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ABSTRACT: We propose a method for annealing amorphous silicon-based germanium (Ge/Si) films to fabricate Ge
quantum dots (QDs). To this end, the evolution of the morphology and properties of a Ge-Si composite layer deposited
by magnetron sputtering at room temperature followed by annealing at different temperatures is studied with the aid
of tests such as atomic force microscopy, scanning electron microscope , X-ray photoelectron spectroscopy, Raman, and
photoluminescence PL. The results show that as the annealing temperature increases from 450 °C to 850 °C, enhanced
atom migration, improved crystallization, thermal stress from expansion coefficient differences, and high-temperature
Ostwald ripening synergistically promote the formation of Ge QDs. The QD size grows continuously, while their
density first increases and then decreases. PL peaks of QDs are observed in those samples with high crystallinity,
high density, and small size of Ge QDs, in which the sample obtained by annealing at 650 °C exhibits relatively optimal
morphological structure and optical properties. The method is expected to be applied to the multiple Ge-Si composite
layers stacked at room temperature to produce multilayer Ge/Si QDs, which provides a new idea to solve the problems
of low growth efficiency, severe atomic intermixing, and poor homogeneity of QDs in the multilayer structure in the
current conventional method, and our results lay a good foundation for this idea.

KEYWORDS: Ge/Si, quantum dots, amorphous films, fabrication, thermoelectric materials, optoelectronic properties,
photoluminescence

INTRODUCTION

Quantum dots (QDs), spanning carbon-based QDs, Cd-
Se/ZnS core-shell QDs, silicon-based germanium QDs
(Ge/Si QDs), etc., have attracted significant attention
due to their tunable size, shape, and composition,
enabling their versatile applications in biomedicine,
photonics, optoelectronics, and thermoelectrics [1–3].
The fabrication of Ge/Si QDs with tunable size and po-
sitional arrangement has been the subject of extensive
research since the 1990s [4, 5]. Several approaches
have been proposed for the formation of Ge/Si QDs,
including chemical synthesis [6], epitaxial growth [7],
lithographic patterning [8], and electrostatic-gate def-
inition based on two-dimensional electron-gas het-
erostructures [9]. Many exotic electronic and opti-
cal properties of Ge/Si QDs have been progressively
applied to high-performance semiconductor devices
such as QD registers [10], QD detectors [11], QD
memories [12], QD solar cells [13], and QD-based
thermoelectric devices [14].

The key to implementing QD devices for practical
applications lies in having an unprecedentedly high
degree of control over the crystallinity, size, shape,
density or number, and spatial location of QDs, all of
which are essentially important for optimizing device

performance. This has inspired continuous innovation
and development in methods for preparing QDs, lead-
ing to numerous breakthroughs in recent years. For
example, Grydlik et al [15] use molecular beam epitaxy
(MBE) combining with in situ low-energy Ge ion bom-
bardment to embed Ge QDs into defect-free crystalline
silicon matrices; these QDs exhibit remarkable optical
properties of dramatically shortened carrier lifetimes
and negligible thermal quenching of the photolumines-
cence up to room temperature. Huang et al [16] report
the novel tunability of the diameters and spacings of
paired Ge double QDs using nano-spacer technology
in combination with selective oxidation of Si0.85Ge0.15
at high temperatures. They show the strategy to
achieve high symmetry within the Ge double QDs
in terms of the individual QD diameters as well as
the coupling barriers between the QDs and external
electrodes in close proximity. Chu et al [17] introduce
their work of using low growth temperature (Ge below
400 °C, Si below 500 °C) to inhibit the formation of Ge
nanoislands in multilayer Ge/Si films grown by low-
pressure chemical vapor deposition (CVD) to fabricate
and demonstrate stacked Ge nanosheets GAA FET
CMOS inverter. Smagina et al [18] find that with a
certain choice of pit-patterned substrate parameters
(diameter of pits and their spatial period), the ordered
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Ge/Si QDs epitaxial on the pit-patterned “silicon-on-
insulator” show multiple narrow peaks of photolumi-
nescence, and the luminescence enhancement effect
persists up to room temperature. Peng et al [19]
develop Ge QDs and Sn precipitation SiGeSn hybrid
film through ultrafast high-temperature annealing of
a P-ion implanted SiGeSn film on a Si/SiO2 substrate,
offering a novel perspective for high-performance ther-
moelectric materials.

Based on the existing research results, 2 high-
lighted issues have gradually become the focus. First,
considering most of the manufacturing technologies
(MBE, CVD, solid phase epitaxy, etc.) for QDs, high
requirements for temperature control (MBE), reaction
products that may become surface impurities (CVD),
and especially their inherent problems such as expen-
sive equipment, high operating costs, and low growth
rates have become the main obstacles to the industrial
production of high-quality and usable QDs.

Second, the growth of multilayer QDs is basically
done by a top-down or bottom-up layer-by-layer stack-
ing method [20], as illustrated in Fig. 1(a). Since such
processes are carried out at high temperatures that
guarantee the crystallization of the films, those QDs
grown earlier have to undergo longer-time annealing,
which often leads to a typical Ostwald ripening or to
a significant interatomic diffusion between them and
the upper and lower layers [21, 22], and these changes
produce a stress modulation on the deposited layers
above them which affects the QD growth, resulting
in significant differences between the QDs of different
layers and then a decrease or even disappearance of
the desired optoelectronic properties.

Magnetron sputtering is expected to be a new way
to solve the first problem, offering a deposition rate
hundreds of times higher and lower equipment oper-
ating costs compared to conventional techniques such
as MBE and CVD. These advantages have attracted
considerable research attention over the past decade
[22–26], which include the preparation of QDs under
different conditions of sputtering power, working gas,
deposition thickness, growth temperature, annealing,
etc. Although the complete evolution mechanism and
mature structure optimization schemes of the reported
QDs still need to be further explored, the obtained re-
sults have confirmed the feasibility of using magnetron
sputtering to grow Ge/Si QDs at high speed. In this
context, a novel approach that promises to solve both
of the above problems simultaneously is proposed. As
shown in Fig. 1(b), this approach is carried out in
2 steps, and the first step is the deposition of multilayer
films by magnetron sputtering, which are grown at
high speed at room temperature to ensure that no
significant atomic interdiffusion occurs between the
layers. The second step is in situ annealing of these
deposited films to drive the simultaneous formation of
Ge QDs in each Ge layer to ensure the homogeneity

of these dots. The great challenge faced by this
method is that the structural evolution of Ge films is
completely different from the traditional mechanism
of the Stranski-Krastanow (SK) growth mode that has
been understood. Whether such a process can fabricate
QDs, the evolution mechanism of these QDs and their
appropriate growth parameters need to be explored
step by step. The work in this paper focuses on
the morphology and photoelectric properties of the
Ge surface with a single periodic structure (a Ge-Si
composite layer deposited at room temperature) at
different annealing temperatures. The results obtained
can verify the feasibility of direct annealing of amor-
phous films to fabricate QDs, which provides not only
a new idea for efficient and low-cost fabrication of
single-layer QDs but also the necessary empirical pa-
rameters and growth mechanisms of QDs with multiple
periodic structures (multiple Ge-Si composite layers)
using this method. That is, this work is an important
and necessary first step to gradually realize the vision
in Fig. 1(b).

MATERIALS AND METHODS

All samples are grown in a magnetron sputtering
system (FJL560III type, Sky Technology Development
Co., Ltd., Chinese Academy of Sciences, Shenyang,
China) under a background pressure of 1.0× 10−5 Pa.
The experiment utilizes single-side polished (100) Si
wafers with a thickness of 500 µm (LONGi Green
Energy Technology Co., Ltd., Xi’an, China) as the sub-
strates. At room temperature, a 50 nm Si film followed
by a 25 nm Ge film are sequentially sputtered onto
the substrate surface. Subsequently, the integrated
temperature controller within the sputtering system
is used to rapidly heat the deposited bilayer films to
the predetermined annealing temperature, maintain-
ing a constant temperature for 10 min to complete
in situ annealing. For comparison, temperatures of
25, 450, 550, 650, 750, and 850 °C are selected as
annealing temperatures, and the samples are then
designated as 25, 450, 550, 650, 750, and 850. After
annealing, the samples are naturally cooled to room
temperature and then transferred into nitrogen-filled
sample bags for further analysis. Atomic force mi-
croscopy (AFM; SPA-400SPM, SEIKO Co., Ltd., Tokyo,
Japan) and scanning electron microscope (SEM; FEI
Quanta 200, FEI Company, Hillsboro, US) are used to
characterize the surface morphology of the samples, X-
ray photoelectron spectroscopy (XPS; Thermo Scien-
tific K-Alpha, Thermo Fisher Scientific Inc., Waltham,
US) is used to test the elemental composition and
structural changes of the sample surface, and Raman
(Renishaw inVia, Renishaw plc, Wotton-under-Edge,
UK) and photoluminescence (PL; Gemini-180, Horiba
Scientific, Edison, US) tests are used to analyze the
crystallographic and optical properties of the QDs on
the sample surface.
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Fig. 1 Schematic diagram of the growth method of multilayer QDs. (a) The conventional bottom-up self-organized growth
process and (b) the proposed idea of employing annealing to drive the film to form QDs directly.

In the above experiments, the Si substrates are
cleaned by the Shiraki method and then soaked in
25% HF (Yuntianhua Co., Ltd., Kunming, China) for
60 s to remove the surface oxides and passivate the
surface H. The parameters involved in sputtering Si
films include RF sputtering mode, sputtering power of
45 W, sputtering pressure of 0.2 Pa, and argon flow
rate of 5 sccm, and the corresponding parameters for
Ge films are DC sputtering, 35 W, 0.15 Pa, and 10 sccm,
respectively. The working gas is argon with a purity of
99.999% (Yigas Co., Ltd., Guangzhou, China), and the
target purity of both Si and Ge (Beijing Ryubon New
Material Technology Ltd., Beijing, China) is 99.99%.
The AFM, SEM, XPS, and Raman measurements are
performed at room temperature, while the PL tests are
conducted at a low temperature of 7 K, achieved using
a liquid helium cooling system. The model of the probe
used for AFM measurements is SSS-SEIHR (Nanosen-
sors GmbH, Munich, Germany), the excitation source
of XPS is Al-Kα x-Ray (hv = 1486.6 eV), the excitation
source of Raman is an Ar+ laser with a wavelength of
514.5 nm, and the wavelength and power of the laser
used for PL test are 488 nm and 0.8 mW, respectively.

RESULTS AND DISCUSSION

Morphology evolution of QDs

Fig. 2 shows the surface morphology of the as-
deposited Ge films after annealing at different temper-
atures. They are all obtained using an AFM under the
same test conditions. A typical Ge QD on the surface
of each sample is marked with a black circle, and the
profile and dimensions of this QD are attached as an
illustration in the upper right corner of this sample.
The results in the figure indicate that for the deposited
25 nm Ge film, the room temperature (sample 25)
cannot cause its surface to form Ge QD structures,
while the annealing temperature of 450 °C allows the
formation of Ge nanoislands with a relatively small
density and size on the film surface. With the anneal-
ing temperature gradually increasing from 450 °C to
850 °C, these Ge islands gradually evolve from small

ones (∼40 nm wide and ∼6 nm high) to super large
ones (∼170 nm wide and ∼20 nm high).

Based on AFM measurements, Fig. 3 quantita-
tively illustrates the changes in the average size (both
height and base diameter) and surface density of Ge
QDs across various samples as the annealing tempera-
ture is gradually increased. In contrast to the contin-
uous increase in the size of the Ge QDs, the density
of these dots exhibits a trend of first rising and then
decreasing. The temperature of 650 °C represents a
significant turning point. Supporting evidence for this
assertion includes not only the peak in QD density at
650 °C but also the nearly two-fold maximum increase
in QD size from 550 °C to 650 °C (see Fig. 2(c,d)).
Furthermore, as shown in Fig. 2, the shape of the
QDs predominantly exhibits a pyramidal form at 450
and 550 °C, while transitioning to a dome-shaped form
after 650 °C.

According to existing reports, the formation of
the self-assembled Ge/Si QDs is mainly driven by the
lattice mismatch (∼4.2%) between Ge and Si. The evo-
lution of the surface morphology of the deposited Ge
film shifts from two-dimensional to three-dimensional
(nanoislands) after the deposition thickness slightly ex-
ceeds the corresponding wetting-layer thickness (gen-
erally several nanometers), i.e., the typical SK growth
mode [4]. The films of the samples in this report
are all grown at room temperature, their structures
are predominantly amorphous, and the Ge thickness
is as high as 25 nm, implying that the Ge QDs on the
sample surface do not arise in the SK mode, but a more
complex result of the comprehensive thermodynamic
and kinetic effects. Fig. 4 can give an illustration of
the growth mechanism of the QDs on these samples.
Fig. 4(a) illustrates the Ge-Si film deposited at room
temperature, which has a relatively flat surface with
no island structure seen, which is typical of amorphous
film subjected to two-dimensional growth, correspond-
ing to sample 25 in Fig. 2(a). When different tempera-
tures are used to anneal the deposited film, on the one
hand, some Ge atoms in the amorphous film escape
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Fig. 2 AFM photographs of the surface of Ge films annealed at different temperatures (25, 450, 550, 650, 750, and 850 °C)
with 25-nm-thick films and 10-min annealing time. The cross-sectional profiles and corresponding dimensions of typical QDs
as indicated by the black circles in each sample are shown in the upper right corner of the photos.

Fig. 3 Statistics of QD size (average height and average diameter) and QD areal density for each sample annealed at 25, 450,
550, 650, 750, and 850 °C, respectively. (a) corresponding to the QD size and (b) showing the QD density.

Fig. 4 Schematic diagram of Ge QDs formed on the surfaces of samples 25, 450, 550, 650, 750, and 850. The colored arrows
in the image indicate the direction of the stress on films, 1 the crystalline region, 2 the low chemical potential area caused by
stress, 3 nanoislands formed by migration of surface atoms, 4 nanoislands that have grown larger due to the gathering of the
surrounding atoms, and 5 super large islands formed by annexing surrounding islands.
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Fig. 5 The SEM micrographs and the XPS spectra of sample 650. (a) The overhead view and (b) the sectional view of QDs on
the sample surface measured by SEM at a magnification of 200000. The size of some typical QDs in (a) and (b) are marked.
(c) The recorded XPS spectra of the sample that is sputtered for (i) 0 min and (ii) 10 min, respectively.

from the original surrounding atoms and migrate to the
location of the lattice defects, repairing the lattice and
crystallizing the local region of the film. The elevated
annealing temperature injects more energy into the
film system to increase the crystalline regions, thus
creating more strain between the crystalline Ge and
Si films due to lattice mismatch. The strain energies
are released in the form of nanoislands formed on
the film surface to maintain the minimum free energy
of the system, as illustrated in Fig. 4(b) at 1. On
the other hand, during the in situ heating to the set
annealing temperature, the Si and Ge films will be
stressed in different directions due to the difference
in thermal expansion coefficients between them (Si <
Ge) [27], as shown by the colored arrows in Fig. 4(b).
The transverse compressive stress on the Ge film tends
to produce many tiny undulations (stress mutation
zones) on its surface as illustrated in Fig. 4(b) at 2.
They can be considered the initial forms of Ge QDs,
and these initial states are easy to attract surface-
migrating Ge atoms to develop into Ge nanoislands
of various sizes due to their low chemical potentials
during isothermal annealing. Besides that, the high
temperature can effectively improve the migration
ability of Ge atoms on the film surface, which enhances
the probability of the active atoms to meet and coalesce
into nuclei and further grow into QDs, and such QDs
are illustrated by 3 in Fig. 4(b). It is easy to speculate
that both the density and size of the above QDs become
larger at a higher annealing temperature (i.e., more
crystalline regions, higher film stresses, and stronger
atomic mobility), which coincides with the pattern
of variation shown for samples 450, 550, and 650
in Fig. 2.

In addition, the increase in the density of QDs
implies a decrease in their spacing. When the elastic
spaces between QDs overlap each other, these QDs
compete to absorb the common atoms around them.
Those QDs with low chemical potential can preferen-

tially attract neighboring atoms and expand their own
size, as illustrated by 4 in Fig. 4(c). Some large islands
that continue to grow in size gradually overlap with the
surrounding islands and annex them to develop into
super large islands, as shown in Fig. 4(c) at 5. As a
result, the density of the islands decreases while the
distribution of island sizes becomes broader, which is
consistent with the observations for samples annealed
at 750 and 850 °C as shown in Fig. 2. This is a typical
Ostwoald ripening process [28]. Obviously, it is diffi-
cult to form QDs with high enough density and surface
migrating atoms with high enough energy at too low a
temperature to meet the conditions required for ripen-
ing, which is the reason why the series of samples in
this report exhibits the mechanism process illustrated
in Fig. 4(c) only after 650 °C. The excessive tempera-
ture causes the phenomenon of large islands annexing
small ones (demonstrated by the profile morphology
of the typical QD in Fig. 2(f)) to become common,
and when these super large islands interconnect in the
process of continuous size development, their surface
contours evolve into the surface undulations of a two-
dimensional film, thereby significantly reducing the is-
land density, as depicted in Fig. 3(b). Additionally, the
increase in annealing temperature allows the QD shape
to evolve gradually from pyramidal to dome-shaped,
which is similar to that reported by Ribeiro et al [29]
and Ross et al [30] and is attributed to the result
of competition and equilibrium between the surface
energy and stress relaxation energy of the samples at
different temperatures.

Fig. 5 presents the SEM and XPS measurements
of sample 650. Panel (a) shows a top view of the
surface QDs of the sample with the lateral dimensions
(diameters) of some typical QDs indicated in the figure.
Panel (b) displays a side view of the surface QDs with
the typical width and height of the QDs also marked
in the inset in the upper right corner. Comparing these
results with Fig. 2(d), the typical sizes as well as the
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Table 1 The FWHM of Raman peaks of samples 25, 450, 550,
650, 750, and 850.

Sample FWHM of FWHM of FWHM of
the Ge-Ge the Ge-Si the Si-Si

peak (cm−1) peak (cm−1) peak (cm−1)

25 51.07 − 7.16
450 42.95 − 5.57
550 21.33 − 5.53
650 9.76 − 5.40
750 23.79 32.01 5.25
850 18.47 22.42 5.29

morphological profiles of the QDs displayed are very
consistent. It is easy to conclude that the operational
mode and probe used for the AFM measurements are
suitable and that they suppress the tip convolution
effect well enough to make the measurements with
the expected accuracy, which is corroborated by an
additional measurement method (SEM). (c) is the XPS
spectra of the sample, where (i) shows the results mea-
sured on the sample surface without sputter etching,
and (ii) shows the results measured after the surface
has been sputtered for 10 min. As shown in the
figure, weak characteristic peaks of C-1s and O-1s are
observed in (i), and they almost disappear after sput-
tering treatment on the sample surface (see (ii)). This
result indicates that despite keeping the samples in
high-purity nitrogen during transfer, minor contamina-
tion and oxidation remain difficult to avoid completely.
The presence of clear Ge peaks and the absence of Ge
oxide peaks in the spectra indicate that the growth of
QDs in a high vacuum environment is unaffected by
residual gases, and their impact on QD morphology can
be ignored.

Crystalline structure of QDs

Fig. 6 shows the Raman measurements of all samples
with (a) displaying the spectra within the 150 cm−1–
600 cm−1 wavenumber range of each sample. Some
typical characteristic peaks and their central peak po-
sitions are labeled in the figure. (b) and (c) respec-
tively show the Gaussian fitting results of the Ge-
Ge and Si-Si peaks of sample 450. Table 1 lists the
FWHM (full width at half maximum) values of the
characteristic peaks for each sample in Fig. 6(a). As
shown in Fig. 6(a), all samples show obvious charac-
teristic peaks of Si-Si bonds, and the corresponding
peak positions are relatively close to the peak position
of the intrinsic peak of bulk Si at 521 cm−1. The
statistical values in Table 1 show the variation pattern
of the FWHM of these Si-Si peaks gradually decreas-
ing with increasing temperature. Comparison of the
FWHM and intensity of each Si-Si peak indicates that
the crystallinity of the as-deposited Si film improves
with increasing annealing temperature. In fact, Si
films that have undergone low-temperature annealing
(such as 25, 450, and 550 °C) contain non-negligible

amorphous Si, which can be seen from the multi-
peak fitting results of sample 450 in Fig. 6(c). The
presence of amorphous Si is due to the low annealing
temperature, which does not provide sufficient energy
for Si atoms to form crystalline nuclei, significantly
affecting the Si-Si peak, which is why the Si-Si peak
of sample 25 in Fig. 6(a) deviates relatively more from
the intrinsic peak and the peak intensity is relatively
weak. Furthermore, low annealing temperatures (such
as 25, 450, 550, and 650 °C) cannot supply enough
energy for atoms to cross the interlayer barrier of Si/Ge
contact layer and cause atomic mixing, which can be
demonstrated by the absence of characteristic peaks of
Ge-Si bonds in Raman spectra. When the annealing
temperature is raised to 750 °C, a significant Ge-Si peak
is observed, and 850 °C drives the FWHM of the Ge-Si
peak to become smaller and the peak position to shift
from 398.2 cm−1 to 402.3 cm−1, which can be thought
to be mainly caused by the high temperature inten-
sifying the interdiffusion between Ge and Si atoms.
Meanwhile, the mixing of atoms at the Ge/Si contact
layer induces a large adjustment of the lattice strain,
which to some extent adds dislocation defects to the
film and also leads to a large fluctuation in the distri-
bution of the chemical potential of the Ge film, which
has an important modulating (accelerating) effect on
the ripening of the surface Ge nanoislands.

The characteristic peaks of Ge-Ge bonds are ob-
served in all samples, and interestingly, these peaks
show significant differences in peak shape and peak
position. According to existing literature reports
[20, 25, 31], in addition to the influence of changes in
crystallinity on peak positions, quantum confinement
effects, dislocation defects, atomic mixing, and tensile
strain can all drive the Ge-Ge peak away from its intrin-
sic peak position at 300.5 cm−1 in the low wavenumber
direction (red shift), while compressive strain causes
the peak position to deviate from its intrinsic peak in
the high wavenumber direction (blue shift). As shown
in Fig. 6 and Table 1, the peak position of 267.6 cm−1

and the FWHM of 51.07 cm−1 for sample 25 indicate
that the Ge film is mainly in an amorphous state. As the
annealing temperature increases to 450 °C, the FWHM
of the Ge-Ge peak in sample 450 decreases, and the
peak shifts to 298.0 cm−1. Combined with Fig. 6(b), it
can be concluded that the grown Ge film is a mixture
of crystalline and amorphous phases. When the an-
nealing temperature is 550 °C, the Ge-Ge peak shape
exhibits a better symmetry with a decreased FWHM,
and the peak shifts to 300.5 cm−1. These behaviors
indicate that the Ge in the film has mostly crystallized.
That is, the increase in the crystallization rate under
annealing temperature regulation is the main reason
driving the change in the Ge-Ge peaks of samples 25,
450, and 550. The lower FWHM and higher symmetry
of the Raman peak of sample 650 compared to 550
suggest a higher crystallinity of its Ge. Combined
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Fig. 6 The Raman spectra of (a) the QD samples 25, 450, 550, 650, 750, and 850, and the multi-peaks Gaussian fitting of the
(b) Ge-Ge and (c) Si-Si signals of sample 450.

with the fact that high-density crystalline QDs are
formed on the sample surface, it can be considered
that quantum confinement effects drive a 3.9 cm−1

of redshift (300.5−296.6=3.9) in its Ge-Ge peak po-
sition. However, the crystallization rate of Ge does
not monotonically increase with the annealing tem-
perature. When the annealing temperature rises from
650 °C to 850 °C, the FWHM of Ge-Ge peaks in samples
750 and 850 increases, and the crystallinity actually
deteriorates. The main reason for this phenomenon
is the excessive activation energy given to the internal
and surface atoms of the Ge film by the excessively high
temperature. These atoms cannot stay in the position
with low free energy but have some kinetic energy to
break free and continue moving. Some atoms even get
free from the surface of the Ge islands to move during
the ripening process of the nanoislands. These behav-
iors hinder the regular arrangement (crystallization)
of the atoms and even lead to localized cracks and
dislocation defects in many crystal regions, resulting
in a decrease in the crystallinity of the sample. At the
same time, as described in the previous discussion of
the Ge-Si peaks, atomic mixing at high temperatures
not only leads to lattice relaxation but also promotes
merging (ripening) between nanoislands, which are
typical kinetic processes for the generation of dislo-
cation defects. Therefore, the red shift in the Ge-
Ge peaks of samples 750 and 850 is actually caused
by a combination of changes in the Ge crystallization
rate, atomic intermixing, and dislocation defects, while
quantum confinement effects can be ignored because
the size of their nanoislands is too large and the density
is too small. Obviously, these inferences obtained
from the Raman tests are mutually consistent with the
morphological analysis of Ge QDs based on the AFM

Fig. 7 PL spectra of samples 25, 450, 550, 650, 750, and
850, recorded at 7 K. The text label in the figure indicates
the signals related to the luminescence originated from the
recombination of excitons in Ge QDs. The central positions
of these PL peaks are marked.

measurements above (Fig. 2 and Fig. 4).

Optical properties of QDs

To explore the relationship between the morphological
structure and the optical properties of the samples,
the photoluminescence performance of these prepared
samples is tested and shown in Fig. 7. According to the
available literature [32, 33], clear observation of the PL
peaks of Ge QDs (located near 0.83 eV) often requires
the preparation of samples containing multiple layers
of Ge QDs with high density and small size because
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single-layer QDs tend to have difficulty in capturing
enough excitation photons and their corresponding
very weak luminescence information is easily drowned
in the noise from the underlying film. As shown
in Fig. 7, no luminescence peaks of QDs are observed
in sample 25, and such a result is consistent with the
fact that there are almost no nanoisland structures on
the surface of this sample. Although some small-sized
nanoislands are formed on the surface of sample 450,
their density is too low (see AFM tests), and many
are in amorphous or mixed crystal states (see Raman
tests), which prevent them from exerting size effects
to produce a sufficient number of splitting energy
levels, and the excitation light mostly passes through
the surface QDs without providing them with enough
effective photons, so no luminescence peaks of QDs are
observed in this sample. The islands of sample 850
are all super large ones with low density, and their
overall morphology is close to the structure of a two-
dimensional film with large surface fluctuations. In
theory, such islands with a transverse size of nearly
200 nm are difficult to generate the classical splitting
energy levels of QDs, so the phenomenon of PL peak
absence also occurs in this sample.

Encouragingly, weak PL peaks are observed in
samples 550, 650, and 750. Considering the morpho-
logical differences between these samples and those
without observed emission peaks as well as the po-
sitions of these emission peaks [32, 33], it is likely
that these peaks originate from QDs on the surface
of the samples. The peak of sample 650 shows the
smallest FWHM and the strongest intensity, which is
attributed to the fact that the surface QDs of sam-
ple 650 have the best crystallinity and the highest den-
sity (implying the presence of the maximum number
of size-dependent splitting levels, which significantly
increases the probability of effective coupling with the
excitation photons). In the basic model of the quantum
confinement effect [34], there is a clear dependence
between the energy gap of QD materials and the size
of QDs. Specifically, the smaller the size of QDs, the
larger the energy gap, which is manifested by the
shift of the luminescence peak towards higher photon
energy. As shown in Fig. 7, with sample 650 as a
reference, the central peak of sample 550 with smaller
QDs shifts from 0.833 eV to 0.840 eV, which is most
likely caused by the quantum confinement effect, while
the relatively weaker peak intensity may be attributed
to the lower density of surface QDs. However, contrary
to the theoretical model of the quantum confinement
effect, the luminescence peak of sample 750 containing
QDs with a larger average size is instead shifted in the
direction of higher photon energy. This phenomenon
is likely caused by an experimental inference discussed
in Fig. 6, namely, the presence of large lattice strain ad-
justments and many dislocation defects in sample 750,
which effectively increases the strain relaxation rate of

the material, and the strain relaxation raises the effec-
tive energy gap of the material, the luminescence peak
position is thus shifted to higher photon energy, and
this change dominates the competition with quantum
confinement effects. And the relatively weakest peak
intensity exhibited by sample 750 coincides with the
morphological structure of its QDs having the relatively
largest size and smallest density. These results not only
confirm that QDs with good morphology and structure
(high crystallinity, high density, and small size) do
indeed have relatively excellent optical performance
but also demonstrate the feasibility of using the direct
annealing method to grow QDs. It can be predicted
that sample 650 will exhibit relatively optimal opto-
electronic performance in optoelectronic devices, and
its growth parameters can be used as a basis for fur-
ther refinements such as changing the Ge deposition
thickness, annealing temperature, annealing time, and
other factors to create better QDs, which guides the
next research work.

It is worth noting that, compared to the single-
layer QDs grown via the self-assembled bottom-up
SK growth mode reported in conventional studies
[35–37] (which have densities of approximately 1010–
1011 cm−2, diameters of about 7–30 nm, and heights of
approximately 2–6 nm), the QDs obtained in this study
exhibit lower density, larger size, and relatively weaker
photoluminescence. However, our study introduces a
new preparation method that successfully fabricates
QDs through direct annealing of as-deposited amor-
phous films. This approach suggests that future re-
search could enable simultaneous annealing of multi-
layer films deposited at room temperature, potentially
facilitating the formation of multilayer QDs. This
provides a new perspective for addressing the inherent
issues in traditional bottom-up growth methods for
multilayer QDs, where earlier-grown layers face severe
maturation and atomic mixing challenges. Although
our current work only reports on single-layer QDs, the
results establish the feasibility of using this method
for multilayer growth and provide a crucial theoretical
foundation. Additionally, the method demonstrated,
based on magnetron sputtering technology, offers high
deposition rates and low operational costs, enhancing
the significance of QD preparation. This efficient and
cost-effective approach paves a potential pathway for
the industrial production of QDs.

CONCLUSION

In summary, we annealed bilayer films containing
50 nm Ge and 50 nm Si, deposited by magnetron
sputtering at 25 °C and at temperatures ranging from
450 °C to 850 °C in 100 °C increments to prepare Si-
based Ge QDs with varying morphologies. AFM results
indicate that as the annealing temperature increases,
the size of Ge QDs grows, transitioning from pyramidal
to dome-shaped structures and forming super islands

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 51 (2): 2025: ID 2025036 9

after 650 °C. The QD density peaks at 650 °C, follow-
ing a trend of increasing first and then decreasing.
These morphological changes are attributed to atomic
migration, crystallization, thermal strain, and Ost-
wald ripening. Raman measurements reveal that the
crystallization rate of the Si substrate increases with
temperature, while the Ge layer reaches its maximum
crystallinity at 650 °C before decreasing due to high-
temperature atomic disorder. Shifts in Ge-Ge Raman
peaks reflect changes in crystallinity, quantum confine-
ment effects, Ge-Si mixing, and dislocation defects.
PL measurements show luminescence peaks at 550,
650, and 750 °C, with 650 °C yielding optimal lumi-
nescence due to favorable QD density, size, and lattice
relaxation. This study establishes an efficient method
for QD preparation, elucidates the morphological and
luminescence evolution mechanisms, and offers theo-
retical and practical insights for overcoming challenges
in QD growth, especially in multilayer stacking.
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