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Abstract: Ion implantation has played a significant role in semiconductor device fabrication and is
growing in significance in the fabrication of Si photonic devices. In this paper, recent progress in the
growth and characterization of Si and Ge quantum dots (QDs) for photonic light-emitting devices is
reviewed, with a focus on ion implantation as a synthetic tool. Light emissions from Si and Ge QDs
are compared with emissions from other optically active centers, such as defects in silicon oxide and
other thin film materials, as well as rare-earth light emitters. Detection of light in silicon photonics is
performed via the integration of germanium and other elements into detector structures, which can
also be achieved by ion implantation. Novel techniques to grow SiGe- and SiGeSn-on-Si structure are
described along with their application as detectors for operation in the short-wave infrared range.
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1. Introduction

Silicon (Si) photonics is the optical analogue to Si nanoelectronics. The goal of Si
photonic research is to achieve high level integration of optoelectronic components on
silicon with Si nanoelectronics, using process technologies that are compatible with stan-
dard integrated circuit fabrication methods [1]. Silicon photonics offer great advantages in
terms of performance, power consumption, and cost, which are increasingly important as
the demand for computational capacities and internet bandwidths continues to grow. Si
photonic devices can be based on silicon-on-insulator (SOI) as a material platform. This is a
promising potential approach as it leverages years of R&D (Research and Development)
from the complementary metal oxide semiconductor (CMOS) industry, with devices pro-
duced at the wafer level, at a relatively low cost. One of the main limitations of Si-based
optical circuits is the lack of optically-active devices such as optical emitters (lasers), mod-
ulators, detectors, and switches. Ion implanters have been ubiquitous fabrication tools
in the semiconductor industry [2], for semiconductor doping and for the production of
SOI substrates from conventional silicon, and continue to be seen as key infrastructure
in semiconductor manufacturing. Therefore, it would be advantageous to develop new
processes to fabricate Si-based optical circuit components using ion implantation. This
paper reviews recent progress in ion-beam fabricated Si-based light sources and detectors.

Development of light sources is of great interest, with the goal being an electrically-
or optically-pumped source emitting at wavelengths of 1310 nm or 1550 nm and fully
CMOS compatible [3]. Several promising candidates have been extensively researched,
including porous Si [4], Si quantum dots (QDs) [5], Si Raman lasers [6], erbium (Er) related
materials [7], germanium-on-silicon [8], and lasers, based on the group III-V elements,
such as GaAs or AlGaAs [9]. Embedded silicon quantum dots (Si-QDs) in a host material
have been the focus of many studies due to their potential use in optical and photovoltaic
devices [10–12]. The formation of QDs in a solid matrix offers greater compatibility with
microelectronics fabrication compared with solution-based methods, and offers greater
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stability. However, the ability to engineer Si QD arrays is hampered by the low diffusivity
of Si in the dielectric matrix.

Several viable options have been explored for detectors in Si photonics: integrated
III-V’s, defect-mediated detection, and epitaxially- grown Ge [13]. The integration of III-V
materials may take place via wafer bonding or through direct growth, analogous to that
used for light source integration, which still poses many challenges for CMOS processing.
To enable defect-mediated detection, defects are created in the silicon lattice by implanting
an inert element such as Si, which produces mid-gap states in the band structure. This
method is compatible with CMOS processing, yet these detectors require a large footprint
and have a reduced detection sensitivity compared to Ge and III-V [14]. Ge detectors
are compatible with CMOS processing, have a high absorption coefficient, and can be
mixed with Si, allowing for band-gap modification. Production is by low temperature
growth or by non-equilibrium methods. Current performance challenges are due to the
lattice mismatch between Si and Ge. This results in a large number of defects, resulting in
unwanted dark current and low responsivity. Here, we review SiGe detector fabrication
using Ge condensation following ion implantation [15], as well as the potential to use ion
implantation to grow SiGeSn materials [16].

While there is great potential to translate ion implantation protocols from electronic
to photonic devices, there are a few intrinsic limitations [2]. As the implant energies are
reduced further, it becomes difficult to create ion beams with a high current density and
narrow energy dispersion [17]. Ion implantation steps are often done in conjunction with
lithography to achieve selective implantation in the materials. However, the lateral sizes of
optoelectronic components exceed the size of electronic devices, and there is a room to grow
or to shrink in the future, as with electronic devices, there are challenges to manage thermal
budgets resulting from the annealing needed to repair defects introduced by implantation.

2. Experimental Methodology

Several experimental methods have been used in the past to fabricate Si and Ge nanos-
tructures [10]. If we focus on structures with dimensions comparable to the Bohr radius
and the 3-dimensional (3D) confinement case (quantum dots), several solid-state methods
are available, including plasma-enhanced chemical vapor deposition (PECVD) [11], co-
sputtering [18], molecular beam epitaxy (MBE) [19], ion implantation [20,21], and porous
silicon [4]. Ion implantation is a complex process in which the ion beam modifies the
properties of the implanted material, causing defect production and, potentially, phase
transformation. The general fabrication steps are illustrated in Figure 1a. QD formation is
achieved by implantation of Si, Ge, or any other elements that can precipitate into semicon-
ducting QDs in the dielectric (SiO2, SiNx, or Al2O3) or in wide-band semiconductors with
a larger band gap energy, making quantum confinement possible.

In order to achieve precipitation of Si or Ge quantum dots, over-stoichiometric con-
centrations have to be in the range of 1021–1022 atoms/cm3, equivalent to an ion dose of
the order of 1016 atoms/cm2. In the implanted layers with a high density of Si, Si QDs will
nucleate until the Si concentration in the host material is too low. After implantation, the
formation of QDs is facilitated by annealing of the substrate, providing thermal energy to
the implanted ions for diffusion. For longer annealing times, this process can be described
as Oswald ripening. Notably, defects in the Si QD nucleation zone facilitate QD formation
via a transient diffusion mechanism [22]. From the implantation energy and ion dose,
the implanted ion concentration and depth profiles can be predicted (calculated) using
Monte-Carlo programs, such as SRIM [23] or TRIDYN [24].
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Figure 1. Schematic diagram of ion implantation for the fabrication of (a) Si or Ge quantum dots 
(QDs) in SiO2 for light emission and (b) SiGe and SiGeSn layers for light absorption. (a) Supersatu-
rated Si atoms nucleate into QDs when high-temperature processing is applied, and with time, Si 
atoms adsorb into neighboring QDs, following the transient diffusion mechanism [22]. (b) Im-
planted Ge and/or Sn atoms diffuse and form a crystalline lattice with Si. 

Unlike the indirect band gap Si and Ge, direct band gap alloys such as Si1−xGex or 
S1−x−yGexSny provide a promising path toward Si-compatible devices for light detection. 
The transition to a direct band gap is obtained for Ge content x > 0.25, and for Sn content 
y > 1.3x + 0.107. Adding Si to the alloy increases the critical concentration of Sn needed to 
reach a direct band gap. Si1−xGex or S1−x−y GexSny systems are an interesting example where 
the bandgap depends on both the composition of alloys and the strain. The type of band 
gap and its energy depends on the composition of the alloys. The binary alloy Ge1−ySny 
becomes a direct bandgap semiconductor with the bandgap energy of Eg = 0.5 eV at y = 
0.11. However, adding Si to this system increases the critical Sn concentration required to 
reach a direct band gap. Subjecting the alloy to tensile strain reduces this concentration 
and changes the band gap energy. There has been progress in group IV photodetectors, 
however there is still room for improvement. For instance, in order to extend the wave-
length cut-off, the concentration of Sn in the active layer has to be increased to 10–15%. 
One of the main challenges is the difficulty to obtain high-quality crystalline layers due to 
the low solubility of Sn in Ge (<1 at.%) and in Si (<0.1 at.%), both significantly below the 
critical content for the direct bandgap transition (10 at.%). CVD and MBE processes were 
explored recently, however alternative growth protocols are still needed to obtain higher 
Sn content materials and to improve the crystallinity quality and device performance. Ion 
implantation offers such a possibility, with the general fabrication steps shown in Figure 
1b. However there have been only a few demonstrations of short-wave infrared range 
(SWIR) detectors fabricated in this way [25], and the results presented here provide a 
foundation for future improved devices. 

The following Section focuses on details of the fabrication and characterization of Si-
photonics light emitters and detectors, and discusses their challenges. 

  

Figure 1. Schematic diagram of ion implantation for the fabrication of (a) Si or Ge quantum dots (QDs)
in SiO2 for light emission and (b) SiGe and SiGeSn layers for light absorption. (a) Supersaturated
Si atoms nucleate into QDs when high-temperature processing is applied, and with time, Si atoms
adsorb into neighboring QDs, following the transient diffusion mechanism [22]. (b) Implanted Ge
and/or Sn atoms diffuse and form a crystalline lattice with Si.

Unlike the indirect band gap Si and Ge, direct band gap alloys such as Si1−xGex or
S1−x−yGexSny provide a promising path toward Si-compatible devices for light detection.
The transition to a direct band gap is obtained for Ge content x > 0.25, and for Sn content
y > 1.3x + 0.107. Adding Si to the alloy increases the critical concentration of Sn needed to
reach a direct band gap. Si1−xGex or S1−x−y GexSny systems are an interesting example
where the bandgap depends on both the composition of alloys and the strain. The type
of band gap and its energy depends on the composition of the alloys. The binary alloy
Ge1−ySny becomes a direct bandgap semiconductor with the bandgap energy of Eg = 0.5 eV
at y = 0.11. However, adding Si to this system increases the critical Sn concentration
required to reach a direct band gap. Subjecting the alloy to tensile strain reduces this
concentration and changes the band gap energy. There has been progress in group IV
photodetectors, however there is still room for improvement. For instance, in order to
extend the wavelength cut-off, the concentration of Sn in the active layer has to be increased
to 10–15%. One of the main challenges is the difficulty to obtain high-quality crystalline
layers due to the low solubility of Sn in Ge (<1 at.%) and in Si (<0.1 at.%), both significantly
below the critical content for the direct bandgap transition (10 at.%). CVD and MBE
processes were explored recently, however alternative growth protocols are still needed
to obtain higher Sn content materials and to improve the crystallinity quality and device
performance. Ion implantation offers such a possibility, with the general fabrication steps
shown in Figure 1b. However there have been only a few demonstrations of short-wave
infrared range (SWIR) detectors fabricated in this way [25], and the results presented here
provide a foundation for future improved devices.

The following Section focuses on details of the fabrication and characterization of
Si-photonics light emitters and detectors, and discusses their challenges.

3. Results and Discussion

Emission wavelengths, both in the visible and short wavelength infrared, and lifetimes
for light-emitting materials produced by ion implantation are summarized in Table 1. In
the case of Si and Ge QDs, ion implantation produces a supersaturation of Si or Ge in
a matrix material (often SiO2). On the other hand, ion implantation is characterized by
the production of a large number of oxygen vacancies in the matrix. Figure 2 compares
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Si and oxygen vacancy depth profiles for 100 keV Si implants into SiO2. All defect types
(point, line, planar, and volume) can be observed, therefore Figure 2 is a semiqualitative
representation of the defect profile. The ion implantation process causes sputtering along
with swelling of the substrate material, with a net effect of ~1 nm per 1 × 1016 atoms/cm2,
in the 20–100 keV energy range [10]. Notably, the concentration of vacancies near the
surface influences the formation of the Si QDs [17,22].

Table 1. Emission wavelengths and lifetimes for luminescent materials produced by ion implantation.
NR stands for “not reported”. QDs stands for “quantum dots”.

Material or Defect Center Luminescence Maximum (in nm) Lifetime Reference

Si QDs 780–880 20–225 µs [26]
Ge QDs ~568 NR [27]
Ge QDs 1240–1378 NR [21]
Ge QDs 291 and 387 NR [28]
Al2O3 F 413 480 ms [29]

Al2O3 F+ 326 <7 ns [29]
Al2O3 F2 516 68 ms [29]

Al2O3 Cr3+ 694 3–4.3 ms [30]
Er-Si QDs 980, 1540 3.0 ms [31]
Yb-Si QDs 980 NR [31]
Nd-Si QDs 920 NR [31]
Tm- Si QDs 780, 1650 NR [31]
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Figure 2. Implanted Si ion yield (black curve with values shown on the left Y-axis, indicated with 
black arrow) and vacancy profile (red dash-dotted line with values shown on the right axis, indi-
cated by red arrow) as a function of depth in SiO2 for 100 keV incident energy, simulated with SRIM 
code [23]. 
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ducing light in the visible range or at SWIR range (Table 1) [19,21,27,28]. As a result of the 
significant dispersion of bandgap energy for Ge with a QD diameter, one can predict PL 
emission anywhere between λ = 961 nm for a medium confinement model (A = 2.69), 
which is more characteristic for crystalline dots, to PL at λ = 497 nm for a strong confine-
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arrow) and vacancy profile (red dash-dotted line with values shown on the right axis, indicated by
red arrow) as a function of depth in SiO2 for 100 keV incident energy, simulated with SRIM code [23].

The Si QD diameter can be controlled by changing the Si implantation dose, as pre-
sented in Figure 3. Photoluminescence (PL) measurements were performed at room tem-
perature with a 325 nm laser at 17 mW, an effective power density of 0.64 W/cm2, and were
analyzed by an Ocean Optics spectrometer. From the position of the PL maximum for the
1 × 1017 Si/cm2 sample at 870 nm (1.42 eV), we can estimate an average Si QD diameter of
D = 2.07 nm, using bandgap energy of Eg (D) = Eg (∞) + A

D2 eV nm2, where Eg(∞) = 1.1 eV
for crystalline Si, and A = 1.39.
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Figure 3. Photoluminescence spectra from Si quantum dots in SiO2/Si (001) produced by 90 keV Si+

ion implantation. Si implantation doses are shown [32]. The maximum wavelengths (λpeak, nm) of
light emission are provided for each spectrum.

Lower Si implantation doses (in the high 1016 atoms/cm2 range) result in smaller QD
diameters, for the same annealing conditions, and therefore in smaller wavelengths of
emission (larger band gap) [32].

Ge QDs are promising materials for Si photonics [10]. As the Ge bandgap is 0.66 eV
(equivalent to the wavelength of λ = 1876 nm), Ge QDs offer the possibility to achieve light
emission in SWIR. However, producing efficient light emitting Ge QDs has been a challenge.
Photoluminescence from Ge QDs in SiO2 has been attributed to oxygen-related defects at the
Ge QDs/SiO2 interface, in addition to emissions from Ge QDs themselves producing light
in the visible range or at SWIR range (Table 1) [19,21,27,28]. As a result of the significant
dispersion of bandgap energy for Ge with a QD diameter, one can predict PL emission
anywhere between λ = 961 nm for a medium confinement model (A = 2.69), which is more
characteristic for crystalline dots, to PL at λ = 497 nm for a strong confinement model,
for amorphous Ge QDs (A = 7.88), using the equation Eg (D) = 0.66 eV + A

D2 eV nm2 [20].
Therefore, there remains much fundamental research to be done.

To qualify as a host material, the band gap of the material must be large enough
for quantum confinement, while at the same time having a permittivity that allows for a
refractive index variation for photonic circuits. Al2O3 satisfies these criteria, and has the ad-
vantage of being optically transparent, which could facilitate transparent devices [33]. The
publication record for Si-QDs in Al2O3 is sparse, because researchers have found difficulty
in producing Si-QDs in this material [30,33,34]. In the cases in which Si-QD formation has
been reported, the luminescence from these Si-QD has been either very low in intensity, or
absent. Researchers have proposed various reasons for the lack of PL due to Si-QD. For
example, Kovalev et al [33]. researched the optical and structural properties of Si-QDs in
crystalline and amorphous Al2O3, and concluded that Si-QDs did not form in crystalline
Al2O3 films, but did form in amorphous Al2O3 films. Kovalev et al. [33] reported that only
oxygen defect-related photoluminescence (PL) peaks were observed. Similar PL results
were reported by Yerci et al. [35], who argued that the lack of PL from Si-QDs was due
to mechanical stress on the Si-QDs at their interface with the surrounding matrix, caused
by lattice mismatch. Si QDs form at relatively high temperatures (800–1200 ◦C). The large
mismatch in thermal expansion coefficients between Al2O3 and Si (αL = 5.3 × 10−6 K−1 for
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sapphire, αL = 2.56 × 10−6 K−1 for Si) implies that during cooling, Si QDs shrink less than
the surrounding matrix, resulting in compressive stress. Integration into device structures
will require a better understanding of optical properties, as well as the composition of the
Si quantum structures/dielectric matrix interface.

Defects in the matrix can strongly impact the growth of Si-QDs by solid state pre-
cipitation, by controlling the Si diffusion. To explore the effects of matrix crystallinity on
the formation of Si QDs in Al2O3 and the resulting optical properties (luminescence), we
studied anodized amorphous Al2O3 (a-Al2O3), crystalline (c-Al2O3) and disordered Al2O3
(d-Al2O3) produced by implanting O ions into crystalline α-Al2O3. All samples (a-Al2O3,
d-Al2O3, and c-Al2O3) were implanted with Si ions at an incident angle of 7◦, an energy of
90 keV, and a dose of 8 × 1016 ions/cm2, and were annealed at 1300 K in N2 gas for 1 h.

Figure 4 shows the PL spectra from virgin and Si-implanted Al2O3, comparing crys-
talline, disordered, and amorphous, and illustrating the significant impact of the matrix
crystallinity. The main defects (or color centers) that formed in Al2O3 were those caused by
oxygen vacancies and divacancies, which were F (O vacancies with two electrons, 413 nm),
F+ (O vacancies with one electron, 326 nm), F2 (O divacancies with four electrons, 516 nm),
F2

+ (O divacancies with three electrons, 380 nm), and F2
2+ (O divacancies with two elec-

trons, 563 nm) centers [36]. These oxygen defects can be found in the intrinsic Al2O3 film
or can be introduced by bombarding the film with high-energy particles (such as neutrons,
electrons, or ions) [34,37]. Crystalline Al2O3 will also frequently have Cr3+ and Ti3+ impu-
rities, substituting Al, or taking cationic vacancy sites. These defects have luminescence
peaks, with their characteristics summarized in Table 1. We observed that all samples
showed a peak that begins at the short-wavelength detection limit (450 nm) and had a tail
that extended up to 600 nm. The intensity of the peaks in both regions decreased after
Si implantation and annealing [38]. The PL spectra for the d-Al2O3 and c-Al2O3 samples
exhibited a sharp peak at 694 nm with a full width half maximum (FWHM) around 5 nm.
This peak was due to the optical transition between d orbitals (d→ d) of Cr3+ impurities
with a d3 electronic configuration.
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Figure 4. Photoluminescence spectra of α-Al2O3 (amorphous, solid black line), d-Al2O3 (disordered,
solid blue line), and c-Al2O3 (crystalline, solid red line) samples implanted with Si ions and annealed
at 1200 ◦C (with a vertical offset and magnified where indicated for clarity). The samples before
implantation and annealing are labelled “blank”.
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Figure 5 shows time-resolved photoluminescence (TRPL) curves from the same sam-
ples. The 405 nm laser diode was pulsed using a 3310 A HP function generator, and the
time resolution of our setup was 100 ns. Decay curves were acquired using a R7400U-20
Hamamatsu photomultiplier tube (PMT) with a spectral range of 300–900 nm and peak
sensitivity of 630 nm. It is found that samples a-Al2O3 and d-Al2O3 exhibited only short
lifetimes, i.e., shorter than the time resolution of our system ~125 ns. Overall, the long
lifetime (~3 ms) observed in TRPL from the sample c-Al2O3 may be attributable to Cr3+,
for which other researchers have reported a PL lifetime between 3–4.3 ms [39]. The fast
lifetime observed for samples a-Al2O3 and d-Al2O3 was likely caused by F+ center defects,
which exhibited PL lifetimes shorter than 70 ns [37]. A detailed analysis of the TRPL data
will be reported [38]. Note the luminescence due to Cr3+ and F centers in Al2O3 may have
applications in which control of the luminescence lifetime is useful, as it can be manipulated
by varying the contribution of fast (F) and slow (Cr3+) components. The latter phenomenon
can be applied, for instance, in the area of radiation dosimetry.

Physics 2022, 4, FOR PEER REVIEW  7 
 

 

 
Figure 4. Photoluminescence spectra of α-Al2O3 (amorphous, solid black line), d-Al2O3 (disordered, 
solid blue line), and c-Al2O3 (crystalline, solid red line) samples implanted with Si ions and annealed 
at 1200 °C (with a vertical offset and magnified where indicated for clarity). The samples before 
implantation and annealing are labelled “blank”. 

Figure 5 shows time-resolved photoluminescence (TRPL) curves from the same sam-
ples. The 405 nm laser diode was pulsed using a 3310 A HP function generator, and the 
time resolution of our setup was 100 ns. Decay curves were acquired using a R7400U-20 
Hamamatsu photomultiplier tube (PMT) with a spectral range of 300–900 nm and peak 
sensitivity of 630 nm. It is found that samples a-Al2O3 and d-Al2O3 exhibited only short 
lifetimes, i.e., shorter than the time resolution of our system ~125 ns. Overall, the long 
lifetime (~3 ms) observed in TRPL from the sample c-Al2O3 may be attributable to Cr3+, for 
which other researchers have reported a PL lifetime between 3–4.3 ms [39]. The fast life-
time observed for samples a-Al2O3 and d-Al2O3 was likely caused by F+ center defects, 
which exhibited PL lifetimes shorter than 70 ns [37]. A detailed analysis of the TRPL data 
will be reported [38]. Note the luminescence due to Cr3+ and F centers in Al2O3 may have 
applications in which control of the luminescence lifetime is useful, as it can be manipu-
lated by varying the contribution of fast (F) and slow (Cr3+) components. The latter phe-
nomenon can be applied, for instance, in the area of radiation dosimetry. 
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Figure 5. Time-resolved photoluminescence curves for Si-implanted Al2O3. [38]. Figure 5. Time-resolved photoluminescence curves for Si-implanted Al2O3. [38].

Table 1 summarizes photoluminescence characteristics from Er-implanted Si and SiO2,
as well as comparison to other rare-earth emitters, demonstrating its potential as a light
source in the technologically important 1500 nm wavelength range. PL results reported
by Franzo et al. [31] show that the Er peak at 1.54 µm is two orders of magnitude larger in
samples containing Si QDs compared to pure SiO2. Si QDs were fabricated by implanting
80 keV Si ions (1 × 1017 atoms/cm2) in a 300 nm SiO2/Si (001) film, where (001) is the
Miller index of the Si wafer, followed by an 1100 ◦C annealing fo, 1 h in dry N2. Er (with
doses in the ~2 × 1013–4 × 1014 atoms/cm2 range) was implanted at 300 keV with the Er
peak located at the same depth as the Si QDs. The intensity of the PL peak due to the rare
earth element was also strongly dependent on the wavelength of the excitation laser, and
inversely correlated with the luminescence due to Si QDs. The authors argued that excitons
can either recombine with the Si QDs emission or give their energy to the Er 4f shell. This
system presented a demonstration of energy transfer from the excitons confined in the Si
QDs to the Er ions.

A preliminary study of SiGeSn alloys for detector applications. Si1−x−yGexSny alloys
(with x = 0–0.2; y = 0–0.08) was performed for operation at wavelengths of 1.2–1.5 µm
were fabricated by ion implantation with Ge and Sn at 65 keV and 100 keV, respectively, at
an implantation angle of 7◦. SRIM calculations gave us a projected range of 50 ± 20 nm
for both Ge and Sn with these implantation parameters. The Ge fluence ranged from
2.5 × 1016 Ge/cm2 to 1.0 × 1017 Ge/cm2, while the Sn fluence ranged from 1.0 × 1016
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to 4.0 × 1016 Sn/cm2. Thermal annealing was performed in a furnace (in dry N2) at
400–800 ◦C to ensure proper crystallization. Rutherford backscattering spectroscopy (RBS)
spectra were obtained from the Si1−x−yGexSny samples before and after annealing, using
1.8 MeV He+ with a Si detector at 170◦ in the Cornell geometry, and are presented in
Figure 6. There is no indication of Ge or Sn loss during these high-temperature anneals, and
channeling spectra suggest that annealing temperatures ≥600 ◦C are sufficient to repair
most of the damage caused by Ge and Sn implantation, consistent with previous studies
for SiGe heterostructures.
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Figure 6. Rutherford backscattering spectroscopy (RBS) spectra for 65 keV Ge- and 100 keV Sn-
implanted Si (001) samples annealed at high temperatures. Here, (001) is the Miller index of the origi-
nal Si wafer. Spectra measured in the aligned geometry are compared to random geometry results.

Optical spectroscopic ellipsometry was carried out using a Woollam M2000V model
instrument, with a laser spot diameter of 1–3 mm at angles between 45◦ and 85◦. Figure 7
shows the calculated absorption coefficient as a function of wavelength for Si0.72Ge0.2Sn0.08,
Si0.92Sn0.08, and Si0.8Ge0.2 samples, with Si (001) as a reference [16]. For all of the samples,
there is a significant increase in absorption for wavelengths of 400 nm and above. If we
focus on absorption at 1500 nm (close to commercially important 1550 nm wavelength),
absorption coefficients of 28,000 ± 50 cm−1, 33,000 ± 50 cm−1, and 33,100 ± 50 cm−1 were
measured for Si0.92Sn0.08, Si0.8Ge0.2, and Si0.72Ge0.2Sn0.08, respectively. All three values
were at least an order of magnitude higher compared to the pure Si measured in our
experimental setup.

Ge is considered as a promising material for Si photon detectors due to the possibility
of direct epitaxy on Si and the high adsorption coefficient in the SWIR, as mentioned
before. However, during MBE growth, relatively thick SixGe1−x buffer layers are required
to transition from Si to Ge during the growth. An elegant method for the formation of
high-Ge content SixGe1−x on Silicon-on-Insulator (SOI) was reported by Anthony et al.,
using a Ge condensation technique [15]. In this method, low-Ge content SiGe was produced
by implantation on SOI and then thermally oxidized. The general fabrication scheme is
presented in Figure 8. Fabrication starts with 33 keV 5.0 × 1016 Sn/cm2 Ge+ ion implanta-
tion into an SOI substrate (Figure 8a,b). After implantation, the samples were annealed in a
tube furnace at 900–1080 ◦C in a humid O2 atmosphere. Under these conditions, Si oxidizes
preferentially, over the Ge, resulting in the growth of additional SiO2 and the segregation
of a thin layer of high-Ge content SiGe, with peak Ge concentrations between 43 and 95%
(Figure 8c,d) [15]. This implantation/condensation approach does not require epitaxial
growth of SiGe, and provides a method for selective inclusion of SiGe materials with a high
Ge content into a Si-photonics detector fabrication process.



Physics 2022, 4 391

Physics 2022, 4, FOR PEER REVIEW  9 
 

 

measured for Si0.92Sn0.08, Si0.8Ge0.2, and Si0.72Ge0.2Sn0.08, respectively. All three values were at 
least an order of magnitude higher compared to the pure Si measured in our experimental 
setup. 

400 600 800 1000 1200 1400 1600

104

105

106

Ab
so

rp
tio

n 
co

ef
fic

ie
nt

 (c
m

-1
)

Wavelength (nm)

 SiSn
 SiGeSn
 Si
 SiGe

 
Figure 7. Absorption coefficient of SiGe, SiSn, and SiGeSn alloys fabricated by ion beam implanta-
tion at the 200–1700 nm range compared to the referenced Si (001) sample, measured using spectro-
scopic ellipsometry. 

Ge is considered as a promising material for Si photon detectors due to the possibility 
of direct epitaxy on Si and the high adsorption coefficient in the SWIR, as mentioned be-
fore. However, during MBE growth, relatively thick SixGe1−x buffer layers are required to 
transition from Si to Ge during the growth. An elegant method for the formation of high-
Ge content SixGe1−x on Silicon-on-Insulator (SOI) was reported by Anthony et. al., using a 
Ge condensation technique [15]. In this method, low-Ge content SiGe was produced by 
implantation on SOI and then thermally oxidized. The general fabrication scheme is pre-
sented in Figure 8. Fabrication starts with 33 keV 5.0 × 1016 Sn/cm2 Ge+ ion implantation 
into an SOI substrate (Figure 8a,b). After implantation, the samples were annealed in a 
tube furnace at 900–1080 °C in a humid O2 atmosphere. Under these conditions, Si oxidizes 
preferentially, over the Ge, resulting in the growth of additional SiO2 and the segregation 
of a thin layer of high-Ge content SiGe, with peak Ge concentrations between 43 and 95% 
(Figure 8c,d) [15]. This implantation/condensation approach does not require epitaxial 
growth of SiGe, and provides a method for selective inclusion of SiGe materials with a 
high Ge content into a Si-photonics detector fabrication process. 

Figure 7. Absorption coefficient of SiGe, SiSn, and SiGeSn alloys fabricated by ion beam implantation
at the 200–1700 nm range compared to the referenced Si (001) sample, measured using spectro-
scopic ellipsometry.

Physics 2022, 4, FOR PEER REVIEW  10 
 

 

 
Figure 8. Schematic description of the two-step oxidation process: (a) starting substrate consists of 
220 nm thick Si on 2000 nm Berried-Oxide Silicon-on-Insulator (BOX SOI); (b) implantation of 5 × 
1016 Ge cm−2 at 33 keV; (c) primary oxidation at 870 °C used to cap the Silicon-Germanium-on-Insu-
lator (SiGeOI, resulting in a mixed oxide; and (d) secondary oxidation at either 900° or 1000 °C to 
form final SiGeOI structure. Adapted from [15]. 

4. Conclusions 
Ion beam modification methods are valuable tools to fabricate novel materials for Si 

photonic platforms. Here, we reviewed several novel materials fabricated by ion implan-
tation for light emitters and detectors. Si quantum dots (QDs) can be formed in SiO2, Si3Nx, 
and Al2O3 matrices by ion implantation, followed by high temperature annealing. We 
showed that the process of Si QD formation is strongly dependent on the matrix crystal-
linity and defects. The formation of Si quantum dots in a disordered matrix can be en-
hanced by transient enhanced diffusion. There are cases in which luminescent lifetimes 
are dominated by bright emitting defects that can be explored for future optoelectronic 
devices. There have been a limited number of studies demonstrating SiGe and SiGeSn 
alloys produced by ion implantation, however the first results are encouraging. In the 
second case study, SiGeSn alloys were produced by ion implantation, showing high ab-
sorption coefficients and low light penetration depths in the SWIR range, which can be 
explored as a route for Si photonics detectors in the future. 

Author Contributions: L.V.G. and P.J.S. significantly contributed to the conceptualization and writ-
ing of the paper. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was funded by the Natural Science and Engineering Research Council of Can-
ada (NSERC), through Discovery Grants, grants # RGPIN-2020-06679 and RGPIN-2017-04634, held 
by L.V. Goncharova and by P.J. Simpson, respectively. The ANPC was funded by the European 
Physics Society, MDPI, and National Electrostatic Corporation.  

Institutional Review Board Statement: Not applicable 

Informed Consent Statement: Not applicable 

Data Availability Statement: Not applicable 

Acknowledgments: We thank Natural Science and Engineering Research Council of Canada 
(NSERC) for financial support. 

Conflicts of interest: The authors declare no conflict of interest. 

  

Figure 8. Schematic description of the two-step oxidation process: (a) starting substrate consists
of 220 nm thick Si on 2000 nm Berried-Oxide Silicon-on-Insulator (BOX SOI); (b) implantation of
5 × 1016 Ge cm−2 at 33 keV; (c) primary oxidation at 870 ◦C used to cap the Silicon-Germanium-on-
Insulator (SiGeOI, resulting in a mixed oxide; and (d) secondary oxidation at either 900◦ or 1000 ◦C
to form final SiGeOI structure. Adapted from [15].

4. Conclusions

Ion beam modification methods are valuable tools to fabricate novel materials for Si
photonic platforms. Here, we reviewed several novel materials fabricated by ion implanta-
tion for light emitters and detectors. Si quantum dots (QDs) can be formed in SiO2, Si3Nx,
and Al2O3 matrices by ion implantation, followed by high temperature annealing. We
showed that the process of Si QD formation is strongly dependent on the matrix crystallinity
and defects. The formation of Si quantum dots in a disordered matrix can be enhanced by
transient enhanced diffusion. There are cases in which luminescent lifetimes are dominated
by bright emitting defects that can be explored for future optoelectronic devices. There
have been a limited number of studies demonstrating SiGe and SiGeSn alloys produced
by ion implantation, however the first results are encouraging. In the second case study,
SiGeSn alloys were produced by ion implantation, showing high absorption coefficients
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and low light penetration depths in the SWIR range, which can be explored as a route for
Si photonics detectors in the future.
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