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Effect of Ge nanolayers and quantum dots on photoluminescence
properties of GeSiSn/Si MQW heterostructures
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Heterostructures with multiple GeSiSn/Si quantum wells including thin germanium layers, as well as with
germanium quantum dots placed on top of the quantum wells, are studied. The heterostructures were grown by
molecular beam epitaxy on silicon substrates. Structural studies using the X-ray diffraction method confirmed the
elastically stressed state of the layers. Photoluminescence spectroscopy revealed that an increase in the germanium
layer thickness leads to a red shift in the emission peak of multiple quantum wells, while the experimental
values of the transition energies correlate well with theoretical calculations. The use of germanium quantum dots
grown on top of GeSiSn/Si quantum wells enables a further long-wavelength shift of the emission. The obtained
results demonstrate the efficiency of fine-tuning the energy spectrum of GeSiSn/Si heterostructures by varying the
parameters of Ge layers, and open up prospects for the development of highly efficient infrared emitting devices.
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1. Introduction

Continuous development of a semiconductor industry
requires creating new materials compatible with silicon tech-
nology in order to solve tasks of modern optoelectronics.
IV group semiconductor compounds, in particular, GeSiSn
solid solutions generate considerable interest due to their
potential for integration of photon and electron devices
on a single silicon platform [1,2]. Adjustability of a band
gap and lattice parameters by varying a content of tin and
silicon makes these materials suitable for a wide spectrum of
applications, including creation of photodetector and light-
emitting devices in the near- and mid-infrared ranges [3-7].
Adding tin into a Ge(Si) matrix makes it possible to
effectively modify a band structure of the material. With
certain compositions, GeSn and GeSiSn manifest direct-
band-gap properties, thereby making them very promising
for emissive devices [8,9]. For unstressed GeSn layers, a
direct-band-gap structure is realized with the tin content
exceeding 6.5 %, whereas tensile stresses of 1.4% reduce
this threshold to 54% [10]. These unique properties
made it possible to create GeSn-based lasers that operate
at the wavelengths of up to 2.7um [11,12]. Despite
these successes, the high tin content in the GeSn alloys
causes such difficulties as segregation and formation of
defects, thereby negatively affecting the structural and optic
properties of the materials [13-15]. These limitations
resulted in investigating the GeSiSn solutions, which provide
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improved thermal stability and reduction of a defect density
due to increased mixing entropy [16,17]. While in the bulk
GeSiSn layers an increase of the Si fraction complicates pro-
duction of the direct-band-gap compositions, thereby reduc-
ing probability of radiative recombination, heterostructures
with GeSiSn/Si multiple quantum wells (MQW) become
promising candidates for optoelectronic applications due to
their capability of localizing charge carriers and enhancing
radiative recombination. These structures demonstrate pho-
toluminescence (PL) in the mid-IR range (1.55—3.3 um)
and at the same time the best radiative characteristics and
reduction of the defect concentration are achieved due to
post-growth thermal treatment [18-20]. Modern growth
methods such as molecular beam epitaxy (MBE) allow
manufacturing dislocation-free heterostructures with the
GeSiSn MQWs on silicon substrates, significantly improving
their optoelectronic properties [21]. Practical application of
these heterostructures includes designing infrared sensors
and emitters for the industry and dual-use technologies such
as thermovision imaging and target detection [22,23]. Their
compatibility with the silicon technology makes them ideal
for integration into existing CMOS platforms (complemen-
tary metal—oxide—semiconductor), providing economically
effective production of high-performance devices [12,24].
The next stage of developing of studies of such heterostruc-
ture is to create quantum dots QDs based on the GeSiSn
solid solution. These structures allow for effective localiza-
tion of the charge carriers, thereby increasing probability of
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radiative recombination and improving photoluminescence
characteristics (PL) [25,26]. The methods of MBE and
chemical vapor deposition (CVD) make it possible to create
high-density arrays of GeSn quantum dots with a low defect
density, thereby making them suitable for application in
emitters and photodetectors that operate in the mid-infrared
range [27,28].

This study is dedicated to investigating the structural and
optical properties of the GeSiSn/Si multiple quantum wells
of a various composition and geometry, including those
containing the Ge layers above the solid solution layer.
Adding the Ge layers can allow suppressing tin diffusion and
shifting the radiation spectrum into a long-wavelength range,
which is an important step for subsequent creation of more
complex heterostructures, such as Ge quantum dots formed
on top of the GeSiSn/Si quantum wells. The quantum
dots are added in order to further shift the wavelength
into the more long-wavelength infrared range, which is
important for extending the operating spectral range of new-
generation devices. Optimization of growth parameters of
these structures will open up new possibilities for designing
the emitters and photodetectors based on GeSiSn/Si, which
can be widely applied in the modern optoelectronic systems.

2. Experiment

The heterostructures including 10 periods of GeSiSn/Si
or Ge/GeSiSn/Si quantum wells as well as with the Ge
quantum dots on top of the GeSiSn/Si quantum wells
were grown on the Si(100) substrates by low-temperature
molecular beam epitaxy. Adding the Ge layer makes it
possible to reduce tin segregation when a multilayer periodic
structure is grown. An MBE growth chamber was equipped
with an electron-beam evaporator for Si and effusion cells
for Sn and Ge. The GeSiSn and Ge layers were deposited
at the temperature of 150°C. Si spacer interlayers were
deposited in two stages: first 2nm at 150 °C, then 5nm at
500 °C. The deposition rates were: Ge — 0.128—0.222 A/s,
Si — 0.017-0.24A/s, Sn — 0.019-0.062A/s. In the
sample containing the quantum dots, Ge was deposited at
the temperature of 200 °C until the quantum dots appeared.
During the growth, the surface morphology was controlled
by reflection high-energy electron diffraction (RHEED).
RHEED patterns exhibited strands corresponding to su-
perstructures and reflections from the Ge quantum dots.
The quality of the heterostructures, the stress state and
the composition of the GeSiSn layers in the structures
were studied by X-ray diffractometry. Rocking curves were
measured using a two-crystal X-ray diffractometer DSO-1T
with a Ge(004) monochromator in Cu K, radiation.

The optic properties of the heterostructures with the
GeSiSn/Si multiple quantum wells were studied by photo-
luminescence spectroscopy. A measurement setup based
on the Fourier-transform infrared (FTIR) spectrometer
Vertex 80 was used [29]. Luminescence of the structures
was excited by a diode laser designed to operate at the

wavelength of 405nm, thereby providing effective absorp-
tion within epitaxial layers with the quantum wells. The PL
signal was recorded using the InSb photodetector cooled
by liquid nitrogen. In order to exclude background thermal
radiation on the PL. measurements, an output signal of the
photodetector was supplied to a lock-in amplifier tuned to a
frequency of modulation of exciting laser radiation.

3. Results and discussion

We have studied two series of the heterostructures with
the Geg.34Sip.0765n0.084/Si multiple quantum wells, which
contain the Ge nanolayers of the various thickness above
the quantum wells. Each series included structures without
the Ge layers, with the Ge layer of the thickness of 0.25
and 0.5nm. The samples of both the series were different
only by the quantum well thickness, the quantum well
thickness of the series 1 was 1 nm, while that of the series
2—0.5nm. Figure 1 shows the rocking curve (004) for
the S397 sample (Table).

A sequence of diffraction maximums is observed
from SL—3 to SL+1. Presence of a sequence of satel-
lites confirms an elastically-stressed state in the multilayer
periodic structure.

Parameters of the studied samples

Series 1 Series 2

Sample number S329|S397 | S386 | S335| S387 | S337

Thickness of the
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Figure 1. Experimentally obtained rocking curve (004) for

the S397 structure as compared to modeling results.
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Figure 2. Photoluminescence of the structures that contain the Geg g4 Sio.076Sno.0s4/Si multiple quantum wells of the thickness of 1 nm (a)
and the thickness of 0.5nm (b). Intensity can be correctly compared only for the spectra shown in the same graph.

All the structures were subjected to high-temperature
annealing within the temperature interval of 550—650°C
for 10min in an argon atmosphere, thereby allowing
significantly reducing a contribution by the structure defects
into the luminescence [19]. As shown previously, the
main defects in the structures of this type are vacancy-tin
complexes [20].

Spectra of photoluminescence of the series 1 samples are
shown in Figure 2, a, while those of the series 2 samples are
shown in Figure 2,b. The observed PL peaks correspond
to transitions from a Si A-valley into a level of dimensional
quantization of heavy holes in the Ge/Gey 84Sip.0765n0.084/S1
quantum wells as shown in an energy band diagram
(Figure 3). The energy band diagram was calculated by
a method described in the study [30].

For the series 1 structure that does not contain the
Ge layers, a position of the PL peak corresponds to the
energy of 0.677 eV, which matches well with the calculated
value (0.66 eV). For the structure with the Ge layer of the
thickness of 0.25 nm, the PL peak is observed at the energy
of 0.615¢eV (the calculated value is 0.61 ¢V), while in case
of the structure with the Ge layer’s thickness of 0.5nm it is
observed at 0.58 eV (the calculated value is 0.57eV). One
can distinctly observe a tendency to PL shifting towards the
long-wavelength values as the thickness of the Ge layers
increases, wherein excellent consistency of the experimental
and theoretical values is observed for the first series.

For the second series of the samples, which contains
thinner (0.5nm of GeSiSn) quantum wells, a similar
tendency is observed — the position of the PL peak is
shifted into the long-wavelength range when the thickness
of the Ge layers increases. For the structure that does
not contain the Ge layers, the position of the PL peak
corresponds to the energy of 0.8eV (the calculated value

Physics of the Solid State, 2025, Vol. 67, No. 9

is 0.89eV). For the structure with the Ge layer of the
thickness of 0.25 nm, the PL peak is observed at the energy
of 0.777 eV (the calculated value is 0.7 ¢V), while in case of
the Ge layer’s thickness of 0.5nm it is observed at 0.68 eV
(the calculated value is 0.69 eV). For the structures with the
smaller thickness of the quantum wells, consistency of the
experiment with the theoretical calculations turned out to
be worse than for the wider quantum wells, which can be
explained by the fact that in the narrower quantum wells
tin diffusion is more pronounced due to high-temperature
annealing,.

Thus, based on the spectra of the structures, which
are shown in Figure 2, it can be concluded that adding
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Figure 3. Energy band diagram of the S386 sample that contains

the Geo 84Si0.076Sn0,084/S1 multiple quantum wells of the thickness
of 1 nm with the Ge layer of the thickness of 0.5 nm.
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Figure 4. PL of structures containing Ge quantum dots on top of
GeSiSn/Si quantum wells. Calculated values of the transitions in
QWs for structures S382 and S383 are indicated in green.

the Ge layer on top of the GeSiSn/Si multiple quantum
wells allows shifting radiation from the structures into the
more long-wavelength spectral range. However, at the
same time intensity of luminescence of the sample with
the GeSiSn layer of the thickness of 1nm is reduced,
which can be induced by reduction of an overlap integral
of wave functions of electrons in Si and holes in the
wider Ge/GeSiSn/Si quantum wells. In order to reduce the
influence of this drawback, we have grown the following
series of the structures that contained the Ge quantum
dots instead of the Ge nanolayers on top of the GeSiSn/Si
quantum wells (Figure 4). The structures in this series were
different only by the compositions of the quantum wells, the
thickness of the quantum wells was 1 nm.

For the S381 structure the quantum wells’ composition
is Geg.g4Sip.0765n0.084, for the S382 structure the QW
composition is Geg 5Sip.43Sng .07 and for the S383 structure
the QW composition is Geg3Sig.s6Sng.14. The position
of the PL peaks of these structures was determined
by approximation by Gauss curves. All the structures
exhibit good compliance of the experimental and calculated
positions of energy transitions. For the S381 structure,
the experimental value of E, was 0.541 ¢V (the calculated
value is 0.55eV), for the S382 structure, E, = 0.615eV
(the calculated value is 0.66 ¢V) and for the S383 structure,
E, = 0.612¢V (the calculated value is 0.66 eV). Thus, it is
clear that the qualitative behavior of the structures quite well
corresponds to the theoretical predictions. At the same time,
we managed to achieve the even more significant shift of
luminescence into the long-wavelength range as compared
to the first-series structures and the highest wavelength of
the PL peak was 2.29 um.

4. Conclusion

During the performed studies, we have produced the
complex structures including germanium nanolayers as
well as the structures containing germanium quantum dots
arranged on top of the GeSiSn multiple quantum wells,
which can emit in a broad spectral range. The obtained
experimental data demonstrate that adding the thin Ge
layer to the structures with the GeSiSn/Si multiple quantum
wells results in shifting of the photoluminescence peak
into the long-wavelength spectral range. The measured PL
spectra for the samples with the different thickness of the
Ge layer well correlate with the theoretical calculations,
thereby confirming that it is possible to finely tune the
band structure by varying the thickness of the added
layers. However, the narrower quantum wells turned out
to be more sensitive to the effects of tin diffusion, which
results in some discrepancies between the experimental
values and the calculated data. The observed tendency
to shifting of the energy transitions indicates the effective
influence of additional Ge components on the parameters
of the quantum wells, which is a significant factor for
designing silicon-based optoelectronic devices.  Further
improvement of process parameters, including control of
the layer thickness, adjustment of the tin diffusion processes
and optimization of thermal treatment procedures, will allow
increasing the radiation efficiency.
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