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X-ray diffraction studies of trilayer oscillations in the preferred thickness of In films on Si(111)
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We report a surface x-ray diffraction study of the structure of In films grown on Si(111)-(7 x 7) and
Si(111)-(+/3 x +/3)-In substrates at a low temperature (135 K). The (7 x 7) reconstruction of the clean Si(111)
surface is found to persist upon burial by the In. X-ray reflectivity measurements yield patterns that deviate
strongly from the ideal case; the results suggest a complex In film structure, possibly distorted by the corrugated
interfacial reconstruction. By contrast, In films grown on the Si(11 D-(+/3 x +/3)-In surface exhibit reflectivity
data that are much closer to the ideal case. The films are found to grow approximately layer by layer, resulting in a
relatively small roughness. Upon annealing, the films develop preferred thicknesses at 10, 13, and 16 monolayers
(MLs). Previous photoemission studies revealed preferred thicknesses at 4 and 7 MLs. Putting these results
together, the preferred thickness sequence, 4, 7, 10, 13, and 16 ML, establishes a trilayer oscillation period. This
period is expected from the known electronic structure of In, and arises from quantum confinement of the In
valence electrons. This is the second example, after the well-known bilayer period in Pb, which shows quantum

oscillations over a wide range of film thickness.
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I. INTRODUCTION

The confinement of electrons in metal films by a substrate at
the interface and the vacuum at the surface results in quantum
well states or subbands. The details are determined by the
kinematics of the electrons in the film, the film thickness, and
the potential barriers at the film boundaries. The quantum-well
subband structure varies rapidly as a function of film thickness,
which can lead to drastic differences in the properties of
these films as compared to their bulk counterparts. These
differences are known as quantum size effects (QSEs), and they
generally exhibit a damped oscillatory behavior as a function
of film thickness.! The damping ensures that the physical
properties approach the bulk limit at large film thicknesses,
and the oscillation period is given by one-half of the Fermi
wavelength along the direction of the film thickness. This
general behavior can be well explained by a one-dimensional
shell model, in which periodic crossings of the Fermi level
by the quantum-well subbands as a function of film thickness
drive the damped oscillations.

A well-studied case is Pb films grown on Si(111), where
a pronounced bilayer oscillation has been observed in mea-
surements of various physical properties including the work
function, stability, preferred or magic heights, and super-
conducting transition temperature.> The bilayer oscillation
period leads to an easily detected even-odd contrast for
different layer thicknesses, and the data are generally well
explained by models or calculations. No other systems have
been studied to the same level of detail, partly because not
many metal-semiconductor interfaces are chemically inert
to support a well-structured quantum well system. Yet it is
very desirable to examine QSEs in other materials, especially
cases with a different Fermi wavelength and thus a different
oscillation period. In the present work, we study the growth
and annealing behavior of In films on Si(111), for which an
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oscillation period of approximately 3 MLs is expected based
on the known band structure of In.’

The growth of In films on Si(111) has been examined by a
number of authors.”'> For example, films grown on a Si(111)-
(6 x 6)-Au surface showed subtle features in the electrical
mean free path at 3, 6, and 9 ML thicknesses, which was
interpreted in terms of roughness oscillations in the films.!?
An STM study of In films grown on Si(111)-(+/3 x +/3)-Pb
has shown a preference for 4-ML islands at low temperatures. '
Yet other studies have reported layer-by-layer growth beyond
7 ML.'>13 In a recent photoemission study of In films
grown on Si(111)-(+/3 x +/3)-In, a preference for 4- and
7-ML thicknesses was reported,” in agreement with, but
insufficient to prove, a trilayer period. In the present study
we grew In films on the clean Si(111)-(7 x 7) surface and the
Si(11 1)—(\/§ X ﬁ)—ln surface at a low temperature (135 K)
and then thermally annealed the films. For simplicity, we
shall refer to these two starting surfaces simply as 7 x 7
and root-3, respectively. Surface x-ray diffraction is carried
out to determine the morphology and the preferred film
thicknesses, which should correspond to the local surface
energy minima. For In films grown on the root-3 surface,
we found preferred thicknesses of 10 and 13 ML and a
hint of another preferred thickness at 16 ML. Thus 4, 7,
10, 13, and 16 ML are preferred thicknesses based on the
present x-ray data and the earlier photoemission data. This
sequence is sufficiently long to unambiguously confirm a
trilayer period in the energetics of the system. For In films
grown on the 7 x 7 surface, the 7 x 7 reconstruction remains
strong after the surface is buried by In. While the data indicate
a fairly smooth growth, the results could not be satisfactorily
fit despite repeated efforts using a number of models, pre-
sumably because of structural distortion caused by the 7 x 7
reconstruction.
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FIG. 1. (Color online) (a) Log plot of the reflectivity taken from In films grown on the 7 x 7 surface at 135 K. The amount of deposited In
is indicated for each curve. (b) Same as (a) but for growth on the root-3 surface. The fringes are marked by arrows. The question mark indicates

an uncertainty in peak identification.

II. EXPERIMENTAL DETAILS

Our x-ray diffraction experiment was performed at Sector
33-ID-E, Advanced Photon Source, Argonne National Labo-
ratory. A 40 x 10 mm rectangle was cut from a commercial
P-doped Si(111) wafer. The sample was mounted on a liquid
nitrogen cooled manipulator, and thermally anchored to the
manipulator by a sapphire block. Two thermocouples placed
near each end of the sample were used to measure the sample
temperature. Tantalum foils wrapped around each end of the
sample provided electrical contacts for heating by running
current directly through the sample. The sample could also
be heated indirectly by a tungsten coil heater placed behind
the sample. Each sample was outgassed for a few hours and
then briefly annealed to about 1200°C, to create a clean
7 x 7 surface. To produce the root-3 surface, approximately
2 ML of In was deposited on the surface followed by
annealing at 450 °C for a few minutes. The annealing desorbs
excessive indium atoms and yields a clean root-3 surface.
The quality of the surfaces was verified by reflection high
energy electron diffraction (RHEED) and the annealing time
for the root-3 surface was adjusted so that there was no trace
of Si-(111)-(4 x 1)-In or Si(111)-(+/31 x +/31)-In present in
the RHEED pattern. For film growth, the deposition rate of In
was set to 0.75ML/min with the substrate temperature held
at around 135 K, the base temperature of the system. Data at
different thicknesses were taken from the same sample with
incrementally added In. After reaching a certain thickness, the
films were annealed as needed to allow the system to evolve
according to the energetics of the system; the sample was
allowed to cool down to the base temperature before each
X-ray scan.

The x-ray measurements were performed using 19.9 keV
x rays and a Pilatus area detector. Two-dimensional x-ray
images were taken as a function of the incident angle of the
x-ray beam from which the reflectivity as a function of per-
pendicular momentum transfer was extracted. The background

intensity was interpolated from two strips above and below
the specular position for background subtraction. Corrections
were taken to account for changes in scattering geometry. A
hexagonal (HKL)yx surface coordinate system for the Si(111)
surface is used to describe the x-ray diffraction results. Details
of this coordinate system can be found elsewhere.'®

III. RESULTS

Figures 1(a) and 1(b) show reflectivity data for several
coverages of In films grown on the 7 x 7 and root-3 surfaces,
respectively, as a function of the perpendicular momentum
transfer L in Si(111) reciprocal lattice units. Gaps in the data
around L = 3, 6, and 9 are to avoid the intense Si substrate
peaks that could damage the detector. Broad peaks near
L =3.5and 7 are at the expected In bulk Bragg peak positions.
Several interference fringes can be found between these peaks
which result from the layering of the In film. For an ideal
freestanding and smooth film, the fringes should be equally
spaced and their number should equal the number of atomic
layers minus 2. The overall fringe structure should resemble
a multislit interference pattern. This is approximately true for
the films grown on the root-3 surface, as indicated by the
downward arrows in Fig. 1(b). On close inspection, the fringe
peaks are not exactly equally spaced, and the number of peaks
is uncertain or off by one in some cases. This is related to
structural relaxation and roughness in the film. The general
trend suggests that the growth is approximately layer by layer.

By contrast, the fringe structure for the films grown on
the 7 x 7 surface, shown in Fig. 1(a), deviates substantially
from the ideal multislit interference pattern. Specifically, the
In Bragg peak at L = 7 is not well developed, and the peak
at L = 3.5 has a strange shape at 4 ML. These observations
suggest structural complexity. Figure 2 shows two scans along
momentum transfer (H, K, L) = (0, K, 0.25), with K ranging
from 0.9 to 1.4. One scan is for a 7-ML In film, and the other
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FIG. 2. (Color online) X-ray intensity as a function of K for
H = 0and L = 0.25, taken for In films of coverages of 7 and 10 ML
grown on a 7 x 7 surface. Peaks from the 7 x 7 reconstruction are
indicated. A peak arising from the In truncation rod is also indicated.

a 10-ML film. These scans are parallel to the sample surface
and the peak at K = 1 corresponds to the (0, 1) bulk truncation
rod of Si(111). The two peaks at K = 8/7 and 9/7 arise from
the 7 x 7 reconstruction of Si(111) that remains under the In
film. Also evident is a very weak peak corresponding to an
In-derived truncation rod, as indicated in the figure. The 7 x 7
reconstruction of the clean Si(111) surface involves dimers,
adatoms, and stacking faults. We do not know a priori which
structural features are preserved or modified under the In film,
and the film structure itself could be rumpled because of the
corrugations associated with the 7 x 7 reconstruction. This is
likely the reason for the more complex fringe pattern seen in
Fig. 1. It is likely for the same reason that we have not been
able to fit the data satisfactorily. We will focus below on the
data for growth on the root-3 surface.

Figure 3 shows the reflectivity of a 10-ML film deposited
on the root-3 surface at 135 K. After annealing to 210 and then
240 K, it develops more fringes in-between the In Bragg peaks.
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FIG. 3. (Color online) Log plot of the reflectivity taken from a
10-ML In film grown on a root-3 surface at 135 K, and after the same
film has been annealed to 210 and 240 K. The fringes are marked
with arrows.
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Thus the film develops larger thicknesses. Heating allows
the In atoms to migrate and the film to ripen in accordance
with the energetics. Energetically unfavorable thicknesses are
expected to diminish, and energetically preferred thicknesses
are expected to grow. The change in fringe pattern can be
simply interpreted in terms of roughness development in
accordance with the energetics. According to Ref. 15, a phase
transition from fcc(111) to bet(101) could occur at ~250 K
and/or layer coverage above 5 ML. We did not observe such
a transition in our films. The difference could be attributed to
a different sample preparation scheme [note that the films in
Ref. 15 are grown on a Pb terminated Si(111) substrate and at
higher substrate temperatures].

IV. ANALYSIS AND DISCUSSION

The data for the films grown on the root-3 surface are
analyzed in the usual manner.'”?° The film is modeled by
domains or islands of varying thicknesses with a small portion
of the substrate surface left uncovered (due to step bunches
or defects). If the domains are separated by distances greater
than the coherence length of the x rays the scattering intensities
from the domains will add incoherently, and vice versa:

I(Qz) = AIcoh(CIz) + (1 - A)Iincoh(QZ)a (1)

where ¢, is the perpendicular momentum transfer and Iop
and I;,on are the coherent and incoherent fractions; these are
combined by a coherence factor A. The coherent part of the
intensity is given by

Leon(q2) = 1Am(q2) + Aqun(q)I? 2)

where Ap(g;) is the scattering amplitude of the In film and
Asup(g.) is that of the substrate. The scattering amplitude from
the Si bulk substrate is given by

+ e_i‘{zasiﬁ/lz

1
Asi(qz) o fsi(gr)e ™

Ep— 3)

where fsi(g.) is the atomic scattering factor of Si, e~Msi is the
Debye-Waller factor, and ag; is the lattice constant of Si. It is
necessary in the fitting to include an interface layer of In,

Asin(@2) X fin(g)e ™ pine’ = + Asi(q,), @)

where piy is the relative density of the interface layer and d
is the distance between the last layer of Si and the interface
layer. The scattering factor of the In film atop is given by

Nimax

2 N
as; _ ig.7;:
Ann(gz) (a—) finlg)e™m Y " py Y e, ()
In N=1  j=1

where the first sum adds the intensities from all possible
domain thicknesses present in the film and the second sum
adds the intensities from each layer in a film of thickness N.
The variable z; y indicates the position of layer j in a region
of thickness N relative to the Si substrate surface. The variable
pn is the fraction of the surface covered by a film that is N
layers thick and pyg is the fraction of the surface not covered
by the film so that

Nimax

dopv=1 ©6)
N=0
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FIG. 4. (Color online) (a) Log plot of the reflectivity (red circles)
taken for several different coverages of In deposited on a root-3
surface at 135 K. The black curves are fits. (b) The corresponding
thickness distributions.

The average thickness of the domains present in the film is
given by

Ninax
©=) pvN. @)
N=1
The incoherent part of the intensity is given by
Nmax p
N 2
Iincoh(qz) = |A]Nn(QZ) + Asub(CIZ) ) (8)
= 1 =po

where Al(q.), the scattering amplitude from an island of
thickness N layers, is given by

N
A(gz) = fin(g)e (1 = po) Y e, ©)
j=1

so that the intensity from each island is simply added together.

These formulas are used to fit the data. The coherence factor,
the Debye-Waller factor, the individual domain occupancies,
and the interatomic layer spacings were allowed to vary. A
physical constraint is applied: only the layer spacings between
the substrate and the first layer, the first layer and the second,
the (N — 2) th layer and the (N — 1) th, and the (N — 1) th
layer and the N'th are allowed to vary independently, while the
spacings for the middle layers are assumed to be the same.

The results of the fitting are shown in Fig. 4 for various
amounts of In deposition at the base temperature of 135 K and
in Fig. 5 for a 10-ML film after deposition and then annealing
to 210 and 240 K. These data are fit simultaneously using
the same set of parameters. The initial fitting parameters were
chosen using reasonable guesses. The results of the fitting
are shown as solid curves in Figs. 4(a) and 5(a) for the two
sets of reflectivity data. Shown in Figs. 4(b) and 5(b) are the
corresponding final population distributions for the various
domain thicknesses.

V. DISCUSSION

The results in Fig. 4 show that each film deposited at
the base temperature of 135 K has a fairly narrow thickness
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LU L B A T
(@) |4 (b) -
o . 00 240K
Bl
P 0.0l 100
i .
= 2 -
3 %0.2_210K -
2 g il
of o0 Ll 00
o i
o
L 135K
= 0.2 L%
0.0I T ,_ll‘|7 T T
0 4 12 16

Thickness (ML)

FIG. 5. (Color online) (a) Log plot of the reflectivity (red circles)
taken from a 10-ML In film grown on a root-3 surface at 135 K, and
from the same film after annealing to 210 and 240 K. The black curves
are fits. (b) The corresponding thickness distributions. Note that the
thickness distribution appears to shift towards higher thicknesses
upon annealing, which is associated with the increased surface area
that is not covered by the film (py). In other words, the films grow
taller at the cost of shrinking area (due to mass conservation).

distribution. The dominant thickness in each case corresponds
to the amount deposited, and the width of the distribution
is just 2-3 ML. Thus the film grows approximately layer
by layer with a roughness about 2-3 ML. Evidently, the
deposition temperature is too low for significant interlayer
migration of the deposited In atoms, but high enough for
in-plane movement within each terrace to form ordered layers.
The roughness appears to grow with increasing average
thickness of the film. This is consistent with nucleation and
island growth on each terrace.

The annealing behavior of a 10 ML film, shown in
Fig. 5, indicates that at higher temperatures, In atoms can
migrate between different terrace heights to allow the thickness
distribution to evolve. The data at 210 and 240 K are similar,
suggesting that the system has reached a kind of metastable
distribution, which should reflect the energetics of the system.
Two preferred thicknesses are observed: 10 and 13 ML. In
addition, there is hint of a third preferred thickness at 16 ML.

Our earlier photoemission studies of samples similarly
prepared indicate two preferred thicknesses at 4 and 7 ML
at low coverages.? Putting the x-ray and photoemission results
together, we conclude that the preferred thicknesses are 4, 7,
10, 13, and 16 ML, with the last data point somewhat uncertain.
The trilayer sequencing is clear, and this is expected based on
the electronic structure of In. While such trilayer oscillation is
supported by both the x-ray and photoemission measurements,
more morphological measurements, e.g., STM, can be done to
further confirm the detailed trilayer sequence and kinetics.

VI. SUMMARY

In films were grown on Si(111)-(7 x7) and
Si(111)-(+/3 x /3)-In  surfaces. Significant differences
between these systems were observed for growth at 135 K,
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which illustrates that the growth behavior can depend strongly
on the beginning surface structure. After burial by In films
the 7 x 7 reconstruction was found to persist. The reflectivity
data show significant deviation from a multislit interference
pattern, and a satisfactory model fit to the data could not be
found. The reflectivity data from In films grown on the root-3
surface could be fit well. Growth at 135 K is approximately
layer by layer. Annealing results at higher temperatures
indicate preferred thicknesses of 10, 13, and possibly 16 ML.
Combined with earlier photoemission studies, which show
preferred thicknesses of 4 and 7 ML at low coverage, a
sequence of preferred thicknesses of 4, 7, 10, 13, and 16 ML
could be inferred. The trilayer oscillation period is quite clear

PHYSICAL REVIEW B 87, 195415 (2013)

and differs from the bilayer period in Pb films, in accordance
with the different electronic structures of the two cases. The
In film system is only the second example, after the Pb case,
to show significant quantum oscillations over a wide range
of film thickness. It provides further evidence that electronic
effects affect film stability leading to preferred thicknesses.
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