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We describe how a recent efficient theory of low-energy electron diffraction (LEED) enables the determi-
nation of finite-size and disordered nanostructures. Our cluster approach, called NANOLEED, speeds up the
computation to scale as n log n, rather than the usual n® or n%, with n the number of atoms, for example,
thereby making nanostructures accessible. To illustrate this method’s capability to determine nanoscale struc-
ture, we apply it to calculate LEED intensities for Si nanowires of various lengths and thicknesses as well as
for various deviations of these nanowires from the ideal Si bulk structure.
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I. INTRODUCTION

In two recent papers'?> we introduced a method to calcu-
late intensities of low-energy electron diffraction (LEED),
called NANOLEED, with an efficiency that allows the struc-
tural determination of complex structures such as those of
nanomaterials. The capability of the method was exhibited
by its application to ordered layers of Cg, molecules and
carbon nanotubes adsorbed on a Cu(111) surface, as detailed
in Ref. 2.

Many nanostructures are not ordered, i.e., not periodic,
and we therefore also need to demonstrate the possibility of
using LEED in the case of finite-size and disordered nano-
structures. To that end, we choose here to formulate the
method in a slightly more general fashion and to apply it to
silicon nanowires (SiNWs). No LEED measurements are
available as yet for SiNWs, or any other individual nano-
structures, so this paper will focus on showing the sensitivity
of LEED intensities to relevant structural aspects of SINWSs,
as a model for nanostructures in general. We will explore
various sizes and structural changes of SiNWs, including hy-
drogen termination of silicon dangling bonds and several
nonperiodic distortions. This choice was motivated, in par-
ticular, by studies performed with scanning tunneling mi-
croscopy (STM) on SiNWs that exhibit a range of sizes, and
which are believed to be hydrogen terminated.>* This type of
nanowire can be experimentally grown® on a highly oriented
pyrolytic graphite (HOPG) substrate, and total energy calcu-
lations have shown® that the stable cross section of a
H-terminated SiNW is likely rectangular. Guided by experi-
ment, in particular, STM images,’ we select a SINW with a
[1,1,-2] direction of growth: STM shows its (111) facet
exposed, and thus its side facets would have {1-10} orienta-
tion. We will assume unreconstructed Si facets, as is ob-
served experimentally due to the H saturation: clearly,
“NANOLEED” could be used very well to study details of such
facet reconstruction. In this application, we ignore the sup-
porting substrate (HOPG), but it could be included if desired.

Before applying the theory of LEED to nanostructures,
we need to ask what will be the nature of the LEED pattern
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for isolated nanoparticles and nanowires, from which inten-
sities for analysis should be measured. This will be discussed
in Sec. II. One way to focus a LEED experiment on a single
nanoscale structure is to use a convergent incident beam.’
But it is also possible to use conventional collimated beams
in the case of ordered overlayers of nanostructures deposited
on periodic substrates. Therefore, we will develop in Sec. III
a more general formulation of LEED theory that includes
both the extremes of convergent beams and traditional colli-
mated beams. Section IV will apply our NANOLEED theory to
the case of a variety of silicon nanowires. Conclusions will
be listed in Sec. V.

II. NANOLEED PATTERN

The analysis of LEED intensities has so far focused on
surfaces of bulk crystals: these are periodic in two
dimensions,”® and sometimes include disordered layers on
such periodic substrates.’

In the two-dimensional (2D) periodic case, the angular
distribution of the diffracted electrons produces a simple and
familiar LEED pattern: for an ideal collimated incident
beam, it consists of a set of sharp beams that represent the
reciprocal lattice of the two-dimensional periodic surface lat-
tice (this ignores inelastic effects such as electron-phonon
scattering that produce diffuse intensities near the sharp
beams). The beam intensities provide the experimental data
to which an unknown surface structure is fitted by theoretical
simulation.

With a disordered overlayer, as with defective surfaces,
the LEED pattern becomes diffuse, with intensity distributed
everywhere between the sharp beams of the periodic part of
the structure. For simple cases like lattice-gas disorder (an
example is the situation where all adsorbates sit in the same
positions relative to the substrate lattice), the diffuse intensi-
ties can also be analyzed in terms of local structure of the
disordered part of the surface.’

The aforementioned patterns also result from ordered or
disordered arrays of nanostructures, for example, when these
are deposited as an overlayer on a crystalline substrate. We
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described such a case recently, namely, an overlayer of Cg
buckyballs on Cu(111) ordered in a (4 X 4) superlattice.'?

If we wish to study individual nanostructures or nanoscale
areas of a surface, one option is to produce a convergent
electron beam that exposes only the structure of interest, as
proposed earlier under the name convergent-beam LEED.® It
may be possible to focus a beam down to the nanoscale.®
Another experimental method to expose a small surface area
uses a nearby STM tip to create a narrow beam of electrons
aimed at a surface.'” Such a tip-emitted beam does expand
with an angular spread of perhaps 5°, so it is only approxi-
mately collimated. While probe diameters of the order of
40 pm across have already been achieved experimentally by
this method, the potential exists of exposing regions smaller
than about 40 nm, close to the size of many nanostructures.
We will thus distinguish here between two types of LEED
experiment: incident electron beams that are collimated vs
convergent.

The cluster representation used in our approach to
NANOLEED is naturally suited to handle all the aforemen-
tioned cases. The method makes no assumption of any trans-
lational symmetry or infinite extent of the sample. We can
treat any form of incident wave as a superposition of plane
waves with different propagation directions.

We use the case of a SINW to describe what a LEED
pattern due to a nanostructure may look like. For conve-
nience and clarity, we will assume here a single isolated
wire, whose supports are outside the incident beam diameter,
and a well-collimated incident beam. The left-hand panels of
Fig. 1 show LEED patterns expected for periodic one-
dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) arrays of infinite extent, neglecting elec-
tron damping. The patterns displayed in the right-hand
panels include all multiple scattering in these Si clusters as
well as the effects of Si atomic scattering amplitudes (phase
shifts), an inelastic mean free path for electron damping, and
thermal vibrations (as described in the next section), so they
are quite realistic; the damping, in particular, limits the elec-
tron penetration to the first few atomic layers. We select an
incident beam direction along the Oz axis towards negative z.

A single 1D string of atoms has a 1D reciprocal lattice
that only restricts momentum transfer parallel to the wire: its
diffraction pattern thus consists of infinitely sharp cones with
axes along the wire, as shown in the left panels of Figs.
1(a)-1(c) (the spheres represent the Ewald sphere that im-
poses the incident energy on the elastically scattered elec-
trons): electrons can diffract in any azimuth relative to the
wire axis, but only in a restricted set of polar angles relative
to that axis, as given by a set of 1D Bragg conditions due to
the 1D periodicity. Figures 1(a)-1(c) show the effect of ori-
enting the same wire along three Cartesian axes (the infinite
sharpness of the cones assumes strict 1D periodicity; in par-
ticular, for the string orientation along +z, this means no
damping and negligible forward scattering effects, so each
atom receives the same total incident amplitude).

With an incident beam direction along the 0z axis towards
negative z, hemispherical LEED patterns can be observed as
shown in the right-hand panels in Fig. 1, displayed in recip-
rocal space as would be seen in a standard LEED setup with
a hemispherical screen (diffraction actually continues
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smoothly into the complementary hemisphere below the xy
plane for a finite nanostructure). These patterns also show the
effect of limiting the string to a finite length. With finite
strings, the infinitely sharp cones broaden into “thicker”
cones, i.e., the polar angle relative to the wire axis is no
longer strictly limited; the shorter the string, the thicker the
cones. The relatively intense straight lines in the right-hand
patterns of Fig. 1 correspond directly to the Bragg cones of
the left-hand patterns, while the weaker intermediate lines
are due to the finite length of the atomic strings: for a chain
of n atoms, there are n-2 weaker lines between intense lines,
from basic diffraction principles. The finite-string pattern of
Fig. 1(c) shows less Bragg-like structure than the others be-
cause the incident beam decays rapidly along the z-oriented
string due to damping and is further perturbed by multiple
forward scattering, so this string diffracts in a strongly non-
periodic fashion.

The cone broadening is directly analogous to beam broad-
ening due to finite-size domains in conventional LEED, as
can also be seen in Fig. 1(d), which assumes a 2D array of
7 X7 atoms (conventional LEED from a periodic surface, in
addition, produces infinitely sharp peaks, at the centers of the
broader beams seen here, due to the perfectly periodic sub-
strate). Here, the pattern can be viewed as the intersection of
two sets of cones (along the x and y axes, respectively), with
a “thickness” inversely proportional to the number of atoms
in each dimension.

If we now build a simple cube by stacking identical
atomic layers, the pattern does not change qualitatively, as
seen in Fig. 1(e): the third dimension adds cones oriented
along the z axis (broadened by damping, etc.), which only
modulates the intensities further, according to the relatively
smooth angle dependence shown in Fig. 1(c).

We next illustrate in Fig. 2 the same type of LEED pattern
for more representative Si nanostructures, now assuming the
proper diamond lattice, but still ideally terminated at the
outer surfaces. We select a [1,1,-2] wire axis along Ox and
a (111) surface termination toward positive z. Again, a colli-
mated beam is incident toward negative z. Figure 2(a) illus-
trates LEED from a quantum dot with roughly 2 X4 X 2 bulk
Si unit cells, containing 78 atoms. Figure 2(b) shows the case
of a longer but thinner nanostructure with roughly 13 X3
X2 bulk Si unit cells, containing 486 atoms. Figure 2(c)
assumes a longer nanowire with roughly 27 X2 X2 bulk Si
unit cells, containing 1030 atoms. It is clearly confirmed that
the width of the “spots” in the pattern depends inversely on
the nanostructure size in the x and y directions, allowing the
determination of nanostructure size. Compared to Fig. 1, the
LEED patterns in Fig. 2 for SINWs are more complex, due to
the diamond structure, vs the simple cubic structure assumed
in Fig. 1. Note, in particular, in Fig. 2 the approximately
threefold symmetrical pattern expected for the (111) bulk Si
termination, seen even with extremely thin nanowires.

Of course, STM and transmission electron microscopy
can often evaluate nanostructure size very directly and easily,
at least in two dimensions and sometimes also in three di-
mensions. However, the different techniques may not be able
to investigate the same given nanostructure sample in exactly
the same environment in the same vacuum chamber, so an
independent analysis of nanostructure size by LEED remains
useful.
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LEED patterns for simple nanostructures

a) 7T-atom string along Ox axis

I(a. u)

FIG. 1. Examples of LEED patterns in reciprocal space for
simple nanostructures made of Si atoms (sketched at far left), of
both infinite size (left panels) and finite size (right panels): a string
of Si atoms along (a) +x, (b) +y, and (c) %z; (d) a planar square
grid; and (e) a simple cubic grid. The cones in the left-hand panels
represent 1D Bragg conditions; they intersect Ewald spheres impos-
ing energy conservation. The right-hand panels show two-
dimensional patterns as would be seen in a standard LEED setup, as
intensity vs parallel momentum; multiple-scattering intensities are
calculated using our method for NANOLEED, using a Si-Si closest
distance of 0.3 nm, an electron energy of 100 eV, and a damping of
4 eV. In the right-hand panel of (c) only one profile is shown; the
complete pattern is obtained by rotating this profile around the z
axis.
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One important class of structural change in nanostructures
consists in a uniform elongation or compression compared to
the bulk material. This can easily be identified through a
change in the cone apertures discussed above: the cone ap-
erture angles are given by the Bragg conditions in each di-
rection and thus also depend on the lattice constant in each
direction. These can be easily measured in an angular scan.
More subtle effects, such as local elongations and compres-
sions, may also be detectable in such angle-scanned patterns
in the form of skewing of peaks, etc.

In practice, it may be useful to first explore such structural
effects qualitatively, namely, without making full multiple-
scattering calculations. Indeed, many of these effects can al-
ready be seen in the single-scattering (kinematic) limit, even
if only roughly. Our NANOLEED code allows this option,
thereby saving much computer time. After such kinematic
modeling, multiple-scattering calculations may be employed
to further explore details with higher accuracy, guided by the
kinematic results. The next section provides the theory for
such multiple-scattering calculations.

III. THEORY

Here, we first develop the general theory of LEED for an
arbitrary convergent incident beam.

Let us choose a geometrical reference point O and,
for convenience, let us assume that it is contained inside
the nanosample. The analyzer is then at R with respect
to O. A convergent beam of electrons can be seen as
a conical continuum superposition of plane waves @(k;;r)
=(27:W exp(ilzf). If each of these beams has its own ampli-

tude A(lg,'), and the cone of beams is centered on the direction

Eio and has an angular opening (};,, the total incident electron
wave function can be written as

Wi, Qi 7) = J A(k;) (ks ) dk;
Qinc

1 f . L
= A(kl)exp(lkf)dk,
2m? )

inc

The intensity of the scattered beam is proportional to the
scattering differential cross section (da/d())(),) calculated
for the direction ), =(6,,¢,) of the analyzer. The differen-
tial cross section is proportional to the square modulus of the
angular part of the scattered wave function, which can be
obtained using the Lippmann-Schwinger equation

\I,.vc = \Ijinc + GONinc’

where Gy is the electron’s vacuum propagator and 7 is the
total transition (scattering) operator of the nanostructure
studied. In the case of a LEED experiment, however, only
the reflected electrons are recorded, so the above equation
becomes

\I,sc = GOT\Pinc'

After some manipulations, one finds that the scattered waves
can be written in terms of spherical harmonics as
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LEED patterns for different Si nanostructures

a) Si quantum dot : 0.9nm x 1.6nm x 0.7nm
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FIG. 2. The influence of nanostructure size
(left panels) on the LEED pattern (right panels)
for three sample SiNWs. Assumed is an ideally
terminated bulk Si structure with [1,1,-2]
growth direction along +x and a (111) surface
exposed toward positive z. From (a) to (c), the
length (along x) increases and the width (along y)
decreases as indicated.

ar 1 am ’
“=> | P
2 ko iLL Y0

W (R)=—i

X (koR)Y 1/ (R)Y , (R)Y (R)exp(
- il?ﬁi)dkxi(k(),ﬁisﬂinc) 5

where (1/2)k} is the kinetic energy of the elastically scat-

tered electrons, R; is the geometrical position of atom i
with respect to the chosen geometrical reference point
0, h;l)(z) is a spherical Hankel function of the first kind,
Y,(X) is a spherical harmonic, X is the unit vector in the
direction of x, the sum over i runs from 1 to the total

number of atoms in the nanostructure, and X (ko,R;, ;)
:EL'fQin(_A(Ei)eXP(iEiRi) Yz’(lgi)dlgiTi,L,L’(kO) iS the indiVidual
contribution of each of the nanosystem’s atoms to the total
scattering wave function. This vector is the solution of the
multiple-scattering equations of the electron inside the nano-
system. The actual technique used to solve the equations was
described in our previous paper.? For the SINW system, there
is one complication that arises in the calculation: the multiple
scattering between Si and H atoms can be strong and, as a
result, the method does not always converge. However, if the
small cluster formed by a Si atom and its closest H neighbors
(no more than 3 in our case) are treated as a single “pseudoa-
tom” cluster characterized by a nondiagonal scattering
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matrix,!! the calculations converge well. In this case, the
multiple-scattering equation inside the pseudoatom has to be
solved exactly by matrix inversion.

As the distance from the sample to the analyzer is very
large compared to any interatomic distance involved in the
formulas above, the spherical Hankel functions of the first
kind present in the calculation can be replaced by their as-
ymptotical forms:

il+1h§1)(x)% _exp(ix) .
X

X—00

With &,.=koR,.. we thus obtain

- 7 1 exp(ikyR) L=
\I,S(T(R) == \/;k_%TOEL exp(_ lecRi)

X YII‘( Rsc)Xz(kO’Rh Qinc) .
Using the notation

! > 3 1A i >
__22 exp(— iKsCRi)YL(KSC)XL(kO’Ri’Qinc)’

6(1’ a) =
J(0us 2) 2B

which gives the scattering amplitude of the nanosystem, one
finds for the scattered wave function the expression

exp(ikoR)

Y (R) == =0, 0,),

similar to the familiar atomic scattering result.!?
In terms of incident and scattered fluxes, the differential
cross section can be written!? as

do
P

0 (),

do
= (Q) =
dQ( o dQ)

inc

with

f A |dks
Q

inc

N
P, = kD) - ke =
mc fQ .]lnL( l) m m (277)3

inc

q)sc = jvc : édeQ = k0|f(Qa)|2dQ’

where

)= Re{ %«P*(av‘w)}

and R%d() is the acceptance area of the analyzer’s aperture.
The final expression of the differential cross section is
then

LF(Q,)]?
f |A(k;)|Pk;
QO

inc

% 0\ o)
10 ) =(27)

In the case of a normal LEED experiment (parallel incident
beam), this formula becomes
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Axial elongation of a SINW

---- Elongated SINW
— Reference SINW

Beam=(0,0)

T T \
50 100 150 200
Beam=(1,0)

\ T \
50 100 150 200
Beam=(2,0)

Intensity (arbitrary units)

\ \
50 100 150 200
Energy (eV)

FIG. 3. Effect on LEED I-V curves of a uniform 4% elongation
(dashed lines) of a bulk-terminated SiNW relative to a bulklike
geometry (full lines). The initial nanowire dimensions are 10.2
%X 0.8 X 0.7 nm>, as in Fig. 2(c). The wire thickness decreases with
elongation to conserve volume. The beam labeling follows standard
LEED practice for extended surfaces, such that the (0,0) beam rep-
resents specular reflection from the (111) upper surface of the wire
(this beam or spot appears at the center of the right-hand patterns in
Figs. 1 and 2).

2
s

do

—(Q,) =27’

()= IR,
with the changed definition

Xi(kO’R?i"Q‘inc) - XZ(kO’R?i’Ei)

= E eXP(iEiﬁi) YZI(]gi) Ti,L,L’(kO)-
L/

IV. NANOLEED CALCULATIONS: APPLICATION TO
SILICON NANOWIRES

Besides nanostructure size, dealt with in Sec. II, we wish
to also be able to study other structural aspects, such as de-
viations of bond lengths from the bulk structure, reconstruc-
tions, and adsorption geometry. Similar to conventional
LEED applied to extended surfaces, NANOLEED should also
have that potential. We will show this to be the case in this
section by distorting a SINW from its ideal bulklike structure
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LEED patterns for different (111) surface terminations
of a [112] SINW

H termination

I (a.u.)
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FIG. 4. LEED patterns for H termination (top
panels) and SiH; termination (bottom panels) of
SiNWs with [1,1,-2] growth direction. This ter-
mination is applied only to the upper (111) sur-
face, as illustrated on the left.

and observing the effect on LEED intensities, as calculated
by our method.

In order to investigate the above-mentioned LEED pat-
terns and to test our predictions on the method’s sensitivity
to nanoscale structural changes, we have chosen as nanosys-
tem an isolated single SiNW, pure or hydrogen terminated.
This type of nanowire can be experimentally grown® on a
HOPG substrate, and total energy calculations have shown’
that the stable cross section of a H-terminated SiNW is likely
rectangular. Guided by experiment, in particular, STM
images,> we select a SiINW with a [1,1,-2] direction of
growth: STM shows its (111) facet exposed, and thus, its side
facets would have {1-10} orientation. We will assume unre-
constructed Si facets, as observed by STM, due to the H
saturation: clearly, NANOLEED could also be used very well
to study details of such facet reconstruction, if present. In
this application, we ignore the supporting substrate (HOPG),
but it could be included if desired.

In our modeling, we use silicon phase shifts calculated for
bulk silicon and hydrogen phase shifts calculated for H ad-
sorbed on Si. Thermal vibrations for room temperature are
modeled through the customary Debye-Waller factor, using a
bulk Si Debye temperature. A muffin-tin zero of —10 eV is
used, and an electron “damping” is included as usual through
an imaginary part of the potential, with the value of 5 eV.
The muffin-tin zero and damping only act inside the outer
envelope of the sample.

As mentioned earlier, one could focus an electron beam
onto a single SINW. If the resulting beam has a sizable an-
gular spread, as in convergent-beam LEED, then the diffrac-
tion pattern will be correspondingly broadened: this would
still be valuable if this spread is taken into account in the
calculation through convolution (as is already commonly

done in photoelectron diffraction,!> for example). In that
situation, the same structural information is present in the
pattern, although convoluted, both in the experiment and in
the theory: fitting theory to experiment can still determine
unknown structural parameters.

In the following, for simplicity, we will neglect the angu-
lar spread of the incident beam and concentrate on the fea-
tures specific to a SINW’s diffraction pattern.

The primary structure-sensitive feature of conventional
LEED is the “I-V curve,” which presents a beam intensity as
a function of incident beam energy, i.e., accelerating voltage
V. Note that the exit angle of a beam varies with energy, so
the beam direction must also be followed when measuring an
I-V curve. We can use the familiar (4,k) notation for beams
in the case of a bulk-derived nanostructure [these beams
form the 2D array of relatively intense spots in the patterns
of Figs. 1(d), 1(e), and 2].

NANOLEED patterns are inherently diffuse (they have non-
zero intensity essentially everywhere), so they offer more
opportunities to use angle-scanned measurements and calcu-
lations, relative to conventional LEED from ordered 2D sur-
faces. Diffracted intensities can be measured under a variety
of rotations, depending on the degrees of freedom of the
instrumentation: for example, the nanostructure can be ro-
tated around the incident beam direction or around any of its
own axes, or the detector can be rotated by itself along vari-
ous arcs. Each such rotation will be more or less sensitive to
some structural feature of the nanostructure, depending on
the particular type of nanostructure. Furthermore, the con-
ventional hemispherical LEED display provides a two-
dimensional data set that includes several of those rotations:
similar to photoelectron diffraction, it is also possible to use
the entire 2D pattern as a single data set without slicing it up
into arcs.
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Elongation of a SINW, angular effect

E=60 eV
l Elongated SINW
— Reference SINW
T ‘ T ‘ T ‘ T ‘ T T ‘ T T ‘
-90 -60 -30 0 30 60 90

Intensity (arbitrary units)

L

——eeee e
-90 -60 -30 0 30 60 90
Rocking scan angle

T

FIG. 5. Effect of a uniform 4% elongation of a SiHs-terminated
SiNW on LEED “rocking” scans at three different incident electron
energies. The elongation is performed as in Fig. 3. The scans rotate
the detector in the xz plane of Fig. 4, with 0° along the z axis
marking specular reflection from the top of our SINW.

In Sec. II, we addressed the effect of elongation or com-
pression of a nanostructure compared to the bulk. Besides
the effect on angular scans, it can also be seen in I-V curves,
as shown in Fig. 3 for three relatively intense beams. As with
conventional LEED, -V curves are most sensitive to spac-
ings perpendicular to the momentum transfer, in this case
along the z axis. Thus, with an elongation along the x axis, if
we assume a corresponding compression along the y and z
axes (to maintain a constant 3D unit-cell volume), spacings
will be reduced along the z axis, yielding a shift toward
larger energies of features in /-V curves, as is visible in Fig.
3. This behavior is seen to be the same as in conventional
LEED from extended surfaces.

Our next calculations illustrate sensitivity to adsorption
and surface termination. It is believed that the SINWs which
we model here are, in reality, hydrogen terminated, and we
can show that NANOLEED can clearly distinguish different
modes of H termination. Total energy calculations® show that
two terminations are possible for the (111) facet of the [11-2]
SiNW, with little difference in total energy: a “H termina-
tion,” in which a single H saturates a surface Si atom, and a
“SiH; termination,” in which each such H atom is replaced
by a SiH; group (representing a different cut of the sub-
strate), as illustrated on the left in Fig. 4. The right-hand
panels of Fig. 4 show that the LEED patterns corresponding
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Vertical relaxation of a SINW
Beam= (0,0)

— Reference SINW
---- Vertically relaxed SINW

T T
50 100 150
Beam=(1,0)

200

T T T T T T T T

Intensity (arbitrary units)

T T
50 100 150

Beam=(2,0)

T T T T

T
50 100

T T T T T T T T

T
150
Energy (eV)
FIG. 6. Effect on I-V curves of an outward displacement by

0.01 nm along the z axis of the SiHj layer in the SiHj-terminated
SiNW of Fig. 4.

to the single H termination and to the SiH; termination are
distinctly different. It should be noted, as with the corre-
sponding extended-surface structure, that the LEED intensi-
ties are only weakly sensitive to the H atoms themselves:
here, it is mainly the additional Si atom that distinguishes the
two cases.

Since the SiH; termination is energetically slightly more
favorable than the H termination, for the rest of this paper,
we will only consider SiHjs-terminated SiNWs in our test
calculations.

We next explore the sensitivity of our method to various
nanoscale changes in a SINW’s geometry. We will focus on
sensitivity to deformations caused by relaxation and by in-
teraction with external forces. The system of study will al-
ways be the long, thin, SiH;-terminated nanowire previously
described [see Fig. 2(c)].

As discussed earlier, a change in the length of the 1D
“unit cell” of the nanowire will alter the positions of the
Bragg maxima, which should leave its mark both on the I-V
curves and on angular scans. To test this, we imagine a force
that elongates the wire along its axis, such that the length of
its unit cell increases by 4% (the unit cell is 0.67 nm long,
increased by the imaginary force by about 0.028 nm). We
suppose that the wire further changes its shape in order to
preserve its total volume, leading to shrinking of size in the
two transverse directions by about 0.015 nm. Indeed, as Figs.
3 and 5 show, this type of elastic deformation leads to sig-
nificant responses in both I-V curves (Fig. 3) and angular
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Flat versus rounded vertical relaxation
=60 eV, Beam=(1,0

---- Rounded relaxation
— Flat relaxation

0 30 60 90 120 150 180

Intensity (arbitrary units)

T T T T
0 30 60 90 120

Circular scan angle

\ \
150 180
FIG. 7. Effect on LEED intensities of “rounding” the relaxation
(used in Fig. 6) of the topmost SiH; layer in our SINW, as described
in the text. Shown are “circular” scans around the long axis of the

nanowire, with 90° along the z axis marking specular reflection
from the top facet of our SINW.

“rocking scans” (Fig. 5). The angular scans show sharp
peaks due to the length of the SiINW; these peaks occur at
Bragg angles, which, of course, depend on energy.

The question of how a nanostructure deviates from the
bulk structure is certainly of great importance. In order to
prove that NANOLEED can be a useful tool to study these
phenomena, we imagine a relaxation such that the SiH; ter-
minal layer moves outward, increasing the distance to the

Local defect in SINW, angular effect
0 E=160eV, 0 =45°

E=60eV, 6 =45

---- Local defect
— Reference SINW
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next Si layer by 0.01 nm. Figure 6 proves that the NANOLEED
I-V curves show significant response to relaxation, similar to
conventional LEED.

In the preceding relaxation, we assumed that the entire
SiH; layer moves rigidly, neglecting that the displacement
could be different near the edges of the nanowire, where its
(I111) facets terminate: in reality, the nanowire cross section
could, for example, become rounded. To explore this possi-
bility, we assume that the SiH; groups near the edges move
outward by 0.008 nm and those toward the middle of the
facets move outward by 0.012 nm, with intermediate relax-
ations in between. We have performed NANOLEED calcula-
tions in order to determine whether our method can distin-
guish the uniform from the rounded relaxation model,
despite the small structural differences involved (a maximum
of only 0.002 nm in relative displacements). We have found
that the I-V curves show very little sensitivity to this “round-
ing.” However, “circular” detector scans around the nano-
wire axis show satisfactory sensitivity, as shown in Fig. 7:
note, in particular, the peak shifts at 160 eV. Thus our
method has the potential to investigate even such subtle re-
laxation mechanisms in the case of nanowires.

Up to now, we have proven the sensitivity of our method
to extensive changes in the studied system’s geometry. We
have shown how the /-V, rocking and circular, scans respond
to nanostructural changes involving a large number of atoms.
However, sensitivity to local, nanosized defects, involving a
small number of atoms located in a small area, would also be
very welcome. To explore this potential, we imagine a local
defect in our SINW and try to detect it by NANOLEED. Our
defect is a small dip or depression on one side of the nano-
wire: we inwardly compress the outermost atoms of the lat-
eral (1,-1,0) facet by 0.04 nm over a length of only
0.67 nm (one 1D unit cell of the SINW). Thus we move eight
Si atoms and ten H atoms (out of 1030 atoms in the
10.2-nm-long nanowire) by 0.04 nm perpendicularly to the
incident beam, a very challenging situation for LEED. We
ran NANOLEED simulations to test whether this “defect” ge-
ometry produces detectable responses in any type of curve.
The I-V, rocking and circular, curves showed no significant
sensitivity to this particular kind of structural change. How-

FIG. 8. Effect on LEED intensities of a small
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defect in our SiNW, as described in the text.
Shown are azimuthal scans with fixed scattering
angle calculated for 60 eV, considering fixed po-
lar angles of 45° and 60° with respect to the in-
cident electron beam.
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ever, azimuthal scans with fixed scattering angle (360° angu-
lar scans with constant polar angle around the incident beam
direction), shown in Fig. 8, offer a good response in the
presence of our nanoscale defect. These encouraging results
open up the possibility of using NANOLEED to investigate
nanoscale defects.

Given the encouraging results of this work, we propose
that NANOLEED be applied to actual structure determination,
as soon as suitable experimental data are available. As is well
known, an important tool of structural determination with
LEED is an automated optimization method capable of
maximizing the good fit to experiment in the presence of
many unknown structural parameters. We are currently de-
veloping such a method for NANOLEED.!!

V. CONCLUSIONS

This paper has described the potential of our method,
“NANOLEED,” to analyze the detailed atomic-scale structure
of individual nanostructures. With the example of silicon
nanowires, we have shown that it should be possible to de-
termine size, shape, lattice constant, surface terminations, re-

PHYSICAL REVIEW B 75, 235403 (2007)

laxations, adsorption geometry, etc., the latter much as with
conventional LEED applied to extended surfaces.

Our multiple-scattering theory includes the possibility to
handle noncollimated incident electrons beams, as with the
proposed convergent-beam LEED and STM-based LEED,
both of which are suitable for studying nanoscale objects. We
suggest that instrumentation be developed to perform such
LEED intensity measurements.

It is also suggested that kinematic (single-scattering)
LEED can be used for the initial analysis of a nanostructure.
This, in particular, allows a low-cost exploration to deter-
mine which form of experimental data (I-V curves or any of
various angle scans) can provide the maximum sensitivity to
desired structural information for a specific kind of nano-
structure.
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