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In spite of the large lattice mismatch between Bi and Si, it is possible to grow expitaxial Bi�111� films on
Si�001� substrates, which are atomically smooth and almost free of defects. The remaining lattice mismatch of
2.3% is accommodated by the formation of a periodic array of edge-type dislocations confined to the interface.
The strain fields surrounding each dislocation cause a weak periodic surface undulation, which results in the
splitting of all spots in low-energy electron diffraction �LEED�. From a high resolution spot profile analyzing
LEED study, an amplitude of 0.66 Å and a separation of 200 Å were derived. Comparison with elasticity

theory gives a full lattice spacing of the Si surface as a Burgers vector b� = 1
2 �110� of the misfit dislocation array.

With increasing thickness, the Bi film relaxes toward its bulk lattice constant.
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I. INTRODUCTION

For a long time, Bi has been a material of great interest,
specifically for basic research, due to its highly anisotropic
Fermi surface, small effective carrier masses m�, and small
carrier concentration.1,2 The large Fermi wavelength and a
long carrier mean free path � ��40 nm� were ideal prereq-
uisites to observe the quantum confinement effects in thin
films.3–5 Moreover, these unique electronic properties of Bi
cause large magnetoresistance effects as has been observed
in bulk Bi,6 Bi nanowires,7,8 and Bi thin films.9 Due to its
large spin-relaxation length and its small effective mass m�,
Bi based heterostructures are a potential candidate for spin-
based electronic devices, i.e., spintronics.10–12

The fabrication of such devices, however, interferes with
problems typical for lattice-mismatched epitaxial heterosys-
tems. The lattice strain is usually relaxed by the successive
generation of dislocations, which are disastrous for the elec-
tronic properties of any devices. Strain fields of the disloca-
tions scatter and relax the spin of the electron, making spin
relaxation anisotropic.13 Ideally, the dislocations would be
confined to the heterointerface, adjusting the lattice mis-
match and allowing the growth of a relaxed heterofilm free
of defects.

Such dislocations elastically distort the surrounding
lattice,14,15 resulting in a measurable undulation on the sur-
face. This phenomenon has already been observed for vari-
ous heterosystems applying different analytical techniques
such as scanning tunneling microscopy �STM�,16–19 trans-
mission electron microscopy,20 x-ray diffraction �XRD�,21,22

and spot profile analyzing low-energy electron diffraction
�SPA-LEED�.23,24 However, high resolution SPA-LEED is
excellently suited to studying such phenomena accurately in
situ both during and after deposition.

In the present work, we have characterized the geometry
of a periodic array of misfit dislocations for the heteroepi-
taxial system Bi�111� on Si�001� by SPA-LEED. From spot
splitting in LEED, the amplitude and periodicity of the weak
surface undulation are determined, which originates from the
periodic strain fields surrounding each misfit dislocation. The
edge component of the dislocation Burgers vector is then

calculated by using a simple theory of elasticity.17 Finally,
the evolution of the dislocation array with increasing thick-
ness of the Bi layer is discussed.

II. EXPERIMENT

Samples were prepared and analyzed in an ultrahigh
vacuum chamber �base pressure below 2�10−10 mbar�. The
SPA-LEED was used at normal incidence25 to analyze the
LEED spots after deposition and, in a reflection high-energy
electron diffraction �RHEED�-like geometry,26 to study the
surface morphology and formation of misfit dislocations dur-
ing growth. Due to a high grazing angle �30°�, the diffraction
patterns are distorted along the x axis; however, they can be
analyzed in the framework of kinematic approximation.26 All
the LEED data have been taken at 300 K except the over-
view patterns at 293 eV, which have been taken at 80 K in
order to reduce the background from thermal diffuse scatter-
ing. Si�001� samples �boron doped, 8–12 � cm, miscut less
than 0.2°� were degassed at 600 °C for 12 h. The native
oxide was removed by a short flash anneal at 1200 °C. This
process results in a clear �2�1� LEED pattern with
c�4�2� stripes at room temperature indicating a clean and
defect-free surface.27 Sample cooling was achieved by a liq-
uid nitrogen cryostat attached to the sample holder. The pre-
cooled cryostat allowed rapid cooling to 150 K. The obser-
vation of clear and sharp c�4�2� LEED spots indicates a
clean surface undergoing the reversible order-disorder phase
transition from �2�1� to c�4�2� reconstruction at low
temperatures.28–31 High purity Bi �Mateck GmbH, 99.9999%
purity� was evaporated onto the Si�001� surface from a di-
rectly heated ceramic crucible mounted in a water-cooled
copper shroud.32 The deposition rate and coverage were
monitored by a quartz microbalance mounted at the evapo-
rator and calibrated by bilayer �BL� intensity oscillations of
�00� spot during the growth.33

III. RESULTS AND DISCUSSION

In spite of the large lattice mismatch between Bi and Si, it
is possible to grow epitaxial Bi�111� films on Si substrates,
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which are surprisingly smooth and almost free of defects. On
Si�111� with a surface lattice constant of aSi�111�=3.84 Å, Bi
grows as Bi�111� film with a surface lattice constant of
aBi�111�=4.46 Å. Hence, the Bi�111� film is strained by less
than 2% showing a 6 to 7 registry to the Si�111�-�7�7�
substrate.34,35 Surprisingly, on Si�001� with a surface lattice
constant of aSi�001�=3.84 Å, growth of Bi occurs also as a
relaxed and smooth Bi�111� film with very low defect
density.33,36,37 Though both lattices show a completely differ-
ent geometry, the interfaces match surprisingly well �Fig. 1�:
along the �11̄0� orientation, 13 Si surface lattice constants
aSi�001�=3.84 Å exactly match with 11 Bi surface lattice con-
stants aBi�111�=4.54 Å, i.e., 13aSi�001�=11aBi�111�. Along the

perpendicular �112̄� direction, the row distance of the
Bi�111� interface aBi�111� sin 60° =3.93 Å almost matches the
Si surface lattice constant of aSi�001�=3.84 Å. The remaining
compressive strain of 2.3% is finally accommodated by an
array of interfacial misfit dislocations.33

Deposition of 6 nm Bi on Si�001� at 150 K results in a
LEED pattern with diffuse integer order spots and a 12-fold
rotational symmetry. This pattern is explained by the inco-
herent superposition of two six-fold hexagonal LEED pat-
terns, which are rotated by 90° with respect to each other.
These two orientations of the Bi�111� crystallites rotated by
90° are determined by the two-fold orientations of the under-
lying Si�001� surface, i.e., �2�1� and �1�2� reconstructed
domains. The broadening of the LEED spots at low tempera-
tures is caused by an increase of the surface roughness dur-
ing growth due to kinetic limitations. During the annealing
of this film to 450 K, all integer order LEED spots of the two
hexagonal patterns become elongated either along the �110�
or �11̄0� direction of the Si substrate,33 as shown in Fig. 2.
Due to the superposition of both patterns, the �00� spot be-
comes elongated in both directions and appears as a plus
sign. When single elongated spots are magnified �see insets
of Fig. 2�, the nature of the elongation becomes apparent,

i.e., each of the integer order spots is splitted into a chain of
satellite spots with equal separation of kdis=1.9% of the sur-
face Brillouin zone of Si�00� surface �100% SBZSi�001�
=2� /aSi is the integer order spot separation of Si�001� sub-
strate�, i.e., a periodicity length �adis�=2� /kdis of 200 Å.
Each of the two hexagonal Bi�111� sublattices must therefore
exhibit a gratinglike periodic variation of its surface proper-
ties.

The spot splitting is further analyzed using spot profiles
at different electron energies, i.e., scattering conditions.
Figure 3 shows spot profiles of the �00� spot taken at four
different energies. With increasing energy, the satellites
become more intense on the expense of the central spike
�Fig. 3�. Because electrons with very low energies exhibit a
very large de Broglie wavelength, they are insensitive to the
weak height undulation at the surface. Therefore, the split-
ting is more pronounced with higher energy electrons. At the
highest energy of 105 eV, the third order of equidistant sat-
ellite spots is visible. With increasing order, the satellites
become broader, reflecting a slight disorder in the lateral ar-
rangement of the dislocations.

In order to determine the integral intensity of each satel-
lite, the profiles have been fitted by a sum of equidistant
Lorentzian functions of varying width, which are symmetric
with respect to the central spike. Since the splitting of the
�00� spot is symmetrical for both domains, the data have
been taken by considering only one domain, as has been
shown in the inset of Fig. 4. All the fits �solid curve in Fig. 3�
agree well with the measured profiles.

To eliminate the influence of the dynamic form factor f
and to evaluate the data within the framework of kinematic
approximation, the integral intensity of each satellite �peak
height times the square of the width� has been normalized by
the sum of the central spot and all satellites, i.e., the total
intensity of the �00� spot.26 The normalized integral intensity
of the equivalent pairs of all satellites up to the third order is
plotted in Fig. 4 as a function of the scattering phase S,
which is given by

FIG. 1. Lattice accommodation of the Si�001� substrate and an epitaxial Bi�111� film. �a� Geometry of the Si�001� surface. At low
temperatures �T�200 K�, a c�4�2� reconstruction of asymmetric buckled dimers is observed. At higher temperatures �T�200 K�, a
�2�1� dimer reconstruction appears. The unit cells are indicated by gray boxes. �b� Geometric structure of the Bi�111� lattice at the interface

with a missing lattice plane indicating an edge-type dislocation. The Burgers vector b� is oriented perpendicular to the dislocation line and
along the direction of the dimer rows of the Si�001� lattice, i.e., along the �110� direction. �c� Resulting spot splitting in LEED due to the
periodic height undulation caused by the periodic array of dislocations.
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S = k�d/2� ,

with k� the vertical momentum transfer of the electrons and
d the atomic step height �in the case of Bi, a bilayer height of
dBi�111�=3.93 Å�. S is proportional to the square root of the
electron energy. For integer numbers of the scattering phase
S, the Laue condition for diffraction from atomic layers sepa-
rated by a single step is fulfilled, i.e., the electrons scattered
from adjacent terraces interfere constructively.

With an increasing scattering phase, i.e., decreasing elec-
tron wavelength, more and more intensity from the central
spike is redistributed to the satellites. This dependence on S
or k� must originate from a periodic morphological variation
of the height of the surface. All the curves show no period-
icity with integer values �S=1 of scattering phase S. Thus,
the spot splitting could not be explained by any periodic
arrangement of atomic steps. The weak dependence of the
satellite intensities on S �with large variations only for large

changes �S�4 of S� could only be explained by a periodic
height variation of the surface, which is much smaller than
the step height dBi�111�. Because the spot splitting occurs only
in one direction, we have to consider a gratinglike periodic
surface undulation h�x� with a periodicity of �adis�, which
is derived from the separation of spot splitting by
kdis=2� / �adis�. Such a periodic height undulation of the sur-
face can be described by a Fourier series with coefficients
Dj,

23

h�x� = �
j=0

�N−1�

Dj cos	2�
x

�adis�
j
, N =

�adis�
aBi

. �1�

For small values of a scattering phase S, spot intensities can
be approximated by a parabolic behavior,

Ij = 4�2S2Dj
2, �2�

I00 = 1 − �
j

4�2S2Dj
2, �3�

for the satellite spots, and the central spot, respectively. The
absolute values �Dj� can be derived from the slope of the
square root of the satellite intensity Ij for the very low S. The
parabolic behavior of the calculated intensities is fitted and
shown by dotted lines in Fig. 4. The Fourier coefficients of
the height function of Eq. �1� derived from the slope are
D1=0.042±0.017, D2=0.017±0.006, and D3=0.011±0.004
in units of step height dBi�111�. Since the surface undulation
described by the height function h�x� �Eq. �1�� is symmetri-
cal, therefore, the Fourier coefficients are Dj =DN−j for j
�0. The most dominant first order Fourier coefficient pro-
duces a cosinelike surface undulation and the surface is
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FIG. 2. LEED pattern at 293 eV of a 6 nm Bi film deposited on
Si�001� at 150 K and annealed to 450 K. The quasi-12-fold sym-
metry is explained by the incoherent superposition of two hexago-
nal LEED patterns rotated by 90° on a Bi�111� surface. Each spot of
the two hexagonal subpatterns seems to be elongated along the

�110� or �11̄0� direction. The insets make clear that the splitting of
each spot into a series of satellites is the origin for the elongation.
All the patterns are presented in a logarithmic scale.
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FIG. 3. Spot profiles of the �00� spot from the LEED pattern
shown in Fig. 2 at different electron energies. The data are well
fitted �solid line� by a sum of overlapping equidistant satellite peaks
with a Lorentzian shape, which are individually shown by dotted
lines. The splitting of the spot into a series of equidistant satellites is
more pronounced at higher energy electrons.
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equivalent to the periodic arrangement of the Lorentzian
function Eq. �4�, as has been sketched in Fig. 5. The peak to
peak amplitude of the undulation, i.e., �h, can easily be
derived from the first order Fourier coefficients as follows:
�h=2�D1+DN−1�cos�¯�dBi�111�=4D1�3.93 Å=0.66 Å.

The origin of this surface height undulation is strain fields
originating from a periodic arrangement of misfit disloca-
tions at the interface with a separation of �adis�, as sketched
in Fig. 5. The strain field of each dislocation causes distor-
tions of the surrounding lattice with parallel u� and vertical
u� displacements of the lattice unit cells. The compressive
strain of the Bi film is relieved by an edge-type dislocation,
which is defined by a missing lattice plane in the Bi film and
thus results in a downward corrugation on the surface. This
corrugation spreads in space with increasing distance from
the dislocation core until the strain fields start to overlap and
finally cancel each other out. During diffraction, this periodic
height undulation acts just like a phase grating for electrons
which as in wave optics results in a splitting of each spot into
chains of satellites, while the total intensity is conserved. In
the LEED analysis of the �00� spot, only the vertical dis-
placements u� are accessible because the parallel momentum
transfer is zero during scattering and therefore the �00� spot
is insensitive to the lateral displacements u�.

The geometry of the underlying dislocation network is
further analyzed by comparing the satellite spot intensity
with predictions from a continuum theory of elasticity modi-
fied by Springholz.17 The vertical surface deformation u��x�
above a single interfacial edge-type dislocation can be de-
scribed by a Lorentzian function,

u��x� =
b�,edge

�
	 t2

x2 + t2
 , �4�

with x the lateral distance from the dislocation line, b�,edge the
edge component of the Burgers vector parallel to the inter-

1.0

0.5

0.0

1.0

0.5

0.0

N
or

m
al

iz
ed

S
at

el
lit

e
S

po
tI

nt
en

si
tie

s

0.6

0.4

0.2

0.0

0.6

0.4

0.2

0.0

2.0

1.5

S
ep

ar
at

io
n

(%
S

B
Z

)

86420
Scattering Phase �

� � �

� � �

� � �

� � �

� � �

20 40 60 100 1408010 30

I00

Σ I01

Σ I02

Σ I03

D1 = 0.042±0.017

D2 = 0.017±0.006

D3 = 0.011±0.004

Zero Order

3rd Order

Energy (eV)

2nd Order

1st Order

FIG. 4. Normalized integral intensity of pairs of equivalent sat-
ellite spots vs vertical scattering phase S, i.e., the square root of the
electron energy. Each intensity is normalized by the total intensity
of the �00� spot. Dotted lines represent the parabolic behavior �see
Eqs. �2� and �3�� for very low electron energies, i.e., large de Bro-
glie wavelength. The corresponding Fourier coefficients Dj are also
noted. Solid lines represent simulated satellite spot intensity using
the elasticity model described in the text. �a� Intensity of the central
peak �open circles�. ��b�, �c�, and �d�� Normalized intensity of first,
second, and third order satellite peaks. �e� As a test for the consis-
tency of the fit, the satellite separation kdis is also shown.

FIG. 5. A cross-sectional view of the film of thickness t, which
is constructed by many overlapping Lorentzian functions given in
Eq. �4�. Periodic interfacial misfit dislocations �which are repre-
sented by “T,” a symbol of the edge-type dislocation in the case of
compressive strain� at an average distance of �adis�=200 Å elasti-
cally distort the Bi lattice and extend up to the surface transforming
a wavelike height undulation with an amplitude of 0.66 Å. All the
parameters are shown in an exaggerated height scale. During LEED
analysis, the electrons undergo a small path change �� after the
scattering at the periodic height undulation, which acts as a phase
grating for the electrons.
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face plane,17 and t the layer thickness. The full width at half
maximum of this depression at the surface is given by the
film thickness t �see Fig. 5�.

Considering the geometry of the interface �Fig. 1� and the
gratinglike arrangement of the dislocations, the only reason-
able value for the Burgers vector is equal to the surface lat-

tice spacing of the Si�001� substrate, i.e., b� = 1
2 �110� parallel

to the heterointerface and with an edge component of
b�,edge=aSi�001�=3.84 Å. Because, in a STM study,37 no stack-
ing faults have been observed at the Bi�111� surface, only a
full dislocation is possible to relieve the compressive strain
of the film.

We therefore modulated the surface undulation by a semi-
infinite sum of Lorentzian-like depressions given by Eq. �4�
with b�,edge=3.84 Å, a film of thickness t=6 nm, and a sepa-
ration of the dislocations �adis�=200 Å. Each depression ex-
hibits an amplitude of �h=b�,edge /�=1.22 Å. Periodic su-
perposition of such depressions reduces the amplitude of the
undulation to �h=0.66 Å, i.e., much smaller than the step
height dBi�111�. The intensity of the satellites was then simu-
lated as a function of scattering phase S and plotted without
any fitting parameters as solid lines in Fig. 4. The good
agreement with the experimental data clearly supports the
assumption of full edge-type dislocations with a Burgers vec-

tor b� = 1
2 �110�. The slight disagreement of the simulation with

the data for large scattering phases S may be caused by dis-
order in the periodic arrangement of the dislocations, which
manifests in a variation of the separation between disloca-
tions.

The dislocation distance distribution P�adis� can be de-
rived from the width of the satellites, which increases in a
parabolic way with the distance from the central spike,38 i.e.,
the order of the satellite peak, as can easily be recognized in
the insets of Fig. 2 and which is plotted for the �00� spot in
Fig. 6. Assuming a Gaussian distribution P�adis� of the dis-
tances adis between neighboring dislocation lines which is
independent of the distance of the next neighbor �Markov
chain� with a standard deviation 	,

P�adis� = e−�adis − �adis��
2/2	2

,

the full width at half maximum �FWHM� of the jth satellite
spot is given by38,39

�ksat,j = 	2kdis,j
2 /�adis� ,

with kdis,j = �2� / �adis��j. After normalizing with the average
distance of dislocations �adis�, i.e., in reciprocal space
2� / �adis�, we obtain

�ksat,j

2�/�adis�
= 2�

	2

�adis�2 j2 = 
2j2, �5�

with 
=2�	 / �adis�. From the slope of the parabola, i.e., 
2

�see Fig. 6�, the standard deviation of the occurrence of adis
of jth order satellite spot, i.e., 	 / �adis�, is calculated to be
0.08. Thus, the separation between neighboring dislocations
varies only by 8%, i.e., ±16 Å around the mean value
�adis�=200 Å. From this sharp distribution, we can conclude
that the repulsive interaction between the dislocations is high

and as a consequence the height undulation on the surface is
periodic, giving rise to well-ordered satellite spots.

The mismatch of 2.3% is still large enough to ensure the
ordering of the dislocations: the dislocation density is so high
that the strain fields overlap significantly, causing the repul-
sive interaction between them. A comparision of Bi to other
systems allows an estimation of how much strain is neces-
sary to induce the ordering of a randomly created set of
dislocations. Ordered arrays of dislocations have been ob-
served for a lattice mismatch larger than 2% as with Ge�111�
on Si�111�,23 Ag�111� on Pt�111�,42 or preferentially sput-
tered Pt25Ni75�111�.43 In contrast to this, such ordering is not
observed for a lattice mismatch smaller than 2% as for CaF2
on Si�111� �Ref. 44� or a CoSi2 on Si�111�,16 where only
disordered networks of interfacial dislocations exist. This in-
dicates that the formation of an ordered dislocation network
is a general mechanism for strain relief in metallic, semime-
tallic, and semiconductor heterosystems, as long as the lat-
tice mismatch is large enough to ensure a sufficient overlap
of the strain fields.

After an extra coverage of 20 BL, all the LEED spots
became sharp, indicating a flat and deformation-free surface,
as shown in Fig. 7. To make a one to one comparision with
the previous 6 nm film �Fig. 2�, the LEED pattern was taken
under the same scattering conditions. The development of
the dislocation array with increasing film thickness has been
studied during Bi deposition at 450 K by recording the sat-
ellite peak intensities. The intensity of the central spike and
the satellites of the �00� spot, the spot separations, and the
FWHM of the first order satellites are plotted as a function of
Bi coverage, in Fig. 8. With increasing Bi coverage, the in-
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tensity of the central spike increases at the expense of the
satellites. This behavior reflects the smoothing of the surface:
the width of each depression becomes so large that they fi-
nally cancel each other out.23 The separation of the satellites
increases with coverage reflecting the generation of more
dislocations, i.e., further strain relief. The mean separation
between the dislocations is reduced from 200 to 190 Å after
an extra 10 BL coverage and stays almost constant with fur-
ther deposition. At the same time, the width of the satellites
is strongly reduced. This behavior is caused by the increasing
repulsion between the dislocations with film thickness due to
an increasing overlap of the strain fields:38 the enhanced re-
pulsion causes a higher order.

From the FWHM ��0.012 Å−1� of the �00� spot, a lower
limit of �100 nm for the size of atomically flat islands can
be estimated.33 In contrast, a film prepared by a single step
process �i.e., deposition of 30 nm Bi film at 150 K and sub-
sequent annealing to 450 K� results in broader LEED spots,
i.e., higher defect density.

The surface lattice constant of the 30 nm Bi�111� film was
measured by a comparison with the LEED pattern from a
Si�001� surface. The measured value of aBi=4.54 Å is iden-
tical to the bulk lattice constant40,41 of aBi=4.546 Å, i.e., the
Bi�111� film is completely relaxed to its bulk lattice constant
as also confirmed by ex situ XRD �-2� scans yielding a layer
height of 3.953 Å, i.e., a lattice constant of aBi=4.564 Å.

IV. CONCLUSIONS

The highly perfect epitaxial growth of a hexagonal
Bi�111� film on a rectangular Si�001� substrate is another
example of a nature’s creativity in developing strategies of
lattice accommodation of mismatched heterosystems. Bi
grows with a �111� surface orientation in order to minimize
its surface free energy.34,35 This results in a complex inter-
face geometry with a reduced symmetry to the Si�001� sub-

strate. In the �11̄0� direction of the Bi�111� lattice, the large
lattice mismatch of 18% is adjusted by a commensurable
registry of 11 Bi atoms to 13 Si atoms. The small lattice
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FIG. 7. LEED pattern of a 30 nm Bi�111� film on Si�001�. The
film was prepared by following the recipe given in Ref. 33 �i.e., a
deposition of additional 24 nm Bi at 450 K on top of the 6 nm thick
Bi film� shown in Fig. 2. The splitting of the LEED spots visible in
Fig. 2 has disappeared and turned into sharp LEED spots, indicating
a flat and smooth surface.

201510
Coverage (nm)

-2.15

-2.10

-2.05

-2.00

-1.95
200

190

180
S

ep
ar

at
io

n
(Å

)

1.0

0.5

0.0R
el

.S
at

el
lit

e
S

po
tI

nt
en

si
ty

,I
ij

1.5

1.0

0.5

F
W

H
M

(%
B

Z
)

6050403020
Coverage (BL)

(%
B

Z
)

� � �

� � �

� � �

S = 8

1st Order

I00

ΣI01

ΣI02

FIG. 8. The normalized integral intensity, spot separation, and
width of individual peaks of the satellite spots during further depo-
sition of Bi on 6 nm Bi�111� /Si�001�. RHEED-like geometry with
an electron energy E=155 eV, i.e., S=8. �a� The steep increase of
the central spike intensity I00 compensates the decreasing intensity
of the other satellite spots. �b� From the increase of the spot sepa-
ration �right axis�, a decrease of the mean separation between the
dislocations from 200 to 190 Å is derived. �c� The FWHM of the
first order satellite spot decreases with increasing film thickness.

JNAWALI et al. PHYSICAL REVIEW B 76, 035337 �2007�

035337-6



mismatch of 2.3% in the perpendicular �112̄� direction is
accommodated through a gratinglike periodic array of inter-
facial misfit dislocations with a Burgers vector of 1

2 �110�.
The highly anisotropic strain of the Bi�111� film with respect
to the Si�001� substrate with its fourfold symmetry results in
the formation of a one-dimensional dislocation network,
which distinguishes the Bi/Si�001� case from most materials

combinations, where typically a two-dimensional network is
observed.
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