics by using scanning thermal mi-
croscopy (SThM) with the 3w method. A higher A
value (308 W/m-K) within the grain is found, which
corresponds to that of the high-purity single crystal
AIN at the room temperature. The lower A value at
the grain boundary is found to be 288 W/m-K.

The influences of the microstructures, including
the grain orientation, the grain boundary features,
and the oxygen distributions, on the local thermal
conductivity of the AIN sample are analysed by us-
ing complementary SEM techniques, including the
backscattered electron image, the EBSD crystallo-
graphic orientation map, and the EDS elemental anal-
ysis. The slight difference in thermal conduction be-
tween the adjacent grains is found to result from crys-
tallographic misorientations. The obvious decrease in
the thermal conduction at the grain boundary sites is

due to the concentrations of impurities and defects at
these sites.

It is demonstrated that for a better understand-
ing of the thermal conduction mechanism at room
temperature correlated to the crystallographic mi-
crostructures in polycrystalline materials, complemen-
tary SThM and SEM are promising techniques.
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