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Direct observation of the barrier asymmetry in magnetic tunnel junctions
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(Received 15 December 2003; accepted 13 April 2004; published online 28 May 2004

A photoconductance method has been used to study directly the barrier asymmetry,in TaO
magnetic tunnel junctions. Due to optical electron-hole pair generation in the barrier itself and
subsequent transport in the electric field, the sign and magnitude of the barrier asymmetry can be
determined quite accurately. The reliability of the technique is demonstrated by the independence on
the direction of illumination. The oxidation time where the asymmetry becomes zero is found to
coincide with a maximum in the magnetoresistance ratio. This is argued to be due to the complete
oxidation of the barrier material, resulting in a symmetric tunnel barrier.20®4 American
Institute of Physics.[DOI: 10.1063/1.1759778

In the emerging field of magneto-electronics, one of theever, this method requires the application of bias voltages in
most relevant structures for the actual application in deviceexcess of the barrier height, which may lead to electrical
is the magnetic tunnel junctiqiMTJ).! The presence of large breakdown. Also, for a nonhomogeneous barrier, the tunnel
room-temperature magnetoresistan@dR) ratios ensure current is concentrated in small areas, namely there where
both scientific and industrial interest. The most crucial part inthe transmission is highest. This results in barrier parameters
a MTJ, both from a fundamental as well as a processingvhich can differ significantly from the integral characteris-
point of view, is the tunnel barrier. The potential landscape oftics. The above issues necessitate the use of a different tech-
this barrier layer determines to a large extent the transportique to determine the complete barrier asymmetry indepen-
properties of the junctiof. dently and reliably.

The potential barrier is often described in terms of an  In this letter we present a photoconductance method to
effective barrier heighty, which directly affects the electron directly probe the barrier asymmetry in magnetic tunnel
tunneling probability. Experimentally has either been de- junctions and relate this to the oxidation state of the tunnel
terminedindirectly by fitting the current—voltage character- barrier. By illuminating the junction structure with photons,
istics to the Simmons equatidrgr directly by ballistic elec-  with energies above the band gap of the tunnel barrier, elec-
tron emission microscofy or photoconductanceHowever,  trons in the insulator will be excited from the valence to the
while instructive in their own way, these techniques onlyconduction band. Those electrons which have upon genera-
result in an effective, or a maximum, respectively. More- tion a k-vector component perpendicular to the barrier layer,
over, the potential landscape can be strongly modified by aand a kinetic energy that is smaller than that which is re-
electric field, e.g., due to differeeffective) work functions  quired to reach the top of the barrier, will all leave the barrier
for the two electrodes, and/or a nonhomogeneous barrign the “downhill” direction. This induces a directional pref-
layer. The barrier asymmetnii¢ therefore plays an addi- erence for the excited electrons and will thus result in a net
tional important role in the spin dependent transport througlphotocurrent. The sign and magnitude &é can then be

the tunnel barrief. easily derived by determining the applied bias voltage at
The modification of the Simmons equation by Brinkman, which the photocurrent changes sign.
Dynes, and Rowellto explicitly includeAd is often used to To demonstrate this technique, TaBased MTJs have

get an indication of the barrier asymmetry. The resultingbeen fabricated by sputter deposition through metallic
asymmetry parameter is determined by the voltage depershadow masks. The following layer stack is used: glass//
dence of the junction conductance. However, the influence a8.5 Ta/3.0 NigFe,0/10.0 I,Mngy/2.5 NiggFe,/1.5 CaFe o/

the barrier shape itself can be masked by effects on(g  TaQ, barrier/4.0 CgjFe,/10.0 NigFe,y3.5 Ta, with all
curve, such as a nonhomogeneous barrier thickness, as welicknesses in nanometers. The tunnel barrier is formed by
as density of state effects. To overcome some of these issudfst depositing a thin Ta layer over the complete substrate,
Rottlander, Hehn, and Schuhl have applied an alternativéollowed by oxidation in an oxygen plasma. A more detailed
method to determinA ¢.2 From the logarithmic derivative of description of the fabrication process can be found
the conductance curves and their temperature dependence #eewheré. TaQ, was used as the barrier material, because
barrier heights at each interface can be determined, giving aihe low band gap makes interband excitations accessible
indication of the asymmetry of the potential landscape. Howwith a simple UV illumination system. Photoconductance ex-
periments were carried out by measuring the short-circuit
aAuthor to whom correspondence should be addressed; electronic maiPhotocurrent under illumination of the top electrode by pho-
reinder.coehoorn@philips.com tons of variable energy. In all our photoconductance mea-
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= 1 H 1 oxidation) for (a) illumination of the top electrode an@) illumination of
= 60 T A B B the bottom electrode. Although the low-enekgy4.2 eV) photocurrent does

2 3 4 5 depend on the illumination direction, the voltage dependence oadle
tional photocurrent due to interband excitations at high energies2 eV)
shows the same behavior.

corresponds to the barrier asymmetxy. In this way A¢
can be determined quite accurately in complete junction
devices.

To exclude an influence of the absorption profile on the
FIG. 1. Example(@) of photocurrent vs energy curves for different applied determination ofA¢, photoconductance curves were mea-
bias voltages for a TaCMTJ (1.2 nm Ta and 70 s oxidationas well ash) — gyred for different directions of illumination. From Fig. 2 we
the optical transmission of a single Ta@yer on a quartz substrate. The ecan see that by reversing the incident Iight direction from

insets show energy diagrams, illustrating the dominant contribution to th - Ay
photocurrent above and below the 4.2 eV band @ap0 V bias voltage In ~ front to back illumination, the voltage dependence of the

(c) energy diagrams, demonstrating the change of the electric field inside thadditional high-energy(>4.2 eV) photocurrent retains the
barrier (relative to the_ top T and bottom B elgctr()_daith applied bias  game behavior. Since the optical penetration depth in, TaO
voltage and the resulting hot-electron current direction, are shown. . .
above 4.2 eV is much larger than the thickness of the
barrier!® the excitation occurs homogeneously through the

surements, a positive photocurrent corresponds to a flow dfarrier. The electrons and holes, which are formed upon the
electrons from top to bottom electrode. excitation, have in a first approximation an isotropic momen-

In Fig. 1(a) typical photoconductance curves are showntum distribution. Combined with the independence on the
for a TaQ, MTJ under the application of different bias volt- direction of incident light, this directly shows that the asym-
ages. Two different regimes can be distinguished. For lowmetry of the potential landscape determines the sign of the
energy photons electrons will be excited in both electrodesphotocurrent.
Some of these photoexcited electrons will be able to cross In previous work asymmetric tunnel conductance curves
the barrier, and contribute to a photocurrent. In this letterwere found for suboptimally oxidized MTJs with the same
this process will not be addressed further. For photon enetop and bottom electrode materials, suggesting a nonsym-
gies above the band gap of the insulator, also electron-holmetric barrier profildl~*3To directly investigate the relation
pairs will be generated in the insulator. The transport of thesbetween the oxidation state and the asymmetry of the tunnel
excited electrons and holes is not hampered by scatterinigarrier, a series of MTJs were deposited with 1.0 and 1.2 nm
processes or interface reflections, in contrast to excitatioof Ta as the barrier material, and an oxidation time between
from the electrodes. Due to this larger collection efficiency,8—90 s. In Fig. 88) the MR ratio for each of the junctions is
the contribution from interband transitions will dominate atshown. For both thicknesses a clear maximum in the MR is
higher energies. To directly demonstrate the onset of excitgaresent. For AlQ this behavior is well known, and is attrib-
tions in the insulator, an optical transmission spectrum of aited to the complete oxidation of the barrier layer, without
single TaQ layer on a quartz substrate is shown in Fi(h)1  oxidizing the underlying magnetic electrotfe’® For the
From this a band gap of roughly 4.2 eV is determined, whichabove TaQ junctions also the barrier asymmetry was deter-
is in good correspondence with values found by otfi¢rs.  mined by our photoconductance method, and is plotted in

From the high-energy paft>4.2 e\) of the photocon- Fig. 3(b). For the oxidation time where the barrier is sym-
ductance curves in Fig.(d it can be seen that, for this metric, the corresponding junction shows a maximum in the
junction, the photocurrent due to interband excitationsMR. This supports the simple picture, where a completely
changes sign around an applied bias voltage-@60 mV, oxidized barrier, sandwiched between two identical elec-
with an uncertainty of~15 mV due to the background pho- trodes, has a symmetric potential profile. This in contrast to
tocurrent from electrode excitations. As illustrated in Fig.results from a Brinkman fit, for which optimally oxidized
1(c) this implies that the average electric field in the insulatorjunctions were found to have effective barrier asymmetries

becomes zero, and that the above voltage therefore directbignificantly different from zero—50 and—100 mV for a
Downloaded 12 Nov 2007 to 131.155.108.71. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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5 , T T Summarizing, due to photoexcitation and transport in the
4_(a)_/|:i\1_-0 nm i barrier layer of MTJs, the integral barrier asymmetry has
Q been determined and correlated to the oxidation state. This
S 3 1 method provides an important tool that gives added informa-
% 2 | m eg12nm . tion, which cannot readily be determined otherwise. One of
" X\./ g\o\. ] these issues is, for example, the influence of an anneal treat-
Ay \. ment. Fro'm previqus WOI.’k it has been .suggested that the
208 : , —e observed increase in MR is related to an improvement of the
(b) 1 e barrier layer, and/or the interfacEsPhotoconductance can
100 i g give additional information as to whether this coincides with
< . a change in the electronic structure of the barrier, such that
OE) _/'5" the asymmetry is modified.
s +1007 1 This work is part of the research program of the “Stich-
-200 . ting voor Fundamenteel Onderzoek der MatefOM),”
. which is financially supported by the “Nederlandse Organi-

10 ' 100 satie voor Wetenschappelijk Onderzo@kWO).”
Oxidation time (s)

FIG. 3. The MR ratioa) as well as the barrier asymmeitty) as determined
from photoconductance for Tgbased MTJs. The vertical dashed lines
correspond to the oxidation times where the barrier is symmetric and the;
MR ratio has a maximum. lita) the thickness of the deposited Ta barrier
layer is shown. The insets {iv) represent energy diagrams, defining the sign
of the barrier asymmetry relative to the top T and bottom B electrode.
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