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Due to their very thin tunnel barrier layer, magnetic tunnel junctions show dielectric breakdown at
voltages of the order of 1 V. At the moment of breakdown, a highly conductive short is formed in
the barrier and is visible as a hot spot. The breakdown effect is investigated by means of voltage
ramp experiments on a series of nominally identical CgDAICo tunnel junctions. The results are
described in terms of a voltage dependent breakdown probability, and are further analyzed within
the framework of a general model for the breakdown probability in dielectric materials, within
which it is assumed that at any time the breakdown probability is independent gpdksibly
time-dependentvoltage that has been previously applied. The experimental data can be described
by several specific forms of the voltage breakdown probability function. A comparison with the
models commonly used for describing thin film Sireakdown is given, as well as suggestions for
future experiments. ©1999 American Institute of Physids$0021-89789)05319-7

I. INTRODUCTION breakdown with a technique for visualizing hot spots on the

junction surface that is described in Ref. 3 and it has led to

Recently, ferromagnetic tunnel junctions have emergeghe conclusion that breakdown occurs at only one specific

as a new class of magnetoresistance devicsese tunnel |ocation in the junction barrier. It is known that sensor ele-
junctions consist of two ferromagnetic electrodes separatef,ants based on anisotropic MBAMR) and giant MR

by a thin oxidic barrier. When the relative orientation of the( MR) effects, e.g., in read heads, can be damaged by elec-
magnetizations of these two electrodes changes in an appli(? static discharge, but the typical voltages leading to dam-

magnetic field, a large magnetoresistar4R) effect is ; . S
found, which is the result of spin dependent tunneling. Mag-alge are much higher, viz., tens of valtS. This implies that

netic tunnel junctions are potentially applicable in magne-for magnetic tunnel junctions, voltages applied during fabri-

toresistive read heads, magnetic field sensors and magnetoﬁs"*i—t'orl apd op.eratlon.must -be controlled even more SmCtIY'
sistive random access memori@dRAMSs). Optimizing the In this article we investigate the breakdown of magnetic
properties of the insulating barrier is essential for successftnnel junctions in more detail, and we will concentrate on
operation of the junctions. In order to have a sufficiently highthe analysis of the experimental data as given in Fig. 1 in
tunnel probability, the barrier thickness)( must be below terms of various forms of a general statistical model describ-
2.5 nm, but pinhole free. Unfortunately, these very thin in-ing the voltage dependence of the breakdown probability.
sulating layers suffer from dielectric breakdown. We find The parameters that are derived within these various models
that when voltages abevl V are applied, corresponding to lead to predicted voltage dependencies of the lifetime of our
electric fields of the order oE~1x10° V/m, breakdown  tunnel junctions that differ largely. Nevertheless, the analysis
typically occurs within a few minutes or less. Recently, wegives a first indication of the applicability of these junctions
have investigated breakdown voltages for a series Oft |ower voltages in future devices.

Co/Al,O5/Co tunnel junctions as a function of the voltage We will first describe the fabrication of our samples

ramp speed.The results of these measurements are given igec 1) followed by characterization of the barrier proper-
Fig. 1 for a series of junctions with varying electrode W|dths.tieS and an overview of the results of the breakdown mea-

For our tunnel junctions, we concluded in Ref. 2 that with .
increasing applied voltage the probability of breakdown persurements{Sec. l1D. In section IV we present a general sta-
istical model for breakdown and apply two specific forms of

unit of time increases, and thus the lifetime at a fixed voltagé

decreases. We have been able to locate the position of tHg!S model to our junctions in an analysis of the experimental

data obtained. In Sec. V we summarize a number of models

N ) often used for breakdown in Sichased capacitors and com-

dpresent address: Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA . . .
Eindhoven The Netherlands: electronic mail: pare them with our results. In section VI possible future ex-

oepts@natlab.research.philips.com periments are discussed and a summary is given.
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FIG. 1. Breakdown voltages of a series of identical Cef¥l/Co tunnel

junctions, measured with different voltage ramp speeds. FIG. 2. Current voltage characteristic of a Cof®4/Co junction. After an

initial linear dependence, the current increases exponentially until at 1.17 V
a breakdown occurred. The inset shows the time dependence of the tunnel
current durig a 1 hvoltage stress experiment witfy,;,=600 mV.

Il. FABRICATION

The magnetic tunnel junctions used for our experimentsnetallic Al, which is expected when all the Al is oxidized.
are fabricated in a cross-bar geometry by usingirasitu  During sputter etching of the barrier, the highest accuracy in
shadow mask system. The junctions consist of Co electrodegetermining the Al to O ratio is obtained when the middle of
evaporated in an ultrahigh vacuutdHV) Balzers UMS630  the barrier is reached. At this location an O/Al ratio of 1.6
multichamber molecular beam epitax¥IBE) system, at a +0.2 was found, indicating that the barrier is stoichiometric
base pressure in the 1®Pa (10*° Torr range. The tunnel  within the experimental uncertainty. In addition, the presence
junction fabrication procedure consists of the following of O was found in the upper few layers of the Co bottom

steps. First a bottom electrode of €20 nm) is evaporated electrode, which can be explained by slight overoxidation of
through the shadow mask onto a liquid bboled insulating  the barrier.

Si(100) substrate. Thereafter the substrate is transported to a
separate UHV chambelP(,.e=1x 10"’ Pa, and without a
shadow mask a thin Al layer is sputtered from a 2 in. Al Il EXPERIMENTAL RESULTS
target, purity 99.999%, in an Ar pressure of 0.6 Pa. The areal The junctions fabricated with the above described pro-
density of the Al atoms in the junctions was determined bycess have typical resistances of the order of 100 Khe
chemical analysis after the measurements. First the structuresistance of the tunnel junctions with the same area is ob-
was dissolved in HCI, from which the Al content was deter-served to be equal within 10%. The junction resistance was
mined with inductively coupled plasma optical emissionobserved to vary less strongly with the junction area than
spectrometry (ICP-OES. A total of (4.79+0.48)x10 %  expected: the resistance of a 2080 um? junction is only 2
kg/m? of Al was found, which is equivalent to an Al thick- times lower than a 5850 xm? junction. A possible expla-
ness of 1.7Z20.18 nm. Immediately after deposition the nation is a higher conductivity at the two edges of the junc-
chamber is pumped down and then filled with (39.999% tion with the bottom electrode. With an atomic force micro-
purity) to a pressure of 9.2 Pa. A dc glow discharge is ignitedscope we investigated the width of the edges of the electrode
from a ring-shaped cathode at a voltage-ef.6 kV with  stripes and found that the edge zones of our evaporated elec-
respect to both the substrate and the UHV chamber. In 100tsodes typically have a width of 1@&m. Within the edge
the Al layer is oxidized. If all the Al were oxidized and zones the thickness of the electrodes increases gradually
formed into ALO;, then the A}O; thickness calculated from from zero to the nominal value of the electrode thickness.
the ICP-OES experiment would be 2:20.23 nm. To con- When we assume that at the two &t broad edge zones of
clude the fabrication process, a 80 nm Co top electrode ighe junction area with the bottom electrodes, where the oxide
evaporated in the MBE system, again through a shadovs grown on a sloping underlayer, the tunnel conductance per
mask. The 32 junctions used for the breakdown study deunit area is larger than that for the remaining surface, a ratio
scribed below were all grown in the same run, and consistedf a factor of 6 can explain the observed scaling of the re-
of four series of eight samples each with pdn wide top  sistance. The difference in resistivity can be the result of a
electrodes and bottom electrode widths equal to 50, 100, 15@ifference in surface roughness of the bottom electrode at the
and 200um. edge. This suggests that the contribution to the total tunnel
The ratio of aluminum to oxygen in the &D; barrier  current from the two edge zones is quite significant.
was determined afterwards by scanning Auger measure- In Fig. 2 a typicall -V characteristic of a tunnel junction
ments, in which a depth profile was obtained at the area of & shown. Initially the current increases linearly with the
junction by sputter etching of the sample. The peak positiorvoltage, and at larger voltages an exponential increase is
of the Al signal provided no indication of the presence ofseen, which is in agreement with Simmons’ theory of
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tunneling’ Using Simmons’ model we obtained for this experiment can be carried out with ramped applied current
junction values for the barrier heiglft=1.0 eV and barrier instead of a ramped bias voltage. In our experiments we used
thickness widthd=2.21+0.01 nm. The value of the thick- measurement methods with a constant bias voltage, a ramped
ness is quite comparable with the thickness (222223 nn)  voltage(with feedback and a ramped current.
estimated in Sec. Il on the basis of the measured Al areal We observed that all junctions show breakdown within
density and assuming the formation of stoichiometrig@yl. several minutes or less when\g;,s of 1 V or higher is
The measurement shown in Fig. 2 was carried out by rampapplied. After breakdown, thie-V characteristic is found to
ing the voltage at a ramp speed of 8.80 # V/s. At a volt-  be almost ohmic. The resistance of junctions after break-
age of 1.17 V breakdown of the junction occurred. The insetlown is typically of the order of 10—-10Q, although nega-
of Fig. 2 shows the current through a junction dgrim 1 h tive resistances were also measured. The latter observation is
voltage stress experiment with the bottom electrode posian artifact of the cross-bar geometry, in which negative re-
tively biased. A small increase in the current with time issistances can arise. In the case of a square junction a negative
found. By rapid measurement of theV characteristic di- resistance is measured when the junction resistance is less
rectly after a stress experiment, barrier parameters that athan one fourth of the lead sheet resistatc®tress measure-
slightly different from their initial values were found. For the ments at a constant voltagé DV showed a time to break-
particular example shown, a short circuit of at least 5 mindown of the order of minutes. Junctions grown in the same
was required before the fit parameters returne@ithin the  run and having the same junction area showed a comparable
error of the fit procedunetheir original values. This revers- lifetime when biased at the sanwg,s. Biasing the junction
ible change of conductance during a stress experiment miglait a slightly lower voltagdée.g., 800 mV led to an increase
be explained by the diffusion of ions in the barrier, for in- in the lifetime to several days or longer. The decrease of the
stance, of impurity atoms or of excess’Alions. As a result  resistance after breakdown can be understood as the forma-
of this process, the shape of the barrier changes slightlytjon of a microscopic ohmic short in the barrier at the mo-
leading to an increase of the conductance. The same phaient of breakdown. In some cases it was found that the
nomenon was seen at negative polarity of the stress voltagginction resistance returned to its previous value after a
No observation of current creep has been reported for madsreakdown event. This suggests that the formation of a short
netic tunnel junctions before, but it has been observed fois not always irreversible, and that after a while a second
Al/Al ,04/Al junction€ and Al/ALOs/Pb junctions. We  degradation process step leads to a sharp decrease of the
have no direct evidence that this creep process is related tocal conductior{for instance, by burning away the spot with
the probability of breakdown. Further discussion of this ef-high conduction, thus repairing the junctjoin the literature
fect, however, is beyond the scope of this article. the latter process is often referred to as a “self healing
The coercivities of the two Co electrodes of the junc-breakdown.?> We note that this effect was only seen in
tions investigated were both approximately 50 Oe, whichcurrent ramped experiments, in which directly after break-
resulted in a magnetoresistance of a few percent. This idown the voltage across the junction drops.
rather low compared with the MR ratio of 18% of identically The effect of breakdown on the junction magnetoresis-
fabricated Co/AJO;/CosgFe; junctions, within which the tance ratio was investigated with junctions with asgF@;,
two magnetic layers have strongly different coercivifies. top electrode. These junctions were fabricated using the
However, since the structure and thickness of thgDAllay-  same procedure as that described in Sec. I, but with a thin-
ers in the Co/AJO5/Co junctions employed in the present ner barrier. The barrier thickness was 1.3 nm, as determined
study are identical to those in the Co@/CosgFe;p junc-  with Simmons’ theory. In most junctions, breakdown led to
tions mentioned, we regard our experimental data obtainethe loss of the magnetoresistance effect, which can be under-
on the breakdown effect as representative for junctions irstood when after breakdown transport is mainly due to the
which tunneling is strongly spin dependent. ohmic conduction of the short instead of spin dependent tun-
Studying breakdown of dielectric thin films and tunnel neling. In one case, breakdown in a voltage ramp experiment
junctions can be accomplished with the use of various meded to a decrease of the junction resistance at low bias from
surement methods. Recently a detailed review was given b$.8 k() to 275(), and a decrease of the MR ratio from 8.2%
Martin et al° In the most straightforward way, the time to to 1.2%, as is seen in Fig. 3. From the observation of a bias
breakdown can be measured in an experiment in which dependence we conclude that the small remaining MR effect
constant bias voltagéor currenj is applied to the junction. is still a tunnel MR effect. By assuming that upon breakdown
This method has the disadvantage of theriori unknown  a short is formed with a low resistance in parallel with the
time to breakdown, which can exceed several days whentill undamaged remainder of the tunnel junctiolR (
measuring at low stress voltages, making these measure=1.8 k(1), we derive a short resistance of 326 For an
ments less convenient. Therefore, breakdown is most ofteatherwise perfect sample with such a short, having no MR,
studied by a voltage ramp experiment, in which the appliedbne expects that the MR ratio after breakdown is 1.2%, pre-
voltage increases monotonicallpften linearly with time, cisely equal to the measured value. If the short could be
and the breakdown voltage is measured. In view of the nontreated as a ballistic point contatiameterd much smaller
linear | -V characteristic, this method needs a feedback systhan the electron mean free pdjh one would estimate that
tem in order to control the rate of voltage increase. In thdts diameter is of the order of 1 nm using the expresston
actual experiment, the voltage is therefore ramped in the=4pl/37d? with p=10 «Q cm andl =5.0 nm. This would
form of a succession of small voltage steps. A comparabl¢hen, once again, suggest that the process of breakdown is
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] took place were randomly distributed over the junction sur-
face. The preference of breakdown at the edges is a second
indication of the aforementioned assumption of a higher tun-
. ; nel probability at the edges.
6L 1 ./ l ] For voltage ramped experiments with a small ramp

/ speed, we noted that the occurrence of breakdown led to a
/x\. \ ’ smaller resistance decrease upon breakdown than in experi-

g T v T T T T T
[ Co/Al,O4/Cog,Feg, junction
8 - . Before breakdown
R =1.29 k@

After breakdown - ments with a large ramp speed. In experiments with a large
/ \ R=2750 ] dV/dt, the detection of a sudden increase of the current to a
/ value above a certain limit is sufficient to identify the mo-
A ment of breakdown. In experiments with a smdll/dt the
LU AT \ 1 junction current has to be monitored more precisely to enable
0 ovenaaszetann w--‘.“"*‘..".. . 'fw one to identify breakdown as a sudden increase in the ratio of
15 10 5 0 5 10 15 the measured current during two succeeding steps of the
ramp. For metal-oxide—semiconduct@OS) capacitors
H (kA/m) . . :
containing ultrathin §<5nm) SiQ layers, a so-called
13 " Ya 6
FIG. 3. Two magnetoresistance curves of a X300 um? S_Oft breakdo‘_’vn phenomenon has been report&d? In _
Co/Al,0;/CosgFey, junction. Upon breakdown the magnetoresistance de-this case the increase of conductance after breakdown is
creased from 8.2% to 1.2%, and the junction resistance decreased from Lych smaller than for breakdown in thicker layers. In our
kQ t0 2750 study the moment of breakdown is defined as the first sudden
(but in some cases smpihcrease in the current, the same as

indeed a very microscopic event. However, we stress that w&@S proposed by Depas al N
actually do not know the nature of the shorts formed. Since N Fig. 1 we have already shown the results of a large
the |-V characteristic of the junction was monitored during "Umber of measurements of the time to breakdown upon
breakdown we are able to estimate the power dissipatiof@MPINg the applied voltage frolv=0 with a constant
shortly after the moment of breakdown. At the moment ofd V/dt, @s obtained for four series of Co/);/Co junctions
breakdown(at 1.24 V and 1.29 mp lowering of the junc- ywth different bottom electrode W|d_ths thqt were fabricated
tion’s resistance led to a ratio of the junction resistance and} the same rurisee Sec. )l From Fig. 1 it is seen thaty
circuit resistance that was not anticipated by the voltag&l€Pends on the ramp speed. In some cases we found tunnel
feedback circuit, resulting in a voltage applied over the juncdUnctions with very low resistances and no MR, or junctions
tion of 0.88 V during the next step. The current was 3.07With a lower resistance which showed breakdown on a much
mA, and the power dissipation at the breakdown event Ca,srhor.ter t_lme §cale than nelghborlng tu.nnel junctions. These
thus be estimated to be 2.7 mW. If we assume that thi@typical junctions, as well as the junctions that broke down
power is completely dissipated at the location of the shorfltfing handling, have not been used for the study discussed
within a volume with a diameter equal to the electron mearP€!OW-
free path of Co, we calculate a local increase of temperature
of 430°C [using the thermal .conductivity of CcﬁlQO V. ANALYSIS
W/mK) at room temperature, which decreases only a little at
temperatures of a few hundred T.@\lthough this tempera- Although breakdown of plasma oxidized /#&;-based
ture increase is not sufficient for melting of the materialscapacitors has been reported earlfea, microscopic model
involved, further structural damage to the barrier can be exeescribing the process leading to breakdown has not yet been
pected. Annealing experiments of magnetic tunnel junctionsleveloped. In contrast, various mechanisms of breakdown
have shown that above 210 °C the junctionagnetgresis-  across SiQ in MOS capacitors have been proposed, and all
tance drops severely, indicating that irreversible processeare able to describe the measured data in some area of the
take place in or close to the junction barrier at thisparameter space. However, in spite of the fact that this sub-
temperaturé® ject has already been investigated for more than three de-
Several Co/AJO;/Co junctions were inspected with a cades, no consensus among various groups concerning the
scanning electron microscope after breakdown, but no visphysical mechanism has been reached. This indicates that the
ible sign of damage was found, as is expected when breaksarious possible physical mechanisms behind breakdown are
down is a very microscopic event. The location of the shordifficult to distinguish. Here in Sec. IV, we will give a gen-
was, however, visualized with the use of a thin liquid crystaleral mathematical method to describe dielectric breakdown,
film deposited on the junctioh® With this method we ob- and will apply two different models for the breakdown prob-
served that breakdown almost always occurred at a singlability density to our measured data. In Sec. V we will dis-
location in the junction barrier, confirming the above men-cuss our results in terms of the existing models developed for
tioned assumption of the formation of only one short at theSiO, breakdown.
moment of breakdown. By examining the location of the  Breakdown can be described as a statistical process, and
breakdown in a series of junctions we found that in almosta full study requires the investigation of sufficiently large
one half of all junctions the breakdown event occurred at theensembles of nominally identical systems. We consider
edge of the junction surface, while the remaining events thabreakdown experiments that are carried out by applying at

Magnetoresistance (%)
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time t=0 a time-independent or a time-dependent voltagesvent. In the first case the breakdown probability density
(or curreni stress to all systems within the ensemble at conp(ty) at timet=t, depends on the voltage-time histo¥(t)
stant external conditiongsuch as the temperatyreThe re-  for 0<t<tq, of the junction. In the latter case the structure
sult can be represented in terms of the fractigjt) of the  of the oxide and the oxide/electrode interface is essentially
ensemble that has shown breakdown at a certaintifibe  identical to the structure at the beginning of the stress experi-
breakdown rated (ty) = (dF/dt) |t:to is the fractional num- ment, and the breakdown probability density at titeet is

ber of junctions that show breakdown with a unit time inter-independent of the voltage-time history of the junction: it
val around a time,. We define the breakdown probability only depends on the voltagt,). In the remainder of Sec.

densityp(t) as: IV we will develop equations for breakdown with a probabil-
ity density which is noexplicitly time dependentno wear-

p(t)= f(t)= 1 d_F i ing), but onlyimplicitly, viz., as a result of the time depen-
1-F(t) 1-F(t) dt’ dent voltage in a voltage ramp experimep(t) =p[V(t)].

. . o o Let us assume thai(t) increases monotonically with time,
i.e., p(to)dtis the probability that a junction that has not yet reflecting a monotonic increase of the breakdown probability
shown breakdown at=t, shows breakdown in the time in- gensity with increasing voltage. We then expect that there is
terval (to; to+dt). In the case of a time independent break- 5 certain voltageV,.,, at which the breakdown rate is maxi-
down probability density,p(t)=p, one obtains +F 31 as function of time, i.e[df(t)/dt] =0. V,.,, which

=exp(—pt). The fraction of nonfailed junctions thus decays depends on the ramp speed/dt, can be calculated by
exponentially with time. The mean lifetimer{,) of the solving

junctions of an ensemble can be defined as the time at which
50% of the junctions have experienced breakdown. When df(t) _dp(V)

_E)— 201 _E\—
b(t)=p we have G- ar AP -lpWIF1-F)=0, @3
1 which follows directly from Eq(1) leading to
T12=In(2) —. 2
p dp(V) dV dp(V) )
: : : T Ut dv =[P(Vmad 1% (4
Measured functiong-(t) for SiO,-based capacitors at V=V V=V

constant voltag® have suggested that breakdown occurring . , )

in a very early stage of the experiment is often caused by £°!Vind EQ.(4) leads to an expression ¥, as function of
different physical mechanism than breakdown during a latef® ramp speedVvidt. _

stage: see, e.g., Refs. 18 and 19. Investigators have identified " the literature on Si@breakdown two expressions for
these mechanisms as extrinsic and intrinsic failures, respedl€ electric field E=V/d) dependent breakdown prolgoablhty
tively. Extrinsic failures are defect related and can, in prin-denSIty are frequently used, viz., the so-caliechodel:

ciple, be minimized by improving factors like substrate qual- E(t)

ity and the class of cleanroom dust. Intrinsic failures are  p(t)=A eXD(T). )
inherently related to the physical properties of the oxide and

the oxide/electrode interface and to the statistical variation oénd the so-called E/ mode
their structure and local composition. In breakdown experi- D
ments of large ensembles intrinsic failures are found to  p(t)=C exp{——). (6)
dominate after certain times, when most extrinsic failures E(t)

have already taken place. With decreasing capacitor area tlg)th models have been reported to give a good description
relative importance of intrinsic breakdown increat®@ur  of measured breakdown data within a limited field interval.
experiments were not carried out for large ensembles. Inyithin the 1€ model [Eqg. (6)] the factorC is sometimes
stead, a number of nominally identical samples was subggnsidered to be field dependent. We will neglect this pos-
jected to a range of voltage stress conditi¢ramp rates  gjple complication here, and return to this issue in Sec. V,

Nevertheless, we haves already mentioned in Sec.)lbb-  \hen we discuss the physics behind these two models. For
served that a small fraction of our junctions showed breakihe E modelF(t) can be expressed analytically as

down within a strikingly short time after the beginning of the

voltage ramp experiments. We regard these events as truly

extrinsic, and have excluded them from the data displayed in

Fig. 1. Future experiments based on much larger sets of. ,

nominally identical junctions should be carried out in orderW'th B'=B/d and

to improve the statistical basis for a discrimination between dVv t

“intrinsic” and “extrinsic” in our junctions. p(t)=A exp(m aB’)- 8
For SiO,-based capacitors the processes that have been

proposed as the microscopic mechanism leading to breakzrom Eq.(4) the voltageV ., at which f(t) peaks is given

down can be divided into two categories: processes whichY

lead to a gradual change of the atomic or electronic structure

of the oxide(“wearing of the oxide”), followed finally by Vim=B’ In

breakdown, and processes which occur as a single sudden

|21

, )

-1 03 7| a0
F(t)=1—exp —p(t)B T +ABE

dt Ap’ ©)
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S L AL the case of th& model withA andB’ as given above and
131 dV/dt=1x10 8. The functionf(t) has an asymmetric peak
/'(."‘ T shape. Note that in this examdt), the fraction of broken
121 ,,-"‘ # 1 down junctions, is more than 0.5 at the moment at which
2 : AT Vmax IS reached. In order to obtain an estimation of tbi@-
- 1.1F . A/“ " Bis . tistical) scattering in experimentdl,y data when investigat-
§ L 1/E model g 7 o* ] ing a large ensemble, the width of the peak of the breakdown
10t P o 7 J rate f(t) can be used. The width of this peak is centered at
>5 l "‘,—/ ® 50 um bottom | V=V ax and can be characterized by the distance between
oo \E A 100 um bottom | the two inflection points, which are the solutions of the fol-
o model O 150 um bottom| lowing equation:
0O 200 um bottom
0307 10°® 108 10 107 102 A7) _ d*p(V) (d_V>2_ )dp(V) d—V+[p(V)]3=O.
ramp speed (V/s) dt? dvz | dt dv dt
(10)

FIG. 4. Fits ofV,4 according to the breakdown probabilities of theand ) i ) ]
1/E models. The dotted and dashed lines indicate the estimated errors fofhe area between the two inflection points @) is found to

both models with the fit parameters that were found. The measured dafge independent of parameteks B anddV/dt, and is equal
points all fall within the estimated error area. to 61% of the total area. For theEl/model the parameter
values that lead to good fits of our experimental daee
below) lead to peak shapes that are quite similar to those for
he E model. We have derived the area between the inflection
CLoints numerically: for the parameters that describe our ex-

lectrode data. We h h 0 di th X ith $§rimental data it is approximately 65%. We conclude that
eléctrode data. VVe have chosen 1o dISCUSS e Series wi r both models the intervals between the inflection points of

um electrodes, which contains the most data pointg over th?(t) give a good estimation of the expected variatisoat-
largest range of voltage ramp speed. However, fits of th(?ering) of the experimentally measurad,, values. In Fig. 4

models t0. the series with other bottom electrodg widths Welthe dashed lines represent the calculated voltage at the inflec-
also possible. The fits of these models resulted in the foIIowﬁon points of the fittedf(t) of the 50 um wide bottom

ing values of the parameters defined in E@5.and (6): A electrode junctions with both models. These experimental

— —17 1 —
=6.320.5<10 s * and B/d=0.035-0.002 V, or C data points fall in the area between these lines, indicating

_ —1 —
=56+0.7x 10° s * andD/d= 31x2 V. We note th_at the  ipat scattering of the data is still well described by bothEhe
errors given are the errors of the fit to the data points. Botl odel[Eq. (5)] and the 1E model (Eq. 6

models, however, are based on statistics and therefore larger The prefactorsA and C in Egs. (5) and (6) are propor-
scatter of the data points may be expected. This point will b(?ional to the junction area if the breakdown probability is

discussed furthgr on. In Fig. 5 bok(t) andf(.t) for a volt- independent of the location on the junction. As a restit.,
age ramp experiment are plotted as a function of voltage fO(S expected to vary with a change of junction a@with a

For the 1E model F(t) andV,,, cannot be expressed in a
closed analytical form. In Fig. 4 we have plotted our data an
the results of fits with the two models for the p0®n bottom

factorn as

1o ' . " ' " ' ' v dv v.ls 1dv 11
1O dvrdt=10° vis max NS, | = Vman S 4t |- (12)
S |
S 0.8 From Fig. 4 we note that th¥,4 values do not significantly
s = decrease with increasing junction area, although it is ex-
8 0.6 8 pected that a factor of 4 in area would be significant enough
c 3:\2 to be visible in the data. However, due to the observed large
50-4 @ breakdown probability at the bottom edge region, the influ-
2 © ence of a change of area might not be distinguishable. We
go.z2 have insufficient information on the exact area dependent
_g breakdown probability to derive a scaling relation such as

0.0 that discussed in Sec. Il for the resistance.

075 080 085 0.80 095 100 1.05 1.10 q tAIthough ”bOthl modg_l; can d(zsctrlbe ﬂl‘; exptenmeintta(lj
V (= tdV/dt) (V) ata very well, a large difference between the extrapolate

lifetimes at lowerV s between both models is found. In Fig.
FIG. 5. Example of the voltage dependence of the functieft}, the frac- 6 the calculated lifetime curves for both models are shown,
tion of broken down junctions, andt), the rate of breakdown, in a voltage including an estimation for the statistical variation. ¥,

ramp experiment and in the case of a voltage dependent breakdown prob= 0.5 V we find extrapolated lifetimes of 217 years o 10
ability densityp(V). V,adS the voltage at which the rate of breakdown is

maximal. Also indicated is the area between the inflection poi®} 6f years for thee model and the_ H model, reSpe_Ctlve_ly' Both
f(t), which gives an estimation of the variation of experimentally measuredv@lues suggest that the applicability of these junctions at low

Vg Values. bias is not hindered by short lifetimes. We stress that these
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FIG. 6. Lifetime calculation as a function of applied bias voltage for both @ ®)
the E and 1E models. The dotted lines indicate the estimated statisticalFIG. 7. Schematic energy diagram showit@ direct tunneling andb)
variation. A large difference in extrapolated lifetime is found at M. Folwer-Nordheim tunneling in an oxide with(aymmetrig barrier heightg
and a gap energfg at an applied voltage o¥,. Indicated ared, the
thickness of the oxide, and for the Fowler—Nordheim tunneliqghe dis-
values are still only an indication due to the uncertainty oftance in the oxide in which tunneling takes place.
the applicability of these models for breakdown of our junc-
tion. In order to distinguish more clearly between the two
models, either fas{ramp rate=5 V/s) or long duration the barrier resulting in the occurrence of an electron cascade
(more than 1 yearmeasurements or experiments on a muchn the barrie® This phenomenon was first described by Von

larger number of samples must be carried out. Hippel in 1936?* For amorphous AlO; the energy gap is
not well known, but most likely it is in the range of 7—-9 eV.
V. MICROSCOPIC MODELS OF BREAKDOWN Electrons with such high excitation energies do not occur in

our ultra thin films. Therefore this process can be excluded

The physical background of the models leading to Eqswith certainty.
(5) and(6) will now be explained, as will other models pro- The three models that follow in Secs. VA,V B,andV C
posed for breakdown across Sirhe corresponding thresh- are different with respect to the physical model involved, the
old voltages above which the breakdown effect occurs ar¢nhreshold voltage and the oxide thickness range for which
discussed(if appropriat¢, and the possible relevance to they are relevant. An important issue that distinguishes dif-
breakdown across AD; is given. When comparing the ob- ferent physical models is whether the breakdown probability
served breakdown in our AD; junctions with models of is dependentdue to wear oytor independent of the stress
breakdown commonly used for Sjdilms it is important to  (V,t) history.
evaluate the validity of the SiOmodels in the thickness
range of our films. In ultrathin film§.e., less than 3 nirthe A. Qpg model
applied voltageV, will be limited to a few volts due to When tunneled electrons have sufficient energy to dam-
breakdown. Wher V, is smaller than the barrier heigh{} age the oxide locally, so-called wearing of the oxide may
direct electron tunneling occurs, as described by Simmong’esult. For the case of tunneling across S&rong experi-
theory’ Breakdown upon direct tunneling across ultrathinmental support in favor of the wearing mechanism has been
SiO, films has not yet been explored in much detail, sinceobtained by Wolters and van der Sch&biyho observed that
SiO, layer thicknesses in MOS capacitors have only recentlffor 8—40 nm SiQ-based capacitors under certain conditions
become thinner than 3 nm. The voltages applied in breakthe breakdown probability density depends on the total
down studies for 15—40 nm SjChin films will be much  amount of tunneled electrons, tkelectron charge to break-
larger thang/e, and lead to Fowler-Nordheim tunnelig. down, Qpq, Which is the electron current density integrated
The difference between both types of tunneling is schematiuntil breakdown. The quantit®,y (averaged over a large
cally shown in Fig. 7. In the Fowler-Nordheim tunneling ensemblg was found to be independent of the type of ex-
regime, electrons enter the conduction band of the dielectriperiment employede.g., constant voltage or current, or
and can subsequently lose part of their energy due to inelasamped voltage or currentThe author¥ presented evidence
tic scattering processes. that damage to the Siattice due to energy dissipation of

Due to the higher energy of the tunneling electrons athe tunneled electrons starts at the positive electrode, and
higher applied voltages, the processes leading to breakdowgradually forms a low resistance path through the oxide, fi-
can differ from those at lower voltages. Certain processesally leading to breakdown. The energy available for creat-
have threshold voltages below which they will not occur.ing damage to the oxide is argued to be independent of the
The highest threshold is for electron energies of the order ofpplied voltage or current density because the tunneled elec-
the insulating band gaf.e., for SiQ, 9 eV or large}, when  trons always lose most of their energy 8 eV) when they
breakdown can be triggered by electrons ionizing atoms irenter the anode. It is crucial to note that breakdown of these
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10? pree——rrrr—— e rrr——Trg mental data obtained within the so-called anode hole injec-
Co/Al,0,/Co junction? tion model [Eq. (6)], developed by Schuegraf and IZﬁJ
I ] which leads to the H model. In the anode hole injection
10 E S 50 x 50 pm? 4 model it is assumed that the energy of the electrons arriving
: ~ ] at the anoddwhich again is assumed to be equal to or only
[ A ] slightly larger than the barrier heighis used to excite deep-
100k ~ 4 valence band electrons to a state above the Fermi level,
F ~ 3 thereby creating a hole in the anode which can tunnel into
i ~ ] the oxide. This may generate an electron trap in the oxide,
107k LA 4 leading to an enhanced local current density. The experimen-
3 ‘e ] tal possibility of carrier separation in SjQlevices enabled
N ] the determination of the hole current during a stress experi-
PP B S sl e ment. This led to the observation that, for a given oxide
10° 10 10° 102 thickness, the hole charge to breakdo®gg p,, is a constant
ramp speed (V/s) in an experiment at constant applied voltage, supporting the
FIG. 8. Measured charge to breakdov@yg, for the 50< 50 um? junctions, anode hole injection model, Whereas ,the electron charge to
the breakdown voltages of which are given in Fig. 1. The dashed line is £reakdownQyq ., decreases with applied voltage. The hole
guide for the eyeQyq depends on the ramp speed, and does not seem tfluence is smaller than the current density, but it increases
determine the moment of breakdown. with the applied voltage: not every electron arriving at the
anode will create a hole that forms a trap, but the probability

lativelv thick | . ling in the Fowl of hole tunneling increases with the applied voltag&/hen
relatively thick layers occurs upon wunneling in the Fowler-, tunneling from the anode is in the Fowler-Nordheim

N_ordheim reg!me, in which the elec;trons tunnel ‘hfough & gime, the hole tunnel current is proportional E3 exp
tnangular bamer, and subsequently_ into the conduction ban —D/E), with D a parameter independent of the electric field,
of the oxide{Fig. 7(b)]. The assumption that leads to #gq E. Since the density of holes in the anode is proportional

model is that the inelastic mean free path of these electrons [Sith the electron currend(E), one expects that the break-
relatively short and the barrier height at the anode is rela- ’

tively large. In Fig. 8 we have plotted the measured totaldOWn probability density is given by
passed charge at breakdown for our Ce/Co junctions D
with 50 um bottom electrodes, the breakdown voltages of  p(E)=CJ(E)E? eXF{ - _), (12)
which are given in Fig. 4. It is seen that for our junctions a E

constanQyq is not found, but tha@Q,, decreases with higher

voltages (and current densiti¢s It has been found for whereC is a constant, if the creation of only one trap state is
SiO,-based systems that the const&yy model is valid sufficient for triggering breakdown. In that case wearing of
within a good approximation for low current densitigsat  the oxide plays no role, arpldoes not depend explicitly on
the moment of breakdown, but that above a critical current- Evidence for this has been obtained by Degraevel®
density,J.,, Quq decreases rapidly with increasidd® This for the case of ultrathind<2 nm oxide$. On the other
was explained from thé¢independentobservation that for hand, for thicker oxides the same authors concluded that a
J>J,, the oxide contains a significant fraction of occupied critical trap density has to be created first before the damage
traps (relatively localized electron states which\at=0 are  formed leads to breakdown. NumeridMonte Carlg stud-
empty because their energy is higher tHan, but whose ies then yield the time-dependent breakdown probability at
occupation increases with increasialy The trapped elec- constant field or voltag&?’In many analyses of breakdown
tronic charge modifies the originally relatively flat equipo- experiments the restrictions mentioned concerning the valid-
tential planes, leading to confinement of the injected electroify of Ed. (12) have been disregarded. In addition, in practi-
current to regions with a low space charge density, thereb9a| applications of the model the field dependence of the
enhancing the local current density and decreagipg We prefactor of the exponential function in E@¢l2) is often
have no indication that the failure of the const@ny;model ~ heglected. In that case E(L2) reduces to Eq(6), which is

for our junction breakdown could be related to the occur-commonly referred to as theBlimodel. Although this seems
rence of a current density exceeding a certain critical value? rather crude approximation, it must be remembered that the
J.r» above which the density of occupied trap states is Ver)tormula is only applied to data obtained in a restricted field
high. In such a case the conductivity would be observed téange, in which variations due to the exponential factor
change an order of magnitude with time in a constant appliedlominate variations ip(E). This was confirmed by a fit of

voltage experiment a phenomenon that we did not observe. Our experimental data to the functional formpfE) given
by Eg. (12), from which we obtainedD/d=29.2+-2.4 V.

However, if we insert a current densiffE) as determined
with a fit to our experimentally current density of the form

The results of breakdown experiments for structuresl=f,; exp(f,V), we still obtained a good fit, but with
containing thinneftypically 3—15 nm SiO, layers have not D/d=11.8+0.5 V or with D/d=22.5+15 V if this current
been found to be in agreement within the const@pf- density was directly inserted into E¢6) (thus without the
model. Instead, it has been possible to interpret the experE? term).

Qpq (C)

10—2 Ll .
1076

B. Anode hole injection model
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In spite of the good fits obtained using both approachesively, by an energyp- E,,.. This energy helps to lower the
we cannot find strong physical arguments in favor of tHe 1/ activation barrier for collapse of the antiparallel dipole, re-
model if applied to our junctions. First, hole tunneling is notsulting in a broken Si—Si bond, and also resulting in the
expected to be in the Fowler-Nordheim regime, sinig  creation of a localized electronic defect which gives rise to
=E4— ¢e> ¢pe>V, (assuming a band gaB, for Al,O; of  dielectric breakdowR® The average time to breakdown due
~7-9 eV and using a barrier height for electronsdf  to this process is given B:
~1 eV). This invalidates the derivation of the exponential
factor that is used in Eq12). Second, this estimate shows 7(E)=a exr{AH—p(l%—Lx)E}
that the energy of the holes creat@dhich is at most equal to kgT
the energy eV of the tunneled electrpnis much less than AH
¢n, so thatdirect hole tunneling through the barrier becomes =a ex;{ —) exp — yE), (13
extremely unlikely. In fact, for the same reason DiMaria KT
et al. have argued that for Sibased systems hole tunneling with a a constant, ang the so called field acceleration fac-
does not occur for applied voltages over the barrier below aor. Assuming that the breakdown probability is not explic-
certain threshold valud/y~ 5 V.% itly time dependeni{no wearout one obtains Eq(5) with

The anode hole injection model for Si®as been ex- A=exp(—AH/kgT)/a andB=1/y. A good fit of the SiQ(d
tended in order to describe the effect of breakdown at rela=10.0 nnm) breakdown data obtained by KiméPavas found
tively low voltages due to release of hydrogen“)Hnto the  with this model, and at room temperature the experimentally
oxide as the result of electrons that arrive with an excessbtained value ofy is 3.25< 10" 8 m/V. Also, the tempera-
energy at the anode.In SiO,-based devices hydrogen is ture dependence of could be explained wef® which pro-
present due to a hydrogen passivation step. The fabricatiovides strong support in favor of this model. From a fit to our
of our Al,O; barriers does not include such a step. We doexperimental data, we fouri&ec. I\V) B/d=0.035 V. When
not have any indication that this mechanism is applicable tave assume a barrier thickness of 2.2 nm we fiyd 1/B
our junctions. =6.3x10" 8 m/V. This value is approximately a factor of 2
C. E model higher than the value obtained for Si@om the Kimura

' data. We would like to note that when making such a com-

The E model relates breakdown to the field induced dis-parison at least three points concerning the difference be-
tortion of atomic bonds in the oxidic barrier. It is often al- tween amorphous AD; and SiQ should be considered.
ternatively referred to as the thermochemical model. Based (i) The electric susceptibility of AD; (y=7.0) is more
on thermodynamic free energy considerations, a quantitativéhan two times higher than for SyQOy=2.9), leading to a
thermodynamic model for breakdown for Si®ased capaci- higher polarization and local field, and to, theref¢a# other
tors was developed by McPherson and Mé§uand by factors remaining the samea higher value ofy.

Kimura?® In the case of both amorphous or crystalline SiO (i) Bonds in ALO3 are more ionidless covalentthan

a Si atom is surrounded by a tetrahedron formed by fouin SiO,. One implication is that the effective ionic charge of
oxygen atoms. However, during the growth of amorphousAl is potentially larger than that of Si, which leads to higher
SiO, or in the presence of an applied external field, the Si-Cdipole moments in the AD; structure and a higher value of
bond angles can be distorted. If the distortion leads to bond.

angles above or below a critical value, the oxygen atom will  (iii) The structure of amorphous AD; is more complex

be displaced and a Si—Si bond is formed. This defect is besompared with that of Si© the short range order has been
lieved to be the precursor for breakdown, which will occurdescribed as being similar to that yFe,0s, i.e., a spinel
when either one Si—Si bond is broken or when a certairstructure in which the oxygen atoms form a close packed
critical fraction of broken bonds is reached. Although thelattice and in which the cations fill tetrahedral sites as well as
authors do not make clear whether the breakdown rate detep6% of the available octahedral sites. In this structure vari-
mining mechanism is the breaking of a-%)—Sibond (with ous local environments of the Al ions occlirFor amor-

a very high bond energyr the breaking of the much weaker phous ALO; it has been found that the fraction of Al ions
Si—Si bond, McPherson and Mogul have derived an expreswith a tetrahedral coordination is even larger than that in
sion for the breakdown probability based upon the breakingrystalliney-Al,0;. Migration of the Al could probably oc-

of a Si—Si bond® The authors start by stating that the local cur via the octahedral vacancies.

field acting on atoms in the oxide will be equal to the exter- ~ An important additional consideration in favor of the
nally applied field, enhanced by a contribution due to theapplicability of this model is the fact that there is no thresh-
polarization of the dielectricE ;.= (1+Lx)E, in whichLis  old value, so it can already be applied at the low voltages at
the Lorentz factor I{ = 1/3 for cubic point symmetjy and y which we observed breakdown. We therefore believe that
is the electric susceptibility. The Si—Si pair is part of a struc-this model could be applicable to our &slayers.

tural fragment in the network of the form;& Si—S=0O;.

The two S&O; dipoles which form this fragment have an-

tiparallel dlpOle momentst p. In the presence of an electric VI. CONCLUDING REMARKS AND SUMMARY

field parallel to the Si—Si bond, i.e., parallel and antiparallel

to the two dipole moments, the contribution from the two  We have compared our experimental data with models
dipoles to the total energy is decreased and increased, respgroposed for SiQ breakdown. Good fits are possible in both
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the E model and the H model for the breakdown probabil- basis of different physical models. Suggestions have been
ity density. However, only the mechanism that leads toEhe given for experiments from which the possible physical
model, field induced atomic displacements of atoms in thenechanisms can be distinguished more easily. Extrapolation
oxide, seems to provide a plausible physical basis for thef the lifetime curves of our junctions to realistic low opera-
breakdown effect observed. The present study is clearly limtion voltages ¥,.<<0.5 V), as obtained from fits to the ex-
ited in several respects, and extensions in many directiongerimental data, suggest that, if accidental peak voltages out-
are required in order to clarify the breakdown mechanisnside this region can be avoided, breakdown will not be a
and to be able to relate the breakdown properties with thémiting factor upon applying these junctions in sensor or
oxide and interface structure, thickness, and compositionlMRAM devices.

One of the unsolved issues is wearout. Although we have not
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