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The seeding and morphology of quasicrystalline TixNiyZr1−x−y thin films grown by pulsed-laser deposition
on Al2O3s0001d have been investigatedin situ, using in-plane x-ray diffraction and reflectivity with synchro-
tron radiation. The crystallinity of the final films was further studiedex situusing a laboratory x-ray source.
Local icosahedral order becomes established after a film thickness of 1.5 nm, which is followed by an abrupt
change in the growth rate after a film thickness of approximately 5 nm, as long-range quasicrystalline order
begins to become energetically favorable. The films grow two-dimensionally even up to thicknesses of over
100 nm and are highly textured, consisting of columnar grains with one of their fivefold symmetry axes
perpendicular to the substrate surface.
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I. INTRODUCTION

QuasicrystalssQCsd have interesting physical and chemi-
cal properties: many have conductivities typical of semicon-
ductors, are very resistant to corrosion, have high hardnesses,
and low coefficients of friction. These last two properties
make QCs especially interesting as protective and tribologi-
cal coatings, particularly because bulk QCs tend to be highly
brittle.1 In addition, Ti-based QCs are able to reversibly store
large quantities of hydrogen, making them potential candi-
dates for solid-state or microintegrated batteries.2

Nucleation phenomena in icosahedral QC thin films were
studied3–5 as early as 1987. Reactive diffusion, responsible
for the development of the icosahedral structure, was ana-
lyzed using electron microscopy in the specific case of Al
-Mn QC thin films prepared by sequential deposition of Al
and Mn. There have also been studies of the nucleation of the
QC phase by interdiffusion of annealed multilayers,3 in
which both the icosahedral and decagonal phases were
identified,6 their relative contribution depending on the initial
multilayer structure and heat treatment.

Nonetheless, there have been essentially noin situ struc-
tural investigationsduring growthof the initiation of quasi-
crystalline order in thin films on crystalline substrates, which
may proceed quite differently from bulk material, due to the
confined extent in the growth direction and the potentially
different kinetics of the chosen deposition techniquessee be-
lowd. We have undertaken such studies by exploiting, on the
one hand, the high brightness of synchrotron radiation,
which allows one to probe only the upper few nanometers
using grazing-incidence diffraction techniques. Secondly, we
have used pulsed-laser depositionsPLDd to grow icosahedral
TixNiyZr1−x−y si-TNZd thin films in situ.7 Importantly, PLD’s
high instantaneous flux and consequent high degree of super-
saturation should promote the QC phase over related crystal-
line phases, while the energy regime of the incident particles
enhances surface diffusion.8–12 In addition, PLD is eminently
suited to experiments in which film growth is repeatedly in-
terrupted in order to analyze the deposit, because of the ease

of supplying arbitrarily small doses of deposition flux with
essentially instantaneous rising and falling flanks.i-TNZ was
chosen, as it does not contain Al, the most common element
found in QCs, which produces large amounts of unwanted
macroscopic particulates under nanosecond laser radiation.13

II. EXPERIMENT

The experimental setup has been detailed elsewhere.7,14

Briefly, a UHV PLD chamber has been designed to fit on a
large s2+3d circle diffractometer15 at the Materials Science
beamline of the Swiss Light Source synchrotron radiation
facility.16 The chamber walls include a large beryllium sec-
tion, which is transparent to the 1 Å x radiation used for the
in situ experiments. Material is ablated using a frequency-
quadrupled Nd:YAG lasers5 ns, 2.5 J cm−2, 10 Hzd. The
Al2O3s0001d substrate is placed 60 mm from the ablation
target and heated by pressing it to an ohmically heated Si
wafer. The chosen deposition temperature was 435±5 °C,
which, in a set ofex situpreliminary experiments, was found
to be the highest temperature for which the films contained
no or insignificant evidence of a crystalline phasese.g., the
Laves phased, and which produced the sharpest QC-phase
diffraction peaks. No postannealing of the films was neces-
sary.

By using a segmented-rod ablation target,7 the composi-
tion of the film sx and yd can be varied at will. This also
allows the use of inexpensive, high-purity elemental target
material with low intrinsic oxygen content, which is espe-
cially important for the synthesis of Ti-based QC alloys, as
even oxygen partial pressures as low as a few hundred parts
per million can stabilize the Ti2Ni phase and eliminate both
the QC and Laves phases.17 Large bulk QC alloy targets are
difficult to produce,18 and noncongruent ablation often leads
to initial enrichment of one component on the target surface,
requiring a long pre-ablation period before steady state is
achieved.11 This problem is circumvented if each elemental
component is ablated sequentially. The reproducibility of the
final film composition between experiments was limited to
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approximately ±1 percentile, as determined by Rutherford
backscatteringsRBSd. All films had a small fraction of a
percent of Hf, as this represents the major impurity in the Zr
target section.7

III. RESULTS AND DISCUSSION

The evolution of the in-plane crystallinity of a film with
the composition Ti0.385Ni0.186Zr0.427Hf0.002, close to the ideal
QC composition,18 as a function oft, the film thicknessssee
belowd, is shown in the diffractograms in Fig. 1. The peaks
were identified using theQUAREF program19 using the quasi-
crystalline lattice constanta=2.4456 Å, and were in agree-

ment with literature values20 to within ±0.01 Å−1. The angle
of incidence of the x-ray beam was 0.15±0.02°, below the
critical angles for total reflection of sapphire andi-TNZ of
0.185° and 0.22°, respectively; hence, only the topmost
3.2±0.05 nm layer of the film is probed, corresponding to
the penetration depth of the evanescent wave.

After the growth of<1.5 nm, a broad diffraction feature
becomes clearly visible, centered atq=2.65 Å−1, with a full
width at half-maximumsFWHMd of 0.4 Å−1. Ignoring strain
effects, this corresponds to an average characteristic size of
only 1.5 nm. A still broader but weaker feature centered at
<4.2 Å−1 can also be seen. This diffraction pattern is essen-
tially identical to that demonstrating local icosahedral order
sLIOd in the undercooled liquid phase of TixNiyZr1−x−y pre-
sented by Keltonet al.20 in their study validating the hypoth-
esis of supercooling in metals proposed by Frank.21 i-TNZ is
a Bergman-type QC, and the diameter of the smallest Berg-
man clusterscontaining 45 atomsd is calculated22 to be ap-
proximatelyd0=1.4 nm, in good agreement with the width
of the strongest feature.

From here on, until a thickness oft<6 nm, there is little
change in the intensities or shapes of these two features,
indicative of continued growth of an amorphous layer con-
taining LIO. Similar initial layers have also been identified
using electron microscopy by Widjaja and Marks in sputter
deposition of decagonal Al-Cu-Fe-Cr grown on sapphire23

and by Brienet al.12 in PLD of i-TNZ.
From t<6 nm to 14 nm, long-range icosahedral order be-

comes evident as the feature at 2.65 Å−1 resolves into the
in-plane equivalent of the fivefolds100000d i-phase
reflection24 at 2.57 Å−1 and the twofolds011̄000d i-phase
reflection at 2.70 Å−1, while the broader feature centered at

4.1 Å−1 sharpens into the second twofolds01001̄0d i-phase
reflection at 4.34 Å−1. This transformation begins at a film
thickness consistent with the size of the next hierarchical
inflation25 of the Bergman cluster of aboutd1=t3d0<6 nm,
wherebyt is the golden ratios1+Î5d /2. Seeding of the qua-
sicrystalline phase was also tentatively identified at around
this thickness by Brienet al.12 from electron microscopy
images. Byt=14.5 nm, the peak widths indicate an average
in-plane QC size of a little over 5 nm. Additional peaks at
2.28 and 3.8 Å−1 can be attributed to the C14 Laves phase,
although these essentially disappear again byt=35 nm.

Up to t=14.5 nm, the QC reflections have structure fac-
tors similar to those found in powder spectra. From here on,
however, only the two reflections associated with the in-
equivalent twofold axes increase in intensity in the in-plane
spectra, as this orientation grows to the exclusion of crystal-
lites of other orientations, until at 100 nm, they comprise
over 98% of the signal. The progression of the integrated
intensities of 5i and the 2i reflections that emerge from the
initial strong feature, together with their linewidths, is sum-
marized in Fig. 2.

The in-plane twofold axes are perpendicular to a fivefold
axis in the growth direction, and indeed these reflections
completely dominateex situout-of-planeu /2u spectra of the
final films ssee Fig. 3d. The FWHMs correspond to grain
sizes in-plane of<10 nm and out-of-plane of<60 nm.

The in-plane 2u spectra do not depend on the rotation
angle of the film about its surface normalsi.e., vd, indicating

FIG. 1. 2u in-plane x-ray diffraction patterns of TixNiyZr1−x−y

thin films as a function of the momentum transferq=4p sinu /l
and film thickness. Spectral intensities between different film
thicknesses can be directly compared. The spectrum for the 14.5 nm
film is labeled, as it contains important features, including the
in-plane equivalents100000d fivefold axis reflection s5id, the

s011̄000d and s01001̄0d twofold reflectionss2id, two further weak
reflections sid associated with the icosahedral phase, and the
two Laves phasessLd.
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that the films consist of QC grains with the fivefold axis
pointing in the growth direction, but with random orientation
of the twofold axes in-plane. This was confirmed by record-
ing pole figures for the fivefold and twofold reflections,
which show rings at the expected anglessinset, Fig. 3d. This
is in contrast to the results of Brienet al.,11 for which the
fivefold axis is tilted to the sapphire substrate surface by an
angle of 6.4°, which they tentatively attribute to the non-

normal incident angle of the ablation plasma to the surface
during growth. In our setup, the plasma also impinges on the
substrate at an angle of approximately 10°, but we observe
no similar inclination to the columnar texture.

A notable feature of the QC films is their flatness,
manifested by clear Kiessig fringes in the reflectivity
curves,7 even for thicknesses greater than 100 nm, which ex-
hibit typical roughnesses of the order of 1 nm. This flatness
has allowed us to accurately determine the film thickness
in-situ during interrupted growth, as a function of laser shots
sFig. 4d. The growth rate shows an abrupt reduction from
s5.8±0.1d310−3 nm slaser shotd−1 to s4.1±0.05d
310−3 nm slaser shotd−1 at approximately 5 nm, close to the
point where thed1-Bergman cluster becomes viablessee
aboved. This indicates that up to this thickness, the amor-
phous layer, although remaining atomically flat, has a more
open structure and lower densitys<4.2 g cm−3 or 71% of the
bulk densityd, perhaps with a high fraction of atomic voids,
resulting in the higher growth rates. Recently, Kelton has
presented extended x-ray absorption fine-structure spectra of
different Ti-Ni-Zr alloys,26 in which the most amorphous
structuressi.e., those with the least features in the extended
fine structured have nearest-neighbor separations some 10%
larger than for the moresquasidcrystalline materials, in good
agreement with our data. This change in density is confirmed
in Fig. 5 by a steplike increase in the critical angle from
ac<0.186° fortø5 nm to 0.220° fortù18 nm, as the eva-
nescent wave begins to probe only material with the density
of bulk i-TNZ sapproximately 5.95 g cm−3d.

Growth of QCs by nucleation on a surface from a flux
originating in the gas phase is different than, for example,
Czochralski growth of bulk QCs from a melt. The high in-
stantaneous deposition rates of PLD, of the order of 2000
satomic layersd s−1, induce high nucleation rates.9 For growth
temperatures well below the melt temperatureTm, the im-
pinging particles will physisorb on the surface and transfer
their kinetic energysof the order of 25 eV for PLDd to the
local volume on the time scale of several picoseconds. Simu-
lations indicate that this “thermal spike” results in local melt-
ing to a depth of a few atomic radii and also in enhanced
surface diffusion over a few tens of picoseconds.27 This is

FIG. 2. Upper panel: the integrated intensities of the 5i and 2i
in-plane reflections emerging from the initial broad feature at
2.65 Å−1 as a function of the film thickness. Lower panel: The
FWHMs=sÎ8 ln 2 of the fitted Gaussians used to determine the
data in the upper panel, wherebyI = I0 expf−sq−q0d2/2s2g; L, five-
fold; s, twofold.

FIG. 3. sColord Out-of plane diffraction pattern of the thickest
s,170 nmd i-TNZ film, using CuKa radiation plotted as a function
of q. Other than the substrate peaksSd, only the s100000d and
s200000d fivefold reflections can be seen. Inset: pole figure of the
s100000d fivefold reflection, showing the out-of-plane texture and a
ring at the dodecahedral dihedral angle of 63.43°.

FIG. 4. The film thickness as determined by Kiessig fringes in
the reflectivity curves as a function of the number of laser shots.
The arrow indicates where the growth rate abruptly changes. The
dotted lines are the best linear fits of the two gradients. The error in
the thickness is around ±0.2 nm up to thicknesses of approximately
4 nm, and thereafter less than ±0.1 nm.
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one to two orders of magnitude greater than typical vibra-
tional periods; hence, we can expect the adatom to hop a
distance of,Î100=10 atomic spacings before it is thermal-
ized. More recent molecular dynamics calculations, in which
local surface melting caused by an energetic collision cas-
cade promotes diffusion over several picoseconds, yield
similar values for the enhanced diffusion radius.28,29 This
explains why postannealing of the films was unnecessary, in
contrast to most other techniques applied to QC thin-film
growth.9

Formation of the smallest Bergman clusters requires ther-
mal motion over 1 nm or more,30 which is known to occur in
the transient “melt” directly after impingement of hyperther-
mal species in PLD. Hence, the high nucleation rate and
thermal spike associated with PLD should promote seeding
of the icosahedral phase even at low substrate temperatures.

The flatness of our films is consistent with modern opin-
ion on the development of surface morphologies of QCs. It is
now thought that the role of energetically and mechanically
stable clusters31,32plays a secondary role to the energy mini-
mization of the most closely packed surface, normal to the
fivefold axis.33–35Crystallites with different orientations per-
pendicular to the growth direction grow more slowly and are
kinetically hindered.

Nevertheless, production of atomically flat surfaces of
bulk QC “single crystals” often requires annealing36 for
some hours at temperatures around 700 °C. Assuming ter-
race heights of the order of 0.5 nm, the presence of Kiessig
fringes in the reflectivity curves, even for film growth at
temperatures as low as 300 °C, indicates that our films can-
not have fluctuations of more than ±10 terraces across the
whole extent of the film. QCs differ from periodic structures
in that the potential barrier across a step of a surface terrace
will always raise the areal energy by an amount proportional
to the length of the terrace perimeter, regardless of the
temperature;37 hence, step flow two-dimensional growth will
be preferred over island nucleation and ripening,38 assuming
there is sufficient surface diffusion, as provided by PLD, to
allow migration to step edges.

IV. CONCLUSIONS

In conclusion, the evolution of quasicrystalline order in
highly texturedi-TNZ films has been determined. An initial
low-density amorphous buffer layer exhibiting only local
icosahedral order has been identified that has a thickness of
<5 nm, corresponding to the size of the first inflation of the
Bergman cluster. The transition from this to growth of denser
material with long-range icosahedral order is characterized
by a sudden drop in the deposition rate and by an increase in
the x-ray critical angle. The final films consist of columnar
grains with one of their fivefold axes pointing exactly per-
pendicular to the film surface. Their orientation is deter-
mined by minimization of the surface energy rather than any
locking to the substrate net, which also accounts for the very
low roughness, even for films with thicknesses in excess of
100 nm.
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