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Fingered morphology of niobium „110… grown by molecular-beam epitaxy

G. L. Zhou and C. P. Flynn
Materials Research Laboratory, University of Illinois at Urbana, Urbana, Illinois 61801

~Received 8 June 1998!

We report a regime of temperature film thickness and substrate miscut in which thin films of niobium~110!

grow faceted on sapphire (1120̄), and with a surface morphology that contains long fingers oriented along the
niobium in-plane@001# direction. The origins of these features are discussed.@S0163-1829~99!06011-7#
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I. INTRODUCTION

This paper concerns buffer layers of refractory met
grown epitaxially on sapphire. In recent years these h
been developed as a valuable route to the synthesis of
epitaxial systems for use in scientific and technical appli
tions. The first metals, grown with high quality by molecul
beam epitaxy~MBE!, were bcc Nb and Ta~Ref. 1! in several
orientations that correspond to different cuts of the sapp
substrates and provide various alternative templates for
sen epilayers; still earlier research employed sputtering.2 fcc
iridium and hcp ruthenium3 were also grown by MBE as
epitaxial crystals of high quality, and other bcc metals su
as Cr ~Ref. 4! have since been synthesized. These vari
materials have been employed as templates to grow hcp
earths in~0001! ~Ref. 5! and (11̄00) ~Ref. 6! and (11̄02)
~Ref. 7! orientations and with tuned tilt,8 intermetallic com-
pounds likeL l2Cu3Au ~Ref. 9! and the cubic Laves phas
TbFe2,

10 and remain for the future as a likely pathway for t
synthesis of a wide variety of new epitaxial crystals. As su
the buffers themselves warrant careful study aimed at un
standing and improvement of the template growth. T
present paper reports new morphologies for Nb~110! films
grown by MBE using methods that are now well establish

The manifest uses of these epitaxial crystals have
tracted much interest and a variety of investigations h
been reported. These mainly employ x rays for examina
of Nb ~110! crystal quality11–14and studies of Al2O3 surface
evolution when annealed, and the consequences for
epitaxy,15 and electron microscopy for exploration of th
Nb-Al2O3 interface both for Nb~110! ~Ref. 16! and other
orientations.17 Much less attention has been given to t
morphology of the Nb epilayer itself, and the present pape
focused largely on this specific topic. The deficiency of
formation has no doubt arisen because the subject m
falls between the interests of surface scientists who typic
use atomic force microscopy and scanning tunneling mic
copy, but on the surfaces of bulk crystals, and the interest
solid state and materials scientists who are interested in
eroepitaxy but typically employ Fourier transform prob
such as x-ray diffraction. Interest in the area is stimulated
a recent demonstration18 that Nb grown by MBE under stan
dard conditions can create striking surface mesostructure
PRB 590163-1829/99/59~12!/7860~8!/$15.00
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addition, these mesostructures of a refractory buffer mate
can be employed as templates for the synthesis of sele
structural characteristics during subsequent epilayer grow
An example is the suppression of symmetry-allowed varia
by mesostructures associated with vicinal miscut,18 and the
consequent elimination of incoherent twin boundaries fr
the resulting materials. There is a clear need for a be
understanding of morphology in the growth of the refracto
buffers.

In what follows we describe the dependence of morph
ogy on structure in films of Nb~110! grown on commercially
available substrates cut and polished on the sapphirea plane,
specifically Al2O3 (112̄0). It turns out that the kinetic pro
cesses involved in the evolution are complex, depending
several variables including vicinal miscut, growth ra
growth temperature, and film thickness, so that a comp
analysis would be extremely time consuming. A great dea
work will be required to acquire a comprehensive und
standing of film morphology for the range of interestin
buffer materials, and in the several pertinent orientations
the research reported here a small start is made on
agenda for the example of Nb~110! alone. Section II gives
brief comments about crystal growth. The experimental st
ies of film structure are then described in Sec. III and d
cussed in Sec. IV. Section V provides a brief summary of
work.

II. CRYSTAL GROWTH

The epitaxial crystals grown on this work were synth
sized by MBE on epitaxially polished Al2O3 (112̄0) ob-
tained from Johnson Matthey Co. During growth these w
clamped by Ta wires to the Ta baseplate of the subst
heater. A Nb growth rate of 0.1–0.2 ML/s was employ
throughout, in an MBE chamber that is described elsewhe1

It provided a base pressure in the mid 10210 torr range. The
actual pressure of residual gas, mostly H from the Nb cha
was about 331029 torr during growth with the Nbe-beam
hearth operational. While these are not particularly cle
conditions, owing to the age of the system, it is our bel
that residual gases play little or no part in the morphologi
evolution reported here.
7860 ©1999 The American Physical Society
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III. RESULTS

In this section we present results of experiment in wh
Nb ~110! films grown on Al2O3 (112̄0) are examined using
atomic force microscopy, electron microscopy, and x-ray d
fraction. The AFM results are reported first in order to ch
acterize the Nb mesostructures that are the main result of
research.

A. Surface images by atomic force microscopy

Specimens were removed from the growth chamber
examined by force microscopy usually within a few days
is our belief that no major changes in surface morpholo
occurred between growth and the AFM measurements,
though a thin layer of surface contamination is undoubte
present. A TopoMetrix system in the University of Illino
Beckman Institute was employed in the contact mode to
quire the data. These results reveal a morphology that
pends systematically on the growth temperature and
thickness, and also on the vicinal miscut of the sapphire s
strate. In Fig. 1 are shown AFM scans of a 2mm32 mm
area for five thicknesses of Nb grown on sapphire (1120̄)
with almost no miscut. The surfaces exhibit only weak fe
tures, other than pinholes that are mostly filled in the 10
Å-thick film. The surface structure is greatly changed wh
the substrates have a 0.72°, miscut at 50° to Nb@001#, yield-
ing the Nb surfaces imaged in Fig. 2. Figure 2~a! gives re-
sults for 1000-Å-thick films grown at temperatures betwe
700 °C and 1000 °C, while part~b! of Fig. 2 shows how the

FIG. 1. AFM images of Nb~110! films of different thicknesses

grown on low-miscut sapphire (1120̄) ~top left! at 900 °C. The
films are fairly smooth, with pinholes that fill in thick films. Th
images are 2.1mm across.
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structure changes with film thickness for a growth tempe
ture of 1000 °C. These sets of images reveal surfaces tha
rough for low growth temperatures and thin films;100 A
thick, and that become smooth at high growth temperatu
of 900–1000 °C and for films;1000 Å thick. Films less
than 200 A thick are formed from islands that are in the ea
stage of coalescence, while the surfaces of thick films gro
at 1000 °C are either smooth or have wide faceted steps
special interest here are intermediate conditions under w
the films in Fig. 2 can be seen to develop long fingers o
ented along@001#, with faceted tips that are identified mor
precisely below.

A variety of fingered structures in films 500–1000 A thic
grown between 900 °C and 1000 °C for several miscuts
presented in Fig. 3. Two of these clearly reveal the^111&
in-plane orientation of the fingertips. We infer that the dom
nant process in the fingering regime is faceting on the
$011% planes, which entirely define the finger surfaces. T
is illustrated in Fig. 4 by line scans across AFM images
two films grown at 900 °C with 0.66° miscut and, respe
tively, 100 Å and 500 Å thick. In each case the Nb surfa
has faceted into a~110! plane tilted by the miscut with re
spect to the average sapphire surface. The fingers term

FIG. 2. ~a! Nb ~110! films 1000 Å thick grown at different

temperatures on sapphire (1120̄) with the miscut shown; and~b!
films with different thicknesses grown at 1000 °C. All images a
2.1 mm across except the lower right in~b!. Note the@001# fingers
that occur at intermediate temperatures and thicknesses.
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7862 PRB 59G. L. ZHOU AND C. P. FLYNN
abruptly with ;20 nm discontinuities to leave a wel
developed sawtooth structure in the thicker sample, w
deep overshoots marking pinholes. In the most strongly
gered samples we presume that the fingertips are~011! and
~101! planes, which each lie at 45° to the~110! surface plane,
and that the edges of the fingers along@001# are (11̄0)
planes that lie perpendicular to the~110! surface. In this
regime the pinholes appear faceted also, with the sa
planes apparently prevalent.

A further feature of the fingered structure is that the p
sistent pinholes are frequently located near the termini of
fingers. This is clarified in the images collected in Fig. 5
a 500-Å film grown at 900 °C on a substrate miscut by 0.7
in the direction indicated. There, deep pinholes contrast w
the smooth~110! surface. The image also shows that t
surface contains numerous~110! ledges, and that thes
ledges pass into further faceted structures that are conta
in the walls of the pinholes, for example at locationA in the
image, and in the inset enlargement. Other elaborate s
tures of a similar type, also with$110% facets, are apparent a
B andC.

The results collected here establish that the fingered m
phology is created by faceting in an intermediate regime

FIG. 3. Faceted Nb~110! surfaces grown at 900–1000 °C o

sapphire (112̄0) with various miscuts for films 500–1000 Å thick
All images are 2.1mm across.

FIG. 4. AFM images and the line scans marked by straight li
for two Nb ~110! films grown 100 and 500 Å thick at 900 °C o

sapphire (112̄0) miscut by 0.66°. The surface facets to~110! with
step bunches;20 nm high near pinholes.
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temperatures and film thicknesses that depends also on
magnitude and direction of the sapphire miscut. This is
structure on which the present paper is focused.

B. Analysis using transmission microscopy

Plan view transmission electron microscopy~TEM! pro-
vides a powerful tool for the study of defect structures
epitaxial crystals.19 Specimens were prepared by conve
tional methods20 in the present research. A chosen area w
first thinned from the back to about 30mm by means of a
dimpler, and then sputtered by an Ar1 ion beam inclined at
an angle of about 12°–15° to the plane of the sample. T
observations were then carried out in a Philips EM420 el
tron microscope operating with a 120 keV beam.

Figure 6 contains bright field micrographs of a 500-
thick Nb ~110! crystal grown at 900 °C on Al2O3 (112̄0)
miscut by 0.7°. The images are filled with moire´ fringes that

s

FIG. 5. AFM images of Nb~110! grown 500 Å thick at 900 °C

on sapphire (112̄0) miscut by 0.72° as indicated. Inset are show
details of surface ledge structures and elaborate structures on
pinhole walls, at the pinholes marked by letters.

FIG. 6. Plan view TEM images of Nb~110! grown 500 Å thick

at 900 °C on sapphire (1120̄). The images are filled with moire´
fringes from interference between the Nb and sapphire periodici
~a! Bent Moire fringes indicate strains in the Nb that occur ma
edly near the faceted pinholes.D marks a dislocation andT the bent
fringes near a fingertip.~b! Black lines are dislocations that threa
from one pinhole to another.
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PRB 59 7863FINGERED MORPHOLOGY OF NIOBIUM~110! GROWN . . .
arise when similar periodicities in the Nb and sapphire b
against each other.21 Various structural features are clear
visible in the main panel of Fig. 6~right!. These include
finger structures with edges along@001# as seen also by
AFM, dislocations~see, e.g.,D! in the moirépattern that
identify real dislocations in the Nb lattice, and also pinho
spaced on a length scale of one-half micron. The pinholes
markedly faceted along the@001# and ^111& directions in
agreement with the AFM results. It is clear from the ima
that the pinholes impede and terminate the fingers. In the
panel of Fig. 6 the long dark lines are dislocations that or
nate and terminate at pinholes.

It is an important point that the moire´ fringes are sensitive
to lattice strain, since any strain in the Nb lattice must a
the beat pattern. Note, then, that the fringes are strongly
formed near the pinholes, which establishes that the pinh
are associated with strong lattice deformations. These
large enough to leave dislocations when the pinholes
filled in. A circuit of the pinhole to the lower right in Fig. 6
for example, reveals two fewer moire´ fringes beneath the
pinhole than above. Each shift by one fringe indicates o
missing plane of the corresponding lattice. Therefore, t
edge dislocations must be left in the lattice as this particu
pinhole is annealed away. It is readily verified by inspect
that similar misfits occur near other pinholes. In contra
there is little sign of added inhomogeneous strain at the@001#
edges of the fingers, which thus cause no significant per
bation on the underlying material.

C. X-ray diffraction results

A D-max Rigaku powder diffractometer with 2 kW
source was used with CuKa radiation to examine a variet
of films by x-ray diffraction. The available collimation of
fered a best resolution of about 0.05°.

Previous investigations have established that the diffr
tion peaks exhibit interesting structure.13,14 Figure 7 collects
some results of x-ray scans on Nb~110! films from the
present work. In longitudinal~Bragg! scans the resolved
a1-a2 splitting shows that the linewidth is limited by th

FIG. 7. ~a! and~b! show the strain along the growth direction

Nb ~110! films grown on sapphire (1120̄) as functions of growth
temperature and thickness. The data are obtained by measurin
centers of x-ray Bragg scans. The progressive strain relief w
temperature and thickness is consistent with strain-layer theory~c!
shows how the rocking curve develops a broad component as
growth temperature is lowered.
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instrument resolution and the sample thickness, with li
added broadening from imperfections~see below!. Figure
7~a! shows how the average strain along the growth direct
in the Nb lattice at room temperature, obtained from the l
center in Bragg scans, decreases systematically with th
ness for Nb films more than 200 Å thick grown at 1000 °
This strain relaxation with increased thickness is expec
from strain-layer theory.22 Further systematic behavior is vis
ible in Fig. 7~b! which shows how the observed strain,
obtained from the Bragg peak center, varies as a functio
the growth temperature, for two series of Nb~110! films,
respectively, 500 and 1000 Å thick. As expected, the hig
growth temperatures promote strain relief and permit
greater relaxation of the material towards its bulk lattice p
rameter. In Fig. 7~c!, rocking ~transverse! scans for films of
various thicknesses are seen to comprise two compone
one broad and one narrow, the latter resolution limited, m
as reported in earlier research.13,14It is apparent for the thick-
est film that the centers of the two components are off
The narrow component is found only on diffraction pea
that are located in reciprocal space perpendicular to
sample surface and is absent for off-axis peaks such
(12̄1). The narrow and broad rocking components exh
similar longitudinal scans.

In Fig. 8~a! are shown rocking scans for four Nb~110!
films grown at 900 °C with different thicknesses on a su
strate miscut by 0.7° along Nb@001#; part ~b! shows how the
relative areas of the narrow and broad components of th
results vary systematically with film thickness. While th
two components have comparable areas at 50 Å, the na
portion is reduced to 10–15 % at 500 Å. In seeking the ori
of the broad component of the Nb~110! reflection, Fig. 9
presents~110! and ~220! rocking scans taken on a 500-
film. From the fact that the broad component has appro

the
h

he

FIG. 8. Proportions of broad and narrow components in
x-ray rocking curves of Nb~110! films grown at 900 °C on sapphire

(112̄0) change with film thickness.~a! shows the transverse scan
and ~b! the ratio of the broad to narrow area.
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7864 PRB 59G. L. ZHOU AND C. P. FLYNN
mately the same angular spread in the two cases, we
that this width arises mainly from a mosaic spread caused
tilted ~110! lattice planes in the samples.

It has not been observed in earlier research that the b
component of the rocking curve is strongly anisotropic. T
is revealed by the contour plot in Fig. 10~a! for a 500-Å film
with 0.7° miscut oriented close to@001#. Part~b! of the figure
shows the fingered surface morphology for this same sam

FIG. 9. The angular widths of the Nb rocking curves rema
similar for ~110! and ~220! scans, which identifies the broad com
ponent as a mosaic spread.

FIG. 10. ~a! Anisotropy of the rocking curve for the fingere
specimen shown with the same orientation in~b!. The sample was
miscut by 0.7° along@0001#.
fer
y
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The greatest width of the rocking curve is closely align
with the fingers and hence with the miscut for this samp
The fact that the greatest width lies approximately alo
@001# then points to the presence of lattice planes which
hibit their strongest buckling along this azimuth. In a seco
case, illustrated in Fig. 11, the surface is faceted but
fingered owing to a relatively large miscut of 1.2° along N

@ 1̄11# in a film 1000-Å thick. Part~a! shows the x-ray profile
both parallel and perpendicular to@ 1̄11̄#. The scan along

@ 1̄11̄# again has a broad component, which is lacking fro
the perpendicular scan. The variation of width with orien
tion is shown in~b! and the surface morphology in~c!. These
cases leave unresolved the relationship between the b
component and morphology, and this is clarified by the th
example, shown in Fig. 12. Here the substrate is mis
along Nb @11̄1#, and the 1000-Å film was grown at hig
temperature and consequently lacks strong surface struc
@Fig. 12~b!#. The Bragg scan in Fig. 10~a! shows the Nb
~110! peak with a1 and a2 components visible and with
interference oscillations that arise from the parallel top a
bottom surfaces of the Nb. The point of interest here is t
the scan along the@11̄ 1̄# direction once more shows little o

FIG. 11. ~a! Anisotropy of the rocking curve width shown in~b!
for the faceted sample whose AFM image is given in~c!. The

miscut was 1.2° along Nb@ 1̄11̄#.
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PRB 59 7865FINGERED MORPHOLOGY OF NIOBIUM~110! GROWN . . .
no broad component, which is, however, present perpend
lar to @11̄ 1̄# and thus closer to the miscut direction.

From these and similar results we conclude that the br
component has no direct connection with morphology.
stead it is a general characteristic of Nb~110! films for this
regime of conditions. The direction of least broadening
oriented close to the particular Nb^111& direction, which lies
approximately perpendicular to the miscut direction.

A further feature in Fig. 12 warrants comment. The roc
ing curve along the miscut direction displays clear if we
sidebands, displaced from the central peak by approxima
the magnitude of the miscut~0.72°!. Sidebands of this type
were first reported by Gibaudet al.,14 who associate them
with surface structure originating from the miscut.

IV. DISCUSSION

In the results reported above, thin films and low grow
temperatures clearly lead to rough, highly strained film

FIG. 12. ~a! Bragg scan for 1000-Å-thick Nb~110! film grown

on sapphire (112̄0) with 0.72° miscut along Nb@11̄1#. Thea1-a2

splitting of the peak is visible, together with interference oscil
tions from the parallel front and back surfaces. The widest
narrowest rocking curves are shown in~b! and the smooth surfac
morphology in~c!. Sidebands visible at60.7° on the wide curve in
~b! are discussed in the text.
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while at high temperatures and for thick films the epitax
strain is more relaxed and the film surfaces have mo
smoothed. Neither of these characteristics is remarkable
cause the more strongly activated mixing at high tempe
tures and the accumulation of bulk strain for thicker film
lead to smoothing of the surface and to dislocation proces
that relieve the epitaxial strain. What remains of great int
est is the fingered morphology that emerges under inter
diate conditions in samples with a variety of substantial m
cuts. The discussion that follows is focused mainly on th
interesting observations.

A coarse interpretation of the results identifies facetin
pinholes, and lattice strain as the primary ingredients in
energy balances that lead to the observed evolution of
fingered structures. Since material from the molecular be
falls everywhere almost equally, it follows from the observ
persistence of deep pinholes that Nb atoms deposited in t
areas must migrate elsewhere with greater probability tha
the reverse process. Any net flow in a system at unifo
temperature indicates that the chemical potential is greate
the source than at the sink. We can regard nonstatistical fl
tuations of height as a record of this type of flow. It is th
natural in the present example to attribute the fluxes from
pinholes to the fingers to the strong lattice strains in
neighborhood of the pinholes, which are identified una
biguously by the electron microscope images. The exc
free energy associated with atoms in the strained region m
drive the flow and cause the persistence of pinholes with
growth of fingers. Correspondingly, the decay of the p
holes in thick films at high temperature may be attributed
stress relief, no doubt by dislocation processes, which
laxes the lattice near the pinholes and thus eliminates
forces that bias the atomic fluxes. The fingers and the p
holes eventually disappear together.

Forces that can drive fingered growth are readily rec
nized in the geometry of the faceting process itself. Face
is the result of steps that flow across the surface planes
bunch at the edges. For the bcc~110! surface the preferred
steps lie along thê111& near-neighbor directions, and th
flow occurs perpendicular to these steps. For the obse
@001# fingers the steps flow diagonally across the finger a
terminate on the perpendicular sides and on the fingert
which lie at 45° to the surface plane. Atoms can accrete
diffusion fluxes on the top surface of the fingers only
diffusing up the perpendicular (110̄) edge facets or up the
45° fingertip facets. Height differences in the surface profi
must therefore be attributed to these processes alone.
latter route requires that the atoms pass two 45° edges w
in the former paths the edges have 90° angles. It seems
tain that the 90° edges present the greater kinetic barrier
therefore that an enhanced portion of the inhomogene
flow passes up the 45° facets at the fingertips. This bias
only be exaggerated further by the fact that the tips tend
neighbor pinholes, and indeed the flow identified here m
contribute the observed colocation of the pinholes and
facets. Regardless of these details, the flow up the tip fa
provides an immediate opportunity for atoms from the p
holes to condense on these surfaces@before reaching the
~110! surface facet# and in this way to extend the length o
the fingers.

Before leaving the topic of surface morphology we co
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7866 PRB 59G. L. ZHOU AND C. P. FLYNN
ment speculatively on the possible role of step-flow p
cesses in forming the elaborate structures that are vis
where the tip facets form the sidewalls of the pinholes in F
5. These structures appear consistent with step flow up
sidewalls from the pinhole, together with step bunching t
creates the cliffs which terminate the successive wide
races in the detailed sidewall structures.

Our results show that the strain present in these Nb fi
is inhomogeneous, and depends on the growth tempera
and film thickness. It must originate initially in the misfi
between the Nb and the sapphire substrate, subsequen
strain relief of initially independent islands, is then comp
cated by their partial coalescence, and finally is relieved p
gressively by dislocation processes of the completed fi
Partial accommodation of differential contraction betwe
the niobium epilayer and the sapphire substrate as the fil
cooled to room temperature completes this complex pict
At present there is no comprehensive explanation of
x-ray and electron microscope observations. The existenc
strong strain fields and dislocations around the pinholes
required by the above discussion of fingering, is neverthe
an experimental fact that remains valid regardless of the
gins of the strain.

Epitaxy of Nb on Al2O3 is dominated by the alignment o
a Nb @111# direction with sapphire@0001#, and the occupa-
tion by Nb of empty surface sites on the Al sublattice. Th
geometry is shown in Fig. 13 with Nb stretched by 10.7
along @001# and by 8.3% along@11̄0#. Figure 8 shows tha
these huge strains are relieved by a factor 10 by the time
film reaches 500 A thick, even at 700 °C, and much more
at 1000 °C. It is natural in Fig. 8~b! that more strain at room
temperature is retained in the 500-Å film than in the 1000
film, since the second 500 Å of the thicker films must co
tinue the relaxation processes that started in the first 500
The continuation of relaxation with thickness is documen
in Fig. 8~b!.

The narrow component of the x-ray rocking curve h
been investigated earlier13,14 and in other epitaxial system
like ErAs grown on GaAs.23 It is believed to arise from
spaced regions of perfect Nb that are maintained in accu

FIG. 13. ~a! Structure of the sapphire (1120̄) surface showing
the rows of empty sites. These and the sapphire~0001! axis define
the orientation of Nb shown in~b!. The twin orientation reflected
along@0001# is suppressed. A Nb surface finger is indicated in~b!.
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registry perpendicular to the growth plane by the highly c
herent sapphire substrate. Each contributing region exte
through much of the film thickness and this determines
observed Bragg peak widths in the direction normal to
surface. However, the lateral spacing between these cohe
regions is believed to increase as the film grows thicker
more of the Nb is inhomogeneously strained. This accou
for the decreased proportion of narrow component in thic
films. Note that the width of the sharp peak is neverthel
determined by the lateral distance over which the cohe
regions are maintained by the sapphire in accurate reg
parallel to the growth direction. For off-normal Bragg peak
the sharp component is eliminated because random Nb
placementsperpendicularto the growth direction, which are
permitted by the sapphire, now have nonzero projecti
along the scattering vector.

We now discuss the three-dimensional structure ass
ated with the broad component. The characteristics of
broadened peak, as determined in Sec. III, are~i! width nor-
mal to the growth plane limited by the equipment resoluti
and the film thickness~Fourier transform!, combined with
~ii ! anisotropic in-plane width as documented in Sec. III
These are consistent with~110! lattice planes that are buck
led, with curvatures that are spread fairly randomly throu
the film area and thickness. Any deviation from randomn
from one coherence volume to the next would necessa
broaden the longitudinal scans in a way that is not obser
in the data. As noted in Sec. III, the results are consist
with the occurrence of~110! planes that buckle mostly per
pendicular to an in-planê111& direction that is itself sub-
stantially orthogonal to the tilt direction.

We attribute the buckled planes to an anisotropic distri
tion of dislocations that is present after the islands coale
The tilted lattice planes responsible for the wide rocki
curves must originate in the displacement fields of dislo
tions with Burgers vectors having large components perp
dicular to the growth plane. In Nb the preferred Burge
vectors are1

2 a^111&, with ^111& line vectors and glide on
$110% planes, and those most responsible for the tilted~110!
planes must have12 a^111& or 1

2 a^111̄& Burgers vectors and

$1̄11̄% or @11̄ 1̄# line vectors.24,25 Presumably the observe
offset of the broad and narrow peaks along the tilt direct
has this same cause. Note that these dislocations have
components in the growth plane and are therefore the m
active in the relief of epitaxial strain. Now the substrate m
cut modifies the distribution and motion of dislocations b
cause the misfit component of the Burgers vector@i.e., its
projection on~110!# depends on miscut, and so therefo
does the stress on any given dislocation. The larger the m
Burgers vector, the greater are the driving forces for dislo
tion nucleation and glide. Although most details remain o
scure, it is nevertheless easy to see that the direction and
of miscut can play a significant role in determining the typ
of dislocation that are produced in any given epitaxial p
cess, and hence the distribution of tilts present in the m
rial. In the present case the dislocation systems identi
here will not respond equally except in the case of mis
along a symmetry direction like@001#, and in either case
will, in general, create an anisotropic distribution of loc
tilts. We believe that this offers a possible explanation for
angular dependence of the broad rocking curves reporte
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this paper, even though the dislocation processes in the
homogeneous epilayer remain too complicated to follow
detail at the present time.

One final matter for comment here concerns the sideba
visible on the broadened rocking curve of Fig. 10. Followi
Gibaud et al.14 we note that if miscut creates terraces
width T along the miscut direction, with steps of heighta, the
~small! angle of miscut isu5a/T ~for T large!. Regularly
spaced steps produce periodic in-plane structures with w
vectors that are multiples ofGm52p/T. As sidebands on a
Bragg peak at the reciprocal-lattice vectorG11052p/a these
are located at~small! angular displacements from the Brag
peak that are multiples of the miscut angleGm /G1105a/T.
Thus the observation of sidebands that are separated from
main peak by the angle of the miscut is consistent with
interpretation in which they are caused by steps of the vic
surface. In width the sidebands mimic the broadened m
Bragg peak, as is appropriate to this interpretation.
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V. SUMMARY

We have identified a regime of temperature and thickn
in which Nb ~110! grows on miscut sapphire (1120̄) with
$110% faceted @001# fingers up to;10 mm long. Using
atomic force microscopy, transmission electron microsco
and x-ray diffraction, the origins of the surface fluxes th
create these features are traced to faceting and the s
fields that exist in the neighborhood of transient pinholes t
occur where islands grow together in the early evolution
the films. These mesoscopic features have an added im
tance as surface templates when the films are employe
buffers during the heteroepitaxial growth of thin-film sy
tems on sapphire substrates.
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