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ABSTRACT

Recent trend on the development of high thermal conductivity
substrates is introduced first. High thermal conductivity AIN substrates,
which have thermal conductivity of 160~260 W/mK, have been developed by
NEC Corporation. The AIN substrates have several excellent characteristics
at room temperature, such as high thermal conductivities over 10 times that
of AlgO3, a thermal expansion coefficient close to silicon, high electrical
insulation resistivity, low dielectric constant and loss, good mechanical
properties and non-toxicity.

Multilayer AIN substrates have been developed by co-firing AIN green
sheets screen-printed with W thick-film paste. The properties of the
substrate, such as electrical resistivity and adhesion of W conductor and the
camber of the substrate, were investigated. The chemistry and structure at
the AIN-W interface to characterize the high adhesion are discussed.

1. Introduction

The ever increasing demand for electronic circuit miniaturization is
continuing for advanced electronic devices. However as a result of
increasing circuit density and power on silicon chips, heat dissipation from
the chips is becoming critical. In electronic devices, heat dissipation through
the substrate is one of the best ways to achieve efficient thermal
management in microcircuits. High thermal conductivity substrates will
enable heat to be readily dissipated from the chips.

Nowadays, AlgO3 ceramics (alumina) with thermal conductivity of 20
W/mK at room temperature has been dominant among substrate materials.
In some cases, BeO ceramics (beryllia) has been used, in spite of its toxic
nature, because it has high thermal conductivity of 260 W/mK. Recently
high thermal conductivity substrates, such as SiC and AIN substrates, have
been developed in Japan [1,2,3,4,5,6]. Table 1 summarizes the recent trend
on the development of high thermal conductivity substrates. The SiC
substrate, which has excellent properties for packaging material, such as
high thermal conductivity of 270 W/mK, high electrical insulation
resistivity, a thermal expansion coefficient close to that of silicon chip, and
high mechanical strength, has been developed. However, it has
disadvantages that the dielectric constant and loss are extremely high and
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the multilayer substrate can not come true through a hot press process. On
the other hand, aluminum nitride (AIN) substrates overcame these problems
and showed superior properties to AloQO3, though the thermal conductivities
were not as high as that of BeO at the first stage [2,3,4,5]. Recently the
thermal conductivities of AIN increased remarkable in a few years in Japan
by improvement of raw AIN powder and sintering process and by utilizing
effective sintering additives, such as CaCgy, CaO and Y203, and finally it
became close to that of BeO [6,7,8,9,10]. Further, various applications and
evaluations, such as heat sinks, cerdip package, flat package, multilayer
multichip package, PGA package and multilayer PGA package, were
investigated [5,6,7,8,9,10]. At last AIN seems to be the most promising
candidate material for thermal management.

The thermal conductivity of AIN ceramics is greatly influenced by its
chemical purity and density, while the theoretical value is predicted to be
320 W/mK at room temperature. Especially, a small amount of oxygen
impurity markedly decreases thermal conductivity as shown in Fig. 1.

2. AIN Substrate Properties

Typical properties for the AIN substrate are summarized in Table 2.
Table 2 compares properties for AIN and other substrates (Al203, BeO, SiC)
at room temperature.

The AIN substrate has a maximum thermal conductivity of 240~260
W/mK at room temperature, which is over 12 times as high as that of AloO3
and 80% of the theoretical value.

The AIN substrate shows excellent thermal expansion matching to the
silicon chip. The thermal expansion coefficient is closer to that of silicon
than those of AlgO3 and BeO. As a result, there is little stress problem
induced by thermal mismatch between silicon chip and AIN substrate.

The AIN substrate also has good electrical properties, as good as Alg03
and BeO. It shows high electrical insulation resistivity, and low dielectric
constant and loss, though SiC has the disadvantages of extremely high
dielectric constant and loss [1].

The AIN substrate shows not only higher flexural strength but also
easier machinable property than AlpO3. The flexural strength at room
temperature is 3500~4000 kg/cm?, which is higher than those of Al303 and
BeO. On the other hand, the vickers hardness is 1200 kg/mm?.

3. Development of Multilayer AIN Substrates

A co-fired multilayer AIN substrate is the significant breakthrough for
AIN substrate application. Multilayer AIN substrates were successfully
developed by co-firing the AIN green sheets with W conductor pastes.

The multilayer structure was achieved by laminating tape-cast AIN
green sheets screen-printed with W thick-film paste. The W paste included 3
wt% AIN powder to make the fired shrinkage of W close to that of the AIN.
The laminated body was fired at 1900°C under 0.1 MPa Ng gas for 4h.
Densification of AIN was achieved by 2 wt% CaCg sintering aids.
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Figure 2 shows the test samples of multilayer AIN substrates, which
were used to evaluate electrical resistivities of external and internal
conductors, adhesion property of the external conductor and camber of the
substrate. Characteristics for the test sample are summarized in Table 3.
Sheet resistivities of external and internal conductors are 20 and 25 mQ/0,
respectively. These values are satisfactory for practical use. The adhesion
strength, measured by nailhead pull test of pins soldered onto 2-mm Ni-
plated square pads, was more than 20 MPa, which is adequate for practical
uses. In addition, the camber of the multilayer AIN substrate was measured
to investigate any shrinkage mismatch between the AIN substrate and the
W conductor. The camber of 20 xm/20 mm is as well as that of the standard
AIN substrate. These preliminary results indicate that the multilayer AIN
substrate is feasible for use in place of a conventional Al03 package.

In Fig. 2, 5 external conductor lines on the AIN green body can be seen.
After firing, 7 internal conductor lines on the 2nd AIN layer appear in sight,
because the AIN substrate is translucent. Another multilayer AIN
substrate, with 3 metallized layers, is shown in Fig. 3. Circuit density for the
multilayer AIN substrate is extremely higher than that of the test sample. It
is an example of a multichip package (MCP), which is capable of mounting 10
LSI chips.

4. Characterization of Multilayer AIN Substrates [11]

(1) Optical Microscopy

The cross-sectional image in Fig. 4 shows a typical AIN and W layer
structure. The thickness of AIN ad W were 120 and 5 to 10 um, respectively,
and the AIN ceramics were very dense. On the other hand, the W layers
included many small dark spots. Interface morphology was irregular, but
there was excellent contact between the W and AIN.

(2) Cross-Sectional SEM Observation and EDX Analysis

The polished section (Fig. 5(a)) shows nearly pore-free AIN and W
phases. As will be shown later, the second phase (A) within the conductor
layer has a high Al content and is probably the AIN intentionally added to
the W paste. Although the interface is very rough and irregular, excellent
conformity developed between the AIN and W during sintering, and a
complex interlocking interface structure was found (B). The interface was
sharp and clean without any apparent reaction phases.

An electron microprobe analysis on the SEM was used to obtain
chemical analysis of the compositional variation of Al and W. Figure 6(a)
shows a cross-sectional SEM image and Fig. 6(b) electron microprobe
elemental profiles along the line shown in Fig. 6(a). The microprobe data of
Fig. 6(b) shows that there was no interdiffusion of either Al or W at the
interface or at the isolated Al compound particle in the W layer at the order
of a few micrometers. The size of this particle (about 1 x«m) is very close to
that of the starting raw AIN powder added to the W paste. Therefore these
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particles are presumed to be AIN phase. In addition, several intricate
interfaces (A) and a particle connected by a neck (B) to the AIN ceramic layer
were also observed.

(3) Interface Morphology

Several intricate or interlocked interfaces were found in cross-sectional
optical microscope and SEM images. To investigate in more detail the
interface morphology, the W pad was removed from the substrate using
NaOH etchant, and the planar interface was observed directly in the SEM.
W surface morphologies at the surface side and at the W-AIN interface side
are shown in Figs. 7(a) and (b), respectively.

It became apparent that W surface morphology at the interface side
was very rough and had a smaller grain microstructure compared with that
at the surface side. These facts indicate W grain growth at the interface was
depressed by cofiring AIN and W, and the interlocking structure of AIN
exists at the entire interface.

(4) Cross-Sectional TEM Observations (XTEM)

An XTEM procedure was used to analyze the structure and chemistry
at the interface. The W conductor lines remained as long W bridges in the
ion-milled specimens because of differences in the ion-milling rate between
AIN and W. Figure 8 shows an XTEM micrograph (at 100 kV) at the AIN-W-
AIN interface where most of the AIN was milled away and the much thicker
W remains.

Figure 8 illustrates several distinctive features. First, there are
several holes in the W layer. They may be either intrinsic holes or extrinsic
holes which are related to ion-milling perforation of AIN particles. The
interface morphology in the TEM image also shows characteristic intricate
interlocking structures (A). Second, although most of the interface is a very
tight structure, there is a small pore (B) and an opening (C) at the interface.
These are the only pores observed. However, if such pores or openings are
intrinsic and exist extensively at the interface, the interface might then have
a poor vacuum-tight seal property.

Bright- and dark-field TEM images at higher magnification and SAD
patterns taken from two grains, A and B, adjacent to each other are shown in
Fig. 9. The bright-field image includes an electron transparent region (A)
and a dark region (B). There were some small particles which were
identified using scanning transmission electron microscopy and energy-
dispersive X-ray analysis (STEM/EDAX) to be W contamination particles
deposited during ion milling. The selected-area electron diffraction (SAD)
patterns and corresponding dark-field images from regions A and B are
shown in Figs. 9(b) and (c), respectively. The SAD patterns from regions A
and B were indexed to be Z=[1213] of AIN and Z=[133] of W, respectively.
These dark-field images reveal that there is no secondary phase between the
AIN and W phases. Consequently, it was concluded that there was no
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reaction between AIN and W to yield any new phase to account for high
adhesion strength at the interface.

Figure 10 is an STEM image of the W-AIN 1nterface taken at 200 kV.
Again, no interface phase was visible between the W and AIN. An EDAX
scan with a spot size of 40 nm was conducted along the line shown in Fig. 10,
and the signal traces for Al and W are shown in Fig. 11. The W signal was
significant up to 200 nm into the AIN, indicating some diffusion of W across
the interface.

5. Summary

Multilayer AIN substrates have been developed by co-firing AIN
greensheets screen-printed with W thick-film paste. The properties of the
substrates, such as electrical resistivity and adhesion of W conductor and the
camber of the substrate, were satisfactory for practical use. The AIN-W
interfaces in the co-fired AIN substrate were characterized using optical
microscopy, SEM and TEM. A cross-sectional optical image showed the AIN
ceramics were very dense and the thickness of AIN and W layers were 120
and 5 to 10 xm, respectively. Cross-sectional SEM micrographs of the
polished and fractured interfaces indicated that the intentionally added AIN
particles remained intact in particles in the W layer, and a fully sintered,
interlocked AIN-W grain structure developed at the AIN-W interface.
Electron microprobe analyses using SEM showed that there was no diffusion
of either Al or W at the interface at the order of a few micrometers. However,
using an STEM with a spot size of 40 nm, a slight diffusion layer of W could
be detected up to 200 nm into the AIN. It was found that W surface
morphologies at the interface side were very rough, with a small grain
microstructure compared with the surface side. The interlocked AIN grains
at the interface existed at the entire interface. Cross-sectional TEM
observation also showed intricate microstructure at the interface, and
bright-field and dark-field images and SAD patterns revealed that there was
no secondary phase between AIN and W phases.

Consequently, it was concluded that the high adhesion strength of W
layers onto the AIN substrate (>20 MPa) was not attributed to any
secondary phase but to mechanical interlocking of AIN powder during
cofiring AIN and W powders.
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Table 1 Recent trend in the development
of high thermal conductivity
substrates : :

Yer | Company | Materdl cﬁm&y Topes
(982 |  Hitachi SC | 270winK e
1983 Toshba | AN | 60 | Thystor for Train
1984 | Htachi | SC. | 270 | ECL LS Package
Toshba | AN 100 Y203 Addtve
Tokuyama | AN 110 High Purity AN Powder
Sola , Transhoent AN
Hermeus | AN | 140~170 —_
NEC | AN 160 |Reducing Stering
NEC AN 160 | Transistor, LD, Laser Diode
1685 | Sumtomo | AN 220 _
Denko
1986 | NEC AN | 240~260 |  CaCz Reductant
NEC AN 160 Multiayer Substrate
Tokuyama | AN 260 —
| Soda
{987 | Toshiba AN 260 Reducing Atmosphere
Toshba | AN 70 Multlayer PGA

Thermal conductivity [ w/mi3}
o
o

250+

100F

0.5

Oxygen content [wt %1

Fig.1 Relation between thermal
conductivity and oxygen
content of AIN ceramics.

Table 2 Properties for AIN and other substrates at room temperature

Substrates | oo AN 96%ALO, | 995%Bs0 sic
Properties 2
Thermal Conductivity (WMK) | 160~ 260 20 260 270
Thermal Expansién: Costficient | 4.3 6.7 75 3.7
(r.t.~ 400°C) (xI0°/°C) o
Electrical Resiéﬁ\z‘ify (a:cm')  >:0" ‘ >10% >10" >10°
Dislectric Consfaﬁf at IMH, 8.9 | 89 87 42
Dielectric Loss(x10™) at OHMHz, [ 2 i l 500
Flexural Strength (Kg/cm?) | 350’0"«4000 3000 ésoo : 4500
Vickers Hardness (Kg/mm?) | 1200 13000 - f ynkz'oo' | 3000

Thermal expansion coefficient of Si is 35~4.0 xI0°/°C.
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Fig. 2 Test samples for the multilayer ALN substrates.

Table 3 Characteristics for the multilayer

AIN substrate with co-fired W

conductors
Test Result
Sheet resigtivity [Exiernu! sonductor 20ml/ 0
Internal conductor 25mil/ 0O
Adhesion strength > 2kg/mm?
Camber 20 pm 7 20 mm

Fig.3 Multilayer AIN substrate with 3 metallized
layers.
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- eross section of. the co-fired

Mmultxjayer A N ,substrate.u_‘

(bl

Fig.ﬁ Crcss sectional SEM image (a) and

electron microprobe elemental profiles (b)
at.the AIN/W/AIN interface.

AIN

AlN

@) Spm )

Fig.5 SEM micrographs of cross sectiéns of'AlN/W/AIN
interface.

(a) Polished section
(b) Fractured section
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(b) Spm

Fig.7 Surface morphologies of
the W pad.
(a) External surface side
(b) W/AIN interface side

(c)

Fig. 9 TEM images and SAD patterns ét,the AIN-W
" interface '
“{a) BF image ,
(b} SAD pattern and DF image from region B,
{c) SAD pattern and DF image from region C.

e ]
Sum

Fig.8 Cross-sectional TEM micrdgraph
at the AIN/W/AIN interface
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‘Fig. 10 STEY image showing the location of the linescan in

Fig. 1l
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Fig. 11 STEM/EDX linescan analyses of Al and W at the AIN/W interface.





