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Nanofaceting of vicinal Nb„011…
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We report studies of vicinal Nb~011! grown heteroepitaxially on sapphire (1120̄). Using low-energy elec-
tron microscopy on surfaces with small vicinal miscut;0.1°, we record the evolution of step edges during
annealing in ultrahigh vacuum. Below a temperature of about 1600 K the step edges coalesce to form$110%
nanofacets several steps in height, due to the low surface free energy. Two distinct types of facet form,

depending on the direction of miscut. For miscut along@01̄1#,(011̄) facets, which intersect the~011! terraces
at 90° along@100#, are created by step-edge coalescence. Owing to (2mm) symmetry, these occur over a range
of orientations around@100#. The surface develops over the course of hours into large terraces more than 10

mm long and of widths up to severalmm, terminated by (011)̄ facets tens of atomic~011! planes in height.

Surfaces miscut instead along@100# develop (1̄10) facets at 60° to the~011! terraces, which they intersect

along@ 1̄1̄1# and@ 1̄11̄#, respectively. The surface ripens into long terraces bounded by serrated edges formed
from alternating nanofacets about five steps in height. A variety of interesting phenomena are observed,
including direct nucleation of nanofacets from step edges, growth in a sawtooth of alternating facets, and
periodically faceted states in which facet sections alternate with sections in which the step edges are dissoci-
ated, to make a periodic structure. The phase diagram for nanofaceting is discussed for the limit of small
miscut.
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I. INTRODUCTION

Nanotopographical features of surfaces have attracted
terest in the recent literature. One example is hut structu
induced by strain in epitaxial Si-Ge alloys.1,2 A second ex-
ample is the careful study of facets on bulk crystals in th
mal equilibrium.3,4 The faceting behavior of crystals grow
by epitaxy is not yet well understood. For example, it is n
yet possible to calculate phase diagrams that predict the f
structures as functions of temperature and vicinal miscu5,6

This is in contradistinction to the case for bulk crysta
where the answer is available, in principle, from the Wul7

construction, given that the surface free energy is a kno
function of orientation. Symmetry factors that influence t
shapes of macroscopic crystals grown off-equilibrium fro
solution or the vapor phase are likewise well documente8

The present work concerns the nanofacets that occur
function of temperature on the surface of a metal, Nb, gro
heteroepitaxially on an insulating substrate of sapph
(Al2O3). These facets are typically five atomic planes
about 1 nm high.9 Niobium is of special interest as a met
known to facet easily on$110% planes, and the heteroepitax
of Nb~011! on sapphire (112̄0) has been studied. These ma
ters are documented further in what follows.

Owing to their thin-film geometry, faceting of heteroep
taxial systems differs from the behavior of bulk sampl
Because the diffusion time required for a significant redis
bution of material over the surface is inaccessibly long,
alizable experimental conditions are restricted to a subse
configurations in which the film remains essentially unifo
in thickness. This means that the surface orientation, w
averaged over a suitable locality, remains a fixed quan
For a vicinal crystal the orientation may equally be regard
as the miscut from the nearby low-index plane. The act
PRB 620163-1829/2000/62~3!/2096~12!/$15.00
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surface configuration is specified by the distribution
atomic steps on the surface, or equivalently by the terra
that these step edges interconnect.5,6 The constraint on the
equilibrium of a thin film is therefore the condition that th
local density and mean orientation of step edges rem
fixed, when averaged over a suitable locality. Predictions
phase diagrams for faceting therefore require a statist
treatment of interacting step edges of density and orienta
that correspond to the specified vicinal miscut. It is this pro
lem that remains at present unsolved.

Much evidence bears on the observation that Nb fac
readily on $110% surfaces. These are the six most close
packed planes of the bcc structure. A reservation here der
from experiments that show temperatures of 2600 K in UH
are needed to free the Nb~011! surface from oxygen
contamination.10,11 Most experimental studies, includin
those reported here, are therefore conducted with some
face oxygen present. For bcc metals it is common for$110%
to be the planes of least surface free energy, but for Nb
energy is low relative to the melting temperature even
comparison to the remaining bcc metals.12 A compilation of
experimental surface energies, together with fitted model
tentials and their predictions, is given in Ref. 12. In expe
ments that use Nb foils annealed at high temperatures,
observed that large-scale faceting takes place, usually
$110% planes but also on$111% planes.13 Surfaces of sufficient
quality have been prepared by these means that foils 5mm
thick have provided suitable substrates for subsequent
eroepitaxial growth of single-crystal overlayers b
molecular-beam epitaxy~hereafter abbreviated to MBE!.14

In addition, Nb has been grown directly on sapphire
MBE,15 both as a model system for investigation of met
ceramic interfaces16–18and as a generally useful buffer laye
to decouple subsequent overgrowths from sapphire sin
2096 ©2000 The American Physical Society
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PRB 62 2097NANOFACETING OF VICINAL Nb~011!
crystal substrates.19–21 The latter are available commercial
with epitaxial finish, and therefore provide a convenie
starting point for heteroepitaxial synthesis.22 Several orienta-
tions of sapphire substrate yield Nb so oriented that the
lattices retain a unique three-dimensional relationship am
the several cases, due to bonding geometry at the ato

level.23,16 Nb~011! grows best on sapphire (1120̄) in the
temperature range above 800 °C. A regime of temperat
thickness, and miscut exists in which samples grown
MBE develop mesostructures with a typical length scale
0.1–10mm.24 These mesostructures grow with precisely t
$110%- faceted surfaces that are of interest in the presen
search.

Details of the relevant geometry will be useful for wh
follows. Figure 1~a! shows atomic positions on the bcc~011!
surface and identifies certain crystallographic direct
within the plane. In Fig. 1~b! are shown three$110% facet

planes that intersect~110!, namely, (01̄1) at 90° to the sur-

face, and (1̄10) and (1̄01) at 60°. They intersect~011! along

the @100#, @ 1̄1̄1#, and@11̄1# directions, respectively. Thes
are the in-plane directions associated with facets of low
ergy. For vicinal Nb~011!, the 60° cases appear for misc

~positive gradient! along @100#, while the 90°(01̄1) facet

appears for@011̄# miscut. A further three facets pertinent

~011! are (011̄) at 90° to the surface, for miscut alon

@01̄1#, and ~101! and ~110! at 60° for miscut along@ 1̄00#.
These three intersect with~011! along the same directions a
the first three.

In the present research, facets are detected mainly by
energy electron microscopy and scanning tunneling mic
copy, shortened in what follows to LEEM and STM. A sum
mary of initial results on a Nb~011! surface is available,25

and the observation of periodically faceted states on Nb~011!
miscut along@100# has been reported.9 A brief account of
experimental MBE, LEEM, and STM matters is given
Sec. II. The experimental results, together with a discuss
of their significance, are presented in Sec. III. A phase d
gram for nanofacetting is described in Sec. IV, and conc
sions drawn from the research are the subject matte
Sec. V.

FIG. 1. ~a! Atomic positions and principal directions in th
bcc~011! plane.~b! Three types of facets that occur on the Nb~011!

vicinal surface. The (011̄) facet is at 90° to the~011! surface, and

intersects it along@100#. The two 60° facets are (11̄0) and (1̄01);

they intersect~011! along@ 1̄1̄1# and@ 1̄11̄#, respectively. The 60°
facets are shown for miscut~positive gradient! along @100#. There
are three equivalent facets for other miscuts.
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II. EXPERIMENTAL MATTERS

Specimens were prepared by molecular-beam epita
and examined by low energy electron microscopy. Summ
ries of the relevant processes are provided here.

A. Film growth

In all, five Nb thin-film samples were grown and exam
ined in this work. Three, of thicknesses 160, 160, and 50 n
were grown on sapphire miscut to give the resulting Nb~011!
surface a vicinal tilt of about 0.1° along Nb@01̄1#. The re-
maining two, with thicknesses of 227 and 500 nm, we
grown with a vicinal tilt of about 0.1° along@100#. In each
case commercial sapphire substrates22 with epitaxial grade
polish were degreased and passed through ultrasonic c
ing baths, before being dried and introduced into the grow
chamber. There the substrates were subject to an anne
procedure to condition the sapphire surface. The Nb fil
were then grown at about 1170 K with a rate of;0.2 A/s,
until the desired thickness was achieved. For more detail
these now standard procedures, the reader should co
Refs. 15 and 19–21. A number of the samples were su
quently stored in a low vacuum dessicator and in air bef
being introduced into the LEEM for analysis.

B. LEEM studies

The electron microscope employed in this research w
designed by Tromp, following the work of Bauer,26 and was
constructed at IBM Yorktown Heights. A description of th
design will be found in the literature.27 The LEEM permits
research on surfaces, at a lateral resolution of;10 nm, to be
conducted at a base pressure of 1310210 torr. Dark and
bright-field imaging modes are both available, as is surf
diffraction by low-electron electron diffraction~LEED!. In
addition, a sample stage and electron-beam heating eq
ment have been incorporated to permit the study of me
grown on insulating substrates at temperatures up to 172
Different samples afforded diverse periods of study, as
heater design was perfected over the course of
research.25 Early samples cracked, owing to inhomogeneo
heating and from exposure to the electron-beam heater. W
later designs, one sample 500 nm thick miscut along@100#
seemed to offer an indefinitely long life, and was fina
destroyed by experiments that exposed it deliberately to
oxidation at high temperature, from which condition it w
not possible to restore a ‘‘clean’’state.

In the present research, it was found that the Nb surf
cleaned to yield a nearly perfect 131 LEED pattern above
1500 K, after cycling up to 1720 K in a vacuum never wor
than about 331029 torr. In this, Nb~011! resembles
Mo~011!, for which the cleaning cycle was reporte
elsewhere.28 Earlier results of other researchers establish
however, that the Nb surface remains oxygen doped un
heated in UHV to much higher temperatures of;2600 K,
which were not available in LEEM.10,11 Consequently the
surfaces studied here undoubtedly retained some oxy
coverage despite the 131 LEED pattern. The same therma
cycling that cleaned off surface phases simultaneously
mitted dislocation motion and greatly improved the cryst
line quality of the Nb films.28 Details of the transformation
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2098 PRB 62FLYNN, SWIEÇH, APPLETON, AND ONDREJCEK
of the films and their surfaces under thermal cycling are
relevant to the faceting behavior described here, and wil
reported elsewhere. The results presented in Sec. III w
taken using materials in which the cleaning process is w
advanced. Some results nevertheless relate to the intera
of dislocations with facets. These concerned residual di
cations in crystals for which the thermal processing remai
incomplete.

C. STM studies

Scanning tunnelling microscopy has also been emplo
to examine Nb single-crystal films, using an Omicron va
able temperature STM, further equipped with LEED w
four-grid electron optics and a cylindrical mass analyzer
Auger spectroscopy. 500-nm Nb films miscut by about 0
along @100# were prepared by MBE, as detailed above, a
heated to 1670 K by a current passed through about a 1mm
thickness of Nb or Ta which was magnetron sputtered on
rear surface of the sapphire substrate. After extensive out
sing at 850 K, the Nb surfaces were cleaned by heating
several hours to 1500 K, followed by flashes to 1670
following procedures similar to those employed in t
LEEM studies. When checked by Auger and LEED sp
troscopies, the surfaces showed no trace of impurities o
than oxygen, with almost constant OKKL ~510 eV! to Nb ratio
observed up to 1570 K. Two variants of surface reconstr
tion observed by LEED at 300 K agreed well with tho
observed in LEEM.25 The Nb thin layer degraded over th
course of days to form a rough surface, and fingering of
type reported earlier24 occurred, perhaps owing to electrom
gration caused by the heating current.29

III. RESULTS

LEEM observations were made on Nb~011! surfaces with
weak miscut,;0.1° relative to~011!. In all cases the sur
faces had first been cycled to high temperature in a vacu
of 331029 torr at worst, until surface deposits~mainly car-
bon traces! were no longer visible, and LEED at 1500
revealed only a 131 surface structure. The intermedia
structures that occur as Nb~011! passes from a MBE-grown
but air-exposed state to the cleaned but still oxygen-cove
from ~see above! are of separate interest, and will be report
elsewhere.

The results identify three categories of structure. At
highest temperatures is a regime in which steps are ma
dissociated, so that the surface is covered mostly by sin
height step edges. At low temperatures is a regime in wh
nanofacets, rather than single steps, accommodate
Nb~011! miscut. These occur during annealing as the surf
structure ripens. In our observations the nanofacets ra
from 3 to;20 atomic planes high, or about 1–4 nm. Final
and most complicated, are intermediate regimes in wh
both nanofacets and single step edges occur on the sur
either in quasiequilibrium configurations or as configuratio
passed through during the kinetics of transformation betw
stepped and faceted surfaces. In what follows, LEEM ima
are employed to investigate the structures of these surf
and the mechanisms by which transformations take p
among them.
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A. High temperatures: Surfaces with mainly single steps

In equilibrium at the highest temperatures employed
the present studies, miscut of the Nb~011! surface is accom-
modated almost entirely by step edges of unit height. Mo
over, the characteristics of the steps appear to be relati
isotropic. The general type of stepped structure is illustra
by a sketch shown in Fig. 2, where single steps are separ
by terraces of variable width that, in the case illustrat
correspond to a miscut generally along the@100# azimuth.
All samples studied here, regardless of thickness and or
tation of miscut, had surfaces that cleaned and anneale
form this type of structure at a temperature near 1670 K

The observed high-temperature surfaces are exempl
by the micrographs in Fig. 2~a!. The precise contrast with
which the steps are imaged depends on diffraction con
tions, and hence on the impact energyEp of the primary
electron beam. For this reason the beam energy is inclu
throughout the paper as information provided in the figu
captions. Figure 2~a! shows a fairly ideal surface at 1720 K
miscut by about 0.1° along@100#, comparable in fact to those
observed in LEEM studies of Mo~011!.28 One distinction is
that for Mo the oxygen is largely removed at 1670 K.

Inspection of the stepped surfaces reveals that the
edges are fairly straight, with separations that do not cha
much on the length scale of their average spacing. In a
tion, the spacings often appear to be more uniform th

FIG. 2. LEEM images of Nb~011! in the single step regime a
high temperatures.~a! Nb~011! miscut by 0.1° along@100# taken
with Ep59 eV at 1720 K.~b! Images showing loop shrinking dur
ing annealing at 1590 K, taken withEp511 eV. The numbers give
the time in seconds. The loop has a round shape, showing tha
energy of the steps is fairly isotropic.
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PRB 62 2099NANOFACETING OF VICINAL Nb~011!
would be anticipated of a random system. These behav
relate to the stiffness of step edges and the interact
among them. Observations of spatial and temporal step fl
tuations can quantify these factors,30 and it is our intention to
present a detailed analysis of the phenomena in a sep
paper.

Since Nb~011! has tetragonal (2mm) symmetry,31 surface
steps must generally exhibit anisotropic characteristics. A
microscopic level the close packed step edges~see Fig. 1! lie
along@ 1̄11̄# and@ 1̄1̄1#, and steps oriented along@100# have
edge atoms spaced as second-nearest neighbors. Rega
of this anisotropic geometry, the observed behavior of s
edges on Nb~011! is fairly isotropic. To illustrate this, Fig.
2~b! shows a sequence of images, from an early stage
annealing, in which step loops shrink and eventually van
as diffusion over the surface gradually fills in a surface
pression. The loops remain rather circular in shape~despite
pinning at visible edge dislocations that thread the samp!,
whereas a strong anisotropy of the line energy would c
tainly make the quasi-equilibrium loop shape anisotrop
This is observed, for example, on Si~001!,32 which also has
(2mm) symmetry. Here the possible anisotropy of the loo
is ;20%, thus reflecting similar limits in the anisotropy
the line tensions of step edges.

B. Low temperatures: Faceted surfaces

The faceted surfaces that occur on weakly miscut Nb~011!
at temperatures below about 1650 K depend on the direc
of miscut. We have investigated two cases with orthogo
miscuts along@100# and @01̄1#, respectively.

@01̄1# miscut. During annealing of a rough~011! Nb sur-
face at temperatures of 1550–1720 K, step edges bunc
appear in LEEM as notably straight lines along three cr
tallographic directions. Figure 3~a! provides the example of a
Nb film 160 nm thick. The close, packed@ 1̄1̄1# and @11̄1#
directions both appear, together with@100#. We interpret the
lines in the LEEM image as facets of the type identified
Fig. 1. The surface, as shown, is at 1620 K and far fr
equilibrium; all three types of facet are observed toget
only in initial heating cycles. It is interesting that the clos
packed facet directions develop first, even though the mis
could be accommodated by steps mainly along@100#. This
interpretation is encouraged but not firmly established by
LEEM images alone, owing to the limited lateral resoluti
;10 nm.

In addition, following earlier results33 we have been able
to image the Nb~011! surface by scanning tunneling micro
copy. Figure 3~b! and insets show facets as observed
STM. The upper image scans wide terraces with abrupt
ets many steps high, and in addition a single height step~see
the inset line scan!. We have made an attempt to determi
how steep the facets appear in STM. The lower image sh
a close-packed facet five steps high, as revealed both b
height of 1.1 nm and the separate steps visible at the jog
the STM image inset the height change occurs over a
tance of about 2 nm. This establishes unambiguously tha
feature is too narrow to comprise five dissociated steps s
rated by atomic displacements, and indeed a configuratio
several steps, each oriented crystallographically and sp
by one or two atomic displacements, does not appea
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make physical sense unless they form a specific facet of
energy. We conclude that the inference from LEEM that
lines in Fig. 3~a! correspond to nanofacets is consistent a
with the STM evidence. Further work is needed to make
identification unambiguous. In what follows these featu
are identified as nanofacets of the types depicted in Fig
although this remains an inference.

FIG. 3. Nanofacets. Part~a! shows a rough Nb~011! surface

miscut along@01̄1#, and partly annealed to create terraces up to;1

mm wide. The straight lines along@100#, @ 1̄1̄1#, and @11̄1# that
terminate the terraces are interpreted as nanofacets. The ima
acquired atT51620 K andEp59 eV. In the STM images of~b!,
the upper figure shows a long terrace terminated at each end o
identified line scan~shown inset! by steep facets. The terrace co
tains a single step edge which moves, and thus forms an irreg
separating line between two different grays. In the lower image
facet is 1.1 nm high and breaks into five separate steps at the
The inset shows that the height change occurs with maximum s
.0.5 or;30°, even when reduced by tip size effects. It is inferr
that the steps have merged to form a single crystallographic fa
This is a nonequilibrium configuration from an early anneali
cycle.
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2100 PRB 62FLYNN, SWIEÇH, APPLETON, AND ONDREJCEK
A smoother~011! surface, from a later stage of annealin
but still miscut along@01̄1#, reveals step edges mainly alon
@100#. This is not a close-packed direction but, as seve
@100# step edges accumulate along the same line, they
stack to form a single vertical nanofacets of (011)̄ orienta-
tion. Because the$110% surfaces of Nb have low surface fre
energies, this stacking process is energetically favored,
the surface evolves into~011! terraces connected by lon
(011̄) facets. Over the course of time these surface featu
ripen. The image in Fig. 4~a! shows the surface of a film 5
nm thick, miscut by 0.1° along@01̄1# and ripened for abou
1 h at 1560 K. During this process single step edges can
seen to accumulate one by one at the facet~see below, Sec
III E !. The terraces are;1 mm wide and manymm long. We
thus infer that the 90° (011)̄ facets in these images are;2
nm high or;10 atomic~011! planes, so that they may prop
erly be termed nanofacets.

It is interesting that the ripened nanofacets are not rig
ously planar. While oriented generally along@100#, they nev-
ertheless curve among nearby orientations. Added annea
makes the facets higher and smoother~see Sec. III E!. This
suggests that the surface energy remains small for a rang
surface orientations around (011)̄. In turn this conclusion is
consistent with the observation from the (2mm) symmetry
that the surface energy can change only in second order
the angle as any$110% plane is rotated from the exact@100#
intersection. The proof is that the energy must by symme

FIG. 4. Nanofacets and steps.~a! Gently curving facets oriented

generally near (011)̄ and aligned close to@100# on a vicinal surface

miscut along@01̄1# and annealed at about 1560 K.~b! and ~c!
Surfaces miscut along@100# and annealed near 1410 and 1615

showing (1̄10) and (1̄01) nanofacets in two characteristic forms.
~b! the facets are short and cause the terraces to have serrated
while in ~c! the facets are long and divide the~011! terraces, as
shown in the inset sketches. Values ofEp for the three images are 6
42, and 4 eV.
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be the same for positive and negative rotations relative
each of the two mirror planes. It is conceivable that these
facets extend far enough to include 90°$111% facets, at 37° to
the ~011̄! pole.

@100# miscut. For this direction of miscut the close packe
@ 1̄1̄1# and @11̄1# step edges are equally revealed, and
steps along@100# are needed. This leads to the prospect t
(1̄10) and (1̄01) facets form when step edges coalesce. T
micrographs in Figs. 4~b! and 4~c! for an epitaxial film 0.5
mm thick, annealed at 1410 and 1615 K, respectively, sh
that two different appearances of the surface can deve
respectively interpreted in their inset sketches. The sketc
are again based on the inference that the observed str
lines, which are seen to follow the close packed crysta
graphic directions in Fig. 4, are in fact nanofacets. Typi
facet heights observed in this work are 3–6 steps for@100#
miscut and much more for@01̄1# miscut. For a given face
height the difference between the two structures sketche
Fig. 4 lies in the length scale of the facets relative to th
spacing along@100# ~i.e., to their height for the given mis
cut!. When the facets are short and high, the terraces rem
long, and with the bounding edges serrated along the clo
packed directions. When, on the other hand, the facets
come long relative to the terrace width, they cross the en
terrace and the structure breaks into parallelograms w
~011! terraces contained by (11̄0) and (1̄01) facets. Either
way the surface achieves the low energy of an entirely$110%
structure.

C. Mechanisms for nanofaceting of the†100‡ miscut surface

Mechanisms are required by which the surface can m
transitions from one surface structure to the next as co
tions change. For@100# miscut the availability of alternative
facet orientations can lead to a complex surface evolution
the course of these investigations we observed different p
ways, some unexpected, by which the surface nucleates
energy facets.

Direct nucleation from interacting steps. When a surface
with single step edges is cooled and held below the face
temperature, nanofacets can be nucleated directly from
fluctuating step edges. One great advantage of LEEM is
processes can be followed in real time with a resolution of
ms. On this time scale the step-edge locations and pro
above 1470 K are seen to undergo large fluctuations. A se
of micrographs in Fig. 5~a! shows how a nanofacet nucleat
~black arrows! from an initially unbiased distribution of ste
edges with no nearby defects. Prior to visible nucleation, i
apparent in video sequences that several neighboring
edges fluctuate into an interacting group. A nucleus of
more favored facet then becomes visible in LEEM as a
agonal line crossing the steps. Later images show that
facet subsequently grows by coalescence of the step e
that dissociate from both its termini. Only limited growth o
a single nanofacet has been observed, presumably bec
the angle between the steps and the facet tips becomes
vorable as the length increases~for a relevant discussion, se
Sec. III F below!. What happens is that a second, better
vored, facet is nucleated, as explained in what follows i
mediately.

Sawtooth faceting. We have observed that a nanofac
once formed, can create a nanofacet sawtooth in which

ges,
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two $110% facet orientations alternate, maintaining the sa
set of step edges throughout. The series of facets runs a
the same direction as the original step edges to accommo
the miscut perfectly. Evidently when the angles that s
edges make with a facet terminus become unfavorable,
alternative orientation of facet can nucleate directly at
facet tip to continue the faceting process as a sawtooth.
process is initiated in the final two images of Fig. 5~a!. The
sequence of micrographs in Fig. 5~b! show how, for an ep-
ilayer 500 nm thick at a temperature of 1585 K, the sawto
faceting can proceed for tens of nanofacets, extending
several microns, along the precise average orientation o
dissociated steps~i.e., along the normal to the miscut!. A
point of added interest is that the sawtooth shown conta
precisely five step edges. For this step height the LE
contrast is close to a minimum for the impact energy e
ployed to optimize the visibility of single step edges. Con
quently the visibility of the sawtooth facet in the microgra
is poor.

Dislocation drag. Dislocations are observed to exe
forces on step edges. When an edge dislocation that in
sects the surface glides through a field of step edges, it
turbs the steps in a way that is readily detected in LEE
images. By way of example, in Fig. 6~a! a gliding edge dis-
location intersects a field of five single step edges about
mm from the point at which they coalesce to form a fac

FIG. 5. Nucleation of 60° nanofacets.~a! The upper micro-
graphs show a 60° nanofacet nucleating directly from fluctua
step edges at 1585 K, and further nucleating a sawtooth nanof
Image taken withEp54 eV. ~b! A sawtooth nanofacet forms an
grows parallel to the dissociated steps~i.e. perpendicular to the
local surface gradient! by nucleation of alternating facets in appr
priate relative lengths from successive facet tips. The image is ta
at T51585 K with Ep54 eV, chosen for visibility of single steps
so that the sawtooth has poor visibility. Numbers give time in s
onds.
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The perturbation stretches the steps almost as strings
harp are plucked. At the points marked by arrows, a dislo
tion forces several steps into contact, from which one bre
free ~see the frame marked 26!. The remaining four steps
finally coalesce to form nanofacets of both 60° types visi
in the image. In this way an external force can nucleate na
facets.

Grain boundary-induced nucleation. Dislocations induce
faceting in a second process that has been observed
documented but remains poorly understood. What happe
that edge dislocations, when organized into low-angle gr
boundaries, cause an existing step bunch to nucleate a

(011̄) nanofacet. This occurs for the@100# miscut, despite

the fact that the (011)̄ facet is poorly oriented, at a larg

angle to existing steps, unlike the (11̄0) and (1̄01) facets
that are more generally preferred for this miscut. Once nu

ated, the (011̄) facet then grows, often until it extends full
across the two terraces between neighboring multiple st
Inevitably this processincreasesthe length of the step edge
and also the associated energy cost. As the processes o
spontaneously and growth continues, we infer that a comp
sating energy reduction must occur elsewhere. It is poss
that the particular facet orientation effectively removes str
energy from the dislocation fields of the low-angle gra
boundary, and that this provides the main driving force
the observed process.

The behavior is illustrated by the micrographs of F
6~b!. The top figure shows a field with step bunches seve
steps in height. Below that is the image about 3 h later when

the (011̄) nanofacets have formed and ripened, so that
step edges are cut by strong@100# lines; these occur where

(011̄) facets cut the~011! surface, and thus become visib
in the LEEM image. Below this image are three series
micrographs in which separate facets, each visible in
main image, are tracked as they nucleate and grow. At tim
~left! a facet~black arrow! nucleates among three edge d
locations~white arrows!. Its growth is tracked up to time 570
sec., at which the facet extends across two terraces from
lower dislocation to the middle one. In the second seque
~middle! the nearby grain boundary~white arrows! causes a
step bunch to nucleate a triangle of facets which grow
cross a terrace and almost contact two dislocations. In
third and most complicated sequence, a dislocation st
field initially induces nucleation of two facets, one 60° a
the other 90°, from which the system evolves to form
three types of$110% nanofacets all clearly oriented with th
dislocations of the low-angle grain boundary. It is interesti
that precursors of the final facet geometry are often clea
visible on the surface some timebeforethe full faceting oc-
cupies that particular position. This appears in the LEEM
fluctuating markings on the terraces where the facet w
eventually pass, and also as perturbations of neighboring
edges along the track of the growing facet. Clear examp
appear in the 664 and 912 images on the right-hand sequ
of Fig. 6~c!. The precursor phenomena are not understoo
present, but probably relate to dislocation structures to wh
the precursors lead, and to the resulting relaxation of st
fields in the low angle grain boundaries.
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FIG. 6. Nanofacets nucleate
near edge dislocations.~a! When a
dislocation that intersects the su
face ~arrows! passes through a field
of initially dissociated step edge
~image at 0 sec!, the dislocation-step
interaction forces steps togethe
and they eventually form two 60°
nanofacet~see the image at 89 sec!.
~b! The upper image shows an in
tial surface of bunched steps, whic
after 1160 sec incorporate numerou
prominent nanofacets. These in
clude both the expected 60° face
and also anomalous 90° face
whose intersections with~011! lie
along@100#. ~c! Three sequences ar
shown in which a 90° facet forms
spontaneously from a step bunch
the strain field of a low-angle grain
boundary ~dislocations marked by
arrows!. The first sequence~left! is
a simple nucleation with subseque
growth of a 90° nanofacet acros
two terraces, eventually terminatin
in 60° facets. The second sequen
shows three facets nucleating as
triangle from a step bunch, and i
the strain field of nearby threadin
edge dislocations. The third proces
is more elaborate, including exten
sion to further 90° and 60° facet
and other dislocations, and exhibi
ing precursor markings~see images
at 527 and 664 sec! on the surface
prior to the final nanofaceting even
The values ofEp in ~a!, ~b!, and~c!
were 9, 4, and 4 eV, and the tem
peratures were 1650 K in~a!, 1540
K ~upper! and 1485 K ~lower! in
~b!, and from 1535 to 1515 K
through the sequences in~c!.
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A local change of miscut on the surface can cau
changes in the faceting. This is particularly striking whe
the miscut becomes perpendicular to the steps, so that fa
are less preferred. In Fig. 7 the upper image is selecte
show how steps dissociate from facets, often very slow
within the temperature range 1500–1650 K. Of special in
est is the fact that nanofacets containing different number
e

ets
to
,

r-
of

unit steps dissociate to reveal their actual step contents
Fig. 7, nanofacets are found in this way to contain thr
four, five, etc. steps. It is noteworthy that the two entang
steps on the left, marked by an arrow, do not coalesce
form a true facet along a facet direction, and neither do
two to the right center of the image~arrow!. This suggests
that for the 60° facets imaged here, a minimum of three s
edges is required to form a fully stable facet. Further e
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PRB 62 2103NANOFACETING OF VICINAL Nb~011!
amples verifying that three steps suffice are shown in
lower images, marked by arrows. Each facet has upper
lower edges that bound the facet, and these must contri
positive line energies which destabilize facets more eff
tively the smaller the facet height. In contrast the (011)̄ fac-
ets discussed in Sec. III B do appear able to form with j
two steps. The latter case differs in two ways from t
former. First, the vertical (011)̄ facets have an area small
by a factorA3/2 than the 60° (1̄10) facets for the same
number of steps, so that their steps bind more strongly;
second, the presence of grain boundary dislocations in
latter case undoubtedly modifies the binding between
step edges. It is possible that the two entangled steps in
lower right image of Fig. 7 form a curved 90°~100! facet,
which fails to compete with 60°$110% facets when the heigh
is increased to three steps.

E. Mechanisms for ripening

We have observed the Nb~011! surface after cleaning an
during subsequent annealing for extensive periods as the
face structure ripens in the regime where partial or comp
faceting occurs. Near 1600 K, the structure changes slo

FIG. 7. The upper image shows a region where the local mis
changes and causes nanofacets of various heights to disso
Facet heights corresponding to three, four, five, and six steps
visible, but the tangled pairs on the right and left~arrows! fail to
adhere accurately to a facet orientation, and thus appear less f
able for facet formation. Image taken at 1585 K withEp511 eV.
The two images below reveal further details of step interactions
coalescence process for the case of three steps, withEp59 eV at
T;1650 K.
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over the course of hours, and by mechanisms that are r
tively subtle. Figure 8~a! contains a sequence of images fro
a crystal miscut along@01̄1#, which shows one process i
which step edges are removed and incorporated into m
widely spaced step bunches, with an obvious increase of
race size and a decrease in free step density. The prope
like rotation of the step pattern visible at one point in th
process is a characteristic feature that recurs frequentl
video sequences, and becomes recognizable.

Figure 8~b!, taken from an earlier thermal cycling of th
same sample, shows steps trapping at low-angle grain bo
aries in the process of gradually accumulating to form
large facet of Fig. 4~a!, which meanders generally near th
@100# direction. The systematic evolution of steps from t
terraces to the facet, regardless of temporary pinning
threading edge dislocations, is readily appreciated in
video sequences. Incorporation of existing steps into
facet reduces the net free energy because the free ste
quires more energy than the same atomic length of vert
$110% surface. However, the detailed mechanism by wh
the facet attracts the steps still remains to be explained. S
motion requires a net mass transport over the surface to
ply or remove the necessary atoms at sites along the s
One possible cause for step migration is that strain fie
from the facet cause nearby steps to act as net absorbe
emitters of thermal defects in the form of advacancies a
adatoms. A second possibility is that the facet itself boils
thermal defects in nonequilibrium proportions. The beha
iors must differ for the 90° inside corner at the foot of th
facet and the 90° outside corner at the top of the facet
order that steps of the same sign be drawn to the facet f
both sides.

Figure 8~c! shows images of the more elaborate proces
by which the@100# miscut surface evolves toward structur
of larger scale. This sample was in the later stages of cle
ing after earlier exposure to oxygen. Much of the ripeni
takes place through the action of screw dislocations, wh
move through the structure to attach and disconnect var
features as the facets develop in height and spacing. In
8~c! the two upper images compare the surface before
after 250 sec of evolution. It is difficult to comprehend sy
tematic features of the evolution illustrated in the figure, b
the surface at the finish of the sequence shown is certa
simplified and on a larger length scale than the starting s
face. The set of images shown, with arrows to indicate
motion of screw dislocations, were acquired over the cou
of 105 sec. The fact that features change in regions rem
from the gliding screw dislocations make it difficult to un
derstand the mechanical processes in any detailed way

F. Periodically faceted states

Free step edges are stabilized by the high entropy of
diverse configurations they access, which increases w
temperature.5,6 In contrast, the surface energy of facets is le
temperature dependent, and faceting occurs at the lower
peratures. Whereas step edges run perpendicular to the
surface gradient, facets necessarily take crystallographic
rections. For this reason the transition from free steps
facets does not always take place at a temperature wher
facet and step free energies per unit length are equal. In
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FIG. 8. Ripening mechanisms
~a! A ‘‘propeller’’ step process is
shown for a crystal miscut along

@01̄1#. Excess adatom and adva
cancy accretion displaces a sing
step into a step bunch or facet, lea
ing behind a wider terrace. In se
quence~b!, nearby step edges ar

displaced to coalesce with a (011)̄
facet on a surface with a wea

@01̄1# miscut. Part~c! charts the
ripening of a surface miscut alon
@100#, in which the motion of screw
dislocations coarsens the leng
scale of the structure. The top tw
images show coarsening that occu
over 250 sec. Details of processes
the frame shown are provided in th
lower sequence, where arrows lo
cate individual screw dislocation
and indicate their general directio
of motion. The values of tempera
tures andEp for the three sequence
are ~a! 1650 K and 9 eV and~b!
1500–1465 K and 4 eV~c! and~d!.
The temperature rises from 1620
initially to 1650 K at 250 sec, with
Ep54 eV.
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a direct transformation can take placeonly when the steps
and facets have the same orientation. Otherwise the fa
must have a greater length that the step edges they rep
and dissociated steps therefore remain stable to some
lower temperatures.

A separate publication9 outlines a model which shows tha
an intermediate phase can occur between the faceted~F! and
dissociated step~S! phases. This has been named the perio
cally faceted phase~P!,9 and is a central component of th
phase diagram for nanofaceting, which is the subject ma
of Sec. IV. This behavior arises in the regime where
facets have a lower free energy per unit length, but are n
essarily longer because they do not follow the optimal s
ets
ce,
hat

i-

er
e
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r-

face contour. States in which facets and dissociated s
alternate can have a lower free energy than either step
facets separately. Sawtooth nanofacets can, on average
low the miscut contours, but obviously contain a grea
length of facet than the length of dissociated steps they
place.

Figure 9~a! shows periodic facets that develop at abo
1590 K oncoolinga Nb~011! surface, miscut close to@100#,
from an initial condition resembling Fig. 2~a!. These struc-
tures differ from the sawtooth facets described above, in
facet sections alternate with sections made from dissoci
steps, rather than two facet types alternating. The states
tually observed here do have alternating sections of fa
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PRB 62 2105NANOFACETING OF VICINAL Nb~011!
and steps, but are not highly periodic. The image of Fig. 9~b!
was obtained from a surface resembling Fig. 4~c! uponheat-
ing to 1600 K. It also shows periodically faceted states in
generally disordered array. It is important that these str
tures form both on heating and cooling, since this sugg
that they may occur in thermal equilibrium. Smaller, mo
orderly regions do occur, as shown in Fig. 9~c!. Like the
fully faceted states that occur at lower temperatures~e.g.,
Fig. 4!, the periodic states lack a fundamental length sc
and presumably undergo continued ripening with anneal
in order to decrease the ratio of line energy to surface ene

IV. PHASE DIAGRAM FOR NANOFACETING

Step edges exhibit a specific energy per unit length w
free, and an entropic repulsion when constrained by mu
proximity. While the step spacing becomes larger, as
miscut is reduced at fixed orientation, the free energy cha
per step edge, as faceting occurs, thus attains a value th
independent of the size of the miscut angle in the limit
infinitesimal miscut. The limiting phase diagram of the su
face configuration for small miscut is therefore fixed by m
cut azimuth and by the ratio of the step edge energy to
facet energy per unit facet height, which elsewhere is ca
b.9 Of course the latter depends on the total facet heig
because the line energies where the facet meets the ter
add to the surface energy from the remaining facet area,
the ratio of these components depends on the height. S
this complication does not depend on the miscut, we are
to consider the way the phase diagram for weak miscut

FIG. 9. Periodically nanofaceted states on vicinal Nb~011! mis-
cut along @100# in which nanofacets and dissociated step ed
alternate to form a periodic arrangement.~a! Image taken at 1590 K
with Ep54 eV after cooling from a state with steps entirely diss
ciated.~b! Image obtained at 1600 K withEp54 eV after heating
from a fully faceted configuration resembling Fig. 4~b!. ~c! Small
region of fairly regular structure from a neighboring region of~a!.
According to Ref. 9 the periodic faceted states provide the confi
ration of lowest equilibrium free energy for a range of temperatu
for miscut orientations near@100#.
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pends on the orientation of the miscut and the ratiob of the
nanofacet to step energy for a given nanofacet height.
specifically two-dimensional aspects of phase equilibrium
fluence the notion of a phase diagram for faceting; the en
content is geometrical, relating to the way chemical poten
surfaces intersect as functions of the relevant free variab

Owing to the (2mm) symmetry of the Nb~011! surface
~which possesses two orthogonal mirror planes! the Nb~011!
surface contains four equivalent quadrants. A second dim
sion of the phase diagram for faceting is spanned explic
by b, and hence implicitly byT. Here we construct a specu
lative phase diagram based on inferences and observa
that derive from the results presented above. The phase
gram is given as Fig. 10, with an equilibrium structu
shown as a function ofT.

In Fig. 10, the portion that falls between the (11̄0) and
(1̄01) facet orientations is taken from the discussion
Flynn and Swiech,9 which assumed that the surface ste
have isotropic energies~cf. Fig. 2!. It includes a eutectic a
which sawtooth facets necessarily transform directly into d
sociated steps, markedS. Periodically facetted states, marke
P, occur above the eutectic temperature in ‘‘two-phase’’
gions with facets equilibrating with dissociated steps t
have a different orientation. In this phase diagram, fac
play the role of line compounds in metallurgical phase d
grams, and dissociated steps are analogous to liquid or s
solutions that can take a range of concentrations~orienta-
tions!. Furthermore, since periodically faceted states, as
served, contain dissociations of free steps at angles b
larger than and less thanp ~at the two ends of each facet!, it
seems certain that much the same type of periodically
eted state must occur, in addition, on the opposite side of
facet orientations~at least when the dissociated steps are
deed isotropic!. Thus a further eutectic probably occurs b
tween each 60° facet and the 90° facet, as shown.

Near the @01̄1# miscut azimuth, the (011)̄ facets that
form there are shown with an extended phase field. T
choice derives from the observation made above from
(2mm) symmetry of the~011! surface, that the facet energ
can vary only in second order with the miscut azimu
While no further results confirm these speculations
present, the proposed second eutectic for 60° facets als
quires two phase fields in which 90° facets equilibrate w
60° facets at low temperature, and with dissociated step
high temperatures. No details of the extent of the latter fi
are available; widths from zero up remain possible.

The speculative phase diagram for faceting in the limit
small miscut of Nb~011!, given in Fig. 10, is consistent with
the above discussion. On the other hand, the data are sp
and the regime between@01̄1# and @21̄1# is as yet poorly
explored. Further measurements are needed before a rel
phase diagram for faceting at small miscut can be fully
termined. The Nb films employed here certainly retain so
oxygen coverage, and as this can affect step-step interac
we expect that features of the phase diagram for the c
vicinal Nb~011! surface may, accordingly, differ somewh
from those shown. The global phase behavior and its~pre-
sumably weak! dependence on facet height and on oxyg
coverage nevertheless remains a topic of some conside
interest.
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V. SUMMARIZING COMMENTS

In this paper we report faceting behavior in which t
vicinal Nb~011! surface develops nanofacets with inferr
$011% orientations when annealed at temperatures be
about 1650 K. The faceting most probably arises from
low surface free energy of the Nb$110% surface, which cause
step edges of the vicinal surface to coalesce and form$110%
nanofacets. The phenomena on the bcc~011! surface are en-
riched by the occurrence of three distinct facet orientatio
namely, (011̄) which intersects~011! at 90° along@100#, and
(1̄10) and (1̄01), which intersect~011! at 60° along@ 1̄1̄1#

and @11̄1#, respectively. In the experiments reported he
confined to miscuts of about 0.1°, the former type fac
occur for miscut along@01̄1#, and the latter two facets fo
miscut orientations close to@100#.

The phenomena observed include the nucleation of na
facets directly from dissociated steps and in the perturb
fields of edge dislocations, either singly or in low-angle gra
boundaries. The stable phase at sufficiently low tempera
comprises long terraces perpendicular to the miscut, te
nated laterally either by 90° (011)̄ nanofacets or a serrate
edge of alternating 60° (11̄0) and (1̄01) nanofacets, for mis
cuts along@01̄1# and @100#, respectively. A variety of be-
haviors including sawtooth facet growth, and periodica
faceted states occur for the@100# miscut. For both the prin-

FIG. 10. A speculative phase diagram for nanofacetting
Nb~011! as a function of miscut azimuth for a fixed facet heig
The temperatureT employed here tracks with a parameterb21,
which measures the ratio of the step-to-facet energy. The facet
like compounds in a metallurgical phase diagram, and the diss
ated steps like solutions. The portion of the diagram between
two 60° facet orientations has been calculated by Flynn and Sw
~Ref. 9! for the case of an isotropic step energy. It is expected
the phase diagram changes weakly as the surface ripens an
nanofacets become higher. It may also depend significantly on
oxygen coverage.
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cipal miscuts, mechanisms for a gradual ripening of
structure toward longer length scales are observed.

The phase diagram for faceting as a function of mis
orientation in the limit of small miscut is a further topi
investigated here. There is a rich structure in which face
states, states with dissociated steps, and periodically fac
states all occur. The scale of the structures both in fa
length and facet height are subject to ripening with time
order to lower the fraction of energy that edges contribute
the net surface free energy. The scaling of this variation w
miscut and facet height is discussed in the Appendix.
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APPENDIX: KINETICS OF FACET RIPENING

Here we comment briefly on the way the ripening of fa
eted nanostructures depends on the length scale of the fa
Suppose the the typical separation of facets isL, and that for
a miscut angleu the facet height is;uL. The line free
energy per areaL2, in excess of the$110% facet surface con-
tribution, then varies asML with M a constant. A doubling of
the facet height requires transport of material contain
;uL3/Vatoms, volumeV, over distances of;L. The
chemical potential gradient is thereforedm/dx
;(ML/uL3)/L;M /uL3. From the Nernst-Einstein equa
tion the resulting flux per unit area for atoms at densityV21

is (D/VkT)dm/dx, and the flow takes place through th
surface layer alone, cross sectionLa, with a the layer spac-
ing. We thus find the time constant

1

N

dN

dt
5

1

t
5

V

uL3

D

VkT

M

uL3 La.

With a scale increasedL5L in a time incrementdt5t, we
find

dL

dt
5

L

t
5

DMa

VkT

1

u2L4 .

We conclude that the length scale varies witht for variousu
as

L;FMDt

kTu2G1/5

.

The experiments described in the text are not sufficien
comprehensive to test this prediction.
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