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Group IV lasers are expected to revolutionize chip-to-chip optical communications in terms
of cost, scalability, yield, and compatibility to the existing infrastructure of silicon industries
for mass production. Here, we review the current state-of-the-art developments of silicon
and germanium light sources toward monolithic integration. Quantum confinement of electrons and holes in nanostructures has been the primary route for light emission from silicon,
and we can use advanced silicon technologies using top-down patterning processes to fabricate these nanostructures, including fin-type vertical multiple-quantum-wells. Moreover,
the electromagnetic environment can also be manipulated in a photonic crystal nanocavity
to enhance the efficiency of light extraction and emission by the Purcell effect. Germanium
is also widely investigated as an active material in Group IV photonics, and novel epitaxial
growth technologies are being developed to make a high quality germanium layer on a silicon substrate. To develop a practical germanium laser, various technologies are employed
for tensile-stress engineering and high electron doping to compensate the indirect valleys
in the conduction band. These challenges are aiming to contribute toward the convergence
of electronics and photonics on a silicon chip.
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1.

INTRODUCTION

As the integration of transistors in a chip increases, the demands
of the interconnections are expanding, since more information
will be transferred between chips optically (Miller, 2009). The
advantage of optical interconnection over electrical wiring is
fundamentally coming from the elementary particles, photons,
used for signal transmission. We can transmit photons without an electrical connection throughout an optical fiber, since
photons do not have charge. Of course, optical loss exists, but
still the total energy consumption of the optical interconnection can be much lower than that of the electrical connection,
especially for the long-distance communications at higher data
rate, even including the energy required to convert electrons to
photons and vice versa (Miller, 2009). Si photonics is revolutionizing optical interconnections in terms of cost, power, bandwidth, and scalability (Zimmermann, 2000; Pavesi and Lockwood,
2004; Reed and Knights, 2004; Pavesi and Guillot, 2006; Reed,
2008; Deen and Basu, 2012; Fathpour and Jalali, 2012; Vivien
and Pavesi, 2013). III-V (Wale, 2008; Evans et al., 2011) and Sibased platform technologies (Reed and Knights, 2004; Gunn, 2006;
Rylyakov et al., 2011; Arakawa et al., 2013; Urino et al., 2013) are
competing for the next generation of optical interconnections.
The critical missing component for Si photonics is a monolithic light source compatible with the existing infrastructure of
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complementary-metal-oxide-semiconductor (CMOS) technologies for fabrication. The hybrid integration of III-V devices on
an Si substrate (Fang et al., 2006) or feeding of an optical fiber to
an Si waveguide coupled with a grating from a III-V laser diode
(Gunn, 2006) would be the near-term solution, but it is desirable to
realize monolithic light sources for the long term. Comprehensive
reviews on developing practical lasers on Si have been published by
various authors (Cullis et al., 1997; Ossicini et al., 2006; Daldosso
and Pavesi, 2009; Liang and Bowers, 2010; Steger et al., 2011; Liu
et al., 2012; Michel and Romagnoli, 2012; Boucaud et al., 2013;
Shakoor et al., 2013; Liu, 2014). Here, we review this active field
focusing on the progress of Si and germanium (Ge) light sources
fabricated by standard CMOS processes.
Photoluminescence (PL) (Canham, 1990) and electroluminescence (EL) (Koshida and Koyama, 1992) from porous-Si are
the most famous achievements to overcome the fundamental
limitations of the indirect band-gap character of Si. The maximum PL (Gelloz and Koshida, 2000) and EL (Gelloz et al.,
2005) quantum efficiency exceeded 23 and 1%, respectively. The
mechanism of light emission from porous-Si is considered to
originate from quantum confinement effects (Canham, 1990;
Koshida and Koyama, 1992; Cullis et al., 1997; Nassiopoulou,
2004; Ossicini et al., 2006; Daldosso and Pavesi, 2009) in the
self-organized nanostructure. The typical length scale to expect
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quantum confinement would be comparable to the exciton Bohr
radius, which is about 5 nm for Si and 18 nm for Ge (Cullis et al.,
1997). On the other hand, the gate length fabricated by CMOS
technologies is comparable to the exciton Bohr radius so that we
can fabricate various quantum structures, including quantum dots
(Arakawa and Sakaki, 1982), nano-wires, and quantum-wells, by
lithographically controlled top-down processes. In addition, novel
cavity structures (Iwamoto and Arakawa, 2012) can be fabricated
to enhance the internal quantum efficiency by the Purcell effect
(Purcell, 1946) as well as the extraction efficiency by improved
coupling to a lens. Ge is also intensively studied, since the direct
band-gap energy is closer to the indirect transition energy than
that of Si. Highly, n-type doping and strain engineering are effective to enhance the light emissions from Ge (Liu et al., 2012; Michel
and Romagnoli, 2012; Boucaud et al., 2013; Liu, 2014), and some
of these recent advances are reviewed in this paper.

2.

STRATEGIES TO ENHANCE LIGHT EMISSION FROM
GROUP IV MATERIALS

2.1.

THEORETICAL STUDY OF LIGHT EMISSION FROM SILICON

Both Si and Ge are known to be poor light emitters because of their
indirect band-gap structures. Even so, there are some methods for
making direct transitions to occur in these materials. These possibilities were examined theoretically by first-principles calculations
based on density functional theory using plane-wave-based ultrasoft pseudo-potentials (Vanderbilt, 1990; Laasonen et al., 1993).
Generalized gradient approximation (Perdew et al., 1996) is used
for the calculation of Si, and hybrid functional (Perdew et al., 1996)
is used for Ge. The optical matrix elements are calculated with the
aid of core-repair terms (Kageshima and Shiraishi, 1997).
The lowest conduction band (LCB) of bulk Si has a minimum
near the X -point, and six electron valleys exist near X -points.
Two valleys among the six are projected onto 0-point in twodimensional momentum (k)-space when an Si quantum-well
(QW) with (001) surfaces is fabricated; this is called a valleyprojection. Because the top of the valence band is also projected
onto 0, direct transitions are possible in an Si(001) QW.
Optical gain of Si(001) QWs is shown in Figure 1 as a function
of the thickness (Suwa and Saito, 2009). Here, losses due to transitions within conduction bands and those within valence bands
are not taken into account. The thinner QW shows the larger gain,
since the surface of the QW plays an important role in this direct
transition and it dominates if the QW is thin. Figure 1 also shows
that the surface structure of the QW affects the efficiency of light
emission strongly.
Experimentally, optical gain from the Si quantum dots (Pavesi
et al., 2000) embedded in an insulating matrix (Pavesi et al., 2000;
Nassiopoulou, 2004; Ossicini et al., 2006; Pavesi and Guillot, 2006)
has been reported. It was confirmed that the interface states associated with oxygen atoms were important to explain the positive
optical gain (Pavesi et al., 2000; Nassiopoulou, 2004; Ossicini et al.,
2006; Pavesi and Guillot, 2006). It will be interesting to make these
structures by top-down CMOS processes.
2.2.

THEORETICAL STUDY OF LIGHT EMISSION FROM GERMANIUM

Ge has two important differences from Si. One is that Ge has the
minimum of the LCB at the L-point (L-valley), while Si has it

Frontiers in Materials | Optics and Photonics

Group IV light sources

FIGURE 1 | Optical gain of Si(001) thin films calculated from direct
transitions across the energy gap only.

near the X -point. The other is that Ge has a local minimum of
the LCB at the 0-point (0-valley), while Si does not. An L-valley
is projected onto the 0-point in the two-dimensional k-space for
Ge(111) QW. For Ge(001) QW, no L-valley is projected onto the
0-point. The small 0-valley, which is not occupied unless a large
number of electrons are injected, is always projected onto the
0-point independently of the direction of the QW. While there
are two approaches to obtain efficient light emission from Ge
by direct transitions, using L-valleys of a Ge(111) QW or using
the 0-valley of bulk Ge, we think the latter is more promising. This is due to the fact that the calculated optical matrix
element for the 0-valley is very large compared to that for the
L-valleys.
To enhance light emission from bulk Ge, applying tensile strain
is known to be effective (Liu et al., 2010). Tensile strain makes
the energy difference between the 0 and L-valleys small, and that
makes electron injection into the 0-valley easier. Also heavy n-type
doping is known to be effective, because electrons can be injected
into the 0-valley if the L-valleys are already occupied by doped
electrons.
In order to predict required strength of strain and amount
of doping, we calculated optical gains of bulk Ge with and
without strain. Figure 2 shows calculated optical gain as functions of injected electron density and hole densities. Here, the
applied strain is assumed to be 0.25% biaxial tensile strain parallel
to (001) surface and optical losses due to free carrier absorptions (Wang et al., 2013) are taken into account. This result
shows that even bulk Ge without strain can have a positive
optical gain, but number of electrons required for that is very
large (1020 cm−3 ). Despite the relatively small amount of the
strain (0.25%), the impact on the gain is clear. Owing to this
enhancement, only half the electron density (5 × 1019 cm−3 ) is
needed to have positive gain. In experiment, applying 0.25%
strain is rather easy, and making higher strain will be possible, as we see in the following sections. Therefore, Ge lasers
will be realized when an appropriate strain and carrier injection
are achieved.
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3.

ELECTRO-LUMINESCENCE FROM SILICON
QUANTUM-WELL
As we reviewed in Section 1, it is well established that efficient
recombination is observed in Si nanostructures by quantum confinement effects (Canham, 1990; Koshida and Koyama, 1992;
Cullis et al., 1997; Ossicini et al., 2006; Daldosso and Pavesi, 2009).
The nanostructures include quantum dots (Arakawa and Sakaki,
1982), nano-wires (Canham, 1990; Koshida and Koyama, 1992),
quantum-well (QW) (Saito et al., 2006a,b, 2008, 2009; Saito, 2011),
and fins (Saito et al., 2011a,b). One of the difficulties in developing an efficient light-emitting diode (LED) made of Si comes from
the trade-off between quantum confinement and carrier injection.
The surface of these Si nanostructures is easily oxidized to SiO2 ,
and the band offsets between Si and SiO2 are too high to expect
efficient current injection except for tunneling. In order to overcome this trade-off, lateral carrier injection into the Si QW was
proposed (Saito et al., 2006a,b, 2008, 2009; Hoang et al., 2007;
Noborisaka et al., 2011; Saito, 2011). As shown in Figures 3A–C,
the Si QW LEDs were fabricated by local thinning of a silicon-oninsulator (SOI) substrate, and the Si QW was directly connected to
the thick Si diffusion electrodes (Saito et al., 2006a,b). Both electrons and holes are laterally injected to the Si QW in these planar

FIGURE 2 | Optical gain of germanium as a function of injected
electron density and hole density is shown. Those without strain and
with 0.25% biaxial tensile strain parallel to (001) surface are shown.

Group IV light sources

p-i-n diodes (Saito et al., 2006a,b, 2008, 2009; Noborisaka et al.,
2011; Saito, 2011). Another advantage of these device structures
is the fabrication of the Si QW through the LOCal-Oxidation of
Si (LOCOS) process. The LOCOS process was originally developed for isolation of CMOS transistors (Sze and Lee, 2012; Taur
and Ning, 2013). It was also used to evaluate the carrier mobility
in the ultra-thin Si QW (Uchida and Takagi, 2003). Oxidation is
one of the most precisely controlled processes in CMOS technologies, and we can routinely oxidize a large Si wafer (typically 8–1000
in diameter) within the local variation of <0.1 nm. Besides, the
interface between Si and SiO2 is excellent with low interface trap
density (<1011 cm−2 ) (Sze and Lee, 2012; Taur and Ning, 2013).
The excellent interfacial quality and strong quantum confinement
in Si nanostructures are critical to ensure high quantum efficiency
(Gelloz et al., 2005). As shown in Figure 3E, EL is observed exclusively from the thin Si QW and EL from thick Si electrodes is
negligible (Saito et al., 2006a). This supports the mechanism of EL
based on quantum confinement (Ossicini et al., 2006; Suwa and
Saito, 2009). The high carrier density in the thin Si QW also contributes to enhance the emissions (Saito et al., 2006a). By applying
the back gate to the Si substrate, we can modulate the intensities of
light emission, and the device can be called as an Si light-emitting
transistor (Saito et al., 2006b).
The next step toward the practical light source for Si photonics
is to couple the light from Si to a cavity and a waveguide (WG).
An Si-based WG cannot be used for emission from Si QW due
to the absorption. An Si3 N4 WG was fabricated on top of the Si
QW by conventional lithography and dry etching (Saito et al., 2008,
2009). To enhance the optical confinement in the WG of the Si Resonant Cavity LED (RCLED), part of the supporting substrate was
removed by using double sided aligner and anisotropic wet etching (Saito et al., 2008, 2009), as shown in Figure 3B. Evanescent
coupling between the propagating optical mode and Si QW was
expected, and the enhanced EL from the edge of the waveguide was
observed (Figure 3F). More recently, SOI substrates with superior
uniformities with thick Buried-OXide (BOX) (>2 µm) became
available, and by using these wafers, strong optical confinement
within the Si3 N4 WG was ensured without removing the supporting Si substrate (Saito, 2011), as shown in Figure 3C. In fact, the
near-field image of the propagating optical mode was taken at the
edge of the WG (Figure 3G).

FIGURE 3 | Development of an Si light source. (A) Si QW LED, (B) Si RCLED, (C) Si QW LED with thick BOX, (D) Si FinLED, and (E–H) EL images from these
devices. (E,F) are plan views. (G,H) are near-field images at the edge of WG.
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FIGURE 4 | EL from Si FinLED taken from edge of WG. (A) Spectra and
(B) integrated intensity.

The obvious disadvantage of using the planar Si QW is the
small confinement factor of the optical mode in the Si QW due
to the thin single QW layer. It is not straightforward to make Si
Multiple QWs (MQWs) (Fukatsu et al., 1992), if the surface of the
Si QW is covered with the amorphous SiO2 . As an alternative to
the stacking of the Si MQWs, the Si FinLED has been proposed
(Saito et al., 2011b), as shown in Figure 3D. Si fin is a vertical QW
located perpendicular to an Si substrate, and it was proposed for
a self-aligned double-gate CMOS field-effect-transistor, called a
FinFET (Hisamoto et al., 2000). FinFETs are already used for mass
production and more than one billion of FinFETs are integrated
in the most recent MPU (INTEL, 20131 ; ITRS, 20122 ). Therefore,
we can fabricate thousands of Si fins as MQWs at the same time
simply by conventional photolithography and dry etching (Saito
et al., 2011b). By applying forward bias to the Si FinLED, we can
observe edge emission from the Si3 N4 WG (Figure 3H). The EL
spectra from the edge of the Si FinLED are shown in Figure 4A.
The enhanced peaks from the edge of the stop band were observed
due to the distributed-feedback structure of the periodic fins
(Saito et al., 2011b). The non-linear increase of the EL intensity
against the current is considered to come from stimulated emission (Figure 4B), but the estimated gain of <1 cm−1 was too low to
overcome the threshold for a laser operation (Saito et al., 2011b).

4.
4.1.

APPLICATION OF PHOTONIC NANOSTRUCTURES TO
GROUP IV MATERIALS
CONTROL OF LIGHT EMISSION BY PHOTONIC CRYSTALS

The light emission properties of materials depend not only
on material characteristics such as the dipole moment and the

1 http://www.intel.com/content/www/us/en/history/museum-transistors-to-

transformations-brochure.html
2 http://www.itrs.net
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refractive index but also on the electromagnetic environment surrounding the material. In the previous sections, engineering group
IV materials themselves such as quantum confinement, doping,
and strain engineering have been discussed. Here, we discuss
another approach, i.e., tailoring the electromagnetic environment
by photonic nanostructures for improving light emission properties. The total efficiency of light-emitting devices can be expressed
as a product of three factors: light emission efficiency ηemission ,
extraction efficiency ηextraction , and collection efficiency ηcollection .
ηemission denotes how efficiently injected carriers recombine by
emitting photons. ηextraction takes into account the fact that only
a part of emitted photons can be extracted from the material.
ηcollection expresses how much extracted photons can be collected
by the first lens of the setup. All of them can be improved by
photonic nanostructures. Photonic crystal (PhC) (Jannopoulos
and Winn, 1995), which has a wavelength-scale periodic variation
of refractive index, is an important photonic nanostructure for
this application (see discussions in Iwamoto and Arakawa, 2012).
Figure 5A shows a scanning electron microscope (SEM) image of a
two-dimensional (2D) PhC slab, which is the most widely studied
PhC structure. The structure can be fabricated by forming air holes
in a thin semiconductor plate using conventional lithography and
etching processes. In the structure, owing to the periodic modulation in refractive index, in-plane light propagation is governed by
the photonic band structure. Strikingly, propagation is forbidden
in photonic bandgaps (PBGs). Photonic band structures and PBGs
can play roles to improve mainly ηextraction and ηcollection . Another
important structure is the PhC nanocavity (Figure 5B), which is
created by omitting air holes from the regular array. Photons are
confined in in-plane and out-of-plane directions due to the PBG
effect and total internal reflection, respectively. PhC nanocavities
have a high quality factor Q and small mode volume V c (~1 cubic
wavelength or less). These two quantities are key parameters to
enhance the spontaneous emission rate through the Purcell effect
(Purcell, 1946) and improve ηemission . Particularly, for light emitters with broad linewidth such as bulk Si, V c has a stronger impact
(Ujihara, 1995). Such high-Q PhC nanocavities can uncover the
quantum nature of light-matter interaction. Cavity quantum electrodynamics in a high-Q PhC nanocavity coupled with a single
semiconductor quantum dot is a hot topic in the field (see, for
example, Arakawa et al., 2012). Purcell enhancement factors of as
large as 12 (Lo Savio et al., 2011) and 30 (Sumikura et al., 2014)
were reported, which would be limited by the emission linewidth
and the Q factor, respectively.
4.2.

ENHANCED LIGHT EMISSION FROM SILICON PHOTONIC CRYSTAL
STRUCTURES

PhC structures without cavities have been firstly applied to control the light emission from crystalline Si. In 2003, Zelsmann et al.
(2003) reported enhanced PL extraction from a 2D PhC slab fabricated into the top Si layer of a SOI substrate at low temperature
(Zelsmann et al., 2003). Similar enhancements at room temperature have been observed from arrays of Si nanoboxes (Cluzel et al.,
2006a) and rods (Cluzel et al., 2006b) formed on SOI substrates.
Strong light emission was observed at wavelengths corresponding
to photonic band edges at the 0 point. Increasing the number of
band edge within the emission spectrum of Si can lead to higher
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luminescence intensity. This is experimentally verified by increasing the lattice constant of PhC so that normalized frequencies
corresponding to the Si emission wavelengths are increased (Fujita
et al., 2008). Si light-emitting diodes (LEDs) with PhC patterns
have also been demonstrated (Nakayama et al., 2010a; Iwamoto
and Arakawa, 2012). The device schematically shown in Figure 6A
was fabricated using a SOI substrate. Firstly, a lateral p-i-n junction
was formed into the top 200-nm-thick Si layer by area-selective
implantations of boron and phosphorous ions. Then, a PhC structure was patterned. To keep mechanical stability and better thermal
conductivity, the buried-oxide (BOX) layer was not removed. An
SEM image of the central part of a device is shown in Figure 6A.
The i-region is 5 µm in length and 250 µm in width. EL spectra
from devices with different PhC periods and from a device without
PhC are shown in the inset of Figure 6B. EL emission increased
as the period a increased. Figure 6B shows the integrated intensities from these devices as a function of injected current. The
integrated intensity from the device with a = 750 nm is ~14 times
stronger than that from an unpatterned LED. This enhancement
is mainly caused by the improvement of ηextraction and ηcollection
due to the photonic band structures as discussed above. ηemission
is also expected to be enhanced in PhC nanocavities. Figure 7
shows room-temperature µ-PL spectra measured at the center of

FIGURE 5 | SEM images of a regular PhC structure with a triangular
lattice (A) and a L3-type PhC nanocavity, in which three air holes along
a 0-K direction are omitted (B).

Group IV light sources

an L3-type PhC nanocavity compared to a non-patterned region
(see the inset). The L3 PhC nanocavity was also fabricated into
an SOI substrate. In this sample, the BOX layer was etched out
in order to confine the photons strongly in the vertical direction.
The PL intensity from the cavity was much larger than that from
the non-patterned region. In addition, sharp peaks are observed
only in the spectrum from the cavity. These peaks originate from
the cavity resonant modes. For this particular sample with the air
hole radius r = 0.37a, large enhancement of PL over 300 times was
obtained for a cavity mode at 1,191 nm. As discussed in Section
1, this enhancement can be attributed to three factors. Detailed
analysis including numerical simulation indicated that ηemission is
improved by ~5 times (Iwamoto et al., 2007). The enhancement
factors in ηemission ranging ~5−10 have been reported for Si interband transition (Fujita et al., 2008) and for light emission from
optically active defects in Si (Lo Savio et al., 2011). The temperature dependence of cavity mode emission (Hauke et al., 2010;
Lo Savio et al., 2011) and the dependence of PL on cavity mode
volume V c (Nakayama et al., 2012) suggest that the Purcell effect
plays a role in this enhancement. The enhancement in ηemission
reported so far is still too small for practical applications. However, this research would provide important insights for further
development of light-emitting devices using group IV materials.
Indeed, these pioneering works have stimulated theoretical investigations, which discuss the possibility of lasing oscillation in Si
(Escalante and Martínez, 2012, 2013). Recent advances in this field
are developments of Si LEDs with PhC nanocavities (Nakayama
et al., 2011; Shakoor et al., 2013). Shakoor et al. (2013) recently
reported Si LEDs using L3-type nanocavity structure, in which
optically active defects created by hydrogen bombardment are used
as light emission centers. They carefully designed the cavity structure to improving ηcollection and obtained sharp light emission at
around 1.5 µm with a power density of 0.4 mW/cm2 . The straininduced dislocations (Ng et al., 2001; Kittler et al., 2013) will also
be compatible to PhC nanocavities, since the emission energies
are smaller than the band gap of Si. The combination of PhC
nanocavities and defect engineering is very promising, and a wall
plug efficiency of 0.7 × 10−8 was reported (Shakoor et al., 2013).

FIGURE 6 | (A) Schematic representation of a silicon PhC LED is shown. The SEM image shows the center area of a device. (B) Integrated EL intensities for
silicon PhC LED with various periods a and for an SOI LED with a flat surface. The inset shows corresponding EL spectra at 10 mA.
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FIGURE 7 | Room-temperature µ-PL spectra measured at the center of
a PhC nanocavity and at a non-patterned area. The spectrum for the
latter is magnified by ten times for better viewing.

4.3.

APPLICATION OF PHOTONIC CRYSTAL STRUCTURES TO OTHER
EMITTERS IN GROUP IV MATERIALS

Erbium ions have been investigated as one of the promising
light emitters in Si. PhC nanocavities have been also applied to
enhance the light emission from Er ions (Wang et al., 2012; Savio
et al., 2013). Narrowing the cavity linewidth in Er-doped silicon
nitride PhC nanocavities has been also demonstrated under optical pumping condition (Gong et al., 2010). As discussed in the
previous sections, Ge is, at present, the most important material
for future light-emitting devices in Si photonics. PhC (Nakayama
et al., 2010b) and PhC nanocavities (Kurdi et al., 2008; Ngo et al.,
2008) have been applied to increase the light emission from bulk
Ge. Applying advanced strain/doping engineering technologies to
photonic nanostructures would open a new route for boosting the
light emission efficiency of Ge.

5.

GENERATION OF TENSILE STRAIN IN Ge LAYERS
EPITAXIALLY GROWN ON Si SUBSTRATE
In epitaxial growth of Ge on an Si substrate, a compressive strain
in Ge, derived from the 4.2% lattice mismatch with Si, should be
relaxed after growth beyond the critical thickness, while it has been
reported by one of the authors that, during the cooling from the
growth temperature to room temperature, a biaxial tensile strain
as large as 0.2% is built-in due to the thermal expansion mismatch (Ishikawa et al., 2003, 2005; Cannon et al., 2004; Liu et al.,
2005). It is known that the strain in semiconductors causes shifts
in band edge energies, e.g., de Walle, 1989, modifying the gap energies, i.e., properties of optical transitions. The 0.2% tensile strain
in Ge reduces the direct bandgap energy from 0.80 to ~0.77 eV,
and as a result, the optical absorption edge (or the longer limit of
detection wavelength) shifts from 1.55 to >1.60 µm, causing the
increase of optical absorption coefficient at 1.55 µm (Ishikawa
et al., 2003, 2005; Cannon et al., 2004; Liu et al., 2005). This
property is effective for the detection of near-infrared (NIR) light
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used in the optical fiber communications (1.3–1.6 µm). A further attractive feature of the tensile strain in Ge is the reduction
of energy difference in the conduction band between the direct
0 valley and indirect L-valley (e.g., Fischetti and Laux, 1996;
Wada et al., 2006; Camacho-Aguilera et al., 2012; Nama et al.,
2013; Süess et al., 2013). This feature stimulates researchers to
obtain efficient NIR light emission from tensile-strained Ge due
to the enhanced direct transition around the 0 point (e.g., Liu
et al., 2007; Lim et al., 2009). In this section, the grown-in tensile strain in Ge on Si, generated due to the thermal expansion
mismatch, is described. Figure 8A shows typical ω − 2θ x-ray
diffraction (XRD) curves taken for 0.6-µm-thick Ge grown on
a 525-µm-thick Si(001) substrate with the Cu Kα radiation as
the x-ray source (0.15406 nm in wavelength). The samples were
grown by ultrahigh-vacuum chemical vapor deposition with a
source gas of GeH4 (9%) diluted in Ar. The growth temperature was 600°C, while a lower temperature of 370°C was used
at the initial stage of Ge growth (~50 nm) in order to prevent
the islanding, leading to Ge layers uniform in thickness (Luan
et al., 1999; Ishikawa and Wada, 2010). After the growth, hightemperature annealing was carried out for one of the samples at
800°C for 20 min. Such annealing is often performed in order to
reduce the threading-dislocation density (Luan et al., 1999). In our
case, the density was reduced from 1 × 109 to 1 − 2 × 108 cm−2 . In
Figure 8A, the peaks due to the (004) diffraction are clearly seen at
around 2θ ~ 66° for both of the as-grown and annealed samples.
It is important that the peaks were located at larger diffraction
angles than that for unstrained Ge, indicating the reduction of
out-of-plane lattice constant, i.e., the increase of in-plane lattice
constant due to the generation of tensile strain. According to the
peak positions, the in-plane biaxial tensile strain was estimated
to be 0.11 and 0.22% for the as-grown and annealed samples,
respectively.
As mentioned above, such a tensile strain is generated in Ge
due to the mismatch of thermal expansion coefficient with Si.
As schematically shown in Figure 8B, the compressive strain in
Ge due to the 4.2% lattice mismatch should be relaxed at the
growth/annealing temperature, while the shrinkage in the Ge
lattice during the cooling should be prevented by the thick Si substrate, since Si has a smaller thermal expansion coefficient than
that of Ge. This means that a tensile (compressive) stress/strain is
generated in Ge (Si), as in the bottom of Figure 8B. Taking into
account the balance of forces together with the balance of moments
in the stacked structure of Ge and Si, the tensile (compressive)
strain in Ge (Si) is theoretically expressed as:
1
∈|| (Ge) =
R
∈|| (Si) = & −

1
R





Y1 t13 + Y2 t23
+
6Y1 t1 (t1 + t2 )

Y1 t13 + Y2 t23
−
6Y2 t2 (t1 + t2 )





t1
− z1
2

t2
− z2
2


(1)


,

(2)

where, α i , Yi , ti , and zi represent the thermal expansion coefficient,
the Young’s modulus, the layer thickness, and the location in the
layer measured from the bottom of the layer for the i-th layer (1
for Ge and 2 for Si), respectively. The radius of curvature R is
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FIGURE 8 | (A) ω − 2θ XRD curves for 0.6-µm-thick Ge on Si (001) substrate, (B) schematic illustration showing the generation of tensile stress/strain in Ge, and
(C) theoretical curves and experimental data for biaxial tensile strain in Ge.

represented from

the Ge layer as well as deposition of dielectric films embedding a
strain could intentionally modify the strain in the Ge.

R TRT
6 (t1 + t2 ) Y1 Y2 t1 t2 TGR/AN
(α1 − α2 ) dT
1

=
, (3)
2
3
R
3(t1 + t2 ) Y1 Y2 t1 t2 + Y1 t1 + Y2 t23 (Y1 t1 + Y2 t2 )
where T GR/AN and T RT represent the growth/annealing temperature before cooling and the room temperature (after the cooling),
respectively. Since the first term is dominant in the right side of
equation (1), the strains are almost independent of z i , the location
within the layer. Therefore, equations (1) and (2) are simplified to:

∈|| (Ge) ∼

1 Y1 t13 + Y2 t23
R 6Y1 t1 (t1 + t2 )

∈|| (Si) ∼ −

1 Y1 t13 + Y2 t23
.
R 6Y2 t2 (t1 + t2 )

(4)

(5)

The lines in Figure 8C represent the strains calculated for the Ge
thickness of 0.6 µm and the Si thickness of 525 µm. Note that
almost identical results can be obtained when the thickness of Si
substrate t 2 is much larger (more than ~100 times) than the Ge
thickness t 1 . The parameters used in the calculation can be found
in Ishikawa et al. (2005). It is found that a tensile strain on the
order of 0.1% is generated in Ge at room temperature, while the
compressive strain in Si is negligible. It is also found that higher
growth/annealing temperature generates larger tensile strain after
the cooling. These properties are qualitatively in good agreement
with the XRD results in Figure 8A. However, quantitatively, the
tensile strain observed by XRD was smaller than the theoretical
one. This is probably ascribed to the residual compressive strain
in Ge at the growth/annealing temperature (Ishikawa et al., 2005).
From the viewpoint of optoelectronic integration of Ge devices
on an Si platform, Si-on-insulator (SOI) wafers have been widely
used. For Ge layers grown on SOI wafers, a similar amount of
tensile strain should be generated, since the elastic deformation,
derived from the thermal expansion mismatch, is governed by the
thick Si substrate, rather than the buried SiO2 and the top Si layers
with the thicknesses on the order of 1 µm or below. Patterning of
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6.

DIRECT GERMANIUM EPITAXIAL GROWTH PROCESS ON
SILICON
The Ge was epitaxially grown by using a cold-wall rapid thermal chemical vapor deposition system. Germane (GeH4 ) was
used as a source gas, which was supplied with H2 carrier gas.
As the starting point of improving the crystallinity and controlling the lattice strain, Ge layers with good surface morphology
were grown at 420°C under relatively high pressure of 7,000 Pa.
Then, the Ge layers were annealed in the same H2 atmosphere
to improve the crystallinity. Figure 9 shows a reciprocal space
map (RSM) of XRD (XRD-RSM) from the 130-nm-thick Ge layer
directly grown on the Si substrate before and after H2 annealing. An intense Si (-1-13) peak was observed, which represented
the diffraction from the Si substrate under the Ge layer. Since the
XRD-RSM was measured by using semiconductor array detectors, errors in the counts occur if the diffraction intensity is
very high; therefore, the streak line observed around the Si (-113) peak does not represent any actual diffraction. Since a Ge
(-1-13) diffraction peak was observed from the Ge layer without annealing (Figure 9A), it could be confirmed that a single
crystalline Ge layer was obtained by using low-temperature epitaxial growth. The displacement of the diffraction peak shows that
the as-grown Ge layer still contained a compressive strain just
after the low-temperature epitaxial growth at 420°C due to the
larger lattice constant of Ge compared to that of the Si substrate.
It has been reported that cyclic annealing at a relatively higher
temperature can reduce the threading-dislocation density (Luan
et al., 1999) in Ge layers. This has led to studies on the effect
of annealing on the crystallinity and lattice strain of Ge layers.
After low-temperature epitaxial growth of Ge layers at 420°C, the
temperature was increased to the annealing temperature in the
same H2 atmosphere as that during the epitaxial growth, and the
Ge layers were then annealed at various temperatures for 10 min.
XRD-RSMs of Ge layers annealed at a temperature (T GR/AN ) of
700°C after the low-temperature epitaxial growth are shown in
Figure 9B. The Ge (-1-13) diffraction peaks became much steeper
and the peak intensity increased when the annealing temperature
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FIGURE 9 | XRD-RSM of (-1-13) diffraction from Ge layer grown on Si
substrate, (A) after low-temperature epitaxial growth and (B) after
post-annealing.

FIGURE 10 | Photoluminescence spectra from Ge layers annealed with
different temperatures are shown. Peak wavelength of
photoluminescence from Ge layers red-shifted as annealing temperature
increased, consistent with temperature induced tensile strain. Inset shows
lattice strain of Ge layers grown on Si substrate along <001> and <110>
crystal orientations as a function of annealing temperature. Dotted line
indicates lattice strain calculated with difference between thermal
expansion coefficients of Si and Ge.

was increased, indicating that the crystallinity of the Ge layers was
increased by the post-annealing.
The inset of Figure 10 shows the lattice strain in the Ge
layers in the <001> and <110> crystal orientations as a function of the annealing temperature. We used standard Si wafers
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for this experiment, so that <001> is perpendicular to the surface of the Ge film, while <110> is in the plane of Ge film.
The lattice strain in the <110> crystal orientation increased as
T GR/AN increased, and the strain in the <001> crystal orientation showed an opposite dependence. Although the Ge layer
contained a compressive strain in the <110> crystal orientation at T GR/AN = 420°C, i.e., without annealing, this strain started
decreasing when T GR/AN was increased, and the Ge was completely
un-strainedat T GR/AN = 530°C. Furthermore, the sign of the lattice strain changed from compressive to tensile after annealing at
T GR/AN > 530°C, and the tensile strain at T GR/AN = 700°C reached
0.19%. This result is consistent with previous studies (Cannon
et al., 2004). Normally, a grown layer with a larger lattice constant
compared to a substrate contains a compressive strain within the
growth plane. However, since the Ge layers grown on the Si substrate were almost completely relaxed even after low-temperature
growth, the Ge lattice could be dislocated at the Ge/Si interface by
post-annealing, and the lattice strain of the Ge layer was relaxed
during annealing at the relatively higher temperature with the
volumes of Ge and Si determined by the thermal expansion coefficients (Singh, 1968; Okada and Tokumaru, 1984). After annealing,
the volume of the Ge layer and the Si substrate both shrunk as
the temperature decreased, and there was barely any change to the
lattice alignment at low-temperature. The volume of the Si substrate returned to its original value because it was thick enough.
However, the volume of the Ge layer could not return due to its
larger thermal expansion coefficients. Therefore, the tensile lattice
strain remained only in the Ge layers after cooling (Cerdeira et al.,
1972). The ideal lattice strain in <110> crystal orientation was also
plotted in the inset of Figure 10, which was calculated with only
the difference of the thermal expansion coefficients between Si
and Ge, so these values indicate the maximum lattice strain. Since
there are large discrepancies between calculation and measured
values, it seems that relaxation ratio has a large effect on the lattice
strain even at the lower temperatures. PL spectra from the postannealed Ge layers with various annealing temperatures are shown
in Figure 10. Although Ge is an indirect bandgap material and the
L-valley has the lowest energy level in the conduction band, we
were able to observe recombination between electrons and holes
at the 0-valley as luminescence at a wavelength of 1,550 nm, even
from the bulk Ge (dashed line in Figure 10). A comparison with
the post-annealed Ge layers shows that although the spectrum was
very weak and broad for the as-grown Ge layer, an obvious peak
could be observed from annealed samples at T GR/AN > 530°C.
Moreover, the PL intensity increased and the peak shape became
sharper as the annealing temperature was increased. The PL spectrum is strongly affected by crystallinity, because non-radiative
recombination was significantly increased with defects such as
dislocation and stacking faults. Therefore, these results suggest
that the crystallinity of the Ge layers was improved by the postannealing. The peak was observed at a shorter wavelength from
the Ge layer annealed at 500°C compared with that from bulk Ge,
and a red shift of the PL peaks occurred after post-annealing at
a higher temperature. In addition, the peak wavelength from the
unstrained Ge was 1,550 nm, which is almost the same value as that
of the bulk Ge. These results show that the bandgap energy at the
0-point was varied by the lattice strain in the Ge layers (Cerdeira
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et al., 1972; de Walle and Martin, 1986; de Walle, 1989), which
is consistent with the XRD measurements. These results indicate
that, in the range of this study, the most favorable PL characteristic
can be obtained from the Ge layer after post-annealing at higher
temperatures.

7.

GERMANIUM LIQUID-PHASE EPITAXY AND DEVICES
FOR PHOTONIC APPLICATION
Liquid-phase epitaxy (LPE) is a technique that was invented in
the 1960s (Nelson, 1963) and developed in the 1970s (Wieder
et al., 1977) for the fabrication of detectors, solar cells, LEDs
(Saul and Roccasecca, 1973), and laser diodes (Panish et al., 1970).
Originally used for III-V crystal growth, it has been adapted for
SiGe-on-insulator (SGOI) and Ge-on-Insulator (GOI) growth by
various groups (Liu et al., 2004; Tweet et al., 2005; Feng et al., 2008;
Hashimoto et al., 2009; Miyao et al., 2009; Ohta et al., 2011) and is
also referred to as rapid melt growth (RMG). The GOI technique
was pioneered by Liu et al. (2004) for Ge-on-insulator fabrication.
In this technique, a thin insulating layer is deposited on an Si substrate and patterned to open up seed windows. The target material,
in this case Ge, is deposited using a non-selective method and patterned to form the desired features. This is then encapsulated using
an insulating layer and heated up in a rapid-thermal-annealer
(RTA) in order to melt the Ge. The micro-crucible holds the melt in
place until the liquid epitaxial growth is complete. Upon cooling,
liquid-phase epitaxial growth starts from the seed and propagates
to the extremities of the strip structure. For the realization of single crystal Ge, epitaxial growth must proceed faster than unseeded
random nucleation, so that the crystal regrowth starting from the
seed is uninterrupted. Misfit dislocations arising at the SiGe interface in the seed area are necked down to the seed window as shown
in Figure 11. The RMG is limited to the growth of structures of the
order of around 3 µm in width and with a length of above 100 µm.
The limitation is largely due to the surface tension of the insulator
causing the Ge to form ball shapes while in the liquid phase.
RMG is very attractive for the heterogeneous integration of Gebased devices on insulator for electronics and photonics and has
been demonstrated for Gate all around P-MOSFET (Feng et al.,
2008), P-Channel FinFET (Feng et al., 2007), waveguide integrated
Ge/Si heterojunction photodiodes (Tseng et al., 2013), or Ge Gate
PhotoMOSFET (Going et al., 2014). These devices demonstrate
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the possibility of using RMG to obtain high quality Ge crystalline
layers to create a bridge between electronic components and photonic components. This vision is clearly demonstrated by Going
et al. (2014) in a Ge Gate PhotoMOSFET (Carroll et al., 2012)
where a Ge-gated NMOS phototransistor is integrated on an Si
photonics platform on SOI substrate. The resulting device, with
1-µm channel length, and 8-µm channel width, demonstrates a
responsivity of over 18 A/W at 1550 nm with 583 nW of incident
light. By increasing the incident power to 912 µW, the device operates at 2.5 GHz. Ge RMG or LPE on Si is therefore a promising
technology for the fabrication of heterogeneous devices requiring
high quality Ge layers such as MOSFETs, near-infrared detectors
but also Ge-based lasers that are still to be demonstrated using this
specific process technique. In fact, a highly tensile strain of 0.4%
has successfully been applied to a Ge film grown by RMG process
(Matsue et al., 2014), which is quite promising for light emission.

8.

TIME-RESOLVED PHOTOLUMINESCENCE STUDY OF
GERMANIUM ON SILICON
The use of n-type tensile-strained Ge grown on Si substrates is one
promising way to realize an efficient light source for Si photonics through the enhanced direct recombination from the 0 valley.
However, the large lattice mismatch between Ge and Si inherently
causes misfit dislocations at the interface, and threading dislocations during the growth. Besides, epitaxially grown Ge is usually a
thin layer, so that both the interface and the surface become important. Therefore, investigation of the excess carrier lifetime is crucial
for the realization of efficient light-emitting devices. Recently,
the excess carrier dynamics of thin Ge film grown on either Si
or SOI substrates have been investigated by time-resolved photoluminescence (Kako et al., 2012), microwave photoconductive
decay (Sheng et al., 2013), and pump-probe transmission (Geiger
et al., 2014) methods. Here, we present the time-resolved photoluminescence study of both non-doped and n-type Ge samples
grown on Si.
The Ge samples were epitaxially grown on (100) Si substrates by
using a cold-wall rapid thermal chemical vapor deposition system
(Oda et al., 2014). There were two primary growth steps. The first
step was the growth of an intrinsic Ge thin layer (≈100 nm) at low
temperature followed by an annealing process. The second step
was the regrowth of Ge on the first layer with another annealing

FIGURE 11 | Transmission-electron-microscope (TEM) image of a high quality single crystalline Ge-on-insulator obtained using RMG. It can clearly be
seen that the misfit dislocations from the lattice mismatch are confined to the seed region and that the crystalline Germanium lateral overgrowth is free from
defects.
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process. In situ n-type doping was carried out during the second
growth step by supplying phosphine. The Ge becomes biaxially
strained (≈0.15%) due to the difference of the thermal expansion
coefficients between Si and Ge. Time-resolved photoluminescence
measurements were performed using a time-correlated singlephoton counting method employing a superconducting singlephoton detector (SSPD) with a time resolution of about 50 ps. A
Ti:Sapphire pulsed laser was used as the excitation source (wavelength 710 nm, repetition rate 80 MHz, and pulse-duration 100 fs).
The laser beam was focused on the sample surface using an objective lens. The photoluminescence from the samples was collected
by the same objective and focused on to an optical fiber connected
to the SSPD. Photoluminescence ranging from 1.2 to 1.8 µm was
detected.
Figure 12A shows a time-resolved photoluminescence decay
curve measured from a nominally undoped Ge sample (thickness
500 nm). In order to limit the effects of lateral diffusion, the laser
spot size was set to ≈10 µm. The decay is a single exponential with
a lifetime of 1 ns, which corresponds to the excess carrier lifetime
of 2 ns. Germanium has an indirect bandgap, and as such, its excess
carrier dynamics are determined by non-radiative recombination
processes, such as Shockley-Read Hall (SRH) recombination and
surface recombination processes. The photoluminescence decay
lifetime, τ PL , of undoped Ge is then related to the excess carrier
lifetime, τ ex , as 2τ PL = τ ex . The lifetime of excess carriers τ ex of
an indirect semiconductor film depends on the thickness and can
be represented by Sproul (1994) and Gaubas and Vanhellemont
(2006) as:
1
1
=
+
τex
τB

1
d
2S

+

d2
π 2D

,

(6)

where τ B is the bulk lifetime, S is the surface recombination velocity, D is the ambipolar diffusion constant, and d is the layer

FIGURE 12 | (A) Time-resolved PL curve for an undoped Ge sample. The
inset shows the measured excess carrier lifetimes for two Ge thicknesses
with simulated lifetimes using the equations shown in the text.
(B) Time-resolved PL curves of an n-type sample for two excitation powers,
150 kW/cm2 (black line) and 15 kW/cm2 (red line).
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thickness. The excess carrier lifetimes obtained for undoped Ge
layers with different thicknesses (filled black circles) are shown in
the inset of Figure 12A together with the black curve, which is a
fit to the data using equation (6) with parameters of τ B = 3.5 ns,
S = 5.5 × 103 cm/s, and D = 30 cm2 /s (The ambipolar diffusion
constant Da could be estimated by changing the spot size and measuring the photoluminescence decay time). Both SRH bulk recombination and the surface recombination processes determine the
excess carrier dynamics in our undoped Ge samples.
Figure 12B shows time-resolved photoluminescence decay
curves measured at two different excitation power densities from
an n-type Ge sample (thickness 500 nm, doping concentration
7 × 1019 cm−3 ). The measured decay depends on both the excitation power density and time (in contrast to those measured
from undoped samples, which are independent of the excitation power). The instantaneous lifetime (that measured at a
particular point during the decay) depends on the photoluminescence intensity, and thus the excess carrier density. Based
on the SRH non-radiative recombination model, the lifetime of
excess carriers depends on their density (Linnros, 1998). This
dependence can be simplified to τ hl = τ n + τ p (τ ll = τ p for ntype doping) in the two extreme conditions where the carrier
density is high (low) when compared to the doping concentration (τ n and τ p are the inverse capture rates of the electrons
and holes, respectively). The photoluminescence lifetime can be
expressed as 2τ PL = τ hl (high excess carrier density) and τ PL = τ ll
(low excess carrier density). Therefore, from our measurements,
we estimate τ ll = 0.14 ns, τ hl = 0.8 ns based on SRH theory. The
estimated τ hl value is shorter than those found from the undoped
samples. This difference might be attributed to an increased
dislocation density introduced by the doping, but the estimation of τ hl could be underestimation because the Auger process
becomes important for doped samples (Gaubas and Vanhellemont, 2006). Further investigation is needed in order to obtain
a better understanding.

9. ELECTRO-LUMINESCENCE FROM GERMANIUM
Realization of monolithic light sources compatible with the existing Si photonics platform is one of the most difficult challenges.
Ge has attracted much attention as for possible future monolithic
light sources owing to its emission wavelengths of ~1.6 µm suitable
for an Si-based WG, in addition to the CMOS compatibility and
the pseudo-direct band-gap character (Menéndez and Kouvetakis,
2004; Liu et al., 2007, 2012; Liang and Bowers, 2010; Michel et al.,
2010; Boucaud et al., 2013; Liu, 2014). Recently, laser operation
from Ge pumped optically (Liu et al., 2010) and electrically (Cheng
et al., 2007; Camacho-Aguilera et al., 2012) has been reported.
However, there is no report so far to reproduce their results. The
optical gain from Ge is also achieved by the tensile-stress engineering (de Kersauson et al., 2011). The precise nature of the optical
gain in Ge is still controversial (Carroll et al., 2012), but the high
crystalline quality of Ge is one of the most critical factor to avoid
non-radiative recombinations at dislocations. It is confirmed by
several groups (Michel et al., 2010; Liu et al., 2012; Boucaud et al.,
2013; Liu, 2014) that the primary challenges for engineering Ge
as an active layer are: (i) crystallinity, (ii) high n-type doping, (iii)
tensile strain, as confirmed theoretically (Suwa and Saito, 2010,
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2011; Virgilio et al., 2013a,b). Here, we review some of the Ge light
sources developed on SOI substrates.
9.1.

DEVICE STRUCTURE AND FABRICATION PROCESS

As we discussed in section for Si light sources, lateral carrier injection is a natural choice for electrical pumping, since fabrication
processes are based on planar CMOS technologies. We show several candidates for Ge light sources suitable for lateral carrier
injection in Figure 13.
Figures 13A,E,I show schematic views and a transmissionelectron-microscope (TEM) image of a Ge FinLED (Saito et al.,
2011a), which uses Ge fins as MQWs embedded in Si3 N4 WG.
Ge fins were fabricated by the oxidation condensation technique
(Tezuka et al., 2009) applied to SiGe fins (Saito et al., 2011a). Relatively, high crystallinity is expected in Ge fins, since the lattice
mismatch between Si and Ge would be relaxed by stretching the
fins during the oxidation (Saito et al., 2011a). In fact, the low dark
current density of 1.86 × 10−5 A/cm−2 at a reverse bias of 1 − V
and the strong breakdown current density of >1 MA/cm−2 were
confirmed (Saito et al., 2011a).
In order to enhance the overlap between an optical mode
and fins, Ge fins with (111) orientation at the sidewall were also
developed (Tani et al., 2012), as shown in Figures 13B,F,J. To
improve the patterning accuracy, Si (111) fins were fabricated
by anisotropic wet etching, and n-Ge was re-grown after the
condensation oxidation of SiGe fins (Tani et al., 2011).
Further increase of the coupling is realized by using a bulk
Ge WG (Liu et al., 2007; Camacho-Aguilera et al., 2012; Tani et al.,
2013a,b), as shown in Figures 13C,G,K for schematic views and the
scanning electron microscope (SEM) image, rather than using Ge
QW or Ge fins. The p- and n-type diffusion regions were formed
in the 40 nm-thick SOI layer, and the Ge waveguide with 500nm width and 500-µm length was directly grown on the SOI
diode. The SOI thickness was designed to minimize the optical
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loss due to free carrier absorption in the diffusion electrodes. The
Ge waveguide was doped with 1 × 1019 cm−3 of phosphorus, and
the surface of the Ge waveguide was then passivated with GeO2
formed by low-temperature oxidation to reduce interfacial traps
(Tani et al., 2012, 2013a). Then, metal electrodes were made on
both diffusion regions.
To enhance light emission efficiency from Ge by tensile stress,
several techniques have been developed, e.g., the use of the thermal
expansion of relaxed Ge grown on Si (Ishikawa et al., 2003), the
growth on buffer layers with larger lattice parameter (Huo et al.,
2011), the mechanical deformation using membrane structures
(Kurdi et al., 2010), the stress concentration in a membrane structure (Nama et al., 2013), and using external stressors (Ortolland
et al., 2009; Ghrib et al., 2013). Considering the process compatibility to the lateral carrier injection, the Si3 N4 film with the tensile
stress of 250-MPa was employed (Tani et al., 2013a), as shown in
Figures 13D,H,L.

9.2.

IMPACT OF STRESS ENGINEERING FOR LATERAL GERMANIUM
ON SILICON DIODE

Figure 14A shows EL spectra of the Ge waveguide with 500-nm
width and 500-µm length taken from the top of the substrate
under continuous current injection of 60-mA. EL peak wavelength of the device with an SiN stressor is slightly longer than
that without the SiN stressor due to the tensile strain-induced
band-gap shrinkage, although the exact band-gap energy cannot be quantitatively estimated due to the additional peak shifts
caused by heating under high currents. Moreover, as shown in
Figure 14B, the peak intensity of the EL of the device with
SiN stressor is 1.65 times larger than that without SiN stressors.
Figure 14C shows two-dimensional stress mapping calculated by
a finite element modeling of the Ge waveguide on the Si substrate covered by Si3 N4 stressor. The tensile stress of 100 MPa

FIGURE 13 | Development of a Ge light source. (A) i -Ge FinLED, (B) n-Ge FinLED, (C) n-Ge-WG-on-Si LED without SiN, and (D) n-Ge-WG-on-Si LED with SiN.
(A–D) Cross section, (E–H) plan views, and (I–L) microscope images.
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FIGURE 14 | Strain engineering for n-Ge-WG-on-Si LED. (A) Spectra and (B) integrated intensity from experiments. (C) Stress mapping simulation.

is localized on the side wall of the Ge waveguide, while the inplane compressive stress of 40 MPa exists on the top part of the
Ge waveguide. The increase of the light emission efficiency was
22% caused by the tensile stress, after subtracting of the additional increase of 35% caused by the light extraction efficiency
due to the reduced reflectance at the surface of the Ge waveguide
by the 500 nm-thick Si3 N4 layer (Tani et al., 2013a). Therefore, the
stress engineering by Si3 N4 is an appropriate option to improve
the performance of Ge light sources. Recently, there are significant
advances in stress engineering by manipulating free-standing Ge
structures (Jain et al., 2012; Boztug et al., 2013; Süess et al., 2013;
Sukhdeo et al., 2014), and enhanced direct recombination has been
achieved.

10. CONCLUSION AND FUTURE OUTLOOK
In this paper, we reviewed the recent progress on the developments
of silicon and germanium light sources. There are many process
options to fabricate silicon- and germanium-based nanostructures
by using modern silicon technologies. For active materials, planar silicon single-quantum-well (Saito et al., 2006a,b, 2008, 2009;
Hoang et al., 2007; Noborisaka et al., 2011; Saito, 2011) or multiplequantum-wells made of silicon or germanium fins (Saito et al.,
2011a,b) can be used. To enhance the recombination rates and
the extraction efficiencies, photonic crystal structures have been
introduced (Fujita et al., 2008; Nakayama et al., 2010a; Iwamoto
and Arakawa, 2012). The further increase of the efficiency can
be achieved by introducing tensile strain and n-type doping of
the germanium (Ishikawa et al., 2003; Menéndez and Kouvetakis,
2004; Liu et al., 2007, 2012; Kurdi et al., 2010; Michel et al., 2010;
Huo et al., 2011; Boucaud et al., 2013; Ghrib et al., 2013; Nama
et al., 2013; Tani et al., 2013a; Liu, 2014).
Considering the success of the laser operation using the bulk
germanium waveguides (Liu et al., 2010; Camacho-Aguilera et al.,
2012), the next step will be to reduce the threshold current for
pumping. It is critical to develop a process technology to fabricate
a high crystalline quality germanium quantum-well compatible
with the silicon photonics platform. If practical silicon or germanium laser diodes are available in the future, these group IV
lasers will realize the convergence of electronics and photonics on
a silicon chip.
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