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Amorphous Ge/SiO5 multilayers were deposited in a high vacuum by an e-gun assisted physical vapor deposition
technique with continuous Ge layers either 2 or 4 nm thick, separated by 2 nm thick SiO3 layers. The aim was to
explore whether annealing of these multilayers at a rather low temperature will produce Ge nanoparticles
suitable for solar cell applications. All samples were characterized by scanning electron microscopy (SEM),
atomic force microscopy (ARM), transmission electron microscopy (TEM) in cross-section, grazing incidence X-
ray diffraction, Raman spectroscopy and grazing incidence small-angle X-ray scattering (GISAXS). It is found that

annealing of very thin continuous amorphous Ge layers will lead to mostly spherical crystalline nanoparticles
(NPs) of the desired size. On the other hand, from thicker Ge layers, a bimodal distribution is obtained consisting
of smaller sphere-like and larger oblate spheroids, as confirmed by a calculated simulation.

1. Introduction

The properties of nanosized semiconductor crystals (often generally
called quantum dots) have attracted significant attention as their
properties strictly depend on their size and shape. When the dimension
of such objects reaches nanometric size quantum confinement becomes
important and is dominating the material properties. More specifically
the optical band gap and the efficiency of indirect optical transitions are
increased [1,2]. Hence such nanoparticles demonstrate optical
tunability and enhanced efficiency in interacting with light.

Silicon nanoparticles (NPs) incorporated into dielectrics were
intensively studied lately due to their compatibility with modern semi-
conductor technology [3]. It was shown that the variation in the Si NPs
optical bandgap depends not only on the size and shape of the NPs but
also on the deposition technique and/or amorphous/crystalline phase of
the NPs [4].

Lately, however, Ge Nps are receiving a larger attention for photo-
voltaic (PV) applications due to the lower processing temperature and
the larger excitonic Bohr radius (about 20 nm). It was shown that Ge
NPs, when produced in sizes of 1-3 nm, exhibit a high tunability of the
band gap with a shift of the conduction band from 0.2 to 1.1 eV [5].
Aiming to obtain similar small Ge NPs we have explored their formation
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in amorphous SiOy/Ge multilayers deposited by physical vapor depo-
sition (PVD) with an e-gun as a fast, simple and reliable method [6,7],
where the thickness of the deposited Ge layers was 2 or 4 nm. The Ge
crystallization in very thin amorphous layers has been explored [8-10]
and while some reports found that Ge does not crystalize in very thin (2
nm) layers [9,10], other reports [11,12] found Ge crystallization already
in 1 nm thick films with relatively large isolated fibrous grains.

The main purpose of this work is to further explore the onset of
crystallization of Ge NPs, their size and shape when clustered from
continuous amorphous Ge layers of different thicknesses, deposited
between insulating amorphous SiOy layers forming superstructures
suitable for photovoltaic applications. Besides targeting the size of the
formed NPs to be in the range 1-3 nm, we wanted to explore whether the
starting thickness of the Ge layer will determine and/or affect the size of
the NPs.

2. Experimental procedure

Multilayers consisting of 20 bilayers of alternating amorphous SiO3
(2 nm thick) and Ge layers, where each Ge layer was either 2 nm or 4 nm
thick, starting with a SiOy layer, were prepared by e-gun assisted
deposition in vacuum of about 5 10~* Pa. The details of the samples
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preparation and annealing are given in Ref. [7]. Standard Si (100) wa-
fers with a diameter of 100 mm were used as substrates. Prior to
deposition the substrates were cleaned using trichloroethylene and
methanol in an ultrasonic bath. After cleaning the substrates were
etched in buffered HF to remove native SiO, from the surface, than
rinsed in deionized water and blown dry with spectrosocopic pure Ny
gas. The film thickness during growth was measured with a calibrated
quartz balance.

A schematic presentation of samples as-deposited and after anneal-
ing above 500 °C are shown in Fig. 1. The Sample coding is given in
Table 1.

The morphology and chemistry of the deposited thin films were
analyzed by scanning electron microscopy (SEM; Prisma-E, Thermo
Fisher Scientific). Samples were mounted onto Al support stubs by silver
adhesive paint at 45° to expose the stacking sequence (Fig. 2). As the
samples are conductive enough, they were not further coated or
modified.

The details of the surface structures and morphology were analyzed
by atomic force microscopy (AFM; Nova 1138, NT-MDT) in the semi-
contact mode; the recorded data were interpreted by the Nova 1.0.26
RC1 software.

The crystallinity and phase composition of the samples were
analyzed by cross-section transmission electron microscopy (X-TEM,
JEM-2100, Jeol Inc.), operating at 200 kV; all the micrographs were
recorded by a slow-scan CCD camera (Orius SC-1000, Gatan). The
samples were prepared in cross-section, mechanically thinned and
etched by Ar™ ions as described in Ref. [13].

The overall crystallinity characteristics were obtained from Grazing
incidence X-ray diffraction (GIXRD). The data were collected with a
Siemens D5000 X-ray diffractometer equipped with a Goebel mirror
which filtered and collimated the incident beam. A Soller filter was
placed in front of the scintillation detector. The radiation source was a
copper X-ray tube (Cu K radiation, A = 1.54 A). The selected grazing
incident angle was 0.3°, and the 26 range from 20° to 65° was recorded.

The details of the NPs morphology were studied by Grazing inci-
dence small-angle X-ray scattering (GISAXS) measurements which were
performed at Elettra-Sincrotrone, Trieste, Italy, on the Austrian SAXS
beamline [14], using synchrotron radiation with wavelength A = 0.154
nm (photon energy of 8 keV).

The crystallization monitoring was further supported by Raman
spectroscopy. All Raman spectra were acquired at room temperature in
back-scattering geometry on a Labram HR Evolution system equipped
with a microscope (magnification 100 X) and a 473 nm laser excitation
source. The details of the GISAXS and Raman spectroscopy analysis are
also presented in Ref. [7].
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Table 1
Samples coding.
Sample As Annealed Annealed
deposited @525 °C @550 °C
Si0,(2 nm)/Ge(2 nm) [20 Al A2
bilayers]
Si05(2 nm)/Ge(4 nm) [20 Bl B2
bilayers]

rw"SEM e-beam

thin fil

m 53 |

* _ Si substrate

Fig. 2. The schematic (sketch) of sample mounting for scanning electron mi-
croscopy; the sample is tilted by 45° for surface morphology and composi-
tion analysis.

3. Results and discussion

3.1. Surface, microstructure, and phase composition characterization of
the samples

The analysis of the as-deposited and annealed samples are collected
in a Tableau (Fig. 3). The scanning electron microscopy (SEM) images of
the as-deposited thin film samples A1l and B1 show the variation of the
secondary electrons (SE) contrast due to surface roughness. On the other
hand, the backscattered electrons (BE) contrast is uniform, and no ag-
glomerations or precipitates were formed after deposition. After
annealing, the SE contrast is more uniform and the surface appears
smoother. Moreover, the BE contrast remained the same before and after
annealing. To further explore the surface morphology alterations, the

Ge 99 ::900 0000099

Si

Fig. 1. Schematic representation of multilayers consisting of alternative layers of 2 nm SiO, (grey) and 2 or 4 nm Ge (black) with a 20 nm thick SiO, capping layer at

the top: as-deposited (left), and after annealing above 500 °C (right).
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samples were investigated by atomic force microscopy (AFM). The as-
deposited samples have a surface roughness of about 25 nm, which is,
after annealing, reduced down to 16 nm.

The internal structure of the as-deposited and annealed multilayer
thin films was analyzed by cross-sectional transmission electron mi-
croscopy (X-TEM). In both as-deposited samples (Al and B1), we can
observe the deposited 20 bilayers of alternating SiO2 and Ge amorphous
layers, the latter with nominal thickness of 2 nm for sample Al and 4 nm
for sample Bl. As both the SiO, and Ge phases are amorphous, as
confirmed by the selected area electron diffraction pattern (SAED), the
contrast in the TEM micrographs originates solely from the mass-
thickness contrast and the alterations of brighter SiO, and darker Ge
layers are easily distinguishable. After annealing, the SiO5 layers remain
amorphous, while Ge forms nano-sized crystallites. The interpretation of
such TEM micrographs is not so intuitive anymore, as with the crystal-
line phase, the diffraction contrast is now prevailing. The Ge nano-
crystallites are randomly oriented, as confirmed by selected area elec-
tron diffraction experiments forming a characteristic ring-diffraction
pattern. As the diffraction contrast depends on the orientation of the
crystallites, on the TEM micrographs of the annealed samples (A2, B2),
the lattice separation in crystallites will be visible only for the suitable-
oriented Ge crystallites. Nevertheless, from HR-TEM (phase-contrast)
observations, we can observe Ge NPs in the position of the former
amorphous Ge layers, with an average size for the Ge NPs < 5 nm. As
determined from selected area electron diffraction (SAED) experiments
(shown in the insets of the TEM images), no intermediate Si-Ge phases
were formed.

3.2. GIXRD analysis

All as-deposited and annealed samples were then analyzed by GIXRD
measurements and the obtained diffraction pattern are shown in Fig. 4.
All as-deposited samples, both with the deposited Ge layer thicknesses of
2 or 4 nm, produced two broad peaks characteristic for amorphous Ge.
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Fig. 3. The hierarchical characterization of
the as-deposited (Al, B1) and annealed
samples (A2, B2), deposited on single-crystal
Si substrate. The 1st and 2nd line present
SEM SE and BE micrographs of the thin
films, observed at 45° tilt angle (all images
were recorded at the same conditions and
magnification). The following line presents
AFM images of the sample’s surface (scan
size of 2 x 2 pm), showing smoothing of the
surface after annealing (A2, B2). The bottom
line shows X-TEM micrographs with corre-
sponding SAED diffractions of completely
amorphous (Al, B1) and crystalline Ge and
amorphous SiO, layers (A2, B2). All SAED
were recorded to include the Si substrate
(indexed in SAED).

B2 Si0:(2)/Ge(4) - 550 °C

—O—2/4

(111) F

Intensity (arb. units)

30 40 50 60
26(°)

Fig. 4. GIXRD patterns of as-deposited (ad, black) and annealed at 525 °C and
550 °C (red) multilayers. The lower two curves are from the A samples and the
upper two from the B samples. The curves are shifted in vertical direction for
clarity. The vertical grey lines indicate the crystalline (111), (220) and (311) Ge
peak positions.
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The peaks centered at 20 ~26° and ~50°, correspond to the (111) and
the partly overlapping (220) and (311) crystalline Ge peak positions, as
they are not well resolved in the amorphous structure. The broad
diffraction peak around 22°, present as a shoulder of the Ge (111) peak,
belongs to the amorphous SiO5 layer [15], which will be numerically
deducted in the further analysis.

Annealing at 525 °C (sample A2)) and at 550 °C (sample B2)),
induced Ge clustering into nanocrystals, as evidenced by the appearance
of the well-resolved (111), (220) and (311) crystalline Ge peaks. From
the half-width of those peaks the crystallite sizes were determined by
applying the Scherrer formula:

K2
" Bcos#

where A is the applied X-ray wavelength, © is the Bragg angle, B is the
full width of the Bragg peak at half-maximum and K is a constant close to
K ~0.9 within a few percent [16].

The values of the crystal domain size obtained from the GIWAXS
measurements were D =2.0 £ 0.1 nm,D =2.0 + 0.1 nmand D = 2.2 +
0.1 nm for the (111), (220) and (311) directions, respectively for the A2
sample, while the sample B2 shows at the onset of crystallization
(550 °C) the valuesD = 2.6 £ 0.1 nm,D=3.7 £ 0.1 nmand D = 3.0 &+
0.1 nm for the (111), (220) and (311) directions, respectively.

From this, we conclude that the shape of the grown crystalline NPs
was very close to the spherical one for the A2 sample annealed at 525 °C.
In addition, a fit of the (220) and (311) peaks (not shown in the figure)
reveals the existence of an additional amorphous contribution to the Ge
NPs. Furthermore, when the starting Ge layer was 4 nm thick, the NPs
are having a less spherical shape (oblate) with an average size of about 3
nm (sample B2).

Also in both cases a significant portion of the Ge domains remained
amorphous. From the integral intensity of the relevant peaks in the
diffraction curves we estimated that in both cases the ratio of the crys-
talline to the amorphous part was about 50:50%.

ANty
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3.3. GISAXS analysis

To gain a more complete picture of the Ge NPs precipitation as a
function of the thickness of the deposited continuous amorphous Ge
layers a GISAXS analysis was performed and the results are shown in
Fig. 5. Starting from early experiments [17], GISAXS has recently
developed into a very powerful method to explore the morphology and
distribution of either islands on the surface or buried particles or even
voids [18] in a matrix or in thin films, as in our case [19]. Moreover, due
to the grazing incidence geometry applied here, the data are collected
and averaged from a large area (up to a square centimeter) providing a
reliable statistic information on the studied subject.

In Fig. 5. 3D GISAXS patterns are presented for as-deposited (right
row) and annealed (left row) SiO2/Ge multilayers A (rear) and B (front),
respectively. For a better prospective, in addition to the qy and g, axes, a
third axis showing the signal intensity is presented.

Since the main contribution to the SAXS signal derives from the
surface roughness, masking therefore the signal emanating from the
layered structure [20], we subtracted the GISAXS pattern obtained at the
critical angle for grazing incidence a = a.. Therefore, the differential
intensity pattern presented in Fig. 5 displays only the information
deriving from the volume of the multilayers. The as deposited A1 sample
consisting of well-defined layers each 2 nm thick, presented a pro-
nounced Bragg sheet (indicated by a green arrow in Fig. 5) [21] at about
gz = 1.5 nm ', From the exact position of this peak (as shown in the inset
of Fig. 6), a bilayer SiOy/Ge thickness d can be calculated from the
expression d = 2r/q,, where q, is the distance to the maximum of the
first Bragg sheet. The average value obtained for the Al sample is d =
4.2 nm, which is very close to the intended bilayer thickness during
deposition [7]. While the same value for the B1 sample is d = 5.8 nm,
which is also in very good agreement with the intended values (in this
case also a second Bragg peak is visible in the effective range of the
detector). Since the roughness contribution from the sample surface to
the total signal was numerically removed, the remaining signal intensity
at the position qy = 0 is very low, suggesting the interface roughness

>

Fig. 5. 3D GISAXS patterns for B (front row), A (rear) samples before and after annealing at 550 °C and 525 °C. The red line parallel to the q, axis indicates the
position where the 1D cuts (presented in Fig. 6) were taken, and the red line parallel to the q, axis shows the Yoneda plane.
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intensity (arb. units)

Fig. 6. GISAXS intensity taken along the q, lines in Fig. 5 at g, = 0.12 nm ™.

The lower two curves present the A samples (as-deposited and annealed) and
the upper two the B samples (both as-deposited and annealed). The full lines are
the best fits for the size determination. The inset in the figure shows the in-
tensity I vs. q used for the precise Bragg sheet value determination.

between different layers is not dominant, i.e. that the layers have quite
smooth borders.

After annealing at 525 °C and 550 °C for 1 h for the A2 and B2
samples respectively, the Bragg sheets remained indicating the preser-
vation of the well-ordered layers. The positions of the Bragg sheets are
shifted to higher q values in both cases (clearly presented in the inset of
Fig. 6), indicating as thickness of the bilayers d = 3.5 nm for the A2 and
d = 5.4 nm for the B2 samples. The relative contraction of the layers,
expressed as (do-d,)/dy, is about 18% for the A2 sample and only about
6% for the B2 sample, suggesting that the contraction occurs dominantly
in compacting the SiO, layer.

On the other hand, after annealing in both cases the signal close to
the specular reflectance plane, i.e. close to qy = O is significantly
enhanced, suggesting an increase in the interface roughness with
annealing. Qualitatively, it appears that the layer roughness of the in-
terfaces in the B2 sample increases during annealing more than in the A2
case.

In Fig. 6 are shown linear cuts from Fig. 5 along the q, direction
(taken at gy = 0.12 nm 1), showing the GISAXS intensity I(q), where ¢
= 4n/4sind, ) is the wavelength of the applied X-ray radiation and 20 is
the scattering angle. In the Guinier approximation the intensity is
related to the radius of gyration by the expression: I(q) = Ipexp( qug/B),
where Iy is the incident intensity. This holds while gR, < 1, approxi-
mately, and the dependence of In(I) vs. q2 (Guinier plot) should be
linear. When different sizes are present, the plot would have slopes for
appropriate angular ranges. The intensity for wider angles where gR, >
1 decays asl(q) = ng’4(P0rod tail). We therefore used both types of
dependence [22]:
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2p2
G exp (7q3RG> for g <q
I(q) =
P .
7 Jor g > qi

here q is the scattering wave vector, Rg is the Guinier radius, y is the
Porod exponent and G and P are the Guinier and Porod scales, respec-
tively. The point of switching from one to the other type of dependence
(q1) was chosen under the condition that the intensity remains a smooth
function of the angle, i.e. the intensity and derivation of the intensity are
equal for both dependencies at q;. This way the fits in Fig. 6 are no
longer linear, but we can see that the scattering for q2 > 4 nm ™2 is caused
by some additional and smaller particles.

From the fits shown by the full lines in Fig. 6, the values for R are
calculated and given in Table 2. The values for the as-deposited sample
Al are very close, i.e. 1.5 and 1.3 for the vertical (out of plane) and
horizontal (in plane) direction respectively, suggesting that the particles
can be well approximated with spheres. In such case the real value of the
sphere radius R can be obtained from the radius of gyration through the

relation R = \/gRg, and it is in the range 1.6-1.9 nm. Similarly, in the as-

deposited B1 sample, the existing NPs had a sphere radius in the range
2-2.3 nm. After annealing two sets of NPs developed. One smaller
spherical with the radius R = 2.2 nm and another bigger described by an
oblate spheroid with a smaller vertical axis of 2.3 nm and a bigger
horizontal axis of 6.2 nm.

In Fig. 7 different Guinier plots (In I versus g2) are displayed, this
time for the intensities along the horizontal direction. Dotted lines show
the surface scattering contribution, which is significant only at very
small gy values for the not annealed samples.

The dashed lines show the combined contribution of the Guinier and
Porod type of scattering, while the full lines show the sum. Due to the
lateral correlation, the scattered intensity for both not annealed samples
is depleted at small qy values. This was accounted for in the model
calculus as a structure factor given by the locally monodisperse
approximation [23].

On the left side of Fig. 7 the fit is applied using only the Guinier
contribution. We can see that the intensity can be fitted well only in the
vicinity of the zero angle, while for qy > 2 nm 2 one cannot tell if there is
an additional contribution from smaller particles. On the right side,
where the Porod tail was also calculated in, we see that the single par-
ticle size contribution obtained a very good fit for the A samples. This
does not hold for the B annealed sample where two sizes of particles had
to be calculated in order to get a good fit. From the sizes and relative
intensity contribution we can estimate that the number of large particles
is five times bigger than the small ones. All the obtained values for
Guinier radii and Porod exponents are given in Table 2.

Given the deviation from the Porod law, we checked the nature of the
Ge nanoparticles surface. Namely, we can look into the details of the
deviation from the —4 exponent. First we normalized the intensity by the
Q invariant, which is given by

0= /0 q’I(q) dq
where g is the scattering wave vector, and I(q) is the measured intensity

Table 2

The in-plane correlation length &, the Hurst parameter, the calculated values for
the vertical and horizontal radius of gyration Rgv and Rgh, and the Porod co-
efficient for the samples A and B, as-deposited and annealed.

Sample 19 Hurst Rgv Rgh Porodcoeff.
Al 7.1 0.44 1.5 1.3 3.2
A2 7.0 0.24 2 2.8 3.6
Bl 12.5 0.52 1.8 1.6 3.2

B2 13.1 0.32 1.7 4.8 3.6
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intensity (arb. units)

Fig. 7. 1D GISAXS intensity cuts taken parallel to each sample surface along
the Yoneda maximum (see red line parallel to the qy axis shown in Fig. 5).

which has been extrapolated to zero angle using I(q) = Ioexp(-qug/B),
and to infinity using I(q) = I;q~*. After plotting In [q* I(q)] vs. q* (see
Fig. 8) we observed a linear form of the wide angle part of the plot. Since
the line has a positive coefficient, we estimated the size of the local
density variations. These are 0.30 nm for both as deposited samples,
increasing to 0.4 nm and 0.3 nm for the A2 and B2 samples, respectively.

The change in the layer-to-layer correlation can give us additional
information about the nanoparticle formation [24,25]. Therefore, we
investigated the horizontal (in plain) profiles of the first Bragg peaks that
are shown in Fig. 9. The profiles were obtained by integration of the
intensities in the narrow vertical range Ag, = +0.05 nm ~! and plotted

ST AT

212 525°C [~

2 -2
g, (hm™)

Fig. 8. Plot of In [q* I(q)] vs. q° (open circles) and the best linear fit (full lines)
for the large q range.
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Fig. 9. Intensity profiles of the first Bragg peak in horizontal direction (open
symbols) and the corresponding fits (full lines).

versus qy. For a rough surface the height-to-height correlation can be
modeled by & [26].

C(r) =0 exp| = (/)""]

where ¢ is the surface roughness, ¢ is the in-plain correlation length,
while the Hurst parameter H describes the quality (,,jaggedness®) of the
surface: for an extremely jagged surface H approaches 0, while it is close
to 1 for a very smooth surface. The intensity of the Bragg peak in hori-
zontal direction is calculated as Fourier transform of the layer-to-layer
correlation of this type, which is a good approximation when the sur-
face roughness is small q, 6 <«1. The obtained values are listed in
Table 2. It is interesting to note that the correlation length was not
influenced significantly by the annealing, although the values are
different for different Ge thickness: about 7 nm and 13 nm for the A2 and
B2 samples. On the other hand, the Hurst parameter H was almost
halved after the annealing for both kinds of sample, and it was about 0.5
for the as deposited samples. Already the initial as-deposited interface
between Ge and SiOy was not smooth, which obviously deteriorated
after the particle formation.

To further support the results obtained by the simple Guinier analysis
and the overall description of the observed NPs, a more complex 2D
simulation was performed and is presented in Fig. 10. The scattered
intensity of densely packed particles represents a convolution of the
form factor and the structure factor and is defined as the sum over the
single contributions. In order to account for the scattering of the parti-
cles whose special positions are correlated we used the locally mono-
disperse approximation (LMA), assuming that each individual particle is
surrounded by particles of the same size [27]. The layered (vertical)
structure factor is calculated allowing the layer thickness to vary
randomly in a certain range, while the overall number of layers was
varied too, simulating the vertical correlation length. The refraction
effects at small grazing angles in GISAXS imposed the treatment of the
scattering in the distorted-wave Born approximation [26].

Fig. 10 Shows the measured GISAXS intensity pattern (left half of
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Fig. 10. GISAXS patterns of samples annealed at 525 °C (left) and at 550 °C in flowing N, atmosphere (right). Left column: as measured; right column: after

subtraction of the surface scattering contribution taken at o = .

each panel) and the obtained best simulation pattern (right half of each
panel). In this simulation model the grown NPs are placed at the position
of the continuous amorphous Ge layers, preserving thus the multilayer
structure. However, they are not perfectly centered in each layer, but
scattered narrowly around their center. To execute the simulation, the
values of the NPs size obtained from the Guinier analysis shown in Fig. 6
and Table 2 Were adopted as a starting point, as well as the inter-particle
distance obtained from Fig. 7.

We found that the variation in the bilayer thickness was about 0.5
nm for both the A and B samples, while the thickness was 4.2 nm and 5.8
nm, respectively. The vertical correlation was about 18 bilayers for both
samples, although the thickness itself was significantly different.

The form factor used in the simulation of the A2 sample was that of a
1.7 nm radius sphere, and the LMA structure factor contribution
accounted for the ring like scattering. Additional, there is a smaller
contribution from flat particles (with 1.7 nm and 4.0 nm vertical and
horizontal elliptical semi-axis, respectively) [7].

As suggested by the Guinier analysis, the B2 sample lacks the LMA
contribution, and it has a two-fold form factor: spherical particles with
radius of 2.1 nm and flat (oblate) particles with radii 2.1 nm and 5.5 nm
in vertical and horizontal direction, respectively.

The fit results shown in Fig. 10 Are in very good agreement with the
experimentally measured pattern, confirming therefore the parameters
used in the NPs modelling.

3.4. Raman analysis

We applied also Raman spectroscopy to support our findings. Fig. 11
shows the results of Raman scattering on as-deposited samples, and the
samples annealed at different temperatures where the onset of crystal-
lization was observed by GIXRD. The characteristic fingerprint of the
amorphous Ge layers is present with broad peaks close to 90, 190, 240
and 279 cm™! corresponding to the TA, LA, LO and TO (transversal and
longitudinal acoustic and optical) modes, respectively [28]. After
annealing at the onset of the crystallization temperature each type of
sample (red and blue open symbols for the A2 and B2 samples, respec-
tively) produced a sharp peak at 298 cm™! with a FWHM of 7.5 cm ™},
which is significantly broadened on the low frequency side in compar-
ison to that of bulk Ge [29,30].

The Raman scattering therefore confirmed the GIXRD finding that
the onset of the Ge QDs crystallization starts at 525 °C and 550 °C, at a
much lower temperature than when multilayers were formed by
magnetron co-sputtering of Ge and SiO, (where crystallization was re-
ported at about 600 °C or above) [24,25,31]. The asymmetric profile of
the peak (shoulder on the lower frequency side) can be often ascribed to
the presence of very small crystallites [32]. In the fit we deconvoluted

I

-0 22 525°C JI
—O— 22 as dep.
— fit22 550

3.3+ 0.50nm

== 24 550

—O= 24 as dep
— fit 24 550°C
3.9+ 0.55nm

intensity (arb. units)

s (
W« T P 2

7777 e A
C@M&@@I@«;am&"@c@)
&

200 1400
Raman shift (cm™ )

Fig. 11. Raman spectra (open symbols) of: as deposited (Al black and Bl
green), the A2 annealed at 525 °C (red), and B2 (at 550 °C, blue). The best fits
are given as full line (see the text for details)., indicating the formation of Ge-
nanocrystals. (As the deposited film is semi-transparent to the used laser
wavelength, the Si TO peak at 521 cm™! originating from the Si substrate is
present with varying intensity in a function of the varying film structure.).

the observed peak close to 300 cm ™! for both samples into three com-
ponents. One (Lorentzian), due to the fully developed larger (though
nanosized) crystalline Ge particles, at 298 cm’l, one (Gaussian) due to
the amorphous Ge component, at 279 cm™!, and the remaining asym-
metric component describing the smaller nano-Ge contribution [7].
Applying the analysis described in Refs. [7,33], the obtained nano-
particle size is L ~3.3 + 0.50 nm and 3.9 + 0.55 nm for the A2 and B2
samples respectively, in good agreement with our GIXRD results dis-
cussed before. Moreover, from the integral intensities of the crystalline
and amorphous peaks we obtained roughly a 50-60% crystallinity in
both cases.
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4. Discussion

Aiming to explore the possibility of growing Ge crystalline NPs with
sizes in the 1-5 nm range we deposited and annealed multiple very thin
(2 and 4 nm) amorphous Ge layers embedded between amorphous SiO5
layers. GIXRD analysis revealed that for both multilayer systems the
onset of the crystallization temperature is much lower than the earlier
reported one [10], i.e. 525 °C and 550 °C for 2 nm and 4 nm thick Ge
layer, respectively. Interestingly, it is shown that Ge crystallized partly
after annealing, and regardless the difference in thickness, the crystal-
linity ratio reached about 50% in both multilayer cases.

The details of the surface morphology were analyzed by SEM and
AFM microscopy. A good quality of the deposition process reflects in the
rather smooth initial surface (as-deposited samples). Further an
annealing process even more flattened the surfaces and thus supports a
higher compactness of the deposited layers. A TEM study performed in
the cross-section (X-TEM) mode showed a good stacking of the SiO,/Ge
layers, which are amorphous when deposited. Further annealing at
given temperatures caused Ge NPs formation and partial crystallization
(as shown by SAED analysis in Fig. 3).

The crystalline domains in the A2 sample (as revealed by GIXRD)
were nearly spherical (as the measured dimensions in the <111>,
<220> and <311> directions were nearly the same) and about 2 nm in
diameter, while in the thicker 2/4 films (B2 sample) more oblate NPs
formed with an average diameter of about 3 nm.

Raman analysis on the same samples showed that during annealing
at the onset temperature of Ge crystallization the Raman peak due to the
Ge-Ge vibration of the crystalline phase gave rise to a crystalline phase
peak close to 300 cm L. The numerical deconvolution of this broad peak
is in a very good qualitative agreement with both the Ge NPs size and
crystallinity ratio, as compared to the GIXRD analysis. In spite of close
contact of the amorphous Ge with the SiO; layers, the thermal treatment
process did not induce SiGe alloying in measurable quantity, as no peak
appeared close to 400 cm ™}, which is where the Si-Ge vibration mode is
placed [34,35]. A complete lack of any Raman Si-Ge signal, along with
SAED analysis, supports this conclusion.

Moreover, the absence of a peak close to 440 cm ™! indicated that
GeO, was not formed either [36], e.g. as a possible Ge core and GeO,
thick shell. This however, does not exclude the possibility of thin oxide
layer formation around the Ge NPs, as we shall see later on.

While GIXRD and Raman spectroscopy provided information on the
size of the crystalline objects (domains), GISAXS complemented this
information with the size, shape and interspacing of the objects that
have an electronic density different from the matrix. As shown, NPs have
grown in different sizes, as a function of the starting Ge layer thickness.

Samples with 2 nm thick Ge layers after the onset of crystallization at
525 °C produced almost spherical crystalline NPs. However, almost 50%
of the original Ge layer remained amorphous. It is unclear whether the
remaining amorphous phase exists as a separate isolated domain or if a
core (crystalline)/shell (amorphous) structure is formed on a macro-
scopic scale.

Already in untreated Ge layers the clear maxima shown in Fig. 7.,
indicated the existence of evenly separated nuclei (at about 4.2 nm
distance) in the amorphous phase, and the correlation distance
increased to 7.2 nm after annealing. The simulation gave roughly the
same numbers (see Table 2.). The Porod coefficient for the NPs formed
by annealing is 3.6, which is less than the one for smooth NP surfaces
(where it is 4), but bigger than for very rough NP surfaces (where it is 3).

However, when the thicker 4 nm Ge layers were annealed the onset
of crystallization was at 550 °C. Also in this case annealing crystallized
about 50% of the initially amorphous Ge layer. The reason for a rather
large part of remaining amorphous Ge phase is the low annealing tem-
perature and/or annealing duration, which will be further explored.

These thicker layers produced two kinds of crystalized NPs, smaller
spherical ones of size 2.2 nm and bigger oblate spheroids with vertical
axis of 2.3 nm and horizontal axis of 6.2 nm. The calculated Porod
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coefficient for the formed NPs is 3.6 again, suggesting that the average
surface roughness was about the same for both types of NPs. Further-
more, a detailed analysis of the Porod tail (presented in Fig. 8.)
confirmed this findings, suggesting the existence of a 0.3-0.4 nm thick
NP-to-matrix interface layer for both annealed samples.

5. Conclusion

We used e-gun assisted PVD deposition from solid sources in high
vacuum to deposit multilayers consisting of alternating amorphous Ge
(2 or 4 nm thick) and SiO3 (2 nm thick) layers, aiming at annealing
induced formation of crystalline Ge NPs of 1-5 nm in size, that are
suitable for photovoltaics application.

SEM and AFM analysis showed a rather smooth surfaces formation
after deposition, which were further flattened during the annealing.

The onset of crystallization occurred at 525 °C and 550 °C, respec-
tively, even though about 50% of Ge remained amorphous after the
annealing (for 1 h), as confirmed by GIXRD and Raman spectroscopy, as
well as by X-TEM and SAED analysis. Additional macroscopic informa-
tion (statistically relevant) was produced by a detailed GISAXS analysis.
A careful simulation of the GISAXS pattern shows that thinner Ge layer
clustered mostly into spherical NPs, while the thicker one produced a
bimodal distribution consisting of smaller sphere-like NPs and larger
oblate spheroids. The calculated simulations nicely fit the obtained
experimental pattern. However, it remains unclear whether the
remaining amorphous phase exists as a separate isolated domain or if a
core (crystalline)/shell (amorphous) structure is formed on a macro-
scopic scale.
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