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Abstract

AIN ceramic substrates doped with 2 wt% Y,0O; were oxidized at temperatures ranging from 1000 °C to 1300 °C for
various times in air. Microstructure, growth kinetics and formation mechanism of the oxide layers were studied. The
results show that oxidation originates from the AIN grain boundaries and then extends into the AIN grains to form
a core-shell structure composed of the unoxidized AIN core wrapped in the continuous nanocrystalline Al,O; layer.
A continuous pore network is distributed over the oxide layer and connected with the AIN reaction interface, which
actually acts as the O,/N, rapid diffusion path. As a result, oxidation of the AIN substrates follows reaction-rate-
controlled kinetics. An activation energy of 260.5 k] mol-! of the oxidation process is then derived. Finally, a model
involving the microstructure and mechanism of the oxide layer formation on the AIN substrates is established.
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I. Introduction

With rapid development of power electronic technol-
ogy, the chip integration level and power density of the
microelectronic components and devices have been rapid-
ly increased. Extra-high heat-dissipation ability of the
components and devices is therefore required 1. Direct-
bonding copper (DBC) substrates have become the most
important electronic circuit boards for multichip power
semiconductor modules 2=#. AIN ceramics have superi-
or properties, i.e. the high TC (320 W m~! K-! in theory,
180-200 W m-1 K-1 for sintered polycrystalline ceram-
ics) and the low CTE match the chip materials (AIN:
4.2x10-6K-1,Siand GaAs: 3-4x10-6K-1)5 6, AIN-DBC
substrates therefore have great potential in power semi-
conductor devices, for instance as insulated gate bipo-
lar transistors (IGBT), as alternatives to Al,O;-DBC
ones />8. To achieve strong adhesion of the thick Cu foil
to the AIN ceramic substrate, the AIN ceramic substrate
must first be oxidized to form an oxide layer measuring
several microns in thickness 2 9-12. Oxidation of AIN is
therefore an important topic in both science and technol-
ogy.

Oxidation of polycrystalline AIN ceramics is compli-
cated because the process is influenced by various fac-
tors 13-24, Of these, the oxidation temperature and the
sintering additives in the AIN ceramics are the two factors
thatare always emphasized. Osborne ez al. 13 have report-
ed that at temperatures ranging from 1150 °C to 1350 °C
inair, oxidation of polycrystalline AIN substrates without
any sintering additives is controlled by the interfacial reac-
tion rate withanactivation energy of 175 k] mol-1; whileat
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temperatures ranging from 1350 °C to 1750 °C, oxidation
behavior is controlled by the diffusion rate with a higher
activation energy of 395 k] mol-1. Bellosi ez al. 14 reported
that the oxidation of pure AIN and 3-wt%-Y,O3-doped
AIN substrates in air both followed interfacial-reaction-
controlled kinetics. On the contrary, the oxidation mech-
anism of the 2-wt%-CaC,-doped AIN substrates varies
from the linear rate law (600-1200 °C) to the parabolic
rate law (> 1250 °C). Yeh et al. 15 established a simple oxi-
dation model of the 2-wt%-Y,03-doped AIN substrates
oxidized at 10501350 °C in air by means of direct mea-
surement under a scanning electron microscope (SEM).
In the model, the micropores are distributed in the ox-
ide layer discontinuously, so the bulk diffusion of O, (or
O2") in the oxide layer may be the rate-controlled step. On
the other hand, although the oxidation mechanism is un-
changeable, the oxidation kinetics of the AIN ceramics can
be changed by the oxidation atmosphere. For example, the
oxidation rate of the AIN ceramics increases with increas-
ing humidity of the atmosphere 1618,

As mentioned above, lots of research has concentrated
on the oxidation of AIN ceramics, however, the key issue
of the microstructure of the oxide layer and its effect on
the oxidation behavior of AIN ceramics is still unclear.
Moreover, the influence of Y,0j3, the most commonly
used sintering additive in polycrystalline AIN ceramics 23,
has not been clarified. And hence, in-depth study on the
oxidation of AIN ceramics is still required.

In this work, commercial AIN ceramic substrates doped
with 2 wt% Y,0; were chosen as the experimental mate-
rials. The AIN substrates were oxidized at 1000 - 1300 °C
in air, following an industrial process. Surface morpholo-
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gies, microstructures of the oxide layers and the oxidation
kinetics of the AIN substrates were investigated. Finally, a
model concerning the formation and growth of oxide lay-
ers on the AIN ceramic substrates was developed.

II. Experimental

Commercial 2-wt%-Y,03-doped AIN substrates
(Maruwa Co. Ltd., Japan) with a thickness of 0.635 mm
and surface roughness (R,) of 0.3 um were laser-cut into
square samples measuring 10 mm x 10 mm in size. The
samples were oxidized in a KSL-1800X type chamber fur-
nace at 1000, 1100, 1200 and 1300 °C in air for 50, 100,
150, 250 and 350 min, respectively. The heating rate was
set to 5 K/min-! from room temperature to 900 °C and
then 8 K/min-! from 900 °C to the set temperature. After
holding, the samples were then cooled to 900 °C at a rate
of 5 K/min-! and finally cooled with the furnace.

A SU8020 field emission scanning electron microscopy
(FE-SEM) equipped with an Oxford INCA type energy-
dispersive spectrometer (EDS) was employed for multi-
point measurement of the oxide layer. For each sample,
five different positions were chosen randomly to ob-
tain the average thickness of the oxide layer. Of course,
the equipment was also used for surface morphology
and cross-sectional fractograph observation and the lo-
cal composition test. Phases of the AIN ceramic substrates
before and after oxidation were analyzed in an XPert
PRO MPD X-ray diffractometer (XRD) with CuK« radi-
ation and the tube voltage and current of 40 kV and 40 mA,
respectively. The scanning rate was set to 0.02° per 20 s and
the scanning angle range (26) from 10° to 90°.

III. Results and Discussion

(1) Microstructure

The as-received AIN substrate is composed of AIN and
a small amount of YAG (Y3Al;01,) (Fig. 1a). After oxi-
dation at 1000 °C, corundum-type a-Al,O; was detect-
ed in the oxidized AIN substrate (Fig. 1b). The diffraction
peak intensity of «-Al,O3/AIN increases/decreases with
elevating oxidation temperature (Fig. 1b — d). The incre-
ment of «-Al,O3 indicates the increase in the thickness of
the oxide layer. Finally, the oxide layer is thick enough to
completely shield the AIN diffraction peaks in Fig. 1e, af-
ter the AIN substrate had oxidized at 1200 °C for 350 min.

As shown in Fig. 2, the AIN substrate is uniformly oxi-
dized, having a clear, flat oxide layer/AIN interface. The
N content of the oxide layer is very low, indicating that
the previously present AIN grains have completely trans-
formed into a-Al,O3 (Fig.2d). The Y-rich spots (YAG
in Fig. 1) are uniformly distributed in the AIN substrate
and the oxide layer with identical size and distribution
(Fig. 2e). Grains A and B in Fig. 3 were identified as the
YAG grains by means of EDS analysis (55.7wt% Y,
22.8wt% O and 21.5wt% Al). Grain A is situated at a
triple AIN grain boundary, corresponding to the larger
bright spot in Fig. 2e. Grain B is located preferentially at a
binary AIN grain boundary, corresponding to the smaller
dispersive bright point in Fig.2e. The YAG grains play
important roles in the oxidation of the AIN ceramic sub-
strates, as described in the following.
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The AIN grain is equiaxial and about 2—4 pm in size
(Fig. 4a). After the AIN substrate oxidizes at 1000 °C,
the chemical composition of the square area in Fig. 4b is
59.9 wt% Al, 39.7 wt% O and 0.4 wt% N, indicating that
oxidation of the AIN substrate is taking place. The oxide
layer is dense without any cracks (Fig. 4b). However, dur-
ing oxidation at 1100 °C and above, high-density microc-
racks are generated along the Al,O3 grain boundaries, sev-
eral large cracks finally form in the oxide layer of the AIN
substrate oxidized at 1200 °C (Fig. 4c, d).

* AN 25-1133
2 Y YAG  09-0310
. A 0-ALO; 46-1212
3 ‘

A1)

o
3

Relative intensity (a.u.)

o002

LI
e
7,"{(??1)

50
2 theta (degree)

Fig.1: XRD patterns of the AIN substrates (a) As-received and

oxidized at different temperatures for 350 min (b) 1000 °C; (c)

1100 °C; (d) 1200 °C; (¢) 1300 °C.
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After the AIN substrate has oxidized at 1000 °C for
150 min, the oxide layer thickness is only 0.7 pm. It in-
creases rapidly to 5.5 pm with elevation of the oxidation
temperature to 1100 °C. These oxide layers are dense and
bond tightly with the AIN substrates (Fig. 5a, b). The ox-
ide layer increases to 42 pm and 220 um after the AIN sub-
strates have oxidized at 1200 °C and 1300 °C for the same
time, respectively. As shown in Fig. 5¢, longitudinal cracks
perpendicular to the Al,O3/AIN interface and transverse
cracks parallel to the interface coexist in the oxide layer.

(2) Growth kinetics

In Fig. 6, linear relationships of the thickness of the ox-
ide layers versus the oxidation time are shown after the
AIN substrates have oxidized at 1000—-1300 °C, indicat-
ing reaction-rate-controlled kinetics. As shown in Figs. 2
and 3, the existence of the YAG grains results in broaden-
ing of the AIN grain boundaries, providing fast diffusion
paths for O, in the unoxidized AIN substrates. Meantime,
there are high-density continuous tubular pores along the
Al,Oj5 grain boundaries in the oxide layers. The tubular
pores act as a fast path for O, diffusion from the atmo-
sphere to the Al,O3/AIN reaction interface. The supple-
ment of O, to the Al,O3/AlN interface is therefore supe-
rior to the consumption of O, owing to oxidation of AIN.
In other words, the interfacial oxidation rate is lower than
the O, diffusion rate. And hence the former is actually the
rate-controlling step in the oxidation process of the AIN
substrates.
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Fig. 2: SEM image and EDS elemental scanning mappings of the fracture surface of the AIN substrate oxidized at 1200 °C for 250 min (a) SEM

image; (b) Element Al; (c) Element O; (d) Element N; (e) Element Y.

Generally, the solid-phase reaction rate constant (k) is a
function of the reaction temperature (7), according to the
Arrhenius equation:

k =k exp{ifTa} (1)

where kg is the pre-exponential factor, E, is the activation
energy, R is the general gas constant and 7 is the abso-
lute temperature, respectively. In Fig. 7, a linear relation-
ship of the natural logarithm of the oxidation rate con-
stant (Ink) and the reciprocal of the oxidation temperature
(1/T) was plotted, and the oxidation activation energy of
the AIN substrate was then derived (260.5 k] mol-1). The
value is close to the linear oxidation activation energy of
the AIN ceramics doped with 2 wt% Sm,O3 and 3 wt%
Dy,03 (243.9 k] mol-1) 26 although the sintering addi-
tives in these are different.

Fig.3: SEM image showing the distributions of the YAG phase in
the AIN ceramics.
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Fig. 4: Planar SEM images of the AIN substrates oxidized at different temperatures for various times (a) As-received; (b) 1000 °C for 150 min;
(c) 1100 °C for 150 min; (d) 1200 °C for 100 min.




September 2018

5\
\Y

Oxide thickness (um)
=

50 100 150 200 250 200 350
Time (min)

Fig. 6: Relationships of the thicknesses of the oxide layers vs. time

as the AIN substrates oxidized at different temperatures.
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Fig. 7: Arrhenius plot of the oxide rate constants of the AIN sub-

strates vs. the oxidation temperature.

(3) Formation mechanism

As shown by an arrow in Fig. 8a, the AIN triple grain
boundary acts as the main O, transportation path. Dif-
ferent surfaces of the AIN grain in Fig. 8a are in different
oxidation states: GB1, the farthest from the AIN triple
grain boundary, is not yet undergoing oxidation. How-
ever, oxidation of GB2 and GB3 is apparently already
happening at this time. The Al,O3 grains on GB2 de-
crease from 100 nm to 10 nm in size along the O, diffus-
ing orientation. They eventually connect with each other
to form a continuous, multi-pore Al,O5 layer. A magni-
fication image in Fig. 8b shows the more detailed appear-
ance of the multi-pore Al,Oj5 layer, which contains lots
of nanotubes in the direction perpendicular to GB3. Chen
reported a similar nano-pore microstructure of nanocrys-
talline Al, O3 ceramics 27. Therefore, the pores in the ox-
ide layer are also related to the formation and growth of
the Al,O3 nano-grains, besides the N, release during the
oxidation process.

The AIN grain boundary provides a fast diffusion path
during oxidation of the AIN substrate. The oxidation pro-
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cess originates from the AIN grain boundaries and then ex-
tendsinto the AIN grains toforma core-shell structure, i.e.
theinner AIN coreis wrapped in a continuous Al,O5 shell
layer (Fig.9a). However, the separation along the core/
shell interface indicates a weak core/shell interface bond-
ing (Fig. 9b). Similarly, the interface bonding between two
adjacent Al,Oj5 shells is also weak, resulting in the forma-
tion of interface micro-cracks, as indicated by an arrow in
Fig. 9b.

Fig. 8: SEM micrographs showing the initial oxidation of the AIN
grain (a) 1100 °C for 350 min; (b) High magnification of GB3 in
Fig. a.

The continuous pores along the Al,O3 grain boundaries
construct the main paths of O,/N, input/outputin the ox-
ide layer, as shown by the arrows in Fig. 10a. In the oxi-
dized AIN substrate, the previously existing AIN grains
have completely transformed into Al,Oj3 grain clusters.
Flat pores exist between two neighboring Al,O3 grain
clusters, as shown by an arrow in Fig. 10b, acting as the
O,/N, input/output channels between the main paths to
the AIN reaction interface. These flat pores have likely co-
alesced to form the transverse cracks under the residual
stress in the oxide layer (Fig. 5¢). A nanotube structure of
the pores near the AIN reaction interface is shown more
clearly by the arrows in Fig. 10c. These pores are the final/
initial segment of the O,/N, input/output from the oxide
layer to the AIN reaction interface.

During the oxidation process, the a-Al,O3 nano grains
grow spontaneously and continuously, resulting in
elimination of the pores and full densification of the
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Fig. 10: SEM images of the fracture surfaces of the AIN substrates oxidized at 1200 °C for 100 min (a) The oxide layer; (b) High-magnification
image of Fig. a showing the Al,Oj5 cluster; (c) High-magnification image of Fig. a showing the oxide layer connected to the AIN oxidation

interface.

outermost oxide layer (Fig. 10a). Once a continuous and
dense oxide layer is formed, the O,/N, input/output
paths are obstructed. Accordingly, O, diffusion in the
oxide layer becomes the rate-controlled step in oxidation
of the AIN substrate. Microstructure investigation in this
work firstly gives an explicit explanation for the common
view, i.e. the oxidation of AIN ceramics mostly follows a
linear mechanism at 1000 — 1300 °C, but a parabolic one at
1350 °C and above, as reported in Refs. 13 and 24.

On the basis of the above research, a model concerning
the microstructure and formation mechanism of the ox-
ide layer has therefore been established (Fig. 11). During
oxidation of the AIN substrate, O, diffuses along the
AIN grain boundaries into the AIN grains to construct
a core-shell structure. The nanotube pores in the oxide
shells connect with the main paths in the oxide layer to
construct a continuous O,/N, input/output channel. It
guarantees that oxidation of the AIN substrate follows
the reaction-rate-controlled mechanism.
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Fig. 11: A model of the oxidation of the AIN substrates.

IV. Conclusions

1)

2)

3)

4)

As the AIN substrates anneal at 1000—-1300 °C in air,
superficial cracks firstly form and then coalesce and
propagate to form the longitudinal cracks in the ox-
ide layer. The transverse cracks originate from the flat
pores between the Al,Oj; clusters and coalesce induced
by the residual stress in the oxide layer.

The oxide layer growth is linearly related to the oxida-
tion time with an activation energy of 260.5 k] mol-1,
indicating reaction-rate-controlled kinetics. The
Al,Oj5 nano-grains initially generate at the AIN grain
boundaries, and then grow perpendicularly to the AIN
grain boundaries to form a continuous oxide layer
with nanotube pores. The formation of the pores re-
sults from the output of N, during the AIN oxidation
and also the growth of the Al,O3 nano-grains.
Oxidation of the AIN substrates originates from the
AIN grain boundaries broadened by YAG secondary
grains. A core-shell structure composed of the AIN
core wrapped in the continuous Al,Oj5 shell layer is
then formed. Bonding at the core/shell interface and
between two neighboring Al,O; shells is weak.

In the oxide layer, the connected pores constructa con-
tinuous fast path for the O,/N, input/output. As a re-
sult, the reaction-rate-controlled kinetic mechanism is
followed. A model concerning the microstructure and
mechanism for the formation of the oxide layer on the

AIN substrates has been established.
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