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Abstract

Grazing ion-surface scattering is used to study in real space and real time epitaxial growth processes. By example of

25 keV He�-ions scattered during submonolayer homoepitaxy on Fe(1 0 0), we show that an interpretation of exper-

iments is straightforward by means of classical mechanics computer simulations. A ®t of intensity and angular pro®le of

the specular beam allow one to deduce basic quantities like the island density. Ó 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Di�raction techniques like re¯ection high en-
ergy electron di�raction (RHEED), low energy
electron di�raction (LEED) or atom beam dif-
fraction have become powerful tools to monitor
and control epitaxial growth with submonolayer
precision. In general information is deduced from
intensity and angular pro®le of the specular-beam.
The measurements can often be performed in situ
and in real time, thus avoiding possible distortions
due to sample transfers, temperature quenching, or
replica techniques [1] and stand out for their su-

perior statistics compared with imaging techniques
such as scanning tunneling microscopy (STM) [2].

LEED [2±6] and atom beam di�raction [1,7,8]
have been pro®tably exploited to deduce growth
related morphological quantities like island size
and separation, which are linked by atomistic nu-
cleation theory [9] and Monte Carlo simulations to
basic quantities such as activation energies and
critical island size. For coverages from about 0.2±
0.6 monolayers (ML) di�raction patterns show
characteristic side bands. Their position re¯ects a
length L, which is attributed to the island separa-
tion and related to the island density N via
L � 1=

����
N
p

. The island density has been found to
be almost constant, as it is expected for this cov-
erage range, where adatoms deposited attach to
existing islands and no additional islands nucleate
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(aggregation regime) [10]. Moreover, using two-
level models for the covered surface, the distribu-
tion of island size and separation could be inferred
from ®ts of calculated to measured angular pro®les
[4].

As an alternative to di�raction techniques
working in reciprocal-space, grazing scattering of
fast ions has been introduced as a real-space
technique [11±13]. For scattering from a ¯at
surface the trajectories of ions are governed by
correlated series of small angle collisions with
surface-layer atoms, which leads to specular
re¯ection. During epitaxial growth the ions will hit
steps forming the boundaries of islands. This per-
turbs the scattering process resulting in a loss of
specular-beam intensity. Treatment of the scat-
tering process by classical mechanics facilitates
interpretation of measurements by means of com-
puter simulations emulating ion trajectories [14].

In the present work we address the question
how information on morphological quantities can
be obtained from measurements on grazing ion
scattering during epitaxial growth. A comparison
between experiments and computer simulations
will reveal bene®ts and limitations of the tech-
nique. We study the scattering of 25 keV He�-ions
during submonolayer homoepitaxial growth of Fe
on Fe(1 0 0). This system is considered as a model
system, since it avoids complications like recon-
struction, alloying, or strain. It has been studied
both experimentally by STM [15,16] and theoret-
ically [17,18].

2. Experiment

The experimental setup is described in Refs.
[19,20]. In brief, a well collimated beam of 25 keV
He�-ions is directed upon a (1 0 0) surface of an Fe
single crystal disk at a polar angle Uin � 1:5�±2� to
the surface plane and an azimuthal angle Hin of a
few degrees to the [0 0 1] surface lattice direction.
Projectiles scattered in the forward direction
within the plane spanned by the ion beam and the
surface normal are detected by a channeltron de-
tector. The detector can be moved in the scattering
plane to measure the one-dimensional (1D) angu-
lar pro®le of the specular beam.

In situ preparation of the target surface is per-
formed by grazing Ar�-sputtering and subsequent
annealing. The residual surface step density can be
chosen, within certain limits, by the annealing
temperature. A ¯at surface (average separation of
steps >2000 �A) is obtained at 920 K, whereas at
860 K the surface is found to be irregularly stepped
(average separation 250 �A) [14]. Fe is deposited
from a high purity wire by electron beam heating.
Precise adjustment and continuous control of the
¯ux are performed with an integrated ¯ux monitor
and a shutter. During growth the pressure does not
exceed 1 ´ 10ÿ10 mbar.

3. Computer simulation

In previous studies we have shown that angular
distributions of fast ions which are grazingly
scattered from surfaces can be adequately calcu-
lated by 3D binary collision computer simulations
[14,21]. 25 keV He�-ions with incidence angles Uin

and Hin taken from experiment interact with a
semi-in®nite bcc Fe(1 0 0) target crystal. The tra-
jectory of each ion is followed through a series of
binary collisions with crystal atoms closest to the
ion position. According to the experimental ob-
servable the fraction of ions scattered into a ®xed
small solid angle emulating the detector is evalu-
ated.

In order to describe the real structure of the
surface, we implement surface steps and thermal
displacements of lattice atoms. Both have been
found to a�ect angular distributions in character-
istic ways. Inelastic processes leading to nuclear
and electronic energy loss can be neglected. For
details on the simulation program we refer to Ref.
[14].

Growth is modeled by monatomic-height
pseudomorphic islands (two-level model). This
should be adequate for the initial stage of ho-
moepitaxial growth on Fe(1 0 0) [15]. The distri-
bution of island sizes and sizes of uncovered
regions (``holes'') is described either by a geo-
metric distribution or a gamma distribution. The
geometric distribution, which implies no interac-
tions between steps (random distribution), is given
by
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P �n� � �1ÿ c�nÿ1c �1�

with an average size 1=c and n in units of the lattice
constant [22]. Applying the theory of Markov
chains, this is the obvious choice for our simula-
tion method [13] and makes analytical solutions
possible [23].

Typically the distribution of islands in growth
processes is not random, because nucleation is less
likely in the vicinity of existing islands [9]. A dis-
tribution which takes account of short-range in-
teractions between steps and has a peak at some
preferred size is the gamma distribution

P �n� � aM

C�M� eÿannMÿ1 �2�

with an average size M=a [24]. As M becomes large
the gamma distribution approaches a normal dis-
tribution and in the extreme limit becomes a d-
function centered at M=a. Gamma distributions
have been inferred from LEED for Ag/Si [4] and
Fe/Au [2,3] with M � 2±3 being independent of
coverage according to scale invariance. For ho-
moepitaxy on Fe(1 0 0) the likelihood of a gamma

distribution is deduced from an evaluation of
STM-pictures [15] (Fig. 1) and its resemblance to
simulation results [17].

4. Results

In Fig. 2 we compile 1D angular pro®les of the
specular beam recorded during growth of � 1 ML
Fe on Fe(1 0 0) at 440 K. The pro®les change pe-
riodically when the surface cycles from ¯at to
rough to ¯at [25]. Comparison of pro®les for
growth on a ¯at substrate surface (upper row) with
pro®les for a stepped substrate surface (lower row)
[14] reveals that substrate steps and steps forming
the boundary of islands a�ect the scattering pro-
cess in di�erent ways. A random sequence of up-
and downward substrate steps results in a multi-
level surface. In this case, angular pro®les show a
pronounced feature at small scattering angles
caused by ions crossing (multiple) downward steps
[14]. On the other hand, alternating up- and
downward steps, as they appear for 2D growth,
result in a symmetric broadening of the pro®les.
Thus, a mere inspection of the angular pro®le may
serve as an indication whether a two-level growth
model is appropriate or not.

In the simulations (Fig. 2, solid curves) we as-
sume a geometric distribution of substrate steps,
where up- and downward steps occur with equal
probability. The average step separation is 4000 �A
for the ¯at and 250 �A for the stepped substrate.
Growth is modelled by a two-level geometric dis-
tribution with only one ®t parameter, e.g. the av-
erage island separation L � 1=c. The average
island size then results from the coverage. All
curves displayed in Fig. 2 are calculated with the
same value L� 90 �A, i.e. the island density is
constant. This well reproduces measured pro®les
in the aggregation regime. For larger coverages
di�erences between experiment and simulation
point to deviations from 2D growth due to nu-
cleation on top of islands [10]. Consistent dis-
crepancies in the high polar angle regime of the
irregularly stepped substrate are attributed to
scattering from defects, which are created during
sputtering and do not disappear completely at
annealing temperatures below 870 K [14].

Fig. 1. Frequency distribution of sizes of uncovered patches

(``holes'') from an examination of an STM image (Fig. 1a in

Ref. [15]) for 0.07 ML Fe grown on Fe(1 0 0) at 293 K. The lines

are best ®ts for a geometric distribution �c � 0:029� (solid line)

and a gamma distribution (M� 1.55, a � 0:0575) (dashed line).

Roughly 1000 patches have been recorded for random lines of

intersection around the [0 0 1] lattice direction.
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The right-hand distributions in Fig. 2 (solid
circles) are recorded after annealing the � 1 ML
®lms to 720 K. They are virtually indistinguishable
from the pristine distributions for the uncovered
surface (open circles). This shows that inter- and
intralayer di�usion are su�ciently e�ective for a
complete post-growth recovery of the ®lm.

Fig. 3 shows the intensity in the maximum of
the specular beam, recorded during growth at
largely di�erent temperatures and deposition rates.
The lines represent ®ts to the measured oscillations
for geometric (dotted lines) or gamma distribu-
tions (solid lines) of island separations. For an is-
land density independent of coverage the number
of ®t parameters is reduced to one �a� also for the
gamma distributions when M is set constant (� 3),
in accordance with Refs. [4,3]. Both distributions
give fairly good ®ts. Deviations at small and large
coverages are not surprising, since in these regimes
island densities increase (decrease) due to nucle-

ation (coalescence) of islands [10]. The low inten-
sity observed for growth at low temperature
(bottom curve) when approaching 1 ML indicates
kinetic roughening, i.e. second layer growth sets in
before the ®rst layer is completed.

In the aggregation regime the island density is
found to be roughly constant, just as observed by
di�raction techniques [5,2,3,6]. Using gamma dis-
tributions and L � 1=

����
N
p

we infer for the data of
Fig. 3 N� 1:74� 1010, 9:47� 1010, and 2:37� 1012

cmÿ2 from top to bottom. Geometric distributions
yield larger values throughout N� 2:12� 1010,
1:65� 1011, and 1:11� 1013 cmÿ2, respectively.
Considering that a geometric and a gamma dis-
tribution with M� 3 should limit the range of re-
alistic distributions, we conclude that the island
density in the aggregation regime can be deter-
mined with good precision, unless N is very large,
as for low temperatures and/or high deposition
rates.

Fig. 2. Measured (circles) and simulated (curves) polar angular distributions for 25 keV He�-ions scattered from Fe/Fe(1 0 0). The

distributions are normalized to the maxima for the uncovered surface. Upper row: growth on a ¯at substrate surface (average sep-

aration of substrate steps >2000 �A); lower row: irregularly stepped surface (average separation 250 �A). The simulations were performed

for a geometric distribution of island and hole sizes with a constant average island separation of 90 �A. The right-hand distributions

(solid circles) were recorded after annealing the � 1 ML Fe/Fe(1 0 0) surface at 720 K. Growth temperature: 440 K; deposition rate:

2:7� 10ÿ3 ML sÿ1 (upper row) and 4� 10ÿ3 ML sÿ1 (lower row).
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Without the constraint of a constant island
density, one could estimate the coverage dependent
island densities in Fig. 3 by piecewise ®ts. A less time
consuming evaluation has been proposed in Ref.
[13], where the specular-beam intensity has been
found to be determined by the height correlation
C(n) between surface atoms separated by an e�ec-
tive ion-surface interaction length n. For geometric
distributions the average island separation L can be
calculated analytically from C(n). An example is
shown in Fig. 4. The evolution of the island density
(bottom panel) resembles typical curves obtained
from model calculations [10]. At low coverages the
island density rapidly increases due to nucleation
until it saturates leading to an extended aggregation
regime, where the density is approximately con-
stant. Finally, in the coalescence regime, the islands

begin to join and percolate so that eventually nu-
cleation and growth in the second layer sets in. The
saturation island density N� 2� 1011 cmÿ2 is in
agreement with the saturation island density de-
duced from an STM study [15] for the same depo-
sition rate and interpolation to the same growth
temperature (N� 2:6� 1011 cmÿ2).

Fig. 4. Upper panel: intensity of specularly re¯ected 25 keV

He�-ions recorded during homoepitaxial growth on Fe(1 0 0) at

550 K and a deposition rate of 1:4� 10ÿ2 ML sÿ1. Inset: cal-

culated intensity of specularly re¯ected 25 keV He�-ions versus

pair correlation C(10) for a geometric distribution of island and

hole sizes and a growth temperature 550 K. Lower panel: island

density vs. coverage as inferred from experiment and calculated

calibration curve.

Fig. 3. Intensity of specularly re¯ected 25 keV He�-ions (solid

circles) recorded during homoepitaxial growth on Fe(1 0 0). The

simulations are best ®ts for a geometric distribution of island

and hole sizes (dotted curves) and a gamma distribution (solid

curves). The average island separation is assumed to be inde-

pendent of coverage (constant island density). Growth tem-

peratures (from top to bottom): 590, 590, and 420 K; deposition

rates: 9:0� 10ÿ3, 5:75� 10ÿ2, and 2:1� 10ÿ1 ML sÿ1.
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5. Summary

Grazing ion-surface scattering is an alternative
to di�raction techniques to study epitaxial growth.
It is a real-space technique applicable in situ and in
real time even at high growth temperatures and
deposition rates. Interpretation of measurements is
straightforward by means of computer simulations
emulating the ion trajectories within the frame-
work of classical mechanics. Whereas basic infor-
mation on the growth process is obtained by a
mere inspection of intensity and angular pro®le of
the specular beam, ®ts to experimental data yield
morphological quantities like average island den-
sity and its dependence on coverage and growth
parameters. Although the distribution of island
size and separation is di�cult of access, the pre-
dicted scale invariance [17] should allow one to
deduce fundamental quantities like activation en-
ergies or critical island sizes by a systematic vari-
ation of growth temperature and deposition rate.
Work on this subject is in progress.
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