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Abstract. Electrostatic discharge (ESD) effects on GMR recording heads have been reported as the
major cause of head failure. Since the information density in hard-disk drives has dramatically
increased, the GMR head will be no longer used. The tunneling magnetoresistive (TMR) read heads
are initially introduced for a 100 Gbivin® density or more. Although the failure mechanism of ESD
in GMR recording head has not been explicitly understood in detail, study to protect from this effect
has to be undergone. As the TMR head has been commercially started, the ESD effect is closely
watched. This is the first time report of the TMR equivalent circuit in order to evaluate the ESD
effect. A standard human body model (HBM) is discharged across R+ and R- where the capacitance
of flex on suspension (FOS) is varied. It is intriguingly found that the electrical characteristic of the
TMR head during discharge period depends on discharge position. This may be explained in terms
of asymmetry impedance of TMR by using adapted Thevenin’s theory. The effect of FOS
component on TMR recording head is also discussed.

Introduction

Tunneling Magnetoresistive (TMR) read heads are used for data storage density higher than 100
Gbit/in® in magnetic recording heads [1]. The structure of a TMR head is considerably different
from GMR head. TMR sensors uses ultra-thin insulator barrier and are subjected to bias current
perpendicularly [2], whereas a GMR head bias current is longitudinal. It is a symmetry circuit [3].
Therefore, the effect of ESD on a TMR head is different from GMR head [4]. The equivalent circuit
model of a GMR head is widely used to understand behavior of GMR heads upon ESD in the Head
Gimbal Assembly (HGA) and Hard Disk Drive Assembly (HDA) [S]. However, an equivalent
circuit of a TMR head remains unexplored. This study presents, for the first time, the TMR
equivalent circuit in order to evaluate ESD effect on TMR recording head.

Equivalent Circuit Model of TMR Head

I'he equivalent circuit of a TMR read head at HGA-level for a hard disk drive with aerial density of
100-160 Gbit/in® consists of 4 major parts, as described in Fig. 1: Part 1 Read element, Part 2
Shunting element, Part 3 FOS+ - FOS-, and Part 4 Suspension.

In Part 1, the TMR read head includes top shield, bottom shield, substrate, insulator layer
and TMR sensor. Both top and bottom shields are magnetically shielded and they also act as
electrodes for sensing current perpendicularly to the surface of the TMR sensor [2]. An electrical
insulator is filled in the gap between top-bottom shields or the shield-shield gap (SS gap). These top
shield, bottom shield, SS gap and TMR sensors are placed on a substrate. In the gap between bottom
shield and substrate (BS gap) an electrical insulator is also inserted. An electrical circunt for this
head structure can be developed by using a parallel-plate-capacitance model.

Aif rights reserved. No part of contenls of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzeriand, www ttp.net. (1D: 202.12.97.113-06/02/09,09:48:26)
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In Part 2, since the TMR sensor is currently considered as the most ESD sensitive device, the  § r'g"
technique of shunting resistance is employed to protect the head from ESD transient voltage. e
A Flex on Suspension (FOS), in Part 3, is used for sensing current to read head in between £ Q
top and bottom shields. It can be modeled as a T-type-transmission-line with an RLC circuit. These ~ ~ 8-
3 parts are then placed on a suspension, Part 4, by using insulating adhesive. Theretore, a parallel- ~
plate capacitance and a resistance can be considered as an electrical interconnection model between ~
substrate and suspension.
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Fig. 1 Equivalent circuit of TMR recording head at HGA-level.

Experiment Result and Discussion

Because the current flow into a TMR sensor (Itar) can not be directly measured in real magnetic
recording head. An equivalent circuit is used to study ESD effect in TMR heads .The standard
Human Body Model (HBM) is employed for ESD study discharging across R+ and R- terminals. An
ESD voltage (Vesp) is varied until Ityg 1s larger than 1.25 mA. This amount of current is set by
manufacturing criteria for head degradation awareness.

Since FOS+ and FOS- are typically symmetric, a study of FOS capacitance effect on TMR
head at varied applied voltage is done.

325 4
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It is clearly seen from Fig. 2 that Ity is doubly sensitive to Vigp for R+ discharging rather
than that for R- discharging. The least magnitudes of Vgsp required to degrade TMR head are ~4 V
and ~8 V for R+ and R- discharging respectively. This result must be seriously taken into account
because it implies that the total impedance of TMR (Zrwr) when discharging across R- is higher
than that when discharging across R+. Since R+, R-, Rgg and Rgyp.sys are normally larger than 1,000
MQ, they are assumed to be open circuits, as shown in Fig. 3. This TMR equivalent circuit is firstly
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proposed in order to calculate Z(j®) as well as to evaluate the relationship between /,,, (/o) and
circuit elements by using an adapted Thevenin’s theory.

ta)

Vona i

Crna

Fig. 3 TMR equivalent circuit for discharging across (a) R- and (b) R+.

The total impedances, Ztyr or Z(jw), for discharging across R+ and R- are approximately

given by

1
Zong (o) = (n
e Grp(jw)

1

2

where G, (jw)and G,,, (jo)are total frequency-dependent TMR admittances when discharging

across R+ and R- respectively.
The Vggp of 2 different discharging positions are now considered in the frequency domain.
Therefore, the calculation in Eq. 1 and Eq. 2 must be under conditions that

Vinw) =V, (0O)-V  (jw) (3)
VipUw) =V, 0=V,  (jo) ®
From Eq. 1 and Eq. 2, it must be kept in mind that the dependence of 1/G,,,(j®) on

Haar

frequency is in the same sense as that of Z,,(jw)and this relationship is shown in Fig. 4. It is
obviously confirmed by asymmetric TMR impedance that 1/Gj,(jw)>1/Gy,(jo)and so,
Znw(jw)> Z;,,(jw)as mentioned.

The relationship between /., (/o) and circuit elements can be calculated by multiplying
Vesp by Eq. 1 and Eq. 2. Therefore /,,,(jw), for R+ and R- discharging, is inversely proportional
t0 Gryp(Jo)and Giyp(jo) respectively. The Gj.(jw)and Gry,,(jw)are more conveniently
analyzed by using Laplace’s transform technique than a direct frequency domain solving technique.
as given in Eq. 5 and Eq. 6.
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Grx(j®)=R,,,..x[(joR,,,.C, + I)((j(g)l Lyps Cros. + D+ (JOR - Cros)] (5)
Grp(j©) = Ry *[(1+ JOR . Cros. +(J @ Rr05:Cros. ) (6)
where G =Co 11 Corus

It is observed that G'rm(jw) and G nm(jw)depend on Cyos and Cyng. respectively.
Thus, the dependences of Ityr on Cpos and Cyps. , as discharging R+ and R-, are shown in Fig. 5. It

is seen from Fig. 5 (a) when Cros. increases that Itvr proportionally increases with Cros. for R+
discharging but decreases for R- discharging. Intriguingly, Itwr exhibits the opposite when C, ¢
increases, as shown in Fig. 5 (b). From this result, it is found that TMR head is dependent on both
FOS capacitance and ESD discharging position. This is evidently attributed to an asymmetric circuit
for the TMR head. Therefore, current conventional ESD detections in GMR head are definitely
unable to serve in TMR head manufacturing and methodology for ESD capturing will be
complicated to investigate.

Summary

It is initially found that impedance of TMR recording head is asymmetric by using information of
current manufactured TMR heads, 1t is undoubtedly shown that degradation of TMR head depends
on ESD discharging position (R+/ R-) and FOS capacitance ( Cys / Cyos. )- The equivalent circuit

of an asymmetric TMR head is also proposed for the first time. From this result, it is noticed that
present ESD detection in manufacturing is no longer in sufficient and a novel complex measurement
has to be further invented for detecting ESD in TMR recording heads.
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Electrostatic discharge (ESD) effects on GMR recording heads have been reported as the major
cause of head failure. Since the information density in hard-disk drives has dramatically increased.
the GMR head will be no longer in use. The tunneling magnetoresistive (TMR) read heads are
initially introduced for a 100 Gbit/in® density or more. Though the failure mechanism of ESD in
GMR recording heads has not been explicitly understood in detail. a study to protect from this effect
has to be done. As the TMR head has been commercially started, the ESD effect must be considered.
This is the first time that the TMR equivalent circuit has been reported in order to evaluate the ESD
effect. A standard human body model (HBM) is discharged across R+ and R- where the capacitances
of flex on suspension (FOS) are varied. It is intriguingly found that the electrical characteristics of
the TMR head during the discharge period depend on the discharge position. This may be explained
in terms of the asymmetry impedance of TMR by using adapted Thevenin’s theory. The effect of
FOS components on TMR recording heads is also discussed.

Keywords: Electrostatic Discharge; TMR Recording Head: FOS Capacitance; Equivalent Circuit
Model

3586



ESD Effect on TMR Read Head 3587

1. Introduction

Tunneling Magnetoresistive (TMR) read heads are promising for ultra high density
HDD'. A high MR ratio of TMR sensor results in an ultra thin insulator barrier'. It is
thought to be the root cause of failure in TMR heads. The failure threshold of TMR
readers against electrostatic discharge (ESD) is generally lower than that for GMR
sensors”. ESD characteristics induce TMR degradation differently from a conventional
GMR recording head®. The equivalent circuit model of a GMR head is widely used to
understand the behavior of GMR heads upon ESD in processes of Head Gimbal
Assembly (HGA), Head Stack Assembly (HSA) or Hard Disk Drive Assembly (HDDA)*.
However, an equivalent circuit model of the TMR head remains unexplored. This study
presents for the first time an equivalent circuit model in order to evaluate the ESD effect
on TMR recording heads.

2. Equivalent Circuit of TMR Recording Head

In Fig. 1, it shows the equivalent circuit of a TMR read head at the HGA-level that
consists of 4 parts; Part 1 (read element), Part 2 (shunting element), Part 3 (FOS+ and
FOS-) and Part 4 (suspension).

It is seen that insulated top-bottom shields are considerably in parallel plate
capacitance form and represented by C, parallel with R,,. In the same manner, the gaps
of bottom-shield-to-substrate (BS gap) and substrate-to-suspension (SS gap) are
represented by Cgg parallel with Rgg and Cgyp.s0¢ parallel with Rg,,.s.s respectively. The
shunted resistance of top-shield-to-ground and bottom-shield-to-ground are represented
by Rshuns @and Ry, respectively. “Type T” transmission line equivalent circuit model
is used to represent flex on suspension, FOS, which is connected between terminal +(-)
and bottom (top) shield, are represented by Rrossv» Cross., and Lross, respectively.
Terminal + (-) are represented by Rpgs,.). The TMR sensor which is placed vertically
between top and bottom shield is represented by Ryyx .

Part3_FOS- Part | Read Element

OP Shield /Lead

I
\ I 3 ! Part3 FOS+
' R- | S |
| |
! ! Bottom Shield /Lead L
| | ! N
| | Rpe T (™ : : |
I e et 5 !
| e T Subsiralc 5T, 1S
————————————— _L Rpan ) | 1
Reans, °E C supes (N
_____ ) e
[ l Suspension I | : :
B Y 1 [
Camms s —pe e = E i e | P

Part 2 Shunting element Part Z

Part 4 Suspension

Fig. 1. Equivalent circuit model of TMR read head at HGA-level.
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3. Experiment Results and Discussion
The ESD effect based on Human Body Model (HBM) is studied in two cases;

e condition 1 = discharging across R+ and
¢ condition 2 = discharge across R- .

In each case, the ESD voltage (Vgsp) was varied in each value of FOS capacitance
(Cros+ and Crgps.) and the current flow measured into Ryyg until the head degraded. A
peak current induced in this TMR sensor model will be degraded at about 1.25 mA. The
Visp that induces head degradation is called the breakdown voltage (V_Breakdown).

(8%

V_Breakdown

N W E NN ®

R - ) | ]
Condition 1 Condition 2 Cros + C ros -

L

=

Capacitance (pF) )

Fig. 2. Dependence of FOS capacitance on V_Breakdown .

The ESD effect on TMR recording heads was studied by using the equivalent circuit
model in Fig. 1. It is seen from Fig. 2 that breakdown voltages required for condition 2
are lower than that for condition 1 at the same value of Cros, and Cros. . An increase of
Cros+ causes voltage breakdown for both conditions 1 and 2 where the breakdown
voltages tend to increase dramatically for the first condition and decrease slightly for the
other. On the other hand, when Cggs. increases the breakdown voltages tend to decrease
dramatically for condition 1 and increase slightly for condition 2.

For condition 1, it is seen from Figs. 2 and 3 that a current flowing into Ryyg varies
with Crps. but inversely varies with Crgs,. On the contrary, for condition 2, a current
flowing into Ryyr varies with Crgs, but inversely varies with Cros.. These results can be
proved by using an adapted Thevenin equivalent circuit.
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425 7 0
4 -
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E 175 00 3 z
1.5 H
125 < .DW - 4 150 &
1
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Remark: Condition 1 == == = Condition 2 O Amplitude @ Time constant

Fig. 3. Dependence of FOS capacitance on amplitude and time constant at Vewr=10 V for (a) Cros, and (b)
Cros. -

Current flowing into Ry in the frequency domain for both conditions are given by

I;MR(ja))ngSD(ja))G;MR(ja)) (1)

I (j@) = Visp (JO)Gryr (j @) (2)

The Vgsp in the frequency domain of both sides are given by

VipJo) =V, 0=V, (jo) 3)
Vip(j@) =V, 0=V  (jo) 4)

where
Grug (J®) = Ry o X[+ SRy _Crps -+ 5" R Cros ] )

G‘I_MR (]CU) = R.‘hum— x[(SR)/umHC.r i l)(S:LF(;S+CF054 + 1) i (SRthu+CF()5+ )] (6)

C.\ o CBS " Cauhf\m (7)

At the same value of V5, (j®) and Vg, (j®@), “Eq. (1)” and “Eq. (2)”, can be
arranged as

1
Fin T e (8)
TMR GTMR(]CL))

1
I (JO) = ————— 9)
st Gryr (JO)

Time constant (nsec)
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It is seen from “Eq. (5)” and “Eq. (6)” that G;,,, (j@) and G;,,,(j@) vary with the
value of the FOS component. This indicates that the value of the FOS capacitance affects
the TMR head on the ESD.

The change of FOS capacitance affects not only to the TMR current but also to the
time constant. It is clearly seen in Fig. 3 that, for condition 1, it dramatically increases
and decreases as Crog, and Cros- increase. However, for condition 2, it slightly decreases
and increases as Cros, and Cros- increase. Generally, the time constant is proportional to
resistance at the same value of capacitance. Thus, a slow time constant is given by a high
resistance. It is seen from Fig. 3 that the time constant of condition 2 is slower than
condition 1 for both Cros, and Cros-. Approximately, the total impedance of discharge
across R+ is higher than across R- .

4. Summary

It has been found that breakdown voltage of a TMR head is dependent on discharge
terminal. The R- discharging is seen to be more sensitive to ESD than the R+
discharging. The TMR current is also noted to be dependent on the value of the FOS
component. It has also been seen that the slow time constant of the TMR head may be
robust to ESD. This result must be considered in the process of TMR design for ESD
protection.
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1. Introduction

AT PRESENT, DATA storage technologies based on tunneling mag-
netoresistive (TMR) read heads are used in ultra high storage
magnetic hard disk drives for a density greater than 200 Gbjin?
[1-3]. Electrostatic discharge (ESD) affecting the TMR read head
characteristic differs from that of giant magnetoresistive read
heads [2,3]. Recently, it has been found that the equivalent circuit,
based on ESD study, of the TMR read head is asymmetric [4, 6-8].
The discharging across the R+ terminal and ground is more robust
than that across R— and ground. Since this study primarily pres-
ents the difference of both simulated circuits, details of TMR read
head degradation have not been explicitly disclosed. Investigation
of TMR read head breakdown characteristic when discharging
along different paths is first presented in this study.

2. Experiment

2.1. Experimental method

The Standard Human Body Model (HBM) consisting of a 100 pF
capacitor and a 1500 Q resistor is used as the ESD discharge source.
A set of 40 current perpendicular-recording-heads with a 160 Gb/

* Corresponding author.
E-mail address: apirat@kku.ac.th (A. Siritaratiwat}

0304-3886/S — see front matter € 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.elstar.2010.06.012

in? areal density TMR read head placed on Head Gimbal Assembly
(HGA) were separated into 4 cases of study. Each quarter of these
samples was used to study the TMR breakdown characteristics:

- 1st case = discharging from R+ to R— terminals,
- 2nd case = discharging from R— to R+ terminals,
- 3rd case = discharging from R+ to ground and

- 4th case = discharging from R- to ground.

In order to simulate an ESD event affecting the read head in each
case, the ESD voltage was varied with different conditions. For the
1st and 2nd cases, the ESD voltage was increased in steps of 0.5V,
whereas, for the other cases, the ESD voltage was adjusted in steps
of 1 V. The resistance, amplitude and asymmetry of the TMR read
head were measured by using a Quasi Static tester (QST) after the
ESD voltage was applied. The ESD voltage for each case was varied
until a resistance change of the order of 20% was observed. This
percentile value of resistance change. called the point of “break-
down voltage”, was typically set in manufacturing for head failure
awareness.

22. Simulation method

An equivalent circuit model of a TMR read head was ultimately
developed for breakdown mechanism analysis [2]. The circuit
model of a 200 Gbjin? TMR read head consists of 4 parts, as show
in Fig. 1,
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Part 4: Interconnection

___________________ [ Uefs - My

Part 3: Shunt Element

C_SS = capacitance of top shield (TS) — bottom shicld (BS) gap,
R_SS = resistance of TS-BS gap,

C_BS = capacitance of BS-substrate insulator,

R _BS= e of BS-substrate insul

C_Substrate = capacitance of substmle-ground space,

R_BS% ==css
! I

Repgn- = shunt resistance of TS-ground,
Rswors = shunt resistance of BS-ground,
Rpwanet = shunt resistance of TS-BS gap,
FOS = flex on suspension,

R+ and R- = resistance of terminal + and -

R FOS- 1. FOS- v : 1 Part 1: Read Element
& N t )
AN A B R { TOP Shield JLead
Higl L \ v 3 Part 4: Interconnection
- |l B V R mn§ c.ss 3 e
== I ) R_FOS*
1 ) ' Rerum- 1
< gl Bottom Shield /Lead
| |
e 1
it I
1 ! 1
1

Part 3: Shunt I luncnl

TMR or Ryap = TMR resistance,

respectively.

Fig. 1. Equivalent circuit of TMR read head.

- Part 1 = Read element,

- Part 2 = Shunting element,

- Part 3 = FOS+ and FOS-, and,
- Part 4 = Suspension.

The standard HBM is employed for breakdown study for each
case and the schematic diagrams are shown in Fig. 2. The simu-
lation procedure is started by applying an ESD voltage to C_HBM
and then measuring the voltage across TMR and C_Substrate.
During discharge, static energy can be stored in terms of capaci-
tance around the sensor, especially the capacitance between
substrate and ground (C_Substrate). This activated energy can
accelerate the breakdown [9]. Therefore, in order to study the
breakdown characteristic, the voltage across C_Substrate must be
measured.

3. Results and discussions

In general, the breakdowns of TMR read head are classified into
2 types, intrinsic and extrinsic breakdowns, by observing the
resistance changes. The intrinsic breakdown shows an abrupt
resistance change whereas the extrinsic one is recognized when the
resistance changes gradually [5,9.10].

The intrinsic breakdown is easily explainable using the electric
field model, E-Model. This is because when a dielectric material is
subjected to an electric field, the net dipole moment is then
induced and bond distorted [9]. In the E-Model study, the arisen
energy can accelerate the probability of dielectric breakdown and
so, it is called the activation energy. Ea. The Ea is an energy required
for ion jumping over a distance of an atomic space in the direction
of the electric field decrement [11].

The extrinsic breakdown results in Joule heating by inducing
pinhole or nanocontact of ferromagnetic layers across the insulator
barrier. Two kinds of extrinsic breakdown occur by power dissipa-
tion generated from current perpendicular to the TMR at beyond
critical voltage and are in the form of the appearance of other
pinholes in the barrier and the expansion of existing pinholes in the
barrier [12].

The dependence of ESD discharging path is demonstrated based
on these two breakdown characteristics using static test parame-
ters; resistance and asymmetry.

mnnelmg magnetmres;snve read ‘heads, Journ
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3.1. Resistance measurement

ESD can cause both intrinsic and extrinsic breakdowns in a TMR
read head. The resistances changes when varyving the ESD are
measurement on take four different discharging paths as shown in
Fig. 3. It is seen that resistances in the 2nd and 4th cases gradually
decrease and reach breakdown voltages at ~7.5 V and ~15V,
respectively. This means that when ESD discharges from R— to R+,
in the 2nd case, and R— to ground, in the 4th case, the extrinsic
breakdown plays an important role in explaining this phenomenon.
On the contrast, intrinsic breakdown may elucidate the failed head
characteristics of the 1st and 3rd cases where the ESD discharge is
applied from R+ to R- and R+ to ground, respectively. It can be
seen that the resistances in both cases abruptly drops at ~9 V for
the 1st case and ~ 30V for the 4th case. In addition, it is observed in
Fig. 1 that the impedance of the 3rd case is the largest and so, the
head is rarely affected by the ESD discharge. Therefore, it needs the
largest ESD voltage to cause the head the head to breakdown.

However, the extrinsic breakdown characteristic of the 1st and
3rd cases can also be observed under breakdown voltage or in
a portion of initial breakdown, as shown in Fig. 4. In the 1st case,
a gradual change of resistance is observed when an ESD voltage in
the range of ~5-8 V is applied. It suddenly falls at ~8 V and
steeply jumps at ~8.5 V. This remarkable effect of the 3rd case is
observed at larger ESD discharging voltages. It is noticed that the
resistance increases gradually for an ESD voltage range of
~27-28 V and then falls when the ESD voltage is higher than 28 V.
These results show that the power dissipation generated by the ESD
voltage can possibly affect the TMR head prior to electric field stress
on the TMR head.

In order to understand the influence of discharge path on
breakdown characteristic, an equivalent circuit derived from the
head is used to analyze this breakdown characteristic. The voltage
waveform across TMR for each case when the ESD voltage is of
the order of 30 V is applied is shown in Fig. 5. The peak voltages
and decay times of these consecutive ESD discharge cases are
shown in Table 1. It is noticed that the peak voltages of the 1st
and 2nd cases are similar whereas those of the other cases are at
a much lower level. Although decay times of the 1st and 2nd
cases show similar measurements, those of the 3rd and 4th
cases differ.

L Dependence of discharge path on breakdown characrensm: Df
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the equivalent circuit as shown in fig. 1.
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The inset shows a totally different waveform of substrate
voltage. For example, peak voltages are high in the 3rd and 4th
cases but low in the 1st and 2nd cases. This is possibly due to the
current directly passing between R+ and R- without a leak to
ground or passing a capacitance, in the 1st and 2nd cases, and so
the decay time is long.

When considering the TMR voltage waveforms in Fig. 5,
a possible reason to explain the difference in peak voltages between
the 1st and 2nd cases, and the 3rd and 4th cases, is that the dissi-
pative energy rarely passes the BS (Bottom Shield) and substrate
elements for the 2 former cases. In addition. since the summarized
R and C of the former cases are less than those of latter cases, the
decay times of the 1st and 2nd cases are therefore longer.

On the contrary, the substrate voltage waveforms in the inset of
Fig. 5 show large peak voltages for the 3rd and 4th cases. This can
possibly be attributed to stored energy flowing through BS and
substrate elements. The peak voltages are therefore large. In the 1st
and 2nd cases, dissipation energy induced by ESD discharge hardly
passes the substrate element and so, the substrate voltages are
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Hg 5. Voltage waveforms of TMR sensor at an £SD voitage = 30 V where the inser
shows waveforms of voitage across the substrate {C_Substrate).

smaller. In particular, when discharging from R- to R+ for the 2nd
case, no leak energy dissipates to substrate element and so, the
substrate voltage is nil. However, when discharging from R+ to R—
in the 1st case, a divided voltage on the substrate element causes
a small peak voltage. The dissimilar decay times are also explain-
able similarly to those of the TMR waveforms.

The differences may lead to an explanation of intrinsic and
extrinsic breakdown of a TMR head as shown in Figs. 3 and 4. Since
the energy is stored in BS and substrate elements, for discharging as
in the 1st case, a lower dissipative energy on TMR is required. The
resistance is then gradually changed at a lower ESD voltage. When
the dissipative energy stored in BS and substrate elements abruptly
discharges, an intrinsic breakdown is then seen in the 1st case.

For the 2nd case, the dissipative energy flowing through TMR
without energy leakage on substrate element possibly generates
pinholes inside the barrier insulator of the TMR. This therefore,
causes an extrinsic breakdown.

For breakdown characteristics of the 3rd and 4th cases. it is seen
in the inset of Fig. 5 that their substrate waveforms are alike. This
may imply that stored energy of the substrate is insufficiently large
to accelerate dielectric breakdown. In addition, the impedances of
these cases are large and so a high activating energy is required to
induce dielectric breakdown. Therefore, breakdown voltages of
these cases are higher than those of the other cases. The charac-
teristics of intrinsic and extrinsic breakdowns of the 3rd and 4th
cases are explainable similarly.

3.2, Dependence of discharging path on waveform asymmetry

Discharging at different paths does not only affect head break-
down of TMR resistance but also of waveform asymmetry. It is
dearly seen in Fig. 6 that discharging from R+ at first for both the

Table 1
Peak voitages of voltage waveforms in Fig. 5.
Peak Voitage Case 1 Case 2 Case 3 Case 4
R+ to R— R- to R+ R+ toGnd R— to Gnd
TMR (V] 5.08 515 1.87 295
Substrate (V) 1.60 013 5.53 5.16

o

Ml

Asymmetry (%)

—#— Discharge between R+and R- (1" case)

s 4 ~@- Discharge between R-and R+ 2" case)
~8~ Discharge between R+ and ground (3™ case)
-6~ Discharge between R-and ground (4™ case)

=20 e ey 2 T P

D 2 4 6 8B 10 12 14 16 18 20 22 24 2 28 30
ESD Voltage (Volt)

Fig. 6. Dependence of ESD voirage on TMR waveform asymmetry.

1st and 3rd cases, the waveform asymmetries are in the negative
region. In contrast, when discharging from R— at first, positive signs
of waveform asymmetry are observed.

This clearly proves the assumption that the asymmetric TMR
drcuit is totally different to the symmetric GMR circuit. For the 1st
and 3rd cases, a positive biasing of TMR from BS to top-shield (TS}
elements is thought to cause a negative result but for the 2nd and
4th cases a negative breakdown from TS to BS possibly causes
apositive one. This may be attributed to the result of an asymmetric
barrier inside the TMR sensor |11},

4. Conclusion

The breakdown characteristic of TMR read head when dis-
charging at different path is investigated. The discharge from R+ at
first can cause an intrinsic breakdown with negative waveform
asymmetry whereas discharge from R- ar first shows an extrinsic
breakdown with positive waveform asymmetry. The proposed TMR
equivalent circuit is sufficient to understand the breakdown
mechanism. [n the case of ESD stress by short circuit tests of the 1st
and 2nd cases, the energy stored in substrate is explainable but for
open circuit test of the 3rd and 4th cases, joule heating is the main
reason considered.
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