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The effect on AIN ceramic of the addition of Y2Oa, Yb203, Er2Oa and CaO were investigated 
using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 
thermal conductivity measurements. The effect of grain boundary segregation and second 
phase distribution on the thermal conductivity are discussed. The Er2Oa-CaO- and the 
Yb203-CaO- AIN ceramics have a higher thermal conductivity than the CaO- and the 
Y203-CaO- AIN ceramics. This is explained on the basis of the free energy of formation 
(AG~ the vaporization of the sintering additives and the microstructural development. 
Oxidation of freshly cleaned surfaces of those AIN ceramics was studied. 

1. Introduction 
Aluminium nitride (A1N) ceramics with the wurzite 
crystal structure have an excellent thermal conductiv- 
ity, a high electrical resistivity and a low dielectric 
constant. The thermal expansion coefficient of A1N is 
an excellent match to silicon wafers in the temperature 
range of room temperature to 200~ The thermal 
conductivity of A1N is typically at least 5-6 times 
larger than that of alumina. A1N ceramics are there- 
fore, ideal candidates as substrates for VLSI devices. 
However, the thermal conductivity of polycrystalline 
A1N containing additives has not been studied in 
detail: The presence of a second phase at grain bound- 
aries, lattice-oxygen and defects in the sintered A1N 
ceramics are thought to be responsible for some ob- 
served effects. The use of additives is not only benefi- 
cial for achieving a high density, but also to enhance 
the thermal conductivity of the A1N ceramics. Many 
kinds of additives have been studied, although much 
of the work has been with CaO or Y203 [1-5]. 

The purpose of this study is to investigate the 
microstructure of sintered A1N containing various ox- 
ides used as sintering aids using SEM and TEM 
techniques and to relate the observed microstructural 
features with the thermal conductivity of the sintered 
A1N. Furthermore, the oxidation phenomenon of 
a fresh clean A1N surface has been studied because of 
the importance of A1N surfaces for metallization. 

2. Experimental procedure 
Table I shows the chemical composition of the sam- 
ples sintered with A1N powder (nitrogen 31.5 wt %, 
oxygen 2.83 wt %, carbon 0.26 wt % and particle size 

of 3-5 gm) and oxide additives. The mixtures were 
blended for 24 h in a plastic jar using ZrO2 balls and 
an alcohol grinding medium. After the mixture was 
dried, it was granulated through an 80 mesh sieve and 
then pressed into a pellet. This pellet was immersed in 
A1N powder within a BN crucible. The specimens 
were sintered at 190~2000 ~ for 5-10 h in a nitrogen 
atmosphere. 

The fracture surface of the sintered A1N ceramics 
was observed by SEM techniques. The TEM studies 
were conducted at a 200 kV accelerating voltage using 
a Philips model CM12 microscope. The sintered den- 
sity was calculated using Archimedes' technique. The 
thermal conductivity was measured at room temper- 
ature by the laser-flush method. 

3. Results 
3.1. Microstructural development 
Figs 1 and 2 show SEM fractographs of the A1N 
ceramics containing different sintering additives fired 
at 1950 ~ for 5 h, 1900 ~ for 10 h and 2000 ~ for 
5 h, respectively. The CaO A1N sample contains many 

TABLE I The chemical composition of the A1N ceramics with 
additives 

Sample Content of additive (reel %) 

CaO Y203 Yb203 Er203 

AC 1.5 
ACY 0.5 
ACYB 0.5 
ACER 0.5 

1.0 
1.0 

1.0 
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Figure I SEM fractographs of (a) CaO , (b) Y203-CaO-, (c) YbzO3-CaO and (d) Er203-CaO-A1N ceramics fired at 1950 ~ for 5 h. 

pores and the porosity increases with increasing sin- 
tering temperature (Figs la and 2a). When the A1N 
ceramics were sintered at 1950 ~ for 5 h, the grain size 
of the Yb203-CaO-A1N and the ErzOs-CaO-A1N 
ceramics is larger and more uniform than that of the 
Y203-CaO-A1N ceramic as is shown in Fig. 1. In the 
case of the YaO3-CaO-A1N sample the grain size and 
the volume fraction of a second phase increased with 
increasing sintering temperature. 

The Yb2O3-CaO A1N sample was observed to 
have a similar grain size distribution (Figs lb and 2b), 
but it retained a large amount of a second phase along 
the grain boundary when fired at 2000 ~ for 5 h. As 
shown in Figs ld and 2d, the grain size of the 
Er2Os-CaO-A1N sample fired at 1950 ~ for 5 h was 
much larger than that of the sample heated at 1900 ~ 
for 10 h that showed a continuous second phase at the 
grain boundary and a more narrow grain size distribu- 
tion. It however contains less of the second phase at 
triple grain junctions. 

3.2. Identification of the second phases 
The sintered samples contain one or even two kinds of 
second phases in addition to the A1N main phase. 
Fig. 3 shows TEM selected area diffraction patterns of 
the A1N ceramics with additives fired at 1900 ~ for 
10h or 1950~ for 5h. The second phase in the 
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CaO-A1N sample is identified as CaA12Oa'8.5HzO 
(Fig. 3a). From Fig. 3(b and c), the second phases of the 
Y203-CaO~IN sample are identified as Y3A15012 
and Ca3A1206. In the case of the Yb203-CaO-AIN 
and the Er203-CaO-A1N ceramics, the second phase 
is Ca3A1206 (Fig. 3(e and f)) and | respect- 
ively. No aluminium ytterbium oxide, aluminium 
erbium oxide, ytterbium oxide and/or erbium oxide 
are found. Surface oxidation (A1203 spot) is only 
observed in the Er2Os-CaO-A1N sample (Fig. 3f). 

3.3. Density and thermal conductivity 
The density and the thermal conductivity values of the 
sintered A1N ceramics are given in Table II. These 
values contrast with that of an hot-pressed pure A1N 
sample, in which the thermal conductivity is in the 
order of 50 W (m" k) - 1 [5]. The thermal conductivity 
of the Er203-CaO-A1N and the YbzO3-CaO A1N 
ceramics are higher than those of the CaO-A1N and 
the Y203-CaO~IN ceramics. A firing temperature of 
19()0~ is suitable for producing high thermal con- 
ductivity values. 

The thermal conductivity exhibits an Avrami type 
[6] of behaviour. It is expected that the normalized 
thermal conductivity. X(t), can be defined by; 

z ( t )  = K ( t )  - K(O)/K(oo) -K(O) (1) 



Figure 2 SEM fractographs of (a) CaO , (b) Y 2 0 3 - C a O - ,  (c) Y b z O 3 - C a O -  and (d) Er203-CaO-A1N ceramics, (a), (c), (d) were fired at 
1900 ~ for 10 h, whilst (b) was fired at 2000 ~ for 5 h. 

T A B L E  II  The sintered density and thermal conductivity of the 
A1N ceramics with additives 

Sample Firing Sintered Thermal  
condition density conductivity 
(~ (g cm -3) (W (m-k) -1) 

AC 1 9 5 0 -  5 3.19 - 
1 9 0 0 -  10 3.22 74.3 

ACY 1950 - 5 3.30 58.2 
2000 - 5 3.27 61.2 

ACYB 1950 - 5 3.27 86.0 
1900 - 10 3.26 94.6 

ACER 1950 -  5 3.20 91.7 
1900 - I0 3.30 112.4 

and can then be expressed in terms of time, t, and the 
pertinent relaxation time, z, as follows: 

Z(t) = 1 - exp[ - (t/z) m] (2) 

In Equation 1, K(0) is the initial thermal conductivity 
of the sample just after sintering. K( oc ) and K(t) are 
the thermal conductivity after long-term annealing 
and after one annealing for time, t, respectively. Equa- 
tions 1 and 2 explain the observation that the longer 
the sintering temperature, the higher the observed 

thermal conductivity. The results in Table II are con- 
sistent with Equations 1 and 2. 

4. Discussion 
4.1. Microstructure and thermal 

conductivity 
The thermal conductivity of a multiphase material 
depends not only on the thermal conductivity of the 
individual phases, but also on the distribution of these 
phases. When the A1N matrix and the grain boundary 
phases are continuous, the thermal conductivity of the 
multiphase material can be described as follows [7]; 

K = K m ( 1  - -  Vv) + K g  b g v (3) 

w h e r e  K m and Kgb are the thermal conductivity of 
the A1N matrix and the grain boundary phase, respec- 
tively, and Vv is the volume fraction of the grain 
boundary phase. Therefore, the reason why the 
ErzO3-CaO-A1N and YbzOa-CaO-A1N ceramics 
have a higher thermal conductivity than those of 
Y203-CaO-A1N and CaO-A1N ceramics is explained 
by the point that the former have less of the grain 
boundary phase in comparison with the latter as is 
shown in Fig. 2. Furthermore, the CaO-AtN sample 
could not be used as a substrate material due to the 
presence of pores in the bulk. These pores inhibit the 
improvement of the thermal conductivity. 

3681 



Figure 3 TEM selected area diffraction patterns of the samples of (a) Fig. 2a, (b) and (c) Fig. lb, (d) Fig. 2c, (e) and (f) Fig. 2d, respectively. 

4.2. S e c o n d  p h a s e  a n d  t h e r m a l  c o n d u c t i v i t y  
Samples with a high thermal conductivity value could 
be obtained in the absence of a second phase at the 
grain boundary and also of oxygen as an impurity in 
the bulk [8]. The mechanisms for impurity oxygen 
removal include; (a) impurity such as A1203 in the A1N 
matrix could diffuse into the grain boundary and react 
with the sintering additives such as CaO, Y203, Yb203 
and ErzO3 to form a liquid phase that assists in densifi- 
cation. (b) The oxide liquid phase transports to the 
surface of the sample and vaporizes at high temper- 
atures. Second phases of ytterbium oxide, aluminium 
ytterbium oxide, erbium oxide and aluminium erbium 
oxide are not found in the Yb203-CaO-AIN and the 
Er203-CaO-A1N ceramics as shown in Fig. 3 even 
though aluminium yttrium oxide was formed and re- 
mained at the grain boundary under the same firing 
conditions. The values of evaporation of Yb203 and 
Er203 are 2.3 x 10 .5 gcm -z.sec -1 and 1.2x 10 .5 g 
cm -2" sec -1, respectively, which are three orders of 
magnitude higher than that of Y203(8x10-Sg  
cm- 2. s e e -  t). 

It has been suggested that additions of CaO may 
enhance the vapour phase transport of AI-O species 

[9]. From the experiment on the weight loss between 
CaO-AlzO3 samples and pure AlzO3 specimens, it 
was demonstrated that the weight loss of CaO-A1203 
specimens not only exceeded ten times that of the 
pure A1203 specimen, but also far exceeded the 
total amount of CaO addition: This means that a sub- 
gtantial volatilization of A1203 does not occur in 
the absence of CaO addition. In the Yb203- 
CaO-A1N, it was shown by TEM analysis that the 
addition of Yb203 may enhance the volatilization 
of CaO. Therefore the | remaining at the 
grain boundaries presumably due to the absence of 
CaO (Fig. 3f). This remaining A1203 phase pro- 
duces the lower thermal conductivity in compari- 
son with the Er203-CaO-A1N. More detailed 
experiments exploring this phenomenon are under 
investigation. 

From a thermodynamic viewpoint, the greater the 
affinity of the additives for A1203, the greater the degree 
of purification of the A1N lattice. The affinity can be 
quantified in terms of the standard free energy of 
formation, AG ~ of the respective aluminate. There- 
fore, the higher the lAG~ with AG ~ < 0, the higher the 
affinity. Correspondingly, the thermal conductivity 
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of the sintered A1N ceramics will be higher. The higher 
thermal conductivity values for samples with additives 
of Er203 and Yb203 (Table II) would suggest that 
ErzO3 and Yb203 are probably more effective at 
removing oxygen than is Y 2 0 3 .  However, it is difficult 
to make a definite conclusion without relevant ther- 
modynamic data. 

4.3. Oxidation of a freshly cleaned surface 
of AIN 

It is difficult to metallize a clean surface of an A1N 
ceramic especially with thick or thin films of Cu. The 
peel strength of Cu metallization was significantly 
improved when a thin A1203 layer was present on the 
surface of the A1N. A freshly clean surface of an 
Er203-CaO-A1N ceramic is found to be susceptible 
to oxidation even at room temperature, but no ambi- 
ent temperature oxidation is found on any other 
sample. These results suggest that the activity of A1N 
in the Er203-CaO-A1N system is higher than that in 
the other A1N samples. All the A1N samples except for 
the Er203-CaO-A1N sample needed to be heated in 
order to obtain a thin A1203 layer. 

5. Conclusion 
A1N ceramics with the addition of Er203-CaO and 
YbzO3-CaO have a higher thermal conductivity and 
a lower second Phase content than those with 
YzO3-CaO and solely CaO additions. The CaO-A1N 
material showed many pores, and thus it cannot be 
used as a substrate material. The second phase in the 
CaO-A1N sample is identified as CaA1204" 8.5HzO, 

in the Yb203-CaO-A1N sample as | and in 
the ErzO3-CaO-A1N sample as Ca3A1206. The sec- 
ond phases in the Y203-CaO-A1N sample are 
Y3AIsOa2 and Ca3AlzO 6. No aluminium ytterbium 
oxide, aluminium erbium oxide, ytterbium oxide or 
erbium oxide is observed. Ambient temperature oxi- 
dation is found only on the freshly cleaned surface of 
the ErzO3-CaO-A1N sample. In order to obtain 
a thin layer of A1203 that improves the peel strength 
of Cu metallization to A1N ceramics, all the A1N 
samples except for the Er203-CaO~IN sample 
needed to be heated. 
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