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Abstract

In this work, we present systematical characterizations of
iron doped alumina substrates produced by solid state
sintering of ball milled powders. It was found that the doped
samples have higher fracture toughness, lower thermal
conductivity, smaller coefficient of thermal expansion and
higher relative dielectric constant than undoped ones. A
reduction in thermal conductivity could arguably give extra
protection to the package chip in a high temperature
application environment and can be attributed to an increase in
phonon scattering. Furthermore, the decrease in coefficient of
thermal expansion also helps to reduce thermal induced stress
between the substrates and device chip. The observed
improvement in fracture toughness cannot be explained by the
common toughening mechanism, such as crack bridging or
due to the increase in crystallite size, and is the subject of
further investigation.

Introduction

Electronic systems for extreme environments require
highly reliable instrumentation and sensors that work in harsh
conditions such as 2000 atm and temperature beyond 300°C.
Such environment requires a different approach for
microelectronics packaging. Operating at such extreme
environment, selection of suitable device substrates is crucial,
which needs to provide sufficient structural support for
mounted devices and circuitries. It also requires to be
electrically non-conductive to provide insulation for various
conducting paths. Furthermore, substrates should be
chemically stable and provide suitable thermal protection [1].

Ceramics based packages are commonly used as high
temperature encapsulation. Unlike usual power devices,
packaging materials for microelectronics devices operated
under high temperature does not require to have a high
thermal conductivity. For a power device that operates at
relatively low ambient temperature (<125°C) [2], heat that is
generated from the device chip has to be dissipated out to
maintain optimum device’s performance. On the other hand,
high temperature microelectronics are typically low power
devices that do not generate much heat to be dissipated to the
environment. On the contrary, it is necessary to slow down the
heat transfer from the environment to the device chip. Thus,
for high temperature application device, it requires packaging
solution that is not just mechanically strong, but also low in

thermal conductivity to minimize heat transfer from the
environment to the internal device. For this purpose, low
thermal conductivity substrate could be more suitable.

In this study, Al,O; is selected mainly due to its low
thermal conductivity, good electrical insulating properties,
chemically stable at high temperature and is a particularly
mature technology and inexpensive to produce or acquire.
However, it has a relatively high dielectric constant and high
coefficient of thermal expansion (CTE) as compared to Si that
may impose some reliability issues.

Substrate doping with other elements has been used to
modify their mechanical and microstructure properties, for
example tiny amount of MgO as a sintering additive [3-5]. On
the other hand, introducing dopants could as well reduce the
thermal conductivity of the substrates by mechanism of
increasing phonon scattering centers.

Iron has been identified as a possible dopant for alumina
substrates in such an application. For one, Fe doping has been
reported to improve the alumina fracture toughness by means
of crack bridging mechanism due to the presence of ductile
iron phase [6—9]. Addition of Fe was also reported to decrease
transformation temperature of amorphous alumina 7) phase to

crystalline & alumina [7]. On top of that, the introduction of
Fe is also reported to improve alumina - metal adhesion [10].
On the other hand, the addition of Iron can also be viewed as
introducing more defects to the alumina matrix, thus increase
the possibility of phonon scattering and therefore will reduce
the thermal conductivity.

In this work, we present systematical characterizations of
the iron doped alumina substrate produced by powder
methods.

Experiment

A mixture of alumina with 10wt.% Iron (Fe) was prepared
by wet ball milling (with 1:20 powder to ball ratio) in alumina
ball milling jar for 24 hours. Comparisons between the
particle size of as purchased alumina, iron-powder and post
ball milling of alumina with 10wt.% Fe are given in Fig. 1(a)
to (c), respectively. It can clearly be observed from secondary
electron microscope (SEM) imaging that ball milling
effectively reduces the particle size of the mixed powder. The
resulting powder was uniaxially pressed to form pellets,
followed by 200 MPa cold isostatic pressing. The resulting
pellets were air sintered at 1500°C for 12 hours.



Fig. 1 Comparison of particle size. (a) As received alumina powder, (b)
iron powder, and (c) ball milled mixture of alumina and iron powder.

Fracture toughness of the samples was deduced from the
crack length measurement from Vickers indentation based on
the following relation [11].
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where P is the indentation peak load, ¢, is the crack length,

va = 0.016 + 0.004 is a material-independent constant for

Vickers produce radial cracks [11], E is the Young’s modulus
and H is the materials hardness defined as

H=Pla,a’ )
where a 1is the half diagonal of indentation length and
a, =2 is numerical constant for Vickers indenter.

Sintered samples were indented with Vicker’s pyramid
shaped tip micro-indenter with 10 kgf load setting for 10 s
dwell time. Commercially purchased sintered alumina sample
from Xellatech Pte. Ltd. were also measured and used as a
reference.

Thermal conductivity of sintered sample was deduced
from the thermal diffusivity measurement by laser flash
method. Thermal diffusivity was indirectly measured by
observing the temperature changes on the front side of the
sample by laser illumination from the back of the sample.
Thus, the thermal conductivity was obtained by the following
relation [12]

k =opC 3)
where « is the thermal diffusivity, p is the density and C'is

the specific heat of the specimen.

Thermal expansion coefficient was deduced from
measured linear dimensions change with respect to increasing
heating from 20°C to 400°C. Dielectric constant was obtained
from impedance measurement of sintered samples at 1 MHz
frequency using Agilent 4284 A LCR-Meter.

Bruker D8 Advance X-ray diffractometer (XRD) with
CuK,, radiation was used for phase analysis of ball milled and
sintered sample. Rietveld refinements were utilized for phase
quantification from XRD diffraction patterns. Both the XRD
characterisations and phase quantification were conducted at
Facility for Analysis, Characterization, Testing and
Simulation (FACTS) in Nanyang Technological University,
Singapore.

Results and Discussion
Fig. 2 shows a comparison between indentation in the
doped sample and reference sample. The diagonal of the

indentation a and the crack length ¢, , which are used as

input parameters for fracture toughness calculation as shown
in eq. (2), are indicated as @ and ¢ in Fig. 2(a) and (D),
respectively. The doped sample clearly shows field of residual
stress [13], but is not visible on the reference sample.
Nonetheless, crack length on the reference sample is visible
and measureable.

All measured properties are summarized in Table 1. It was
found that doped samples have higher fracture toughness (6.12
+ 1.23 MPa/m’) as compared to undoped reference samples
(3.14 + 0.88 MPa/m™).

Both samples have similar mass density and are presented
here as relative density with respect to their respective mixture
theoretical density.

Doped samples also show a lower thermal diffusivity as
compared to the reference sample, i.e. 5.11 + 0.04 mm*/s and
8.14 + 0.09 mmz/s, respectively. On the other hand, there
seems to be no significant heat capacity difference between
the two samples. From differential scanning calorimeter
(DSC) heating and cooling curves, both samples have heat
capacity of ~ 0.765 J/gK at 25°C. Thus from eq. (3), we
calculated that there is a reduction in thermal conductivity of
the doped sample from 22.43 + 0.29 W/mK to 16.16 £ 1.91
W/mK).

Doped sample also shows a CTE reduction from 8.40 +
0.017 ppm/K to 6.91 + 0.048 ppm/K. On the other hand, the
relative dielectric constant is higher for the doped sample
(10.36 £ 0.241 as compared to 9.9 £ 0.018).

Reduction in thermal conductivity in doped sample is
expected as introducing impurity means introducing defects to
the alumina crystals. Crystal defects increase phonon
scattering probability, thus reducing the thermal conductivity.
However, it is unclear what mechanism causes the reduction
in CTE and the fracture toughness change.

Compositional effect of Al,O3 and Fe,O; can be ruled out
as Fe,O; has a higher CTE than the doped sample, i.e. 9.9
ppm/K [14]. Improvement in the doped sample fracture
toughness can be traced to two possible mechanisms, the first
of which is crack bridging mechanism by the presence of
ductile Fe [8].

€Y (b)
Fig. 2 Vickers micro hardness indentation comparison between (a)
doped sample and (b) reference sample.



Table 1 Summary of Measured Properties

Properties Fe doped Alumina Reference Alumina
Relative Density (%) 91.10+0.57 90.90 + 0.025
Fracture Toughness (MPa/m"%) 6.12+1.23 3.14+0.88
Thermal Conductivity (W/mK) 16.16 £ 1.91 22.43+£0.29
Relative Dielectric Constant 10.36 +0.241 9.9+0.018
Coefficient Thermal Expansion (ppmv/K) 6.91 +£0.048 8.40+0.017

For the crack bridging mechanism to work, it will require a
high enough unoxidized Fe content available after sintering,
which we have not detected in our investigations. The other
mechanism is toughening by grain size increase promoted by
Fe*'[15].

During sintering, particularly air sintering, Fe will be
oxidized and can be present either as Fe** or Fe*'. Stofer et al.
reported that Fe’" had no effect on corundum formation [16],
which implied that there was no effect to the sintering
temperature and grain growth. On the other hand, the presence
of Fe*" has been associated with highly anisotropic grain
growth of alpha-alumina [6], which implies that Fe*" assists in
diffusion. To verify which mechanism is operative, further
characterizations by X-Ray diffraction (XRD) method were
conducted.

XRD characterizations of as-prepared and sintered
samples are given in Fig. 3(a) and (b), respectively. Rietveld
refinement on the as-prepared powder shows that around 2.36
+ 0.14 wt % crystalline Fe remains in the form of Iron,
Hematite (F,03), Wiistite (FeO), from the 10 wt% Fe initially
added. Reduction in the detected quantity of Fe can be
attributed to both the formation of amorphous Fe, and addition
of alumina. The source of extra alumina could come from
erosion debris of the ball milling jar as well as the alumina
ball during the ball milling process. Rietveld refinement also
indicates that the average grain-size from Integrated Breath
Volume weighted mean column lengths [17] (LVol-IB) is
50.20 + 8.1 nm, as deduced from significant peak broadening.

The current powder preparation uses vertical ball mill,
commonly known as Planetary Ball Mill, which could
effectively mix and grind materials down to very small sizes.
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Fig. 3 X-Ray Diffraction characterizations of ball milled powder and
after sintered powder. (a) Ball milled powder, consists of mixture of
ALO;, FeO, and Fe;O0;. After ball milling, only 2.36 + 0.14 wt% Fe is
detected in the mixture, mostly caused by addition of alumina from
milling jar and balls. (b) Sintered pallet, with 2.30 + 0.04 at.% Fe in Fe**
found to substitute AI*", which translates to ~2.5 wt.% Fe.

During milling, grinding balls in the jars are subjected to
superimposed rotational movements, that differ in speeds
between the balls (made of alumina) and grinding jars (also
made of alumina), producing an interaction between frictional
and impact forces. These high impact forces effectively reduce
the particle size, and possibly amorphize the iron. At the same
time, high impact of the balls to the milling jar also can erode
both the jar and balls resulting in addition of alumina to the
powder being milled. Hence, this reduces the iron weight
percentage further.

On the other hand, the full width at half maximum
observed from the XRD pattern of the sintered sample is
narrower as compared to the powder state. Rietveld
refinement on the sintered sample shows that all hkl
reflections can be identified as Corundum Al,O; phase with an
average crystallite size (LVol-IB) of 122 + 10 nm, an increase
from 50.20 = 8.1 nm for the unsintered powders. Neither
Fe(bce) nor other oxidized Fe was observed. The absence of
Fe metal thus implies that the fracture toughness increase is
not contributed by crack bridging mechanism. Further
refinement shows that around ~2.5 wt% Fe (2.30 + 0.04 at. %
from Rietveld) has substituted for A", This substitution has
made the unit cell slightly larger, with their lattice parameter
changed from a =4.7591 A and ¢ = 12.9973 A to a=4.7735 +
8.8x10™* A and ¢ = 13.0293 + 3.8x10™ A, respectively. This
result indicates that all available Fe have been oxidized to Fe®"
during sintering and none remains as Fe*". Furthermore this
result indicates that none of the Fe was amorphized by ball
milling.

It is common to observe increase in grain size as a result of
heat treatment by mechanism of surface diffusion or bulk
diffusion [18], which may lead to higher fracture toughness.
Furthermore, increase in the grain size might also be enhanced
by Fe’" diffusion assisted grain growth. Even though there is
no Fe®' present after sintering, it may briefly be available
during sintering before being oxidized to Fe’". In this
relatively short time period, Fe*" could induce the formation
of oxygen vacancies to maintain charge balance in the crystal,
which leads to faster diffusion path and induces faster grain
growth, therefore larger grains after sintering [15]. On the
other hand, effects of Fe’" during sintering have been
associated with formation of highly anisotropic grain growth,
which is attributed to cause reduced density of the sintered
body [19].

Conclusions

In summary, we have seen that Fe doped alumina could
potentially be used as substrates for harsh environment
electronic application. With comparable electrical properties,
and potentially less CTE mismatch with silicon, usage of Fe
doped alumina could lead to more reliable packaging solution.
While the reduction in thermal conductivity can be attributed
to an increase in phonon scattering, the observed improvement



in fracture toughness as well as reduction in CTE cannot be
fully explained at the current stage, and are the subjects of
further investigations.
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