Jr}

f

‘£ "OF THE | NVENTI ON
; _..

10

15

20

25

Alumnum Nitride Sintered Body and Met hod*@MECOPY

————

REPLACED SHEETS SG
p_-Bgscripﬁon ! paged ' o paged 2‘{'
L Claim(s) paged .57, to paged .27,

| &Y Drawing(s) : paged ..T... to paged ..7.....
J2 Abstract  : paged .23.. to paged .._...

TITLE OF THE INVENTION |
Aluminum Nitride Sinte:_r:ed Body and Method of
Preparing the Same

BACKGROUND OF THE INVENTION

" Field of the Invention

The present,inventibn.relates to an aluminum nitride
sintered body.haVing:a_high breakdown voltage in respoﬁse
to high integration'of_a'ciréﬁit_board, and a method of
preparing the same. |
Description of the Background Art

An aluminum_nitride sintered body having high thermal
conductivity is apéliéd'to'a radiating material such as a
substrate for a éemiéonductbr device or a circuit board,
for example. At.presént, h;gh inteération of a circuit
board is developgd'in_éiderfto cope with high speed
processing of mass data and.miniaturization of inforﬁation
processing equipmént._fA material for such a highly
integrated circuitfboaiddpust have an excellent radjating
property in order to‘céée.withiheat generated by high
integration, as well as a ﬁigh breakdown voltage in order
to cope with_narfow_spﬁces between ciréuit wires.

An aluminuﬁ nitfide sintered body is watched with
interest as an excélléht;radiating substrate material, due
to high thermal cb@ductiﬁity. A conventional aluminum

nitride sintered body has a breakdown voltage of about 10
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invention relates to an aluminumnitride sintered body having -

1, gh breakdown voltage in response to high integration of a circuit

rd, and

a nethod of preparing the same. Description of the Background

to 20 kV/mm. Thus, awaited is an aluminum nitride |
sintered body, which is”applicable-to'a highly integrated
circuit board with a high breakdown voltage of at least 20
kV/mm.
SUMMARY OF THE INVENTION

An object of the present invention is to provide an
aluminum nitride sintered body having a high breakdown

voltage as a substrate material which is responsive to

-high integration of a circuit, and a method of preparing
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the same.

In order to solve the aforementioned problem, the
inventors have found that it is possible to remarkably
improve the value of a breakdown voltage of an aluminum
sintered body by forming and dispersing an oxy-nitride of
titanium and aluminum,'sgch as aluminate nitride of
titanium, for example, ih a sintered body of aluminum
nitride and partially including titanium as solid solute
in aluminum nit:idg crystai grains. The present invention
has been proposed on the basis of the following
recognition by the invenfors:

The inventofs have found that there is a relation
shown in Fig. 1 betwéen a breakdown voltage of an aluminum
nitride sintered body énd unpairea electron concentration
measured from an electron spin resonance absorption-

spectrum. It is underétood from Fig. 1 that the value of
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Bium nitride sintered body having high thermal conductivity is

fio a radiating material such as a substrate for a sem conductor
POr a circuit board, for exanple. At present, high integration of a
it board is developed in order to cope with high speed processing of
Flata and miniaturization of information processi ng equi pnent. A

“ial for such a highly integrated circuit board nust have an excell ent

at i ng
the breakdown voltage is slightly inefeased with increase
of the unpaired electron'cencenﬁfstion in the aluminum
nitride sintered body.. HoweVer, there has been obtained
no aluminum nitride'sinte:ed bodyehaving a breakdown
5 voltage exceeding 20 kV/mm as a material for a circuit
board which is responsive to high lntegration.

The inventors have energetically made deep study, to
succeed in increasing ﬁnpaired electron concentration by
preparing an aluminum nitride sintered body through the

10 following steps: 1In a first'step, aluminum nitride raw
material powder is nitrided.ih a nitrogen atmosphere at a
temperaturs of 800 to 1400°c;'to'convert a surface
composition of the raw material powder from aluminum oxide
(Al205) to aluminum oxy-nitride (AlgOyN;: 0 < X < 1, 0 < ¥ <

15 1, 0 < 2 < 1), In a second step, an oxy-nitride of
titanium (or.titanium;pxide eovered with aluminum salt of
fatty acid such as aleminum.stearate or aluminum laurate)
is added to the as-nisrided eiumipum nitride raw material
powder with a sintering assiStantesuch'as a rare earth

20 oxide such as Y,0, or an alkaiine earth oxide such as CaoO,

and the mixture is sintered. -ThrOugh such two steps, the
inventors have succeeded injextremely increasing unpaired
electron concentration of the aiuﬁinum-nitride sintered
body, improving thermal conductivity and remarkably

25 improving the value of its breakdown'voltage as compared
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ff in order to cope wth heat generated by high integration, as well
Foh breakdown voltage in order to cope with narrow spaces between
Wi res. An alum numnitride sintered body is watched with

ISt as an excellent radiating substrate material, due to high therma
@E:tivity. A conventional alumnum nitride sintered body has a

down vol tage of about 10 -

compared with the prior art.

The aluminum nitride sintered body according to the
present invention comprises aluminum nitride crystal
grains, in which titanium element is included as solid
solute in a weight ratio of at least 50 ppm and not more
than 1000 ppm. -

Further, the aluminum nitride sintered body accoxding
to the present invehtibn contains an oxy-nitride of
titanium and aluminum compound in a weight ratio of at
least 0.1 % and not more than 5.0 % in terms of TiO,, with
unpaired electron concentration, being obtained from an
absorption spedtrum of'eiectron spin resonance, of at
least 1 x 10“/g.  More preferably, the oxy-nitride of
titanium and aluminum compound exists in thé aluminum
nitride sintered body in the form of grains, which are not
more than 800 nm in diameter. The aluminum nitride
sintered body haS'thermal'conductivity of at least 150
W/mK. o
‘ On the other hand, A-method of preparing an aluminum
nitride sintered body according to the present invention
comprises the following éteps:

a) a step of preparing aluminum nitride powder;

b) a step of nitriding thé aluminum nitride powder in
an atmosphere contaiﬁihg nitrogen at a ﬁemperatuxe of at

least 800°C and not more- than 1400°C;
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;ﬁﬁb kV/mm Thus, awaited is an alum numnitride sintered body,
g applicable to a highly integrated circuit board with a high
gwn vol tage of at |east 20 kV/mm

. C) a step of adding a sintering_éssistant, and an
oxy-nitride of titanium, being in a ﬁeight ratio of at
least 0.1 % and not mbre than 5.0 % in terms of TiO,, to
the as-nitrided aluminum nitride powder, thereby obtaining
mixed powder; |

d) a step of preparing a compacﬁ from the mixed
powder;.and _

e) a step of firing the compact in an atmosphere
containing nitrogen, thereby preparing an aluminum nitride
sintered body. |

A method of preparing an aluminum.hitride sintered
body according to anbther aépect of the present invention
comprises the fdllowihg steps:

a) a step of preparing aluminum nitride powder;

b) a step of.ion-implanting titanium into the
aluminum nitride powder, thereby making titanium exist in
aluminum nitride crystal lattice in a weight ratio of at
least 50 ppm and noﬁ more than 1000 ppm;

c) a step of.adding a sintering gséistantlto the
aluminum'nitride_pdwder containing titanium for obtaining
mixed powder; | '

d) a step of preparing a compécf.from the mixed
powder; and | .

e) a step of firing the compact in an atmosphere

containing nitrogen, thereby preparing an aluminum nitride
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961 di scl oses an alum num sintered body containing a titanium

Kk SUMWARY OF THE | NVENTI ON An obj ect of the present

Pn is to provide an alumnumnitride sintered body having a high
3 voltage as a substrate material which is responsive to high

gFation of a circuit, and a nmethod of preparing the

sintered body.._ |

Fig. 2 illustrates'abSOrptiod spectra of electron
spin resonance obtained from a conventional aluminum
nitride sintered-body.and an aluminum nitride sintered

5 body according to the present invention. It is understood

from Fig. 2 that intensity of the absorption spectrum of
electron spin resonance obtained from the inventive
aluminum nitride sinteredlbody is remarkably increased as
compared with that of the'prior art. Refetring to Fig. 2,

10 the term "marker” indicates a_Standard material which
exhibits a peak_in a certain constant magnetic field.

This standard matéri&l'is measured with an unknown sample,
in order to prevent é-measurement error caused by an
apparatus. _ _

15 The reason why'thé intensity of the absoxrption
spectrum of electron spin resonance obtained from the
inventive aluminum ﬁitride sintered body is increased,
which has not yet 5eép_c1ari£ied, can be considered as
follows: First, aluminum'oxyfnitride which is formed on

20 the surfaée of the aluﬁinum nitride raw material powder by

surface treatment (for'eXample, Reaction Formula: I)

reacts with the oxy-ﬁitride of_titanium added thereto, to

form an oxy-nitride (Ti-Al-O-N) of titanium and aluminum

(for example, Réacﬁion_rormuiaa II). Since such an oxy-~

25 nitride of titanium'and aluminum is instable under a high
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In order to solve the aforenentioned problem the inventors

nd that it is possible to remarkably inprove the value of a
vol tage of an alumi.num sintered body by form ng and di spersing
ni‘tride of titaniumm for exanple, in a sintered body of al um num
e and partially including titaniumas solid solute in alum num

e crystal grains. The present invention has

temperature excéeding 1000°C as compared with an oxide
(Ti-Al-0) of titanium and aluminum, a replacement reaction
takes place between.oxygen (-bivalent) contained in the
aluminum nitride crystal grains as an impurity and
nitrogen (-trivalent) in the aluminate nitride of titanium
(oxy-nitride of titanium and aluminum) (for example,
Reaction Formula: III). Thus, the 6xy-nitride of titanium
and aluminum may conceivably be stabilized due to approach
to the compositinn of Ti-Al-O. At this time, a minus
valence number is increased in the aluminum nitride
crystal while a pius valence number is increased in the
oxy~nitride of'titanium and aluminum, and hence the
material enters nn electrically unbalanced state. In
order to compensate for such a state, however, replacement
takes place bétween aluminum (+trivalent) in the aluminum
nitride crystal'and titanium (+tetravalent) in the
aluminate nitride of titnnium, to recover electrically
neutral conditions. As the result, titanium is

conceivahlj included as solid solute in the aluminum

| nitride crystal to increase unpai:ed_electron

concentration. Thus, the intensity of the absorption
spectrum of eiectrdn épin resonance obtained from the
inventive aluninnm:nitride sintered body is remarkably

increased.
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®4 on the basis of the foll ow ng recognition by the inventors:
' vol tage of an alumnum nitride sintered body and unpaired

Econcentration neasured from an electron spin resonance
Fon spectrum It is understood fromFig. 1 that the value of

Reaction Formula

2A_1,o3+1~r,<—A_1403A7,+—23-o,1 e

 Al,O,N,+Ti,0,N,~Ti,Al,O.N, v e (II)

- -All_%xTixN"'TisrxAlhxo‘*"m"‘ .. (III)

The aluminum_nitridé-sintéred body preferably

contains at least 0.1 peréeﬂt by weight and not more than

5 5.0 percent by weight of the oxy-nitride of titanium and
aluminum compound in teﬁms of Ti0,, including titanium
which is containe¢ as solid solute in the aluminum nitride
crystal lattice.- If the.éonﬁent 6f-the oxy—nitride of
titanium and alumiﬂum compouhd is less than 0.1 percent by

10 weight, unpéired eiectron'concentration is not much

lncreased and the value of the breakdown voltage of the
as-obtained alumlnum nltrlde sintered body remains
substantially simila: to that of the prior art. If the
content of the.qky~ﬁitrid¢ of'titﬁnium‘and aluminum

15 compound exceeds S;Q'percént by weight, on the other hand,
~grains of this oxy-nitride 6f;titaﬁium and aluminum
compound forﬁed.in the aluminum nitride sintered body

disadvantageously_exceed'SOO nm in diametex, to inhibit
_ 8- .
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jjvbreakdomn voltage is slightly increased with increase
il ectron concentration in the alum num nitride sintered body.

Bt here has been obtained no aluninumnitride sintered body having

.original high therﬁal conductivity of the aluminum nitride

sintered body and reduce a heat radiation property of the
sintered body fo:'Seiving as a circuit board material.

Further, no titanium is included as solid solute in
the aluminum'nitride,Crystal grains if no surface
treatment is carried out on the aluminum nitride raw
material powder or a compound of titanium is not added in
the form of an oxy-nitride. Thus, no increase can be
expected in the breakdown voltage of ﬁhe aluminum nitride
sintered body. |

In the inventive aluminum nitride sintered body,
titanium must be included as solid solute in the aluminum
nitride crystal lattice in a weightpratio of at least 50
ppm and not more than 1000 ppm. If the amount of the as-
dissolved titanium is less than 50 ppm, unpaired electron
concentration decreases and thus breakdown voltage is not
enough. If the amount of the solidly dissolved titanium
exceeds 1000 ppm, on the other hand, the thermal
conductivity deteriorates and thus the radiating property
is not enough.. |

In the invéntive aluminum nitride sintered body,
furthexr, the uﬁp&ired electron concenttétion obtained from
an absorption spectrum of electron spin resonance is

preferably at 1east 1 X 10“/g, since it is possible to

ensure a breakdown voltage of at least 20 kV/mm in this

-9 -
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fFfe to high integration.

gceeding 20 kVVmmas a material for a circuit board which is
The i nventors have energetically made
FIdy, to succeed in increasing unpaired electron concentration by

BNg an alum numnitride sintered body through the
first step, aluminumnitride raw material powder is nitrided in a
Pen at nosphere at a tenperature of 800 to 1400[err]C, to convert a

case. : _

The aluminum_nitride‘siqtered body, which is obtained
by forming aﬁd diepersing an oxy-niﬁride of titanium and
aluminum compound in an aluminum nitride sintered body and
partially including titanium as solid solute in aluminuml
crystal grains can be prepared by the following method:

Commercially_available aluminum nitride raw material
powder is nitridedein an atmosphere containing nitrogen
within a tempeiature range of 800 to 1400°C. The
temperature range is set at 800 to 1400°C since no
nitriding reaction progresses on the surface of the
aluminum nitride raw material powder if the temperature is
less than 800°C,'while the grain size of the powder is
increased due to a solid_phase reaction between aluminum
nitride graihs‘to_suppress dispersion of an oxy-nitride of
titanium which ie edded in a later step if the temperature
exceeds 1400°C.

Then, 0.3 to 3.0 percent by.weight of a sintering
assistant such as ¥Ah.or Cacq;in terms of Ca0 is added to
the aluminum nitride raW'material powder which is surface-
treated in the aforementioned manner, with addition of 0.1
to 5.0 percent by we;ght of an oxy-n;tride of titanium in
terms of TiO,. _Aiuthis time, the oxy-nitride of titanium
as added prefeﬁably has a particle size of not more than 1

um, more preferably:not more_than 0.1 um, so that the same

- 10 - _ i
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_n'of_the raw mat eri al powder from al um num oxi de (A1203) to
Foxy-nitride (Alferr](Jerr]Nerr]: 0 <X<1, 0 <Y< 1 0<2Zc<
- second step, an oxy-nitride of titanium (or titanium oxide
Wi th aluminumsalt of fatty’ acid such as al uni num stearate or
tm | aurate) is added to the as-nitrided alum numnitride raw
ral  powder with a sintering assistant such as a rare earth oxide
as Y203 or an al kaline earth oxi de such as CaQ
is formed and dispersed in the aluminum nitride sintered
body as an oxy-nitride of titaninm and aluminum, and
titanium is easily solidly dissolved in the aluminum
nitride crystal grains;__Then} about 1.0 to 3.0 percent by
5 weight of a binder such as polyvinyl_butyral is added to
this aluminum nitride mixed poﬁder, and mixed with the
same in a ball mill for about 12 to. 72 hours. Thereafter
the powder is drled and granulated, so that the as-
obtained powder is compacted under a pressure of 1.5
10 ton/cm?, to obtain a pressed compact. At this time, the
pressed compact is preferably 1.8 to 2.0 g/cu? in density.

Thereafter the.preSSed compant is debindered in a nitrogen
atmosphere at a temparatnfe of 600 to 800°C for about 2 to
3 hours. The as-treated pressed compact is fired in an

15 atmosphere containing niﬁrdgen at'a_temperature of 1500 to
1900°C for about 2 to 5-honfs;'to obtain an aluminum
nitride sintered body.

In relation to the'afgreméntionad method, it is also

possible to obtain'an aluminum nitride sintered body

20 having a high bieakddwn.voltaga-by ion-implanting titanium
into the aluminum-nitrida_raw material powder for making
titanium existnin aluminun'nitnida crystal grains, and
thereafter adding a sintering'agent and a binder and

carrying out.mixing,'granulation; préss molding,

25  debindering and firing under the same conditions as the
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‘fklure is sintered. Through such two steps, the inventors have
i n .extrenely increasing unpaired
Anitride sintered body, inproving thermal conductivity and

i mproving the value of its breakdown voltage as conpared

above.

The inuentors.have observed an aluminum nitride
sintered body having unpaired electron concentration of at
least 1 x 10“/g obtained from anuabSOrption spectrum of
electron spin resonance with an SEM (scanning electron
microscope) or a TEM (tranemission electron microscope).
Consequently, it has beeneproved that crystal grains other
than aluminum nitride cryetal grains existed in the
aluminum nitride s;ntered body These grains were
subjected to elementary analysis through an EDX (energy
dispersive X-ray analysis) or AES (Auger electron
spectroscopy) or SIMS (Secondary Ion Mass Spectroscopy),
to prove that the grains'formed in the aluminum nitride
crystal grains included Ti, Al, N, O, Ca, Mg, Si and C,
and were mainly.composed of Ti, Al, O and N. Further,
grains of a titanium compound formed in the aluminum
nitride sintered body exiated as dispersed grains of not
more than 0.8 um (800.nm) in mean grain size.

Fig. 3A typioally snows TEM_images of Ti-Al-0-N grain

~contained in the aluminum nitride crystal grain, and Fig.

3B shows results of EDX analys;s of Ti in respective
points A to E in Fig. 3A. As the results of the EDX
analysis of the lnside of the aluminum nitride crystal

grain around titanium compound graln, it has been

‘clarified that Ti was_dlffused from the titanium compound

- 12 -
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npared with the prior art. The alum numnitride sintered
rding to the present invention conprises alumnumnitride crystal
5t n which titaniumel ement is included as solid

grain of Ti?Al-O-N_existing in AIN grains into aluminum
nitride Crystgl grain, as shown-in Fig. 3B. It has also
been proved tha£ the-amount of Ti as solid solute in the
aluminum nitride ctystaL lattice, which was varied with
sintering conditioﬁs, was.within a range of 50 to 1000
ppm.

According to the present invention, as hereinabove
described, titanium is included as solid solute in the
aluminum nitridé_crystai lattice in a weight ratio of at
least 50 ppm and not more than 1000 ppm, whereby unpaired
electron coﬂcentration.of the aluminum nitride sintered
body can be extremely-increased thereby remarkably
improving the bieakdown vbltage as compared with the prior
art. Further,_the inventive aluminum nitride sintered
body, which has'uhpaired electron concentration obtained
from an electioﬁ,spin résonance absorption spectrum of at
least 1 x 10n/g_and contains at least 0.1 percent by
weight and not moie than 5.0 percent by weight of an oxy-
nitride of titanium and.aluminnm in terms of TiQ,, is
provided with a high breakdown vol‘_l:age- of at least 20
kV/mm. The inﬁentiveuéluminum nitride sintered body
having an excellepﬁ heat radiation property is
sufficiently'abpligable'td a circuit board material which
is responsive tO'integ:ation of the éifcuit.

According to the present invention, it is possible to

- 13 ~ e
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tio of at

;Q"meight ratio of at least 50 ppmand not more than 1000 ppm
t-o the present

with wunpaired el ectron concentrati on,

tion spectrumof electron spin resonance,

1t he al um num nitride sintered body according
B contains an oxy-nitride of titanium and al um num conpound in a
| east 0.1 % and not nore than 5.0 %in terns of

bei ng obtained from an

of at

obtain an aluminum nitride sintered body which has a

higher breakdown VOltage as compared with the prior art,

whereby highly integrated circuit design is enabled when

the inventive sintered body is applied to a circuit board

material. Thus, it is possible to contribute to high-

speed processing of information following high integration

of the circuit, as well as to miniaturization of

information processing equipment.

The foregoing and other objects, features, aspects

and advantages of the present invention will become more

apparent from the following detailed description of the

present invention when taken in conjunction with the

accompanying d:awings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph showing a relation between unpaired

electron concentration and a breakdown voltage in an

aluminum nitride_sintéred body;

Fig. 2 is a graph showing absorption spectra of

electron spin resonance obtained from a conventional

aluminum nitride sintéred body and an aluminum nitride

sintered body acqording'to the present invention;

Fig. 3A typically illustrates TEM images of Ti-Al-O-N

grain contained in an aluminum nitride crystal grain;

Fig. 3B is a'graph showing results of EDX analysis of

Ti distribution in aluminum nitride crystal grain and Ti-

- 14 -
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~10[err]/g. Mre preferably, the oxy-nitride of

titani um and

Fn-conpound exists in the aluminum nitride sintered body in the form
v;hs, whi ch are not nore than 800 nmin dianeter.

The al um num

sintered body has thermal conductivity of at least 150 WnK

b other hand, a nethod of preparing an al uni num ni

ng to the present invention

Al-0-N grain; and

tride sintered body

Fig. 4 is a graph showing relations between unpaired

electron concentration values'and'b:eakdown voltages in

aluminum nitride sintered bodies according to comparative

examples and Example of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Example 1

Aluminum nitride raw material powder shown at A in

Table 1 was surfacé-treatéd in a nitrogen atmosphere at a

temperature of 800°C, and thereafter 0.5 percent by weight

of Y,0; serving as a sintering assistant was added to this

material with addition o£'0.2 percent by weight of an oxy-

nitride of titanium (Ti,0,N,) in terms of TiO,, so that the

as-obtained powaer_was.mixed-in alcohol with

ball mill for 12 hours, as shown in Table 2.

a tumbling

Thereafter 2

percent by weight of'pdlyvinyl butyral was added as a

binder to this mixed powder, which in turn was further

sufficiently mixed and dried. The as-obtained powder was

press~compacted under a pressure of at least

1.5 ton/cm3.

The as-obtained pxeSséd compact was debindered at a

temperature of 600°C for 2 hours, and then fired in a

nitrogen atmosphere_undér'a'Sintering temperature of

1800°C for 3 hours. The as-bbtained'aluminum nitride

sintered body was sﬁbjéctéd to measurement of density, a

breakdown voltage, thermal conductivity, unpaired electron

- 15 =
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- powder ;
psphere contai ni ng n|trogen at ‘a tenperature of at
I nore than 1400[err]C :

% the foll ow ng steps: a) a step of preparing alum num
b) a step of nitriding the alum numnitride powder
| east 800[err]C

concentration,'meéhanical“st:ength and an amcunt of
titanium as solid solute in aluminum nitride crystal
grains. The sintered body density was measured by an
Archimedes’ method, the thermal conductivity was measured
by a laser flash'methéd,ithe unpaired electron
concentration.ﬁﬁs'meésured with an election spin
resonator, the mechanical Stfength was measured through
JIs three-poiﬁt bending strength, and the amount of
titanium as solid solute was measured with EDX of TEM or
AES, SIMS. 'Tabie 3 shows the results.

Examples 2.to 16 - |

The aluminum nitride r@w powder materials shown in
Table 1 were'trééted'aﬁ surface treatment temperatures
shown in Table 2, and thereafter subjected to mixing with
sintering assistants and press compacting, similarly to
Example 1. The”as-obtained éressed compacts were fired
under sintering éonditions_shown in Table 2 by a method

similar to that in Example 1, to prepare 15 types of

- aluminum nitride sintered bodies. Table 3 shows

measurement valueg obtained as to these samples.

Example 17

Tilions.were-implanted into the aluminum nitride raw
material powder3showh at A in Table 1, with energy of 4
MeV at about 10%° iOns/dﬁﬁ, 0.5 percent by weight of Y¥,0,

was added to this powder and mixed in alcohol with a

- 16 - eet Has Been Reiaced

g

in



£p of adding a sintering assistant, and an oxy-nitride of titanium
rn a weight ratio of at least 0.1 %and not nore than 5.0 %in terns
err], to the as-nitrided alum numnitride powder, thereby obtaining
: powder ; -

tumbling ball mill for 12 hours. Thereafter an aluminum
nitride sintered body was obtained in a similar manner to
Example 1. Table .3 also shows measurement values obtained

as to this sample.

5 Table 1

[ s [ c |

Total Oxygen Content (wt.%) 13 09 12

Raw Material Powder

Carbon Conteat in Raw Material Powder (ppm) 300 230 500
Pe Content in Raw Material Powder (ppm) <10 <10 <10

St Content in Raw Material Powder (ppm) 9 50 82

Specific Surface Area of Raw Material Powder (m?g)
Mean Particle Size of Raw Material Powder (jum)

et Has Been Re‘laced
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I n-an at nosphere
si ntered body.

._ép of preparing a conpact fromthe mxed powder;
# firing the conpact
ing an alum numnitride

cont ai ni ng nitrogen,

‘Table 2

and

e) a
t her eby

A nmet hod of preparing
umi num nitride sintered body according to another aspect of the
conprises the follow ng steps:

Bxample | Employed Sintering Ti Compound | Sintering Sintering
Treatment | Assistant | Temperature | Time L‘
Material ’I'empentnre (wt.%) (wt.%, interms | (*C) (hr.)
Powder 0 of 'nog)
1 A 800 Y,0,; 05 TLON,; 02 | 180 3
P A 1000 Yb,0,: 0.5 TLON;: 05 | 1800 5
s A 1200 Ca0: 05 T,0N,: 05 | 1800 5
I 4 ‘B 1200 Na,0z05 | TonN:05 | 1800 s
s B 1300 Sm,0,: 05 T,ON,: 05 | 1800 5
6 B 1000 ¥,0,: 05 T,ON;:10 | 1650 3
Ca0: 05
7 B 1000 | o0, 05 T,ON;10 | 1650 5
Ca0: 05
8 c 1000 Y,04 05 T,O.N;:10 | 1650 5
h - Nd,Og: 05
B c 800 5,04 05 T,ON;10 | 1650 5
Nd,0,: 0.5 .
10 c 1200 Nd,0,: 05 T,ON;:10 | 1650 3
| Ca0: 05
1 c 1200 Y,04 15 Ti,0pN; 15 | 1800 5 |
"11 c 1400 Y5,0,: 15 TLON; 15 | 1800 5 |
B3 A 1300 Y,0:15 | TyoNz15 | 1800 5
. ¥b, 0 15
14 A 1200 Y,04 15 TiL,O.N,: 20 1800 3
| N4, 04 15
15 B 1200 Yb,0: 1.5 Ti,ON:50 | 1500 5
s Ca0: 15 |
16 B 1200 - Y,04 15 TL,ON;:30 | 1800 5
- Nd.O,: 1.5
17 A Y,04: 05 Tilon 1800 3
' Implantation
um‘mmwmﬁ

heet Has Been R

Tl \m\\ il \\ﬁii’ ]



p of preparing aluminumnitride powder; b) a step of

il anting titaniuminto the alumnumnitride powder, thereby making

fum exi st in alumnumnitride crystal lattice in.a weight ratio of at
y 50 ppm and not nore than 1000 ppm c) a step of adding a

ring assistant to the alumnumnitride powder containing titaniumfor
ning mxed powder;

Table 3
Contentof Tias | Break Down | Density | Mechanical | Unpaired Thermal
Solid Solute | Voltage (g/em®) | Strength Electron Conductivity
(ppm) (KV/mm) (kg/mm?) Conceatration | (W/mK)
_ () . _
F 60 31 327 8| 27 x 101 170
2 100 41 327 45 60 x 10" 169
u 3 780 47 326 48 15 x 101 160
" 4 480 46 327 42 | 10x10" | 152
H s 20 41 -~ Jazm 47 9.0 x 10% 150
6 a0 a0 327 a4 | 79%10M 190
7 650 52 328 43 - | 16x10" 170 Jl
8 170 35 328 45 55 x 10' 165 JI
440 4 327 42 11 x 10" 155 ]
“ 10 920 50 328 45 1.6 x 10" 155
“ 1 20 44 327 48 ] 78x10® 230
Fz 110 39 327 43 49 x 10' 200
13 800 52 328 41 11 x10" 24
“ 1 650 48 328 46 10 x 10" 178
50 35 40 32 x 10" 150
80 39 45 35 x 10" 217 "
80 2 40 21 x 10" 165 ’

It is cle&rlyiunderstood from Table 3 thatlunpaired
electron concentration obtained from an electron spin
resonance absorption spectrum exceeds i x 10“/9 when the
amount of Ti as-sélid solute is at least 50 ppm and not

5 more than 1000 ppm in a weight ratio, and the aluminum
nitride sintered body exhibits a high breakdown voltage.
It is also underéiood_that an aluminum nitride sintered
body which has ﬁnpaifedielectron concentration of at least

1 x 1013/g and contains a compound of titanium within a

T ‘l’iiitﬁi” i‘mn i
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p of preparing a conpact fromthe m xed powder; and e) a
-firing the conpact in an atnosphere containing nitrogen, thereby
Fing an alumnumnitride :

| range of 0.1 to 5.0 percent by weight in terms of TiO, has

a high breakdown voltage.

As to the aluminum nitride sintered bodies obtained
according to Examples 1,'2, 4 and S}Ititanium compounds
contained'in thé'éluminum.n;tride cfystal particles were
examined through XRD (x-ray difffacﬁioh) or EDX. As the
result, it was prOVed that the titanium compounds
contained in the aluﬁinﬁm nitride'éintered bodies were
composed of Ti, Al, O ahd”N; or-T;, Al, N, O, Ca, Mg and
Si.

Comparative Example 1

Powder which was obtained by adding 1.0 percent by
weight of Y,0,, being in theffbrm of fine particles for
serving as a sintering aséistant, to the aluminum nitride
raw material powder shown at A'in_Table 1 was mixed in
alcohol with a _tuxftbling ball mill for 12 hours.
Thereafter 2 percent by weight bf-polyvinjl.butyral was
added as a binder to thié hi#ed_powder, which in turn was
further~sufficienﬁly mixed and driéd; The as-obtained
powder was press-cqmpacted under a pressure of at least

1.5 ton/cm3. Thereafter thé aséobtained pressed compact

- was debindered at a tempekature of 600°C for 2 hours, and

fired in a nitrogen atmosphére under a sintering
temperature of-1800°é for S5 hoﬁrs. The as-obtained

aluminum nitride sinﬁeréd'body was subjected to

- 20 - This Sheet Has Been Replaced




’si ntered body. Fig. 2 illustrates absorption spectra of

- . spin resonance obtai ned froma conventional alumnum nitride
8d body and an alum numnitride sintered body according to the

t invention. It is understood _

T n o !

measurement offdensity, a breakdowh'voltage, thermal
donductivity, ﬁnpaired electron-condentration, mechanicél
strength, and an amount of titanium as solid solute in
aluminum nitride crystal grains. The sintered body
5 density was measured by an Archimedes‘’ method, the thermal
conductivity was measuied by a laser flash method, the
unpaired electron concentration wassmeasured with an
electron spin resonator, thefkechanical strength was
measured through JIS three-point bending strength, and the
10 amount of titanium was measured wifh EDX of TEM or AES,
SIMS. Table 5 shows the results.
Comparative Examples 2 to 11
The aluminum nitride raw powder ﬁaterials shown in
Table 1 were sﬁrface-treated hnder conditions shown in
15 Table 4, thereafter subjected to mixing, compacting and
debindering in a method similar to that in comparative
example 1, and theﬁ sintered under sintering conditions
shown in Table_4.-'Table 5 shows measurement'values

obtained as to_theée samples of the aluminum nitride

20 sintered bodies.

- 21 -
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. 2 that intensity of the absorption spectrumof electron spin
>e.obtained fromthe inventive alumnumnitride sintered body is
bly increased as conpared with that of the prior art. Referring to
_ the term"marker" indicates a standard material which exhibits a
in a certain constant magnetic field. This standard material is

ired wi th an unknown sanple, .in order to prevent a measurenent error
ed by an '

Table 4

g | S| Momonns | Sy | St
| Temperaturs | (%) (.9, in terms | (°C)
o : of TiO,)
Il: A - Y,04: 10 — 1800 5
2 A 1200 Y,0,: 1.0 — 1800 s
3 A 1200 Y,0,: 1.0 TLON,: 005 | 1800 5
4 A 20 . | Y0010 TLO,N,: 55 1800 5
5 A 1200 Y,0; 10 TiO,; 10 1800 5
6 A - Y,0:10 | Toz10 1800 s
7 A 2o | v0:10 TIN: 10 1800 5
8 A - | 0510 TiN: 1.0 1800 5
9 A - Y,0, 10 T,ON,;10 | 1800 5
10 A m Y,0y 1.0 TLON; 10 | 1800 5
l 1 A 150 - |lvo:10 . |ToN:10 | 1800 5
__Table 5
Contentof Tias | BreakDown | Density | Mechanical | Unpaired :
Solid Solute Voltage ' @m%" Strength Electron Conductivity
(ppm) (kV/mm) - (kg/mm?) Conceatration | (W/mK)
' (/g)
<10 15 327 2 4.0x 10" 137
<10 18 326 s 9.1 x 10" 140
<10 s sz |=» 96 x 10 149
<30 17 328 36 6.0 x 102 139
< 30 18 1328 |3 75 x 10'2 42 "
<30 1 |38 | 95 x 10" 138 "
<30 15 27 |'m 81x10% 141
<30 18 327 - [ 3 76 x 102 142 "
<30 |1s 327 4 65 x 102 140 "
<0 2 | =
<3 e B E N K

From the results of Examples ‘and comparative

- 22 - T T
tH&B«mRThmd

i i



10

15

20

25

The reason why the intensity of the absorption spectrum

Etron spin resonance obtained fromthe inventive alumnumnitride
ged body is increased, which has not yet been clarified, can be
¥cdered as follows: First, alunm numoxy-nitride which is forned on the
fice of the alun1nun1n|tr|de raw materi al powder by surface treatnent

" exanple, Reaction Formula: 1)

examples, it is understood that an aluminum nitride
sintered body:which:has an amount of Ti as solid solute
within a range:ofISO to 1000 ppm in a weight ratio or
unpaired electron concentration of at least 1 x lOn/g and
contains an oxy-nitride of titahium and aluminum within a

range of 0.1 to S.O percent by weight in terms of TiO, has

a breakdown voltage of at least 20 kV/mm.

Fig. 4 is a.gréph showing relations between breakdown
voltages and unpaired electron concentration values
obtained from thé'aforementioned results of Examples and
comparative examples, in addition to the general relation
between the breakdown voltage and the unpaired electron
concentration shown in Fig. 1. It is understood from this
figure that the values of the unpaired electron
concentrations and thé breakdown voltages of the inventive
aluminum nitride sintered bodies are remarkably improved
as compared with the conventional aluminum nitride
sintered bodies. . When the relations between the unpaired
elect:on.concentration values and the breakdown voltages
are shown on a.straight line to measure inclination of
this straight'liné; it is understood that the prior art

exhibits inclination of 1.0 x 107™™

while the inventive
sintered body exhibits inclination of 1.3 x 1043, i.e., 13
times as compared with the prior art. In other words, it

is possible to increase the unpaired electron

- 23 -
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M-th the oxy-nitride of titanium added thereto, to forman

;yide (Ti-Al-ON) of titanium and al um num (for exanple,

I1). Since such an oxy- nitride of titaniumand alum numis
| e under a high

concentration.by one digit as well as to increase the
breakdown voltagé.to twice at the maximum according to the
present invention.

From the 1inear relations between the unpaired
electron concentration vaiues and the breakdown voltages,
it is also recognized possible to confirm the breakdown
voltage of the sintered body by a nondestructive test
through measurément of unpaired electron concentration.

Although.the present invention has been described and
illustrated in'detail, it is clearly understood that the
same is by way of illustration and example only and is not
to be taken by way of limitation, the spirit and scope of
the present invention being limited only by the terms of

the appended claims.
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"tenperature exceedi ng 1000[err] C as conpared with an oxide

=0 of titaniumand alum num a replacenent reaction takes place
Bn oxygen (-bivalent) contained in the alumnumnitride crystal
#Ss as an inpurity-and nitrogen (-trivalent) in the alumnate nitride

] Cani um A fdte tireE e oo
Sheet Has Been Replaced
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WHAT IS CLAIMED IS:

1. An aluminum nitride sintered body comprising
aluminum nitride érystal-grains, titanium being'included
as solid solute in said aluminum nitride crystal lattice
in a weight ratio'of_at least 50 ppm and not more than

1000 ppm.

2. An aluminum nitride sintered body in accordance
with claim 1, éontaining.an oxy-nitride of titanium and
aluminum the:ein in a weight ratio of ét lea#t.o.l $ and
not more than 5.0 % in terms of TiO,,

unpairedlelectron concentratioh in said sintered body
obtained from an absdrption spectrum of electron spin

resonance being at least 1 x 10“(g.

3. An aluminum nitride sintered body in accordance
with claim 2, wherein said oxy-nitride exists in said
aluminum nitride sintered body in the form of grains, said

grains being not more than 800 nm in diameter.

4. An aluminum nitride sintered body in accordance
with claim 3,.having thermal conductivity of at least 150

W/mK.

-




F|
S

Thus,

zed due to approach to t he conposi tion of Ti- |
val ence nunber is increased in the aIun1nun1n|tr|de

s val ence nunber is increased in the oxy-nitride of ti
m num and hence the material enters an electrically u

10

15°

‘5. A method of preparing an éluminum nitride
sintered body, comprising:

a step of preparing aluminum nitride powder;

a step qf'nitriding-said aluminum nitride powder in
an atmosphere containing nitrogen at a temperature of at
least 800°C and not more than 1400°C;

a step of adding a sintering assistant, and an oxy-
nitride of titanium, being in a weight ratio of at least
0.1 % and not more than 5.0 % in terms of TiO,, to said
nitrided aluminum_ﬁitride powder, thereby obtaining mixed
powder;

a step of preparing a compact from said mixed powder;
and

a step of firing said compact in an atmosphere
containing nitrogen, thereby preparing an aluminum nitride

sintered body.

6. A method of_preparing an aluminum nitride
sintered body, comprising:

a step of preparing aluminum nitride powder;

a step of i§n4implanting titanium into said aluminum
nitride powder for making titanium exist in aluminum
nitride crystal lattice in a weight ratio of at least 50
ppm and not more than 1000 ppm;

a step of adding a sintering assistant to said

 ANRR ORI

*tride of titaniumand alum num (for exanple, Reaction Fornmula:
the oxy-nitride of titanium and alun1nun1nay concelvabLy be_qw

m a



‘;'bonpensate for such a state, however, replacement takes place -
al um num (+trivalent) in the alumnum nitride cr?mShhetHwBeEdE RBéedM

MFoval ent) in the aluminate nitride of titanium to r
#ically neutral conditions. As the result, tltanlun1 I
Fided as solid solute in the al um num nitride crystal to |nc

ki red el ectron concentration. Thus, the intensity of the absorption

aluminum nitride powder containing titanium for obtaining

10 mixed powder;
a step of preparing a compact from said mixed powder;

and

a step of'firing said compact in an atmosphere

containing nitrogen, thereby preparing an aluminum nitride

15 sintered body.

* [ L N S *
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i of el ectron spin resonance obtained fromthe
sintered body is remarkably increased.

ABSTRACT OF TﬁE DISCLOSURE

Disclosed herein are an aluminum nitride sintered
body haQing a high breakdown voltage for serving as a
substrate material which is responsive to high integration
of a circuit, and a method of preparing the same. The
aluminum nitride sintered body contains titanium, which is
included as solid solute in aluminum nitride crystal
lattice in a weight ratio of at least 50 ppm and not more
than 1000 ppm. .Unpaired electron concentration in the
sintered body obtained from an absorption spectrum of

electron spin resonance is at least 1 x 10”/g. At least

0.1 percent by weight and not more than 5.0 percent by
weight of an oxy-nitride of titanium and aiuminum exists

in the aluminum nitride sintered body in terms of TiO,.

The aluminum nitride sintered body has a breakdown voltage
of 20 kVv/mm. This aluminum pitride sintered body is
obtained by nitriding aluminum nitride raw material powder
in a nitrogen atmosphere at a temperature of 800 to
1400°C, adding an 6xy-nitride of titanium thereto with a

sintering assistant, and sintering the mixture.
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FIG.1
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The alum numnitride sintered body preferably contains at
{:1 percent by weight and not -nore than 5.0 percent by weight of the
®ride of titanium and

al um num conpound in ternms of Ti A2, including

um-_ which is contained as solid solute in the alum numnitride

FIG.2
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lattice. If the content of the oxy-nitride of titanium and

m conpound is less than 0.1 percent by weight, unpaired el ectron
itration is not nuch increased and the val ue of the breakdown voltage
e as-obtained alum numnitride sintered body remains substantially
lar to that of the prior art. If the content of the oxy-nitride of
Fani um and al umi num conpound exceeds 5.0 percent by wei ght, on the other

FIG.3A
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of this oxy-nitride of titaniumand alum num conpound formed in the
umnitride sintered body disadvantageously exceed 800 nmin
ter, to inhibit - 9-
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TITLE OF THE INVENTION

Aluminum Nitride Sintered Body and Method of
Preparing the Same '
BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to an aluminum nitride
sintered body having a high breakdown voltage in respoﬁse
to high integration of a circuit board, and a method of
preparing the same.
Description of the Background Art

An aluminum nitride sintered body having high fheﬁmal
conductivity is applied to a radiating material such as a
substrate for a semiconductox device'or a circuit board,
for example. At present, high integrétion of a circuit
board is developed in order to cope with high speed

- processing of mass data and miniaturization of information
processinglequipment. A material for such a highly
| integrated circuit board must have an excellent radiating

property in order to cope with heat generated by high
integration, as ﬁell as a high breakdown voltage in order
to cope with narrow spaces between ciréuit wires.

An aluminum nitride sintered body is watched with
interest as an excellent radiating substrate méterial, due
to high thermal conductivity. A conventional aluminum

nitride sintered body has a breakdown voltage of about 10
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the formof an oxy-nitride. Thus, no increase can be expected in the

br eakdown voltage of the alum numnitride sintered body. In the
inventive alum numnitride sintered body, titaniumnust be included as
solid solute in the alumnum nitride crystal lattice in a weight ratio of
at least 50 ppmand not nore than 1000 ppm |If the anount of the as-

di ssol ved tltanlun1|s | ess than 50 ppnlzunpalred el ectron

to 20 kV/mm. Thus, awaited is an aluminum nitride
sintered body, which is applicable to a highly integrated
circuit board with a high breakdown voltage of at least 20
kV/mm.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
aluminum nitride sintered body having a high breakdown
voltage as a substrate material which is responsive to
high integration of a circuit, and a method of preparing
the same.

In order to solve the aforementioned problem, the
inventors have found that it is possible to remarkably
improve the value of a breakdown voltage of an aluminum
sintered body by forming and dispersing an oxy-nitride of
titanium and aluminﬁm, such as aluminate nitride of
titanium, for example, in a sintered body of aluminum
nitride and partially including titanium as solid solute
in aluminum nitride crystal grains. The present invention
has been proposed on the basis of the.following N
recognition by the inventors:

The inventors have found that there is a relation
shown in Fig. 1 between a breakdown voltage of an aluminum
nitride sintered body and unpaired electron concentration
measured from an electron épin resonance absorption

spectrum. It is understood from Fig. 1 that the value of

e
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.concentration decreases and thus breakdown voltage is not enough. If the
amount of the solidly dissolved titanium exceeds 1000 ppm on the other
hand, the thermal conductivity deteriorates and thus the radiating
property 1is not enough. In the inventive alum numnitride sintered
body, further, the unpaired el ectron concentrati on obtained from an
absor ption spectrun1of el ectron spin redonance is

the breakdown voltage is slightly increased with increase
of the unpaired electron concentration_in the aluminum
nitride sintered body. However, there has been obtained
no aluminum nitride sintered body having a breakdown
voltage exceeding 20 kV/mm as a material for a circuit
board which is responsive to high integration.

The inventors have energetically made deep study, to
succeed in increasiné unpaired electron concentration by
preparing an aluminum nitride sintered body through the
following steps: In a first step, éluminum nitride raw
material powder is nitrided in a nitrogen atmosphere at a
femperature of 800 to 1400°C, to convert a surface
composition of the raw material powder from aluminum oxide
(Alz0;) to aluminum oxy-nitride (AlzONz: 0 < X < 1, 0.< Y <
1, 0 < 2 < 1). In a second step, an oxy-nitride of
titanium (or titanium oxide covered with aluminum salt of
fatty acid such as aluminum stearate or aluminum laurate)
is added to the as-nitrided aluminum nitride raw material
powder with a sintering assistant such as a rare earth
oxide such as Y,0; or an alkaline earth oxide such as CaO,
and the mixture is sintered. Through such two steps, the
inventors have succeeded in extremely increasing unpaired
electron concentration of the aluminum nitride sintered
body, improving thermal conductivity and remarkably

improving the value of its breakdown voltage as compared

Thls Sheet Has Been Reilac This is the replacement sheet
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preferably at least 1 x 10[err]/g, since it is possible to ensure a
breakdown voltage of at least 20 kVVimin this
- 10 -

compared with the prior art.

The aluminum nitride sintered body according to the
present invention comprises aluminum nitride crystal
grains, in which titanium element is included as solid
solute in a weight ratio of at least 50 ppm and not more
than 1000 ppm.

Further, the aluminum nitride sintered body according
to the present invention contains an oxy-nitride of
titanium and aluminum compound in a weight ratio of at
least 0.1 $ and not more than 5.0 % in terms of TiO, with
unpaired eiectfon goncenﬁration, being obtained from an
absorption spectrum of electron spin resonance, of at
least 1 x 10%/g. More preferably, the oxy-nitride of
titanium and aluminum compound exists in the aluminum
nitride sintered bbdy in the form of grains, which are not
more than 800 nm in diameter. The aluminum-nitride
sintered body has thermal conductivity of at least 150
W/mK.

On the other hand, a method of preparing an aluminum )
nitride sintered body according to the present invention
comprises the following steps:

a) a step of preparing aluminﬁm nitride powder;

b) a step of nitriding the aluminum nitridé powder in
an atmosphere céntaining nitrogen-ét a temperature of at

least 800°C and not more than 1400°C;
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case. The alum numnitride sintered body, which is obtained by

form ng and dispersing an oxy-nitride of titaniumand alum num conpound in
an alum numnitride sintered body and partially including titaniumas
solid solute in alumnum crystal grains can be prepared by the foll ow ng
met hod: Commercially available alum numnitride raw materi a

c) a step of adding a sintering assistant, and an
oxy-nitride of titanium, being in a weight ratio of at
least 0.1 $ and not more than 5.0 % in terms of TiO,, to
the as-nitrided aluminum nitride powder, thereby obtaining
mixed powder;

d) a step of preparing a compact from the mixed
powder; and

e) a step of firing the'compact in an atmosphere
containing nitrogen, fhereby preparing an aluminum nitride
sintered body.

A method of preparing an aluminum nitride sintered
body according to another aspect of the present invention
comprises the following steps:

a) a step of preparing aluminﬁm’nitride powder;

b) a step of ion-implanting titanium into the
aluminuh.nitride powder, thereby making titanium exist in
aluminum nitride crystal lattice in a weight ratio of at
least 50 ppm and not more than 1000 ppm;

c) a step of adding a siﬁtering assistant to the
aluminum nitride powder containing titanium for obtaining
mixed powder;

d) a step of preparing a compact from the mixed
powder; and

e) a step of firing the compact.in an atmosphere

containing nitrogen, thereby preparing an aluminum nitride
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powder is nitrided in an atnosphere containing nitrogen wthin a
tenperature range of 800 to 1400[err]C. The tenperature range is set at
800 to 1400[err]C since no nitriding reaction progresses on the surface of
the alumnumnitride raw material powder if the tenperature is |ess than
800[err]C, while the grain size of the powder is increased due to a solid
phase reaction between al um num nitridé grains to suppress dispersion of
an oxy-nitride of -

sintered body.

Fig. 2 illustrates absorption spectra of electron
spin resonance obtained from a conventional aluminum
nitride éintered body and an aluminum nitride sintered
body according to the present invention. It is understood
from Fig. 2 that intensity of the absorption spectrum of

" electron spin resonance obtained from the inventive
aluminum nitride sintered body is remarkably increased as
compared with that of the prior art. Referring to Fig. 2,
the term "marker" indicates a standard material which
exhibits a peak in a certain constant magnetic field.

This standard material is measured with an unknown sample,
in order to prevent a measurement error caused by an
apparatus.

The reason why the intensity of the absorption
spectrum of electron spin resonance obtained from the
inventive aluminum ﬁitride sintered body is increased,
which has not yet been clarified, can be considered as
follows: First, aluminum oxy-nitride which is formed on
the surface of the aluminum nitride raw material powder by
surface treatment (for example, Reaction Formula: I)
reacts with the oxy-nitride of titanium added thereto, to
form an oxy-nitride (Ti-Al-O-N) of titanium and aluminum
(for example, Reaction Formula: II). Since such an oxy- |

nitride of titanium and aluminum is instable undexr a high

————
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titaniumwhich is added in a later step if the tenperature exceeds

2400[ err] C Then, 0.3 to 3.0 percent by weight of a sintering

assi stant such as Y203 or CaCO3 in terms of CaOis added to the al um num
nitride raw material powder which is surface- treated in the

aforenenti oned manner, with addition of 0.1 to 5.0 percent by weight of an
oxy-nitride of titaniumin terns of Ti 2~ At this time, the oxy-nitride of
titani um - '

temperature exceeding 1000°C as compared with an oxide
(Ti-Al-0) of titanium and aluminum, a replacement reaction
takes place between oxygen (-bivalent) contained in the
aluminum nitride crystal grains as an impurity and
nitrogen (-trivalent) in the aluminate nitridé of titanium
(oxy-nitride of titanium and aluminum) (for example,
Reaction Formula: III). Thus, the oxy-nitride of titanium
and aluminum may conceivably be stabilized due to approach
to the composition 6f Ti-Al-0. At this time, a minus
valence number is increased in the aluminum nitride
crystal while a plus valence number is increased in the
oxy-nitride of titanium and aluminum, and hence the
material entexrs an electrically unbalanced state. 1In
order to compensate for such a state, however, replacement
takes place between aluminum (+trivalent) in the aluminum
nitride crystal and titanium (+tetravalent) in the
aluminate nitride of titanium, to recover electrically
neutral conditions. As the result, titanium is
conceivably included as solid solute in the aluminum
nitride crystal to increase unpaired electron
concentration. Thus, the intensity of the absorption
spectrum of electron spin resonance obtained from the
inventive aluminum nitride sintered body is remarkably

increased.
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as added preferably has a particle size of not nore than 1 [err]m nore
preferably not nore than 0.1 [err]m so that the sane

-8 -
Reaction Formula
2A1203+1\72{-A1403N,+%021 .o (I)
A1,0,N,+T1,0,N,~Ti,A1,0.N, ... (II)

ALy M, 0+ T1,A1,0,N,

| -All_%xTixN"'Tia-xAlthG*xm"" ... (III)

The aluminum nitride sintered body preferably
contains at least 0.1 percent by weight and not more than
5.0 percent by weight of the oxy-nitride of titanium and
aluminum compound in terms of TiO,, including titanium
which is contained as solid solute in the aluminum nitride
crystal lattice. If the content of the oxy-nitride of
titanium and aluminum compound is less than 0.1 percent by
weight, unpaired electron concentration is not much
increased and the value of the breakdown voltage of the -
as-obtained aluminum nitride sintered body remains
substantially similar to that of the prior art. If the
content of the oxy-nitride of titanium and aluminum
compound exceeds 5.0 percent by weight, on the -other hand,
grains of this oxy-nitridélof titanium and aluminum
compound formed in the aluminum nitride sintered body

disadvantageously exceed 800 nm in diametexr, to inhibit
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Is formed and dispersed in the alumnumnitride sintered body as an
exy-nitride of titaniumand alum num and titaniumis easily solidly

di ssolved in the alumnum nitride crystal grains. Then, about 1.0 to 3.0
percent by weight of a binder such as polyvinyl butyral is added to this
alum numnitride m xed powder, and mxed with the sanme in a ball mll for
about 12 to 72 hours. Thereafter -9 -

original high thermal conductivity of the aluminum nitride
sintered body and reduce a heat -radiation property of the
sintered body for serving as a circuit board material.

Further, no titanium is included as solid solute in
the aluminum nitride crystal grains if no surface
treatment is carried out on the aluminum nitride raw
material powder or a compound of titanium is not added in
the form of an oxy-nitride. Thus, no increase can be
expected in the breakdown voltage of the aluminum nitride
sintered body.

In the inventive aluminum nitride sintered body,
titanium mﬁst be included as solid solute in the aluminum.
nitride crystal lattice in a weight ratio of at least 50

-~ ppm and not more than 1000 ppm. If the amount of the as-
dissolved titanium is less than 50 ppm, unpaired electron
concentration decreases and thus breakdown voltage'is not
enough. If the amouﬁt of the solidly dissolved titanium
exceeds 1000 ppm, on the other hand, the thermal
conductivity deteriorates and thus the radiating property
is not enough.

In the inventive aluminum nitride sintered body,
further, the unpaired electron concentration obtained from
an absorption spectrum of_electron spin resonance is
preferably at least 1 x 10“/g, since it is possible to

ensure a breakdown voltage of at least 20 kV/mm in this
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the powder is dried and granul ated, so that the as- obtained powder is
conpacted under a pressure of 1.5 ton/cnferr], to obtain a pressed
conpact. At this tinme, the pressed conpact is preferably 1.8 to 2.0
g/cnferr] in density. Thereafter the pressed conpact is debindered in a
nitrogen atnosphere at a tenperature of 600 to 800[err]C for about 2 to 3
hours. The as-treated pressed conpact‘i% fired in an atnosphere containing
nitrogen at a tenperature of 1500 to

case.

The aluminum nitride sintered body, which is obtained
by forming and dispersing an oxy-nitride of titanium and
aluminum compound in an aluminum nitride sintered body and
partially including titanium as solid solute in aluminum
crystal grains can be prepared by the following method:

Commercially available aluminum nitride raw material
powder is nitrided in an atmosphere containing nitrogen
within a temperature range of 800 to 1400°C. The
temperature range is set at 800 to 1400°C since no

.nitriding reaction progresses on the surface of the
aluminum nitride raw material powder if the temperature is
less than 800°C, while the grain size of the powder is
increased due to a solid phase reaction between aluminum
nitride grains to suppress dispersion of an oxy-nitride of
titanium which is added in a later step if the temperature
exceeds 1400°C.

Then, 0.3 to 3.0 percent by weight of a sintering
assistant such as Y{h or CaCO; in terms of CaO is added to
the aluminum nitride raw material powder which is surface-
treated in the aforementioned manner, with addition of 0.1
to 5.0 percent by weight'of an oxy-nitride of titanium in
terms of TiO,. At this time, the oxy-nitride of titanium
as added preferably has a particle size of not more than 1

pm, more preferably not more than 0.1 um, so that the same
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1900[err] C for about 2 to 5 hours, to obtain an alum num nitride sintered
body. In relation to the aforenentioned nethod, it is also possible
to obtain an alum numnitride sintered body having a high breakdown
voltage by ion-inplanting titanium into the alumnumnitride raw materi a
powder for making titaniumexist in alumnumnitride crystal grains, and
thereafter adding a S|nter|ng agent ahdlﬁ bi nder and

is formed and dispersed in the aluminum nitride sintered
body as an oxy—nitride.of titanium and aluminum, and
tiﬁanium is easily solidly dissolved in the aluminum
nitride crystal grains. Then, about 1.0 to 3.0 percent by
weight of a binder such as polyvinyl butyral is added to
this aluminum nitride mixed powder, and mixed with the
same in a ball mill for about 12 to 72 hours. Thereafter
the powder is dried and granulated; so that the as-
obtained powder is compacted under a pressure of 1.5
ton/cm?2, to obtain a pressed compact. At this time, the
pressed compact is éreferably 1.8 to 2.0 g/cnﬁ in density.
Thereafter the pressed compact is debindered in a nitrogen
atmosphere at a teﬁperature of 600 to 800°C for about 2 to
3 hours. The as-treated pressed compact is fired in an
atmosphere containing nitrogen at a temperature of 1500 to
1900°C for about 2 to 5 hours, to obtain an aluminum
nitride sintered body.

In relation to the aforementioned method, it is also
possible to obtain an aluminum nitride sintered body
having a high breakdown voltage by ion-implgnting titanium
into the aluminum nitride raw material powder for making
titanium exist in aluminum nitride crystal grains, and
thereafter adding a sintering agent and a binder and
carrying out mixing, granulation, ?ress molding,

debindering and firing under the same conditions as the
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carfying out m xing, granul ation, press nolding, deblnderlng and firing
under the sane conditions as the - 12 -

- 12 -

above.

The inventorS"haQe observed an aluminum nitride
sintered body having unpaired electron concentration of at
least 1 x 10n/g obtained from an absorption spectrum of
electron spin resonance with an SEM (scanning electron
microscope) or a TEM (transmission election microscope).
Consequently, it has been proved that crystal grains other
than aluminum nitride cryétal grains existed in the
aluminum nitride sintered body. These grains were
subjected to elementary analyéis through an EDX (energy
dispersive X-ray analysis) or AES (Auger electron
spectroscopy) or SIMS (Secondary Ion Mass Spectroscopy).,
to prove that the grainé formed in the aluminum nitride
crystal grains included Ti, Al, N, O, Ca, Mg, Si and C,
and were mainly composed of Ti, Al, O and N. Further,
grains of a titanium compound formed in the aluminum
nitride sintered body existed as dispersed grains of not
more than 0.8 um (800 nm) in mean grain size.

Fig. 3A typically shows TEM images of Ti-Al-O-N graiﬁ-
contained in the aluminum nitride crystal grain, and Fiqg.
3B shows results of EDX analysis of Ti in respective
points A to E in Fig. 3A. As the results of the EDX
analysis of the inside of the aluminum nitride brystal
grain arouﬂd titanium compound grain, it has been

clarified that Ti was diffused from the titanium compound
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above. The inventors have observed an alum numnitride sintered
body having unpaired el ectron concentration of at least 1 x 10[err]/g
obtai ned from an absorpti on spectrum of el ectron spin resonance with an
SEM (scanni ng el ectron m croscope) or a TEM (transm ssion el ectron

m croscope) . Consequently, it has been proved that crystal grains other
than alum numnitride crystal grains exik3ed in the

grain of Ti-Al-O-N existing in AIN grains into aluminum
nitride crystal grain, as shown -in Fig. 3B. It has also
been proved that the amount of Ti as solid solute in the
aluminum nitride crystal lattice, which was varied with
sintering conditions, was within a range of 50 to 1000
ppm.

According to the present invention, as hereinabove
described, titanium is included as solid solute in the
aluminum nitride crystal lattice in a weight ratio of at
least 50 ppm and not more than 1000 ppm, whereby unpaired
electron concentration of the aluminum nitride sintered
body can be extremely increased thexreby remarkably
improving the breakdown voltage as compared with the prior
art. Further, the inventive aluminum nitride sintered
body, which has unpaired electrén concentration obtained
from an electron spin resonance absorption spectrum of at
least 1 x 10“/g and contains at least 0.1 percent by
weight and not morelthan 5.0 percent by weight of an oxy-
nitride of titanium and aluminum in terms of Tioz, is )
provided with a high breakdown voltage of at least 20
kV/mm. The inventive aluminum nitride sintered body
having an excellent heat radiation property is
sufficiently applicable to a circuit board material which
is responsive to integration of the cifcuit.

According to the present invention, it is possible to
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alumnumnitride sintered body. These grains were subj ected to el enentary
anal ysi s through an EDX (energy di spersive X-ray anal ysis) or AES (Auger
el ectron spectroscopy) or SIMS (Secondary lon Mass Spectroscopy), to
prove that the grains forned in the alumnumnitride crystal grains
included Ti, Al, NN O Ca, My, Si and C and were mainly conposed of Ti,
Al, Oand N Further, grains of a ttt&fhium conpound formed in the

al um num -

obtain an aluminum nitride sintered body which has a
higher breakdown voltage as compared with the prior art,
whereby highly integrated circuit design is enabled when
the inventive sintered body is applied to a circuit board
material. Thus, it is possible to contribute to high-
speed processing of information following high integration
of the circuit, és well as to miniaturization of
information procéssing equipment.

The foregoing and other objects, features, aspects
and advantages of tﬁe present invention will become more
apparent from the following detailed description of the
present invention when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph showing a relation between unpaired
electron concentration and a breakdown voltage in an
aluminum nitride sintered.body;

Fig. 2 is a graph showing absorption spectra of
electron spin resonance obtained from a conventional
aluminum nitride sintered body and an aluminum nitride
sintered body according to the present invention;

Fig. 3A typically illustrates TEM images of Ti-Al-O-N
grain contained in an aluminum nitride crystal grain;

Fig. 3B is a graph showing results of EDX analysis of

Ti distribution in aluminum nitride crystal grain and Ti-
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nitride sintered body existed as di spersed grains of not nore than 0.8
ferr]m (800 nm in mean grain size. Fig. 3Atypically shows TEM

i mges of Ti-Al-ONgrain contained in the alumnumnitride crystal grain,
and Fig. 3B shows results of EDX analysis of Ti in respective points Ato
Ein Fig. 3A. As the results of the EDX analysis of the inside of the
alum numnitride crystal grain around LPtani um conpound grain, it has been

Al-0O-N grain; and

Fig. 4 is a graph showing relations between unpaired
electron concentration values and breakdown voltages in
aluminum nitride sintered bodies according to comparative
examples and Example of the present invention.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

Example 1

Aluminum nitride raw material powder shown at A in
Table 1 was surface-treated in a nitrogen atmosphere at a
temperature of 800°C, and thereafter 0.5 percent by weight

of Y,0, serving as a sintering assistant was added to this

material with addition of 0.2 percent by weight of an oxy-
nitride of titanium  (Ti;O,N,) in terms of TiO,, so that the
as-obtained powder was mixed in alcohol with a tumbling
ball mill for 12 hours, as shown in Table 2. Thereafter 2
percent by weight of polyvinyl butyral was added as a
.binder to this mixed powder, which in turn was further
sufficiently mixed and dried. The as-obtained powder was
press-compacted under a pressure of at least 1.5 ton/cm2. )
The as-obtained pressed compact was debindered at a
temperature of 600°C for 2 hours, and then fired in a
nitrogen atmosphere under a sintering temperature of
1800°C for 3 hours. The as-obtained aluminum nitride

sintered body was subjected to measurement of density, a

breakdown voltage, thermal conductivity, unpaired electron
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clarified that Ti was diffused fromthe titani um compound
13 -

- 16 -

concentration, mechanical strength and an amount of
titanium as solid solute in aluminum nitride crystal
grains. The sintered body density was measured by an
Archimedes’ method, the thermal conductivity was measured
by a laser flash method, the unpaired electron
concentration was measured with an electron spin
resonator, the mechanical strength was measured through
JIS three-point bending strength, and the amount of
titanium as solid solute was measured with EDX of TEM or
AES, SIMS. Table 3 shows the results.

Examples 2 to 16 |

The aluminum nitride raw powder materials shown in
Table 1 were treated at surface treatment temperatures
shown in Table 2, and thereafter subjected to mixing with
sintering assistants and press compacting, similarly to
Example 1. The as-obtained pressed compacts were fired
under sintering éonditions shown in Table 2 by a method
similar to that in Example 1, to prepare 15 types of
aluminum nitride sintered bodies. Table 3 shows
measurement values obtained as to these samples.

Example 17

Ti ions were implanted into the aluminum nitride raw
material powder shown at A in Table 1, with energy of 4
MeV at about 10' ions/cm2. 0.5 percent by weight of Y,0,

was added to this powder and mixed in alcohol with a
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grain of Ti-Al-O-Nexisting in AINgrains into alumnum nitride crystal
grain, as shown in Fig. 3B. It has also been proved that the anmount of Ti
as solid solute in the alumnumnitride crystal lattice, which was varied
with sintering conditions, was within a range of 50 to 1000 ppm
According to the present invention, as hereinabove described, titaniumis
i ncluded as solid solute in the - 17 -

tumbling ball mill for 12 hours. Thereafter an aluminum
nitride sintered body was obtained in a similar manner to

Example 1. Table 3 also shows measurement values obtained

as to this sample.

Table 1
Raw Material Powder A B C "
Total Oxygen Content (wt.%) 13 0.9 12
Carbon Content in Raw Material Powder (ppm) 300 230 500
Pe Content in Raw Material Powder (ppm) <10 <10 <10 "
Si Content in Raw Material Powder (ppm) 9 50 82 FI
Specific Surface Area of Raw Material Powder (mzlE) 35 28 2.7
Mean Particle Size of Raw Material Powder (um) 13 11 1.0
This Sheet Has Been Replaced
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alumnumnitride crystal lattice in a weight ratio of at [|east 50 ppm and
not nore than 1000 ppm whereby unpaired electron concentration of the
alumnumnitride sintered body can be extrenely increased thereby

remar kably inproving the breakdown voltage as conpared with the prior
art. Further, the inventive alumnumnitride sintered body, which has
unpaired el ectron concentrati on obtainetB from an el ectron spin resonance
absorption spectrum of at

Table 2
Bxample | Employed Surface Sintering Ti Compound Sintering Sintering
Raw Treatment Assistant Temperature | Time
Material Temperature | (wt.%) (wt.%, in terms O (hr.)
Powder O of Ti0,)
1 A 800 Y,0,: 05 Ti,O,N.: 0.2 1800 3
2 A 1000 ¥b,0,: 0.5 Ti,O5N,: 05 1800 5
3 A 1200 Ca0: 0.5 Ti,O,N,: 05 1800 5
4 B 1200 Nd,0,: 05 Ti,O4N,: 05 1800 5
5 B 1300 $m,0,: 05 Ti,O,N,: 05 1800 5
6 B 1000 Y,0,4: 05 Ti,O;N,: 1.0 1650 3
Ca0: 05 .
7 B 1000 Yb,04: 05 Ti,O,N,: 1.0 1650 5
CaO: 05
8 C 1000 Y,0;: 05 Ti,O3Ny: 1.0 1650 5
Nd,0.: 05
9 C 800 Yb,0,: 05 TiyOyN,: 1.0 1650 5
. Nd,O.: 05
10 c 1200 Nd,0,: 05 Ti,O,N,: 1.0 1650 3
Ca0: 05
1 c 1200 Y,04 15 Ti,O,N;15 | 1800 5
12 C 1400 ¥b,0;: 15 TLO N, 15 1800 5
13 A 1300 Y 0415 - Ti,ON,: 15 1800 5
Yb,0,: 15
14 A 1200 Y0, 15 Ti,O,4N,: 2.0 1800 3
Nd,O,: 15
15 B 1200 Yb,04: 15 TiyO4N,: 5.0 1500 1s
Ca0O: 15
16 B 1200 Yb,0,: 1.5 Ti,04N,: 3.0 1800 5 )
Nd,0g: 15
17 A - Y04 05 TilIon 1800 3
Implantation
(10'® jons/em?)
&

—
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| east 1 x 10[err]/g and contai ns at
nore than 5.0 percent by weight of an oxy-

aluminumin terms of TiJerr],
| east 20 kV/nmm The inventive alum numnitride sintered body
sufficiently applicable to a

of at
an excel |l ent heat

radi ati on property is

i's

| east 0.1 percent by weight and not
nitride of titani um and

provi ded with a high breakdown voltage

havi ng

circuit board material which is respen¥Pve to integration of the circuit.
Table 3
Bxample | Content of Ti as Break Down Density | Mechanical Unpaired Thermal
Solid Solute Voltage (g/em®) | Strength Electron Conductivity
(ppm) (kV/mm) (kg/mm?) Concentration | (W/mK)
(/3)

1 60 31 327 48 2.7 x 108 170
2 100 41 327 45 6.0 x 107 169
3 780 47 3.26 48 15 x 10" 160
4 480 46 327 42 1.0 x 10* 152
5 220 41 327 47 9.0 x 103 150
6 440 40 327 41 79 x 10% 190
7 650 52 328 43 1.6 x 10" 170
8 170 35 328 45 55 x10% 165
9 440 44 327 42 11 x 10" 155
10 920 50 328 45 1.6 x 10" 155
1 320 44 327 48 7.8 % 10" 230
12 110 39 327 43 49 % 10" 200

“ 13 800 52 328 41 1.1 x 10" 234
14 650 48 328 46 1.0 x 10 178
15 50 35 312 40 32x10% 150

|| 16 80 39 328 45 35 x 10'° 217

|| 17 80 32 327 40 2.1 x 10 165

It is clearly understood from Table 3 that unpaired

electron concentration obtained from an electron spin

resonance absorption spectrum exceeds 1 x 1013/9' when the

amount of Ti as solid solute is at least 50 ppm and not

more than 1000 ppm in a weight ratio,

nitride sintered body exhibits a high breakdowr} voltage.

and the aluminum

It is also understood that an aluminum nitride sintered

body which has unpaired electron concentration of at least

1 x 10”/g and contains a compound of titanium within a
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According to the present invention, it is possible to
- 14 -

- 20 -

range of 0.1 to 5.0 percent by weight in terms of TiO, has
a high breakdown voltage.

As to the aluminum nitride sintered bodies obtained
according to Examples 1, 2, 4 and 5, titanium compounds
contained in the aluminum nitride crystal particles were
examined through XRD (X-ray diffraction) or EDX. As the
result, it was proved that the titanium compounds
contained in the aluminum nitride sintered bodies were
composed of Ti, Al, O and N, or Ti, Al, N, O, Ca, Mg and
Si.

Comparative Example 1

Powder which was obtained by adding 1.0 pexcent by
weight of Y¥,0,, being in the form of fine particles for
serving as a sintering assistant, to the aluminum nitride
raw material powder shown at A in Table 1 was mixed in
alcohol with a tumbling ball mill for 12 hours.
Thereafter 2 percent by weight of polyvinfl butyral was
added as a binder to this mixed powder, which in turn was
further sufficieptly mixed and dried. The as-obtained )
powder was press-compacted under a pressure of at least
1.5 ton/cm?. Thereafter the as-obtained pressed compact
was debindered at a tempefature of 600°C for 2 hours, and
fired in a nitrogen afmosphere under a sinteriﬂg.
temperature of 1800°C for 5 hours. The as-obtained

aluminum nitride sintered body was subjected to
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obtain an alum numnitride sintered body which has a higher breakdown

vol tage as conpared with the prior art, whereby highly integrated circuit
design is enabled when the inventive sintered body is applied to a circuit
board material. Thus, it is possible to contribute to high- speed
processing of information follow ng high integration of the circuit, as
well as to miniaturization of infornmatid¥ processing equi pnent.

measurement of density, a breakdown voltage, thermal
conductivity, unpaired electron concentration, mechanical
strength, and an amount of titanium as solid solute in
aluminum nitride crystal grains. The sintered body
density was measured by an Archimedes’ method, the thermal
conductivity was measured by a laser flash method, the
unpaired electron concentration was measured with an
electron spin resonator, the mechanical strength was
measured through JIS three-point bending strength, and the
amount of titanium was measured with EDX of TEM or AES,
SIMS. Table 5 shows the results.

Comparative Exémples 2 to 11

The aluminum nitride raw powder materials shown in
Table 1 were surface-treated under conditions shown in
Table 4, thereafter subjected to mixing, compacting and
debindering in a method similar to that in comparative
example 1, and then sintered under sintering conditions
shown in Table 4. Table 5 shows measurement values
obtained as to these samples of the aluminum nitride

sintered bodies.
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The‘foregoi ng and ot her objects, features, aspects and advantages of the

present invention will beconme nore apparent fromthe follow ng detail ed
description of the present invention when taken in conjunction with the
acconpanyi ng drawi ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS Fig. 1is a
graph showing a relation between unpaired electron concentration and a
br eakdown voltage in an - 22 -
Table 4
Compar | Employed | Surface Sintering Ti Compound Sintering Sintering
ative Raw Treatment Assistant Temperature | Time (hr.)
Bxample | Materiat | Temperature | (wt.%) (wt.%, in terms ()
Powder o of TiO,)
“ 1 A - : Y,0,: 1.0 — 1800 5
" 2 A 1200 Y,04: 1.0 — 1800 5
“ 3 A 1200 Y,0,: 1.0 Ti,0,N,: 005 | 1800 5
4 A 1200 Y,0,: 1.0 Ti,04N,: 5.5 1800 5
5 A 1200 Y,0,: 10 TiO,: 1.0 1800 5
6 A - Y,0,: 1.0 TiO,: 1.0 1800 s
7 A 1200 Y,0, 1.0 TiN: 1.0 1800 5
8 A — Y,0, 1.0 TiN: 1.0 1800 5
K A - Y,0,: 1.0 Ti,0,N,: 1.0 1800 5
" 10 A 700 Y,0.: 1.0 Ti,0,N,: 1.0 1800 5
H 11 A 1500 Y,0, 1.0 Ti,O,N,: 1.0 1800 s
Table 5
1]
Compar | Content of Ti as Break Down Densii Mechanical Unpaired -1 Thermal
ative Solid Solu Voltage (g/em Strength Electron Conductivity
Example | (ppm) - (kV/mm) (kg/mm®?) Concentration | (W/mK)
_ . (%)
1 < 10 15 327 32 4.0x 10'2 137
2 <10 18 326 35 9.1 x 10'2 140
3 <10 : 15 327 30 9.6 x 10'2 149
4 <30 17 3.28 36 6.0 x 10'2 139
5 <30 18 3.28 34 75 x 102 142 -
6 <30 14 328 38 95 x 10" 138
7 <30 5 327 33 8.1 x 102 141
8 < 30 18 | 327 31 7.6 x 102 142
9 < 30 15 327 34 65 x 10'? 140
10 <30 12 327 31 59 x 102 137
1 <30 14 327 36 41 x 102 139

From the results of Examples and comparative
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alum numnitride sintered body; Fig. 2.is a graph show ng absorption
spectra of electron spin resonance obtained froma conventional alum num
nitride sintered body and an aluminumnitride sintered body according to
the present invention; Fig. 3Atypically illustrates TEM i nages of
Ti-Al-O-N grain contained in an alum numnitride crystal grain; Fig.
3B is a graph showing results of EDX an&Bysis of

examples, it is understood that an aluminum nitride
sintered body which has an amount of Ti as solid solute
within a range of 50 to 1000 ppm in a weight ratio or

unpaired electron concentration of at least 1 x 10”/g and

contains an oxy-nitride of titanium and aluminum within a

range of 0.1 to 5.0 percent by weight in terms of TiO; has

a breakdown voltage of at least 20 kV/mm.

Fig. 4 is a graph showing relations between breakdown
voltages and unpaired electron concentration values
obtained from the aforementioned results of Examples and
comparative examples, in addition to the general relation
between the breakdown voltage and the unpaired electron
concentration shown in Fig. 1. It is understood from this
figure that the values of the unpaired electron
concentrations and the breakdown voltages of the inventive
aluminum nitride sintered bodies are remarkably improved
as compared with the conventional aluminum nitride
sintered bodies. When the relations between the unpaired
electron concentration values and the breakdown voltages )
are shown on a straight line to measure inclination of

this straight line, it is understood that the prior art

exhibits inclination of 1.0 x 107" while the inventive
sintered body exhibits inclination of 1.3 x 10'”, i.e., 13

times as compared with the prior art. In other words, it

is possible to increase the unpaired electron
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Ti distribution in alumnumnitride crystal grain and Ti-
Al -O N grain; and

- 24 -

concentration by one digit as well as to increase the
breakdown voltage to twice at the maximum according to the
present invention.

From the linear relations between the unpaired
electron concentration values and the breakdown voltages,
it is also recognized possible to confirm the breakdown
voltage of the sintered body by a nondestructive test
through measurement of unpaired electron concentration.

Although the present invention has been described and
illustrated in detail, it is clearly understood that the
same is by way of illustration and example only and is not
to be taken by way of limitation, the spirit and scope of
the present invention being limited only by the terms of

the appended claims.
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Fig. 4 is a graph showi ng rel ati ons between unpaired electron
concentration values and breakdown voltages in alumnumnitride sintered
bodi es according to conparative exanples and Exanpl e of the'ﬁrésent-ﬁ—-

i nvention. DESCRI PTI ON OF THE PREFERRED EMBODI MENTS This Shead ok

Alum numnitride raw materi al powder shown at A in Table
surface-treated in a nitrogen atnospher &t~ a m"",”m,m "I

WHAT IS CLAIMED IS:

1. An aluminum nitride sintered body comprising
aluminum nitride crystal grains, titanium being included
as solid solute in said aluminum nitride crystal lattice

in a weight ratio of at least 50 ppm and not more than

1000 ppm.

2. An aluminum nitride sintered body in accorxdance
with claim 1, containing an oxy-nitride of titanium and
aluminum therein in a weight ratio of at least 0.1 % and
not more than 5.0 % in terms of Tioz,

unpaired electron concentration in said sintered body
obtalned from an absorptlon spectrum of electron spin

resonance being at least 1 x 10° /g.

3. An aluminum nitride sintered body in accordance
with claim 2, wherein said oxy-nitride exists in said
aluminum nitride sintered body in the form of grains, said

grains being not more than 800 nm in diameter.

4. An aluminum nitride sintered body in accoxrdance
with claim 3 hav1ng thermal conductivity of at least 150

W/nmK.
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tenperature of 800[err]C, and thereafter 0.5 percent by weight of
Y[err]Oerr] serving as a sintering assistant was added- to this naterial
with addition of 0.2 percent by weight of an oxy- nitr] t g EQ“,
(Tierr]Clerr]Nerr]) in terms of TiQ[err], so that the‘“S “ vvder
was m xed in alcohol with a tunbling ball mll for 12 hf

Table 2. Thereafter 2 percent by melghgsof pol yvi nyl bu

a binder to this Al xed powder, which in turn was further

5. A method of preparing an aluminum nitride
sintered body, comprising:

a step of preparing aluminum nitride powder;

a Step of nitriding said aluminum nitride powder in
an atmosphere containing nitrogen at a temperature of at
least 800°C and not more than 1400°C;

a step of adding a sintéring assistant, and an oOxy-
nitride of titanium, being in a weight ratio of at least
0.1 % and not more than 5.0 % in terms of TiO,, to said
nitrided aluminum nitride powder, thereby obtaining mixed
powder;

a step of prepaiing a compact from said mixed powder;

and
a step of firing said compact in an atmosphere
containing nitrogen, thereby preparing an aluminum nitride

sintered body.

6. A method of preparing an aluminum nitride
sintered body, comprising:

a step of preparing aluminum nitride powde;;

a step of ion-implanting titanium into said aluminum
nitride powder for making titanium exist in aluminum
nitride crystal lattice in a weight ratio of at least 50

ppm and not more than 1000 ppm;

a step of adding a sintering assistant to said

This is the rep!acemé-nt sheet

Hllllll I lIIH Hlll | llll | oate:3 1 OCT 096



sufficiently mxed and dried. The as-obtai ned powder was press-conpacted
under a pressure of at least 1.5 ton/cnferr]. The as-obtained pressed
conpact was debindered at a tenperature of 600[err]C for 2 hours, and then
fired in a nitrogen atnosphere under a sintering tenperature of

1800[err] C for 3 hours. The as-obtained alumnumnitride sintered body was

subj ected to neasurenent of density, a %t eakdown vol tage, therma
conductivity, unpaired el ectron

aluminum nitride powder containing titanium for obtaining
mixed powder;

a step of preparing a compact from said mixed powder;
and

a step of firing said compact in an atmosphere
containing nitrogen, thereby preparing an aluminum nitride

sintered body.
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ALUMINUM NITRIDE SINTERED BODY AND METHOD
OF PREPARING THE SAME

ABSTRACT OF THE DISCLOSURE :

Disclosed herein are an aluminum nitride sintered
body having a hiéh breakdown voltage for seﬁving as a
substrate material which is responsive to high integration
of a circuit, and a method of preparing the same. The
aluminum nitride sintered body contains titanium, which is
included as solid solute in aluminum nitride crystal
lattice in a ﬁeight ratio of at least 50 ppm and not more
than 1000 ppm. Unpaired electron concentration in the
sintered body obtained from an absorption spectrum of
electron spin resonance is at least 1 x 10n/g. At least
0.1 percent by weight and not more than 5.0 percent by
weight of an oxy-nitride of titanium and aluminum exists
in the aluminum nitride sintered body in terms of TiO,.
The aluminum nitride sintered body has a breakdown voltage
of 20 kV/mm. This aluminum nitride sintered body is
obtained by niﬁfiding aluminum nitride raw material powder
in a nitrogen atmosphere at a temperature of 800 to
1400°C, adding an oxy-nitride of titanium thereto with a

sintering assistant, and sintering the mixture.

FIGURE 3A.
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titaniumas solid solute in alumnumnitride crystal grains. The sintered
body density was neasured by an Archi nedes' nethod, the thernal
conductivity was neasured by a |laser flash nmethod, the unpaired el ectron
concentration was neasured with an el ectron spin resonator, the nechani cal
strength was neasured through JIS three-point bending strength, and the
anmount of titaniumas solid solute was-reasured with EDX of TEM or
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AES, SIMS. Table 3 shows the results.
alum numnitride raw powder materials shown in
shown in Table 2,
sintering assistants and press conpacti ng,

surface treatnent tenperatures
to mxing with

Exanpl es 2

and t

Exanpl e 1. The as-obtai ned pressed conpacts were fired
conditions shown in Table 2 by a nethod 2 -

FIG.2
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simlar to that in Exanple 1, to prepare 15 types of alumnumnitride
sintered bodies. Table 3 shows neasurenent val ues obtained as to these
sanpl es. Exanpl e 17 Ti ions were inplanted into the al um num
nitride raw naterial powder shown at Ain Table 1, with energy of.4 MV
at about 10[err] ions/cnferr]. 0.5 percent by wei ght of Y203 was added to
this powder and mxed in al cohol with a3
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ATUminam nitride sintere: ody and method of preparing the same

Descrigtian
BACKGRQOUND OF THE INVENTION
Fiald af e Inventian

Tha geasant invention celates ta an aluminum qitrida sintered Body having a high Sraakdawn vaitage in raspansa
ta high intagration af a circuit board, and a methad of preparing the same. .

Oascription gt thve 3ackground Act

An aluminum nitride sintered body having high thermal canductivity is applied to a radiating material such as a
subsirata for 3 samiconductor devica ar 2 circtit board, lor examgle. At presant, high integratian of 3 circuit baasd is
develcped in arder o cope with high speed procassing of mass data and miniaturization at information gracassing
equicment. A material for such a highly integrated circuit board must have an axcallent radiating property in ordar to
capa with haat generated by Mgh integration, as wall as a high Braakdown valtage in arder 1o cape with narraw spaces

Batwaen circuit wires, . .
An alumninum aitride sintarad body is watched with intarest 23 an excellant radiating substrata material, due o high

thermal candiuctivity, A canventional lumtinumt fitride sintarad body has a braalaiown veitage of abaout 10 10 20 kV/imm.
Thus, awaitad is an duminum nittide sintared body, which is applicatie to 2 highly integrated circuit board with a high
braakdaown voitaga of at least 20 kV/imm. SP-A-507 961 discloses an aluminum sintered body cantaining a titanium

campaund.
SUMMARY OF THE INVENTION

An chject of the prasant invention is 1o provide an aluminum nitride sintarad body having 2 high breakdown voitage
as a substrate matarial which is responsive o high integration of a circuit, and a methed of graparing the same.

ln arar to saive thae alcramentioned probiem, the inventors hava found that it is possible to cemarkatly improve the
value of 3 Bragiciown voltage of an aluminum sintared bedy by farming and dispersing an oxy-nitride of Staniunt and
alyrminum, such 35 alurminata nitride of itanium, for axampie, in a sintered bedy of aluminum nitride and pardally inciuding
tisanium as saiid saluta in aluminum nitride crystal grains. The prasant invention has been proposed on the basis of the
foliowing racognition by e invertars:

The inventars have lound that thera is 3 ralation shown in Fig. 1 between a breaiciown voitage of an aluminum
nitricde sintarad hody and unpaired alectran cangantration measurad from an alecron spin resonance absarption spec-
rrum, it is undarstood fram Fig. 1 that the valua of the breakdown voitaga is silghtly increased with incraasa of the
unpaired sleciron concantration in the aluminum nitride sinterad Body. Howaever, thera has Yeen cbtained o aluminum
nitride sintarad body having a brealdown vaitage exceeding 20 kV/imm as 3 material for a circuit Board whici is resgon-
sive to high intagratian,

The inventars have anergeﬁally made deep study, t0 succaed in increasing unpaired electron cancantration by
preparing an aluminum nitride sintered body through the following steps: In a first step. aluminum nitride raw material
gawder is nitrided in a aitrogen atmasphare at a tamgperature of 800 ta 1400°C, 8 convert 2 surfaca compasitian of fe
raw material pawdar irom aluminumm axide {Alz03) to aluminum axy-nitride (AlxOyNz: 0 <X <1,0<Y <1.0<cZ <)
In 2 sacand steq, an oxy-nitride of titanium (or titanium oxide coverad with afuminurm sait of fatty acd sucht as aiuminum
staarata or aluminum laurate} is acdad to the as-nitrided aluminum nitride raw material pawder with a sintaring assistant
such as a rare 2arth axide such as Y03 or an alialine sarth oxide such as Ca0, and the mixture is sintered. Theough
such twa staps, the inventars have succaeded in extremely incraasing unpaired electron concantration of the dluminum

_ nitrida sinterad Sody, improving thermal conductivity and remariably improving the value of its breaidown voitage as
camparad camparad with the priar art,

The aluminum nitride sintered body accarding to the presant invention comprises aluminum aitride crystal grains,
in which titanium alement is included as solid solute in 2 weight catia of at least S0 ppm and aat more than 1000 ppm.

Further, the aluminum nitride sintered body according o the presant invention contains an axy-nitride of titanium
and aluminum campound in 2 waight ratio of at least 0.1 % and not mare than 5.0 % in terms of TiOz, with unpaired
alecran cancantration, Being abtained from an absorption spectrum of electron spin rasonanca. af at least 1 x 101 ¥g,
Moara prafarably, ihe axy-nitrica of titanium and aluminum compound exists in the aluminum nitrida sintared body in the
form of grains, which are not mare than 800 am in diamater. The aluminum nitride sintered body has thermal conductivity
aof at feast 150 WimK.

QOn the giher hand, a mathod of ptepamg an aiumnum nitride smtered body acsarding to tha present invantion

-qormprigas the lallowing steps: R s
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Si Content in Raw Material Powder (ppm 9 50 82
Specific Surface Area of Raw Material Powder (nferr]/g) 3.5 2.8 2.7
Mean Particle Size of -Raw Material Powder (pm) 1.3 1.1 1.0
y -2 -

a} 3 stap of preparing aluminum nitrida powdar;
) a siap of nitriding the-aluminum nitnde pawder in an aimaspheara comaining nitragen at a ternpacatura of at least
800°C and not mare than 1400°C; '
¢} a stap af adding a sintering assistant, ang an axy-nitride of litanium, being in a weight ratio af at laast 0.1 % and
nat more than 5.0 % in tarms of TiO+, to the 3s-nitrided aluminum nitride powder, theraby cttaining mixed powdaer;
d) a step of praparing a compac: from the mixed powder; and
a) a stap of firing the compact in an atmasphara cantaining nitrcgen, thereby preparing an aluminum nitride sintered

A methed of preparing an alummum nitride sintered body acmrdmg to another aspect of the prasant invention
cormgrisas the fallowing steps

a) a step of preparing alummum nitride powder:

) a step of ion-implanting titanium into the aluminum nitride powder, thereby making titanium exist in aluminum
nitride crystal lattica in a weight ratio of at least SQ ppm and not more than 1000 pom;

¢) & step of addmg a sintering assistant to the aluminum nitride pcwder containing titanium for cbtaining mixed
powder:

d) a step of preparing 3 comgpact ram the mixed powder; and
@) a step of firing the campact m an atmosphera containing nitrogen, therety preparing an aluminum nitride sintered
body. .

Fig. 2 illusiratas absarption specira of electran spin resonance obtained from a conventional aluminum nitride sin-
tered body and an aluminum nitride sinterad body according to the prasent inventien. it is understacd fram Fig. 2 that
intensity of the absarption spectrum of eleciren spin resonance obtained from the inventive aluminum nitride sintered
body is remarkably increased as compared with that of tha prior art. Referring o Fig. 2, the term “markar” indicates a
standard material which exhibits a pealk in a certain constant magnetic field. This standard material is measured with
an unknown sample, in ander ta prevent & measuremant arrgr causad by an apparatus.

" The raason why the intensity of the absorption spectrum of afectron $pin resanance qbtained fram the inventive
aluminum nitride sintered body is incraased, which has not yet been clarified, can be considerad as follows: First, alu-
minum oxy-nitride wiich is formed on the surfaca of the aluminum nitrida raw material powder Ry surface raatment (for
exampie, Raaction Formula: 1) reacts with the axy-nitride of titanium added thersto, o form an oxy-nmda (Ti-Al-O-N) of
titanium and aluminum (for axample, Reaction Formuia: 1), Since such an oxy-nitride of titanium and aluminum is instable
under a high temperature excaeding 1000°C as compared with an oxide (Ti-Al-Q) of titanium and aluminum, 3 replace-
ment reaction takes place between axygen (-bivalent) contained in the aluminum nitride crystal grains as an impurity
and nitragen (-trivalent) in the aluminata nitride of titanium (oxy-nitride of titanium and aluminum) (for example, Reaction
Foremula: (Ml), Thus. the oxy-nitride of titanium and aluminum may. conceivably be stabilized due to approach to the
compositian of Ti-Al-O. At this time, a minus valenca number is increased in the aluminum nitride crystal while a pius
valence number is increased in the oxy-nitride of titanium and aluminum, and hence the material enters an alectrically
unbalanced state. In order to compensate for such a state, hawever, replacement takes place between afuminum (+tri-
valent) in the aluminum nitride crystal and titanium (+tetravalent) in the aluminata nitride of titanium, to recover electrically
neutral conditions. As the rasult, ftanium is canceivably includad as solid solutein the aluminum nitride crystal toincrease
unpaired electran cancentration. Thus, the intensity of the absomption spectrum of electran spin resonance cbtained
from the inventive aluminum nitride sintered body is remarkably increased.

Rezcticn Farmula _ .
28003+ Nr AL Oy N+ § oo 0
Al O+ T O3z~ TAl e ()
Ay Ny O TRALOsNs —Ah.S TiNeThy Al Op Nee ()

The aluminum nitride sintered bady praferably containg at least 0.1 percant by weight and not more than 5.0
percant by weight of the axy-nitride of titanium and aluminum compound in tarms of TiQy, including tianium which is
contained as salid solute in the aluminum nitrida crystal lattice. If the content of the axy-nitride of titanium and aturminum
compound is less than 0.1 percent by weight, unpaired electran cancentration is not much increased and the value of
the breakdawn voltage of the as-qbtained zluminum nitride sinterad body remains substantially similar ta that of the priar
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Jabl e 2 Exanpl e Enpl oyed Surface Sintering Ti  Conmpound

Sintering Sintering ~ Raw Tr eat:nent Assi st ant
Tenper at ure Ti me - Materi al Tenper at ure (Wt %
(Wt.% in terns ([err]O - -(hr.) Powder

([err]Q art. It the cantant of the axy-nitrice oPftanilinGhEidmidum corhpound axcaeds 38 percant by weight. or3Esthar

Y[ err] O er rdacd)grins of this oxy-nitribte braitafifrOhra it n fambélnd formad in the alB4H)m nirrice sintarad bod dis-
advantagacusly axceed 800 nm in ciametar, ta inhibit original high thermal canductivity of the aluminum nitride sintarad
body and racuca a heat radiation grogerty of the sintarad body for serving as a circuit board material.

Further, na titanium is includad as sclid solute in the aluminum nitrida crystal grains if no surfaca traatment is carried
out on the aluminum nitrida raw material powder or a camgc:uhd of titanium is nat addad in the farm of an axy-nitride.
Thus, 70 incraase can be axpected in the braakdawn vaitage of the aluminum aitride sinterad bady.

ln the inventive aluminum nitride sinterad becy, titanium must be included as salid solute in the aluminum nitride
crysial lattica in 3 weight ratio of at least SO ppm and not mare than 1000 com. If the amount of the as-dissalvad titanium
is less than 50 pom, unpairad eleciren cancantration decraasas and thus breakdown voltage is aot anough. If the amount
of the solidly dissoived titanium axceeds 1000 ppm an the othar hand the thermal conduciivity daterioratas and thus
the radiating preperty is not anaugh.

Inthe inventive aluminum nitride smtersd body further, the unpaired nlec:ron concantration abtained from an absorp-
tion spectrum of efectron spin resonance is praferably at least 1 x 10‘Jlg since it is gossible to ensura a breakdown
voltage of at least 20 kV/mm in this casa.

The aluminum nitride sintered body, which is obtained by forming and dispersing an axy-nitride of titanium and
aluminum campound in an aluminum nitride sinterad body and partially including titanium as solid solute in aluminum
crystal grains can ba prapared by the following method:

Cammercially avaifable aluminum nitride raw material powder is nitrided in an atmospher= containing nitragen within
a temperature range of 800 to 1400°C. The temperatura range is sat at 800 to 1400°C since no nitriding reaction
prograssas on the surface of the aluminum nitride caw material powder if the temperature is less than 800°C, while the
grain sizs of the powder is increasad due {0 a solid phase reaction between aluminum nitride grains to supprass dispar-
sion af an axy-nitride of titanium which is added in a later stap if the temparatura exceeds 1400°C.

Then. 0.3 0 3.0 percant by weight of a sintering assistant such as ;O3 or CaCOj in terms of CaQ is added to the
alurminum nitrice raw material powder which is surface-treated in the aforamentioned manner. with addition of 0.1 10 5.0
percant by weight of an axy-nitride of titanium in terms of TiO». At this time, the axy-nitride of titanium as added preferatly
has a particle size of not more than 1 um, more praferably not more than 0.1 um, so that the same is formed and
disoersad in the aluminum nitride sintered body as an oxy-nitride of titanium and aluminum, and titanium is easily sclidly
dissalved in the aluminum nitride crystal grains. Then, about 1.0 to 3.0 percent by weight of a binder such as palyvinyl
butyral is added ta this aluminum nitride mixed powder, and mixed with the same in a ball mill ior about 12 to 72 hours.
Thereafter the pewder is dried and granulated, so that the as-obtained powder is campgacted under a pressura of 1.5
ton/cm?2, to cbtain a pressed compact. At this time, the pressed compact is praferably 1.8 to 2.0 g/cm3 in density. Thera-
after the prassed compact is debindered in 3 nitrogen atmosphere at a temperature of 500 to 800°C for abcut 210 3
thiours. The as-traated pressed campact s fired in an atmasphere containing nitrogen at a temperature of 1500 ta 1900°C
for abeut 2 to 5 hours, to obtain an aluminum nitride sintered body,

In relaticn to the aforamentioned method, it is also possible to obtain an aluminum nitride sintered body having a
high braakdown voltage by ion-implanting titanium into the aluminum nitride raw material powdar for making titanium
axist in aluminum nitride crystal grains, and thereafter adding a sintering agent and a binder and carrying out mixing,
granuiation, prass maolding, debindering and firing under the same conditions as the above.

The inventors have obsarved an aluminum nitride sintered body having unpaired electron cancentration of at least
1 x 101 3/g abtained from an absorption specirum of electron spin resonance with an SEM (scanning electron micrascope)
or a TEM (transmission electron micrascape). Consaquently, it has been proved that crystal grains other than aluminum
nitrida crystal grains existed in the aluminum nitride sintered body. These grains were subjected to elementary analysis

- through an EDX (anergy dispersive X-ray analysis) or AES {Auger alectran spectrescopy) or SIMS (Secondary lon Mass
Spectroscepy). to prove that the grains formed in the aluminum nitride crystal grains included Ti, Al, N, O, Ca. Mg. Si
and C, and were mainly compased of Ti, Al, Q and N, Further, grains of a titanium compound farmed in the aluminum
nitride sinterad body existed as dispersed grains ot not more than 0.8 pm (800 nm) in mean grain size.

Fig. 3A typically shows TEM images af Ti-Al-Q-N grain contained in the aluminum nitride crystal grain, and Fig. 38
shows results of EDX analysis of Ti in respective points A to £ in Fig. 3A. As the resulits of the EDX analysis of the inside
of the aluminum nitride crystal grain around litanium compound grain, it has been clarified that Ti was diffused from the
titanium campound grain of Ti-Al-O-N existing in AN grains into aluminum nitride crystal grain, as shown in Fig. 38. It
has also been proved that the amount of Ti as solid solute in the aluminum nitride crystal lattice, which was varied with
sintering conditions, was within a range of S0 ta 1000 ppm.

According to the present invention, as hereinabove described, titanium is included as salid solute in the aluminum
nitride crystal lattice in a waight ratio of at least 50 ppm and not mare than 1000 ppm, whereby unpaired electron
cancantration of the afurminum nitride sintered body can be extremely increased thereby remarkably improving the break-
down voltage as compared with the priar art. Further, the inventive aluminum nitride sintered body. which has unpaired
electran cancantration obtairfed from an electron spin resonance absorption spectrum of atleast 1 x 1013/g and contains
at least 0.1 percent by weight and not more than 5.0 percent by weight of an oxy-nitride of titanium and alumioum in
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5 terms of TiO5, is provided with a high braakdown volta@@ahat(Rag 20 @//mm. The invanti@e aluminum nitride SitEISD
[err]: 0.5 bodyhavingaq qxgalient hyat raciaticn grogegiyiy sufficiemty applicalye ta a circuit baard material whicn is respansive
[ er I’] ‘0.5 ' integeaticn of tha circuit.

Accorging to the prasant inventian, it is passible to obtain an aluminum nitride simtared cody which has a higher
braakdcwn voftage as carmparad with the prior art, ‘wheraby highly integrated circuit dasign is enabled when the inventive
sinterad body is applied to a circuit board matarial. Thus, it is passible ta contribute ta high-speed grocassing of infor-
maticn icllowing high intagration of tha circuit, as well as to miniaturization of information procassing aquipment.

The foragaing and other objects. featuras, aspects and advantages of the prasant inventian will Beceme mare appar-
ent frem ihe (cliowing detailed description of the prssant invention when takan in canjunction with the accampanying
drawings. .

BRIEF OESCRIPTION OF THE DRAWINGS

Fig. 1 is a gragh shcwmg a relation between unpaured eleciron a:ncentrancn and a breakdown voitage in an alu-
mioum nitride sinterad body;

Fig. 2 is a graph showing absormption spectra of electron spin rasonance obtained fram a canventional aluminum
nitrida sinterad body and an aluminum nitride sintared body according to the presant invention;

Fig. 3A typically illustrates TEM imagas of Ti-Al-O-N grain contained in an aluminum nitride crystal grain;

Fig. 38 is a graph showing results af g0X analysas ot Ti dastnhuuon in aluminum nitride crystal grain and Ti-Al-O-N
grain; and

Fig. 4 is a graph showing relations between unpaired alectron concentration values and treakdawn voitages in
alumirum nitride sinterad bedies accarding to comparative examples and Sxample of the present invention.

DESCRIPTION OF THE PREFEARED EMBODIMENTS

Ewamgle 1

* Aluminum nitride raw material powdar shown at A in Table 1 was surface-treated in a nitrogen atmosphers at a
temperatura of 800°C, and theraafter 0.5 percant by weight of Y203 serving as 3 sintaring assistant was added to this
material with addition of 0.2 percent by weight of an oxy-nitride of titaniium {TisOzNg) in terms of TiOz, so that the as-
obtained powder was mixed in alcahal with 3 tumbling ball mill far 12 hours, as shown in Table 2. Theraafter 2 parcent
by weight of palyvinyl butyral was added as a binder to this mixed powder, which in turn was further sufficiently mixed
and dried. The as-obtained powder was press-compacted under a pressure of at least 1.5 ton/cm?. The as-obtained
pressed compact was debindered at a temperature of 600°C for 2 hours, and then fired in a nitragen atmosphere under
a sintering tamgerature of 1800°C for 3 hours. The as-gbtained aluminum nitride sintared body was subjected to meas-
urement of density, a breakdown voitage, thermal conductivity, unpaired electron concantration, mechanical strength
and an amaunt of titanium as sofid solute in aluminum nitride crystal grains. The sintered body density was measured
by an Archimedes® method, the thermal conductivity was measured Dy a laser flash method, the unpaired electron con-
centration was measured with an electron spin resonatar, the mechanical strength was measured thraugh JIS three-
point bending strength, and the amount of utamum as salid solute was measured with E0X of TEM or AES, SIMS. Table

. 3 shows the resuits.

Examples 2ts 16

The aluminum nitride raw gowder matarials shown in Table 1 were treated at surface treatment temperatures shown
in Table 2, and thereatter subjected to mixing with sintering assistants and prass campacting, similarly to Example 1.
The as-cbtained pressed compacts wara fired under sintering conditions shown in Table 2 by 2 method similar to that
in Example 1, to prepare 15 types of alummum nitride sintared bodses Table 3 shows measurement valyes obtained as

to these samples.

Example 17

Ti ions were implanted into the aluminum nitride raw material powdar shown at A in Tabla 1, with energy of 4 MeV
at abaut 1018 ignsicm2, 0.5 pergant by weight of Y03 was added (o this powder and mixed in alcohol witft 3 umbling
ball mill for 12 haurs. Therealter an aluminum nitride sintered body was obtained in a similar manner to Example 1. Table
3 also shows measuramant valuas abtained as o this sample.
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9 C
5

[err]:0.5
Ca0 0.5 11
1800
[err]: 1.5
[err]: 1.5
1200
[err]:1.5

800 [err]:0.5 [err]: 1.0 1650
[err]:0.5 10 1200
[err]:1.0 1650 3
C 1200 - _ .lerr]:1.5 [err]: 1.5
5 12 C 1200 [err]:1.5
1800 S 13 A 1300
[err]: 1.5 1800 Table 1 5 [err]:1.5 14 A
[e”]-aéwﬁ_iaterialf’owder [err]. 2.0 ' 5008 c 3
Total Oxygen Content (wt.%) 13 09 |12
Carbon Content in Raw Material Powder (ppm) 300 | 230 | 500
Fe Content in Raw Material Powder (ppm) <10 | <10 | <10
Si Content in Raw Matarial Powder (ppm) 9 50 | 82
Specific Surface Area of Raw Material Powder (m2/g) | 3.5 | 28 | 2.7
Mean Particle Size of Raw Material Powder (um) - 1.3 (1.1 |10

- Table 2
Exawmple | Employed | Surface Sintesing Ti Compouad Siateziag Sinteriag .
Raw Treatment Assisant Temperatuse | Time .
Matesial || Tempemature | (wt.%) (%, interms | (O (ke)
Pawder (g ] of Ti0,)
1 A 1 200 Y.,0,: 05 TLON,: 02 1800 3 _J
2 A 1000 ¥0,0,: 0.5 TLO,N,: 05 1800 s l
3 A 1200 C0: 05 TLO,N,; 05 1800 s H
4 B 200 Ne,0: 05 TLO,N,: 05 1800 s “
s B 1300 Sm,0.: 05 Ti,0,N,: 05 1800 5 1[
s B . 1000 Y,0,: 05 Ti,O;N: 1.0 1850 3
C20: 0.5 )
7 B 1000 ¥5,04: 05 TO,N5 18 1650 $
C0: 05
8 c 1000 ¥,0;: 05 Ti,0,N, L0 1650 s
Nd,O.: 05
9 c 800 ' Y5,04: 05 TLON,: 1.0 1650 5
Nd,0: 0.5
10 c 1200 Na,0,: 05 TL,O,N,: 1.0 1650 3
: Ca0: 05
1 c 1200 Y,0,: 15 T4,0,N,: 1S 1800 ]
2 C 1400 Y5,0,: 15 TL,0,N: 15 1800 ]
B 1300 ¥,0,: 15 TLO,N; 15 1800 s
¥0,0,: LS
0 A 100 ¥,05 1S | TLO,N,; 20 1800 3
Nd,0,: 1S
13 B 1.0 - Yb,04 15 "] TiyO,Ny: 5.0 1500 5
| a0 1s 1
16 B 1200 Y804 15 TLO,N,: 30 1300 s
Nd,0,: LS5 o
17 A Y,0,: 05 Tiloa 1800 3
Laplantation
(10'* ions/em?)
——
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15 B 1200 [err]:1.5 [err]:5.0 1500

5 , CaO 1.5 16 B 1200
[err]: 1.5 [err]:3.0: . 1800 5
[err]:1.5 17 A : - 6 - [err]:0.5 Ti lon
1800 3 o
| npl ant ati on (10[err]ions/cnferr])
Table 3
Exampla | Comantof Ti | Break Down Volt- | Density (g/em3) | Mechanical | Ungaired Slec-| Thermal
as Solid Sal- age (kV/imm) Strangth tron Concan- | Conductiv-
ute (pom) {kg/mm2} tration (/g) ity (Winmri).

1 &0 - 3 3.27 48 2.7x 1013 170

2 100 41 3.27 45 8.0 x 1013 159

3 780 47 3.28 48 1.5 % 10t 160

4 4230 46 3.27 42 1.0 x 101+ 152

5 220 a1 3.27 a7 3.0 101 150

6 449 40 327 3 7.9 x 1013 180

7 8§50 52 . 3.28 43 1.6 % 1014 170

8 170 as 328 . 43 5.5% 1013 185

) 440 a4 327 42 1.1 % 1014 155

10 920 S0 3.28 45 1.8x 101 155

11 320 44 3.27 48 7.8 x 1013 230

12 110 -39 327 43 4.9x 1013 200

13 EL 52 328 41 1.1 1014 234

14 650 48 3.28 48 1.0x 1014 178

15 50 . as 312 40 3.2x 1013 150

18 8 39 3.28 45 3.5x 1013 217

17 80 32 327 40 2.1% 1013 165

ltis clearly undarstood from Table 3 that unpaired electran concentration abtained fram an eleciron spin resonance

. absorption spectrum excaeds t x 1013/g when tha amaunt of T as solid salute is at least S0 ppm and nat mare than

1000 ppm in 3 waight ratio, and the aluminum nitride sintered body exhibits a hight breakdawn vaitage. &t is also under-

stood that an aluminum nitride sintered body which has unpaired alectran concentration of atleast 1 x 10'¥g and contains
a compaund of titanium within a range of 0.1 ta 5.0 percent by weight in terms of TiOz has a high breakdown voitage.

. As fo the sluminum nitride sintered bodies abtained according to Examples 1, 2, 4 and §, ttanium compounds
cantairned in the aluminum nitride crystal particles weare examined through XRO (X-ray diffraction) ar EDX, As the result,’
it was proved that tha titanium compounds cantained in the aluminum nitride sintered bodies were compased of 71, Al
Qand N, ar Ti, AL N, O, Ca. Mg and Si.

Camparative Example 1

Powder which was obtained by adding 1.0 percent by weight of Y04, being in the form of fine particles for serving
as a sintering assistant, 1o the aluminum nitride raw material powder shown at A in Table 1 was mixed in alcohol with a
tumbling ball mill for 12 hours, Thereafter 2 percant by waight af polyvinyl butyral was added as a binder o this mixed
pawder, which in tumn was further sufficiently mixed and dried. The as-abtained powder was press-campacted under 3
pressure of atleast 1.5 tan/cm?, Therealter the as-obtained pressed compact was debindered at a temperature of 600°C
for 2 hours, and fired in a nitrogen atmosghare under a sintering temperature of 1800°C for § hours. The as-obtained
aluminum nitride sintered body was subjected to measurement of density, a breakdown voitage, thermal conductivity,
unpaired electron concentration, mechanical strength, and an amount of itanium as solid solute in aluminum nitride
crystal grains. The sinteced tody density was measured By an Archimedas’ method, the thermai canductivity was meas-
ured by a laser flash method, the unpaired electron concentration was maasured with an electron spin resanator, the
" mechanical strength was measurad through JIS three-paint bending strenqth and the amount of titanium was measured
with E0X of TEM or AES, SIMS Table S shows the results.
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+ 19 - Table 3 Exanpl e Cont ent

of Ti as Br eak Down Density Mechani cal Unpai r ed Ther mal
Solid Solute Vol t age _ Strength El ectron
Conductivity (ppm -( kyVi-nm (kg/mmierr])

Concentration (Wm K)
Comparative Examples 2 to11

The aluminum nitride raw powdar materials shown in Table 1 ware surtaca-traated under conditions shewn in Table
4, therealter subjected 1o mixing, campacting and debindering in a methaod similar to that in comparative axample 1, and
then sinterad undar sintering conditions shown in Tatle 4. Table S sh0ws measurament values abtained as to these
samples of the aluminum nitride smtered bodies.

Table 4
Comparative | Employed | Surface Traat- | Sintaring Assist- | Ti Campound | Sintering Tem- Simering
Example Raw Mate- | ment Tempera- ant (wt,%) (wt.%, interms | perature (*C) | Time (hr.)
rial Powder ture (*C) - of TIOy)
1 A - Y03 1.0 J— 1800 5
2 A 1200 Y05 1.0 — 1800 5
3 A 1200 ¥:03: 1.0 TizO3N: 0.05 1800 5
4 A 1200 Y,05: 1.0 Ti3OsNo: 5.5 1800 5
5 A 1200 Y,04: 1.0 TiOy 1.0 1800 [
6 A - Y05 1.0 TiO2: 1.0 1800 S
7 A 1200 Y0510 TiN: 1.0 1800 S
8 A - ¥;:01: 1.0 TiN: 1.0 1800 5
9 A e ¥:03: 1.0 | TigO3N2: 1.0 1800 S
10 A 700 ¥05: 1.0 Ti3O3MN2: 1.0 1800 5
1 A 1500 Y:0s: 1.0 TisOsNy: 1.0 1800 S
Table §
Comparative | Contentof Tt | Break Cown Voit- | Density (g/emd) |- Mechanical | Unpaired Elec- | Thermal
Example as Solid Sol- age (kV/mm) Strength  '| tron Cancen- | Conductiv-
: uta {ppm) | (kg/mm3} tration (/g) ity (Wim'K)
1 <10 1§ 3.27 32 4.0x 1012 137
2 <10 18 3.28 35 9.1 x 1012 140
_ 3 <10 13 3.27 30 9.6x 1012 149
4 <30 17 3.28 38 8.0 x 1012 139
§ <30 18 3.28 34 7.5 x 1012 142
8 <30 14 . 3.28 38 9.5 x 1012 138
7 <30 1§ 3.27 33 8.1x 1012 141
8 <30 18 3.27 31 7.6 x 1012 142
9 <30 15 3.27 34 6.5 x 1012 140
1Q <30 12 3.27 n 5.9 x 102 137
11 <30 14 3.27 36 4.1x 1012 139

from the results of Exampies and comparativa examples, it is undarstood that an aluminum nitride sintered body
which has an amount of Ti as salid solute withint a range of 50 to 1000 ppm in 3 waight ratio or unpaired electron
concentration of at least 1 x 10'3/g and contains an oxy-nitride of titanium and aluminum within a range ot 0.1 to 5.0
percent by weight in terms of TiO4 has a breakdown voltage of at least 20 kV/mm.

Fig. 4 is a graph showing ralations betwaen breakdown voltages and unpaired electron concantration values
cbtained (rom the aforamentioned results of Examptes and aamparative axamgles, in addition to the general relation
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-1 60 31 3. 27 48 2.7 x 10[err]

170 2 100 . 41 3. 27 45 6.0 x
10[ err] 169 3 ' 780 47 3.26 48

1.5 x 10[err] 160 4 480, _ = 46 327 42
1.0 x 10[err] 152 5 - 220 41 3.27 47
9.0 x10[err] 150 ' 440 - 40 3. 27 41
7.9 x 10[err] 190 650 52 3.28 43
T ot o *:.:‘;;::";':,:;:,"Wm";n'::m; Ui 15 S
5.5 X 10[ er s« teraa Soci mgroved as cam%t;%g with the convenuo%azralummum nitrida smtarzmg?s Whet?l1 2
1.1 x 10[e relatians ue me unpaired 2lectran cancentration values and the breakdown valtages ara shown on a straight

line to maasurs inctination of this steaight line, it is undarstood that the prior art axhitits inclinadan af 1.0 x 10714 while
thae invantiva sinterad body axhibits inclination af 1.3 x 10713, i.a., 13 imas as comparad with the prior art, In other wards,
it is pessitla to increasa the unpaired elecran cancantratian by ane digit as well as to increasa the braakdown voltage
to wica at he maximum accarding to the pgresant invention,
From the linear relations Batween the unpaired alectran concantration values and the braakdawn valtages. itis alse
_ eacognized passible to canfirm the brealdown voltage af the sintered body br a nondestructive test through maasurement
of ungairad alectran concantration,
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10 920 ' 50 3.28 45 1.6 x 10[err]

155 11 320 44 3.27 48 7.8 x 1013
230 12 110 -39 3.27 43 4.9 X

10[ err] 200 13 - 800 -9 -52 3.28 41

1.1 x 10[err] 234 14 650 48 3.28 46
1.0x10[err] caims 178 15 50 35 3.12 40
3.2 x 10[err] 150 16 - 80 39 3.28 45

3.5 x 10[ err{. Analumingrigride sintd3d body camprising i@ifirum nitride crystat ggidrs, titanium being include@as3qlid salute4.0
2.1 x 10[ err] insaic alugifum nitride crystal latica in a weight ratio of at least 50 ppm and not mare than 1000 pom,
the unpairad sleciran concantration in said sintered hody abtained from an absarption sgectrum af elec:ran spin
resananca being atleast § x 1Q13/g, .

2. An aluminum aitride sintered ﬁcdy in accardance with claim 1, cantaining an oxy-nitride of litanium and aluminum
therainin a we.ught ratic of at least 0.1 % and nat mare than 5.0 % int tarms of TiO,.

3. An aluminum nitride sinterad l:ody in ac:a_rdance with dlaim 2, wherein said oxy-nitride axists in said alum%mm
nitrida sinterad Sady in the form of grains, said graing eing nat mare than 300 am in diameter,

4. An aluminum nitride sintered Bady in accsrdanca with claim 3, having thermal canductivity of at least 150 W/mik,

5. A methed of greparing an aluminum nitride sintared Bodly as defined in daim 1, comprising:
" astap of gregaring aluminum nitrida powdar:
2 step of nitriding said aluminum nitride sawder in an atmaesghera containing aitrogen at 2 tamperatura of at
least 8C0°C and nat mera than 1400°C;
a step of adding a sintering assistant, and an oxy-nitride of titanium, being in 3 weight ratic of atleast 0.1 %
and nat mare than 5.0 % in terms of TiO5, to said nitrided aluminum nitride powder, thereBy obtaining mixed powder:
a steg of greparing 1 CompaAct from said mixed powder: and
a stap of firing said campact in an atmasghera cantaining nitrogen, therelly praparing an duminum nitride
sintered tody.

§.. A mathod of preoaring an aluﬂunum nitricle sictered Body as defined in da«m 1, comprising:

3 sap of pregaring aluminum citride powder;

2 step of ion-implanting titanium into said aluminum aitride powder for maldng ftanium exist in aluminum

" nitride crystal lattica in & weigit catio of at least SO port and not more than 1000 ppm;
a step of adding a sintering assistant io said aluminum nitride powder containing titanium for cdtaining mixed
pawdar: ' . L
a step of preparing accmactfmmsaudmnxed pawdar; and
a step of ﬁnng said cmac: inan atmasphere mmamng nitragen, thereby preparing an aluminum nitride

sintered gody.

I AT
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Jt i5 clearly understood from Table 3 that unpaired electron concentration
obtained froman electron spin resonance absorption spectrum exceeds 1 X
10[err]/g when the anount of Ti as solid solute is at |east 50 ppm and not
nore than 1000 ppmin a weight ratio, and the alum num nitride sintered
body exhibits a high breakdown voltage- 1lt is also understood that an

alum numnitride sintered body whi ch has unpaired el ectron concentration
of at | east : .

FIG.1
BREAKDOWN VOLTAGE
( KV/imm)
20
15—
10 —
i r ot o e sal i [ N A B
1012'_ : 1013

. UNPAIRED ELECTRON CONCENTRATION ( /g )
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1 x 10[err]/g and contains a conpound of titaniumwthin a

FIG.2

i . (a)
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rangé of 0.1 to 5.0 percent by weight
br eakdown vol t age.

obt ai ned

contained in the alumnumnitride crystalld particles were
resul t,

according to Exanples 1, 2, 4 and 5,

in terns of Ti 2 has
As to the alumnumnitride sintered bodies

a high

titani um conpounds
exam ned t hrough
It was proved that the

XRD (X-ray diffraction) or EDX. As the
titani um conpounds contained in the alumnumnitride sintered bodies were

FIG.3A
E
D
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| Ti-Al-O-N
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conposed of Ti, Al, Oand N, or Ti, Al, N O Ca, My and Si.

Conparative Exanple 1 Powder whi ch was obtai ned by adding 1.0 percent
by weight of Y203, being in the formof fine particles for serving as a

sintering assistant, to the alumnumnitgide raw material powder shown at
Ain Table 1 was mxed in alcohol with a tunbling ball mll for 12 hours.

101

UNPAIRED ELECTRON CONCENTRATION ( /g)

j N |

O : CONVENTIONAL SINTERED BODY
INVENTIVE SINTERED BODY

®:IN
A : COMPARATIVE EXAMPLE

50 -
40
30 -
20 |
10

FIG.4
BREAKDOWN
VOLTAGE (KV/mm)
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Thereafter 2 percent by weight of polyvinyl butyral was added as a binder
t.osthis m xed powder, which in turn was further

dried. The as-obtained powder was press-conpactied UHELA Mgé%ﬂgﬂgf a§
least - 1.5 ton/cnierr]. Thereafter the as-obtain dﬂékﬁﬁﬁﬂﬂwncdﬁﬁﬁki - tovpgged £
debi ndered at a tenperature of 600[err]C for 2 h i Claimbs) fipagetl 77 toy paged 2%
ni-trogen atnosphere under a sintering .tegnperat ureﬁ’&rawm(ﬁ)etpag@ floto Paged t}‘
- hours. The as-obtai ned B Abstract  : pagad 2 2% 1o paged.T.

DATE OF RECEIPTZIAPR‘SBQ

TITLE OF THE INVENTION

Aluminum Nitride Sintered Body and Method of
Preparing the Same
BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to an aluminum nitride
sintered body having a high breakdown wvoltage in respoﬁse
to high integration of a circuit board, and a method of
preparing the same.
Description of the Background Art

An aluminum nitride sintered body having high fheimal
conductivity is applied to a radiating material sucﬁ as a
substrate for a semiconductoxr device.or a circuit board,
for example. At present, high integrétion of a circuit
board is déveloped in order to cope with high speed
précessing of mass data and miniaturization of information
processing equipment. A material for such a highly
integrated circuit board must have an excellent radiating
property in orxrder to cope with heat generated by high
integration, as ﬁell as a high breakdown voltage in order
to cope with narrow spaces between ciréuit wires.

An aluminum nitride sintered body is watched with
interest as an excellent radiating substrate material, due
to high thermal donductivity. A conventional aluminum

nitride sintered body has a breakdown voltage of about 10
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alum numnitride sintered body was subjected to
- 21 -

to 20 kV/mm. Thus, awaited is an aluminum nitride sintered
body, which is applicable to a highly integrated circuit
board with a high breakdown voltage of at least 20 kV/mm.

EP-A-507 961 discloses an aluminum sintered body containing

a titanium compound.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
aluminum nitride sintered body having a high breakdown
voltage as a substrate material which is responsive to high
integration of a circuit, and a method of preparing the

same. |

In order to solve the aforementioned problem, the
inventors have found that it is possible to remarkably
improve the value of a breakdown voltage of an aluminum
gintered body by forming and dispersing an oxy-nitride of
titaniumm, for example, in a sintered body of aluminum
nitride and partially including titanium as solid solute in
aluminum nitride crystal grains. The present invention has
been proposed on the basis of the following recognition by

the inventors:

The inventors have found that there is a relation
shown in Fig. 1 between a breakdown voltage of an aluminum
nitride sintered body and unpaired electron concentration
measufed .from an electron 9pin resonance absorption

spectrum. It is understood from Fig. 1 that the value of
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measur enent of density, a breakdown voltage, thermal conductivity,

unpai red el ectron concentration, mechanical strength, and an anount of
titaniumas solid solute in alumnumnitride crystal grains. The sintered
body density was neasured by an Archi nedes' nethod, the therma
conductivity was neasured by a |laser flash nethod, the unpaired el ectron
concentration was neasured with an elLegtron spin resonator, the mechani cal
strength was '

the breakdown voltage is slightly increased with increase
of the unpaired electron concentration in the aluminum
nitride sintered body. However, there has been obtained
no aluminum nitride sintered body having a breakdown
voltage exceeding 20 kV/mm as a material for a circuit
board which is responsive to high integration.

The inventors have energetically made deep study, to
succeed in increasing unpaired electron concentration by
preparing an aluminum nitride sintered body through the
following steps: In a first step, éluminum nitride raw
material powder is nitrided in a nitrogen atmosphere at a
femperature of 800 to 1400°C, to convert a surface
composition of the raw material powder from aluminum oxidé
(A120;) to aluminum oxy-nitride (AlyO¢Nz: 0 < X < 1, 0. ¥ <
1, 0 < 2 <.1).' In a second step, an oxy-nitride of
titénium (or titanium oxide covered with aluminum salt of
fatty acid such as aluminum stearate or aluminum laurate)
is added to the as-nitrided aluminum nitride raw material
powder with a sintering assistant such as a rare earth
oxide such as fﬁh or an alkaline earth oxide such as CaO,
and the mixture is sintered. Through such two steps, the
inventors have succeeded in extremely increasing unpaired
electron concentration of the aluminum nitride sintered
body, improving thermal conductivity and remarkably

improving the value of its breakdown voltage as compared
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measured through JI'S three-point bending strength, and the anmount of
titaniumwas neasured with EDX of TEM or AES, SIMS. Table 5 shows the
resul ts. Conparative Exanples 2 to 11 The alumi numnitride raw
powder materials shown in Table 1 were surface-treated under conditions
shown in Table 4, thereafter subjected to m xing, conpacting and
debindering in a nethod simlar to that4ir conparative

compared with the prior art.

The aluminum nitride sintered body according to the
present invention comprises aluminum nitride crystal
grains, in ﬁhich titanium element is included as solid
solute in a weight ratio of at least 50 ppm and not more
than 1000 ppm.

Further, the aluminum nitride sintered body according
to the present invention contains an oxy-nitride of
titanium and aluﬁinum compound in a weight ratio of at
least 0.1 % and not more than 5.0 % in terms of TiO,, with
unpaired eiect?on goncentration, being_obtained from an
absorption.spect;um of electron spin resonance, of at
least 1 x 10“/9. More preferably, the oxy-nitride of
titanium and aluminum compound exists in the -aluminum
nit;ide sintered body in the form of grains, which are not
more than 800 nﬁ in diémeter. The aluminuﬁ nitride
sintered body has thermal conductivity of at least 150
W/mK.

On the other hand, a method of preparing an aluminum
nitride siﬁtered'body according to.the_present invention

' comprises the following steps:

a) a step.df preparing aluminﬁm_nitride powder;

b) a step of nitriding the aluminum nitridé powder in
an atmosphere containing nitrogen at a temperature of at

least 800°C and not more than 1400°C;
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exanple 1, and then sintered under sintering conditions shown in Table 4.
Tabl e 5 shows neasurenent values obtained as to these sanples of the
alumnumnitride sintered bodies.

c) a step of adding a sintering assistant, and an
oxy-nitride of titanium, being in a weight ratio of at

least 0.1 % and not more than 5.0 % in terms of TiO,, to

the as-nitrided aluminum nitride powder, thereby obtaining
mixed powder;

d) a step of preparing a compact from the mixed
powder; and |

e) a step of firing the compact in an atmosphere
containing nitrogen, ﬁheréby preparing an aluminum nitride
sintered body.

A method of preparing an aluminum nitride sintered
body according to another aspect of the present invention
comprises the following steps:

a) a step of preparing aluminum nitride .powder;

b) a étep'of ion-impianting titanium into the
aluﬁihuh.nitride powder, thereby making titanium exist in
aluminum nitride-crystal lattice in a weight ratio of at
least 50 ppm and not more than 1000 ppm;

c) a step of adding a siﬁtéring assistant to the
aluminum nitride powder containing titanium for obtaining
mixed powder; |

d) a step of preparing a compact from the mixed
‘powder; and

e) a step of firing the compact in an atmosphere

containing nitrogen, thereby preparing an aluminum nitride
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- 22 -, Tabl e 4 Conpar

Enpl oyed Sur f ace Sintering Ti Conpound Sintering
Si nkering ative Raw . Tr eat nent Assi st ant

Tenper ature Time (hr.) Exanple Mat eri al Tenper ature (Wt %
(Wt.% in terns ([err] O Powder ([err] O

of Tigerr]) -6 -

sintered body.

Fig. 2 illustrates absorption spectra of electron
spin resonance obtained from a conventional aluminum
nitride sintered body and an aluminum nitride sintered
body according to the present invention. It is understood
from Fig. 2 that intensity of the absbrption spectrum of

" electron spin resonance obtained from the inventive
aluminum nitride sintered body is remarkably increased as
compared with that of the prior art. Referring to Fig. 2,
the term "marker* indicates a standard material which
exhibits a peak in a certain constant magnetic field.

This standard material is measured with an unknown sample,
in orxder to prevent a measurement error caused by an
apparatus. |

The réason why the intensity of the absorption
speétrum of electron spin resonance obtained from the
inventive aluminum ﬁitride sintered body is increased,
which has not yet been clarified, can be considered as
follows: First, aluminum oxy-nitride which is formed on
the surface of the aluminum nitride raw material powder by
surface treatment (for example, Reaction Formula: I)
reacts with the oxy-nitride of titanium added thereto, to
form an oxy-nitride (Ti-Al-O-N) of titanium and aluminum
(for example, Reaction Formula: II). Since such an oxy-

nitride of titanium and aluminum is instable under a high
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1 . A - [err]:1.0 -

1800 5 2 A 1200 [err]:1.0

- 1800 5 3 A 1200

[err]:1.0 [err]:0.05 1800 5 4 A

1200 [err]:1.0 [err]:5.5 1800 5 5
A 1200 [err]:1.0 -7 - [Jerr]:1.0

1800 5 6. A - [err]: 1.0
[err]": 10 1800 5 7 A 1200
[err]:1.0 Ti N: 10 1800 5 8 A -
[err]:1.0 TiN1.0 1800 5

temperature exceeding 1000°C as compared with an oxide
(Ti-Al-0) of titanium and alﬁminum, a replacement reaction
takes place between oxygen (-bivalent) contained in the
aluminum nitride crystal grains as an impurity and
nitrogen (~trivalent) in the aluminate nitride of titanium
(oxy-nitride of titanium and alumihum) (for example,
Reaction Formula: III). Thus, the oxy-nitride of titanium
and aluminum may conceivably be stabilized due to approach
to the composition éf Ti~-Al-0. At this time, a minus
valence number is increased in the aluminum nitride
crystal while a plus valence number is increased in the
oxy-nitride of titanium and aluminum, and hence the
material enterxs an electrically unbalanced state. In
order to'compensate for such a state, however, replacement
takes placé between aluminum (+trivalent) in the aluminum
nitiide crystal and titanium (+tetravalent) in the
aluminate nitride of titgnium, to recover electrically
neutral conditions. As the result, titanium is
conceivably included as solid solute .in the aluminum
nitride crystal to increase unpaired electron
concentration. Thus, the intensity of the absorption
spectrum of electron spin resonance obtained from the
inventive aluminum nitride sintered body is remarkably

increased.
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9 . A - [err]:1.0 [err]:1.0

1800 5 10 A 700 [err]:1.0
[err]:1.0 1800 5 11 A 1500
[err]:1.0 [err]:1.0 1800 5 _
Table 5 Conpar Content of Ti as Br eak Down Density Mechani cal
Unpai r ed Thermal ative Solid golLute Vol t age
(g/cnjerr]) Strength El ectron Conductivity Exanple (ppm
(kV/ mm) (kg/mierr]) Concentration (Wm K)
(/g0 1 , <10 15 327 32
4.0x 10[err] 137
Reaction Formula
2‘4—1203"'1"'2'."11-14C’sNz"'—:2.;"02I ees(I)
Al,0,N,+T1i,0,N,~Ti,A1,0,N, ... (II)

AL,_xM, O+ T1,A1,0N,

-oAll__;_xTixN"'Ti3_xA14+x06+xN¢-x «.. (IIX)

The aluminum nitride sintered body preferably
contains at least 0.1 percent by weight and not more than
5.0 percent by weight of the oxy-nitride of titanium and

aluminum compound in terms of TiO,, including titanium

which is contained as solid solute in the aluminum nitride
crystal lattice. If the content of the oxy-nitride of
titanium.and aluminum compound is less than 0.1 percent by
lweight, unpaired electron.concentration is not much
increased and the value of the breakdown voltage of the
as-obtained aluminum nitride sintered body remains
substantially similar to that of the prior art. 1If the
content of the oxy-nitride of titanium and aluminum
compound éiceeds 5.0 perxcent by weight, on the -other hand,
grains of this oxy-nitride of titanium and aluminum
compound formg@ in the aluminum nitride sintered body

disadvantageously exceed 800 nm in diameter, to inhibit
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2 . < 10 18 3. 26 35 9.1 x
10ferr] 140 3 < 10 15 3. 27 30
9.6 x 10[err] 149 4 < 30 17 3. 28
36 6.0 x 10[err] 139 5 < 30 18
3. 28 34 7.5 x 10[err] 142 - 6 < 30
14 328 38 - 9.3 x 10[err] 138 7 <
30 15 . 3.27 33 8. 1x10[ err]
141 8 < 30 18 3.27 31
7.6 x 10[err] 142 9 < 30 15 3. 27

6.5 x_10[err] 140

- 34

original high thermal conductivity of the aluminum nitride
sintered body and reduce a heat -radiation property of the
sintered body for serving as a circuit board material.

Further, no titanium is included as solid solute in
the aluminum nitride crystal grains if no surface
treatment is carried out on the aluminum nitride raw
material powder or a compound of titanium is not added in
the form of an oxy-nitride. Thus, no increase can be
expected in the breakdown voltage of thé aluminum nitride
sintered body.

In the inventive aluminum nitride sintered body,
titanium must be included as sélid solute in the aluminum_
nitride crystal lattice in a weight ratio of at least 50
ppm and not more than 1000 ppm. If the amount of the as--
dissolved fitanium is less than 50 ppm, unp;iied electron
conéentration decreases and thus breakdown voltage'is not
enough. If thé amount of the solidly dissolved titanium
exceeds 1000 ppm, on the other hand, the thermal
conductivity deteriorates and thus the radiating property
is not enough.

In the inventive aluminum nitride sintered body,
further, the unpaired eiectron concéntration obtained from
an absorption spectrum of electron spin resonance is

preferably at least 1 x 10“/g, since it is possible to

ensure a breakdown voltage of at least 20 kV/mm in this
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10 . <30 12 3. 27 31 5.9
x10[ err] 137 11 < 30 14 3.27 36
4.1 x 10[err] 139 Fromthe results of Exanples and conparative

- 10 -

case.

The aluminum nitride sintered body, which is obtained
by forming and dispersing an oxy-nitride of titanium and
aluminum compound in an aluminum nitride sintered body and
partially including titanium as solid solute in aluminum
crystal grains can be prepared by the following method:

Commercially available aluminum nitride raw material
powder is nitrided in an atmosphere containing nitrogen
within a temperature range of 800 to 1400°C. The
temperature range is set at 800 to 1400°C since no
nitriding reaction progresses on the surface of the
aluminum nitride raw material powder if the temperature is
less than 800°C, while the grain size of the powdeﬁ is
increased due to a solid phase reaction between aluminum
nitride gréins to suppress dispersion of an oxy-nitride of
titénium which is added in a later step if the temperature
exceeds 1400°C.

Then, 0.3 to 3.0 percent by weight of a sintering
assistant such as fﬁh or CaCQ; in térms.of Ca0 is added to
the aluminum nitride raw materiai powder which is surface-
treated in the aforementioned manner, with addition of 0.1
to 5.0 percent by weight'of an oxy-nitride of titanium in
terms of TiO,. At this time, the oxy-nitride of titanium
as added preferably has a particle size of not more than 1

um, more preferably not more than 0.1 um, so that the same
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- 23 -. exanples, it is understood that an alumnumnitride sintered
body whi ch has an anobunt of Ti as solid solute wthin a range of 50 to
1000 ppmin a weight ratio or unpaired electron concentration of at |east
1 x 10[err]/g and contains an oxy-nitride of titaniumand alum numw thin

a
- 11 -

is formed and dispersed in the aluminum nitride sintered
body as an oxy-nitride of titanium and aluminum, and
titanium is easily solidly dissolved in the aluminum
nitride crystal grains. Then, about 1.0 to 3.0 percent by
weight of a binder such as polyvinyl butyral is added to
this aluminum nitride mixed éowder, and mixed with the
same in a ball mill for about 12 to 72 hours. -Thereafter
the powder is dried and granulated, so that the as-
obtained powder is compacted under a pressure of 1.5
ton/cm?, to obtain a pressed compact. At this time, the
pressed compact is preferably 1.8 to 2.0 g/cmﬁ in density.
Thereafter the pressed compact is debindered in a nitrogen
atmosphere at a temperature of 600 to 800°C foxr about 2 to
3 hours. The as-treated pressed compact is fired in an
atmosphere.containing nitrogen at a temperature of 1500 to
1900°C for about 2 to 5 hours, to obtain an aluminum
nitride sintered body.

In relgtion to the aforementioned method, it is also
possible to obtain an aluminum nitride sintered body
having a high breakdown voltage by ion—implgnting titanium
into the aluminum nitride raw material powder for making
titanium exist in aluminum nitride crystal grains, and
thereafter adding a sintering agent and a binder and
carrying out mixing, granulatién, press molding,

debindering and firing under the same conditions as the
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range of 0.1 to 5.0 percent by weight in terms of TiQ2 has a breakdown
voltage of at |east 20 kV/ mm Fig. 4 is a graph showing relations
bet ween breakdown voltages and unpaired el ectron concentration val ues
obtained fromthe aforenmenti oned results of Exanples and conparative
exanples, in addition to the general relation between the breakdown

vol tage and the unpaired electron concegration shown in Fig. 1. It is
understood fromthis

above.

The inventors have observed an aluminum nitride
sintered body having unpaired electron concentration of at
least 1 x 10n/g obtained from an absorption spectrum of
electron spin resonance with an SEM (scanning electron
microscope) or a TEM (transmission election microscope).
Consequently, it has been proved that crystal grains other
than aluminum nitride crystal grains existed in the
aluminum nitride sintered body. These grains were
subjected to elementary analyéis through an EDX (energy
dispersive X-ray analysis) or AES (Auger eleétron
spectroscopy) or S;MS (Secondary Ion Mass Spectroscopy),
to prove that the grainé formed in the aluminum nitride
crystal grains included Ti, Al, N, 0; Ca, Mg, Si and C,
and were méinly composed 6f Ti, Al, O and N. Further,
gréins of a titanium compound formed in the aluminum
nitride sintered body existed as dispersed grains of not
more than 0.8 pum (800 nm) in mean grain size.

Fig. 3Aa typically shows TEM images of Ti-Al-0O-N grain
contained in the aluminum nitride crystal grain, and Fig.
3B shows results of EDX analysis of Ti in respective
points A to E in Fig. 3A. As the results of the EDX
analysis of the inside of the aluminum nitride crystal
grain around titanium compound grain, it has been

clarified that Ti was diffused from the titanium compound
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figure.that the values of the unpaired electron concentrations and the
breakdown voltages of the inventive alumnumnitride sintered bodies are
remar kably i nproved as conpared with the conventional alum numnitride
sintered bodies. When the relations between the unpaired electron
concentration values and the breakdown voltages are shown on a straight
line to measure inclination of this sirgaght line, it is understood that
the prior art -

grain of Ti-Al-O-N existing in AlN grains into aluminum
nitride crystal grain, as shown-in Fig. 3B. It has also
been proved that the amount of Ti as solid solute in the
aluminum nitride crystal lattice, which was varied with
sintering conditions, was within a range of 50 to 1000
ppm.

According to the present invention, as hereinabove
described, titanium is included as solid solute in the
aluminum nitride crystal lattice in a weight ratio of at
least 50 ppm and not more than 1000 ppm, whereby unpaired
electron concentration of the aluminum nitride sintered
body can be extremely increased therxeby remarkably
improving the breakdown voltage as compared with the prior
art. Further, the inventive aluminum nitride sintered
body, whicﬁ has unpaired electron concentration obtained
frém an electron spin resonance absorption spectrum of at
least 1 x 10*/g and contains at least 0.1 percent by
weight and not more- than 5.0 percent by weight of an oxy-
nitride of titanium and aluminum in terms of Tioz,'is
provided with a high breakdown voltage of at least 20
kV/mm. The inventive aluminum nitride sintered body
having an excellent heat radiation property is
sufficiently applicable to a circuit board material which
is responsive to integration of the ciécuit.

According to the present invention, it is possible to
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exhibits inclination of 1.0 x 10[err] while the inventive sintered body
exhibits inclination of 1.3 x 10[err], i.e., 13 times as conpared with the
prior art. In other words, it is possible to increase the unpaired

el ectron

- 14 -

obtain an aluminum nitride sintered body which has a
higher breakdown voltage as compared with the prior art,
whereby highly integrated circuit design is enabled when
the inventive sintered body is applied to a circuit board
material. Thus, it is possible to contribute to high-
speed processing of information following high integration
of the circuit, és well as to miniaturization of
information procéssing equipment.

The foregoing and other objects, features, aspécts
and advantages of tﬁe.present invention will becomé more
apparent from the following detailed description of the
present invention when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE bRAWINGS

Fig. i is a graph showing a relation between unpaired
eléctron concentration and a breakdown voltage in an
aluminum nitride- sintered body; .

Fig. 2 is a graph showing absorption spectra of
electron spin resonance obtained from a conventional
aluminum nitride sintered body and an aluminum nitride
sintered body according to the present invention;

Fig. 3A typically illustrates TEM images of Ti-Al-O-N
grain contained in an aluminum nitride crystal grain;

Fig. 3B is a graph showing results of EDX analysis of

Ti distribution in aluminum nitride crystal grain and Ti-
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- 24 -. concentration by one digit as well as to increase the breakdown
voltage to twice at the maxi num according to the present invention.
Fromthe |linear relations between the unpaired electron concentration
val ues and the breakdown voltages, it is also recognized possible to
confirmthe breakdown '

- 15 -

Al-O-N grain; and

Fig. 4 is a graph showing relations between unpaired
electron concentration values and breakdown voltages in
aluminum nitride sintered bodies according to comparative
examples and Example of the present invention.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

Example 1

Aluminum nitride raw material powder shown at A in
Table 1 was surface-treated in a nitrogen atmosphere at a
temperature of 800°C, and thereafter 0.5 percent by weight
of Y,0; sexrving as a sintering assistant was added to this
material with addition of 0.2 percent by weight of an oxy-
nitride of titanium (Ti;O;N,) in terms of TiO,, so that the
as-obtained powder was mixed in alcohol with-a tumbling
ball mill for 12 hours, as shown in Table 2. Thereafter 2
percent by weight of polyvinyl butjral was added as a
-binder to this mixed powder, which in turn was further
sufficiently mixed and dried. The as-obtained powder was
press-compacted under a pressure of at least 1.5 ton/cm2.
The as-obtained pressed compact was debindered at a
temperature of 600°C for 2 hours, and then fired in a
nitrogen atmosphere under a sintering temperatufe of
1800°C for 3 hours. The as-obtained aluminum ﬁitride
sintered body was subjected to measurement of density, a

breakdown voltage, thermal conductivity, unpaired electron
This is the replacement shest
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vol tage of the sintered body by a nondestructive test through neasurenent

of .unpaired el ectron concentration. Al t hough the present invention
has been described and illustrated in detail, it is clearly understood
that the same is by way of illustration and exanple only and is not to be

taken by way of limtation, the spirit and scope of the present invention
being limted only by the terns of the pppended cl ai ns.

concentration, mechanical strength and an amount of
titanium as solid solute in aluminum nitride crystal
grains. The sintered body density was measured by an
Archimedes’ method, the thermal conductivity was measured
by a laser flash method, the unpaired electron
concentration was measured with an electron spin
resonator, the mechanical strength was measured through
JIS three-point bending strength, and the amount of
titanium as solid solute was measured with EDX of TEM or
AES, SIMS. Table 3 shows the results.

Examples 2 to 16

The aluminum nitride raw powder materials shown in
Table 1 were treated at surface treatment temperatures
shown in Table 2, and thereafter subjected to mixing with .
sintering éssisiants and press compacting, similarly to
Exaﬁple 1. The as-obtained pressed compaéts were fired
under sintering conditions shown in Table 2 by a method
similar to that in Example 1, to prepare 15 ty?es of
aluminum nitride sintered bodies. Table 3 shows
neasurement values obtained as to these samples.

Example 17

Ti ions were implanted into the aluminum nitride raw
material powder shown at A in Table 1, with energy of 4
MeV at about 10%? iohs/cmz. 0.5 percent by weight of Y,0,

was added to this powder and mixed in alcohol with a
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- 17 -

tumbling ball mill for 12 hours. Thereafter an aluminum
nitride sintered body was obtained in a similar manner to
Example 1. Table 3 also shows measurement values obtained

as to this sample.

Table 1
— =

Raw Material Powder A B C

‘Total Oxygen Content (wt.%) 13 0.9 12

Carbon Conteat in Raw Material Powder (ppm) 300 230 500

Fe Content in Raw Material Powder (ppm) <10 <10 <10

§i Content in Raw Material Powder (ppm) 9 50 82

Specific Surface Area of Raw Material Powder (m®/g) 35 28 27

Mean Particle Size of Raw Material Powder (pm) 13 - 11 1.0
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1. An alumnumnitride sintered body conprising al um num nitride
crystal grains, titanium being included as solid solute in said
alumnumnitride crystal lattice in a weight ratio of at |east 50 ppm
and not nore than 1000 ppm the unpaired el ectron concentration in
sai d sintered body obtained froman absorption spectrum of

el ectron spin resonance being at |east_ 11§< 10[err]/g.

Table 2
I Example | Employed | Surface Sintering Ti Compound Sintering Sintering
Raw Treatment Assistant Temperature | Time
Material Temperature | (wt.%) ' (wt%, interms | (C) (hr.)
Powder (y») of Ti0,)
1 A 800 Y,0,: 05 Ti,0,N,: 02 1800 3
2 A 1000 ¥b,0,; 05 Ti,O,N,: 05 1800 5
3 A 1200 Ca0: 05 TiLO,N,: 05 1800 5
4 B 1200 Nd,0,: 05 Ti,O4N,: 0.5 1800 5 "
5 B 1300 Sm,0,: 0.5 Ti,O,N,: 0.5 1800 5 "
6 B 1000 Y,0,: 05 Ti,O,N,: 10 1650 3
Ca0: 05
7 B 1000 Yb,0,: 05 Ti,O,N,: 1.0 1650 s
. CaO: 05
8, c 1000 Y,0,: 05 Ti,ON,: 1.0 1650 s
; Nd,O: 05
9 c 800 ¥6,04: 05 Ti,ON;10 | 1650 5
, Nd,0,: 05
10 c 1200 | N&,0,:05 Ti,O,N,; 10 - | 1650 3
CaO: 0.5
u e 1200 Y,0.: 15 T,0,N;: 15 | 1800 5
2 c 1400 Yb,0.: 1.5 Ti,0,N,: 1.5 1800 5
13 A 1300 Y015 - | T,0N;: 15 1800 5
Yb,05 15
14 A 1200 Y,04 15 Ti,O,N,: 20 1800 3
Nd,0y 15
15 B 1200 | ,0415 TLON; 50 | 1500 s
Ca0: 15 '
16 B 1200 Yb,0,: 15 Ti,0,N,: 3.0 1800 5
Nd,0,: 15
17 A Y,0,: 05 Ti Ion 1800 3
: Implantation
(10" jons/em?)
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2 An alum numnitride sintered body in accordance with claim1l,

contai ning an oxy-nitride of titaniumand alum numtherein in a
weight ratio of at least 0.1 % - and not nore than 5.0 %in terns of
Ti 2. 3. An al um num ni tri _de sinter ed_ body in accordance with
claim2, wherein said oxy-nitride exists in said alum numnitride
sintered body in the formof grains, _ 19
Table 3
Example | Contentof Tias | Break Down Density | Mechanical | Unpaired Thermal
Solid Solute Voltage (g/cma) Streagth Electron Conductivity
(ppm) (kV/mm) : (kg/mm?) Concentration | (W/mK)
(/)

1 60 31 Y7 43 2.7 x 10" 170

2 100 41 327 45 6.0 x 1013 169

3 780 47 326 43 15 x 10" 160

4 480 46 327 42 1.0 x 10% 152

s 220 4 327 47 9.0 x 10" 150

6 440 40 327 41 79 x 101 190

7 650 52 328 43 1.6 x 10 170

8 170 35 328 45 55 x 101 165

9 440 4 327 |4 11 x 10" 155

10 920 50 328 45 1.6 x 10" 155

1 320 44 327 48 78 x 10%° 230

12 110 39 327 43 49 x 10" 200

13 800 52 3.28 41 11 x 10" 234

14 650 48 328 46 1.0 x 10" 178

15 S0 35 312 40 32 x 10° 150

16 80 39 328 45 35 x 101 217 i

17 80 32 327 40 21 x 101 165 “

It is clearly understood from Table 3 that unpaired
electron concentration obtained from an electron spin
resonance absorption spectrum exceeds 1 x lOn/g when the
amount of Ti as solid solute is at least 50 ppm and not
more than 1000 ppm in a weight ratio, and the aluminum
nitride sintered body exhibits a high breakdown voltage.
It is also understood thaf an aluminum nitride sintered
body which has unpaired electron concentration of at least

lx 1013/9' and contains a compound of titanium within a
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said grains being not nore than 800 nmin dianeter. 4. An al um num

ni.tride sintered body in accordance with claim 3, having thermal

conductivity of at least 150 W nK. 5. A nethod of preparing an

alumnumnitride sintered body as defined in claim11, conprising:
- 20 -

range of 0.1 to 5.0 percent by weight in terms of TiO, has
a high breakdown voltage.

As to the aluminum nitride sintered bodies obtained
according to Examples 1, 2, 4 and 5, titanium compounds
contained in the aluminum nitride crystal particles were
examined through XRD (X-ray diffraction) or EDX. As the
result, it was proved that the titanium compounds
contained in the aluminum nitride sintered bodies were
composed of Ti, Al, O and N, or Ti, Al, N, O, Ca, Mg and
Si.

Comparative Example 1

Powder which was obtained by-adding 1.0 percent by
weight of Y,0;, being in the form of fine particles for
serving as a sintering assistant, to the aluminum nitride’
raw material pbwder shown at A in Table 1 was mixed in
alcohol with a tumbling ball mill for 12 hours.
Thereafter 2 percent by.weight of éolyvinfl butyral was
added as a binder to this mixed powder, which in turn was
further sufficiently mixed and dried. The as-obtained
powder was press-compacted under a'pressure of at least
1.5 ton/cm2. Thereafter the as-obtained pressed compact
was debindered at a tempefature of 600°C for 2 hours, and
fired in a nitrogen'atmOSPhere under a sinteriﬁg.
temperature of 1800°C for 5 hours. The as-obtained

aluminum nitride sintered body was subjected to
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a step. of preparing alum numnitride powder;
- 26 - a step of nitriding said alum numnitride powder

- 21 -

measurement of density, a breakdown voltage, thermal
conductivity, unpaired electron-concentration, mechanical
strength, and an amount of titanium as solid solute in
aluminum nitride crystal grains. The sintered body
density was measured by an Archimedes’ method, the thermal
conductivity was measured by a laser flash method, the
unpaired electron concentratibn'was measured with an
electron spin resonator, the mechanical strength was
measured through JIS three-point bending strength, and the
amount of titanium was measured with EDX of TEM or AES,
SIMS. Table 5 shows the results.

Comparative Exémples 2 to 11

The aluminum nitride raw powder materials shown in
Table 1 were surface-treated under conditions shown in
Table 4, thereafter subjected to mixing, compacting and
deﬁindering in a method similar to that in comparative
example 1, and then sintered under sintering conditions
shown in Table 4. Table 5 shows measurement values
obtained as to these samples of the aluminum nitride

sintered bodies.
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I n an atnosphere containing nitrogen at a tenperature of at | east
800[err] C and not nore than 1400[err] C; a step of adding a
sintering assistant, and an oxy-nitride of titanium being in a weight
ratio of at least 0.1 % and not nore than 5.0 %in terns of TiJerr], to
said nitrided alum numnitride powder, thereby obtaining m xed powder;

a step of preparing a conpact from sai_dﬂ'x_ed powder; and

Table 4
Compar | Employed | Surface Sintering ‘Ti Compound Sintering Sintering
ative Raw ‘Treatment Assistant Temperature | Time (hr.)
Example | Material | Temperature | (wt.%) (wt.%, in terms O
Powder - O of Ti0,)
1 A - Y,0; 1.0 - 1800 5
2 A 1200 Y,04: 1.0 — 1300 s II
it 3 A 1200 Y,0, 1.0 Ti,0,N,: 0.05 1800 5 "
H]
4 A 1200 Y,05 1.0 TLO,N,: 55 1800 s “
5 A 1200 ¥,05: 10 TiO,: 1.0 1800 5 "
6 A - Y,0,: 1.0 TiO,: 1.0 1800 s "
7 A 1200 ¥,0;: 1.0 TiN: 1.0 1800 5 "
8 A - Y0 1.0 TiN: 1.0 1800 5 ||
o A — Y,0.: 1.0 Ti,0.N,: 1.0 1800 s
H 10 A 700 Y,0,: 1.0 Ti,O,N,: 1.0 1800 s
l 1 A 1500 Y,0,: 1.0 Ti,O,N,: 1.0 1800 s
Table 5
Density | Mechanical | Unpaired -| Thermal
(efem®) | Streagth Electron- Conductivity
(kg/mm?) Concentration | (W/mX)
(/e
" 1 < 10 15 327 32 4.0x 102 137
2 <10 18 326 35 9.1 x 102 140
3 <10 - 11 1 327 30 9.6 x 10'2 149
" 4 < 30 17 328 36 6.0 x 10" 139
5 < 30 18 328 3 75 % 10'2 142
6 < 30 14 328 38 9.5 x 10" 138 “
7 < 30 5 327 33 8.1 x 102 141 |
il
8 < 30 18 327 31 7.6 x 1012 142
9 <30 15 327 34 6.5 x 10" 140
10 <30 12 7 31 59 x 102 137
“ 1 <30 14 3.27 36 41 x 10" 139

From the results of Examples and comparative
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a step of firing said conpact in an atnosphere containing nitrogen,
thereby preparing an alumnumnitride sintered body. 6. A nethod of
preparing an alum numnitride sintered body as defined in claim1,
conpri si ng: a step of preparing alum numnitride powder;

a step of ion-inplanting titaniuminto said alum numnitride powder for
maki ng titani umexist in - 23 -

examples, it is understood that an aluminum nitride
sintered body which has an amount of Ti as solid solute
within a range of 50 to 1000 ppm in a weight ratio or '
unpaired electron concentration of at least 1 x 10“/g and
cbntains an oxy-nitride of titanium and aluminum within a
range of 0.1 to 5.0 percent by weight in texms of TiO; has
a breakdown voltage of at least 20 kV/mm.

Fig. 4 is a graph showing relations between breakdown
voltages and unpaired electron concentration values
obtained from the aforementioned results of Examples and
comparative examples, in addition to the general relation
between the breakdown voltage and the unpaired electron
concentration shown in Fig. 1. It is understood from this
figure that the values of the unpaired electron
copcentrations'and the breakdown voltages of the inventive
aluminum nitride'sintered bodies are remarkably improved
as compared with the conventional aluminum nitride
sintered bodies. When the relations between the unpaired
electron concentration values and the breakdown voltages
are shown on a straight line to measure inclination of
this straight'line, it is understood that the prior art
exhibits inclination of 1.0 x 107" while the inventive
sintered body exhibits inclination of 1.3 x 10, i.e., 13
times as compared with the prior art. In other words, it

is possible to increase the unpaired electron
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alumnumnitride crystal lattice in a weight ratio of at [|east 50 ppm and

not. nore than 1000 ppm a step of adding a sintering assistant
to said alumnumnitride powder containing titaniumfor obtaining m xed
powder ; a step of preparing a conpact fromsaid m xed powder
and ' This is the replacenent
sheet - 24 -

concentration by one digit as well as to increase the
breakdown voltage to twice at the maximum according to the
present invention.

From the linear relations between the unpaired
electron concentration values and the breakdown voltages,
it is also recognized possible to confirm the breakdown
voltage of the sintered body by a nondestructive test
through measurement of unpaired electron concentration.

Although the present invention has been described and
illustrated in detail, it is clearly understood that the
same is by way of illustration and example only and is not
to be taken by way of limitation, the spirit and scope of
the present invention being limited only by the terms of

the appended claims.
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a step of firing said conpact in an atnosphere
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CLAIMS

1. An aluminum nitride sintered body comprising aluminum
nitride crystal grains, titanium being included as
solid solute in said aluminum nitride crystal lattice
in a weight ratio of at least 50 ppm and not more than

1000 ppm, the unpaired electron concentration in said

.gintered body obtained from an absorption spectrum of

electron spin resonance being at least 1 x 103/g.

2 An aluminum nitride sintered body in accordance with
claim 1, containing an oxy-nitride of titanium and
aluminum therein in a weight ratio of at least 0.1 %

and not more than 5.0 % in terms of TiO,.

3. An aluminum nitride sintered body in accordance with
claim 2, wherein said oxy-nitride exists in said
aluminum nitride sintered body in the form of grains,

said grains being not more than 800 nm in diameter.

4. An aluminum nitride sintered body in accordance with
claim 3, having thermal conductivity of at least 150

W/mK.

5. A method of preparing an aluminum nitride sintered

body as defined in claim 1, comprising:

a step of preparing aluminum nitride powder;
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containing nitrogen, thereby preparing an alum numnitride sintered body.

- 26 -

a step of nitridiné said aluminum nitride powder
in an atmosphere containing nitrogen at a temperature of at
least 800°C and not more than 1400°C;

a step of adding a sintering assistant, and an
oxy-nitride of titanium, being in a weight ratio of at
least 0.1 % and not more than 5.0 % in terms of TiO,, to .
said nitrided aluminum nitride powder, thereby obtaining
mixed powder;

a step of preparing a compact from said mixed
powder; and

a step of firing said conpact in an atmosphere
containing nitrogen, thereby preparing an aluminum nitride

sintered body.

6. A method of preparing an aluminum nitride sintered

body as defined in claim 1, comprising:

a step of preparing aluminum nitride powder;

a step of ion-implanting titanium into said
aluminum nitride powder for making titanium exist in
aluminum nitride crystal lattice in a weight ratio of at
least 50 ppm and not more than 1000 ppm;

a step of adding a sintering assistant to said
aluminum nitride powder containing titanium for obtaining
mixed powder;

a step of preparing a éompact from said mixed

powder; and
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a step of firing said compact in an atmosphere
containing nitrogen, thereby preparing an aluminum nitride

sintered body.

°
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ALUMINUM NITRIDE SINTERED BODY AND METHOD
OF PREPARING THE SAME

ABSTRACT OF THE DISCLOSURE

Disclosed herein are an aluminum nitride sintered
body having a high breakdown voltage for serving as a
substrate material which is responsive to high integration
of a circuit, and a method of preparing the same. The
aluminum nitride sintered body'contains titanium, which is
included as solid solute in aluminum nitride crystal
lattice in a weight ratio of at least 50 ppm and not more
than 1000 ppm. Unpaired.electron concentration in the
sintered body obtained from an absorption spectrum of
electron spin resonance is at least 1 x 10%/g. At least
0.1 percent by weight and not moxe than 5.0 percent by
weight of an oxy-nitride of titanium and aluminum exists
in the aluminum nitride sintered body in terms of TiO,.
The aluminum nitride sintéred body has a breakdown voltage
of 20 kv/mm. This aluminum nitride sintered body is
- obtained by nitriding aluminum nitride raw material powder
in a nitrogen atmésphere at a témperature of 800 to
1400°C, adding an oxy-nitride of titanium thereto with a

sintering assistant, and sintering the mixture.

FIGURE 3A.
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