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Abstract

Barium titanate (BaTig)-based ceramics have been used widely as dielectric layers in manufacturing multilayer ceramic capacitors (ML-
CCs) in the electronics industry. In this study, the heat capacities of two different Bd&gad ceramic materials were determined as a
function of temperature using differential scanning calorimetry (DSC). The densities of these materials were measured at room temperature
using Archimedes’ principle. Using these experimental values, the thermal diffusivity and thermal conductivity of each material were deter-
mined at room temperature with a hot disk sensor, which is a transient technique for rapid thermal conductivity measurement. Finally, the
linear coefficients of thermal expansion of these materials were determined using thermomechanical analysis (TMADftora50°C.

All these data are useful in modeling the stress and the reliability performance of these chip capacitors under various conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [1,6]. Below —80°C, a third phase transition occurs, and

the crystal symmetry becomes rhombohediratl0].

Barium titanate has two structural polymorphous forms  Eerroelectric p-BaTi@ is one of the most extensively

at ambient conditions: one is the ferroelectric perovskite studied ferroelectric perovskite materials with many ac-
phase (p-BaTi@), and the other is the hexagonal modifi- tyal and potential applications. BaTi®ased ceramics are
cation, which will not be discussed in this study. Above  idely used in the electronics industry. One of the most im-
approximately 120C, p-BaTiQ has a cubic structure and  portant applications of these materials is as dielectric layers
is paraelectric, or non-polar. When the temperature de- n the multilayer ceramic capacitors (MLCCs), as illustrated
creases to below 12@, spontaneous polarization occurs jn Fig. 1. This is because high dielectric constant of several
and the crystal goes through a phase transition to a fer-thousands can be obtained in BaZi@ear or below its
roelectric state{2]. In this process, the cubic crystalline Cuyrie temperatur@; (~120°C) [11-13]. Along thea-axis,
structure, which is stable & > 120°C, is distorted and  the dielectric constant can be as high as 5000 near room
becomes tetragonal with @a ratio of 1.01 at room tem- temperature, but it is only about 250 along thaxis [14].
perature[1,3,4]. This transition is generally considered to However, to meet the MLCC application specifications, the
be a first order diSplaCive tranSition, although theoretical temperature dependence of the dielectric constant must be
calculations from first principles suggested that it may be \well controlled so that the MLCC will not show dielectric
better described as an Order—disorder transition, which is adegradation over the app”cation temperature range_ For ex-
second-order transitidd]. A second transition in p-BaTi®  ample, the conventional X7R specification set by the Elec-
takes place near@ (+£5°C), below which the crystal re-  tronic Industries Association requires that the maximum
mains ferroelectric but the structure becomes orthorhombic gjjowed capacitance variation betwee5 and 125C is

+15% with respect to the room temperature {25 value

[15]. To meet such requirements, dopants, such as rare earth
T%+1_4805523154; fax:t 1-4805545241. elements and their oxides, Which can_reduce the strong

E-mail address: yi.he@intel.com (Y. He). temperature dependence of the dielectric constant near the
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electrodes ¥

2.2. Density

The density was measured using Archimedes’ principle.
Pure de-ionized water was used as the immersion liquid.
The densityp of the sample can be calculated using the

dielectric Iayer/ following equation:
! ) . . . mipL
Fig. 1. lllustration of a multilayer ceramic capacitor (MLCC). P = —m o’ (1)
1—m2

wherem, is the sample weight measured in ay is the
sample weight measured in water, amdis the density of
pure water, which is 0.99821 g/énat 20°C [23].

phase transitions, are typically added to Bag'td control
the microstructure and the grain sifs—20].

MLCCs are an inseparable part of every integrated cir-
cuit. The growth of the MLCC market is proportional to the
growth of the IC chip productiof21]. In 2000, the annual
production of MLCCs had exceeded 100 billif2®]. Cur-
rently, most of these chip capacitors are surface-mounted

on the IC package substrate. It was predicted that by 2005, ~. " . .
40% of these chip capacitors would be incorporated in the principle of C, measurement using DSC has been described
substrate through interconnection technol{@y] elsewherg24,25]. A TA Instruments 2920 modulated DSC

As semiconductor device size continues to decrease,akeyiot m rement. A hir mple (61.37 ma) w d
challenge facing electronic packaging is thermal manage- y measurement. A sapphire sample (61. g) was used as

ment. The heat generated by the silicon chip will heat up the C, standard. The typical thermal program used for the

the surrounding components, and it needs to be effectivelyCP measurement was:

dissipated to increase device reliability and service life. For 1. isothermally held at-20°C for 5min;

this reason, the thermomechanical properties and the ther2. ramp at C/min to 200°C;

mal transport properties of the MLCC materials need to be 3. isothermally held at 200C for 3 min.

characterized for package reliability assessment. For exam- , , .

ple, when the chip capacitors are embedded in a substrate, 10 Start with the heat capacity measurement, a baseline

the mismatch of the coefficient of thermal expansion (CTE) heat flow curve was first measured with empty aluminum

between the MLCC and the surrounding material (substrate)Pans- Then, a sapphire standard was placed in the sample

can cause cracks and delamination during temperature cyPan and the heat flow curve was measured again using the

cling, leading to catastrophic failure. same set of DSC pans. Emally, the heat flow curve of the
The purpose of this study is to characterize the heat capac-SaMPle was measured using the same DSC sample pan. The

ities (C,), the thermal conductivities (K), and the coefficients SPecific heat of the material can then be calculatdd425]

of thermal expansion («) of two different dopant-modified _ may1 C )
BaTiOs ceramic materials for potential MLCC applications. rt miys r2:

These results are important for modeling package reliability
performance. In addition, we have also measured the den
sities of these materials, which are needed in determining
the thermal transport properties (thermal conductivity and
thermal diffusivity) of these materials.

2.3. Heat capacity

Differential scanning calorimetry (DSC) was used to de-
termine the heat capacity of the Bagi®ased ceramics. The

whereC,1 andC, are the heat capacity of the sample and
the sapphire standardy andny, are the sample mass and
the mass of the sapphire standard, gndndy- are the net
heat flow of the sample and the sapphire, respectively.
Besides the conventional way of measuri@g as dis-
cussed above, a temperature modulated DSC (TMDSC)

2. Experimental technique was also used Gy, measuremer{26]. TMDSC
experiments were conducted fror20 to 200°C at an un-
2.1. Materials derlying heating rate of 3C/min. The amplitude of temper-

ature modulation is 0.8C, and the period is 100s. Again,

BaTiOs-based ceramics were manufactured by two differ- a heat capacity constant calibration was performed using
ent suppliers. The exact chemistry of these materials and thea sapphire standard. After calibration, the measured room
processing conditions are highly proprietary and will not be temperatureC,, of sapphire is within 0.2% of the published
discussed here. The materials were manufactured from pow-value[27].
ders using a high temperature sintering technique. The sam-
ples used in this study were in a thin square plate form. The 2.4. Thermal conductivity and thermal diffusivity
typical dimensions are 37 mm 37 mmx 2.4 mm for sam-
ples provided by suppliers A; and 35 mn35 mmx 1.4 mm Thermal conductivity and thermal diffusivity measure-
for samples obtained from supplier B. ments were conducted using the hot disk technique, which is
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a transient plane source technique for rapid thermal conduc-time was kept at 2.5 s, and the output power to the hot disk
tivity measuremenf28-31]. The principle of thermal con-  sensor was 1 W. The sensor radius is 3.200 mm. At least six
ductivity measurement using the hot disk sensor has beenmeasurements were performed for each material to ensure
discussed beforfl29,32,33]. During a hot disk measurement, the repeatability of the measurement results.

the hot disk sensor, which is made of a double spiral of .

nickel wire, is sandwiched between two halves of a sample. 2.5 Thermal expansion

A small electric current is supplied to the sensor. The sen- . . .
sor serves as a heat source and as a temperature monitor. IH) Ié'gg% Sa:tTaEhoefa?ile%ff:;?g_l:?;;Ixissinr:ezsgﬁdki:?;sn?er
can be shown that the temperature change of the sensor sur; | hg h the th | 9 . f sindl
face, AT, which can be determined through the resistance TMA7 _system. Alt oug t € t ermal expansion of single
measurement, is highly dependent on the thermal transportCryStaIIIne ferf"e'eCtT'C BaTi®is an|so'trop|c[7], '.t IS ex-
properties of the surrounding materjap,32,33]: pected to be isotropic for polycrystalline materials studied

in this work. To verify this, thermal expansion coefficients
AT(7) = Po D), A3) were measured along thé, the Y-, and theZ-directions;

n3/2aK where theX-direction is arbitrarily defined as one of the
whereP, is the output power to the sensarjs the sensor  in-plane direction along one edge of the ceramic plate,
radius, and is the thermal conductivity of the surrounding the other in-plane direction perpendicular Xo and Z is
material. A dimensionless parameter /«t/ais calledthe ~ along the direction perpendicular to th&-plane. The typ-
characteristic time ratio, whexeis the thermal diffusivity of ~ ical sample length along th¥-direction is about 10 mm.
the sample, antlis the measurement timB(z) is a rather ~ Along theY-direction, the typical length is about 5mm. For
complicated function, but can be evaluated numerically to thermomechanical analysis (TMA) measurement along the
five or six significant figures. If one knows the relationship Z-direction, two or three specimens were stacked together
betweert andz, one can ploiT as a function oD(z), and for improved measurement sensitivity. In that case, the sam-
a straight line should be obtained. Thermal conductivity can ple length along thez-direction is between 4 and 6 mm.

be calculated from the slope of this line. However, the proper For each experiment, three heating scans and two cooling
value ofr is generally unknown, but it can be determined scanswere conducted during the experiment. The linear CTE

through a series of optimization processes. In practice, wealong each direction was calculated based on TMA results.
can measure the density and the specific heat separately, as

discussed above. OnpeandC,, are known, there is only one ) ]

independent parameter betwe€randx since K = pC k. 3. Resultsand discussion

Therefore, both thermal conductivity and thermal diffusivity
of the sample can be determined accurately by measuring

the average sensor temperature increase as a function of Using Archimedes’ principle, the average density of the

measurement time. BaTiOs; ceramic material from supplier A was determined

Normally, hot disk measurements are carried out on rel- y, e 5 g4t 0.01 g/cn?, where the error is one standard de-
atively thick samples (i.e., sample thickness/4xr) [34]. viation. This value was obtained using three samples and

In the case when only thin slab samples are available, ONegach sample was measured twice. Similar measurements
can still perform the hot disk measurement by insulating the were preformed on three BaTiGamples from supplier B
two outer surfaces of the two halves of the sample. Under ;4 the result wap = 5.94-+ 0.02g/cn?. The diﬁerence,

such configuration, the functidd(z) in Eq. (3)needs to be  ; density between these two BaF@eramics can be at-

modified to include the contribution of all image sources. yip teq to the effect of different dopants in these materials.
Mathematically, these image sources are needed to satlsfyl-he density results are summarizedTable 1

the physical condition that no net heat can flow across the
two outer surfacef35,36]. 3.2. Heat capacity
In this study, we used a thin slab software module pro-
vided with the hot disk tool to perform thermal conductivity Fig. 2 shows the typical DSC curves obtained in a con-
measurement of BaTi#ceramics[35]. The measurement ventional heat capacity measurement on a BaTs@mple

3.1. Density

Table 1
Density, specific heat, thermal conductivity, thermal diffusivity, and coefficient of thermal expansion of twoJBzdsed ceramic materials determined
at room temperature

Material o (glcn?) C, (J(gK)) K (W/(mK)) « (mmé/s) a1 (x1078K—1) ap (x1078K—1)
Supplier A 5.84+ 0.01 0.4344 0.004 2.61+ 0.02 1.03+ 0.01 6.17 11.29
Supplier B 5.94+ 0.02 0.406+ 0.008 2.85+ 0.04 1.18+ 0.02 6.01 11.39

For both materials, the CTEL{) was calculated between 0 and ‘&l whereas the CTE2 §) was calculated between 150 and 2@0 The error listed
in the table represents one standard deviation.
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Fig. 2. DSC heat flow curves for the empty pan baseline, the sapphire Fig. 4. Average increase in sensor temperature as a function of measure-
standard and the BaTiOfrom supplier A. ment time during a typical hot disk measurement of BaTi@ramics
from supplier A. The power input to the sensor was 1 W.

from supplier A. The heat flow curves for the empty pan 3.3. Thermal conductivity and thermal diffusivity

baseline, the sapphire standard, and the BaBi@nple are

plotted together. A small endothermic peak near 420 Fig. 4represents the average temperature increase of the

is clearly visible, which is related to the ferroelectric sensorAT, as a function of time during a typical hot disk

transition. measurement for BaTigxeramics from supplier A. The ini-
Fig. 3shows the heat capacity curves of Bagi@m sup- tial jump in AT is due to the contact thermal resistance and

plier A obtained during two conventional DSC experiments the resistance of the polyimide insulation film on the hot

and one TMDSC measurement. All three curves showed disk sensor. The effect of contact resistance can be corrected

a small peak near 12, which corresponds to the ferro- in the subsequent optimization procg3d]. Based on the

electric transition. The other transition that supposedly oc- AT versus time curve, one can calculatd as a function

curs near 5C in pure BaTiQ was not detected in these of D(t), as discussed earligfig. 5 plots AT versusD(z),

two materials. At room temperature (20), the averag€, from which the bulk thermal conductivity of this BaTiO

of the material from supplier A is.834 + 0.004 J/(g K). is determined to be 2.65 W/(m K), and the thermal diffusiv-

This value is consistent with literature data of pure Ba[iO ity is 1.05 mnf/s. Based on eight such measurements, the

which has aC,, of 0.439 J/(gK) at 300K (27C) [37]. For average thermal conductivity is 2.61 W/(m K), with a stan-

BaTiOs from supplier B, the average room temperatGye dard deviation of 0.02 W/(m K). The corresponding thermal

is 0.406+ 0.008 J/(g K). Therefore, the volumetric specific  diffusivity is 1.03+ 0.01 mn?/s. The results are listed in

heat () is 25324 x 10° J/(nP K) for BaTiOz from sup- ~ Table 1.

plier A and 2411 x 108 J/(n? K) for BaTiOz from supplier Similar experiments were performed on Ba3i€ramics

B. These values will be used to calculate thermal conductiv- from supplier B. Based on eight measurements, the thermal

ity and thermal diffusivity when analyzing the results from

the hot disk measurement.

13 — -
o Experimental Data
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52 .
0.5 L o DSCRunl o b
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Fig. 5. Plot of AT as a function oD(z) as deduced from thaT vs. time
curve shown inFig. 4. Data points 12—-180 were used in the calculation.
A linear fit of the experimental data has a correlation coefficient of
R = 0.99998.

Temperature (°C)

Fig. 3. Heat capacity of BaTi@ceramic material from supplier A obtained
from conventional DSC and TMDSC experiments.
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Fig. 6. (@) Relative change in sample length along Xhdirection as a
function of temperature obtained by TMA. Both heating and cooling ramps
are included. (b) Enlarged TMA curves over the ferroelectric transition
temperature range.

conductivity was determined to beB5+0.04 W/(m K), and
the thermal diffusivity was 1.18 0.02 mn/s, as shown in
Table 1.

-50 0 50 100 150 200 250
Temperature ("C)

Fig. 7. Relative increase in sample length during the second heating scan
for a BaTiQ; sample from supplier B (X-direction).

of this transition plateau depends on the microstructure of
the material.Fig. 6(b) is an enlarged view of the TMA
curves over the narrow transition range. There is a small
“thermal hysteresis” between the heating and the cooling
curves. Based oFig. 6(b), it can be seen that on heating,
the tetragonal to cubic phase transition starts at approxi-
mately 106°C; whereas on cooling, the reverse transition
occurs near 119C. Repeated measurements revealed that
both heating and cooling ramps are very repeatable. TMA
measurements along thédirection of BaTiQ from sup-
plier B showed similar results, as showrFig. 7. The other
transition near 8:5°C, which was observed in pure BaBHO
[1], was not detected in these two materials. It is likely that
the added dopants and modified microstructure in these two
BaTiO3 ceramics extended the stability range of the tetrag-

Literature data on room temperature thermal conductiv- onal phase, or the dimensional change during this transition

ity of BaTiO3 ranged from 1.3 to 6 W/(m K[38]. The main

source of variation can be attributed to different manufac-

becomes too small to be detected by TMA.
The second heating scan, such as the one shoWwigiry,

turing procedures used to prepare these samples, differentvas used to calculate the CTE. Careful examination of the
dopants added in these materials, and different techniqueghermal expansion curve revealed that within the narrow
used for thermal conductivity measurement. Our results aretemperature range of the ferroelectric transition, the thermal

within the range of the reported data.

expansion becomes negative, as showFig 8. Negative

3.4. Thermal expansion

For both materials from suppliers A and B, the thermal
expansion along the-direction was measured first. For each
TMA experiment, multiple heating and cooling scans were
carried out. The first heating scan is designed to remove

1.050x10°°
-3

1.045x10
-3

1.040x10

o

S 1.035x10°

BaTiOg, Supplier B

or reduce possible stress in the sample induced during the 1.030x103 g 1
manufacturing process. Results showed that in our samples, ' oo o

the strain effect is negligibleFig. 6(a) plots the relative 1.025x103® 5 c/min
change in sample length (Ald).along theX-direction as a 114 116 118 120 122 124

function of temperature for a typical sample from supplier
A. Both the second heating and the second cooling ramps
are included in the plot. Based dfig. 6(a), we noticed
that AL/Lp versus temperature curve has a small plateau
near about 120C, which is associated with the ferroelec-
tric transition, as observed a long time &d$. The width

Temperature (°C)

Fig. 8. An enlarged TMA plot focusing only on the ferroelectric transition
region revealed that over the narrow temperature range of the transition
region (as indicated by the arrows), this BaZifbased ceramic material
displays a small thermal contraction, indicating that the thermal expansion
becomes negative. The sample was the same as used to Blgain
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Fig. 10. Relative change in sample length along Xaethe Y-, and the
Fig. 9. Calculated CTE along th¥-direction as a function of temper- Z-directions for BaTiQ from supplier A.
ature for BaTi@ from both suppliers. Near the ferroelectric transition
temperature, CTE approaches zero or even slightly negativeF{ge®).

(12-18)x 10-8K~1, and the CTE perpendicular to the plane

thermal expansion has been known to exist in BaTio IS typically (25-50 x 10-°K~1. Therefore, there is a notice-
PbT|Q3 and other ABQ types Of perovskite OXide§9]. able CTE mismatch betWeen the SubStrate and the MLCCS

The negative thermal expansion near Curie temperature hagVer the entire temperature range betwe&d and 250C.
also been observed in crystalline triglycine sulfae]. When chip capacitors are embedded in the substrate, CTE
Fig. 9 shows the calculated coefficients of thermal ex- Mismatch becomes a serious reliability concern because it

pansion along th&-direction for both materials. When cal- ~ causes thermal stresses in the package during temperature
culated between 0 and 5@, both materials have a room cycling, which can lead to cracking and delamination within
temperature CTE of about% 10K 1. When calculated the substrate, resulting in package failure. Unless this is-
between 150 and 20, the average CTE at 178 of sue is resolved, it is preferred to surface-mount the MLCCs
both materials is about (11.3-11,410 K1, aslisted in  rather than to embed them in the substrate.
Table 1. When the temperature approaches the ferroelectric
transition temperature, the CTE of both materials decreases
rather sharply and it even becomes negative for a short tem-4. Conclusions
perature range, as shownhing. 8. This is because near the
ferroelectric transition, the displacive nature of the transition  In conclusion, we have characterized the density, heat ca-
causes the crystalline lattice to contract. Based~an 8, pacity, thermal diffusivity, thermal conductivity and thermal
we estimated that the CTE over the ferroelectric transition expansion of two different BaTi§based ferroelectric ce-
range for sample B is-1.2 x 1078 K~1. Such negative ex-  ramic materials with potential applications as a dielectric
pansion upon heating over the ferroelectric transition range material for MLCCs in the microelectronics industry.
has been detected before using both X-ray diffraction and Using Archimedes’ principle, the densities of these ma-
dilatometric measuremenf41]. terials were determined to be 5.84 and 5.94 §/craspec-
Additional TMA measurements were performed on both tively. DSC experiments showed that the heat capacities
materials along th&- and theZ-directions. Within experi- were in the range of 0.41-0.43J/(gK). Density and heat
mental error, the thermal expansion behavior along both thecapacity data were used in the hot disk experiment to de-
Y- and theZ-directions are the same as the one along the termine the thermal diffusivity and the thermal conductiv-
X-direction, as shown ifrig. 10, where the relative change ity. The results showed that the thermal diffusivities were
in sample length along all three directions were plotted to- 1.0 and 1.2 mrfis and the thermal conductivities were 2.6
gether for the material obtained from supplier A. Thus, TMA and 2.85W/(mK), respectively, for the samples obtained
results suggested that for these polycrystalline materials, thefrom supplier A and B. TMA measurements showed that
thermal expansion is very much isotropic. The thermal con- both materials are isotropic and have a linear CTE of about
traction upon heating to ferroelectric transition region is de- 6 x 10~ K~ near room temperature. Above the ferroelec-
tected in all three directions. tric transition temperature, CTE of both materials increases
TMA analysis showed that below ferroelectric transition to above 1& 109K ~1. Over the entire temperature range of
temperature, the linear CTEs for both Ba%i€eramics are  our measurement, these values are significantly smaller than
around 6x 10°8K~1 and the CTEs quickly increase to the typical CTE of an organic substrate material. This CTE
above 10x 108K~ onceT > T,. On the other hand, for ~ mismatch is a major reliability concern for embedded chip
organic substrate materials typically used in microelectron- capacitors. Our experimental data are very useful to model
ics industry, the typical CTE within the substrate plane is the heat dissipation through the capacitors and the thermal
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