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Abstract

In recent years, the magnetic recording storage industry has developed a growing interest in increasing recording
density of the magnetic disks. Since dimensions of the recording head read transducer have been scaled down to
increase areal density, all other parameters being equal, the energy required to cause damage by an ElectroStatic Dis-
charge (ESD) event is reduced substantially. The present work characterizes the thermal transport properties of Al,O;
gap layer, which are essential to address the ESD failure. This study provides data for out-of-plane thermal conductivity
of thin Al,O3 layers, which are obtained using steady-state Joule heating and electrical-resistance thermometry

technique.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnetic recording systems, which utilize magnetic
disks and tape drives, constitute the main form of data
storage and retrieval in present-day computer and data
processing systems. The stored information is retrieved,
in the reading process, by scanning a reading head over
the recording medium. The widely used GMR head,
works based on the magnetoresistance phenomenon,
which is the change in resistance of a conductor when
a magnetic field is applied to it. The reading head inter-
cepts the magnetic flux from magnetization patterns on
the recording medium and converts it into a resistance
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change signal, which is then detected and decoded. A
typical three-dimensional geometry of the GMR head
is shown in Fig. 1. The GMR element is embedded with-
in thin dielectric aluminum oxide gap layers. The rele-
vant dimensions of the GMR heads are listed in
Table 1 for data storage recording densities of 2.8-
80 Gbits in 2. It can be seen that with increase in record-
ing density, the thickness of the gap layer decreases
substantially such that by year 2005 the Al,O; layers
thickness of less than 26 nm is expected.

Since the gap dielectric layer has much lower thermal
conductivity than the metallic GMR layer, the heat gen-
erated during an ESD event is forced in the lateral direc-
tion toward the large area lead contacts. The shape of the
temperature distribution in the GMR layer and the ex-
tent of lateral diffusion into the GMR and/or lead
layers depends on the thermal conductivities and
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Nomenclature

A cross-sectional area of the fin (m?)
Aeriective  €ffective area of the conduction from the
GMR element to the substrate (m?)

d thickness of the layer (m)

homr  height of the GMR element (m)

h convective  heat  transfer  coefficient
(Wm2K™h

1 electrical current (A)

k thermal conductivity (W m~! K1)

Kpase nominal value of thermal conductivity used
in simulations (W m~!' K1)

Ky effective normal thermal conductivity of the
gap layer (Wm ™' K1)

L length of the heater bridge (m)

L, thermal healing length for the lead layer (m)
g defined in Eq. (A.3) (m™")

m
P fin perimeter (m)

(0] heat dissipated in bridge A (W)

q heat generation within the fin (W m~)
R electrical resistance (Q)

R

1D one-dimensional thermal resistance of the

gap layer (K W m?)

Ryp two-dimensional thermal resistance of the
gap layer (K W' m?)

Ry thermal boundary resistance (K W~! m?)

Rt total thermal resistance of the gap layer
(KW 'm?

Rin, gmr normal thermal resistance of the GMR
head (K W1

T temperature (K)

Ty temperature at the base of the fin (K)

Thase temperature of the GMR element, com-
puted for kGap = kbz\sc (K)

T temperature of the environment (K)

U uncertainty function, defined in Eq. (8)

V voltage (V)

w width of the GMR element (m)

w width of the test structure (m)

Xcce center to center separation distance between
the heater and thermometer bridges (m)

Greek symbols

o temperature coefficient of electrical resis-
tance (K1)

AT change in temperature (K)

i eigenvalues, used in Eq. (6) (m™")

0 Incident angle (°)

(2] excess temperature, 7(x) — T, (K)

Oy excess temperature at the base of the fin,
Ty, — T (K)

v ratio of one-dimensional thermal resistance

to the two-dimensional thermal resistance
of the gap layer, defined in Eq. (6)

Subscripts

A refers to properties of bridge A
B refers to properties of point B
C refers to properties of bridge C

Gap refers to properties of the gap layer
GMR  refers to properties of the GMR element
Lead refers to properties of the lead layer

ABJ structure

Fig. 1. Three-dimensional schematic of the GMR head.

corresponding thicknesses of the GMR, lead and gap
layers. A simplified analysis of the ESD event suggests

that in quasi-steady state condition, assuming the same
thermal conductivity and thickness for the GMR and
lead layers, the thermal healing length for the lead layer,
which is a measure of the extent of the lateral diffusion in
the lead interconnect, can be defined by (see Appendix A)

Lh ~ (dGapdGMRkGMR/kGap)]/2 (1)

where kgmr 18 the GMR/lead thermal conductivity,
KkGap 1s the gap thermal conductivity and dgmr and dgap
are the GMR (or lead) and gap layer thickness, respec-
tively. The steady-state normal thermal resistance of
the GMR head can be approximated by

Jom @)

RihGMR R T——F——
' kGapQAeffective

According to the above equation, the thermal resistance
of the GMR head is mainly due to the heat loss from the
top and bottom gap layers. The effective area for con-
duction to the substrate can be defined as
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Table 1

GMR dimensions vs. recording density/year [1]

Year Recording density Width, Height, GMR thickness, Gap thickness,
(Gbits in?) w (Lm) hcmr (Lm) dgmr (nm) dGap (nm)

1997 2.8 1.2 1 50 70

1998 5 1.05 0.7 44 61

2000 10 0.72 0.5 36 50

2001 20 0.5 0.3 28 39

2002 40 0.3 0.18 21 31

2003 80 0.205 0.11 18 26

Actrective = (2Ln + 2w) X hgmr (3) GMR head beyond areal density of 20 Gbits in~>, due

where & and w are the height and width of the GMR
head, respectively, as shown in Fig. 1. Therefore, the
normal thermal resistance of the GMR head scales with
thermal conductivity of the alumina gap layer such that

)

As a result, the thermal conductivity of the gap layer,
which is a strong function of the fabrication process, is
crucial for an accurate prediction of self-heating, ESD
threshold voltage in the GMR head. Yang et al. [2] per-
formed extensive self-heating and ESD failure simula-
tions in GMR heads and have shown that the thermal
conductivity of the gap layer can largely influence the
temperature rise in the GMR sensor. Fig. 2 shows the
normalized steady-state temperature rise change with
the thermal conductivity of the gap layer, varied from
nominal values for different magnetic recording areal
density. The thermal conductivity of gap layer has a
strong effect on the temperature rise in GMR sensor.
For instance, for 20 Gbits in > areal density, 30% reduc-
tion in kgap will result in nearly 18% increase in the tem-
perature of the GMR element, which is consistent with
Eq. (4). The effect of kg., becomes smaller for the

Ringmr (kGap)71/2
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Fig. 2. Sensitivity of the GMR temperature rise to the variation
in gap layer thermal conductivity, kg, at different areal
density, where the kppe =1 Wm ' K1

to variations in geometry and dimensions of the read
head constituent elements.

Aluminum oxide is one the most popular dielectrics
which have been used in data storage industry for quite
a long time. The interest in aluminum oxide films stems
from the following experimental observations: (1) the
ionic mobility of impurities (Na*) is very low in these
films, (2) their dielectric constant is double that of silicon
oxide [3]. However, relatively little has been reported on
the deposition of aluminum oxide by RF sputtering on
silicon or other substrates. Sputtering usually yields
films with good compositional uniformity throughout
the thickness of the film as opposed to other methods
such as evaporation method [4]. Nevertheless analytical
evidence has been presented which shows that sputtered
alumina is oxygen deficient compared to stoichiometric
A1,05, and also contains argon from the sputtering pro-
cess [5]. The sputtered alumina films have been examined
by numerous investigators and found to be amorphous
[3-6]. Characteristics of the alumina films such as etch
rate, density, refractive index, dielectric constant, con-
ductivity and young modulus are dependent upon
deposition parameters, e.g., base pressure, sputtering
pressure, power density and substrate bias. Pervious
works were aimed on the effect of sputtering power den-
sity on the alumina film physical and electrical proper-
ties [3] and also the effect of pressure of the sputtering
atmosphere on the film physical properties [6]. There is
also some work done on composition and stability of
the RF sputtered alumina films [5]. While significant re-
search efforts have been on the material characterization
of thin aluminum oxide layer, thermal characterization
of these materials has received very little attention. Table
2 shows some of the thermal conductivity values that are

Table 2

Thermal conductivity of Al,O3;

k(Wm K™ References

1 Ju et al. [7]

3.5 Chang [8], Young [9]

~16 Wallash [10], Greason [11]
~25 Bulk ceramic [12]
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commonly used in the literature. The only experimental
value is reported by Ju et al. [7]. They used 3w thermo-
metry technique and found the effective thermal conduc-
tivity for 30-50 nm of the alumina gap layer to be
approximately 1.0 Wm~! K~!. No information regard-
ing the gap layer deposition method and dependency
of the thermal conductivity values upon thickness is re-
ported. It is well established that the thermal transport
properties of microfabricated thin dielectric [13] and
passivation [14] layers are substantially lower than the
bulk material. The reduction in thermal conductivity
can be a result of thin film microfabrication process,
which significantly influences the material microstruc-
ture. Therefore, it is critical to follow the same fabrica-
tion process in the deposition of the test samples.

In this work, normal thermal conductivity of 10, 20,
40, 60, 80 and 100 nm layers of alumina are measured
using steady-state Joule heating and thermometry tech-
nique. Material characteristics of the alumina film in
each of these test structures have been inspected using
two different X-ray diffraction (XRD) methods and
finally thermal conductivity of alumina films at room
temperature has been measured. Each measurement is
complemented with corresponding uncertainty analysis.

2. Fabrication and characterization of the experimental
structure

Alumina was RF sputtered on silicon wafer using
Perkin—Elmer 8L sputtering machine. The alumina tar-
get used was a sintered aluminum oxide (99.995%) disk
4 in. in diameter and 1 cm thick. It was metallized on
one side and bonded using silver epoxy to flat water-
cooled aluminum disk. Ultra high-purity argon
(99.999%) was used as the sputtering gas and the pres-
sure during sputtering was kept constant by controlling
argon flow rate. In a typical run, base pressure of the
system was 2 x 10”7 Torr. Temperature of the substrate
was measured using series 21 tempilable and it is known
to be more than 260 °C. Using the same sputtering ma-
chine a 500 nm layer of Al/Cu was sputtered on top of
alumina layer. Samples were then patterned using
GCA 4800 wafer stepper photolithography system. Alu-
minum bridges were etched out in commonwealth scien-
tific ion beam etching system. In the last step the
photoresist on top of metal bridges was removed in
IPC barrel etcher.

Deposited alumina films were inspected using con-
ventional XRD and also glancing incidence scan meth-
ods. X-ray generator Philips X’Pert was used for both
of scans. From glancing incidence results, Fig. 3, films
appears to be amorphous alumina. However, conven-
tional XRD results illustrated in Fig. 4 indicate that
some crystalline grains of aluminum also exist in the
samples. Percentage of the aluminum seems to be insig-
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Fig. 3. Glancing incidence scan of the deposited alumina films
for (a) 10 nm, (b) 20 nm, (c) 40 nm and (d) 80 nm samples.
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Fig. 4. Conventional XRD scan of the alumina sample for (a)
10 nm, (b) 20 nm, (c) 40 nm and (d) 80 nm samples.

nificant because the film is electrically insulator and it is
translucent like alumina. In depth investigation of the
film composition is beyond the context of this paper
and can be found by Rutherford backscattering spec-
trometry analysis.

3. Experimental technique
Thermal conductivity of the gap layer is measured

using electrical-resistance thermometry technique [15].
Fig. 5 depicts schematic of the test structure used to
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Bridge A
Thermometer/Heater

~ Bridge C
Thermometer

Gap Layer

Substrate
(Si)

dsubstrate

Fig. 5. Schematic of the test structure. The left aluminum
bridge is used both as the heater and thermometer where its
width and length are given by wa and L, respectively (see Table
3). The right bridge is used only as a thermometer.

measure gap layer out-of-plane (normal) thermal con-
ductivity. Two parallel aluminum bridges are patterned
on the sample layer. Bridge A carries a large current
density, serving as both heater and thermometer, while
bridge C carries a low current density and serves only
as a thermometer. The microfabricated test structure
was wire bonded in a 68 pin LCCs chip carrier to pro-
vide electrical access to the bridges (Fig. 6). The power,
Q, dissipated in bridge A is conducted through the gap
layer and silicon substrate, resulting in a temperature
gradient across the layer. The temperatures of point A,
Ta, and point C, T¢, are determined from the change
in electrical resistances of the bridges A and C. The

Silicon Chi

T

Fig. 6. Image of the test structure placed in the chip carrier and
wire bonded.

electrical resistances of the thermometer bridges were
measured using the four-point (wire) resistance measure-
ment technique, to eliminate the contribution of the elec-
trical contact resistances. In order to calibrate the
temperature dependency of the electrical resistance of
the bridges, the test structure was heated using the Cryo-
stat’s heater which is placed in the vicinity of the chip
carrier. During the calibration process the current in
the metal bridges are kept at minimum possible to avoid
self-heating. A thermometer with the accuracy of
+50 mK is placed on the chip carrier next to the test
structure, shown in Fig. 6. The temperature of the chip
carrier was controlled using a model 331S temperature
controller. For different settings of the temperature,
resistance of the bridges and sensor’s temperature were
recorded.

The width of the bridge A, is chosen to be much lar-
ger than the thickness of the gap layer, so that the heat
conduction is nearly one-dimensional normal to the gap
layer. Bridge C is located at a proper distance from
bridge A, such that there is no temperature gradient
across the gap layer. Therefore, changes in the resistance
of the bridge C, represents changes in the temperature of
the point C, in the substrate. As shown in Fig. 5, point B
is inaccessible for thermometry; therefore temperature
of the point Ty is calculated using the measured value
of T¢ by solving the two-dimensional heat conduction
in the substrate [15]. In this approach the thermal
boundary resistance at the interface of the chip and
the chip-carrier is eliminated during the steady-state
measurements. The effective normal conductivity of the
gap layer, k, ., can be calculated from

dGap O/ (waL)
; Ta —ATB ®)

ey =

where wa and L are width and length of the heater
bridge, respectively. The parameter s is the ratio of
the one-dimensional thermal resistance, Rip = dGap/
kGap, over the two-dimensional thermal resistance of
the gap layer. Its value depends on the ratio of wa/dga
and account for the two-dimensional conduction in the
gap layer. The R,p is obtained by solving the two-
dimensional heat conduction in the gap layer with a uni-
form heat flux boundary condition at top surface for the
width of wy, and adiabatic boundary condition for the
rest of the length of the top surface, isothermal condi-
tion at bottom surface and on the right hand side, and
adiabatic boundary condition on the left hand side.
The solution yields an equivalent thermal resistance
Rop which is the ratio of average temperature rise of
width wa at top surface, over the heat flux applied to
the gap layer. {y can be approximated by [15]

I/VWA d Gap

V= 45" tanh(Adgap)sin’ (zwa /2)/(23)

(6)
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where W is the width of the test structure and the eigen-

values are given by 4; = % ().

4. Experiments and results

Experiment was performed for six samples with dif-
ferent thicknesses for alumina film. As it is demonstrated
in Fig. 5, thermometer bridge C is to measure the
temperature of point C, which is at the interface of the
alumina layer and silicon substrate. Therefore, it is abso-
lutely crucial to have the appropriate separation be-
tween heater and thermometer bridges such that the
thermometer only senses the temperature rise at point
C which is resulted from substrate temperature rise. At
the same time, if bridge C is located too far from bridge
A, the temperature rise at point C will be negligible and
not nearly enough to infer the temperature at the loca-
tion B. In order to determine the optimized separation
distance between bridge A and C, two-dimensional heat
conduction analysis for the gap/silicon substrate bi-layer
was performed. As shown in Table 3 for a given gap
layer thickness and thermal conductivity there will be
an optimum separation distance between the bridges A
and C (X¢c (min)). However, the separation distance be-
tween the bridges in the photolithography mask was de-
signed to be generic since the gap thermal conductivity
and thickness are unknown prior to the measurements.
Table 3 shows dimensions of the bridges, separation dis-
tance between the bridges for sample and also the opti-
mum separation distance estimated from the analytical
solution described in the above.

The extracted temperature differences between points
A and B from the experiments and predictions based on
Eq. (5) are plotted as function of the heating current in
Fig. 7, using the k, oy (or kgap) as a fitting parameter.
This analysis was repeated for different gap layer thick-
ness and the effective thermal resistance of the gap layer,
R, was obtained by taking the ratio of dgap/kgap. The
experimental results for thermal resistance of the alu-
mina layer as a function of thickness are illustrated in

Table 3
Dimensions of the test structures

Gap layer Heater Thermometer Xcc Xcc (min)
thickness  width  width separation separation

(nm) (um)  (um) (um)* (um)°
10 2 2 12 3

20 2 2 7 4

40 10 2 11 7.5
60 10 2 16 8

80 2 2 12 9.5
100 2 2 12 10

% Center to center separation distance between heater and
thermometer.
® Minimum required center to center separation.
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Fig. 7. Temperature gradient across the gap layer for different
level of heating currents.
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Fig. 8. Experimental data for the thermal resistance of Al,O3
gap layers as a function of layer thickness. The intercept of the
linear fit curve with the y axis yields thermal boundary
resistance of 2.8 x 107 ¥ m> K W',

Fig. 8. Thermal resistance of this film includes the resis-
tance of the film itself along with the Al/Al,O3/Si bound-
ary resistances. Experimental data can be extrapolated
to zero gap layer thickness to obtain the thermal bound-
ary resistance, Rg. For gap layers of thickness less than
60 nm, the contribution of the boundary resistance to
the total amount of resistance is significant. This has
serious implications for the data storage industry as fur-
ther reduction in thickness of the gap layer in an attempt
to reduce the self-heating of these devices is not going to
be a viable approach.

5. Uncertainty analysis

Uncertainty in the presented data is due to (1) uncer-
tainty in indirect measurement of temperature at point
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B, (2) uncertainty in thickness of the sample layer and
dimensions of the bridges, (3) uncertainty in temperature
coefficient of electrical resistance, (4) uncertainty of the
measurement devices. The total thermal resistance
across the gap layer is related to the measured quantities
by [15]

R+ = [ATA}experiment - [ATC]expe“mem — [ATB _ ATC]analySis
T= 0/(wL)
ary) ! arc) !
) A(%> (F> — ARc (d%) — [ATs — AT pyeis
= IAVa/(WL)

)

where Vs and I, are the voltage drop and current mea-
sured from bridge A and Rc is the resistance measured
from bridge C. A(Va/Ip) and ARc are the changes in
resistances of bridges A and C when I, is increased.
The uncertainty in the bridge length L is negligible.
For simplicity A(Va/lx) and AV, are treated indepen-
dently. The total uncertainty in the thermal resistance
is calculated from the following equation [15]:

v () ]
)l

12 2
o (9B _ATe
dTc)| |ATA — ATy

+[UAre))? ﬁ]
+ [U[ATg — ATl yyes) [H}
+ U AP + [V + [U(wa)] (8)

The value of uncertainty for [ATg — ATanalysis 1S un-
known. A special structure with two thermometer
bridges is required for measuring this parameter. Mea-
surement is currently under progress; however, from
previous work [15] this value is speculated to be less than
10%. Assuming a value of 10% for [ATg — AT lanalysiss
Eq. (8) yields an uncertainty of 15.2%, 10.9%, 27.6%,
24.9%, 7.0% and 6.3% for 10, 20, 40, 60, 80 and
100 nm samples, respectively. Uncertainty of [ATg —
ATJanalysis was then reduced to 5% however the total
uncertainty for all samples changed to 14.5%, 10.7%,
26.8%, 24.4%, 6.7% and 6.2% for 10, 20, 40, 60, 80
and 100 nm samples.

Thickness of the alumina film was measured using a
KLA Tencor surface profiler over a 3-in. wafer and a
variation of maximum 5% was observed. The widths
of heater bridges of the test structures were measured
using Scanning Electron Microscopy (SEM). The tem-
perature coefficient of the electrical resistance, o, was

measured to be around 3 x 10° K~! at 300 K with the
estimated error of *£2%, which is due to the fact that
the temperature sensor was slightly further away from
the LCC chip carrier.

6. Summary and conclusions

The normal thermal conductivity of 10, 20, 40, 60, 80
and 100 nm sputtered alumina film was measured using
steady-state Joule heating and electrical-resistance ther-
mometry. The experimental data were used to obtain
thermal boundary resistance at the interface, which is
in near 2.8x10°*m> K W~!. It was concluded that
the contribution of the boundary resistance to the total
thermal resistance is quite significant for gap layers of
thickness less than 60 nm. The thermal conductivity of
100 nm gap layer is estimated from the measurements
to be ~1 Wm ™! K1, If this value is used as the nominal
thermal conductivity of the 10 nm gap layer instead of
the measured value of kg,p = 0.33 W m~! K7, the value
of thermal conductivity will be overestimated by 67%.
As a result, according to Eq. (4), which is also consistent
with the simulations results shown in Fig. 2, the thermal
resistance of GMR sensor could be underestimated by
nearly 75% using the inappropriate value for thermal
conductivity of the ultra-thin gap layers.

This has serious implications for the data storage
industry as further reduction in thickness of the gap
layer in an attempt to reduce the self-heating of these de-
vices will not be a viable approach. Perhaps the only way
to reduce the thermal boundary resistance would be to
improve the quality of the interfaces.

Acknowledgements

Authors would also like to acknowledge the support
from data storage systems center(DSSC). This work is
partially supported by a grant from National Science
Foundation (NSF-0103082) for Nanotechnology Inter-
disciplinary Research Team (NIRT). Authors’ special
gratitude goes to Professor Katayun Barmak and
Dr. Jihwan Kim from material science and engineering
department of Carnegie Mellon University for the help
with material characterization.

Appendix A

In the following, we have provided a relatively exten-
sive background on the origin of Eq. (1). One can start
with the governing energy equation for heat transfer in a
fin of uniform cross-sectional area subjected to convec-
tive heat transfer with no heat generation [16],
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o
dx? kA,

0=0 (A.1)

where P and A, are the fin perimeter and cross-sectional
area, respectively and O(x) = T(x) — T..,. The thermal
conductivity and convective heat transfer coefficient
are k and h, respectively. For an infinite fin, the follow-
ing two boundary conditions are defined: 7= T, at
x=0and O(L — co) =0 at x = L. The temperature dis-
tribution in a long fin is given by

O = O™ (A2)
where

hP
m= T (A.3)

The healing length, L;, is defined as

1
Ly=— (A4)
which is a length of the fin over which the temperature is
dropped by nearly 63% from the base temperature. Ly, is
the extent of lateral heat conduction in the fin and is a
measure of the relative contribution of the heat conduc-
tion in the fin and the heat loss by convection heat
transfer.

The concept of thermal healing length is often used in
connection with heat conduction in a fin. However, it
can also serve as a versatile tool in heat transfer analysis
of the transistors, GMR and multi-layer thin film struc-
tures. Let us consider a thin film of high thermal conduc-
tivity material (e.g., silicon or GMR) and a low thermal
conductivity underlayer (e.g., SiO,, Al,O3) on a high
thermal conductivity substrate such as silicon. Assume
that the heat is generated by a deposited metal bridge
on the top high thermal conductivity layer. The heat will
be conducted both in the normal direction through the
low thermal conductivity Al,O3 layer and laterally in
the high thermal conductivity GMR layer. It can be
shown that if certain conditions are satisfied [17] the
temperature distribution in the high thermal conductiv-
ity layer can be approximated by Eq. (A.2). The heat
transfer coefficient, /4, should be now replaced by

kGa
h=-"2 A5
do (A.5)

By substituting the above equation into Eq. (A.4) and
some algebraic manipulations, the extent of the lateral
diffusion in the high thermal conductivity layer can be
written as

ldGapdcmrk
Lh ~ Gap ISMR GMR (A6)
Gap

which is similar to Eq. (1).

The governing heat conduction equation for the self-
heating in a GMR head is given by
e
W+%—mZ@:o (A7)
While the temperature distribution given by the above
equation is different from those given by Eq. (A.3), the
physics of heat conduction in the GMR and Al,O;
structure remains the same. In this context, the healing
length given by Eq. (A.6) can be used to define a modi-
fied cross-sectional area for thermal resistance across the
gap layer given by Eq. (2).
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