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Evidence for a large enrichment of interstitial oxygen atoms
in the nanometer-thick metal layer at the NboO /Nb (110) interface
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The oxide/metal interface induced by surface segregation of oxygen during the annealing of a Nb
single crystal in UHV has been studied by photoemission spectroscopy with synchrotron radiation.
With 260 and 350 eV photons, four well-resolved peaks, C, D are found in spectra within the
200-210 eV range of binding energy. One couple of péakandC) is associated with &2 and

3d%2 core levels of Nb atoms in the metal while the other 6BeandD), shifted by 1.4 eV when
compared toA and C, corresponds to @ levels of oxidized Nb atoms. The metal pealat 202.3

eV is formed by three 8%? components: a peak due to a metallic st€262.1 eV} and two
components shifted by 0.2 and 0.5 eV, which are attributed ONdnd N O compounds due to
interstitial atoms of oxygen, respectively. The estimated concentration of the interstitial oxygen
atoms in the nanometer-thick metal skin underlying the NbO/Nb interface corresponds to a large
enrichment when compared to the one in the Nb bulk. 2@2 American Institute of Physics.
[DOI: 10.1063/1.1473699

I. INTRODUCTION Photoemission spectroscopy through measurements of
the binding energy shift of core levels has proven to be an
It is well known that impurities located in crystalline excellent tool for studying the chemical state of atoms near
materials induce changes in many of their properties. Fometal surfaces. This core level shi@LS) was used to probe
example, mechanical properties of several bcc metals sufféhe modifications of the electronic density of atoms within
drastic modifications in the presence of hydrogen atoms ithe surface layer due to the presence of the sulfdtas
interstitial sites since they become britti@he temperature Well as the one induced by adsorbed impuritgor nio-
of the normal/superconductor transition also depends on theium, the CLS induced by the surface was studied on Nb
impurity concentratiod. On the other hand, thermal treat- (001) and Nb (110 faces by using high resolution photo-
ment of these materials often provokes a redistribution ofMmission with synchrotron radiatidfi* For a clean(110)
impurities within the sample. In particular, some impurities NP surface, the shift towards higher binding energies attains
o . ” ; : 180+ 15 meV!* For oxygen adsorption on Nb surface and
in interstitial positions migrate at relatively low temperatures—-© Y9 puo k
(T~0.2 Tm with Tm the melting temperature of bylkand thin overla.ye.rs (gf Nb oxides, few studies were reporteq using
segregate into one-dimensional or two-dimensional defect§! K@ radiation”In contrast, Nb & CLSs for several kinds

as dislocations, surfaces and grain boundarkest niobium, of bulk oxides were investigated mainly by using 1486 eV

iati 15-18 H
several studies have shown that a single crystal annealed %?oton Al Ker rad@ﬂor). These studies Fiemonstr_a te
that the energy shift of @ levels of Nb atoms involved in

1200-1800 K in UHV presents a surface covered by a thin . o S ) S i
. . oxides with different stoichiometries varies linearly with the
overlayer of oxide due to segregation of the oxygen con

T 9
tained in the bull~8 Recently, Hellwig has studied the oxi- Nb valence!

. . In this article, we present results of photoemission spec-
ia_“"”_og gth_mk I\rl]b Iay%(Z(_)O—SOO nm her?te(:]_atk450—6f00h troscopy with synchrotron radiation, which give evidence of

In air.” buring t_ € oxidation Process’ the t ',C ness of they, o presence of interstitial oxygen atoms near the NbO/Nb
Nb,Os overlayer increases while the underlying metal be-yiortace The oxygen concentration is also estimated.
comes thinner. This metal was found to contain a high den-

sity of interstitial oxygen atoms.

Il. EXPERIMENT
aAuthor to whom correspondence should be addressed; electronic mail: Measurements were performed in the 'pho.toemission
cousty@cea.drecam.fr chamber(base pressure of 1210 1° mb), which is con-
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Downloaded 30 May 2002 to 132.166.25.75. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



9320 J. Appl. Phys., Vol. 91, No. 11, 1 June 2002 Arfaoui et al.

B A
=
= D =
£ C =
3 .
5 =
5 i)
>
=
Z Z
e 2
Qo c
£ =
™ om om
REERERLE RN R R R R RSN R RN RE R RERE R REan]
20 209 208 207 206 205 204 203 202 Binding Energy (eV)

Binding energy (eV)

FIG. 2. Decomposition of peaki and B due to different Nb &°? levels

FIG. 1. Typical spectrum of & Nb levels from an annealed NH10) sur- qriginating from atoms in the underlying _metal a_nd in the oxide, respec-
face with 260 eV photons at normal collection of photoelectrons. Paaks tively. At least three components are required to fit the peak

(202.3 eV and C (205.1 eV} correspond to 8%2 and 31%? levels of Nb
atoms in the metal. PealBs(203.7 e\f andD (206.5 eV}, shifted by 1.4 eV
from peaksA andC, are attributed to 8 levels of Nb atoms in the oxide

overiayer 3d%2 states of Nb atoms in the metal, respectively. Peiks

andD, also separated by 2.8 eV, appear shifted in energy by

1.4 eV from metal peaks. As a consequence, p&a#adD
nected to line SA 73 at Lur@rsay. The samplga 2-mm-  are attributed to 8 levels of Nb atoms in the oxide layer
thick disk with 6 mm in diamet@mwas cut in a single crystal with a stoichiometry close to NbO since for a bulk NbO
of Nb (Goodfellow). Then, it was mechanically polished and compound this shift attains 1.8 é%1°We point out that the
chemically etched. The surface orientation was checked byery low mean free path of photoelectrons with a kinetic
x-ray back diffraction(+0.5°). Estimation of the crystal pu- energy equal to~55 eV for 260 eV photon minimizes the
rity by resistivity measuremerffsgives an overall concen- contribution of photoelectrons from bulk Nb atoftsAs the
tration of impurities of 300—400 ppitmainly oxygen. After  resolution of our experimental setuypically 200 meV is
etching in a mixture of acids (HF:1,HNOL,H,PQ,:2), the  similar to the one used by Strislared al,'* we expected a
crystal was rinsed with de-ionized water and dried under @80—220 meV width for the @2 level from a Nb crystal
flux of pure nitrogen before being mounted on the samplesince they have a measured 180 meV width for the bulk
holder. In vacuum, the surfaces were further cleaned bgomponent. As peak exhibits a 600 meV width, we infer
many cycles of Ai- sputtering(1 keV) and annealing at that several components shifted in energy are present. Sev-
temperatures in the 1200—1500 K ran@gpical duration eral attempts to get a consistent analysis of the full setdof 3
20-30 min. Nb spectra were made with an increasing number of compo-

Photoelectrons are analyzed with a hemispherical anaients. In these conditions, the NH 3et is decomposed in, at

lyzer (WSW 125. As the analyzer is fixed, a variation of the least, seven couples of different Nl and 31%? compo-
angle of photoelectron collection induces change in the incinents. Figure 2 gives the components associated Aviind
dence angle of photons. The overall resolution of the experiB peaks. We check that this analysis is valid for all the spec-
mental setup is 20620 meV including the dispersion in the tra obtained with 260 eV photons at 90° and 45° takeoff
Fermi level positions. Analysis of 8 Nb peaks was per- angles and for the spectra taken at 350(8%°). Focusing on
formed from eight photoemission spectra taken with 260 andhe 3d°? level, we found that, at least, three peaks are re-
350 eV photons and at 90° and 45° emission angles. Alfuired for fitting peakA. Binding energies and widths of
these spectra were fitted with line profiles having a constarthese three peaks are gathered in Table |. RBakriginat-
3d°%3d%? splitting (2.75 eV}, a constant branching ratio ing from Nb oxides will be discussed elsewhétdn this
3d%%3d°? equal to 0.5 and an asymmetry factor for each
profile (0.04).

TABLE . Binding energy and width of the Nbd$'? levels composing peak

A. This decomposition also fits several photoemission spectra taken with
IIl. RESULTS AND DISCUSSION 260 and 350 eV photonBBinding energies of Peak (3d%? levels are not

Figure 1 presents a typical photoemission spectrum O?ps?zrted since they are deduced by a rigid shift of the binding energy from
d>* levels]
the Nb 3 levels of a Nb(110 sample annealed at 1400 K evels]

for ~20 min with 260 eV photons. This spectrum exhibits Nb 3d5? Peak 1 Peak 2 Peak 3
four peaksA, B, C, D at the following binding energies: —

) Bind 202.3:0.1 202.5:0.1 202.8-0.1
202.3, 203.7, 205.1, and 206.5 eV, respectively. PAaREA ey moes w0 s eoosd

C, separated by 2.8 eV, are associated with th€?3and
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E 1 = % >I>I> > : <18 | i e
c L’; W b dence with the valence of Nb atortis® Using this linear
e P variation as an abacufig. 4), we deduce from the binding
2 : energies of peaks 2 and 3, the corresponding valence state of
> Nb atoms in the metal. Taking in account the dispersion of

] Phs (a) published studies, the deduced valence state of Nb atoms in
the metal corresponds to NB compounds withx=7+2

7 v and 4=+ 1, respectively. As oxygen atoms occupy interstitial
sites in the bce Nb lattic& we infer that the shifted Nb @
204 202.5 levels in peakA could correspond to NJ© and NQO com-
Blndlng energy (eV) pounds associated with the octahedral and tetrahedral sites,

respectively(Fig. 5. Therefore, our analysis of photoemis-

FIG. 3. Variations of the intensity of peals and B upon changes in the sion spectra ShOWS_ that oxyge_n d!SSOIVed in a Nb single crys-
angle of collection and energy of photora} Collection angle 90°, photon  tal segregates during annealing in UHV and forms a NbO-
energy 260 eV{b) 45°, 260 eV;(c) 90°, 350 eV. like overlayer covering a thin Nb metal layer enriched with
interstitial oxygen atoms. The presence of these niobium/
oxygen compounds in thick samples oxidized in air was pro-
spectra analysis, peak 1 corresponds well to the bulk Niposed from x-ray measuremeffsRecently, NGO phase has
peak obtained by Strislaret al,'* while peaks 2 and 3 are also been detected in strongly oxidized thin Nb films depos-
shifted by 0.2 and 0.5 eV towards higher binding energyited on sapphiré.
from peak 1 and present a larger width than peak 1. On the Furthermore, the high intensity of peaks 2 and 3 when
other hand, relative variations of intensity of pegkandB  compared to the one of peak 1 due to Nb atoms in the bulk
when angled and photon energy change, give information onsuggests that the interstitial concentration could be high. As
the stratification of the NbO/Nb system. For example, thethe metal is covered by a thin oxide film, we roughly esti-
intensity of peakB increases upon increasirtgwhen com-  mate this concentration from calculations based on the rela-
pared to that ofA, which demonstrates that this peak origi- tive attenuation of peaks 1, 2 and 3 when both takeoff angle
nates from Nb atoms located near the surface saffffite ¢ and photon energy var§Fig. 6). So, the intensity of pho-
3). Consequently, we deduce that the oxide layer covers themission signal associated with one kind of Nb atom situ-
metal in agreement with scanning tunneling microscopyated in theith plane from the referencé, is given by the
(STM) observationé>??As the oxide layer covers the metal well known relation
surface, peaks 2 and 3 cannot be related to surface core level . . .
shifts of Nb atoms as observed on clean (400).2* There- I'=lrerexp(—(d.i)/A sin0) @
fore, they originate from Nb atoms in the bulk metal. Thewith I the intensity of photoemission signal of the refer-
shifts of peaks 2 and 3 when compared to peak 1 are theence surfaced the interplanar distancgd.i) corresponds
caused by the presence of impurities within the bulk. Takinghen to the depth of emitting Nb atoms from this referdnce
into account the oxygen segregation, we will consider thah, the mean free path of photoelectron, atthe angle of
these chemical shifts are related to the presence of oxygen oollection. In absence of clean Ni10 surface, we take as
the metal as supported by both our Auger spectroscopq reference the interface between the oxide layer and the
dat&? and previous measuremeft$ metal?! For 260 eV photons) is equal to 0.4 nm as calcu-
Several photoemission studies on bulk Nb oxides havéated from relations given by Ref. 25. For convenience, we
clearly established that thed3CLS presents a linear depen- consider that the metal contains two kinds of Nb atoms:
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FIG. 6. Schematic model for calculation of the O concentration in the thin
metallic skin below the NbO/Nb interface. The sample is formed by a stack-
ing of Nb planes. Photoelectrons from thd®# level of Nb atoms in the
metal, which present an electronic structure perturbed or not by oxygen
interstitial atoms, are attenuated by the oxide overldggeakA). The 3?2

level of Nb atoms in the interface layer and in the oxide films gives the
shifted peakB.

Finally, free surfaces are often considered as models for
internal interfaces between grains in a polycrystalline
sample. From these results, we infer that long annealing at
low temperatureg~500 K) of Nb plates containing a few
FIG. 5. Geometric models showing the octahedealand tetrahedra(b) imerStitial oxygen atoms_ provokes their segregation towards
interstitial sites in bce crystal. Empty circles are for the interstitial sites. boundaries between grains and surfaces. As large amounts of
oxygen can be accumulated in these defects, local modifica-
tions of many Nb properties are expected. In particular, the

those close to an interstitial atom of oxygen labeled,Nb ~Superconductivity/normal transition temperature, which de-

and those surrounded by Nb atoms pbin a layer by layer pends drastically on the impurity concgqtrat?@rt;ould dg—
description of the metal, the intensity of emission from Nbcrease. In some cases, superconductivity could vanish out

i i : interface. As a consequence, the oxygen segregation at metal
=Xt (1=X) .- 2 surfaces and grain boundaries would degrade performances

In this equationx is the fraction of Nb atoms influenced by of Nb devices as Josephson junctither high frequency

an interstitial within the pland,,,, corresponds to the emis- Superconducting celfS.

sion intensity of & levels of Nb atoms influenced by an

interstitial in the plane and1'y, the one of Nb atoms with

only Nb as first neighboréFig. 6). As the distance between

neighboring(110) planes in Nb is equal to 0.258 nm, the |v. CONCLUSION

probed Nb layers present a limited thickness nm because

of the small value of. By combining relationg1) and (2) In conclusion, we have presented an investigation of Nb
with the area of peaks 1, 2, and 3 for different angles of3d level shifts at the interface between niobium oxide and
collection with 260 eV photons, we obtais0.5=0.1. Con-  Nb (110 by using photoemission spectroscopy with synchro-
sidering that one interstitial atom of oxygen perturbs aboutron radiation. Analysis of these core level shifts reveals the
five neighboring Nb atomgmean value between O and presence of oxygen atoms located in interstitial sites in a
Nb,O), the atomic concentration of oxygen in the metal layernanometer-thick Nb layer located below the metal/oxide in-
near the NbO/Nb surface reached0%. We point out that terface. The estimated oxygen concentration reaches 10%.
this value measured in a nanometer-thick metal layer at th&he origin and some consequences of this large enrichment
NbO/Nb interface is at least 200 times the oxygen concenin interstial oxygen atoms near the NbO/Nb interface are
tration in bulk. Such an oxygen enrichment in the thin skindiscussed. In particular, such a high concentration of oxygen
of the metal could be favored by the stress due to the misfihear interfaces induced by annealing at very low temperature
between the Nb@111) lattice (fcc) and Nb (110 (bco as  (about 0.2 Nb melting temperatyreould explain some lim-
illustrated by local changes in the nanostructure of the thirited performances of devices made in polycrystalline nio-
NbO overlayer observed by STR. bium.
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