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Pinholes may mimic tunneling
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Interest in magnetic-tunnel junctions has prompted a re-examination of tunneling measurements
through thin insulating films. In any study of metal—insulator—metal trilayers, one tries to eliminate
the possibility of pinholessmall areas over which the thickness of the insulator goes to zero so that
the upper and lower metals of the trilayer make direct coptd&ecently, we have presented
experimental evidence that ferromagnet-insulator-normal trilayers that appear from current—voltage
plots to be pinhole-free may nonetheless, in some cases, harbor pinholes. Here, we show how
pinholes may arise in a simple but realistic model of film deposition and that purely classical
conduction through pinholes may mimic one aspect of tunneling, the exponential decay in current
with insulating thickness. ©2001 American Institute of Physic§DOI: 10.1063/1.1344220

TUNNEL JUNCTIONS as a good criterion for determining whether a junction con-
tains pinholes.

The construction of magnetic tunnel junctions with large ~ Garéa has shown thaballistic electron conduction
room-temperature magnetoresistanbas triggered an in- through sufficiently small pinholes yields the same spin po-
tense research effort, as groups have applied them darization as tunneling through an oxide layer, so that mag-
magnetic-field sensofsmemory devices;* and magnetic- netoresistance cannot distinguish the two proce¥sékein-
medium read headsThe current technological drive toward sasseret al!® have shown that another of the proposed
a lower product of resistance and afdayhich implies the  signatures of tunneling in superconducting-insulator-normal
use of thinner and thinner insulating barriers, has reopenejinctions, the subharmonic gap structure, may similarly in-
the question of how to rule out the presence of pinholesgicate pinhole conduction, but the problem of flushing out
direct metal-metal contacts through the nominally insulatingoinholes from normal-metal junctions remains.
barrier. Recent high magnetoresistances of up to 300% at Small pinholes may be invisible to surface microscopy,
room temperature observed in magnetic nanocofdfts although recently “hot spots” have been observed using
raise the intriguing question of whether conduction throughscanning tunneling microscopy.The resistance-area prod-
pinholes might actually contribute to the magnetoresistancect RA of a junction being typically of the order of 10k?
of tunnel junctions. Similarly, any study of anomalous ca-and RA of a metallic contact on the order'dfl mQu?,
pacitance of magnetic tunnel junctidhd? must take pin- pinhole regions of one part in §@nust be ruled out to ensure
holes into account. To exclude the possibility of pinholes,no pinhole conduction in parallel with tunneling. Generally
Rowell and others in the 1960s and 1970s developed a set §peaking, this is very difficult to do and not commonly con-
criteria to distinguish tunneling from other current paths. sidered. Recognizing the technological, as well as scientific,
Three of these criteria continue to apply when neither elecimportance of identifying pinholes in magnetic tunnel junc-
trode superconductsl) the exponential thickness depen- tions, Schact al. have developed a method for imaging pin-
dence of the current?) the parabolic shape of the differen- holes through decoration by electrodeposited copp&his
tial conductance as a function of voltage, af®) the tool complements criteriori3) of temperature dependence
temperature dependence of the conductivity. and further highlights the risks of relying solely on thickness

We have recently constructed a series of junctions demdependence and differential conductance.

onstrating experimentally that the second criterion applied ~Our previous experimental results, the classical model
alone cannot distinguish pinhole conduction fromconsidered later, Gam's theory of ballistic magnetoresis-

tunneling*° The present work will show the first criterion tance, and the results of Refs. 16—19 all suggest that pinholes
similarly unreliable, since a purely classical conduction patimight contribute to conduction in apparently “high-quality”
through pinholes may under realistic assumptions mimic thénctions.

exponential thickness dependence of the conduction current.

This leaves only the temperature dependence of CO”dUCt'V't¥UNNEL|NG VERSUS PINHOLE CONDUCTION

a o In a series of metal—insulator—metal trilayers in which
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Germany. age should decay exponentially m(the applied voltage is
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assumed less than the insulating gefuch exponential de- plausibly describes on a small scale deposited insulating thin
cay has been cited as experimental evidence for good tunnélms. We do not explicitly consider the morphology wf
junctions?® By the Wentzel—Kramers—DBrillouin approxima- situ oxidized aluminum as an insulating layer. Qualitatively,
tion, the characteristic decay length equals however, the process should resemble surface diffusion inso-
5 far as it fills in some pinholes. We emphasize that we do not
— rule out the possibility of growing pinhole-free films; rather,
207 22mg)™ ® we acknowledge that some films do contain pinholes and

wheremis an effective mass andl a potential energy on the examine _how their C(_)nductivities scale Wii_.'h mean thickness.
order of the barrier height. Fap=1/4eV andm the bare The detailed calculgtlons preserve _the sallent_ expone_nnal de-
electron masszo~2 A. Notably, for realistic parameters pendence on nomlqal thickness in the regime qf _mterest
andm, this decay length coincides roughly with the thickness\2—25 layers even in the presence of more realistic ele-
of a single atomic layer. In contrast, a classical resistor supM€nts such as imperfect insulators and surface diffuiion.
ports a current inversely proportional to the thickness.

The inverse relationship holds for a perfectly even layer,
but real deposition processes leave an uneven insulator withNDEPENDENT-COLUMN MODEL
possible pinholes. The simplest model for classical conduc- . ) .
tion by pinholes gives an exponential dependence of resis- Each independent column containgesistors of value
tance on deposited thickness, mimicking quantum tunneling® Wheren is the column height, and one contact resistor of
Consider a metallic substrate on top of which we randomly¥@U€Ro. Lettings=R,/R, we have for the average column
deposit cubes of a perfect insulator to an average height conductance(o)=(1/(n+s)R). In the Poisson limit,L?
(measured in monolayersThis is not a uniform height, so —*» the scaled conductance
there may be pinholes. We then deposit a perfect conductor, i un
making contact through any pinholes with the metal sub-S= R(a)ze*“E —_——
strate. Since the insulator and overlayer are perfect, conduc- i=o ni(n+s)
tion is directly proportional to contact area and inversely to “ 1
the metal-metal contact resistan&y,. =e’”,u’sf tS teldt=—e #Fy(s,s+1;u).

We consider deposition to take place on a regular two- 0 S
dimensional grid, each cell of which may be occupied by any 2

non-negative i_ntegral r_leigmo, 1,..) of insulating particles. _Here, ,F, is a confluent hypergeometric function.
If each deposited particle can land randomly over any grid One arrives at an asymptotic series for laggéhrough

cell, the resulting heights follow a Poisson distribution. Ing,cessjve integrations by paftsexhibiting explicitly the
the limit of an infinite two-dimensional grid, the probability approach to J conductance

that any given grid cell contains no insulating particles is

exp(—w). For a large system, this is also the expected pro- _
portion of cells that will be unoccupied and so proportional R(o)~u
to the conduction. Thus, where tunneling can lead to an
exponential-decay length of a monolayer for certain realistidvheren is a cutoff that must be introduced for any finjie
parameters, the simple classical modsvaysgives a decay More interesting is the small- limit, in which we re-
length of one layer. cover the exponential decay of the trivial model, for multi-

This trivial model (perfect insulating blockspredicts ~ Plying the top equation i1t2) by s, we have

n

— 1)
1+T(s) > =1

A T (sl | ®

conductance that decays exponentially in coverader all o n
coverages. However, one expects a crossoverndalétay at Ro(o)y=e # 1+ sE el (4)
larger coverages. The simplest extension of the model that =1 ni(n+s)

might display such behavior deposits blocks randomly, butor small enoughy, Ro(o)~e~*, representing exponential
the insulators now have some finite resistariReln the re-  decay of conductance with coverage.

gime of interestR>R,. As before, we dGZDOSiM blocks We can estimate the crossover scalgabove which the
over anL XL lattice for a coveragg.=M/L“ (with length  decay ceases to be exponential by setting the “1” term in

measured in units of monolayer thickngsa face between parentheses ii4) equal to the remainder. This yields the
the metal overlayer and an insulating block has resist&)ce condition

as does a face between two insulating blocks. Any connec-

tion to ground has contact resistarRg. To make a simple 2=1Fa(s;s+1im0). ®

model, we first turn off sideways conduction in the insula-For s<0.5, we can replacgF, with the leading term in its

tors, reducing the problem to that of an ensemble of indeperasymptotic expansion, giving

dent columns of binomially distributed resistors in parallel.

We compare this “independent-column” model to numeri- Ho=~In(2fs). ©6)

cal calculations later. Finally, we shall consider numericallyThe logarithmic form of(6) comes as something of a sur-

an isotropic model. prise: it means that the nonzero contact resistance cuts off the
Our growth model, adapted from work by Pal andsmall-coverage, exponential regime no matter how Rgys

Landau?~?agrees with surface probes on a large scale ancelative to the insulatingR.
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FIG. 1. Scaled conductancésolid trace§ given by (2) for three values of _2 -1 0 1

the ratios of contact to insulating resistance. According to the estin@te
they begin to cross over from exponential to inverse-thickness behavior at

about 5.3, 7.6, and 9.9. For comparison, we define the heuristic mqagiire £ 2. The horizontal axis measures the bond strefigéyative attracts
as the point at which the slope deviates frert by 15%; the corresponding  pjockg, the vertical an estimated maximum thickness for the mimicry of
estimates are 4.4, 7.2, and 9.8. The dotted I&ve() is an exact exponen-  ynneling, specifically the empirical measygs at which the slope of a
tial. The dot-dashed line shows a numerical simula{id®0 000 trials on semilog plot, as in Fig. 1, deviates by 15% fronl. For comparison, the

55 gridg for s=0.0001 withJ=—0.5, diffusionx=1/3, and “up”-steps ¢ 4off estimateg6) without relaxation fors=0.01, 0.001, and 0.0001 are
allowed. The inset plots the same curves in a way that makes explicit thg 3 7 5 and 9.9. Blocks may jump up in these traces.

approach to J conductanced In §dIn u=—1, horizontal ling as well as

the initial exponential regime. Note that surface relaxation in this case
causes a more rapid deviation from exponential degay=6.1) while also
delaying the onset of A/ conductance.

ment with experiment for long-wavelength and long-time
(largeq) features, although our interest lies in the opposite
The solid tracesfor differents) in the semilog plot, Fig. regime.
1, clearly show the exponential regime for smalland the For simplicity, we imagine the original metallic layer to
gradual deviation as pinhole conduction ceases to dominatee flat?” After depositing some number of blocks in the
To display large- and smajl-behaviors together, it is help- manner of the previous section, we allow a fraction of blocks
ful to ploty=dIn SdIn u=S u/Sagainstu; the exponential at the interface to diffuse one unit along the surface. We
regime is characterized by a constant slope, while in themploy a quasi-Metropolis procedure to determine whether
asymptotic 14 regime, the graph approaches the constanto accept or reject each moythe system is not at equilib-
y=—1 (inset to Fig. 1. In this independent-column model, rium) with an energyJ for each face-to-face bond between
the minimum of the graph corresponds closely to the estiblocks: callingD the change in the number of bonds, the
mate (6); later, in numerical simulations incorporating sur- move is accepted unconditionally if it lowers the energy and
face relaxation, we see deviations somewhat earlier. otherwise with probability exp{DJ/ks T). Henceforth, we
We have assumed the rassmall, as supported by the scaled by setting the thermal enerdgT=1. Thus, a nega-

following estimate. Using Sharvin’s semiclassical tive J encourages clustering, while a positi¥&ould repre-
calculatiorf® for contact resistance through a pinhole of di- sent stearic hindrance or an affinity for roughness. We adopt
ameter~1 A, and assuming a typical metallic Fermi tem- one more feature from the Pal—Landau models: blocks either
perature and electronic density, we have contact resistangeay or may not jump “up” (further away from the sub-
Ro~10*Q. The “classical’ resistance of an insulating strate while relaxing?®
block is less well defined, but a minimum resistivity We perform the simulation on dnXx L grid, measuring
~10° O cm suggestR=10"Q), so thats=R,/R=10"'°,  conductance at set times, before averaging over many trials
tiny indeed. We then estimate ) that insulating thick- to reduce noise. Since long-wavelength featuresalacon-
nesses up to about 24 monolayers should show exponentieérn us in the present work,can be as small as allowed by

resistance. diffusion. Consider the diffusion parametedefined as the
fraction of interface blocks diffusing one lattice spacing per
NUMERICAL SIMULATIONS monolayer deposited. A simple random-walk argument es-

tablishes that fox of order unity, we can look at coverages
The preceding model provides a base line for our simuas great as about 25 for ax% grid. Numerically, we tested
lations. In addition to restoring conduction through the sidesvalues ofl. from 5 to 60 and found no significant differences
of blocks, we adopt a model due to Pal and Larfdziito  in conductances. The actual diffusion parametef course
describe the motion of insulating blocks along the surfacewill depend on temperature and physisorption and chemi-
after they have fallen. Such models have found good agreesorption energies. We considered diffusion parameters
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these only by surface relaxation, we compute both a longer
decay length and a larger crossover s¢alet shown.
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We have concentrated on one signature of tunneling,
showing that purely classical pinhole conduction can mimic
the exponential dependence of resistance on barrier thick-
ness. We have recently demonstrated experimentally that an-
other signature, the nonlinear form of currdifiV) (as a
function of biasV)?®*also may fail to distinguish classical
conduction from tunneling® In a series of ferromagnet-
insulator-metal junctions in which the “metal” is actually a
superconductor, all samples could be fit well to a tunneling
form above the superconductor’s transition temperaflife,

107° — However, somebut not al) showed Andreev reflection be-
0 5 10 low T, indicating the presence of pinhole shorts through the
K insulator®! In other words, samples that appgaccording to
FIG. 3. An example of a different effective slope: the dotted line is an exactd/dV and thickness dependent¢z)] to be good tunnel
exponential. Between the arrow$.(.Tu~1...7), it is difficult to distin-  junctions may not be.
guitsh _thr(]-:At T_imule]}teld decaylwzitSh relaxat(ijcsﬁo-?wltﬁ:fl(/fg]: *ZI) from N We would expect that increasing temperature should en-
a stral Ine or slope- —1.29, I.e., a aecay len or V.0 monolayers. NO H H H H
smootﬁing has beenpapplied to the main gr}:a\ph.ql'he inset shows %/he slope ﬁfmce C_urrem.throth a tl.mnel JunCtlc.BﬂeCtlve'y Iowermg
the decay; the solid line applies parametric smoothing. the barriej while suppressing conduction through any metal-
lic short. In fact, we found that the temperature dependence
of currentl (T) at zero bias does distinguish the pinhole-free
=0.33-10, roughly corresponding to a fast, but not unrealfrom the shorted samples.
istic, deposition raté®
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