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From thermal diffusivity measurements of sintered AIN at temperatures ranging from 100 to 
1000 K, the phonon mean free path of AIN was calculated in order to investigate phonon 
scattering mechanisms. The calculated mean phonon scattering distance was increased with 
decreasing temperature. The mean phonon-defect scattering distances were respectively lim- 
ited to about 50 nm at temperatures ranging from 100 to 270 K and about 30 nm at temper- 
atures ranging from 100 to 700 K, for AIN specimens with a room-temperature thermal con- 
ductivity of 220 and 121 Wm -1 K -1 containing 0.1 and t .4 wt % oxygen, respectively. These 
short phonon defect scattering distances were considered to correspond to the separation of 
oxygen-related internal defects in AIN grains. Calculation of the mean phonon scattering fre- 
quencies indicated that the phonon scattering is dominated by phonon-defect scattering at 
temperatures below 270 K for an AIN specimen with an oxygen content of 0.1 wt %, and at 
temperatures below 350 K for an AIN specimen with an oxygen content of 1.4 wt %. 

1. Introduction 
Aluminium nitride (A1N) ceramics are highly thermal- 
conductive non-metallic materials. The theoretical 
thermal conductivity of pure A1N is predicted to be 
320 W m - l K - 1  for a single crystal at room t e m -  

perature [,1,2]. The thermal conductivity of poly- 
crystalline A1N, however, is lowered by impurities 
such as oxygen [,1-13], silicon, iron and magnesium 
[4], as well as silicon dioxide [,14]. Among them, 
oxygen is the most deleterious and common impurity. 
The character of oxygen impurity in A1N single crystal 
and polycrystal was evaluated by using X-ray diffrac- 
tion lattice measurements [1, 6, 12, 13], oxygen con- 
tent measurements [-1-11], thermal cdnductivity 
measurements [,1-13], photoluminescence spectro- 
scopy [,12, 13] and transmission electron microscopy 
(TEM) [-15-17]. 

For an A1N single crystal, the thermal conduction 
mechanism was found to be controlled by crystalline 
defects such as oxygen solute atoms and associated A1 
vacancies. Slack [1, 2] measured the thermal conduc- 
tivity of A1N single crystals with various oxygen con- 
tents, and concluded that the phonon scattering was 
caused by mass defects of aluminium vacancies as 
Alo.670 in A1N. 

In the case of sintered polycrystalline A1N, many 
authors believe that the reduction of thermal conduc- 

tivity is due to oxygen-related defects in the A1N 
lattice and/or the oxide grain boundaries [-3-6]. Be- 
cause the thermal conductivity of the grain-boundary 
oxide phase is much less than that of A1N single 
crystal [,3,'4], the thermal conductivity of sintered A1N 
is increased with a decreasing amount of grain bound- 
ary phases by sintering under a reducing atmosphere 
at higher sintering temperatures, and for longer 
sintering periods [-5, 6]. On the other hand, Watari et 
al. [10] produced A1N specimens with various grain 
sizes, maintaining the oxygen content at a reasonably 
high level by ultra-high temperature hot isostaticaUy 
pressed (HIPped)sintering, to study the relationships 
between the microstructure (i.e. grain size, amount and 
number of grain boundary phase) and thermal con- 
ductivity. They found that the room-temperature ther- 
mal conductivity of the HIPped A1N with a grain size 
of about 40 gm and an oxygen content of 0.9 wt % was 
150 W m -1 K -1, which was almost equal to that of 
pressureless-sintered A1N with a grain size of about 
4 gm and oxygen content of 1.0 wt % [10]. Also the 
calculated room-temperature phonon mean free path 
of A1N ceramics and single crystal was about 
10-40 rim, which is much smaller than the grain size 
[10, 1 I]. Therefore it can be concluded that the main 
controlling factor of thermal conduction for sintered 
A1N is not due to the grain boundaries and/or A1N 
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TABLE I Typical data on sintered AIN 

Specimen Sintering Thermal 
conditions conductivity 

(Wm -1K 1) 

Oxygen content 
(wt %) 

Grain size Grain 
(gm) boundary 

phases 

A 2173 K, 5h 220 0.1 
B 2173 K, l h 175 0.6 
C 2073 K, 1 h 148 1.0 
D 1973 K, 1 h 121 1.4 

10 YN 
6 YN 
4 Y203, YN 
3 AlzY4Og, Y203 

grain size, but due to the internal structure of grains 
such as oxygen solute atoms and associated A1 vacan- 
cies, for sintered A1N with a fairly goo d thermal 
conductivity and a low amount of grain boundary. 

An insulating crystalline solid with a simpler struc- 
ture, fewer lattice defects or a h igher  Debye tem- 
perature will show a higher thermal conductivity and 
longer phonon mean free path. At low temperatures a 
sintered body with defects will have a limited phonon 
mean free path at a magnitude which can correspond 
to the inter-defect distance. It is important to evaluate 
the phonon mean free path of sintered A1N at low 
temperatures in order to investigate the phonon 
scattering mechanism in the sintered body. 

In this research, the thermal diffusivity of sintered 
A1N with various oxygen contents was measured at 
different temperatures ranging from 100 to 1000K. 
From the results of thermal diffusivity the phonon 
mean free path was calculated in order to investigate 
the phonon scattering mechanisms. 

2. Experimental procedure 
A commercial A1N powder (F series, Tokuyama Soda, 
Tokyo) with an average particle size of 0.6 gm and a 
specific surface area of 3.2 m 2 g-1 was used in this 
research. According to the manufacturer, this powder 
contained 1 wt % oxygen, 220 p.p.m, carbon and trace 
amounts of iron, calcium and silicon. Y2Oa powder 
(ShinEtsu Chemicals, Tokyo) of 1 mol % (5.2 wt %) as 
sintering aid was added to the raw A1N powder. 

These powders were mixed in a ball mill. After 
drying, the mixed powder was formed into pellets of 
14 mm diameter and 8 mm height using a stainless 
steel die, and then cold isostatically pressed (CIPped) 
under 400 MPa for 60s. The CIPped bodies were 
wrapped in carbon foil, and then sintered in a tungsten 
resistance furnace at temperatures of 1973, 2073 and 
2173K for l h under 0.1 MPa nitrogen gas atmo- 
sphere. The CIPped samples were also sintered at 
2173 K for 5 h under the same atmosphere. The hea- 
ting rate was 0.25 Ks  -1 (15K rain -~) in all cases. 

The bulk density was measured by a displacement 
method in water. The crystalline phase was identified 
by X-ray diffraction with CuK~ radiation. The oxygen 
content was measured by radioactive isotope analysis. 
The microstructure was examined by scanning elec- 
tron microscopy (SEM). The A1N grain size was estim- 
ated from SEM photographs of fractured 
surfaces. 

Discs of 10 mm diameter and 3.5 mm thickness 
were prepared to measure the thermal diffusivity at 

3710 

temperatures ranging from 100 to 1000K under a 
vacuum of about 10 - 2  Pa or less by a laser flash 
method (TC-3000H, Shinku Riko, Yokohama). The 
equipment and detailed procedures for thermal diffus- 
ivity measurement by the laser flash technique have 
been described elsewhere [18]. 

The experimental thermal conductivity ~:m was cal- 
culated from the experimental thermal diffusivity ~, 
heat capacity Cp and density D as 

K m = o t C p D  (1) 

In this research, the reported values for A1N specific 
heat [19] was used to determine the thermal conduc- 
tivity. The obtained thermal conductivity was correc- 
ted for the total porosity of the sintered A1N [20]. 

3. Results 
The room-temperature thermal conductivity, oxygen 
content, grain size and grain-boundary phase of A1N 
specimens obtained are shown in Table I. As shown in 
Table I, the room-temperature thermal conductivity 
and grain size increased, and the oxygen content of 
sintered A1N decreased, with increasing sintering tem- 
perature and period. Furthermore the thermal con- 
ductivity increased from 121 to 220 W m - 1 K  -1 as 
the oxygen content decreased from 1.4 to 0.1 wt %. 

The X-ray diffraction analysis revealed that 
A12Y409 (2Y2Oa �9 A1203) grain boundary phase of the 
sintered A1N transformed to Y203 and YN phases 
with increasing sintering temperature. A difference of 
grain boundary phases was observed between the 
surface and the interior of the A1N specimens. Grey 
YN powder was formed on the surface of the A1N 
ceramics sintered at 2073 and 2173 K after leaving in 
air for about 2 days at room temperature. These 
experimental results were previously reported by 
Watari et al. [8], and from these results the chemical 
reactions which lead to increased AIN thermal con- 
ductivity on decreasing oxygen content during 
sintering under a reducing nitrogen atmosphere with 
carbon were identified. 

The temperature dependence of thermal diffusivity 
of the A1N specimens is shown in Fig. 1. The temper- 
ature dependence of thermal diffusivity is affected by 
the oxygen content; the specimens with a higher ther- 
mal diffusivity at low temperatures were those with a 

l ower  oxygen content. 
Fig. 2 shows the temperature dependence of A1N 

thermal conductivity. The thermal conductivity in- 
creases rapidly at low temperature as the temperature 
augments, reaches a maximum at around 300 K, and 
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Figure 1 Thermal diffusivity versus temperature. Specimens A, B, C 
and D are as indicated in Table I. 
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Figure 2 Thermal conductivity versus temperature. Specimens A, B, 
C and D are as indicated in Table L 

decreases thereafter with increasing temperature. The 
A1N specimen with a lower oxygen content has a 
higher thermal conductivity at any temperature. 

4. D iscuss ion  
Phonons play a vital role in the thermal conduction of 
electrically insulating ceramic materials such as A1N, 
diamond, SiC and Si3N 4. At high temperatures, the 
phonon mean free path decreases and the frequency of 
phonon scattering increases with increasing tem- 
perature because of phonon phonon scattering. But 
at lower temperatures the phonon-phonon scattering 
in electrically insulating ceramic materials decreases, 
and then its thermal conduction mechanism is con- 
trolled by phonon-defect scattering and/or phonon- 
grain boundary scattering. At sufficiently low 
temperatures the phonon mean free path will be nearly 
equal to the inter-defect distance, grain size or speci- 
men size. It is possible to estimate the mean inter- 
defect distance in the lattice of sintered A1N with 
crystalline defects from the calculated phonon mean 
free path at low temperatures. In this work, the 
phonon mean free path of sintered A1N was calculated 
from the present experimental results of thermal dif- 
fusivity. Furthermore the phonon-defect scattering 
distance was calculated from the phonon mean free 

path of sintered A1N in order to understand the 
mechanism of phonon scattering by oxygen-related 
defects in A1N grains of a sintered body. The resultant 
phonon mean free path 1 is given by 

l = 3~c /VC (2) 

where ~; is the resulting thermal conductivity, V the 
group velocity and C the specific heat capacity per 
unit volume [21]. Usually the group velocity is esti- 
mated to be the longitudinal sound velocity for this 
thermal conduction case. The phonon mean free path 
of sintered A1N can be calculated from Equation 2 
with the thermal conductivity, the longitudinal sound 
velocity and the specific heat of sintered A1N. For the 
longitudinal sound velocity a value of 104 m s- 1 was 
used for all temperatures E1 l]. The temperature de- 
pendence of the phonon mean free path of specimens 
A and D is shown in Fig. 3. The phonon mean free 
path is influenced by the temperature and oxygen 
content; specimens with lower oxygen content had a 
longer phonon mean free path at lower temperatures. 

Slack et al. [2] measured the thermal conductivity 
of a high-purity single-crystal A1N with about 
300 p.p.m, oxygen by weight at temperatures ranging 
from 0.4 to 1800K, and they predicted the thermal 
conductivity of a pure A1N single crystal at those 
temperatures by correcting the residual oxygen con- 
tent in a high-purity A1N single crystal. It is therefore 
considered that the thermal conductivity of a pure 
A1N single crystal is determined by the mean 
phonon-phonon scattering distance; also the phonon 
mean free path of a pure A1N single crystal is equal to 
the mean phonon-phonon scattering distance. In this 
work, the mean phonon-phonon scattering distance 
was calculated from Equation 2 with the thermal 
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Figure 3 Temperature dependence of AIN phonon mean free path. 
/(A) and l(o ) show the resultant phonon mean free path of specimens 
A and D./pd (A) and lpa ~D) show the mean phonon-defect  scattering 
distance for specimens A and D .  lpp  indicates the mean 
phonon-phonon  scattering distance, calculated from AIN pure 
single-crystal data [2]. 
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conductivity of pure A1N single crystal, and is shown 
in Fig. 3. The mean phonon-phonon scattering 
distance is about 3 gm at 100K, 150nm at 200K, 
40nm at room temperature, 9nm at 600K and 
4 nm at 1000K. At low temperatures, the mean 
phonon-phonon scattering distance is longer than the 
phonon mean free Path of sintered A1N with oxygen 
contents of 0.1 and 1.4 wt %, but at high temperatures 
the phonon mean free path of sintered A1N is close to 
the mean phonon-phonon scattering distance as 
shown in Fig. 3. These results show that at low 
temperatures the thermal conduction of sintered A1N 
is mainly due to the phonon-defect scattering and/or 
phonon-grain boundary scattering, and at high tem- 
peratures it is mainly due to the phonon-phonon 
scattering. 

In heat transport, there are several phonon 
scattering processes such as phonon-phonon 
scattering, phonon-defect scattering, phonon-grain 
boundary scattering, phonon-boundary scattering, 
phonon-electron scattering and so on. It is proper to 
take the sum of the scattering probabilities for each 
mode. The frequency of phonon scattering V/l is 
expressed as 

or 

V V 

v 
f =  ,=, ~ (3) 

V V V V 
l --/pv-[-/pd Af-/pgg AV /~b -~ Ip~ ' * "  (4) 

where /pp is the mean phonon-phonon scattering 
distance, Ipd the mean phonon-defect scattering dis- 
tance,/pg the mean phonon-grain boundary scattering 
distance, /pb the mean phonon-boundary scattering 
distance and/pe the mean phonon-electron scattering 
distance. Also the reciprocal phonon mean free path 
1/l is the reciprocal sum of those from different 
scattering processes [21]: 

o r  

7 = ,=, I, (5) 

1 1 1 1 1 1 

l ~-- lp~ + ~pd -~- ~pg "~- ~pb + lpe . . .  (6) 

In the case of ceramic materials, the thickness of grain 
boundaries may determine whether the predominant 
phonon scattering site is at grain boundaries or occurs 
internally within A1N grains. If the grain boundary 
has a significant thickness, phonons will be scattered a 
few times inside the grain boundary phase and the 
thermal conductivity of the grain-boundary phase 
may play a significant role in the final thermal conduc- 
tivity. If the grain boundaries are thin enough, a 
phonon may scatter once at the grain boundary and 
then phonon scattering sites in A1N grains will be the 
factor controlling the thermal conductivity of sintered 
A1N. 

The difference between the thickness of the grain 
boundaries for these two cases is that in the former 
case the thickness of the grain boundary is at least a 
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few times larger than the phonon mean free path. 
However, the grain boundary thickness of A1N cer- 
amics with a thermal conductivity up to 
100 W m- i K-  ~ is about 2 nm [5, 16]. This thickness 
is much smaller than the phonon mean free path of 
sintered A1N at temperatures ranging from 100 to 
1000 K, as shown in Fig. 3. Also high-resolution TEM 
shows a high content of A1N-AIN grain boundaries 
which show no second-phase material [17]. Therefore 
phonon scattering by the grain boundary phase is not 
the dominant mechanism controlling the thermal con- 
ductivity of conventionally prepared A1N ceramics. 
Furthermore, considering that oxygen-related internal 
defects in A1N grains are the controlling factor in the 
thermal conduction mechanism of a sintered body 
[10, 11], the frequency of phonon-grain boundary 
scattering is much smaller than that of phonon-defect 
scattering. Also in A1N ceramics there are no free 
electrons, so that the phonon-electron mechanism of 
thermal conduction can be neglected. Consequently 
the thermal conduction mechanism of sintered A1N is 
controlled by phonon phonon scattering and 
phonon defect scattering, and then the frequency of 
phonon scattering and the reciprocal phonon mean 
free path are given by 

V V V 

I -/pp + [pd 

1 1 1 

(7) 

+ (8) 
1 lpp lpa 

By using Equation 8 with the phonon mean free path 
of sintered A1N and the mean phonon-phonon 
scattering distance, the mean phonon defect 
scattering distance for specimens A and D is calcu- 
lated as shown in Fig. 3. The mean phonon-defect 
scattering distance decreases with decreasing tem- 
perature, and was limited to about 50 nm at temper- 
atures ranging from 100 to 270 K for specimen A and 
about 30nm at temperatures ranging from 100 to 
700 K for specimen D. These limited phonon-defect 
scattering distances are much smaller compared to the 
A1N grain size of 1 to 10 ~tm as shown in Table I, and 
are much larger compared with the order of the 
dimensions of the A1N a-axis and c-axis lattice para- 
meters (0.311 and 0.498nm, respectively). 

It is possible that the phonon defect scattering 
distance relates closely to the distribution condition of 
0xygen-related defects in A1N grains. Recently Harris 
et al. [12, 13] proposed an oxygen-related defect 
evolution mechanism as a function of oxygen content 
from the results of photoluminescence spectroscopy, 
thermal conductivity measurements, X-ray diffraction 
lattice parameter measurements and transmission 
electron microscopy. They concluded that at low oxy- 
gen concentrations (region I), isolated oxygen impu- 
rities exist uniformly in the A1N lattice, then oxygen 
impurity and aluminium vacancy form a correlated 
defect, attracted together via a Coulombic interaction. 
At higher concentrations (region II) a slight change in 
the aluminium atom position annihilates the vacancy 
site and results in an octahedrally coordinated alumi- 
nium site, and at still higher oxygen levels (region III), 



these octahedra organize to form extended defects 
such as inversion domain boundaries (IDBs) and oxy- 
gen-containing stacking faults [12, 13]. 

Actually, in region III, curved IDBs and a number 
of planar stacking faults within an A1N grain of a 
sintered body were observed by Harris et al. [12, 13]. 
But the magnitude of the dimension of IDBs is of the 
order of micrometres, which is too big to compare 
with the limited phonon-defect  scattering distance. In 
region II, the thermal conduction mechanism is deter- 
mined by the phonon scattering due to an A1-O 
octahedral defect-cluster unit. If the AI-O unit is 
approximated as a fragment of A120 3 with dimensions 
of the order of the A120 3 a axis, its value is about 
0.513nm, which is much smaller than the mean 
phonon-defect  distance. Therefore it is considered 
that the A1N grains of the sintered body obtained in 
this work as well as all commercially available A1N 
ceramics have a low oxygen concentration (region I), 
and the isolated oxygen-related defects (i.e. A1 vacan- 
cies) are separated uniformly from each other by a 
distance of about 50 nm in the A1N lattice. 

From the mean phonon-phonon  scattering dis- 
tance and phonon-defect  scattering distance, tile fre- 
quency of phonon scattering is calculated by using 
Equation 7, and is shown in Fig. 4. The value of V/Ipp 
determined by phonon-phonon  scattering decreases 
with decreasing temperature. However, the value of 
V/Ipa determined by phonon-defect  scattering is lim- 
ited to a value of 2 x 10 az s -1 at temperatures below 
270K for specimen A, and a value of 3.5 x 1011 s -1 at 
temperatures below 700 K for specimen D. 

Fig. 5 shows the ratio of phonon-phonon  and 
phonon-defect  scattering frequencies in specimens A 
and D against temperature. The phonon scattering is 
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Figure 5 Ratios of phonon-phonon and phonon-defect scattering 
frequencies in sintered A1N. 

mainly due to the phonon-defect  scattering process at 
temperatures below 270K for specimen A and at 
temperatures below 350 K for specimen D. Therefore 
the thermal conductivity of the A1N specimen with a 
higher oxygen content is controlled by phonon-defect  
scattering at higher temperatures. 

5.  C o n c l u s i o n s  
The thermal diffusivity of A1N ceramics with various 
oxygen contents was measured at different tem- 
peratures ranging from 100 to 1000K. From the 
results for the thermal conductivity of sintered and 
pure single-crystal A1N, calculations were made of the 
phonon mean free path, the mean phonon-phonon  
scattering distance and the mean phonon-defect  dis- 
tance, in order to investigate the phonon scattering 
mechanisms. From the present work, the following 
conclusions were drawn: 

1. The calculated separation of oxygen-related de- 
fects in A1N grains is about 50 nm for a specimen with 
an oxygen content of 0.1wt% and a room-tem- 
perature thermal conductivity of 220 W m -  1 K -  1, and 
is about 30 nm for a specimen with an oxygen content 
of 1.4 wt % and a room-temperature thermal conduct- 
ivity of 121 W m - 1 K -  1. From the value of the separa- 
tion of oxygen-related defects, it is considered that 
isolated aluminium vacancies with associated oxygen 
atoms are distributed uniformly in the A1N lattice. 

2. The phonon scattering is mainly due to the 
phonon-defect  scattering process at temperatures be- 
low 270 K for an A1N specimen with an oxygen con- 
tent of 0.1 wt %, and at temperatures below 350 K for 
a specimen with an oxygen content of 1.4 wt %. 

3. The temperature dependence of thermal diffus- 
ivity and conductivity is affected by the oxygen con- 
tent; the specimen with higher thermal diffusivity and 
conductivity at low temperatures was that with the 
lower oxygen content. 
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