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Ordered oxygen phases in epitaxial NfL10) layers
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Synchrotron x-ray diffraction studies during the atmospheric oxidation of epitaxiél1@pthin films at
elevated temperature reveal the formation of highly ordered oxygen phases within {hEONhttice. The
oxygen is stored on interstitial lattice sites leading to an out-of-plane expansion of up to 4.3% without
destroying the basic structure of the Nb host lattice. During a complete oxidation process of a 5000 A Nb layer
we observe the formation of a nonordered lattice gas phase succeeded by a well defined sequence of oxygen
superstructures until finally the whole film is transformed into amorphouyONb
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Understanding the oxidation behavior of thin metal films The Nb films were grown om-plane sapphire substrates
is an important issue, not only to prevent oxidation, where itoy molecular beam epitaxfMBE) at 900 °C with a rate of
is not desired, but also to control it for tailoring specific 0.5 A/s. Subsequent annealing of 20 min at 950 °C provides
sample designsOne central goal is to influence and modify additional smoothening of the surface and the interface.
the properties of oxygen/metal compounds in order to creatsitu reflection high energy electron diffractio(RHEED),
new materials for future applications. To this end it is impor-LEED and scanning tunneling microscopTM), as well
tant to understand the evolution of the oxidation process esasex situXRD confirm the high quality of the Nb films with
pecially in thin films. The oxidation of Nb has been studieda surface and interface roughness of less than 10 A, a surface
in the past because of its technological importance as a stiscut of about 0.7° and a mosaicity between 6.02°
perconducting materf&l® and as a tunnel barrier in nano- depending on the Nb film thickne$3After growth the Nb
electronic device&® films were exposed to air to form the initial surface oxide
It is well known that oxygen forms a surface reconstruc-l@yer. Subsequent oxidation at elevated temperatures
tion on NK110), which has been characterized in detail by (100-500°Q in air leads to the formation of the ordered

Sirgers and Lneysef® via low energy electron diffraction oxygen phases within the Nb. In order to monitor the oxida-

(LEED). Also the presence of oxygen in the Nb matrix as ation process in detail, the films were oxidized in small time

non-ordered lattice gas is well establisfedHowever, or- intervals and subsequently cooled to RT to stop any further
dered phases of oxygen within the Nb lattice have not beerc]mdatlon during the x-ray characterlzatlon. The x-ray data
S I ere taken at the W1 beamline of the HASYLAB at DESY
observed, in either bulk or thin film samples. Here we revea Germany.
the formation of highly ordered oxygen phases forming dur-\ye toind that Nb thicknesses of a few hundred nanom-
ing the atmospheric oxidation of epitaxially grown b0 giers and oxidation temperatures 8800 °C are good pa-
films using synchrotron x-ray diffractio(KRD) techniques. ameters to observe, control, and separate the ordered oxygen
We find a succession of distinct ordered oxygen structureghases during the oxidation procedsl(**N, ay)*2C nuclear
which modulate the Nb host lattice without destroying it.  resonance reaction profiling excludes the presence of any
Our earlier studies have shown that oxidation under norhydrogen in the Nb or Nb oxide films,and RBS and XPS
mal atmospheric conditions at room temperat{R&) leads  studies observe the presence of only Nb and oxygen within
to the formation of an amorphous, passivating,@blayer  the system at any stage of the oxidation process.
with a thickness o=50 A. Reflectivity studies reveal that For all investigated samples we observe the formation of
the interface between the oxide and the metal film is verya nonordered oxygen lattice gas phase as a first stage after
sharp. At elevated temperatures above 100 °C the Nb oxidaeactivating oxidation at elevated temperature. The nonor-
tion is reactivated. In contrast to the RT experiments we dered phase can be identified by a continuous shift of the
observe a dissolution of oxygen in the remaining(MNit) Nb(110) Bragg reflection to lower angles reflecting a lattice
layer as a lattice gas, leading to an uni-directional latticeexpansion of up t&A=1.5%. In a second stage the (40
expansion of up taA,,=4.3% in out-of-plane direction. reflection splits into two phases. In addition to the non-
In-plane the Nb film is pinned to the sapphire substrate withordered lattice gas phase we observe the appearence of a
no lattice parameter change. Above a certain concentratiosecond phase with a fixed lattice expansiomef3%. Par-
the oxygen is ordering within the Nb matrix resulting in well allel to the splitting of the Nb Bragg reflection a character-
defined XRD superstructure patterns. After the Nb lattice igstic superstructure pattern develops with additional Bragg
saturated with oxygen we finally observe an unlimitedreflections at+1/2 with respect to the N&10 position as
growth of the amorphous NBs layer. In this communica- shown in Fig. 1. The corresponding real space structure is
tion we focus on the ordered oxygen phases that evolve frortlustrated below the Bragg scan in a one-dimensional model,
the random lattice gas phase with increasing oxygen concenvhere a row of oxygen is added in between every other Nb
tration. lattice plane. This oxygen superstructure is commensurate
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FIG. 1. Top: Bragg scan of the half order phase of a 4000 A FIG. 2. Top: Bragg scan of the saturation phase of a 4000 A
thick Nb layer afte 5 h of oxidation at 290°C in air. Bottom: thick Nb layer after 16 h of oxidation at 360 °C in air. Bottom: First

Corresponding real space oxygen modulation in a one-dimension&PProach of a simple one-dimensional real space model.
model.

slightly disturbed. Such perturbations might lead to the addi-

with the Nb lattice. The oxygen modulation period is twice tional observed asymmetric reflections.
as long as the N110 lattice spacing and gives rise to an  Having reached the saturation phase, further oxidation
out-of-plane lattice expansion d&f=3%. causes no more changes of the superstructure pattern, but

Further oxidation at elevated temperature leads to a coexeduces the intensity of the saturation phase superstructure
istence of less stable and more complex ordered pHases peaks. The intensity loss is due to the g growth front
will come back to those lateuntil a saturated state with a which steadily pushes itself forward towards the sapphire
characteristic out-of-plane lattice expansion&o¥4.3% is interface, thereby reducing the scattering volume of the re-
reached. The diffraction pattern of the saturation phase isaining ordered oxygen structure.
shown in Fig. 2. It consists of six different superstructure Usually we observe a superposition of different ordered
reflections, four symmetric and two asymmetric ones. Theoxygen states due to an oxygen concentration gradient within
symmetric peaks appear at the positi@ds (27/d(110)(0  the Nb film. The presence of each phase depends not only on
+7), Q=(27/da10)(1=7), and Q=(27/d110)(2—7) the oxidation time, but also on oxidation temperature and
with 7=3/5. The asymmetric peaks are closer to the Nb refilm thickness. For some samples we could observe three
flection, namely, at the positions 0.933 and 1.2 in units ofseparated N{110) reflections corresponding to the three dis-
Q=2m/d(110), corresponding ta=—1/15 andr=+1/5, re-  tinct phases; the nonordered lattice-gas phase, half order
spectively. phase, and saturation phase, which are present at different

Starting from the half order phase, the system has to indepth within the Nb layer due to the finite oxygen diffusion
corporate more oxygen into the Nb lattice without destroyingvelocity. In addition, intermediate states with an oxygen
the long range order of the oxygen up until saturation isspacing in between 110y and 5/2lyy(110) have been ob-
reached. This requires a regular reduction of the separatioserved. An example is shown in Fig. 3. We observe both the
between the oxygen planes. In the saturation phase six inwo half order and the six saturation phase reflections
stead of five equally spaced oxygen planes are integrated imarked by arrows In addition we observe a continuous
between ten N(.10) lattice planes as shown in Fig. 2 below intensity distribution with sharp cutoffs starting at the sym-
the Bragg scan. This modulation results in superstructure renetric saturation phase superstructure peaks and reaching
flections atr=3/5, which are indeed observed as sharp peakbalf way to the half order reflectiori¢these areas are dotted
in Fig. 2. The exact origin and asymmetry of the two addi-at the bottom scale of Fig.)3The sharp intensity cut-offs at
tional broader reflections closer to the (b0 peak are not 7=*3/5=12/20 and 11/20 indicates that at an intermediate
well understood as yet. In contrast to the half order phasestage all oxygen periods in between 20/11 and 20121,
the real space one-dimensional model of the saturation phasge possible. Thus we obtain the following sequence of oxy-
incorporates oxygen planes not only symmetrically in thegen states within the Nb lattice: random oxygen lattice gas
center position betweeen two Nb planes, but also in leséormation (A=0-1.5%), half order phas€A=3%, r=1/2
symmetric positions close to the Nb. As a result the equilib-=10/20, continuous phas@A=3-4.3%, r=11/20-12/20,
rium position of the oxygen and also Nb planes could beand saturation phag&=4.3%, 7=3/5=12/20.
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FIG. 3. Specular Bragg scan along that-of-planespecular rod FIG. 4. Oxidation of a 5000 A thick Nti.10) film. Off-specular

of a 5000 A thick Nb film afte 4 h of oxidation at 370°C in air. Bragg scans with a 0.5° tiltquicker scanning possiblebefore,
Around the half order position superstructure reflections of bothduring and after complete oxidation of the Nb layer. The different
half order and saturation phase are visi@eows. In addition two ~ Scans are vertically shifted with respect to each other for better
regions of continuous intensity with sharp cutoffs appear. They aréomparison.
marked by a dot pattern at the bottom scale.

. . stitial lattice sites. Occupying more and more of these sites,

Finally we want to prove that the observed lattice expan%he oxygen begins to form a characteristic sequence of sys-
; ) . . ematically ordered oxygen configurations. The Nb-Nb
oxygen in the NEL10) lattice only. Elgqre 4 ShQWS 0.5° off- dLa)lond:; remain stable in t%/gse statesgand the oxygen possesses
specular Bragg scans of a 5000 .th'Ck Nb film before an certain mobility. At some critical oxygen concentration the
after d|f(fjerent r;eatlnr?b(_:yclesl athhlghm temr;;)lera_tures. hTIhe aRIb(llO) lattice is saturated. Additional oxygen supply breaks
Itohr: gaargphizng)z:k?zténgistyoig )f/atdeedd%u?br:caeuc:g rgf \i,:s In(zlrrothe Nb-Nb bonds and Qestroys the(aen Ia}tticg. This is the'
mosaicity due to off-specular scanning. Afé h of oxida- Yhal step of the oxidation process, resulting in the fo_rmapon
' of amorphous N§Os. In this step the Nb-Nb interaction is

tion at 370 °C, the NE10) reflection has shifted to the IOW being transformed from a metallic into a Nb-O ionic bound

sQu Srlec:(satr%fc:l:lree sagft)grl:]e ;eagafsos:\g har(n)? é?(ie dg;'g;af;eemt'gtate. Additional experiments show that oxidation and subse-
P P PP : uent UHV annealing allows one to prepare single phase

superstructure is sill present. In the final step we heated t.h aterials with one selected and particular oxygen superstruc-

sample for 8 min at 500 °C, which leads to a complete oxi- -
dation of the remaining Nb film. With the Nb10) reflection ture as shown in Figs. 1 and 2. These oxygen superstructures

might lead to novel classes of materials with unique proper-

the co_mplete superstructure dlsappears_ as well a_md only tQF‘es, which can be precisely tailored via their oxygen content.
sapphire substrate reflection remains visible. This provides

evidence that the superstructure neither originates from the We would like to thank J. Podschwadek for tech-
sapphire substrate nor from the capping,®b film. As a  nical assistance in Bochum, B. Hjarsson for the
consequence the observed reflections can only be caused BKH(*®N,ay)?C nuclear resonance reaction measurements,
the oxygen within the N@d.10) layer. K. Theis-Branl for several fruitful discussions and the HA-

In conclusion we have shown, that the thermally reacti-SYLAB Hamburg for hospitality during our beam times, es-
vated oxidation process in epitaxially grown (b0 thin  pecially W. Caliebe and O. Seeck for their important help
films exhibits new features compared to Nb single crystals oduring our measurements at the beamline W1. This work
polycrystalline/amorphous thin films. We could identify or- was supported by the Graduiertenkolleg “Dynamische
dered oxygen superstructures within the Nb layer. The disProzesse an Festigeroberflahen—Adsorption, Reaktion
covery of these phases provides a new viewpoint concerningnd heterogene Katalyse” and the Sonderforschungsbereich
oxidation processes in thin epitaxial films. In a first stage558 “Metall-Substrat Wechselwirkungen in der heterogenen
oxygen is incorporated into the Nb lattice on random inter-Katalyse.”
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