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Abstract—Comprehensive structural studies of thin island Al films with a thickness of 20—50 nm deposited
by magnetron sputtering on Si(111) substrates in an argon plasma at a pressure of 6 x 10~ mbar and a tem-
perature ranging from 20 to 500°C are presented. The morphology and microstructure of the films are studied
using XRD, SEM, EDS, and TEM methods. It is found that most of the islands are Al {001} and Al {111}
crystallites with lateral sizes of 10—100 nm, differently conjugated with the Si(111) substrate. At room tem-
perature of the substrate, only Al {001} crystallites are epitaxially formed on it. The epitaxial growth of Al {111}
crystallites is predominant as the substrate temperature increases above 400°C. The influence of the tempera-
ture of the Si(111) substrate on the process of epitaxial growth of crystallites, the dynamics of their shape, and
structural perfection is shown. It is found that crystallites epitaxially connected to the substrate experience
deformationate =7 x 1073 and e = —2 x 1073 for A1 {001} and Al {111}, respectively. It is shown that for thin
island Al films on Si(111), the dependence of the number of crystallization centers and the particle growth
rate on the supercooling temperature is consistent with the band model of crystallization. At the same time,
a shift in the characteristic temperatures for the zone boundaries is observed due to the properties of the sub-
strate. This must be taken into account when engineering the surface morphology and structural perfection
of crystallites in Al island magnetron films.
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1. INTRODUCTION

Due to its physical properties, aluminum is used in
various applications in optoelectronics, microelec-
tronics [1—3], solar energy [4, 5], micro- and nano-
mechanics [6], and superconducting devices [7—9]. It
is worth noting that not only the traditionally used
nanosized aluminum films (reflective coatings, inte-
grated circuits, contacts, valves) but also aluminum
crystallites as seeds for the formation of polysilicon [10]
and nanoparticles [11] are of interest. Model Al-Si
structures are formed to study the fundamental prop-
erties at the superconductor-semiconductor interface
[12, 13]. Such diverse applications of aluminum
require the development of old growth methods and
the creation of new techniques for the formation of
both single-crystalline and island films [10, 11].
Despite the existing growth models [14, 15], the use of
various thermodynamic conditions during film
growth, as well as a large number of parameters, does
not allow us to unambiguously predict their properties
in advance. The mechanical, electrical, and optical
properties of aluminum films are determined by their

composition, surface morphology, and microstruc-
ture. Among various methods for producing thin films
on various substrates, magnetron sputtering occupies
a special place due to the convenience of forming mul-
tilayer systems and device structures. It was shown in
[16] that the magnetron sputtering method can con-
trol the properties of aluminum films on the surface of
Si(111) substrates, forming on their surface at a tem-
perature of 400°C island homobuffer Al layers. It is
well known [17] that at these temperatures the solubil-
ity limit and diffusion of Si in Al, compared to alumi-
num, sharply increases. This leads to the loss of a sharp
boundary between the film and the substrate due to
the formation of voids and precipitates in the film
(Kirkendall effect [18]). The presence of such a layer
will affect the fundamental properties of nanosized
films and structures based on them. This is especially
important for superconducting films. Such a transi-
tion layer, which is inhomogeneous in density, for
example, will change the charge density at the inter-
face with the substrate and create additional scattering
of conduction electrons. The question of the sharp-
ness of the boundary between the silicon substrate and
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aluminum crystallites is related to the use of such
structures in various applications: contacts in VLSI
circuits, superconducting high-quality resonators,
microwave oscillators and amplifiers, bolometers, and
gates in quantum devices. Naturally, blurring the
boundary between the silicon substrate and the alumi-
num film and the formation of structural defects in it
can reduce the efficiency of the devices being created.

The ability to epitaxially bond silicon and alumi-
num to produce a sharp interface and an atomically
smooth film surface continues to be a key issue in the
development of magnetron sputtering technology.
First of all, the main growth conditions include the
substrate and film materials used, the phase state of
the substrate and its crystallographic orientation, the
substrate temperature, the cleanliness and smoothness
of'the substrate surface, the plasma operating pressure,
the residual gas pressure in the chamber, the energy of
atoms, and the rate of their deposition. The micro-
structure of the films being formed will be greatly
influenced by the deformation fields created by the
surface atoms of the substrate. The presence of such an
orienting influence of the substrate on adatoms leads
to the phenomenon of epitaxy [19].

Usually, during magnetron sputtering, island
growth of a polycrystalline aluminum film occurs
according to the Volmer-Weber method [20]. To
achieve the main goal of obtaining an atomically
smooth aluminum film, it is desirable to form a well-
textured quasi-epitaxial film consisting of large crys-
tallites. The crystallization process, as pointed out by
D.K. Chernov and experimentally shown G. Tamman
[21], can be quantitatively described in terms of the
crystallite size d « V,/N,, where their growth rate
V,(AT) and nucleation rate N,(AT) is determined by
the amount of subcooling of the substrate relative to
the melting temperature AT = T, — T,. This position
was confirmed in the works of Movchan and Demch-
ishin [22], who proposed the zone model of crystalli-
zation (ZMC) based on the analysis of the experimen-
tal data. In the ZMC model, depending on the ratio of
the growth and melting temperatures 7,/7,,., zones
and their boundaries are introduced [15, 22—24].
According to the ZMC, the microstructure of island
films is determined by their belonging to the corre-
sponding zone. Developing the ZMC, Thornton [25]
added a fourth transition zone T. The zone boundary
temperatures are determined based on an analysis of
the actual structure of continuous films and depend
on the method of their formation [23]. In the ZMC
model, films with a pronounced texture are formed in
the second zone, and large crystallites with different
faceting in the third zone. The temperature value for
the zone boundaries is conditional. For example, Al
films grown under the same conditions on Si(111) sub-
strates with different surface morphologies have dif-
ferent textures and mechanical properties [16] and, in
principle, should belong to different zones. Despite
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the existing general patterns in the formation of crys-
tallites, the process of their growth, taking into
account the additionally involved physical phenom-
ena, cannot be modeled during the formation of con-
tinuous films. Often in the literature, the results of
studying films are presented with a statement of the
growth conditions, but without an analysis of their
influence on the process itself.

During the magnetron sputtering of metals and, in
particular, aluminum, a polycrystalline film is formed
on the surface of the substrate [26]. For metals with an
FCC lattice, in most cases a textured film is formed,
whose crystallites are predominantly oriented along
the normal to the substrate surface with the [111] axes
[23—26]. Single-crystal Al(111) films on an Si(111)
substrate were grown by the authors of [19] by the
MBE method despite the 25.3% difference in the crys-
tal lattice parameters of Al (a = 0.405 nm) and Si (a =
0.543 nm) at room temperature. The appearance of
such a possibility of accommodation of two structures
at the (111) boundary is related to the coincidence of
every third silicon atom with the fourth aluminum
atom. In this case, the mismatch of the lattices is only
0.6%. The growth of epitaxial A1(001) crystallites on
the Si(111) substrate is also probable and was observed
in [27, 28]. It should be noted that for elements with a
cubic structure, faceting of crystallites by the {001}
planes at the initial stages of growth is preferable [29].
The formation of structurally perfect crystallites is
determined by the processes of the surface and volume
diffusion of adatoms. A large diffusion length pro-
motes stepwise growth of crystalline planes, filling
potential vacancy voids as they form from the residual
gases present in a vacuum system. Due to volumetric
diffusion, adatoms reach their equilibrium position in
the crystallite lattice. The growth and orientation of
crystallites is determined by a complex of processes
accompanying the surface diffusion of the deposited
adatoms. Note that the nucleation and growth of a
crystallite is accompanied by the formation of various
structural defects both inside it and at the interface
with the substrate. First of all, for selected materials,
the diffusion of adatoms depends on their energy
(growth method) and activation energy of the sub-
strate surface (temperature, deformation of the surface
layer) [14, 15, 23, 29].

A deeper understanding of the effect of tempera-
ture on the morphology and microstructure of island
films can be obtained by studying free-standing crys-
tallites at the initial stage of their growth. This paper
studies the influence of the Si(111) substrate tempera-
ture on the microstructure of crystallites and inter-
phase boundaries of thin Al island films obtained by
magnetron sputtering.

2. EXPERIMENTAL

Samples of thin Al island films on standard Si(111)
substrates with a thickness of 350 um were obtained
Vol. 53
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Fig. 1. SEM images of the surface of magnetron sputtered Al films with an average thickness of 20—50 nm, formed in a steady
state on an Si(111) substrate at a temperature of 20 (a), 200 (b), 400 (c), and 500°C (d). The letters B, L, and S (c) indicate crys-

tallites with characteristic sizes.

using a magnetron sputtering installation (Kurt J.
Lesker Company Ltd., Germany) in the discharge
mode at a constant current and power of 500 W. The
deviation of the (111) crystal planes from the substrate
surface was 3.5 degrees. An aluminum target with a
purity of 99.995% was used. Before film deposition,
Si(111) substrates were cleaned in an ultrasonic bath
in acetone. The remaining contaminants were
washed off with distilled water. Then the substrates
were sent to the deposition chamber, where an alu-
minum film was deposited on them. The films were
formed at different substrate temperatures: 20, 200,
400, and 500°C. The rate and time of deposition of
aluminum particles onto the substrate were 0.2 nm/s
and 100 s, respectively. The residual gas pressure in
the growth chamber depended on the growth tem-
perature and was (2—4.5) x 10~7 mbar. The Al film
deposition process took place in an argon atmo-
sphere at a pressure of 6 X 10~3 mbar.

The morphology, microstructure, and composi-
tion of Al films were studied by electron microscopy in
the SEM, EDS, TEM, STEM, RHEED, and X-ray
diffractometry XRD modes. XRD diffractometry
curves were obtained on a SmartLab X-ray diffractom-
eter (9 kW, CBO optics, CuK,, radiation) in the geome-
try of a parallel beam. The diffraction patterns in the
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/26 scanning mode were recorded with a Soller slit of
0.114° installed in front of the detector window.

Electron microscopic images of the film crystal-
lites were obtained at an accelerating voltage of 200 kV
on an Osiris transmission/scanning electron micro-
scope (ThermoFisher Scientific, United States)
equipped with a high-angle dark-field detector (Fis-
chione, United States) and a SuperX energy-disper-
sive X-ray microanalysis system (Bruker, United
States). Images of the film surface and sample chips
were obtained using a Carl Zeiss Ultra 55 scanning
microscope equipped with an Oxford Instrument
INCA X-act (EDS) energy dispersive spectrometer.

3. RESULTS AND DISCUSSION
3.1 SEM Microscopy

Images of the surface of the obtained Al/Si(111)
magnetron films depending on the substrate tempera-
ture during sputtering are shown in Figs. la—1d. The
surface morphology of the samples shows a strong
dependence on the temperature of the shape, size, and
relative position of the islands in the film.

When discussing the electron microscopy data, we
will assume that the amount of aluminum sputtered
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Fig. 2. Distribution of the number N(p) of Al islands on
the Si(111) substrate depending on the radius p of the circle
with an area equal to the area of the island in the SEM
image.

onto the substrate is constant and there is no desorp-
tion. Figure la shows that the TA6-1 film is 22 nm
thick (Table 1), grown at room temperature, and con-
sists of islands tightly adjacent to each other. They
contain rare voids in the form of holes with an average
diameter of 20 nm or bands up to 70 nm in length. The
appearance of the film shows that under the selected
sputtering conditions and subcooling temperature
AT= 640 K (T,/T,c = 0.3), the atoms are low-
mobile, evenly distributed over the surface of the sam-
ple, and form a continuous film. This conclusion is in
accordance with the zone model of crystallization at
significant supercooling. A large number of crystalli-
zation centers and their uniform growth form islands
with an average size of 20 nm and various shapes. The
shape of the islands on the surface of the film is drop-
shaped. During the growth of the TA6-2 film, the
supercooling temperature was reduced to AT=440 K,
which corresponds to a value of 7/T,. = 0.5. An
increase in the surface diffusion coefficient with tem-
perature should lead to an increase in the growth rate
of the islands in the film, which is observed in Fig. 1b.
The film thickness increased to #, = 46 nm. It is clearly
seen that despite the steady flow of aluminum ions
onto the substrate, the number of crystallization cen-
ters has decreased while the size of the islands has
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simultaneously increased. In addition to large islands,
smaller islands are observed. The size distribution of
the islands corresponds to a bimodal distribution.
Around these main crystallites, there is an empty dif-
fusion field formed by the escape of aluminum ada-
toms from it to the growing faces. Islands with faces
symmetrical relative to the normal to the surface are
individual crystallites. Similar results for the growth of
large Al particles at 7= 500 K were observed in [30].
The pronounced edges of these islands indicate a fairly
high concentration of atoms during their growth. In
contrast, near large circular islands, apparently, the
concentration of aluminum atoms was insufficient for
the growth of faces or desorption of atoms from their
surface took place. The larger lateral L, size of crystal-
lites with voids between them and increased thickness
h, of the film indicates the formation of a thin film
with a nonuniform density at the interface with the
substrate. This circumstance should significantly
affect its physical properties.

Aluminum films of samples TA6-3 (Fig. 1¢) and
TA6-4 (Fig. 1d) were sputtered at a supercooling
temperature of 260°C (7,/T,..; = 0.7) and 160°C
(T/ T, = 0.8), respectively. According to the zone
growth model [22—25], the islands in these films
should be crystallites with differently oriented and
uniformly developed faces. The thick films grown
under these conditions should be less textured. The
SEM images of the surface of these films show that the
size distribution of their islands, with a few exceptions,
differs little. The thicknesses of the TA6-3 and TA6-4
films are 25 and 38 nm, respectively. In these films,
small (S), main (L), and large (B) islands can be dis-
tinguished (Fig. 1c). The average size L, of the islands
is 70 nm. A detailed analysis of the images in Figs. 1c
and 1d shows that the film of sample TA6-4, sputtered
at a lower supercooling temperature, has a lower den-
sity. It repeats the effect of the formation of a diffusion
field around large islands (Fig. 1b). An additional
argument for the lower film density relative to the
TA6-3 sample can be the increase in its thickness by
1.5 times while maintaining the sputtering time.

Figure 2 shows the lateral distributions N(p) of the
islands by radius p of equivalent areas in the form of a
circle. The distribution curves were obtained using the
Gwyddion v2.60 program (http://gwyddion.net/),

Table 1. Average sizes of crystallites (D), islands (S, L,), and thickness /, of Al/Si(111) film depending on the sputtering

temperature
Samples, growth Crystallite size D, nm (XRD) Island size, nm (SEM)
temperature (111) | (200) | (220) | (S,) (smallislands) | (L,) (mainislands) | (k) (film thickness)
TA6-1, 20°C 8 23 20 15+5 20 £ 10 2212
TA6-2, 200°C 14 25 — 3010 130 + 30 46 £4
TA6-3, 400°C 18 21 11 155 70 £ 20 25+ 4
TA6-4, 500°C 19 16 7 13£5 70 £ 25 38+ 4
RUSSIAN MICROELECTRONICS  Vol. 53 No. 4 2024
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which allows for the statistical processing of images of
both individual islands and islands joined together.
For individual Al islands in films of samples TA6-2, 3,
and 4, the distribution N(p) was formed based on aver-
aging a family of distribution curves over the threshold
value with a step of 4 nm. Distribution N(p) for the
film of sample TA6-1 was obtained by increasing the
image contrast in the segmentation mode with a step
of 2.5 nm.

3.2. X-ray Diffractometry

The microstructure of the films of the studied sam-
ples was studied on the basis of X-ray diffraction pat-
terns presented in Figs. 3a—3d. Each figure shows two
diffraction patterns recorded without taking into
account (1) and taking into account the precise (2)
adjustment of the substrate to the diffraction reflec-
tion of Si(111). Let us recall that Bragg peaks or hk/
reflections in diffraction patterns appear only when
the normal to the crystalline plane of the island or sub-
strate matrix lies in the diffraction plane. The diffrac-
tion plane is formed by the vectors of the incident and
reflected X-ray waves. With the standard /26 scheme
while recording a diffraction pattern, the Bragg reflec-
tion from a scattering particle, whose crystal planes are
parallel to the surface of the sample, enters the detec-
tor. When studying powders or ordinary polycrystal-
line films, crystallites that satisfy this requirement are
always found. If, by tilting the sample, the normal to
the selected crystalline plane of the particle is removed
from the diffraction plane, the detector will not regis-
ter the diffraction signal. The same reasoning applies
to the Bragg reflection from the (111) crystal planes
deviated from the surface of the Si substrate. The posi-
tion of the sample at which the maximum reflection of
Si(111) from the substrate is observed corresponds to
its fine tuning (2) or alignment. Therefore, in the dif-
fraction patterns, depending on the degree of align-
ment of the substrate or film islands, the correspond-
ing Bragg reflections may appear or disappear.

Figures 3a—3d show the diffraction patterns from the
studied samples in the angular range of 26 = 35°—70°.
Bragg 111 and 333 reflections from the Si(111) sub-
strate at angles of 20 = 28.44° and 94.94° are outside
the selected angular scanning region and are not
observed in the diffraction patterns. The diffraction
patterns show weak peaks near angles 20 = 38.48°,
44.73°, and 65.11°, corresponding to reflections 111,
200, and 220 for the FCC Al lattice. It can be seen that
the number of Bragg peaks, as well as their intensities,
angular positions, and half-widths depend on both the
film growth temperature and the alignment of the
Si(111) substrate (curves (2) in Figs. 3a—3d). The rela-
tionship between the appearance of peaks or an increase
in their intensity when the substrate is aligned indicates
the presence of epitaxial (111) and (001) crystallites.
Note that some of the crystallites are located on the sur-
face of the substrate without epitaxy—they are not ori-
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Fig. 3. Diffraction patterns from thin island films of
Al/Si(111) sputtered at different substrate temperatures:
20°C (a), 200°C (b), 400°C (c), and 500°C (d). (/) Without
fine tuning of the Si(111) substrate, (2) with fine tuning of
the Si(111) substrate. The insets show a simulation of the 002
reflection peak using two Voigt curves at 20 = 44.55°(3) and
44.85° (4). CuK,, radiation.

ented by the crystal planes of the substrate (for example,
the parameters of the 111 reflection peak in Fig. 3a do
not change). It is clearly seen from the diffraction pat-
terns (Fig. 3b) that the microstructure of the Al film
formed at a temperature of 200°C is fundamentally
different from the others; when the substrate is
aligned, the 002 reflection peak sharply decreases.
This dependence of the type of diffraction patterns
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Table 2. Double Bragg angle values of 26,,, of reflections from crystallites of thin island films of Al/Si(111) depending on

LOMOV et al.

the alignment of the substrate during a diffraction experiment

. . XRD
Samples, growth XRD XRD with substrate alignment (PDXL no. 03-065-2869)
temperature
20y, deg 20,5, deg 20y, deg 20,5, deg 20, deg 205, deg
TA6-1, 20°C 38.46(5) — 38.66 44.47 38.47 44.72
TAG6-2, 200°C 38.52(5) 44.45/44.80 38.86(5) 44.84 — —
TAG6-3, 400°C 38.52(5) 44.49 38.55 44.57/44.89 — -
TA6-4, 500°C 38.52(5) 44.53 38.54 44.53/44.85 — -

(Fig. 3b) shows that large crystallites with Al(001)
faces are preferably located parallel to the substrate
surface rather than to the Si(111) crystalline planes.
The rotation of Al(001) crystallites from the planes of
the Si(111) substrate with a misorientation of 3.5° due
to dislocations at the boundary was observed for films
200 nm thick [31]. Note that for this sample, the DC
signal intensity for the sample position without align-
ment is more than 2 times the background level. All
this indicates the absence of epitaxy of (002) crystal-
lites and the presence of a large number of structural
defects (dislocations) at the film—substrate interface.

When the substrate temperature increases to
400°C, in the diffraction patterns (Fig. 3c), there is a
sharp increase and narrowing of the 111 reflection
peak, and the 002 reflection peak bifurcates. The latter
observation is illustrated in the inset to Fig. 3c by
modeling the 002 diffraction reflection peak with two
Voigt profiles at 20 = 44.57°(3) and 44.89° (4). The
formation of an island film on a substrate at a tempera-
ture of 500°C only leads to quantitative changes in the
shape and intensity of the peaks in the diffraction pat-
tern (Fig. 3d). The relationship between the width of the
diffraction peak and the crystallite size D (Table 1)
without taking the microstresses into account is
expressed through the Scherrer formula [20, 23]:

K\
N ¢ 1
b W (20)cos(8;)’ M

where W(20) is the peak width at half its height, Oy is
the Bragg angle, A is the radiation wavelength, and
K ~ 0.94. The angular position values 26,,, of the peaks
in the diffraction patterns (Fig. 3) are presented in
Table 2. Their values make it possible to estimate the
deformation € = Ad/d of the aluminum crystallites due
to the contact with the substrate and possible struc-
tural defects in the bulk of the crystallite and at its
boundary. The size of the deformation € of the crystal-
lites was estimated using the formula

Ad/d =_C0t9(9hk1 - 90), (2)

where 0, is the Bragg angle for the corresponding
reflection of aluminum from the lattice constant a =
0.40497 nm (PDXL no. 03-065-2869).
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Analysis of the angular data in Table 2 shows that
the position of the diffraction peaks depends on the
orientation of the crystallites and the temperature of
the substrate during the formation of the island film.
The most noticeable shifts in the Bragg angles for the
002 reflection relative to the table values are observed
for the epitaxially grown crystallites in the temperature
range 200—500°C. These crystallites are stretched
normal to the surface by € ~ 3.2 x 10~3. Some of the
crystallites, which apparently experienced stress relax-
ation and lost their elastic connection with the sub-
strate, have a reduced interplanar distance and com-
pressive strain € ~—3.2 X 1073, This effect can be related
to both the presence of vacancies in the bulk of an alu-
minum crystallite [32] and with the manifestation of the
Kirkendall effect—the formation of voids in the film at
the boundary with the silicon substrate [18, 23]. Crys-
tallites that have no connection with the substrate and
are randomly located relative to the S(111) crystalline
planes (Fig. 3a) have a Bragg angle equal to the tabu-
lated value for powders. Apparently, these crystallites
are poorly bonded to the silicon lattice and can
increase the electrical resistance at the interface. The
epitaxy of crystallites 111 appears when forming an Al
film on a heated substrate at 400°C (Figs. 3c, 3d). An
increase in the Bragg angle for the 111 reflection
(Table 2) corresponds to compression of the crystallite
lattice normal to the surface and the magnitude of the
deformation of € ~ —1.9 x 10~3. A more detailed anal-
ysis of the structural defects in island films of alumi-
num on silicon and their influence on the properties of
the formed structures requires additional research.

Analysis of the X-ray diffraction patterns and Bragg
angles for the 111 and 002 reflections from Al crystal-
lites (Table 2) shows that at the initial stage of magne-
tron sputtering, crystallites with (111) and (001) orien-
tations are formed on the Si(111) substrate. The (001)
crystallites are the first ones to be epitaxially bonded to
the substrate. As the substrate temperature increases,
epitaxial crystallites (111) appear. Their number begins
to predominate due to the smaller (4 : 3) mismatch
between the parameters of the crystal lattices of silicon
and aluminum.
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3.3. TEM, STEM, and RHEED Microscopy

Two types of samples were prepared for research: in
plane and cross sections. A schematic diagram of a
TEM experiment for an in plane sample is shown in
Fig. 4a. The sample was prepared by the classical
method of ion etching in a Gatan PIPS installation
(Gatan, United States). To conduct research, a ~1 mm
section was separated from a sample of a silicon sub-
strate with an aluminum film. Then the substrate part of
the sample was thinned from the back side by mechan-
ical grinding to a thickness of ~100 um. A copper ring
with a diameter of 3 mm and a thickness of 100 um was
glued to the back side of the sample prepared in this
way with epoxy resin. The process of ion etching of the
sample was carried out by beams of Ar* ions with an
accelerating voltage of 5 kV at angles of 10— 150 degrees
from the substrate. After the through hole was formed
in the aluminum film, cleaning was carried out at an
accelerating voltage of 1.5 kV. Transverse sections were
prepared using the standard focused ion beam method
using a Versa dual beam electron ion microscope
(ThermoFisher Scientific, United States). Before
starting the procedure, a layer of Pt was sputtered onto
the surface of the sample.

A bright-field TEM in plane image of an Al film of
sample TA6-3 is shown in Fig. 4b. It shows individual
particle islands with a size of 50—70 nm and fusions of
two islands of length ~100 nm. Intergrowths are
formed due to the effect of surface recrystallization of
differently oriented islands. The image confirms the
island mechanism of Al film formation. The islands
are located chaotically. The lateral sides of the islands
are either round or consist of straight sections. Despite
the irregular arrangement of the islands, it is clearly
visible that their sides with straight sections are
approximately parallel along certain directions with an
angle of 120 degrees between them.

Figure 4c shows the electron diffraction pattern
obtained from sample TA6-3. Reflections from the sil-
icon substrate with the [111] zone axis and a number of
weak rings from the islands are clearly visible. The
rings for reflections 111 and 220 are indicated by the
arrows on the diffraction reflection intensity distribu-
tion curve. Analysis of the electron diffraction pat-
tern shows a discrepancy between the ring intensities
(see the radially averaged 2D pattern in Fig. 4c) and
the structure factor of the FCC-Al peaks. The inten-
sity of peak 111 is lower than the intensities of
peaks 200 and 220. This effect confirms the presence
of a preferred orientation of crystallites—the azi-
muthal texture of the aluminum film. The absence of
ellipsoidal shape distortions and variations in the scat-
tering intensity along the rings proves the absence of
ordering for an array of crystallites in the azimuthal
plane and is consistent with the model [33]. The data
in Fig. 4 show that an aluminum film grown at a tem-
perature of 400°C is mosaic despite the presence of
individually oriented islands in it.
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Fig. 4. Scheme of the TEM experiment (a), bright-field
TEM image in plane of the Al film (sample TA6-3) (b) and
its electron diffraction pattern (c).
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Fig. 5. (a) High-resolution bright-field STEM images of cross sections of a 23-nm-thick Al island film on an Si(111) substrate
(growth at 400°C): (a) Al island with [001] orientation along the [111] normal to the substrate surface; (b) Al island with [111]
orientation along the [111] normal to the substrate surface. The insets on the right show the 2D Fourier spectra from the corre-
sponding crystal lattices of the Al islands (top) and the substrate (bottom).

To test the effect of the substrate on the formation of
Al islands, a cross section of sample TA6-3 was prepared
and examined (Fig. 5). The STEM image (Fig. 5a)
shows an island-crystallite with a thickness of ~22 nm
with a side cut close to the aluminum {111} planes. The
orientation relations for this island are as follows:

[001]Al//[1T 1]Si, [110]Al//[110]Si.

An example of a STEM image of a neighboring
island is shown in Fig. 5b. Only one orientation rela-

tion is reliably determined: [111]Al//[11 1]Si. The sec-
ond orientation relation for this orientation is not
determined due to the significant deviation of the Al
crystal lattice from the low-index zone axis.

The TEM studies show that most of the large
islands in the aluminum film of sample TA6-3 are
crystallites with (001) and (111) faces parallel to the
surface of the Si(111) substrate. Intermediate layers of
other phases (for example, natural oxides, etc.) are not
observed at the boundary between the crystallites and
silicon planes. These results confirm the epitaxial
intergrowth of aluminum crystallites with silicon at
temperatures below the eutectic point equal to 577°C.

RUSSIAN MICROELECTRONICS

It is known [23] that thermal annealing of Al/Si struc-
tures in the temperature range 400—500°C creates
good ohmic contact between the metal and the semi-
conductor through the microalloy. During melting,
the remnants of the oxide layer dissolve. This effect
was observed previously [27] for Al(111)/Si(001) after
thermal annealing at a temperature of 450°C. The dis-
advantage of thermal annealing is liquid-phase epitaxy
in silicon, which leads to the formation of Si(Al) spikes
in the substrate matrix at the film interface [23]. The
presence of moiré at the interface and the contrast fea-
tures in Fig. 5b indicate the formation of an Si(Al)
solid solution in the form of spike-pyramids (marked
by oblique markers) 3—5 nm in size in the substrate
matrix.

Energy dispersive X-ray microanalysis (EDS) was
used to obtain the data on the composition of the stud-
ied samples, obtained at an electron beam energy of
5 keV. The data from the quantitative EDS analysis of
the samples, averaged over five points on the film sur-
face, are presented Table 3.

From the data presented, it is clear that the compo-
sition of the near-surface layers of the samples, which
Vol. 53
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Table 3. Composition of the studied Al/Si(111) samples according to X-ray microanalysis (EDS)

Sample at % C at% O at % Al at % Si
TA6-1 7.55 2.64 5.66 84.15
TA6-2 7.62 2.53 6.37 83.48
TA6-3 7.91 3.12 6.57 82.39
TA6-4 7.88 3.14 6.82 82.16

includes thin island films of Al on an Si(111) substrate,
is the same within the measurement error. The
increased oxygen composition by 0.6% in films of
samples TA6-3 and TA6-4 grown at 400 and 500°C is
related to the increased residual gas pressure in the
sputtering chamber due to temperature.

CONCLUSIONS

This paper presents the results of comprehensive
studies of the influence of the temperature of a Si(111)
silicon substrate on the surface morphology and
microstructure of thin aluminum island films with a
thickness of 20—50 nm grown by magnetron sputtering
at a pressure of 6 X 1073 mbar in argon. The experi-
ments were performed using X-ray diffractometry, as
well as scanning and transmission electron micros-
copy. The sizes of aluminum crystallites, their struc-
tural perfection, and the sequence of epitaxy and stress
relaxation depending on the substrate temperature are
determined. It has been established that at room tem-
perature of the Si(111) substrate, the epitaxial growth
of aluminum islands begins with Al {001} crystallites.
The epitaxial growth of Al {111} crystallites begins to
be predominant with the substrate temperature
increasing above 400°C due to the changes in thermo-
dynamic conditions. It has been confirmed that at a
temperature of 400—500°C, the formation of Al crys-
tallites leads to the blurring of the natural oxide layer at
the interface with the Si(111) substrate and the appear-
ance of a ~5-nm dendritic transition layer of the solid
solution.

It has been established that in Al island films on
Si(111), the dependence of the number of crystalliza-
tion centers and the particle growth rate on the super-
cooling temperature is qualitatively consistent with the
model of crystallization of metal particles from a melt
[21]. The zone model of crystallization of islands is
greatly influenced by the temperature-dependent
parameter of the crystal lattice of the substrate. At a
substrate temperature of 200°C (7,/T,,.« = 0.5), the
discrepancy between the structural parameters of sili-
con and aluminum [32] in a ratio of 4 : 3is 0.13%. This
leads to the formation of islands with an average size of
130 nm, compared to 70 nm for temperatures above
400°C (Ty/Tee = 0.7). Such large islands lose their
epitaxial connection with the substrate due to the large
number of structural defects (presumably misfit dislo-

RUSSIAN MICROELECTRONICS
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cations) that appear when the sample is cooled to
room temperature. At 7,/ T, = 0.7, the epitaxial con-
nection of the (111) and (001) islands with the sub-
strate is preserved with partial stress relaxation, pri-
marily for the Al(001) islands.
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