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Abstract 

Inversion domains (IDS) are a common feature in 
the microstructure of AlN ceramics. It is shown by 
transmission electron microscopy (TEM) that the 
frequency of IDS can be influenced to a large extent 
by processing and sintering parameters. Evidence is 
presented that the presence of IDS has a favourable 
e#ect on thermal conductivity. This is explained by 
oxygen trapping at the inversion domain boundaries 
(IDBs). Direct proof for the oxygen enrichment at 
the IDBs is given by electron energy-loss spectro- 
scopy (EELS) in combination with TEM. 

I Introduction 

High thermal conductivity makes AlN ceramics 
(wurtzite-type crystal structure with space group 
P6,mc) an attractive material for electronics. 
Slack’ reported that thermal conductivity decreases 
linearly by dissolution of oxygen in the lattice of 
AlN single crystals. Oxygen can be incorpor- 
ated into the AlN lattice by the following reac- 
tion: 

Al,O, * 2Al,, + [ ]A, + 30~ 

([ ]A, denotes an aluminium vacancy). Besides 
other defects inversion domains (IDS) have been 
frequently observed within the grains of AlN 
ceramics.2-5 The character of the inversion domain 
boundaries (IDBs), showing Al-Al or N-N 
bonds, suggests an incorporation of oxygen. In 
fact, energy dispersive X-ray analysis (EDX) by 
Westwood & Notis indicates the presence of 
oxygen at the IDBs.’ 

Transmission electron microscopy (TEM) con- 
trast analysis of different defect structures has led 

to a model for nucleation of IDS. In previous 
papers a description of inversion domain nuclea- 
tion in combination with dislocations has been 
given. 6,7 The aim of this work was to investigate 
the oxygen enrichment at IDBs and their influence 
on thermal conductivity of the ceramic. For this 
purpose, it was necessary to control the formation 
and growth of IDS during processing. The oxygen 
distribution across IDBs has been measured by 
electron energy-loss spectroscopy (EELS). EELS 
in combination with TEM allows the quantitative 
determination of the oxygen content in AlN with 
a high spatial resolution. This method has been 
applied to AlN ceramics in earlier investiga- 
tions.8,9 

2 Experimental 

Two different AlN starting powders were used. 
Powder A (Grade B, H. C. Starck, Berlin, Germany) 
has a medium particle size of 1.3-2 pm and a 
total oxygen content of l-8 wt%. Powder B 
(Grade F, Tokuyama Soda, Tokyo, Japan) has a 
medium particle size of 1.2 ,um and a total oxygen 
content of 1 wt%. Mixtures of both AlN powders 
and Y,Os powder (H. C. Starck, Berlin, Germany) 
were attrition milled using A&O, balls in iso- 
propanol. Y,O, is a usual sintering aid for AlN 
ceramics. Attrition milling time was varied be- 
tween 30 min and 8 h and Y,Os addition between 
0 and 4 wt%. Cold isostatically pressed cylinders 
were sintered in a gas-pressure sintering furnace 
with graphite heating elements under a pressure of 
0.2 MPa N2. End temperatures ranged between 
1750°C and 2000°C and sintering times between 
30 min and 4 h. 

95 



96 G. Gorzawski, M. Sternitzke, W. F. Mtiller, A. Berger, G. Miiller 

Hot gas extraction analysis (TC-436, LECO 
CO., St. Joseph, MI, USA) was carried out for 
selective determination of lattice-dissolved oxygen 
and oxide-bound oxygen of AlN ceramics.” Ther- 
mal conductivity was measured by a comparative 
method according to DIN 5 1908. In this measur- 
ing technique a cylindrical shaped sample (d = 18 
mm, h = 20 mm) is placed in series with a refer- 
ence cylinder between two heat reservoirs at con- 
stant temperatures (20 and 40°C). Thermal con- 
ductivity is derived by measuring the thermal 
gradient in the reference sample. The measuring 
range is 10 to 200 W/(mK) with an accuracy of 
-3%. 

Starting powders and sintered samples were in- 
vestigated by TEM (Model Philips CM12, Eind- 
hoven, The Netherlands, with 120 kV acceleration 
voltage). About 1000 grains of each sample were 
examined in order to determine the fraction of 
grains that contains dislocations or IDS. For TEM 
investigations grains of the uncrushed starting 
powders were transferred from a suspension in 
ethanol to a copper grid covered with a C-film 
after ultrasonic treatment. Electron transparent 
samples of the compact ceramics were prepared by 
argon ion milling. 

The TEM is equipped with a parallel electron 
energy-loss spectrometer (PEELS, Model 666, 
Gatan, Pleasanton, CA, USA) and a double tilt 
specimen holder cooled with liquid nitrogen 
(Model 636, Gatan). Cooling of the specimen was 
necessary to prevent contamination effects. The 
EELS measurements were all recorded using the 
convergent beam mode in the TEM to provide a 
high spatial resolution. The illumination half- 
angle was 7 mrad, the collection half-angle was in 
the range of 10 to 20 mrad, the integration time 
was 25 ms for the low loss spectra and 100 s for 
the core-loss spectra, and the probe current den- 
sity was approximately 3 X lo6 e-/rim*. The EELS 
measurements allow the quantitative determina- 
tion of the concentration ratio of nitrogen and 
oxygen ([w/[O]) and of the sample thickness.’ The 
complex data acquisition and processing in EELS 
is described in the literature.“,‘* Concentration 
profiles were measured by recording EEL spectra 
of a series of spots on a line across the IDB. The 
distance from the spots to the IDB was deter- 
mined using the measuring function of the TEM. 
A series of micrographs with different exposure 
times was taken to estimate the electron spot size. 
A plot of the reciprocal exposure time versus the 
radius of the spot led to a Gaussian distribution 
with a full width half maximum (FWHM) of 15 nm 
in one case and 20 nm in another. 

Spontaneous growth of an oxide layer at room 
temperature in air has to be taken into account 

for quantitative measurements of oxygen concen- 
trations. In an earlier paper a method has been 
reported that enables the determination of the 
thickness of such oxide layers. The [N]/[O] ratios 
can then be corrected for the influence of the 
oxide layer .8 

3 Results and Discussion 

3.1 Occurrence of IDS during ceramic processing 
Investigations of the starting powders show the 
presence of dislocations in both AlN powders. 
90% of the grains in powder A contain disloca- 
tions, generally with a high dislocation density. 
The dislocations are connected to hexagonal 
networks in approximately 1% of the grains. By 
contrast, less than 1% of the grains in powder B 
have dislocations. While no IDS were found in 
starting powder A, 1% of the grains of powder B, 
contain IDS. Powder B was used to investigate the 
influence of attrition milling time on the amount 
of grains containing dislocations. The results are 
plotted in Fig. 1. Obviously, longer times of attri- 
tion milling increase the number of dislocations 
in the starting powder. Cold isostatic pressing of 
the mixed powders does not change the defect 
structures. 

The defect structure of AlN ceramics after sin- 
tering was also investigated. IDS can be observed 
in ceramics made from both starting powders. 
They are often connected with dislocations. The 
amount of IDS in the sintered ceramics using 
powder B depends on the attrition milling time of 
the powder mixtures and therefore on the amount 
of dislocations. A higher amount of dislocations 
in the starting powder yields a higher number of 
IDS in the ceramic, as shown in Fig. 1. Powder A 
initially contains many grains with dislocations, 
therefore IDS were always observed in the sintered 
ceramic. 

The fraction of grains containing IDS in ceramics 
of powders A and B after 8 h attrition milling de- 
pends on sintering temperature and Y203 content. 

attrition milling time, h 

Fig. 1. 0, Percentage of AlN grains in the starting powder B 
containing dislocations after different attrition milling times. 
The symbols V represent the number of grains containing 

IDS of the sintered ceramics (18OWC). 
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YsOs-content, wt% 

Fig. 2. Percentage of AlN grains containing IDS as a function 
of the YzO, content. The AlN ceramics were sintered at 

185O’C for 1 h. 

Figure 2 shows the dependence of the number of 
IDS per 100 grains on Y,03 content for a ceramic 
of powder A after sintering at 1850°C. As can be 
seen, the number of IDS decreases rapidly with an 
increasing Y,Os content (Fig. 2). The correlation 
between IDS and temperature is presented in Fig. 3. 
A maximum of IDS is reached at 1800°C. The 
number of IDS drops to zero for the sintering 
temperature of 2000°C. Sintering time was investi- 
gated in the range between 30 and 240 min. For 
these sintering times no influence on the number 
of grains containing IDS has been found. 

3.2 Thermal conductivity 
Table 1 compares the oxygen content, number of 
IDS, and thermal conductivity of three pairs of 
differently sintered AlN ceramics. The difference 
between the two samples of each pair is that 
samples la, 2a and 3a were attrition milled for 1 h 
and samples lb, 2b, and 3b, 6 h. Different disloca- 
tion densities in the powders and finally different 
numbers of IDS were found in each sample pair a 
and b (Table 1). 

According to hot gas extraction analysis the 
powders take up oxygen during attrition milling. 
However, as can be seen in Table 1, milling time 
only increases the total oxygen concentration, not 
the lattice oxygen content. In the series of samples 
la to 3a and lb to 3b thermal conductivity de- 
creases. This is caused by an increase of the 
oxygen content dissolved in the AlN lattice. This 
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Fig. 3. Percentage of AlN grains containing IDS as a function 
of sintering temperature. The AlN ceramics were sintered 

with 2 wt% Y,O, for 1 h. 

in turn is a function of the Y,Os content and the 
sintering conditions, as has been shown in several 
papers. I,13 

There is no significant difference in lattice dis- 
solved oxygen between samples a and b of each 
pair. However, thermal conductivity is always 
higher in sample a. This indicates that the pres- 
ence of IDS has a favourable effect on thermal 
conductivity. This influence can be understood if 
indeed, as stated in the introduction, oxygen 
impurities are trapped at and dragged along with 
the IDBs. In this case the growth of the IDS 
would purify the interior of the IDS and thus 
increase their thermal conductivity. The IDS 
themselves must be supposed to be thermal con- 
ductivity barriers, but as they are very thin they 
probably are not very effective.13 Oxygen segre- 
gated at the IDBs and oxygen dissolved in the 
AlN lattice cannot be distinguished by hot gas ex- 
traction analysis. Therefore, EELS in combination 
with TEM is necessary for a definite proof of the 
oxygen segregation at the IDBs. 

The results described show the influence of IDS 
on thermal conductivity. Higher concentration of 
IDS increases the thermal conductivity. A low 
Y,03 content is one condition to achieve a high 
concentration of IDS. However, a low oxygen 
content in the lattice resulting from high YZ03 
contents improve thermal conductivity. Therefore, 
the effect of improving thermal conductivity by 
IDS is contrary to the effect of high Y,03 contents. 

Table 1. Sintering and preparation conditions, oxygen contents, thermal conductivity and number of IDS for selected samples 
of powder B 

Sample 
(“‘c., ii) 

yzo3 Attrition milling [OJroral /“llar~ic~ Thermal conductivity Number of IDS 
(wt%) (h) (WE%) (wt%) ( W/mK) per 100 grains 

la 1850 2 4 6 2.54 (5) 0.17 (5) 179 (6) 10 
lb 1850 2 4 1 1.70 (5) 0.15 (5) 165 (6) 1 

2a 1800 3 2 6 1.83 (5) 0.22 (5) 141 (6) 35 

2b 1800 3 2 1 1.10 (5) 0.19 (5) 119 (6) 1 

3a 1800 2 2 6 2.20 (5) 0.28 (5) 121 (6) 30 

3b 1800 2 2 1 1.52 (5) 0.25 (5) 93 (6) 1 
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3.3 Oxygen enrichment at inversion domain 
boundaries 
Figure 4(a) shows a TEM micrograph of an ID 
from sample 3a of Table 1. The end of the ID, 
where a planar and a curved IDB run close 
together, is shown. The planar IDB is oriented 
// (0001) in the AlN crystal. Figure 4 (b) gives the 
oxygen concentration profile measured by EELS 
across these two IDBs. Significantly increased 
oxygen concentrations with values of -8 at.% at 
the IDBs have been found. 

The width of the boundaries is small compared 
to the electron spot size of approximately 15 nm. 
The distance between the two IDBs is also 15 nm. 
The maximum of the profile in Fig. 4(b) therefore 
cannot be interpreted as the real oxygen concen- 
tration at the IDB. The measured oxygen con- 
centration profile (Fig. 4(b)) represents the true 
oxygen distribution convoluted with the intensity 
distribution of the electron spot. A convenient 
method to interpret this type of profile, is the 
calculation of theoretical profiles and comparison 
to the measured one. The first step is to assume an 
ideal rectangular oxygen distribution. The oxygen 
incorporation at the IDBs can be described in 
terms of small oxygen layers similar to those in 
polytypes.14 In the following calculations A&O, 
layers with an oxygen concentration of 60 at.% 
were assumed. High-resolution TEM investiga- 
tions show that the width of an IDB is approxi- 
mately 0.5-I nm. These results agree with current 
studies.i5 Consequently, for the profile calcula- 
tions a rectangular oxygen distribution with a 

OL,““““.“,‘,.‘,,““.1 
-100 -50 0 50 100 

x, nm 
-50 0 50 loo 

x, nm 

Fig. 4. (a) TEM micrograph of two IDBs. The primary beam -- 
is oriented // [1210]; (b) the oxygen concentration profile 

Fig. 6. (a) TEM micrograph of an AlN grain showing IDS. -- 

across the IDBs of (a) with the same scale. 
The primary beam is oriented // [1210]. (b) The oxygen con- 

centration profile measured along the marked line. 

energy loss, eV 

Fig. 5. EEL spectra measured (a) exactly at the IDB and 
(b) 35 nm beside the IDB. The EEL spectra include the 

characteristic Nx and Ox ionization edges. 

width of 1.6 nm (two parallel IDBs) and a height 
of 60 at.% was convoluted with a Gaussian func- 
tion (FWHM = 15 nm, diameter of the electron 
spot) and drawn in Fig. 4(b) as a solid line. The 
model corresponds reasonably with the measured 
data. However, the accuracy of the method is 
not sufficient to derive explicit values for the true 
oxygen concentration at the IDB. 

Two typical EEL spectra are presented in Fig. 5. 
The range of energy loss is 370 to 600 eV includ- 
ing the N, and OK edges. The first EEL spectrum 
(a) was measured directly at the IDBs in Fig. 4 
(X = 0). EEL s pectrum (b) was recorded in a dis- 
tance of 40 nm from the IDBs. 

Figure 6(a) shows typical IDS of dome-like 
shape. A second EELS measurement (Fig. 6(b)) 
was obtained across one whole ID, including both 
the curved and planar boundary (see marks in 
Fig. 6(a)). The solid line in Fig. 6(b) was calcu- 
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lated using the same model as in the first example. 
In this case the width of each IDB amounts to 
0.8 nm, the height to 60 at.% and the spatial reso- 
lution to 20 nm. The oxygen enrichment at the 
IDBs is again obvious. 

4 Conclusions 

It has been shown that the concentration of IDS 
in sintered AlN ceramics can be controlled by the 
powder processing and sintering parameters. The 
processing parameters chosen do not affect the 
total oxygen content within the AlN grains. 
Therefore, the influence of IDS on thermal con- 
ductivity can be evaluated directly. Evidence is 
presented that thermal conductivity increases with 
the concentration of IDS. 

EELS in combination with TEM was success- 
fully used to prove oxygen enrichment at IDBs. 
The improved thermal conductivity can be inter- 
preted as an indirect result of this oxygen enrich- 
ment at the IDBs, if it is assumed that the lattice 
oxygen content is lowered inside the ID. This 
assumption has to be proved by further EELS 
measurements. In view of recent models” it seems 
reasonable that the positive effect on thermal con- 
ductivity resulting from the lower lattice oxygen 
content inside the ID overrides the negative influence 
of the oxygen enrichment at the narrow IDBs. 
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