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ARTICLE INFO ABSTRACT

Keywords: Optical properties and morphology of thin films with Ge and SiGe nanocrystallites are studied by using the
Thin films methods of Raman scattering, multi-angle ellipsometry, and X-ray measurements. Our observations showed that
Morphology low-temperature Ge epitaxy on Si(001) surface at 350 °C and at high growth rate leads to the formation of thin

Ge nanocrystalline films
Raman spectroscopy
Optical properties

X-ray diffraction

films consisting of Ge nanocrystallites with the porosity of about 50%. Deposition of Si adatoms on the film
surface stimulates the reconstruction of the surface with nanocrystallites and results in the increase of the degree
of Ge crystallinity, coalescence of adjacent nanocrystallites, and in a slight Si-Ge mixing. The change in the
values of the optical constants due to silicon deposition is described by means of Bruggeman approximation. The
main reasons for these changes are the film crystallization and the appearance of Si crystalline phase in the
structures with Si capping layer. The prepared Ge nanocrystalline solids, as well as the films covered with Si,
may be used in quantum dot solar cells due to the high absorption capacity of the films and devices working in

the hopping regime.

1. Introduction

Thin films with Ge nanocrystallites (NCs) attract an interest due to
new possibilities for many electronic applications, including field-effect
transistors [1], IR photodetectors, and solar cells [2-9]. The main
reason is strong quantum confinement in the Ge NCs leading to size
dependent optical properties as well as larger absorption coefficient and
higher luminescence efficiency compared with bulk Ge [10]. Mean-
while, the Ge NC thin films have particular advantages due to high
electron and hole mobilities (e = 3900 cm?V st
Uy = 1900 em?V~1s™1) and increased electrical conductivity when
charge transport is affected by the hopping processes [11]. All these
circumstances stimulate special interest in development of new synth-
esis approaches for high-density array of Ge NCs, focusing on decrease
the distance between the NCs and narrowing the dispersion of NC sizes.
Moreover, the morphology and optoelectronic properties of such films
can be easily varied within a wide range by deposition of Si adatoms on
surface with Ge NCs.

Of particular interest are nanocrystalline SiGe and Ge films grown
on silicon substrates, due to their compatibility with silicon technology.
Electronic spectrum, charge carrier transport and optical properties of
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SiGe-based nanostructures depend essentially on the strain, owing to
mismatch of parameters of Si and Ge crystal lattices as well as to var-
iations in the size and composition of Ge nanostructures. This opens
possibilities for creating nanocrystalline thin films with predetermined
properties for applications in optoelectronics, photovoltaics and sensors
[12,13].

Heterostructures with SiGe NCs on Si(001) surface are usually ob-
tained by the method of molecular beam epitaxy in the Stranski-
Krastanov mode, which differs by a sharp transition from two-dimen-
sional (2D) growth to the 3D growth of NCs [2,14,15]. In this case, a
key factor is the energy gain due to reducing the mechanical stress
resulted from the changes in film topology. At the initial stage of
semiconductor material deposition on the surface of the crystal with a
smaller lattice constant, the layered growth can occur. The first few
layers grow pseudomorphically, according to the van der Merwe me-
chanism [16], which involves the formation of the so-called wetting
layer [17]. As a result of the difference in the lattice constants, the
growing Ge film is compressed in the plane of the substrate, which
modifies essentially their optical and electronic properties [18-20].

The elastic energy of the film increases with its thickness, and when
exceeding a certain critical thickness, which is called the thickness of
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the wetting layer, a relaxation of elastic stresses occurs due to an ap-
pearance of three-dimensional islands [2]. The formation of pre-pyr-
amids, followed by pyramids, domes, barns [21] and finally cupolas
[22] has taken place depending on the amount of deposited Ge and
growth conditions. This allows growing an array of Ge NCs with a
surface density up to 10! ecm ~2 [2], which is insufficient for successful
practical application of nanocrystalline film due to low density of states.
Deposition of one monolayer of Sb or C atoms [23] as well as oxidation
of Si(001) surface allowing to achieve a NC density as high as
10" cm 210" em 2 [24].

The idea of the performed experiment was to modify Stranski-
Krastanov (S-K) growth mode in order to create thin films with a
thickness of tens or hundreds nanometer, which contains dence array of
the Ge NCs with a diameter ~10nm or less and distances between
neighboring NCs required for a strong quantum confinement and tun-
able coupling. The optical properties and morphology of thin films with
Ge NCs as well as their changes due to Si adatoms deposition on their
surface have been studied. It is found that the size and the shape of Ge
NCs depend on the growth temperature, indicating the significant in-
fluence of the surface processes kinetics on the morphology of Ge films.
The process of spontaneous formation of Ge NCs, particularly S-K mode,
is described in detail for the case of thermodynamic equilibrium when
the film morphology is independent of the kinetic parameters of the
surface. However, at lower temperatures and the significant increase in
the Ge deposition rate, another growth mode is also possible. At the
initial stage, the transition from the two-dimensional to three-dimen-
sional growth occurs, which leads to the formation of NCs arrays with
high (about 10! em ~2) surface density. The combination of low growth
temperature (about 350 °C) which limits the surface migration of Ge
adatoms, with the high growth rate (about 5nm/min) creates condi-
tions for the formation of Ge NCs on the surface of previously formed
NCs. As a result, we have managed to prepare nanostructured solids
with the high density of Ge NCs with a diameter of 5-6 nm. Such solids
are extremely important for the design of devices working in the hop-
ping regime [25] as well as devices with improved characteristics due
to quantum confinement and tunneling effect.

2. Experimental details

The molecular beam epitaxy (MBE) technique was used to prepare
monolayer and multilayer Ge-Si(100) NC arrays with the clusters of
various sizes and surface density. The (100) oriented wafers of p-Si with
resistivity of 7.5 Q-cm and diameter of 76 mm were used as substrates.
The accuracy of the orientation was better than 1°. The growth process
was controlled via RHEED (reflection high energy electron diffraction)
by recording the intensity oscillations of the central reflected beam.

Evaporators heated by electron bombardment generated the Si and
Ge beams. The evaporators were constructed as autocrucibles and op-
erated in the mode where the evaporation rate was proportional to the
electron-beam power. The chemical composition of the molecular
beams was checked with a quadrupole mass-spectrometer. The back-
ground pressure of residual gases in the MBE set-up was 6:10 ~'° Torr,
which was increased by about 310 '° Torr as Si or Ge evaporators
were switched on. After desorption of the passivating Si oxide film from
the Si substrate, which was exposed to a Si beam of a weak intensity
and kept at 800°C during this process, a buffer Si film, about
0.1-0.5 um thick, was deposited onto the Si surface. This film produced
a high-contrast Si(100) 2 x 1 RHEED pattern typical of clean Si.

The Ge nanocrystalline layers were deposited at 350 °C (structure
A). After deposition of Ge NCs, half of the wafer was covered by a mask,
and the system was exposed to a weak flow of Si ions. As a result, SiGe
NCs were formed on the uncovered part of the wafer due to additional
deposition of silicon with a nominal thickness of about 5 monolayers
(MLs) (structure B). Finally, a part of the wafer with as-grown Ge NCs
was covered by 65 nm thick Si layer (structure C). The growth rate was
0.15 nm/min for Si and 5.0 nm/min for Ge. As a results, three different
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structures were grown on common Si(100) wafer.

Different experimental techniques were employed to characterize
the size of NCs. Size distribution and surface densities of the NCs as well
as the RMS values of their surfaces were controlled using atomic force
microscopy (AFM) by scanning uncovered structures grown at the same
conditions. AFM measurements were performed with an NT-MDT
Ntegra microscope in semi-contact tapping mode using Si cantilevers
with a tip apex radius of about 10 nm.

X-ray diffraction (XRD) measurements were performed by using
PANalyticalX'Pert Pro MRD diffractometer (PANalytical, Almelo, the
Netherlands) equipped with an X-ray tube with Cu Kal-radiation
(A = 1.540598 A), symmetric 4 X Ge(220) monochromator and a
channel-cut Ge(220) analyzer. To study these structures, the high-re-
solution X-ray diffraction (HRXRD) was used, and the reciprocal space
maps of symmetric (004) and asymmetric (113) reflexes were obtained.
The curves of diffraction reflection parallel and perpendicular to re-
ciprocal lattice vector (20-w and w-scanning) were recorded in three-
crystalline mode. In addition, by the mean of the X-ray reflectometry,
the curves of the of X-rays mirror reflection from the sample surface
were recorded.

Multiple-angle-of incidence (MAI) ellipsometric measurements were
done using LEF-3M null-ellipsometer with a fixed compensator and He-
Ne laser as a light source (A = 632.8nm) with a spot size about
1 mm X 2mm. By fitting the experimental curves of ellipsometric an-
gles W(¢) and A($) to theoretical ones using a one-layer structural
model “ambient—film—substrate”, the effective optical constants
n =n + ik, permittivities ¢ = ¢; + ieo, and the thicknesses of SiGe
layers have been calculated under the assumption of their isotropy and
homogeneity.

Micro-Raman spectra were recorded at room temperature using a
computer-controlled Raman spectrometer T-64000 Horiba Jobin-Yvon
equipped with a thermoelectrically cooled CCD detector. Excitation was
performed with 488 nm line of Ar-Kr ion laser with a power on the
sample surface of about 1 mW. Micro-Raman spectra were measured in
the backscattering from (100) plane in the crossed z(x,y)Z-geometry,
where x, y and z correspond to {100}, {010} and {001} directions of
the cubic crystal structure, correspondingly. The radiation was focused
by an Olympus long focus objective, 50X, NA = 0.5. Such a geometry
was chosen because it allows for scattering on LO phonons in germa-
nium and silicon whereas two-phonon scattering on TA phonons in the
Si substrate is forbidden.

3. Results and discussion

Fig. 1 shows the AFM images of the surface of the structure A
consisting of the nanocrystalline Ge film on Si (001) surface. The
average diameter of NCs was 28 nm and their surface density was
1.1-10" em ™2 After 5 ML Si deposition on the surface of the structure
A, the reconstruction of the surface with nanocrystals occurred followed
by the coalescence of the adjacent NCs as well as by the increase of the
average nanocrystal size up to 35 nm and by the decrease of the surface
density of NGs to 0.7-10'! cm ™2, AFM images of such surface of the B
structure are shown in Fig. 1b. The resulting histograms of the dis-
tributions of NC diameters was approximated by a Gaussian distribution
with a width FWHW equal to 28 nm and 38 nm for A and B structures,
respectively (see Fig.1c, d). Comparing the size distributions obtained,
one can conclude that after Si deposition on the surface with Ge NCs,
the smaller NCs disappear predominantly. This may be due to the
coalescence of the adjacent Ge NCs stimulated by Si adatoms. Ob-
viously, this process will be the more efficient the smaller the size of the
NCs.

In addition to increasing of FWHW after deposition of Si on the
surface of the Ge films, the change of the shape of the NCs' bases was
observed. The base of the formed NCs is no longer circular after surface
reconstruction, but becomes polygonal with sides oriented along [100]
and [010] directions.
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Fig. 1. AFM images of (a) the nanocrystalline Ge films on Si (001) (structure A)
and (b) after coating the surface with 5 ML of Si (structure B). Diameter dis-
tributions of the NCs of Ge films on Si(001) before (c) and after (d) deposition of
5 ML of Si.
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Fig. 2. (a) X-ray reflectivity profile for the structures with Ge nanocrystallites
grown on Si (001) wafer (structure A); (b) the same after additional deposition
of Si with a nominal thickness of about 5 MLs on structure with Ge nanocrys-
tallites (structure B); and X-ray reflectivity profile for structure C with Ge na-
nocrystallites covered by 65 nm thick Si layer.

Fig. 2 shows the X-ray reflectivity profile for the Ge nanocrystalline
films grown on the Si(001) substrate. Fitting of measured profiles gives
information about thicknesses, mass density and interface roughness of
the Ge thin films. From the period of the oscillations at the mirror curve
of the X-ray reflectometry of the structure A, the thickness of the Ge
film was determined. It turned out to be 59 nm and the critical angle
6, = 0.216°.

The obtained value of 6. allowed determining the value of mass
density using Snell's law:

A2 ZpN,
6=,
T M

where M is the molar mass, N, is the Avogadro constant, A is the wa-
velength, p is the mass density.

It was established that the film density of the structure A equals to
2.56 g/cm®, which may be due to the porosity of the film whose surface
topology is shown in Fig. 1. Its density is smaller than that of the bulk
Ge crystal (ppu = 5.35 g/cm®). The porosity P can be deduced from the
mass-density p of the Ge thin films, using the following equation:

(€8]
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P = Pou (1 = P). (2)

Hence, the overall porosity of the structure A was found to be about
50%.

Reduction of the amplitude of the intensity oscillations in Fig. 2
(curve A compared with curve C) could be considered as evidence of the
sharp increase in surface roughness of the film with nanocrystallites. An
abrupt decrease of the intensity in the region of angles exceeding the
critical one (above 0.3) is evidence of a sharp increase of the surface
roughness. A rapid damping of oscillations of the X-ray reflectivity
profile and a strong drop in intensity at high angles of incidence allows
to estimate the roughness (RMS) of the studied Ge film (structure A) to
be about 1.8 nm for the Si(001)-substrate/Ge film interface, and about
2.6 nm for the Ge film/air interface.

The surface roughness determined from the analysis of AFM image
for the structure A gives the RMS values of 3.6 nm for the Ge-air in-
terface. The value of roughness measured by AFM can be larger than
that determined from the X-ray reflectivity [26] due to the presence of
the oxide coverage of the Ge NCs and of the amorphous phase, which
does not contribute to the X-ray signal. Thereby, the RMS values for Ge-
air and Ge-Si interfaces give reason to assume that the investigated
films consist of the nanocrystallites. Regarding the structure B, it can be
concluded that its surface roughness is comparable with that of the
structure C, and the absence of oscillations (their weak visibility) can be
associated with a surface roughness of SiGe NCs.

By approximating the X-ray reflectometry curves for the structure C
on the base of the Raman scattering data, the presence of the Siy 5Geg 5
interfacial layer between the Ge nanocrystalline film and Si capping
layer was considered, which allowed us to obtain a good agreement
between the experimental and theoretical curves of mirror reflection.
As a result of this procedure, the following parameters of the structure
were obtained: the intermediate SipsGeps layer has a thickness of
6.5nm, a density of 3.076 g/cm®, a roughness of about 4.5nm and
strain value of e,, = —0.009. Taking into account those parameters, the
density of the bulk Siy 5Geg 5 alloy was obtained to be about 3.23 g/ cm?®,
the porosity of this layer was P = 5% (or filling factor f = 95%).

This means that at Si deposition, the cavities in Ge films are filled by
Si adatoms which is accompanied by the significant silicon-germanium
mixing and by the formation of a Siy 5Geg 5 solid solution. The observed
porosity ~5% may be due to the fact that some part of the cavities in
the film remains unfilled or is non-crystalline, and therefore does not
contribute to the measured X-ray signal.

Fitting of the X-ray reflectivity profile gave the thickness of the Si
capping layer of 65.9 nm, while roughness of the Si/air interface was
about 1.02 nm. In addition, the upper silicon layer was completely re-
laxed and compressive strain in the intermediate Siy 5Geg 5 layer was Aa
~ —6,2'10_3A or g, = —0.011. Note that the strain value was esti-
mated based on the lattice constant of the bulk Sij 5Geg 5 alloy, which
equals to 5.494 A, according to Vegard's rule.

Fig. 3 shows the reciprocal space maps (RSMs) near the Si(113)
Bragg peak for all structures - A, B and C. Since the RSM oscillations in
asymmetric (113) reflexes oriented along the normal to the surface, and
are located along one line (along the coordinate axes which determines
the lateral lattice parameter) with a reciprocal lattice site which belong
to the silicon substrate (e.g. Fig. 4), it can be concluded, that the layers
are pseudomorphic to Si(001) [27,28]. It is worth noting that the os-
cillation maximums are not due to diffraction on Ge thin layers, but are
due to phase modulation caused by them. Compared to the initial
sample, the oscillation patterns for the structure B proved to be more
clear which is evidence of Ge film crystallization at Si deposition.

After formation of the capping layer of the structure C, RSM near the
113 peak is peculiar to a more structured surface. It can be seen that the
main peak becomes narrower in the lateral direction with the appear-
ance of symmetrical tails in the lower part, which is a structuring fea-
ture. The manifestation of oscillations seems somewhat less clear due to
the increased thickness of the structure (reduction of the period of



V.S. Lysenko et al.

Q,*10000(rlu)

(a)
4280 3

2015 2200 2025
Q,10000(11u)

T T T 1
1995 2000 2005 2010

Thin Solid Films 654 (2018) 54-60

Q,*10000(rlu)
4280

(b)

4270+

4260

4230

2015 2200 2025
Q,*10000(rlu)

2000 2005 2010

Q,*10000(rlu)
4280 ;=

o

UNEUS T
1995 2000 2005

2015 2200 2025
Q,*10000(rlu)

2010

Fig. 3. Asymmetric RSMs from (113) reflection: (a) structure A, (b) structure B, (c) structure C.

oscillation).

The experimental angle dependencies of the ellipsometric angles
W(¢p) and A(¢p) are presented in Fig. 4. For calculation of the optical
constants of structure A, we used two-component layer on the Si sub-
strate surface: Ge and voids, while three-component model (Ge, Si, and
voids) was used for structure B. By solution of the inverse spectroscopic
problem, the effective optical constants # = n + ik of surface layer with
Ge NCs and its thickness, d g, were determined (Table 1). The following
constants were obtained: n = 3.91, k = 0.61, d,z = 67.8nm for the
structure A and n = 3.94, k = 0.72, d.s = 80.0 nm for the structure B.
The optical constants at A = 632.8 nm are n = 5.29, k = 0.64 for bulk
Ge and n = 3.885, k = 0.012 for bulk Si [29]. Somewhat smaller values
of effective optical constants of the studied films as compared with the
tabulated Ge values are due to their porosity mainly.

Therefore, for describing the angle dependencies and determining
the filling factor, the so-called symmetrical Bruggeman effective
medium approximation in the slightly modified form for spherical
particles was used [30]:

(@) 14 |
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__10F
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T 6L
> | = Structure A
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Table 1
Summary of parameters for all studied structures (all abbreviations are defined
in the text).

Structure n k doyy, nM foes %
A 3.91 0.61 67.8 68.2 (50.0%)
B 3.94 0.72 80.0 66.9
C 4.03 0.02 52.5 -
4.60 0.26 8.0 (6.5Y) 47.5"

2 From XRD measurements.

g'i_geﬂ

§+ (D - Dig

2

i=1

>

3

where f; and e; are the filling fraction and dielectric permittivity of the i-
th film component, . is an effective film permittivity, D is the lattice
dimensionality connected with depolarization factor (D = 3 is the most
preferable value). Based on the experimental values of the optical
constants of the films, the following values of the filling factors were
obtained: f;. = 68.2% for structure A and fg, = 66.9% and fs5; = 3.5%
for structure B. Filling the air voids near the surface of the Ge NCs by Si

175 F
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Fig. 4. Angle dependencies of the ellipsometric parameters of W (a) and of A (b) for all structures - A, B and C.
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adatoms decreased slightly the filling factor of the Ge.

Increasing the thickness of the Si capping layer results in a sub-
stantial change in optical constants of the structure C due to re-
construction of the surface of nc-Ge at Si deposition, Si-Ge interdiffu-
sion and filling of the cavities with silicon. To determine the values of n
and k for each layer from ellipsometric data, the three-layer model of
the structure C was used: (i) capping layer of the intrinsic Si, (ii) in-
terfacial layer Sip sGeg s, and (iii) strained nanocrystalline layer with Ge
in Si environment. The thickness of the interfacial layer was found to be
8.0 nm and coincided with the average value of the diameter of nc-Ge.
The determined optical constants n = 4.60 and k = 0.26 proved to be
consistent with tabulated values for SigsGeg s solid solution. The fol-
lowing typical parameters have been obtained for the strained nano-
crystalline layer with nc-Ge: n = 4.03, k = 0.02, d.y = 52.5nm. The
resulting refractive index for this layer was lower than the tabulated
value for bulk Ge. However, the absorption value was close to that of Si.
The reason for this is that the space between the nanocrystallites is
filled with Si.

Raman spectroscopy analysis was performed to answer the ques-
tions about the composition and values of elastic strain in the in-
vestigated Ge/Si heterostructures. Fig. 5a shows Raman spectra of all
structures - A, B and C. The Ge-Ge phonon band with maxima at
302.4 cm ™! was observed for structure A. Additional deposition of Si
with a nominal thickness of about 5 MLs shifts this peak to 303.3 cm ™!
for structure B. Finally, Raman spectra of structure C with Ge NCs
covered by 65-nm layer of Si reveals the bands at 298.3cm™! and
411.0cm ™! corresponding to Ge-Ge vibrations and Si-Ge vibrations,
correspondingly. For this structure, the Ge-Ge band may be presented as
a sum of two Lorentz lines with maxima near 294.3cm™ ‘and
302.3cm ™! (see Fig. 5b).

Estimations of the composition and elastic strains of the nanocrys-
tallites were made under the assumption that Ge nanocrystallites have a
uniform composition and an immediate surrounding (shell of crystal-
lites) in the structures coated with Si, is a strained Si;.,Ge, solid solu-
tion.

The frequency positions of Si-Ge and Ge-Ge modes for a strained Si;.
«Ge, solid solution can be described as follows [31,32]:

Wsi—ge = 400 + 29x — 95x% + 213x3 — 170x* — byeyy, 4

Wge—Ge = 282.5 + 16X — b€y, 5)

where b is the phonon deformation potential with the composition
dependence b, = by(x — 1)* + by, by = —190cm™~}, b, equals to
—400cm ™! and —575cm ™! for Ge-Ge and Si-Ge bands, respectively
[33]. Using frequency positions of Ge-Ge and Si-Ge phonon bands and
relations (1)—(3), the composition and values of the elastic strains for all
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investigated structures were determined (Table 2).

The average size of Ge nanocrystallites estimated from the full-
width of the Ge phonon peak in correlation length model of phonon
confinement [34] is 5-6 nm for the structure A and 6-7 nm for the
structure B. The corresponding low-frequency shift of the Ge phonon
band due to phonon confinement effect for the structure A (B) is ex-
pected to be about 3.5 (2.8)cm™!. However, in our case the 1.9
(2.8)cm™' blue shift relatively to Ge-bulk phonon frequency
(300.5cm™Y) is observed. Thus, the total up-shift amounts to 5.4
(5.6) cm ™!, which testifies the compressive stress in the Ge nanocrys-
tals acting in the opposite direction to the phonon confinement effect
were obtained. Thus, the estimated compressive strain is &,,~ —0.0124
and —0.0129 for the structures A and B, respectively [35].

Therefore all our studies, i.e. atomic force microcopy, X-ray mea-
surements, multi-angle ellipsometry as well as Raman spectroscopy
have shown that thin Ge films formed on Si(001) substrate by low
temperature epitaxy of Ge on Si(001) at 350 °C and s growth rate, about
5nm/min, had a crystalline structure and consisted of Ge NCs of
5-6 nm in size, which were pseudomorphic to the substrate. The size of
NCs was much smaller than the Ge film thickness, estimated by the
ellipsometry method and then the average diameter of the surface na-
nostructures determined from the analysis of AFM images (see Fig. 1).
This means that the films consist of several layers of crystalline NCs, the
space between them is filled with air and contains amorphous phase of
Ge. An air volume fraction in the structure A, 1 — fg. = 31.8%, was
determined by the method of Bruggeman effective medium approx-
imation. The effective coefficient of absorption of the film (k = 0.61)
was close to the tabulated values for crystalline Ge. Since the absorption
coefficient of amorphous Ge at A = 632.8 nm is significantly less than
the experimental value and is k = 0.05, a conclusion may be drawn that
the films are characterized by a high degree of crystallinity.

Deposition of Si adatoms on the film surface stimulates the re-
construction of the surface with Ge NCs and increases the degree of Ge
crystallinity. The similar surface reconstruction was described pre-
viously for Ge NCs grown on oxidized surface of Si(001) [36]. This is
confirmed by changes in Raman spectra and in reciprocal space maps.
In addition, AFM images revealed a coalescence of adjacent NCs, mostly
of small sizes.

Let us analyze in more detail the change in optical properties and
morphology of the films at silicon deposition on the Ge NCs surface. The
structure B showed the increased intensity of the Ge-Ge peak with the
decreased full-width as compared with the initial structure A. This is
due to crystallization of the Ge thin films facilitated by silicon deposi-
tion. It can be suggested that at the initial stages of epitaxy the Si
adatoms are selectively linked only to dangling Ge bonds at the surface
of the NCs. Due to the lattice mismatch between Ge and Si, the elastic
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Fig. 5. (a) Raman spectra of structures A, B, and C. Raman spectrum of the Si substrate is given for comparison. The layout of the experiment: z(x,y)Z,
Aexc = 488nm, T = 300K. Raman spectra of Si substrate and bulk Ge are given for reference (b) Raman spectrum of structure C with Ge-Ge vibration peak
decomposed into two Lorentz lines with maxima near 293.6 cm ™! and 302.2 cm ™ L.
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Table 2
Experimental phonon frequencies (w) and the full-widths (I') of the phonon modes, compositions (x) of Si; xGe, solid solution and elastic strains (ey) of NCs.
Structure Ge-Ge Si-Ge Si-Si XGe Exx
, cm ! T, em™! ®, cm ! I,em™?! w, cm ! I,em™?!
A 302.4 11.5 - - - - 1 —-0.0124
B 303.3 10.3 397.2 48.5 477.2 20.1 - —0.0129
C 293.6 20.4 410.3 23.1 494.2 22.5 0.48 —0.0073
302.2 10.1 - - - - —0.0085

energy accumulated during Si deposition. At the same time, the dis-
tance between the neighboring Ge nanocrystallites reduced. While
reaching the critical magnitude of deformation, the total energy of the
system can decrease at the expense of a collapse of spacing between
neighboring NCs and due to the reduction of the surface energy.
Coalescence of NCs occurs when the sum of the elastic energy, gener-
ated at the unit area, and of the grain boundary energy is equal to the
energy of two free surfaces of the separate nanocrystallites. Their ag-
gregation into NCs facilitated by the epitaxy of the linking material — Si.
At the same time, the amorphous Ge phase will be further used and the
degree of the film crystallinity will rise. The evidence of the described
crystallization is the polygonal base of the formed SiGe NCs (see
Fig. 1b) and substantial (by a factor of 3) increase of the Ge-Ge peak
area in Raman spectra of the structure B after Si deposition. The process
of crystallization accompanied also by slight Si-Ge mixing, which led to
the formation of Sig ogGeg 9> alloy and to the appearance of Si-Ge vi-
bration mode near 397.2 cm ™ '. The ratio of peak intensities of Si-Ge
and Ge-Ge vibrations for the structure B indicates that contributions
both of Ge nanocrystallites and of their Sig ogGeo o2 interfacial layers are
present in the Raman spectrum. Note that Si atoms “unused” during
coalescence and formation of the solid solution, fill the cavities between
NCs.

In the case of the structure C, the epitaxy of the Si capping layer on
the Ge nanocrystalline surface led to a more significant Si-Ge mixing
and to the formation of the solid solution with the lower Ge content that
is Sip.sGeo.s. The Ge-Ge peak of this structure contains contributions of
two phases: Ge nanocrystallites near 302.3cm ™' and SiysGeg s solid
solution at about 294.3cm ™~ (see Fig. 5b). The formation of the solid
solution occurred in the process of filling the cavities between Ge NCs
by silicon atoms. However, the core of NCs remained to consist of pure
Ge, while their interfaces proved to consist of the solid solution. Optical
constants of this effective medium had significantly changed and ap-
proached the values typical for silicon films with Ge inclusions. The
effective thickness of SipsGeos layer, that is d = 6.5nm, was de-
termined on the basis of X-ray reflectivity measurements. This thickness
is consistent with the size of Ge nanocrystallites in the structures A and
B. This means that the most significant Si-Ge mixing occurred only in
the upper layer of nanocrystallites, while the content of the underlying
Ge crystallites remained unchanged.

4. Conclusions

By using the methods of Raman scattering, multi-angle ellipsometry
and X-ray measurements, the changes of optical properties and mor-
phology of thin films with Ge NCs are studied as a result of Si adatoms
deposition on the film surface. It is shown that low-temperature Ge
epitaxy on Si(001) surface at 350°C and at high (about 5nm/min)
growth rate leads to the formation of nanocrystalline films consisting of
Ge crystallites, of 5-6nm in size, which are pseudomorphic to the
substrate. The porosity of the films is about 50%.

Deposition of Si adatoms on the film surface stimulates the re-
construction of the surface with nanocrystallites and results in the in-
crease of the degree of Ge crystallinity and in a slight Si-Ge mixing. This
was confirmed by the changes in the shapes of Raman spectra as well as
of the reciprocal space maps. AFM images revealed the coalescence of
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adjacent NCs, mostly of small in size. The changes in the values of the
optical constants determined by analyzing the data obtained by the
multi-angle ellipsometry method are described by means of Bruggeman
approximation. The main reasons for these changes are the film crys-
tallization and the presence of Si crystalline phase in the structures with
Si capping layer. The prepared Ge nanocrystalline films, as well as the
films covered with Si, may be used in quantum dot solar cells due to the
high absorption capacity of the films.
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