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Abstract

This work is motivated by the need to enhance efficiency and radiation resistance and
reduce weight in high-performance photovoltaic devices, with applications spanning both
terrestrial and space environments. Metamorphic buffers are key enablers for reducing
defect formation in lattice-mismatched structures, which are among the most widespread
technologies for high-efficiency photovoltaic energy conversion. Although many systems
have been created, absolute certainty about the effective relaxation mechanism remains
unattained. In this work, MOVPE-grown step-graded buffers with variable In content were
obtained on Ge substrates and investigated to identify the critical thresholds that govern
strain relaxation and defect formation. The results show that the buffers are fully strained
when the In top-layer content is <6.0%, while a degree of relaxation in the entire structure
appears when the In top-layer content is >6.0%. In addition, the relaxation phenomenon is
paralleled by the formation of a tilt angle between the layers and the substrate. We also
found evidence that the appearance of relaxation is not limited to the upper layer but is
presented by the structure as a whole. The effects of Te doping inside the InGaAs layers
were also investigated: Te does not influence the structure of the crystal, but it introduces a
Burstein—-Moss blue shift in the photoluminescence energy of about 20 meV. Eventually, to
reduce defect formation with the goal of achieving high-efficiency photovoltaic devices, a
thick layer with a lower In content was grown onto the overshoot material (Ing 1,Gag ggAs).
The results obtained confirm the high quality of the buffers and unveil the critical points,
which are responsible for the most important changes in the buffer architecture and should
be considered in future material engineering. The results provide valuable insights for
the design of high-performance, sustainable photovoltaic devices and contribute to the
advancement of III-V semiconductor integration on Ge substrates.

Keywords: high-efficiency photovoltaics; metamorphic buffers; semiconducting III-V
materials; characterisation

1. Introduction

In recent years, the growing energy demand, together with the increase in efficiency
needs, has boosted the research of photovoltaic (PV) technologies with a focus on the

Crystals 2025, 15, 900

https:/ /doi.org/10.3390/ cryst15100900


https://doi.org/10.3390/cryst15100900
https://doi.org/10.3390/cryst15100900
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-9368-0321
https://orcid.org/0000-0001-8128-0371
https://orcid.org/0000-0001-7312-3667
https://orcid.org/0000-0001-8570-7299
https://orcid.org/0000-0001-9237-7961
https://doi.org/10.3390/cryst15100900
https://www.mdpi.com/article/10.3390/cryst15100900?type=check_update&version=1

Crystals 2025, 15, 900

2 of 14

production of high-efficiency multi-junction (M]) solar cells, with the aim of maximising the
output power per unit area [1,2]. However, the development and large-scale application
of such devices are hampered by their high cost and the complexity of their systems [3,4],
and the identification of a sustainable approach is essential to create a competitive solution
in the solar energy market. In particular, efforts to come up with more efficient solutions
are mainly triggered by an increase in population density in big cities, where the space
available is small and the cost of land is high [5,6], and by space application technolo-
gies [4,7-9] which demand both improved efficiency and radiation resistance on the one
hand and reduced weight on the other. Metamorphics (MMs), buffer structures obtained
by metal organic vapour phase epitaxy, have attracted a great deal of attention for their
potential to reduce defects in lattice-mismatched structures. In particular, by engineering
their bandgap, it is possible to meet electronic requirements [10], tackling current mis-
match limitations associated with the monolithic triple-junction (3]) InGaP/InGaAs/Ge
cells [11]. Amongst the different architectures, step-graded ones have proven effective in
minimising roughness and defects [12]. However, the relaxation thresholds and underlying
mechanisms are still not fully understood. In addition, many systems grown on GaAs
substrates [10,11,13,14] have been reported, while very little research has been carried out
with Ge ones. The adoption of a Ge substrate is integral to the development of upright MM
structures. In this approach, the mechanical detachment of the substrate [15] supports a
more sustainable fabrication process by enabling substrate reuse—potentially lowering
production costs—and facilitating the realisation of lighter devices. While inverted MM
structures require an InGaP buffer to ensure that most of the light reaches the InGaAs
bottom cell [16], upright structures only require an InGaAs buffer, since the Ge bottom
junction has a lower bandgap (Eg) than InGaAs [17]. Herein, we investigate step-graded
MM structures of In,Gaj_,As grown on Ge substrates, employing AlGaAs as a nucleation
layer. Starting from a lattice-matched film, we sequentially deposited InGaAs layers with
increasing In content. Then, we investigated the relaxation mechanisms of these MM
structures step by step by High-Resolution X-Ray Diffraction (HRXRD) and Reciprocal Space
Maps (RSMs), and we correlated the structural properties” evolution with surface rough-
ness analysed by Atomic Force Microscopy (AFM). Both techniques identified the range
between 6.0 and 8.0% as the In composition conditions in which relaxation occurs and
misfit dislocations appear. Photoluminescence (PL) spectroscopy allowed us to probe the
optical properties of the InGaAs layers, which exhibited good emission efficiency even at In
concentrations associated with the generation of dislocations. In a further step, to form part
of an M] photovoltaic structure, the MM buffers were n-doped by incorporating Te and Si
during growth. The impact of doping on materials crystalline properties, morphology, and
electro-optical features was evaluated through Electrochemical Capacitance—Voltage (ECV)
analysis. Finally, a thick layer with reduced indium content was eventually grown atop the
highest indium composition layer (Ing 1oGag ggAs)—referred to as an “overshoot”—to mit-
igate defect formation and provide a suitable foundation for subsequent layer growth,
aiming to meet the electronic requirements for the realisation of a high-performance
MJ device.

2. Materials and Methods

Material growth was performed by a Veeco© E400G MOVPE (Plainview, NY, USA)
industrial reactor. The metal-organic precursors, employed during growth of the III-V
structures, were trimethylindium, trimethylgallium, trimethylaluminum, and pure arsine.
Diethyltellurium and disilane were used for n-doping, targeting a final concentration in
the range of 1-3 x 10'® em™3. Growth processes were conducted under low-pressure
conditions, typically in the range of 30-50 Torr, and at temperatures between 600 and
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650 °C, while hydrogen was employed as a gas vector. Buffer samples were deposited onto
4-inch [001] Ge substrates characterised by miscut angles of 6 and 9° towards the [110]
crystallographic direction. Since the results obtained are consistent across both angles, in
this work we present the characterisation outcomes corresponding to the latter angle, which
is less commonly explored in the literature. The nucleation layer consists of Al,Gaj_,As
with an aluminum composition of x = 0.40 and a thickness ranging between 10 and 50 nm.
It was grown under conditions of a high V/IIl ratio (greater than 100). Step-graded buffers
were obtained by sequentially adding layers with increasing In content (1.4, 2.7, 3.4, 4.9,
6.7,8.0,9.0, and 12.0%). Each layer was 300 nm thick except for the lattice-matched one,
characterised by a double thickness (as indicated in Figure 1).

In: 12% t 300 nm
In: 9.0% ¢ 300 nm
In: 8.0% £ 300 nm|

| In: 6.7% £ 300 nm|
In:4.9% 300 nm |
| In: 3.4% ¢ 300 nm

(In: 2.7% £ 300 nm

‘In: 1.4% t 600 nm‘

[ nucleation

" Ge substrate ‘

Figure 1. Scheme of the structure obtained after the addition of all layers with increasing In content.
For each layer, composition and thickness is reported. The nucleation layer, indicated by the green
bar, is constituted by AlGaAs material. The colors were selected arbitrarily and vary across the
InGaAs layers to reflect the differences in indium concentration and the resulting variations in
optical properties.

In a subsequent step, a 2.5 um thick layer with reduced In content was grown on the
overshoot layer (Ing 12Gag ggAs) and investigated. The decision to apply n-type co-doping
with Te and Si is driven by three reasons: (i) the significant improvement in morphology
observed in Te-doped InGaAs [18]; (ii) Te’s ability to generate high doping levels thanks to
its high incorporation rate and low diffusion coefficient [19]; (iii) the potential to achieve
a lower resistance and higher reliability compared to Te-only doping [20]. The series of
step-graded structures was then characterised by means of HRXRD using a Bruker D8
Discover diffractometer (Karlsruhe, Germany) working at Cu K, radiation, which is se-
lected by means of a Ge (220) 4 bounce crystal “channel-cut” monochromator in Bartels
geometry. Structural relaxation and tilt were investigated by performing RSMs in cor-
respondence with the asymmetric —224 and symmetric 004 reflection, respectively, and
data visualisation and analysis were carried out with the software LEPTOS (version 7)
provided by Bruker [21]. Surface morphology was examined through AFM images us-
ing a Nanosurf Studio instrument (Liestal, Switzerland). Measurements were acquired
in wavemode (a non-contact mode) via photo-thermal excitation. n-Doping profiles were
assessed by ECV profiling employing a CVP21 profiler produced by Ingenieurbtiro Wolff
ftr Elektronik und Programmentwicklungen (Villingen-Schwenningen, Germany), em-
ploying an etching solution of ammonia (50%) containing ammonium tartrate (0.6 M).
PL experiments were also performed by exciting the sample at 532 nm (2.33 eV). The PL
signal was collected with a detector from Avantes, model AvaSpec-HSC 1024 x58TEC-EVO
(Apeldoorn, The Netherlands), equipped with a 200 um entrance slit, 300 lines/ mm grating,
and with spectral sensitivity covering the visible spectral range from 300 nm to 1000 nm.
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Samples were mounted on a helium-cooled closed-cycle cryostat for measurements at
cryogenic temperatures.

3. Results and Discussion

Figure 2 shows RSMs acquired in correspondence with the asymmetric —224 reflection
for selected samples within the series with increasing layers.
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Figure 2. Representative RSMs acquired in correspondence with —224 asymmetric reflection on
samples with top-layer In content equal to 3.4% (a), 4.9% (b), 6.7% (d), 8.0% (e), and 12.0% (f). A
scheme of a material subjected to compressive strain is also provided (c). The color scale was applied
to indicate varying signal intensities across the map, with blue corresponding to regions of lower
intensity and red to regions of higher intensity.
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At first glance, a marked difference is obtained between samples with a top-layer
indium content below and above 6%. In the case of samples with a top-layer indium
content below 6%, the intensity maxima in the RSMs—corresponding to the substrate
and the various InGaAs layers—align vertically (Figure 2a,b), demonstrating that the
in-plane lattice constant (all) is the same, while the out-of-plane one (a1) changes with
higher indium content. This experimental evidence shows that layers are completely
strained and subjected to a compressive force along the growth plane as represented in
the scheme in Figure 2c. On the contrary, when the top-layer indium content is increased
and reaches percentages above 6%, a shift along the reciprocal space coordinate Qy-axis
also appears, thus accounting for at least a partial relaxation in all layers of the graded
structure (Figure 2d—f). It is interesting to note that the appearance of a relaxation degree in
In,Gaj_,As buffers with top x, > 6% is not limited to the upper layer, but it involves all
the underlying ones, demonstrating that after reaching a threshold the energy is released
by the structure as a whole.

For all of these buffers, we calculated the relaxation degree with the following equa-
tion [22]:

[

a s
R= ’”LH % 100 (1)
ay ayer as
where a}‘a yer denotes the in-plane lattice constant of the layer, a?a yer the lattice constant of

the layer in free-standing conditions, and als‘ the in-plane lattice constant of the substrate,
derived from Ge literature data [23]. The lattice parameters of the layers were obtained
by calculating AQ, and AQ; reciprocal space shifts with respect to the substrate, using the
tetragonal approximation. Table 1 illustrates the relaxation degrees of the upper four layers.

Table 1. Relaxation (R) obtained for the upper four layers in buffers with In max. of 4.9, 6.7, 8.0, 9.0,
and 12.0% (Layer 4 represents the topmost part of the structure, while Layer 1 is positioned as the
fourth-to-last layer, lying deeper within the stack).

{r(:;aC](;?l}tIee;t (%) RLayer1(%) RLayer2(%) RLayer3(%) R Layer4 (%)
4.9 \ \ \ 8
6.7 64 57 41 58
8.0 99 95 93 79
9.0 79 61 76 69
12.0 88 85 71 64

The obtained values led us to classify our samples into three main groups: (i) structures
with a top-layer indium content below 6%, exhibiting no relaxation or negligible relaxation
degrees; (ii) structures with a top-layer indium content corresponding to the “threshold
composition” of 6.7% (for which relaxation values are very close to 50%); (iii) structures
with a large top-layer indium content (above 7%) displaying significant relaxation, with
values well above 50%.

Another important point concerns whether metamorphic III-V layers are affected or
not by tilt angles with respect to the substrate. This phenomenon can strongly influence
material quality by promoting defect formation which, in turn, can impact device per-
formance [24]. In this regard, the role of 004 RSMs becomes crucial as they are sensitive
exclusively to perpendicular lattice spacing and are therefore suitable to detect any tilt [25].
Our results unveil that the major variations occur at the same indium content responsi-
ble for the changes in strain. For top-layer indium contents below 6%, the peaks in the
RSMs remain vertically aligned, thus accounting for no tilt, while larger contents result
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in a strong azimuthal dependence of the shift along the Q,-axis. For example, Figure 3a
shows 004 RSM for the sample with a top-layer indium content equal to 4.9%, while in
Figure 3b,c we can observe the comparison between 004 RSMs referring to a sample with a
larger top-layer indium content (12.0%). Tilt was observed in all samples with top-layer
indium concentrations equal to or above 6.7%, confirming this value as the threshold. In
Figure 3b,c, we report the results for the sample with a maximum indium content of 12%,
as it provides the most complete and representative structure. The discussion applies
to simpler structures with a lower indium content in the top layers. In reciprocal space,
three distinct regions can be identified: (i) Qy shifts gradually along the horizontal axis,
indicating that the tilt increases linearly (up to the 6.7% indium layer); (ii) Qx remains
constant, suggesting that a “saturation” tilt angle is reached (up to the 9.0% indium layer);
(iii) an additional shift appears, suggesting a further increase in tilt angle (peak at lower
Q; values), occurring in correspondence with the topmost layer (12.0% In content). The
comparison between measurements acquired at 0° and 180° azimuths (perfectly mirrored)
indicates that the tilt is not random but occurs along a preferential direction, likely aligned
with the crystallographic [110] axis, which corresponds to the miscut direction of the Ge
substrate. This experimental evidence confirms that the resulting InGaAs layers do not
consist of randomly oriented tilted blocks but rather exhibit a coherent tilt across the
graded layers.

64 645 65 655 66 665 6.7 675
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Qx,h[010] Qx,h[010] Qx,h[010]

Figure 3. Representative RSMs acquired in correspondence of 004 symmetric reflection on samples
with top-layer In content equal to 4.9% (a) and 12.0% (b,c). The color scale was applied to indicate
varying signal intensities across the map, with blue corresponding to regions of lower intensity and
red to regions of higher intensity.

A reasonable explanation of the observed tilts lies in the imbalance between the num-
ber of dislocations along the two different perpendicular directions due to the asymmetry in
misfit components at the growth surface [24]. Since relaxation and surface morphology in
MM buffers are correlated [26], we carried out an AFM investigation to detect and monitor
any change as a function of the In content of the top layer. In Figure 4b, representative sam-
ples are chosen to show the evolution of surface roughness with the progressive addition of
layers. The most significant variation occurs when shifting from the lattice-matched sample
(In concentration: 1.3%) to the one with a top-layer indium concentration of 4.9%, when
characteristic low-frequency “ripples” appear. These features seem to become sharper as
In content increases. To verify this rationale, we calculated the roughness as a function of
In composition (Figure 4a). At first sight, we observe that the obtained trend is very well
represented by a linear function up to the sample with a top-layer indium percentage equal
to 8.0%, at which point roughness reaches 1.8 nm.
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Figure 4. (a) Graph illustrating the trend of surface roughness versus top-layer In content. Data
up to In content equal to 8.0% are interpolated by a linear function, whose equation is also shown.
(b) Evolution of surface features along the series of buffers with increasing In content. Three-
dimensional AFM images refer to 2 x 2 um? surface areas.

For larger concentrations, a slight decrease is detected. Furthermore, quite interestingly,
when the top-layer indium content reaches 8.0%, a misfit dislocation network appears
(Figure 5).

L}

LA

-
fu
-

o)

s T B )

Figure 5. AFM images acquired in wavemode on 50 x 50 um? surface portions of two samples with a
large (>6%) top-layer In content: 8.0% (a) and 12.0% (b).

To gather insights into the optical properties of the MM In,Gaj_,As buffers, we per-
formed PL measurements both at cryogenic and room temperature. Figure 6a shows the
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PL spectra of the samples as a function of the indium percentage in the top layer, acquired
at 16 K and 300 K. All samples present easily detectable PL emission, suggesting high
radiative recombination efficiency, even at high indium concentrations where dislocations
are present. As expected, the energy of the PL recombination red-shifts with increasing
indium content. Figure 6b shows the shift in PL energy as a function of the In percentage of
the top layer compared with data extracted from the literature [27].

(a) (b)
1.6
1.0 - Xy, (%): 16 K
> / °
‘2 0.5 =~ sp ® o
£ O . .
= 0.0 -
2 2. n8 . 16K
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Figure 6. PL properties of the InGaAs layers. (a) Continuous-wave PL spectra as a function of In
content from 1.4% (dark blue) to 12% (dark red), acquired at 16 K (top) and 300 K (bottom) under
532 nm excitation. (b) Energy of the PL maximum as a function of In content extracted from the
measurements in (a) at 16 K (red) and 300 K (black). The dotted lines are extracted from Ref. [27]. The
empty red circle and black square correspond to the sample without Te doping at 16 K and 300 K,
respectively. (c) Full-width at half-maximum (FWHM) of the PL line as a function of In content
extracted from the measurements in (a) at 16 K (red) and 300 K (black). (d) Overlay of the PL spectrum
at 300 K for the sample with 8.0% In (red solid line) with its corresponding reflectance measurement
(black dashed line).

The PL red-shift follows the trend reported in the literature but moves rigidly towards
slightly higher energy for every indium percentage point, both at 16 K and at room tem-
perature. This slight discrepancy is not determined by the experimental setup, because
a comparison of a reference GaAs sample acquired in the same conditions as those used
to detect the InGaAs PL yields a result that is perfectly compatible with what is found
in the literature, as seen in Figure 6b for In = 0%. The origin of the shift towards higher
energies of the InGaAs PL can be ascribed to the high doping levels of the samples that
populate the conduction band with donor carriers. The role of doping and this discrepancy
with the literature will be further discussed later. The spectra reported in Figure 6a clearly
show a variation in the linewidth of the direct PL bandgap acquired for different x,. An
analysis of the linewidth, performed by measuring the full-width at half-maximum of each
PL spectrum, is reported in Figure 6¢c. The analysis shows a monotonic decrease of the
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linewidth of the band-to-band recombination with increasing xp,. We do not expect this
behaviour to be dependent on the nucleation of extended defects, but rather on subtle
modifications of the alloy band structure when changing its composition [28]. It should be
noted that the PL seems to have a complex line-shape, seldom presenting more than one
peak or some spectral weight at lower or higher energy with respect to the PL maximum.
To investigate this feature, we performed reflectance measurements, which revealed strong
thin-film interference behaviour, as reported in Figure 6d for the sample with a top-layer
indium content of 8.0%, for which the effect is most evident. The superimposition of the
reflectance and the PL spectra shows that the former strongly modifies the shape of the
latter, with maxima and minima of reflectance in correspondence with local features of the
PL spectrum.

A further step of this research involved the growth of a thick layer (2.5 pm) on the
Ing 12Gag ggAs overshoot. Figure 7 illustrates the —224 RSM obtained for this structure.

2455 245 2445 244 2435 243 2425
substrate ¥TEH
485
4845
484
4835
thick layer &
4825
482
48.15
48.1
48.05

overshoot

48

2455 -245 -2445 -244 -2435 -243 -2425
Qx, h[-1-10]

Figure 7. RSM acquired in correspondence with —224 asymmetric reflection of the complete multi-
layered structure with the addition of a 2.5 pm thick layer with a lower In content. The color scale
was applied to indicate varying signal intensities across the map, with blue corresponding to regions
of lower intensity and red to regions of higher intensity.

As expected, the reflection generated by the thick surface layer exhibits an intermediate
lattice parameter between overshoot and substrate. As far as the al paremeter is concerned,
the value obtained is comparable to that of the overshoot. These results suggest that
the presence of a thick layer reduces superficial layers’ relaxation by helping to contain
compressive strain. As expected, an increase in the overshoot thickness results in a more
relaxed thick layer. Regarding morphology, the misfit dislocation network, obtained at the
top of this structure, is well evident in the 2D 50 x 50 um? AFM image shown in Figure 8.
In this case, the surface roughness is 1.3(1) nm, and a first estimate of the dislocation density
leads to a reduced value if compared to the multi-layered structure with the overshoot at
the top.
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=3
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774 nm
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(b)

Figure 8. Two-dimensional 50 x 50 um? (a) and three-dimensional 10 x 10 um?2 (b) AFM images

acquired on the surface of the thick layer.

Since the optimisation of the MM InGaAs-based structures is aimed at the realisation
of high-efficiency solar devices, we also explored the role of doping to assess whether a
large n-carrier concentration has an impact on the material properties. Specifically, the
disilane (Si;Hg) flow corresponds to approximately 1 x 10~# relative to the total alkyl
flow, while the diethyltellurium (DETe) flow is approximately 1 x 10~2. A lattice-matched
In,Gaj_,As layer with an In content of 1.4% was obtained in both the presence and absence
of DETe in the growth chamber. The ECV profiles shown in Figure 9a evidence that the

°

=
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S

n-type carrier concentration doubles in the presence of Te, from 1.8 to 3.6 x 10'8 cm™3.
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Figure 9. Comparison of InGaAs layers lattice-matched on Ge obtained in the presence and absence
of Te doping investigated by means of ECV (a), HRXRD (b), and PL measured at 16 K under 532 nm
excitation (c).
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As we can observe from Figure 9b, HRXRD curves are almost superimposable in all
their features, thus accounting for the fact that neither crystalline parameters nor thickness
are affected by the presence of Te in the compound semiconductor material. On the other
hand, the high doping level has a clear impact on the PL properties of the material. PL
spectra of the samples with and without Te doping were acquired at 16 K, to minimise
both the contribution of nonradiative transitions and the thermal broadening. As expected,
Figure 9c shows that the PL of the Te-doped sample presents a larger linewidth with respect
to that of the sample without Te doping, particularly in the low-energy tail of the emission,
with an increase of ~33% from 54 meV to 72 meV. Another notable difference between the
two PL spectra is that the Te-doped sample is evidently blue-shifted by approximately
20 meV. This observation is consistent with previous reports on highly Te-doped GaAs [29]
and can be explained by the Burstein—-Moss effect [30,31], where donor electrons fill the
conduction band and shift the apparent bandgap to higher energies. The white dots in
Figure 6b represent the PL energy of the sample without Te doping: it can clearly be
seen that the discrepancy between the experimental results and the literature is strongly
diminished. Nevertheless, it is not reduced to zero because the samples are still strongly
doped with Si (1.8 x 10'® cm™3). This does not suppress the Burstein-Moss, and most
importantly the ~15 meV shift that is still present is in agreement with that observed in
the literature for Si-doped GaAs at this dopant concentration [32]. Eventually, based on
the observed rigid shift of the PL peak towards higher energies in all Te-doped samples
(Figure 6), it is reasonable to conclude that the effect of Te doping is consistent across the
series and does not significantly depend on the indium composition of the InGaAs layers.

4. Conclusions

The results achieved in this work represent an advancement toward the realisation of
high-efficiency, lightweight, and radiation-resistant photovoltaic devices for both terrestrial
and space applications. One of the strategies to tackle energy limits in traditional monolithic
3] InGaP/InGaAs/Ge cells lies in replacing the bottom cell with a heteroepitaxial III-V
material, whose bandgap is engineered to allow the removal and reuse of the Ge substrate.
In pursuit of this goal, InyGaj.,As step-graded buffers were grown on Ge substrates by
MOVPE, adding layers with progressively increasing In content. A comprehensive study
was carried out to investigate the crystalline features, morphology, and optical properties
along the series of samples in order to monitor relaxation mechanisms and threshold
compositions. The results show that buffers are fully strained when the top-layer indium
content is <6.0%, while a relaxation degree appears in the entire structure when the top-
layer indium content is >6.0%. Furthermore, the relaxation phenomenon is accompanied
by the emergence of a tilt angle between the layers and the substrate. As far as morphology
is concerned, roughness increases linearly with increasing indium maximum content up to
8.0%, when it reaches 1.8 nm and a misfit dislocation network is evidenced. PL experiments
show good optical properties for the samples, with a slight blue-shift of the recombination
line that is ascribed to the high doping level. To meet electronic targets necessary for the
realisation of an effective M] device, we explored the effects induced by the addition of
a 2.5 pm thick layer to reduce defects and improve electronic properties. Additionally,
tellurium doping was introduced in the growth chamber with the purpose of monitoring
the influence of the n-carrier concentration on the crystallographic, chemical, and optical
properties. These results provide valuable insights into the design of III-V heteroepitaxial
layers on Ge and contribute to the development of more efficient and sustainable multi-
junction photovoltaic devices. In our future work, we are planning to further increase the
indium content with the purpose of meeting the electronic requirements for an optimised
bandgap, always considering crystalline quality and minimisation of defect formation.
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