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Abstract
We investigate the nanoheteroepitaxy (NHE) of SiGe and Ge quantum dots (QDs) grown on
nanotips (NTs) substrates realized in Si(001) wafers. Due to the lattice strain compliance,
enabled by the nanometric size of the tip and the limited dot/substrate interface area, which
helps to reduce dot/substrate interdiffusion, the strain and SiGe composition in the QDs could
be decoupled. This demonstrates a key advantage of the NHE over the Stranski–Krastanow
growth mechanism. Nearly semi-spherical, defect-free, ∼100 nm wide SiGe QDs with different
Ge contents were successfully grown on the NTs with high selectivity and size uniformity. On
the dots, thin dielectric capping layers were deposited, improving the optical properties by the
passivation of surface states. Intense photoluminescence was measured from all samples
investigated with emission energy, intensity, and spectral linewidth dependent on the SiGe
composition of the QDs and the different capping layers. Radiative recombination occurs in the
QDs, and its energy matches the results of band-structure calculations that consider strain
compliance between the QD and the tip. The NTs arrangement and the selective growth of QDs
allow to studying the PL emission from only 3–4 QDs, demonstrating a bright emission and the
possibility of selective addressing. These findings will support the design of optoelectronic
devices based on CMOS-compatible emitters.
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1. Introduction

In recent years, quantum dot (QDs) devices have been vastly
studied due to their unique optical properties [1] for applic-
ations such as lasers, light-emitting diodes, single-photon
emitters, solar cells, and sensors [2, 3]. In silicon (Si), the
workhorse material for the electronic industry, light emis-
sion is limited to cryogenic temperatures due to its indirect
bandgap. Efficient and practical solutions for Si-based room-
temperature (RT) light emission and lasing have been a signi-
ficant challenge in the field of photonics. Strategies to improve
the emission include alloying Si with Ge [4, 5], changing the
crystal structure [6], applying strain [7] and applying quantum
confinement [8]. Thereby, SiGe QDs offer a tuning knob to
steer the emission wavelength to the desired wavelengths by
control of bandgap and quantum confinement, achieved by
constructing an appropriate heterostack structure [4]. Other
alternatives are alloys with Sn in binary GeSn or ternary
SiGeSn heteroepitaxy andmicrostructures, such as microdisks
[9].

For example, one recent improvement in RT emission from
Si is based on small Ge QDs grown directly on Si sub-
strates co-implanted by low-energy Ge ions [10, 11] which
leads to the formation of specific defects (Ge split-[110] self-
interstitials (SSI)) within the QDs [12, 13]. These defect-
enhanced Ge quantum dots (DEQDs) show pronounced pho-
toluminescence (PL) [10–12, 14], electroluminescence (EL)
emission even at 100 ◦C [15] and evidence of lasing [10].
Theoretical predictions based on ab initio calculations high-
light that the SSI defect opens up a recombination path in Ge
and SiGe that is optically direct in k-space [12, 13, 16, 17].

However, all previous calculations on SSIs in Ge [12, 13,
16], were performed using an unstrained and pure Ge crystal.
That stands heavily in contrast to what is typically observed
experimentally for the Stranski–Krastanow (SK) growth of
Ge on Si QDs [18]. The formation of QDs on a ∼0.5 nm
monolayer thick Ge-rich wetting layer is primarily governed
by the lattice mismatch between the Si and Ge [19–21] of
4.2%. The heteroepitaxial strain is also partially accommod-
ated by the SiGe intermixing occurring even when Ge lay-
ers are deposited on Si at low epitaxial growth temperatures
[22, 23], and by QDs, such as hut clusters [24], used to cre-
ate DEQDs. Furthermore, the nucleation of QDs on planar
substrates is stochastic [25], leading to variations in QD size
[26], chemical uniformity [27] and spacing, ultimately limit-
ing their addressability. Nucleation site control of QDs and
slight improvement of the alloy composition uniformity of the
QDs can be achieved by substrate pre-patterning [28, 29] or
strain modulation [30].

Thus, there is an evident need to create an experimental
model platform on a Si substrate that combines (i) a low-
strain environment, (ii) confinement of charge carriers in QDs,
and (iii) the possibility of tuning the SiGe alloy concentra-
tion in the QD. Site-selectivity of the nanostructures, achiev-
able for SK QDs only via elaborated substrate pre-patterning

techniques, would be preferential as it allows for mandatory
device addressability. Importantly, capping strategies need to
be developed for an unstrained SiGe QD platform to limit non-
radiative emission from surface states and to potentially allow
for post-growth ex-situ implantation of the nanostructures to
introduce the beneficial DEQD defects.

Here, we developed a platform for nearly strain-free SiGe
QDs, grown epitaxially on Si(001) nanotip (NT) patterned
substrates. We used the nanoheteroepitaxy (NHE) approach to
improve the structural quality of the grown QDs. NHE [31–
33] is the epitaxial growth on small crystalline areas on an else
amorphous substrate, and has been successfully used in vari-
ous material systems such as InP/Si [34], Ge/Si [35], GaAs/Si
and GaP/Si [36, 37]. It takes advantage of small interfaces
between QD and NT, reducing the intermixing during growth
and annealing. Furthermore, the two materials are only con-
nected at the nanoscale level, which prevents substrate crack-
ing or bowing due to the mismatch in the thermal expansion
coefficient between the different materials. The NHE concept
[38] is based on the compliance effect, i.e. the distribution of
strain between QD material and Si NT to overcome the signi-
ficant lattice mismatch. Moreover, the deterministic site con-
trol of SiGe QDs of various compositions presented here sig-
nificantly improves their accessibility and feasibility for future
integrated technologies. Our approach allows for an efficient
decoupling of strain and SiGe composition in the QDs, which
is different from conventional SK QDs, while enabling QD
size, shape, position, and density control. An additional thin
layer of Si3N4, Al2O3 or Si was deposited on the QDs, to
investigate the role of capping on their structure and optical
properties. Following QDs characterization, we will exam-
ine the QDs structural and optical properties, evaluating their
potential to semiconductor technology.

2. Methods

NT-patterned Si-(001) substrates were manufactured using a
state-of-the-art 0.13 µm SiGe BiCMOS technology pilot line
on 200 mm wafers. As the last production steps, free-standing
800 nm high Si NTs were first covered in silicon dioxide
(SiO2) using plasma-enhanced chemical vapor deposition and
afterwards the surface was polished using chemical mechan-
ical planarization, defining hereby the Si NT top opening dia-
meter in the range of 50–90 nm. Details of the substrate fab-
rication can be found in [39, 40]. The NTs were arranged in
arrays with an inter-tip spacing of 0.5 µm, 0.8 µm, 1 µm and
2 µm, with the primary focus of our study being on the 0.5 µm
pitch size.

The deposition of Ge and SiGe QDs on top of the Si
NTs was performed using solid-source molecular beam epi-
taxy (SSMBE). Growth rates and deposition temperature are
decoupled during the Ge MBE process. This is essential to
achieve prototype site-controlled Ge and SiGe QDs on NT-
patterned substrates with excellent crystalline quality [39].
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Before the QD growth, chips 22 mm × 22 mm in size were
cut from the 200 mm Si NT substrate and cleaned using a
combination of Piranha etch and RCA wet-chemical clean-
ings, followed by a dip in diluted hydrofluoric acid (10 sec)
at the end of the cleaning process [39] to remove native Si
oxide at the NT surface. After loading the substrates into the
SSMBE growth chamber, the chips were degassed and pre-
annealed for 20min at 790 ◦C. A series of samples were grown
by deposition of an equivalent thickness of 10 nm SiGe with
Ge content of 50%, 78.3%, and 100% without capping. The
pure Ge sample was grown at a temperature of 750 ◦C, mim-
icking the results of [39]. However, for the deposition of SiGe
alloys, the growth temperature needed to be raised to 850 ◦C
to ensure perfectly site-controlled QDs growth. Another series
of samples were prepared with 40 nm equivalent thickness
of pure Ge QDs. These were subsequently capped with (i)
∼1.5 nm of Si, deposited at 350 ◦C in the SSMBE system, (ii)
∼10 nm of Al2O3 externally deposited by atomic layer depos-
ition, or (iii) with ∼40 nm of Si3N4 using a physical vapor
deposition system.

Atomic force microscopy (AFM) images were recorded
using a Dimension 3100 from Veeco. Energy dispersive x-ray
spectroscopy (EDX) measurements were performed using a
FEI Tecnai Osiris operated at 200 kV in scanning transmis-
sion electron microscopy mode. Samples for TEM were pre-
pared using the conventional method of grinding, polishing,
and Argon ion thinning. X-ray-diffraction (XRD) was con-
ducted with a Rigaku SmartLab tool featuring a 9 kW rotat-
ing Cu-Anode. It was set to high-resolution double crystal dif-
fraction using a Ge(400)x2 channel cut monochromator. The
(004) and (224) Bragg reflections were scanned to receive the
in-plane and out-of-plane lattice spacings of the Ge QDs and
calculate the lattice constant aGe via a biaxial strain model and
the Poisson ratio (νGe = 0.273) [41] and the corresponding in-
plane (ε||), out-of-plane (ε⊥) as well as hydrostatic strain (εV)
in reference to the Ge lattice constant (a0 = 5.6575 Å).

Micro-photoluminescence (µ-PL) measurements were per-
formed with a HORIBA iHR 320 spectrometer equipped with
a Synapse/Symphony InGaAs II detector, 50x objective with
∼1 µm spot size. We used a grating with 600 grooves/mm,
which covers a wavelength range from 1000 to 2000 nm with
a spectral resolution of 0.06 nm, with an excitation laser at
532 nmwavelength. The temperature dependence was determ-
ined using a LN2–cooled cryostat and an excitation power of
11.3 mW (2 × 106 W cm−2). We collected all the spectra in
backscattering geometry and used a white lamp to calibrate
the setup spectral response. All PL spectra were analyzed as a
single Gaussian peak.

To account for alloying and strain induced effects, bulk-like
band edge energies in the valence and conduction bands have
been calculated in the framework of the model solid theory
[42] for different degrees of strain relaxation in the QD. To
this aim, the deformation potentials of SiGe have been estim-
ated as linear interpolation of the corresponding Si and Ge
values. Modification of the energy levels in the QD induced
by quantum confinement effects are expected to be negligible
due to the relatively large size of the dots and hence have been
neglected.

3. Results and discussion

3.1. Structural quality and µ-photoluminescence of the
uncapped samples

In figures 1(a)–(c) we show the AFM images of SiGe QDs
arrays with Ge concentration 100%, 78% and 50%, without
capping. The selection of these specific concentrations is likely
exemplary to cover a range of Ge-Si interactions and to under-
stand the transition from Ge-dominant to Si-dominant behavi-
ors. The QDs grow at the NT’s position, and for all the QDs
compositions, the growth is almost completely selective on the
Si NT exposed area, with a negligible density of nucleation
events occurring on the SiO2 mask.

Figure 2 shows TEM images for the sample with 50% Ge
content. The selective growth of the QDs on the Si NTs is
evident (figure 2), with high-quality, nearly defect-free nano-
structures. Panel (a) of figure 2 demonstrates the consistency
of SiGe QDs. The subsequent images at higher magnifica-
tions (panels (b)–(d)) illustrate the high quality of the crystals.
Indeed, the well-controlled growth processes and parameters
have resulted in almost semi-spherical SiGe QDs deposited
evenly and entirely over Si NTs. Also, in principle, the pres-
ence of defects, such as stacking faults (SFs) and disloca-
tions, in SiGe QDs on Si NT can cause strain relaxation and
a reduction in the quantum confinement [43] effect, leading to
changes in the electronic and optical properties [44]. However,
TEM investigations from these samples did not show the pres-
ence of extended defects in these QDs. The possibility of 3D
growth with limited influence of the substrate allows for an
optimal strain relaxation, slightly dependent on the composi-
tion, as will be discussed in the following.

Another critical parameter is the growth temperature of
SiGe QDs, which significantly influences the selectivity and
structural properties. Higher growth temperatures favor the
selective growth of SiGe QDs within specific regions, such as
Si NT. Lower temperatures, on the other hand, may result in
less selectivity and a random distribution of QDs on the sub-
strate surface. For the deposition of pure Ge on NT substrates,
a substrate growth temperature of 750 ◦C allows for sufficient
surface mobility of the Ge ad-atoms for perfect site-controlled
growth. However, the addition of Si and the hence reduced sur-
face kinetics leads to the nucleation of surface clusters at the
entire substrate surfaces, as can be seen in the AFM image
figure S1 in the supplementary material. Growth temperatures
of 750 ◦C were tested for the deposition of Si0.1Ge0.9 QDs.
Even though only 10% of Si was added to the Ge, the pres-
ence of Si leads to non-site-selective cluster formation at the
entire substrate surface. An increase in the growth temperature
of only 100 ◦C allows for the fabrication of SiGe QDs over a
wide composition range of the SiGe alloy, see, e.g. figure 2 for
Si0.5Ge0.5.

A detailed analysis of the QD shape was obtained with
cross-section TEM, shown in figures 3 (a) and (b). The TEM
images highlight that the QDs grow on the tip surface and
assume a 3D shape. This shape is determined by several
factors: the interface energy at the Si NT, surface energy, and
the internal elastic energy caused by strain [45]. All these
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Figure 1. (a)-(c) AFM topography of Ge and SiGe QDs grown on substrates with a NT pitch of 500 nm. The Ge concentration 100%, 78%
and 50%.

Figure 2. Cross-section TEM at different magnification for Si0.5Ge0.5 QDs on Si NTs with pitch size of 0.5 µm.

Figure 3. TEM of QDs (10 nm equivalent thickness) on Si NTs with varying Ge concentrations. (a) Ge (b) Si0.5Ge0.5 alloy. (c) µ-PL spectra
at temperature of 80 K.

parameters depend on the alloy composition, amount of mater-
ial in the QD, and deposition conditions. In our case, we
observe that an uncapped pure Ge QD (figure 3(a)) forms

rounded shapes [46], as surface energy is high, which typically
minimizes the surface area to volume ratio. The Ge QDs shape
indicates that the surface energy is not significantly anisotropic
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and that the strain within the QD mostly is uniformly distrib-
uted, allowing a rounded morphology.

The internal strain within the SiGe 50%, in figure 3(b),
seems to be lower than at higher Ge contents, leading to a
shape that is more influenced by the interface strain with the
Si NT. The surface energy could promote growth in specific
directions, resulting in a more defined and elongated structure.
The semi-spherical shape of the SiGe QDs is primarily the res-
ult of the surface tension during the growth process, which nat-
urally leads to a shape that minimizes the surface energy [47].
This effect, combined with the lattice mismatch between the
SiGe, guides the atoms to arrange into smooth, semi-spherical
structures to reduce the overall system energy [48].

SK-grown QDs are more strained when their shape is more
rounded and more relaxed with a semi-spherical shape [49].
The rounded shape of our patterned Ge QDs structure leads
to symmetric strain distribution [50], minimizing variations
in stress along different directions. The semi-spherical QDs
shaped composed of 50% Ge and 50% Si may exhibit more
significant variations in its bandgap due to a 2% lattice mis-
match. The bandgap energy of these QDs is likely to be inter-
mediate between pure Si and pure Ge [51].

The electronic states were investigated through µ-PL spec-
troscopy at 80 K, as displayed in the spectra in figure 3(c), for
the uncapped SiGe QDs of various nominal SiGe alloy com-
position as well as for bare Si NT and Si substrate as reference.
We can consider that the emission derives only from thoseQDs
illuminated by the laser, as the structure with NTs and SiO2

matrix reduced the diffusion of photoexcited carriers. Thus,
considering the spot size of the µ-PL setup (diameter ∼1 µm)
and the pitch of the QD array under investigation (0.5 µm),
we can assume that the measured emission came from
3–4 QDs.

We observed one single PL peak for each sample, with
an approximately Gaussian line shape. The peak shifts with
increasing Si alloy composition from ∼0.78 eV to ∼0.9 eV.
Bare Si NT had a weak emission at 0.855 eV, correspond-
ing to the spectral fingerprint of D1 dislocations in Si [52].
This emission is likely a consequence of the Si NTs fabric-
ation process. This monotonous blue shift of the PL emis-
sion from the QDs with increasing Si content in the SiGe
alloy indicates that the PL origin is related to the SiGe QDs.
The energy of the PL emission observed in SiGe QDs can be
attributed to the combined effects of alloy composition and
strain. The smallest full-width at half maximum (FWHM) is
85 meV for QDs of Si0.5Ge0.5, and the FWHM becomes larger
(150 meV) for Ge100. The fact that the peak is the narrowest in
the Si0.5Ge0.5 QDs suggests that these QDs are in the optimal
condition to reduce the non-radiative transition. This find-
ing also suggests the potential importance of further reducing
non-radiative mechanisms, possibly through enhanced coat-
ing techniques or post-growth processing. Another approach
could be to reduce the size of the QDs, which would enhance
quantum confinement.

SiGe heterostructures can feature either a band alignment of
type-I (both holes and electrons are confined in the same layer
of the heterostructure) or type-II (electron and holes confined
in the two different sides of an heterojunction), depending on

the composition and strain of both layers [53]. It has been
proven that Ge-rich nanostructures on Si show type-II align-
ment with a large valence band offset that confines holes in
the Ge layer and a very moderated conduction band offset that
favors accumulation of electrons in the Si side [54, 55]. Here,
we deal with strain-relaxed nanostructures resulting from the
distribution of strain between the QD and the NT. To estimate
the band edge in the QD, we consider this compliance effect
assuming a distribution of biaxial strain along the interface in
same proportion between QD and NT. We ignore the com-
plex modeling of the spatial variation of the strain in the QD.
Quantum confinement can also be ignored considering the size
of the QD, since the Bohr radius for excitons in Ge around
25 nm [56], smaller than the size of the QDs in this study. The
dominant transition at all the composition is assigned to ∆4

valley in conduction band and heavy hole valence band of the
QDs. In pure Ge, we note that ∆4 and L valleys are almost
degenerate, but ∆4 is lower in energy due to the strain (see
also table S1 in supplementary materials).

The simulated emission energy matches approximatively
with the experimental values, and assume a shift of∼170 meV
between Ge and Si0.5Ge0.5, compared with a value of
∼120meV from the experiment. Broadening of the spectra can
occur because of reduced recombination lifetime, or because
of a spreading of the transition energy associated with spa-
tial strain distribution. The uniformity of QDs and the limited
number of them that participate to the emission limits the stat-
istical spread. Additionally, broadening can be due to splitting
of the valence band or to phonon replica of the main peak.
When analyzed in details Ge QDs (figure S2), the PL spectra
present a shoulder at lower energy and with a small separa-
tion from the main peak, about 60 meV apart. In [55], a split-
ting of about 56 meV (close to our 60 meV) is associated with
transitions involving the emission and absorption of an optical
phonon with energy E = 28 meV.

3.2. QDs capping

For optical application, the nanostructures must be capped to
passivate surface states that can act as non-radiative recom-
bination centers. As a proof of principle, we tested differ-
ent capping layer materials on pure Ge QDs (40 nm thick-
ness) on Si NTs. Figures 4(a)–(d) presents TEM images of
uncapped Ge QDs on NT, and capped Ge QDs with Si, Si3N4

and Al2O3, respectively (figures 4(b)–(d)). The elemental dis-
tribution obtained from TEM/EDX analysis (figures 4(e)-
(h)) provides additional insight. First, it confirms that the
growth is highly selective also for this amount of depos-
ited Ge. Second, we observe Ge growth around Si-NT top,
which can be assigned as Si NT SFs that form around the
SiO2 ‘wall’ [57, 58], which was seen in our previous studies
[59]. Using XRD, we measured a compressive strain for all
the capped samples in the range of −0.1% to −0.3% (sup-
plementary material, figure S3). The magnitude of the strain
depends on the capping material. We note that such low
strain for pure Ge on Si nanostructures represents a sub-
stantial deviation from the typical high-strain environment in
SK QDs.
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Figure 4. TEM and EDX images of cross-section Ge QDs on Si NT: (a) and (e) without capping; (b) and (f) Si cap; (c) and (g) Si3N4 cap;
(d) and (h) Al2O3 cap. In the EDX maps, colors are assigned to elements as Ge (blue), Si (red), O (green) and pink color with capping (Si;
Si3N4; Al2O3).

Typically, Ge SK QDs can be successfully capped with Si
due to the limited strain relaxation occurring in the QD. The
thickness of the Si layer also plays a critical role, potentially
altering their shape from pyramids to domes [60]. Depending
on the thickness and conditions of deposition (i.e. temperat-
ure), Si capping can either compress or stretch the underlying
Ge dot [61]. As the Si cap thickness increases, the cap can par-
tially relax by forming its strain gradient that counteracts the
expansion due to the SiGe dots, which impacts the electronic
properties by modifying the band structure [62]. Our NHE
approach used controlled interfaces betweenQDs andNTs and
provided distinct capping behaviors. This does not only pre-
serve the structural integrity of the QDs but also enhances their
properties by reducing mismatch in the coefficient of thermal
expansion that is common in traditional capping methods.

For the here presented SiGe NTs, Si might not be the
best choice as a capping material since the high strain con-
trast between relaxed SiGe QDs and the hence highly tensile
strained Si capping layer leads to pronounced dislocation
formation (supplementary material, figure S4). Applying thin
but tensile-strained Si capping layers lead to challenges in
achieving even a conformal overgrowth of the Ge QDs, as
intermixing and growth around Si NT issues are evident in
figures 4(b) and (f). In addition, the SiO2 structures appear
more vulnerable to degradation when they come into contact
with the Si capping layer. Si in the capping layer reacts with
the SiO2 mask under the growth conditions. In this way, the
mask is partially etched in the region not shaded by the QD,
as seen in figure 4(a).

We used post-growth deposited Al2O3 and Si3N4 as cap-
ping material to circumvent this strain misfit on our Ge pure
40 nm QDs. In contrast to Si capping, using a Si3N4 cap-
ping layer seems a good choice, as it provides a conformal
growth around the QD, as evidenced by the EDX image in
figure 4(g). Al2O3 appears thinner on the QD than on the

substrate figure 4(h). We observe that the presence of Si3N4

provides a stable, chemically inert environment that prevents
the Si from diffusing into other layers and allows for a more
controlled and uniform capping layer growth while conserving
the QD shape.

As we mentioned before, in contrast to conventional SK
QDs, the residual strain in the QDs is close to zero. For
the capped samples, the magnitude of the strain depends on
the capping material and is for all samples in the range of
−0.1% to −0.3%. Consequently, the PL emission is expected
to shift to higher energy with respect to the uncapped case. In
figure S3 of the supplementarymaterial, we additionally report
the energy as a function of the measured strain. Figure 5(a)
depicts the PL spectra obtained from Ge100 QDs with dif-
ferent capping layers. Notably, we found that the Al2O3 and
the Si3N4 capping layers improved the intensity of the PL
emission. This improvement can be associated with a sup-
pression of the non-radiative recombination due to surface
states. Also, the smallest FWHM (90 meV) for Al2O3 and
Si3N4 indicates that those capping layers enable good surface
passivation.

The integrated PL intensity (figure 5(b)) as a function of
power follows a power law as IPL ∝ Pm [63]. Based on exper-
imental data, the exponent m is in the range of 0.83–1.2 (sup-
plementary material, table S1), Si3N4 having has m = 0.83.
The value of the exponent m is the result of the interplay
of radiative recombination, non-radiative recombination via
defects, and the Auger effect [64]. When m ∼ 1, the effect
of defects is relevant in comparison with band-to-band recom-
bination, but defect states can be considered as not saturated.
This usually occurs at low excitation power; high pump power
result in saturation of defect energy level, leading to m ∼ 1/2
[63]. Auger recombination [65, 66] is a non-radiative process,
in which the energy released by the recombination of an elec-
tron and a hole is transferred to a third carrier, instead of being
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Figure 5. (a) µ-PL spectra at temperature of 80 K of Ge QDs with capping layers. Reference signals of the Si substrate and the Si NT are
indicated in violet and light blue. (b) PL intensity normalized to the minimum power as a function of the excitation power for uncapped and
differently capped Ge QDs with dashed black dashed line as a ref. slope m = 1. (c) Main peak energy as a function of excitation power,
reported with reference to the minimum power.

emitted as a photon, and has a dependence on the photoex-
cited carrier density with m ∼ 2/3, thus becomes relevant at
high power.

Surface passivation [67] using capping layers such as
Al2O3 and Si3N4 [68] effectively reduces surface states that
serve as non-radiative recombination centers. One of themeth-
ods for surface passivation is chemical passivation, which
involves reducing defect density by depositing a capping layer.
This layer chemically bonds with the Ge dangling bonds, cre-
ating a stable interface, thus decreasing the number of recom-
bination centers [69]. Another mechanism is associated to
charged defects in the Si3N4 films, that usually contain a high
density of positive charges [68]. These charges can create an
electric field at the Ge surface [68], repelling minority carri-
ers and thus reducing surface recombination. This reduction
leads to a decrease in overall non-radiative recombination,
including Auger recombination. The low power law exponent
(m = 0.83) observed with Si3N4 capping indicates that this
material provides the most effective passivation for our Ge
QDs.

The power dependence of PL emission energy [70] can
tell about density of states (DOS). The shift suggests that
there is a either a limited joint DOS for the transition or
that recombination is not efficient with respect to excitation
[71]. When the excitation power is increased, the peak shift
to higher energy due to state-filling. This is specific to zero-
dimensional systems like QDs [72], where the discrete DOS
results in the population of higher energy states as lower states
are filled [72, 73]. One characteristic feature of the state-filling
effect is the saturation of lower-energy PL peaks as the excit-
ation intensity increases. Figure 5(c) demonstrates that the
energy difference increases with the excitation power for all
Ge QDs samples, indicating the state-filling effect in zero-
dimensional systems. As the electron density increases, the
PL peak position shifts towards higher energy (blueshift). This
blueshift indicates that lower energy states are being filled,
forcing electrons to occupy higher energy states [72, 74].
However, at higher powers, this increase becomes saturated.
This saturation [75] happens while intersubband level carrier
relaxation to the lower level slows down under the limited
availability of higher/final energy states.

A further indication of the complexity of the energy level
in these QDs comes from temperature-dependent PL, that
was performed for Ge QDs with and without a capping layer
and SiGe QDs (supplementary material, figure S5). As the
sample temperature increased, we observed a clear redshift
and broadening of the PL spectra, accompanied by a decreased
PL intensity. However, the peak position did not follow the
Varshni rule, typically observed in bulk Ge [76, 77], as the
strain-free QDs on NTs shifted less than expected in the meas-
ured temperature range (supplementary material, figure S5).
This deviation from the Varshni trend is interesting and sug-
gests that the electronic and optical properties of SiGe QDs
may differ from those of bulk Ge. It can be attributed to vari-
ous factors, including strain compliance between QD and NT,
and temperature-induced relevant changes in the strain of the
QDs due to the mismatch of thermal expansion and encapsu-
lation of the NTs with SiO2. In particular, we observed satura-
tion behavior in the energy shift for Ge with different capping
layers above 120 K.

4. Conclusions

Based on the NHE approach, we have successfully fabric-
ated virtually strain-free SiGe QDs of various Ge content on
Si NTs. Our results demonstrate that we can use the pat-
terned substrate to control the growth dynamics of SiGe alloys
beyond the interplay of composition and size that occurs in
standard epitaxial growth on unpatterned substrates. The QDs
exhibit pronounced optical properties in terms of PL, depend-
ent on the composition and associated to indirect transition
in the QD itself. The luminescence emission could be further
enhanced by applying various capping layer strategies, for this
purpose, the best materials are Al2O3 and Si3N4. The ability to
control the growth dynamics and tailor the properties of SiGe
QDs through the NHE approach presents new opportunities
for designing and optimizing optoelectronic devices for a wide
range of applications. The strain in SiGe QDs on NTs is signi-
ficantly reduced as compared to conventional SiGe SKQDs on
Si, making this system an ideal testbed to study the influence
of light-emitting defects in nanoconfined, low-strained SiGe.
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