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Abstract
We have theoretically studied and quantitatively analysed the enhancement of the thermal
conductivity of AlN microceramics (i.e. commercially available powder) by the insertion of
AlN nanosized particles of high-specific surface area, and of Y2O3 and CaO as sintering
additives. We have also studied the enhancement of the thermal conductivity of AlN
nanoceramics by using Y2O3 as the sintering additive. Thermal conductivity calculations have
been carried out by applying the Callaway theory in its full form and by incorporating a detailed
and accurate account of three-phonon processes. The role of densification of the AlN ceramic
samples in enhancing the thermal conductivity has been quantified at low, intermediate and high
temperatures. In addition to explaining the experimentally observed room-temperature
conductivity results, the conductivity variation has been predicted over a large temperature
range.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ever since the potential applications of aluminium nitride
(AlN) in microelectronics were realized in the mid-1980s,
research on this material has been growing continuously.
AlN is a non-toxic material which possesses an excellent
combination of properties. It is a hard material with
high thermal conductivity, high electrical resistivity, low
thermal expansion coefficient (close to that of silicon), low
dielectric constant, low loss tangent and wide-direct band
gap of 6.2 eV at room temperature [1–3]. These useful
properties have made AlN an excellent candidate for substrate
material for microelectronics, e.g. for electronic packaging
or other temperature-sensitive electronic components. In
such applications AlN is required, mainly, to dissipate heat
and, thus, the interest in this material is mainly due to
its ‘high thermal conductivity’ character [4]. The room-
temperature thermal conductivity of a pure single-crystal AlN
was predicted to be 319 W m−1 K

−1
[5].

The high production cost of growing single-crystal AlN
has hindered its usage for commercial-scale technology.
Progress has been made in producing AlN ceramics at lower
costs. However, AlN ceramic samples contain a large number
of impurities (mainly oxygen), point defects (vacancies, small

vacancy–impurity complexes, and interstitials) and extended
or microstructural defects (large vacancy–impurity complexes,
dislocations, stacking faults). Consequently, measured thermal
conductivity values for ceramic samples are much lower than
the prediction for single-crystal samples (typically in the range
30–272 W m−1 K

−1
[6, 8]). Achieving thermal conductivity

κ values of larger than 200 W m−1 K
−1

for ceramic samples
requires a careful control of both (i) powder preparation
conditions and (ii) the sintering process [6, 7]. Within
these two general considerations, several key parameters
have been identified for controlling/improving the thermal
conductivity of AlN ceramics [8–11]: (a) amount of grain
boundary phase, (b) conductivity of grains, (c) additives and
(d) sintering time, temperature and pressure. These key
parameters do not normally influence the goal of achieving
conductivity improvement independently, but act in a co-
operative manner. For example, sintering under high pressure
at high temperatures in the presence of additives is found to be
most effective.

It is almost impossible to eliminate impurity contamina-
tion in AlN because of its large affinity for oxygen. However,
reducing the level of oxygen impurities in AlN ceramic sam-
ples is possible through the use of sintering aids, such as Y2O3

or CaO, which form a liquid phase and improve the thermal
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conduction process [10]. It has been realized by several re-
searchers that there is an optimum amount of such additives
that helps in reducing the concentration of oxygen in AlN ce-
ramics when used as a sintering aid. Hsieh et al [12] have
suggested that higher than the optimum amount of Y2O3 forms
thicker secondary phases between the grain boundaries, which
act as thermal barriers and consequently cause a decrease in
the thermal conductivity.

Densification of AlN ceramic is another important factor
to enhance its thermal conductivity. Because of the strong
covalent bonding nature of AlN, it difficult to densify
ceramic samples during the normal sintering process. Usually
hot-pressing or pressureless sintering at high temperature
with sintering aids are required for achieving densification.
Recently, two nanoscale processing approaches which are
effective in enhancing densification and thermal conductivity
of AlN ceramics at lower temperatures and low (or zero)
pressure have been experimentally established [13, 14]. The
first approach involves adding AlN nanosized particles to the
mixture of Y2O3, CaO and commercially available ceramic
powder [13], while the second approach involves adding Y2O3

to AlN nanocrystalline ceramic [14]. However, the resultant
enhanced thermal conductivity of AlN ceramics has been
measured experimentally only at room temperature.

In this work, we present a quantitative estimate of the
role of densification of AlN ceramics in enhancing its thermal
conductivity by using the two nanoscale processing methods
mentioned above. We provide theoretical support to the idea
that densification helps additives to play a more effective role
in purifying AlN ceramic (i.e. reduction in the amount of
impurities) at lower pressureless sintering temperature. The
results of this work go beyond explaining the experimentally
observed room-temperature conductivity results by predicting
the variation of the conductivity over a large temperature range.

2. Theory

One of the most widely used theories of lattice thermal
conductivity is the model relaxation-time formulation by
Callaway [15]. Within Debye’s isotropic continuum model for
phonon dispersion relations, Callaway’s expression for thermal
conductivity can be written as [16]

Kc = h̄2q5
D

6π2kBT 2

[ ∑
s

c4
s

∫ 1

0
dx x4τ n̄(n̄ + 1)

+ {∑s c2
s

∫ 1
0 dx x4ττ−1

N n̄(n̄ + 1)}2∑
s

∫ 1
0 dx x4τ−1

N (1 − ττ−1
N )n̄(n̄ + 1)

]
,

= KD + KN−drift, (1)

where s is the polarization index, qD is the Debye radius,
x = q/qD is the reduced wavenumber, n̄ is the Bose–
Einstein phonon equilibrium distribution function and τ ≡
τ (q, s) is relaxation time for a phonon in mode qs. The first
term, KD, is the Debye term and provides the conductivity
contribution within the so-called ‘single-mode relaxation-
time’ theory. The second term, KN−drift, also called the
N-drift term, provides an additive correction to the ‘single-
mode relaxation-time’ theory. This arises when momentum

conserving phonon–phonon normal (N) processes are added
together with momentum non-conserving Umklapp (U) and
other resistive processes. It has been shown in the past [17–19]
that KN−drift is not only a correction over the Debye term KD,
but is essential in determining the correct magnitude as well as
the temperature variation of the conductivity.

The main sources of phonon scattering in AlN ceramics
are: grain size, isotopic impurities, other impurities/defects,
and anharmonicity. Following Matthiessen’s rule, the total
phonon relaxation rate can be expressed as τ−1 = τ−1

bs +
τ−1

md +τ−1
GB +τ−1

3ph, with the contributions arising from boundary,
point defects, grain boundary and three-phonon processes,
respectively. The boundary scattering rate is simply expressed
as τ−1

bs = cs/L, where cs is the phonon speed for polarization s
and L is the phonon mean free path determined by the average
grain size.

The most relevant impurities/defects in AlN originate
from the presence of oxygen. Oxygen-related defects in AlN
occur in two distinct forms: as point defects and as small
aggregates (or clusters) [20]. Such impurities and defects
evolve as a function of oxygen concentration. It is believed
that oxygen incorporation generates Al vacancies and oxygen
substitution at N sites. For example, it has been proposed that
for oxygen concentration below 0.75 at.%, every Al vacancy
(VAl) is surrounded by three substituted oxygen atoms (ON)
and above 0.75 at.% a VAl is surrounded by an octahedrally
bonded ON configuration [20]. Al vacancies (VAl, oxygen
substitution at N sites (ON) and the Al–oxygen complexes
(VAl–ON), act as scattering centres for phonons, the heat
carriers in AlN. We estimate that the size of the defect complex
for the oxygen concentrations in the samples studied by Qiu
et al [13] and in the samples studied by Panchula and Ying [14]
are smaller than the wavelength of the dominant phonon mode
in AlN. With this in mind, we apply the Rayleigh scattering
formula [16] for phonon scattering by oxygen-related defects
in point and small-cluster forms. The Rayleigh formula for
phonon scattering from point (or small size) defects can be
expressed as [16]

τ−1
md = Aω4, (2)

where ω is the phonon frequency and the coefficient A depends
on the nature of the impurity/defect. For a single crystal with
only isotopic impurities, A can be expressed as [16] A = ��

4π c̄3 ,
where c̄ is the average phonon speed and � = ∑

i fi
δMi

M̄
is the

mass-defect scattering parameter, fi is the percentage of i th
isotope present in the crystal, M̄ is the average atomic mass of
all the isotopes present in the crystal and δMi = |Mi − M̄ |,
with Mi being the mass of i th isotope. However, there is lack
of information regarding the precise nature and concentration
of defects in AlN ceramics with and without the incorporation
of the additive Y2O3. With this in mind, in this work we use the
Rayleigh scattering formula in equation (2) with A considered
as an adjustable parameter.

Phonon scattering by a grain boundary can be expressed
as [21]

τ−1
GB = BGBω2, (3)

if the spacing between dislocations is much smaller than the
phonon wavelength, and as [21]

τ−1
GB = BGBωn, (4)
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Table 1. Parameters used in this work.

Sample
ρ

(g cm−3)
L
(μm)

A
(10−46 s3)

BGB

(10−17 s) Other parameters

AYC2 2.78 0.9 475 1.8 cTA = 4.85 km s−1

AYC2-nano 3.28 2 39 1.7 cLA = 8.97 km s−1

Nano-AlN, no additives 3.26 2 15 1.7 qD = 1.9 × 1010 m−1

Nano-AlN 4 wt% Y2O3 3.3 5 3 1.65

with 0 � n � 1 if the spacing between dislocations is larger
than the phonon wavelength, where BGB is the grain boundary
coefficient. However, for the systems under study in this work,
the minimum phonon wavelength is larger than grain sizes, so
the phonon relaxation rate due to grain boundary scattering has
been calculated using equation (3).

The most important anharmonic phonon interaction
involves three-phonon processes. Following Srivastava’s
scheme [16], the three-phonon relaxation time for a phonon
with wavevector q and polarization s is expressed as a
compound function of frequency and temperature in the form

τ−1
3ph = h̄q5

Dγ 2

4πρc̄2

∑
s ′s ′′ε

cscs ′

×
[∫

dx ′x ′2x ′′
+{1 − ε + ε(Cx + Dx ′)} n̄q′s ′(n̄′′+ + 1)

(n̄qs + 1)

+ 1

2

∫
dx ′ x ′2x ′′

−{1 − ε + ε(Cx − Dx ′)} n̄q′s ′ n̄′′−
n̄qs

]
, (5)

where ω = qcs , x ′ = q ′/qD, x ′′± = Cx ± Dx ′ and
n̄′′± = n̄(x ′′±), C = cs/c′′

s , D = c′
s/c′′

s and ε = 1(−1) for
N(U) processes. The first and the second terms in the above
equation are contributed by class 1 events (carrier phonon
jointly annihilating with another phonon to produce a third
phonon) and class 2 events (carrier phonon decaying into two
phonons) respectively. Integration limits for the variable x ′ for
allowed combinations of the polarization branch s, s ′ and s ′′
are presented in [16]. The Grüneisen constant γ is a measure of
crystal anharmonicity. Although γ is a temperature dependent
constant [22], a mode-averaged value of 0.5 has been used in
this work.

3. Results

As mentioned in introduction, in this work we present a
quantitative estimate of the role of material densification in
enhancing the thermal conductivity of AlN ceramic samples by
using two nanoscale processing methods. Table 1 lists all the
parameters used in our work. Before we discuss our results for
these samples, it is worth mentioning here that the theory used
in this work has been successful in reproducing experimentally
measured thermal conductivity results for a number of AlN
samples (single crystals and ceramics) at low, intermediate and
high temperatures [23]. Figure 1 shows the level of agreement
between theory and experiment for two selected examples, a
single-crystal sample [5] and a ceramic sample [6]. We, thus,
are confident of the results predicted in the entire temperature
range for the samples studied in this work.

1

Figure 1. Thermal conductivity of AlN: high-purity single crystal
(W201) and ceramic A. The lines show the calculated results and the
symbols show the measurements reported in [5] and [6].

3.1. Microcrystalline AlN with additives and nanoparticle
dopants

We considered the AYC2 and AYC2-nano samples of AlN
presented in the work by Qiu et al [13]. Both these samples
contained the same amount of Y2O3 and CaO additives (3.53
mass% and 2.0 mass%, respectively) as sintering aids. The
AYC2-nano sample contained a small amount of 1.89 mass%
of AlN nanosized particles (<100 nm) of specific surface area
of 70 cm2 g−1 as dopants. The addition of the nanoparticle
dopants caused the green density of the sample to increase by
a small amount, from 1.87 g cm−3 for AYC2 to 1.91 g cm−3

for AYC2-nano. After sintering at 1600 ◦C for 6 h, the
reported density of the AYC2 sample increased by 48.7%
to 2.78 g cm−3 and the density of the AYC2-nano sample
increased by 71.7% to 3.28 g cm−3. The density of sintered
AYC2-nano is 18% higher than the density of sintered AYC2.

In order to quantify the enhancement in the thermal
conductivity of the sample AYC2 due to the addition of
nanosized particles over a large temperature range, we started
by matching our theoretical thermal conductivity results at
room temperature with the experimentally measured results
reported in [13] for the sintered samples AYC2 and AYC2-
nano. For this purpose we used the material densities
and grain boundary sizes reported in [13] and adjusted the
impurity/defect scattering parameter A and the grain boundary

3
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Figure 2. Thermal conductivity of the AlN ceramic samples AYC2
and AYC2-nano. The lines show the calculated results and the
symbols show the room-temperature measurements reported in [13].

scattering parameter BGB to the values shown in table 1.
Using these fitted parameters, calculations were extended to
several other temperatures. The results of the predicted thermal
conductivity for the two samples in low, intermediate and high
temperature ranges are shown in figure 2.

In the low temperature regime, the increase in thermal
conductivity of AYC2-nano over AYC2 is mainly attributed
to the increase in the average grain size due to the addition
of nanodopants. At 10 K, the thermal conductivity increases
by 100%. The change in density has no effect on thermal
conductivity at low temperatures. The maximum increase
in thermal conductivity due to the addition of the nanosized
particles occurs in the intermediate temperature regime (100–
500 K). In this temperature range, the thermal conductivity is
heavily influenced by impurity levels, and grain size has no
effect. For example, at room temperature the increase in the
conductivity is about 155%. Only 7% of this increase is due
to the increase in the density, while the rest is primarily due to
the reduction in the impurity/defect concentration. This clearly
suggests that in addition to increasing the material density,
the incorporation of AlN nanosized dopants has facilitated
a reduction of impurity/defect concentration caused by the
presence of other dopants (namely, CaO and Y2O3). The
maximum thermal conductivities for AYC2 and AYC2-nano
samples are 70 and 170 W m−1 K−1, respectively. The position
of the peak of the thermal conductivity is shifted slightly
from 164 K for the AYC2 sample to 160 K for the AYC2-
nano sample. (Such a shift can also be seen in figure 1
where the more oxygen-contaminated ceramic sample has a
thermal conductivity peak located at higher temperature than
the temperature at which the conductivity of the high-purity
single-crystal peaks.) At higher temperatures, typically above
500 K, the role of density becomes more noticeable. This is
understandable since three-phonon interaction processes begin
to take over control of thermal conductivity and the role of
impurity scattering becomes progressively less important. At
1000 K the total increase in the conductivity is 88%, of which
10% is contributed by the increase in the density.

Figure 3. Thermal conductivity of the samples ‘Nano-AlN, no
additive’ and ‘Nano-AlN, 4 wt% Y2O3’ as described in the text and
table 1. The lines show the calculated results and the symbols show
the room-temperature measurements reported in [14].

3.2. Nanocrystalline AlN with additives

We consider two samples prepared and studied in the work by
Panchula and Ying [14]. The first sample is an additive-free
nanocrystalline AlN, referred to as ‘Nano-AlN, no additive’.
The second sample is a 4 wt% Y2O3-doped nanocrystalline
AlN, referred to as ‘Nano-AlN, 4 wt% Y2O3. The densities
of these two samples, after pressurelessly sintering at 1900 ◦C
for 2 h, are given in table 1. Panchula and Ying [14]
have stated that the final grain size of their additive-free
nanocrystalline sample was 2–3 μm. In this work we have
considered the average grain size of that sample as 2 μm.
There is no experimentally reported value for the average grain
size of the second sample, so we made a guess based on a
realistic consideration. As sintering at high temperatures in the
presence of additives normally results in larger grain sizes, the
average grain size in the second sample must be larger than that
in the first sample. In order to make a firm judgement, we note
that the results presented in another work by Jackson et al [10]
found that the average grain size of their AlN ceramic sample
increased from about 2 μm to about 5 μm after sintering for
100 min with 4.9 wt% of Y2O3 as sintering additive. With this
in mind, we fixed the average grain size of the second sample
as 5 μm. Following the procedure described in the previous
sub-section, we matched our theoretical results for the thermal
conductivity at room temperature with the experimentally
reported results for the two samples utilizing the parameters
given in table 1. Having done that, we extended conductivity
calculations for the two samples at several temperatures, below
and above room temperature. The results are presented in
figure 3.

The difference in the thermal conductivity of the two
samples at 10 K is about 163%. This difference is due to
difference in the ‘effective’ grain boundary length which, as
mentioned earlier, is due to the addition of Y2O3. As noted
in the previous sub-section, the change in the density has no
effect on the thermal conductivity at low temperatures. In the
intermediate temperature range (100–500 K), the increase in
the thermal conductivity is due to mixed effects of reduction
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in the impurity scattering, reduction in the grain boundary
scattering and increase in density. However, the reduction
in the impurity scattering is the most influential factor. This
reduction is caused by the reaction of Y2O3 with the sample,
resulting in removal of oxygen impurities from the grains and
the formation of the grain boundary phase. The increase in the
room-temperature thermal conductivity due to the addition of
Y2O3 is about 105%. Only 1.7% of this increase is due to the
small increase (4.4%) in density. The maximum increase in the
conductivity occurs in the intermediate temperature range and
can be controlled significantly by using additives.

At temperatures higher than 500 K, the role of phonon–
phonon scatterings becomes progressively more important,
with phonon–defect scattering becoming less significant.
Above the Debye temperature, i.e. above 1200 K, the
phonon–phonon scattering is expected to make the dominant
contribution towards the conductivity of single crystal AlN.
Similarly, at suitably higher temperatures, the conductivity
of the AlN ceramic samples should also be dominated by
phonon–phonon scattering, and thus increase linearly with
increase in the material density. However, our work predicts
that between 500 and 2000 K the increase in the conductivity
of the ceramic samples only weakly increases with the increase
in the material density, and that the phonon–defect scattering
is still quite dominant. For example, the 4.4% increase in
the density due to sintering with 4 wt% of yttria contributes
about 2.6% of the total increase in the thermal conductivity
at 1000 K and about 3% at 2000 K. The overall increase in the
high temperature conductivity is still considerable, being about
90% at 1000 K (compared to 105% at room temperature).

4. Summary and conclusion

Enhancement in the thermal conductivity of AlN ceramic
samples prepared from the application of two nanoscale
processing techniques has been investigated theoretically.
This has been achieved by including a detailed account
of relevant phonon scattering processes and employing the
full form of Callaway’s conductivity theory. Initially,
material and scattering parameters were fitted to reproduce
the room-temperature measurements of the conductivity of the
samples (microcrystalline AlN with additives and with/without
nanoparticle dopants, and nanocrystalline AlN with/without
additives). Using these parameters, theoretical predictions
have been made for the conductivity over a large temperature
range.

The effect of adding nanoparticle dopants to the
microcrystalline AlN sample with additives enhances the
conductivity by 100%, 155% and 88% at low, room and high
temperatures, respectively. On the other hand, the inclusion
of additives in the nanocrystalline AlN sample enhances the

conductivity by 163%, 105% and 90% at low, room and high
temperatures, respectively. In the technologically important
intermediate temperature range, the better enhancement in
the conductivity of the microcrystalline sample is due to a
much higher increase in the densification upon the addition
of nanoparticle dopants. The results from this work also
show that an increase in material density results in only small
‘direct’ enhancement in the conductivity (namely due only to
the consideration of phonon–phonon interactions). Essentially,
densification is a vitally important factor to facilitate and
enhance the role played by additives which, in turn, leads to
higher thermal conductivity.
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