Chem. Mater2006,18, 5351-5354 5351

Experimental Assessment of Structural Differences between
Amorphous and Amorphized Matter

Thomas Hahe*

Leibniz-Institut fu Oberflachenmodifizierung e.V., Permoserstrasse 15, D-04318 Leipzig, Germany

Frank Schrempel

Institut fir FestKaperphysik, Friedrich-Schiller-Uniersita Jena, Max-Wien-Platz 1, D-07743 Jena,
Germany

Michael Grodzicki
Institut fir Mineralogie, Uniersitd Salzburg, Hellborunner Strasse 34, A-5020 Salzburg, Austria

Peter A. van Aken
Max-Planck-Institut fu Metallforschung, Heisenbergstrasse 3, D-70569 Stuttgart, Germany

Frank Heyroth

Interdisziplinaes Zentrum fuMaterialwissenschaften, Martin-Luther-Urarsit& Halle-Wittenberg, Hoher
Weg 8, D-06120 Halle, Germany

Receied March 16, 2006. Résed Manuscript Receed July 17, 2006

The atomic structure of amorphous matter as well as its relation to properties constitute key materials-
science challenges of tomorrow. High-resolution transition-mesal dlectron energy-loss near-edge
structure spectroscopy in the transmission electron microscope at a barium titanium silicate glass and its
amorphized counterpart, prepared by ion irradiation of a single crystal of identical composition, is shown
to be capable of distinguishing different cation coordination. The introduced methodology is able to
separate polyamorphous phases at nanometer spatial resolution and hence of greatest relevance for the
experimental assessment of structural preconditions for sintering of ceramics and controlled devitrification
of glasses.

Introduction of the core potential causing a shift of the entire ionization
edge toward lower energy lossedhe introduction of
aberration-corrected transmission electron microscopes has

gmade EELS studies utilizing sub-nanometer beams vfable.

wetting layers at grain boundaries) becomes increasingly However, is 'Fhis e_xcel_lent tool applicable to discriminate
important for controlling device functions. In this respect, a Structural variants in disordered matter?

technique capable of assessing valence and coordination of In due course, we shation the basis of high-resolution
cations in conjunction with a high spatial resolution is electron energy-loss near-edge specggemplarily prove
mandatory. As exemplarily shown at Tipand O-K electron  that in amorphous barium titanium silicate (2BaliO,—
energy-loss near-edge structures (ELNESYhe crystalline 2Si0,) the coordination state of titanium not only can be
TiO, polymorphs rutile and anatase, these requirements areclearly discerned but also differences between a glass and
excellently met by electron energy-loss spectroscopy (EELS)an amorphized single crystal of identical composition can
in the transmission electron microscope. While the coordina- be identified. We explicitly take advantage of the spatial
tion of a cation with oxygen sensitively influences the sub- resolution of ELNES spectroscopy, competing techniques
splitting of unoccupied energy levels and hence features inincluding X-ray absorption spectroscopy and photoelectron
the ionization-edge near-edge structtifejalence changes  spectroscopy are unable to achieve.

result in chemical shiftéFor example, the reduction of “Ti
toward TP* is accompanied by a more effective shielding  (4) Leapman, R. D.; Grunes, L. A; Fejes, P.Rhys. Re. B. 1982 26,

In-depth understanding of the structtigroperties rela-
tionship of amorphous thin films (e.g., ultrathin gate oxides,
ion-beam amorphized superficial layers, or nanometer-size
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In EELS, the transition of bound core-state electrons into damage was minimized by scanning the slightly defocused beam
unoccupied states above Fermi but below continuum level over an area of 5& 50 nn?. Approximately 20 spectra recorded
cause characteristic energy losses in the energy distributionat @ dispersion of 0.05 eV/channel (each within 1 s) were
of the exciting electron beam. Particularly pronounced energetically calibrateq with sub-channel relati\{e accuracy and
ELNES features are observed for 3d transition metals due a;:eragtled aﬁﬁr cor:ect!ng for ?ark cm:rtfn';atnd tnousTt_ahasbwell(l as fo(;

o . . channel-to-channel gain variations of the detector. The backgroun
to the eXCItatlon.Of bou.nd 2p eI?Ctrqns into energetically was subtracted usingg an inverse power-law function and mL?ItipIe-
narrow, unoccupied orbl'tals of primarily ,3d c.;haract.e{,.&L scattering and tailing effects of the zero-loss peak were deconvo-
ELNES). As shown earliet? tetravalent titanium () is  |yteq by the Fourier ratio technique using the corresponding low-
almost ideally suited for an in-depth study of its coordination- |oss and zero-loss spectra, acquired consecutively to core-loss
dependent electronic structure since all 10 T|(3d) states al€spectra from the same specimen redibAs described in detail
unoccupied and titanium occurs in three different standard earlier? absolute energy calibration is as precise as two channels
co-ordinations (tetrahedral, pentahedral, and octahedral) with(i.e., 0.1 eV for the present 0.05 eV dispersion).
oxygen. While for a free Ti ion all 10 3d states are Theoretical Calculations.As detailed in a recent contributién,
degenerated, a subdivision into five molecular orbitals occurs a quantitative picture of the Ti(3d) orbitals in crystalline,B&a0)-
due to the crystal-field splitting in pentahedrally coordinated (Siz07) was developed by calculating the molecular orbital structure
Ti4t, and this splitting is characteristically reflected in the ©f appropriately sized model clusters within the local density

Ti-L,3 ELNES (cf. Figure 1 in ref 3). approximation by the self-consistent charge (SC@) ethod!®
Materials and Methods Results and Discussion
While a clear and colorless 2Ba€¥iO,—2Si0, glass was The Ti-Lp3 ELNES of 2BaG-TiO,—2Si0, glass (see
obtained by splat cooling a melt obtained from BaC 0O, (rutile), Figure 1) car-according to ref 3-be interpreted as arising

and SiQ, a Ba(TiO)(Si,0;) single crystal was grown by the from the following average coordination distribution in the
Czochralski pulling technique. A polished fraction of the crystal glass: 60+ 10%PITi4*, 20+ 10%[8ITi4*, and 20+ 10944-
was superficially amorphized by irradiation with 200 keV*Aons. Ti4". Based on reference spectra of tetrahedrally, pentahe-
Dam_ag_e ac_cur_nulatlon within t_he crystal was investigated by drally, and octahedrally coordinated“Tialso shown in
irradiation with ion fluences ranging between k@02 cm~2 and Figure 1, the contribution ofITi%* is apparent from the

4 a2 i !
1.5 > 10 cm®, Rutherford backscattering spectrometry (RBS) shoulder at~465 eV (B3), while octahedrally coordinated

in channeling configuration was applied using 2 MeV*Hens’ o . )
in a double-beam chamber allowing stepwise ion implantation and Ti*" manifests itself by the occurrence of the shoulder at

subsequent RBS analysis. From RBS spectra, the minimum yield 200Ut 466 eV (B4). Such outstanding (and most importantly
as a function of depth, ymin(@) = Ya(2)/Y.(2), was determined with spatially resoled) sensitivity with respect to coordination
Y. and Y;a being the yield of the aligned and random spectra, Of transition metals in glass tempted us to address the
respectively. question whether or otherwise the titanium coordination in
TEM foils were prepared from 2Ba@TiO,—2Si0, glass and amorphised B#TiO)(Si;Oy) is different from that of the
single-crystalline BTiO)(Si,0;) by mechanical thinning followed identically composed 2Ba@TiO,—2Si0, glass. Within a
by double-sided Ar ion-beam etching at 2.5 kV acceleration superficial layer, amorphization of B&i0)(Si,0;) can be
voltage. Static charging of the foil was avoided by the deposition readily achieved by bombarding it with accelerated rare-gas
of an ultrathin cgrll:;on layer by usage of the CoatMaster kit for jong |n order to determine conditions under which complete
selective coating?*!A cross-sectional TEM sample was prepared 5 onization is attained, the depth dependence of the
from the amorphized BéTiO)(Si,O;) single-crystal perpendicular - . . .
to the [001] direction following the route set out by Strecker et minimum yield was Qeterr_nlned from RBS channeling spectra
all? of the perfect BgTiO)(SiO;) crystal and of the crystal
For EELS analytics, a dedicated scanning transmission electron'rr""d'f"mEd W'th 200 keV Arions at dlfferent fluences (Flgure.
microscope (VG HB501 UX) with a cold field emission gun and a 2)- Disregarding the surface peak, in the surface near region
parallel electron energy-loss spectrometer (Gatan Enfina 1000) wasthe minimum yield of the perfect B@O)(SiO7) crystal
used. Routinely achieved energy resolution, defined as the full width amounts to approximately 0.4, which is a relatively high
at half-maximum of the zero-loss peak, amount@&,m = 0.4 value compared to the minimum yield measured in common
eV, hence the spectral resolution at core-loss edges is on the ordeging|e crystals such as silicony,fn < 0.05). The high
of 0.45 eV after averaging over approximately 20 spetiaEL minimum yield of the perfect B4TiO)(Si,O;) crystal is due
spectra were _ac_quired at an iIIumir_1ation convergence sem_i—a_nglet0 the dechanneling of the analyzing He ions at an incom-
of 14 mrad within a collection semi-angle of 13 mrad. Radiation mensurate structural modulation hosted in the fresnoite
- — framework structuré® On the average, such modulation has
®) ggﬁgfégdg'*z%yzroégégj263%%"2'“" M.;van Aken, P. Rhys. Statlus 5 gimjlar effect as a strong thermal vibration of particularly
(9) Tesmer, J. R.; Nastasi, M.; Barbour, J. C.; Maggiore, C. J.; Mayer, J. OXygen ions about their average positions.
\éve's';gpcdhbg%iéigtfy:w'gﬂtesrgu'rgr" 1%%‘?_" Materials Analysidaterials Irradiation with 200 keV Af ions at an ion fluence of
(10) The CoatMaster tool for selective carbon coating is available through 1:10'2 cm~2 provokes no changes of the minimum yield

3D-Micromac AG of Chemnitz, Germany (www. 3d-micromac.com).
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j.ultramic.2006.05.007. (14) Egerton, R. FElectron Energy-Loss Spectroscopy in the Electron
(12) Strecker, A.; Salzberger, U.; Mayer, Brakt. Metallogr.1993 30, Microscope 2nd ed.; Plenum Press: New York, 1996.

482, (15) Grodzicki, M.;J. Phys B198Q 13, 2683-2691.
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Figure 1. Ti-L,,3 ELNES spectra acquired at different depths of the(Bi®)(Si,O;) single crystal amorphized by Aiirradiation in comparison to spectral
reference data: tetrahedral coordinationBiBa;TiO4; HITi4+ (taken from ref 21), 5-fold (square-pyramidal) coordination found in fresnéitg), and
octahedral coordination in BaTSTi4* (taken from ref 21). Upon spectra acquisition, the electron beam was scanned across the areas indicated in the
cross-sectional TEM image to minimize radiation damage. During ion irradiation, theelam came in from the top and provoked a medium gray amorphized
layer ranging about 150 nm deep beneath the surface. This layer is succeeded by a “cloudy” transition region hosting crystalline fragmentstinuws amorp
matrix. For comparison, the Tids ELNES of single-crystalline B4TiO)(Si,O7) and 2BaO-TiO,—2Si0;, glass are also given. The integral intensity of all
spectra was normalized between 455 and 467 eV, and the curves are plotted vertically staggered to facilitate their comparison.
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(Figure 2). For an ion fluence of-10 cm™2, a higher damage as related to the dechanneling of léas and does
minimum yield is measured due to increased dechannelingnot allow direct conclusions with respect to the type of
of He ions on irradiation induced lattice defects. The structural modification.

minimum yield increases with increasing ion fluence and a  The latter modification can also not become resolved by
damage peak at a depth slightly below 100 nm is observed,imaging the Ar irradiated Ba(TiO)(Si,0-) single crystal
which is caused by the direct backscattering of He ions on in a transmission electron microscope. However, in the cross-
lattice defects (i.e., a highly damaged layer is formed). The sectional TEM micrograph (Figure 1), a modified superficial
depth of the damage peak agrees very well with the layer totally extending to 260 nm depth into the crystal is
distribution of displaced atoms calculated with the computer found. At the lower end of the modified layer,~855 nm
code SRIM (see Figure 2). After irradiation at an ion fluence thick region V can be discerned that is not amorphized, and
of 1-10* cm2, the minimum yield reaches the value of unity point defects are most likely responsible for the dechanneling
which is, according to RBS, equal to complete amorphization. evident in the RBS spectrum. This region is covered by the
At the latter fluence, a superficial amorphous layer of ~55 nm thick region IV, in which crystalline fragments are
approximately 100 nm thickness is formed. Below this layer embedded into an amorphous matrix. Between the surface
and down to a depth of 250 nm, the initially single-crystalline and the top of region IV (deptkr 150 nm), the BATiO)-
Bax(TiO)(SiOy) is strongly modified but not entirely amor-  (SiO;) single crystal appears to be completely amorphized.
phous. These results, however, only reflect the degree ofSince minor fractions of crystalline clusters in an amorphous
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Figure 2. Smoothed minimum yield;min, @s a function of depttz, obtained
from RBS channeling spectra of a ai0)(Si,Oy) single-crystal irradiated
with 200 keV Ar* ions at different ion fluences. Additionally, the calculated
distributions of displaced lattice atoms (solid line) and implanted Ar ions
(dashed line) are given in arbitrary units.

ambient cannot be resolved by high-resolution TEN,is

Hoche et al.

occurrence of peaks A5 and B4. Such peaks cannot be
discerned in the amorphised single crystal, the contribution
of non-pentahedrally co-ordinated*T{(20%M“Ti** plus 20%
BITi4*t in 2Ba0O-TiO,—2Si0; glass of identical compositién
must therefore be significantly smaller if ever present in the
amorphised single crystal.

A different picture arises in regions Il and lll of the
irradiated Ba(TiO)(Si,O;) single crystal. Besides a pro-
nounced peak broadening in comparison to the spectra from
regions IV and V being related to the absence of crystalline
fragments (cf. Figure 1), the major deviation is found for
peak Al. This peak is related to the Ti(@dorbitaf and
significantly shifted toward lower energy losses in regions
Il and Ill. Recent theoretical studi&shave shown that the
position of this peak is closely related to the bond length
between the titanium ion inside the square pyramid and the
apical oxygen ion (04) such that a lowering of the bond
length causes a shift of the peak toward lower energy losses.
Hence, the Ti-L 3 ELNES spectra acquired at regions Il and
[l are consistent with a nanoscopic picture comprising large

not astonishing that the RBS measurement did indicate argon atoms squeezed into the amorphous network at depths
incomplete amorphization in the depth range between 100Where they become deposited (see Ar distribution in Figure
and 150 nm. ELNES spectroscopy was hence applied at2). The latter atoms provoke locally enhanced compressive
different depths to resolve this apparent discrepancy. As Stresses leading to very significant distortions of the coor-
shown in Figure 1, ELNES spectra acquired from a scanning dination polyhedra andon the averageshorter bond length.

area of 40x 50 nn? in depths of 6-40 nm (region I), 86
120 nm (region 1), and 136170 nm (region lll), respec-
tively, in fact possess very significant differences.

From the juxtaposition of the Ti-ds ELNES spectrum of
amorphized B#TiO)(Si,O;) taken from region | and the
2Ba0O-TiO,—2Si0, glass (Figure 1), it becomes apparent
that the amorphized layer caudue to the characteristic shape
of the corresponding Ti-43 ELNES—unambiguously be
assigned to the presence 6fTi*. Detailed inspection,

The bond lengths distribution is thus found to be much wider
than both in the single crystal and at depths within the
amorphised crystal where no argon is deposited.

Conclusion

Depth-dependent changes of the transition-metal co-
ordination in a superficially amorphized single crystal were
profiled by high-resolution ELNES spectroscopy for the first
time. The interpretation of the spectra (particularly in larger

however, reveals that minima and maxima of the amorphized depths) is consistent with the build-up of high internal

Ba(TiO)(Si;Oy) Ti-L, 3 ELNES are even more pronounced
than the corresponding features in the 2Bal0,—2Si0,
glass Ti-L, 3 ELNES, and the width of the peaks is smaller
than in the glass. Moreover, maxima in the GHELNES of
amorphized B#TiO)(Si,Oy) in region | (especially peak A3
at 459.1 eV, assigned to the Ti-3drbital) possess a much

stresses. Such spatially resolved experimental assess to
transition-metal coordination is of great importance for (in-
situ) studies at recrystallization and crystallization phenomena
in amorphous matter (e.g., relevant for the fabrication of
buried refractive index barriers in waveguidés¥ It will
moreover be very useful for investigating the atomistic

higher peak-shape Symmetry than the Corresponding Spectraﬁtructure Of amOI’phOUS grain'boundary th|n f|ImS in Sintel’ed

features in the glass TisLELNES. This observation is
strongly indicative of primarily pentahedrally coordinated
Ti4" at this depth. As discussed earlier, tetrahedrally co-
ordinated Tt is giving rise to peaks A4 and B3 indicated
in Figure 1, while octahedrally co-ordinated*Tcauses the
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ceramics as well as the network structure of ultrathin gate
dielectrics in integrate circuits.

Acknowledgment. Growth of the Ba(TiO)(SirOy) single
crystal by R. Uecker (Institut fuKristallzichtung Berlin),
preparation of the 2Ba©TiO,—2SiO;, glass by R. Keding
(Institut fur Glaschemie, Friedrich-Schiller-Univerditdena),
computing time provided by RIST (Universit8alzburg), and
granted access to the high-resolution TEM facilities at the MPI
for Microstructure Physics Halle by U. M. Gele are gratefully
acknowledged.

CMO060636A



