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An x-ray photoelectron spectrosco¥PS analysis of Nb/Al wedge bilayers, oxidized by both
plasma and natural oxidation, is reported. The main goal is to show that the oxidation state—i.e.,
O:(oxidize)Al ratio—, structure and thickness of the surface oxide layer, as well as the thickness of
the metallic Al leftover, as functions of the oxidation procedure, can be quantitatively evaluated
from the XPS spectra. This is relevant to the detailed characterization of the insulating barriers in
(magneti¢ tunnel junctions. ©2002 American Institute of Physic§DOI: 10.1063/1.1478791

I. INTRODUCTION densities move beyond 100 Gbit/irfgiprovidedRX A is of

_ the order of a few) um? and TMR~20%. Two basic strat-

Recently, considerable effort has been devoted to thggies are followed to meet these requiremefitsthinner
study of magnetic tunnel junction@VTJs). These exhibit AIO, barriers(5 to 7 A Al),22 and(ii) lower band-gap oxides,
high-tunneling magnetoresistan€BVIR),*~2 and can poten- 10, and HfQ, among others, as barrieds
. . . . . X [} .
tially be applied to .magnetlc-ﬁeldﬁgnsSnmagnetm random The performance of the junctions is strongly dependent
acc:(le_ss . ?_%ml\(z;lis éMRAM),b . Fal\:;jFM read-head ., 1o ‘oxidation of the FM electrodes at the FM/
applications. s have a basic FM/FM structure, o0 ¢20024-251¢ 4150 depends on the oxidation state of the
where FM are ferromagnetic electrodes &nslan insulating barrier, which has to be homogenous and compieteme-

barrier of ~1-2 nm n thlck_ness. M.OSt of the research hastallic Al leftover). The use of thinner and thinner barriers has
been undertaken on insulating barriers based on an Al layer

S - . . ) . also reopened the question of how to rule out the presence of
which is oxidized after being deposited by either natural oxi- . : :
dation in ait plasma oxidation (oxygen glow pinholes(direct metal-to-metal microshojtsThe recent ob-

dischargi294or oxidation in pure oxygel Although the servation _of very hlgh ballistic mag_ngtoresstaniMR) up
: o ; to 300% in magnetic nanocontats?® suggests that pin-
first room-temperature junctions were prepared using natur ! . '

S T : oles might enhance the device performance by simulta-
oxidation of Al in air; it was soon found that plasma oxida- neously contributing 1o its high MR and loRx A. Rowell
tion is more reliable for MTJs with high TMR Other oxi- y 9 9 '

dation strategies, such as ultraviolet—light—assistedand others developed during the 1960s a set of criteria to
. 15_16 T . ascertain that tunneling is the dominant mechanism in junc-
oxidation; also achieve high-TMR values. : ithat | ducti | 49 Th
MTJs with TMR above about 40% at room temperaturetIons wit a_t e.ast one supercon uctits) electrode: nree
and adjustable resistance-area produits A from 10° of these criteria are still used in FMFM structures{(i) an
Q um? to a few hundred um? can now be obtainetl 18 exponential insulator thickne$y dependence of the conduc-
which makes them suitable for MRAM applications.'How— tance,G(1); (ii) a quasiparabolic voltage/) dependence of
G; and (iii) a weak insulatinglike temperature dependence

ever, thermal stability up to~400-450°C is required to ) . -
cope with the standard backend process occurring durin (T)_‘ tho;ig?z(') and (ii) _have_ re_cently been shown to be
nreliable: For the third criterion, some results suggest

MTJ integration with a complentary metal-oxide- ) . .

semiconductor wafer,while the TMR signal usually de- that.plnh-oles y|§ld a mgglllcllke temperature dependence of
creases above 300 °C due to the polarization loss of the Col%e Ju_nct_lon resistance. '_I'heref(_)re,_ out of the three Row-

| criteria, only one, the insulatinglik&(T), seems to be

top electrode caused by Mim Mn-X exchange layerdiffu- el i
sion from the pinning laye®®~*! Recently, thermal stability still reliable. Recently, some of us have proposed a set of

has been improved up t380 °C (TMR=39%)1%-2'by the quality criteria for the identification of barrier shorts in

34
insertion of an FeQlayer of appropriate thickness between MTJs. .
the insulating AIQ barrier and the top pinned FM electrode. <T@y photoelectron spectroscopXPS™ " is an ex-
Low-resistance MTJs are also potential candidates for recellent technique for the analysis of thin insulating

. 14,20-21,23-25,37-4| in. H H
placement of spin-valve sensors in read heads, as recordirtjiers: _ fh XPS, in-coming monochromatic
X-rays are used to eject electrons from the sample. These are

collected and the binding energy of their atomic core level is
dAuthor to whom correspondence should be addressed; electronic mail'nferred from their kinetic energy. XPS has an energy reso-
xavier@ffn.ub.es !

bPermanent address: IIM-UNAM, Mexico City, D.F. Apartado Postal 70- lUtion that permits study O_f the Chemical sp.ecies. in the
360, Mexico. sample as well as the bonding stééither metallic or insu-
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AlO, ~ sion line (hv=1486.6 eV; incident angle of the beam: #5°
at a base pressure of XA0 1° torr, for War andWp asma
/ 8nm in both the thinnest and thickest areas of the wedge. We will
4nm I refer to them asW,ug(tay=4nm), Wyugr(ty=8nm),

_

\\\\\\\“\\W\\\“& X\I/PLASMA(tAIb:‘]: nn:j)baanELASIMA(_tA: 8 an)i-( E)/e'pth'dpro_
\\\ | \ 100 nm es were 0 tqlne y aim sﬂp ow-energy(4 keV, incident
& \ \\\\\\\\\\\\\\\\ at 459 sputtering process with a step of 18 s, as follgWs:
step 1 is the XPS surface spectrum, step 2 is the XPS spec-
FIG. 1. Bilayer structure of the Nb/Al wedges. trum after sputtering for 18 s, so that stepis the XPS
spectrum after sputtering for 18¢ 1) s. This etching pro-
lating) of a given element. This is suitable for the analysis of cess(ca. 5-10 nm per minuigtogether with the fact that
for egxamplg the relative. AIQAI ratio, which governsythe XPS has a probing depth about 5-10 nm, precludes the ob-
transport pr(,)perties of MTJs. As the, XPS signal is prc)por_servation of sharp interfaces and reduces spatial resolution.
; Energy calibration was performed by adopting thesC:are

tional to the number of out-coming p_hotoelectrons PET S€Cra el associated with the usual surface contamination layer
ond reaching the detector from a region about a few nano

. . ) indi =284. f The lat-
eters below the surface—i.e., from a distance equivalent t binding energ)Eg=284.8 V), as reference peaR The lat

. . ; . er procedure was also checked by the core level,
about th_ree times the inelastic mean free p:_:\the sample IS Whi(r:)h is related to ion implantatior): durir'ggltghe low-energy
usually ion-beam sputtered at low energy in order to gain aetching process
depth profile®® XPS has proved it can characterize the oxi- '
dation state at tunnel junction interfaé&€°and analyze the
performance of a variety of insulating barriers
(A0, ,AlZrO, , AIHfO,) % as a function of both the oxida-
tion conditions and annealing strategies, down to a total barl-

. . . ) . Il. RESULTS
rier thickness of 7 Alow-resistance junctionsXPS has also

suggested that oxygen migration from the Kei@serted Figures 2a), 2(b), and Zc) show the XPS spectra for
layer to the AIQ insulating barrier is responsible for the (Al+AIO,) 2p, O 1s, and Nb 3z, and 3, core levels
120-21 X il il il
enhan_cement of thermal stabﬂf&. . respectively, for sampl&/,r(t,=8 nm). Numbers indicate
This paper reports a quantitative XPS analysis of Nb/Aly,e g ttering step. The main general results are the follow-
v_vedge bllaygrs, OXId!Zed by both plasma apd natural ox@al—ng: (i) no Nb-O compound is detectable for any samfiie:
tion. The main goal is to show that the oxidation state—i.eere is always a metallic Al leftover for all samples, as
O:(oxidize)Al ratio—, structure and thickness of the S”rfaceexpected from the former Al thickness; typical values of the

oxide layer, as well as the _thic_kness of the metallic Al Ieft'_thickness of the AIQ barrier obtained from transport
over, as functions of the oxidation procedure, can be quantiz,aasurementd?3?  and high-resolution electron

tatively evaluated from the XPS spectra. This is relevant t()rnicroscop)]lz""l of MTJs lay within 1-3 nm depending on

the detailed characterization of the insulating barriers iny, ovidation conditions: antiii) some Ar implantation be-
MTJs, since, although XPS has been used qualitatively fo{:omes clear with increa,sed sputtering time

the analysis of these, there is not much quantitative informa-

L . From the experimental intensiiyotal area of an XPS
tion in the literature.

peak associated with a given core level of an elemdrj),

the atomic fraction of that element in the sam@¢j), may

Nb (100 nm/Al bilayers were dc sputtered onto Si sub- STl : e :
strates. The base pressure wasxi110  torr. The nominal CO=NGISHDIIEZHDISHD, @
thickness of the wedge Al layetr,, (Fig. 1) ranged from 4 where SF(j) are the atomic sensitivity factors for XPS,
nm (thinnest arepto 8 nm(thickest arep The Al wedge was which are tabulated for most of the chemical elements and
much thicker than the Al layers used in actual FNEM are directly proportional to the product of the scattering
junctions’=29-21in order to get a separation between thecross-sectiorr times the inelastic mean free pathassoci-
AlO, and Al layers in the XPS spectra. The deposition of theated with a given photoelectron core le¥&!® Figure 3a)
Al wedge started immediately after the deposition of the Nbshows the atomic concentration obtained from the XPS in-
layer was finished, in order to avoid any interface oxidationtensities[Eq. (1)] for (Al+AlO,), O, Nb, C, and Ar, as a
due to the oxygen remaining in the chambelhe wedge function of the sputtering stegand time, for sample
was made by positioning the substrate off center but stilMWp asma(ta=8 nm). Figure 8) shows a typical fitting of
parallel to the surface of the target. Samplg,r was ex- the intensities of the Al and AlQcontributions to the (Al
posed to ambient air for about two months. Samlg ssua +AlO,) 2p spectra. The oxide contribution shows the char-
was glow discharge@pg,=350 m Torr, 350 V dc bigsfor  acteristic symmetric peak, while the metallic one is asym-
2.3 h. These conditions were chosen to ensure saturation afetric due to the small-energy electron-hole excitations near
the Al oxide growth for both methods. The XPS spectra forthe Fermi levef® Figures 4 and 5 show the depth profiles
the O 5, Nb 3ds,,, and 3z, Al2p, C1s, and Ar P, obtained from the fitted Al and AlQcontributions, for all
and 2p4, core levels were recorded using the Al kkmis-  four samples.
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FIG. 3. (a) SampleWp asua (ta=8 nm): Atomic concentration obtained
from the XPS intensities for (At AlO,), O, Nb, C, and Ar, as a function of
10000% sputtering steggand time. (b) Typical fitting of the intensities of the Al and

AlO, contributions to the (At AIO,) 2p spectra.
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tering within the sample. XPS thus samples the element dis-
FIG. 2. SampléW,k (t5=8 nm): (a) XPS spectra for the (At AlO,) 2p tribution within a distance about\3cosé below the surface.
core I_evel,(b) O 1s core level, _anc(c) Nb (3ds/,+3dg),) core levels. Num- By assuming that in the present Nb/Al wedges, a homog-
bers in(a) indicate the sputtering step. Spectra showibinand (c) corre- enous AIQ |ayer of thicknessiox has grown on top of a
spond to exactly the same steps agan[from bottom to top. . )

homogenous, metallic Al leftover of thickneds,, Eq. (2)

leads to

IV. DISCUSSION [(AIO)/1(Al)=[p(AIO,)/p(Al)J[A(Al)/A(AIO,)]

The quantitative relation between the XPS intendity X [exptox/(Aa cOSH)) —1], 3

(number of photoelectrons per second in a specific peak %herep(AIOX) and p(Al), andA(AIO,) and A(Al), are the
the spectraand the concentratio@ (number of atoms per 555 densities and atomic weights of the oxide and metallic

cn) of a given element that is distributed throughout Al phases, respectively. Consequently, may be quantita-
sample of nominal thicknesd can be described by an ex- tively evaluated as

plicit function of the photoelectron escape depth, which is
written, omitting some parameters that depend on the experi-  tox=Aai €086 IN(R/IK+1), 4

mental setuge.g., illuminated area, x-ray flux, detector effi- \where the inelastic mean free path for Ab 2lectrons
ciency, as proportional t&7~>° may be estimated ash~3X[Kg/1386.6%7%~3.04
d nm,*®>=3 K¢ being the kinetic energyKg=hv—Eg; Eg
loc(\ cosf) 'S Ff C(z)exd —z/(\ cos6)]dz, (2) ~725-72.9eV is the expected binding energy Ab 2lec-
0 trons in metallic A), R=1(AlO,)/I(Al) being the intensity
where C(z) is the local concentration at depthfrom the  ratio of oxidized-to-metallic Al in step {surface spectrum
surface of the sample, and co$s a geometrical factor aris- andK=[p(AIO,)A(Al) /[ p(Al) A(AIO,)] being the ratio of
ing from the detector being placed at an anglérom the  atomic densities. The above expressionNas a function of
normal to the sample surfagtake-off angle;6=45° in our K stands for a phenomenological law that applies to a wide
experimental setyp The exponential factor variety of elements® Equations(3) and (4) apply, provided
exfd —z/(\ cosd)] measures the decay in the number of electhat exp—ts /(A5 Cc0SO)]<1, i.e., when the upper limit in
trons per second that reach the detector due to inelastic scdhe integral forl (Al) in Eqg. (2) may be substituted bye.
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FIG. 4. Depth profile showing the fitted intensities of the Al and AlO FIG. 5. Depth profile showing the fitted intensities of the Al and AIO
contributions to the (AFAIO,) 2p spectra, for samplegd) Wyg (t,  contributions to the (AkAIO,) 2p spectra, for sample@) Wpiasua (tal
=8nm) and(b) Wy (ty=4nm). t* indicates the sputtering time for =8 nm) and(b) Wpiasua (ta=4 nm). t* indicates the sputtering time for
which 1(AI0,) =1(Al). Solids lines—intensity as a function of sputtering Which I(AIO,)=I(Al). Solids lines—intensity as a function of sputtering
step—are a guide for the eyes. step—are a guide for the eyes.

thinnest part may be evaluated from H§), yielding dy
~3.2 and 2.2 nm for sample®¥/p asma (ta =4 nm) and
Wyr (ta=4 nm), respectively. Nevertheless, the values for

the nominal thickness of the former Al layer must be much . .
larger thank 5. Experimental support to this assumption is dy must be r(_agarded as an order of magnitude since, due to
Al the exponential factof1—exp(—da /(X cos)] t in Eq.

given by the fact that no Nb signal is detected in step 1 whe%(

the spectra are taken in the thickest area of the wedge. Equ S—?A’ISn;alIiglgnlztr'ogsv;:i;zgnfsmﬁg mti?;'“:;::;gé 32?ue
tion (4) yields to,=2.4 nm for War (ta=8nm) andt,, x) Y 9 Al

— 1.8 NM forWp(asya (L =8 NM), which is consistent with for the thickness of the former Al layety =to/8+dy, is

the values found in the literatufé?32*1Consequently, the consistent with the nominal thickness, (ty=4nm; ty
~4.1 and 4.6 nm for natural and plasma oxidation, respec-
AlO, surface layer is thicker for natural oxidation, taking i

into account that the oxidation conditions for both methods vely), provided the cell expansiofof the AIG, layer with
respect to the metallic Al layer is considered. The indepen-
were chosen to ensure saturation of the Al oxide

growth®123241) is assumed to be the same in both andent calculation ofe, andd, from Eqs.(4) and(5), respec-
. . L tively, and the fact that these values match the nominal thick-
AlO, matrix and a metallic Al one, due to the similarity of

X o ness for both oxidation conditions give further support to the
their kinetic energiesFig. 2a]. relevance of the quantitative XPS analysis of thin oxide lay-
When exp—ty /(N5 €0s6)] is not much smaller than 1, q y y

. ; . oers.
i.e., for the thinnest part of the wed@® nm), the Nb layer is Another calculation oft,, may be gained through the
already detectable even at step 1, and Bgno longer ap- A : .

. ; o . . depth profiles in Figs. 4 and 5. Ontg is determined from
plies since the upper limit in the integral fofAl) in Eq. (2) the thickest area of the wedge, the Sputtering (SfeR of
cannot be substituted by. Consequently, the thicknesg, ge, P 9

. the low-energy etching process can be evaluated as SPR
of the AlG, Iaye_r cannot be_evaluated from Hep. Equation =t /t*, wheret* is the time for which the oxide layer and
(3) is now rewritten, following Eq(2), as

the metallic leftover display about the same intensity, i.e.,
R/IK=[exp(tox/(Na CcOSH))—1] [(AlIO,)=I(Al). t* is larger for natural oxidatiori~35 s,
_ _ 4 while =17 s for plasma oxidationand leads to SPR
X[L=exp(—da/(ha cosO))] 7, ® ~4.1 nm/min forWur (ta=8nm) and SPR 6.4 nm/min
so that, by taking the value df, obtained for the thickest for Wp asua (ta =8 nm). Typical values of SPR are about
part of the wedg€Eq. (4)], the metallic Al leftoverd,, inthe 9.4 nm/min for bulk SiQ and 6.5 nm/min for bulk TiQ.*?

This is the case for those two samples with= 8 nm (thick-
est area of the wed@gand the latter inequality indicates that
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In the present article, the etching rate during the first stepsurfaces that plasma-oxidized Co/Al wedge bilayers give the
depends on both the structure of the Al@yer and thickness expected O:(oxidize)A+1.5 value for A}O;. Conse-
of the surface contamination layer, the latter also being dequently, ALO; is taken to calculat& for plasma oxidation in
pendent on the former(see beloyw As t*[Wur(ta Egs.(4) and(5), while AIOOH+ Al,O5 is assumed for natu-
=4 nm)]%t* [WAIR(tAI =8 nm)] a.nd t* [WPLASMA(IN ral OXidation.
=4 nm)|~t*[ Wp_asma(ta =8 nm)] (see Figs. 4 and)5t,, Native oxides of metals obtained by natural oxidation in
is thus independent of the former thickness of the Al wedgeair are known to be hydrophillic and porous at the sample
Since intensity depends quantitatively on concentration surface. @ can diffuse easily, which is probably the reason
Cin Eq. (2), Eq.(1) is valid provided all constituents in the why the oxide layer is thicker than for glow-discharged
sample are homogeneously distributed throughout a deptsamples. However, native oxides and suboxides also show
from the surface much larger than In a multilayered poor insulating properti€€, which precludes the formation
sample, the constituents are not homogeneously distributedf uniform, pinhole-free tunneling barriers. For example, in
so that Eq(1) gives an estimate of the atomic fraction as aNb/NbQ,/Nb tunnel junctions, some of the Nb suboxides
function of the depth. However, if the thickneisof a given  show metallic properties and lead to microshéfthere-
layer of an elemenj is not much larger than;, a better fore, in most cases the insulating barrier for MTJs does not
estimate forC(j) is now given by consist of the native oxide of the FM electrode: plasma oxi-
C()=[1(DF(ISHDIIZ1()DF()HISK))], (6) dation of an intermediate metallic layer is a more reliable
technique for high TMR. In addition, native oxides of metals
whereDF(j) is a factor that accounts for photoelectron gen-generally form oxide and oxide-hydroxide surface com-
eration taking place in a finite volume of the sample, a”dpounds(e.g., AIOOHH+ Al,05), and a thick surface contami-
reads nation layer adds to the samplie more porous, the thicker
DF(j)=1[1—exg —t;/(\; cosh))]. (7)  the surface contamination layers seen in Figs. 4 and 5.
Here, the intensity in step 1 for natural oxidation is much

; ) ) smaller than in step 2, which is not the case for plasma
Eg. (2). Given the nominal thickness of the Nb layer and Al i4ation. On the contrary, “artificial” oxidation, e.g., glow

w_edge, Eq(6) _Ieads to results very similar to those shown in discharge, leads to a more compétensey and thinner sur-
Fig. 3(@) [obtained frpm Eq(l)]. L face oxide layer, close to the expected value O:(oxidize)Al
XPS. may also give an estimate of th.e QX|dat|0n state by_ 1.5* which acts as a passivating layer: as it grows more
calculating the GD)fldlze)AI ratio. This ratio is computed in compact, it avoids further Odiffusion. Consequently, the
step 2 (after _cqunmg of the sample surfagﬁar samples surface layer of contamination is also thinner since the C-C,
WyR - 'By tak!ng mto accoynt the exponent'|a.| decay pf theC-H, and O-H(and many othergroups cannot add to the
XPS signal with thickness in E@2), the O(oxidize)Al ratio surface so easilyFig. 5). As a result, SPR for plasma oxi-

may be expressed as dation is in agreement with the bulk values for the typical
O:(oxidize) Al=Cqo/Cp (8) oxides (SiO, and TiO,) used for calibrating XPS depth
profiles?? while SPR for natural oxidation is underestimated
due to the surface contamination layer. Therefore, the struc-
Coxl(O)[1—exp(—to/(No cosh))] /s Fo, ture of the oxide layer determines the thickness of the surface
_ 9 contamination layer. This results in higher-sputtering rates
Cal (A0, )[1—exp —to/(Aa c0s8))] Y/SFy, © during the first steps for plasma oxidation, while the inverse
where the proportionality in Eq9) results from that in Eq. result should be expected since artificial oxidation yields
(2), SF5=0.733 andSF, =0.256 are the sensitivity factors more compact surface oxide layers than the porous native
for O 1s and Al 2p, respectively, and\o~2.3 nm is the oxides obtained in aifthe etching rate of a given compound
inelastic mean free path for O sl electrons Eg is inversely proportional to its average denksity
~531.0 eV) ¥-3¢ Equations(8) and (9) give O:(oxidize)Al Jonsson-Aermanet al. recently showetf that S/I/FM
~1.6, 1.8 forWur (ta=4 nm) andW,g (t,=8nm), re- junctions that display paraboliclike conductance versus dc
spectively, thus suggesting that natural oxidation leads tbiasG(V) in the normal statéusual “proof” of tunneling,
both AIOOH and A}O; at the oxide layer. The oxidation may show either the Andes reflectiof**° (microshorts or
state cannot be evaluated in step 1 since the thickness of tlilee Bardeen-Cooper-Schrieffer-type density of stétiesnel
surface contamination layel.—which gives a further expo- conduction, at low temperatures. Therefore, the fit@fV)
nential decay of the XPS signal—-needs to be known in ordein the normal state either to the Brinkman-Dynes-Rowell
to compute O:(oxidize)A[Co/CaJA, with A=exp  modef® or to the Simmons’ modé&fis not a proof of tunnel-
[—d./(\a cosO))exd —d./(\pcosh)], and, even more im- ing and does not rule out the existence of pinholes in the
portantly, the O signal would also be partially related to theinsulating barrier. The typical example of FMS junctions?
surface contamination. It is thus assumed that E8sand  with an insulating barrier displaying pinholes was an Al layer
(9) apply in step 2 after cleaning surface contaminationoxidized in air, while plasma-oxidized Al usually resulted in
However, this is not the case for plasma-oxidized sampleactual pinhole-free tunnel barriers. However, the recent ob-
since the sputtering stefl8 9 is already too large t{ servation of very high MR at room temperature in metallic
~17s) and part of the AlQlayer has already been etched nanocontact§~2° raises the intriguing question of whether
out in step 2. LeClaiet al}* showed byin situ XPS on clean  conduction through pinholes might actually contribute to MR

Equations(6) and (7) are also qualitatively justified by

and
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