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Group IV direct band gap photonics:
methods, challenges, and opportunities

Richard Geiger, Thomas Zabel and Hans Sigg*

Laboratory for Micro- and Nanotechnology, Paul Scherrer Institut, Villigen, Switzerland

The concept of direct band gap group IV materials may offer a paradigm change for
Si-photonics concerning the monolithic implementation of light emitters: the idea is to
integrate fully compatible group IV materials with equally favorable optical properties
as the chemically incompatible group IlI-V-based systems. The concept involves either
mechanically applied strain on Ge or alloying of Ge with Sn, which permits to drastically
improve the radiative efficiency of Ge. The favorable optical properties result from a
modified band structure transformed from an indirect to a direct one. The first demon-
stration of such a direct band gap laser has recently been accomplished in GeSn. This
demonstration proves the capability of this new concept, which may permit a qualitative
as well as a quantitative expansion of Si-photonics in not only traditional but also new
areas of applications. This review aims to discuss the challenges along this path in terms
of fabrication, characterization, and fundamental understanding, and will elaborate on
evoking opportunities of this new class of group IV-based laser materials.
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Introduction

The Si-based optical platform is rapidly changing the landscape of photonics by offering powerful
solutions, for example, for data links (Miller, 2010) and sensing (Passaro et al., 2012) to name only
two out of many. This development has taken place in spite of the fact that Si itself is a poor emitter of
light. This is without a doubt due to the fact that Si technology as used in very large-scale integration
(VLSI) and complementary metal-oxide-semiconductor (CMOS) technology is extremely mature
and advanced. This fact seemingly compensates for the shortfalls in concepts for Si to generate light.

Nowadays, group III-V materials are implemented to integrate active light sources onto the Si
platform by using involved coupling schemes and/or heterogeneous integration (Fang et al., 2013).
However, because these materials are chemically intolerant to Si, their integration bears a lot of
burdens, which raises the fabrication costs. Strongly preferred are materials that are compatible to Si,
tolerated by the technology (preferentially CMOS), and capable of producing light similar in efficiency
to traditional group III-V semiconductor systems.

In direct band gap systems, light generation is based on radiative recombination of electrons and
holes, both with practically the same momentum as schematically shown in Figure 1A. In unstrained,
i.e., “regular” bulk Ge, however, the excited electrons will preferentially occupy the lower conduction
band energy states of the L-valley. In Ge, the momentum of the electrons does, thus, not match those
of the holes, which occupy the degenerated heavy- and light-mass valence bands at the I'-point (c.f.
Figure 1B). The appearing momentum mismatch requires a phonon for the recombination. But note
that except the position of the indirect L-valley, which is in Ge 140 meV below the I valley minimum,
the band alignments near the I'-point in system A (say InGaAs, one of the most prominent group
II-V systems used for lasing) and B are very similar. To achieve the favorable direct recombination
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FIGURE 1 | Band structure in momentum space (A) direct band gap
semiconductor. Electron/hole recombination occurs at the I'-point.
(B) Unstrained Ge. Electrons occupy the conduction band states of the

—>

momentum space

L-valleys. Radiative recombination is hindered by the momentum mismatch.
(C) Due to strain (or alloying with Sn), the band gap of Ge (GeSn) shrinks and
the population of electrons at the I'-point increases.

condition also for Ge, we need to find a way to inject electrons
into that conduction band valley with its energetic minimum at
the I"-point. This is realized in the most straightforward fashion
when all unwanted electron levels are energetically shifted above
the I'-states, which is equivalent to transfer the system from a
fundamentally indirect to a fundamentally direct one.

We will discuss the two methods that make this conversion
possible. One involves the application of tensile strain, while the
second approach relies on alloying Ge with Sn. Thus, the obtained
band alignments are depicted in Figure 1C. With either one of the
methods, the I'-valley can be reduced below the indirect one at L
enabling efficient carrier injection into the I'-valley. Moreover, the
VB degeneracy is lifted depending on the strain state and its load-
ing, biaxial or uniaxial, c.f. Section “Modeling” for more details.

In Figure 2, we show the state-of-the-art of the strain and alloy-
ing approach toward the realization of a direct band gap group IV
material. For our discussion, we selected those approaches that are
potentially compatible with CMOS fabrication and are suited for
optical applications. Very thin membranes (Sanchez-Pérez et al.,
2011), nanowires clamped in bulky mechanical strain apparatus
(Greil et al., 2012), Ge bulk layers on III-V substrates (Huo et al.,
2011), etc., are not considered here because they are unpractical
for integration on Si. Not considered either is light emission from
Si-based quantum wells and defects; for a recent review, see Saito
etal. (2014). In our compilation, Figure 2, we benchmark the two
strain loadings (uniaxial and biaxial) and Sn alloy composition
against the achieved relative band offset, AE/E, where an offset
AE of 100% is equal to Ey ~ 140 meV for the case of unstrained Ge.
An offset parameter of 0 meV (0%) corresponds, thus, to I'- and
L-valleys having their band edges at the same energy.

The black arrow on the left hand side of the second line in
Figure 2 marks the case of highly n-doped Ge (Liu et al., 2010),
where a maximum of 0.25% biaxial strain is accomplished. This
value of 0.25% is the one typically obtained from direct epitaxy of
Ge on Si. It arises due to the difference between the thermal expan-
sion coefficients of Si and Ge (Michel et al., 2010). High n-doping

uniaxial
[100]

o 1
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FIGURE 2 | Relative offset of the I'- and L-conduction band minima
realized in Ge either by uniaxial tensile strain along [100] direction
[dark blue: (Capellini et al., 2013), light blue: (Nam et al., 2013;
Sukhdeo et al., 2014), olive: (Siiess et al., 2013; Geiger et al., 2014c)],
biaxial tensile strain on (001) oriented substrate [black: (Liu et al.,
2010); violet: (Ghrib et al., 2013, 2015)] or by alloying with Sn [yellow:
(Chen et al., 2013a); orange (Gupta et al., 2013b); red: (Wirths et al.,
2015)]. The shown offset versus Sn concentration relates to the unstrained
case. About 100% (0%) offset refers to 140 meV (vanishing energy offset).
Hence, the dash-dotted line marks the transition from an indirect to a direct
band gap semiconductor.

is introduced to fill the parasitic indirect states (Xiaochen et al.,
2010). Such doping does not transform the material into a direct
gap system, but it appeared that under optical excitation and
electrical pumping the light emission shows an intensity threshold
as well as linewidth narrowing (Liu et al., 2010; Camacho-Aguilera
et al,, 2012). These results became widely known as the optically
and electrically pumped Ge-laser. However, since the time when
these announcements were made in 2010 and 2012, only one other
demonstration of these effects has been reported so far (Koerner
etal,, 2015). This very recent and only result concerns a Ge diode
structure with an unstrained active region doped at 3 X 10" cm™.
The obtained emission spectra are similar to the one from the
original work from the MIT group. However, as we will show

Frontiers in Materials | www.frontiersin.org

July 2015 | Volume 2 | Article 52


http://www.frontiersin.org/Materials/archive
http://www.frontiersin.org/Materials/
www.frontiersin.org

Geiger et al.

Group IV direct band gap photonics

below, these spectra significantly differ in several aspects - the
intensity, the linewidth, and the Fabry-Perot (FP) multi-mode
behavior - from those obtained with the here discussed direct band
gap lasers. Moreover, as will be discussed in Section “Lifetime,
Gain, and Loss,” these Ge-lasing observations are contradicted
by gain experiments (Carroll et al., 2012) as well as by theoretical
analysis performed by several groups (Liu et al.,, 2007; Chow,
2012; Dutt et al., 2012; Peschka et al., 2015) when the lasing cur-
rent density threshold is calculated using realistic non-radiative
lifetimes (Geiger et al., 2014a). As the experimental foundation
for understanding this peculiar threshold behavior of low strained
(and in one case even unstrained) Ge is ambiguous, we will focus
here on reports concerning direct band gap group IV systems,
which includes the first unmistakable proof of interband lasing in
a group IV system. Without doubt, with the advent of direct band
gap systems showing unambiguous lasing, an excellent opportunity
is created, which will help to unravel in the very near future above
raised questions regarding the lasing in highly n-doped Ge.

Coming back to Figure 2: the arrows colored in violet depict
1.0 and 1.5% biaxially tensilely strained structures that have been
achieved via deposition of Si-Nitride (SiN) stressor layers (Ghrib
etal., 2013, 2015). This strain is equivalent to a band oftset of ~70
and 30 meV, which corresponds to 50 and 30% of the unstrained
band offset value, respectively. So far, the highest strain values
are obtained in suspended microbridges under uniaxial loading
as is shown on the top stroke. There, the ~0.25% biaxial prestrain
is enhanced and transformed into uniaxial strain. The arrows in
olive (Siiess et al., 2013; Geiger et al., 2014c) and blue (Nam et al.,
2013; Sukhdeo et al., 2014) mark recent achievements from the two
leading groups. The latest result (Sukhdeo et al., 2014) indicates
that the bridge technology can indeed provide direct band gap
strained Ge. SiN stressor layers on suspended microbridges or
FP cavities deliver far less strain and offset reductions (Capellini
etal,,2013,2014). As shown by the red arrows on the third stroke,
alloying Ge with Sn also provides optical group IV material with
a fundamental direct band gap. The transition from fundamental
indirect to direct occurs at a Sn concentration of ~9% for relaxed
GeSn. Depending on the strain loading, i.e., tensile or compressive,
the crossover shifts to a higher or lower Sn concentration. Hence,
a 20-nm thick GeSn layer with 8% Sn sandwiched between Ge
claddings and processed into microdisks is not as close to the
direct transition as a relaxed layer with 6% Sn because of the —1%
biaxial compressive loading (Chen et al., 2013a). The GeSn alloy
above the crossover in Figure 2 exhibits 0.7% in-plane strain ata Sn
concentration of 13%. This system shows lasing at low temperature
(Wirths et al., 2015). We will present this recent result and will,
thereby, clarify the characteristic of the experimental observation
of lasing.

The availability of direct band gap group IV semiconductors as
compiled in Figure 2, together with the rise of promising results,
in particular, the demonstration of lasing in the GeSn system, has
motivated the writing of this review. It is meant to present the
current understanding evoked from the research undertaken at
many places worldwide. Although some of the following descrip-
tions are exemplified for only one of the systems (strain or Sn
alloying), we will argue that the physics of this two direct gap
systems can be understood by analogy. By merely emphasizing the

similarities of the physics and the characterization methods used
for investigations, we hope to provide a comprehensive overview
that will support and interest many scientists to enter this highly
relevant field of research.

In Section “Direct Band Gap Group IV Materials,” the band
structure in Ge is given in dependence of strain. We then sum-
marize the fabrication steps for strain engineering and Sn alloying.
In Section “Characterization Methods: Optical Properties,” several
optical characterization methods are introduced, such as pump and
probe spectroscopy developed for this very purpose at the infrared
beamline of the Swiss light source (SLS). Gain and loss studies
performed on Ge layers as well as carrier lifetime measurements are
shown in Section “Lifetime, Gain, and Loss.” These results impact
the discussion on lasing in n-doped Ge, which is briefly repeated
to exemplify the capability of these experimental methods. The
analysis of temperature-dependent photoluminescence (PL) is
found to deliver a quantitative measure for the directness of GeSn
layers, shown in Section “Photoluminescence — Direct Band Gap,”
and narrow emission spectra together with an intensity versus exci-
tation-threshold represent the first observation of lasing in a direct
band gap group IV system, shown in Section “Optically Pumped
Laser” Investigation challenges, such as the quantitative analysis of
the Auger recombination and the carrier transport, are appointed
in Section “Challenges” together with other fundamental device-
related issues, such as cavity design, band gap renormalization, and
thermal budgets for alloys. We speculate about the opportunities
for Si photonics offered by an efficient monolithically integrated
laser source in Section “Opportunities,” and furthermore discuss
the prospect of a Ge and/or GeSn electro-optical data processing
platform. We conclude in Section “Conclusion and Outlook” and
give a short outlook.

Direct Band Gap Group IV Materials

Modeling
Band Structure
The effect of tensile strain on Ge’s band edges shown in Figure 3
illustrates the path of the transitions’ energies going from an indi-
rect to a direct band gap system. The energies for interband- (solid
lines) and intervalence-band transitions (broken lines) between
the respective conduction- and valence-band edges are calculated
via deformation potential theory as implemented in the nextnano®
modeling software (Birner et al., 2007). Due to the fact that the
I'-valley energy reduces faster than the one of the L-valley, Ge
transforms into a direct band gap semiconductor at ~4.7% uniaxial
strain along [100] when the direct transition (black line) decreases
below the energy of the indirect recombination (green line). For
Ge under biaxial tensile strain or GeSn alloys, the band edges
behave similarly with an indirect-to-direct band gap crossover at
~1.6-2.0% strain (El Kurdi et al., 2010; Virgilio et al., 2013; Wen
and Bellotti, 2015) or and at a Sn-content of ~9% (Low et al., 2012;
Gupta et al., 2013b; Wirths et al., 2015) for a fully relaxed layer.
In the valence band, strain lifts the degeneracy of light hole and
heavy hole bands and introduces a mixing such that this distinc-
tion becomes meaningless, especially under high strain. For low
strain, VB1 and VB2 in Figure 3 are mostly “heavy hole”- and
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FIGURE 3 | Transition energies between the direct and indirect
conduction band valleys and the two top valence bands and within
the valence band of uniaxially, tensilely stressed Ge. For a strain of
~4.7%, the conduction band minimum at the I'-point reaches a lower energy
than the indirect L-valleys. The upper x-axis denotes the offset between the
T'- and L-band edges in relative units.

“light hole”-like, respectively. VB3 refers to the split-off band. The
energetic order of the heavy and light hole bands is reverted when
moving from the uniaxial to the biaxial case.

Most of the theoretical work concerning Ge light emission uti-
lizes k-p theory including 6 bands (Aldaghri etal., 2012; Chang and
Cheng, 2013; Virgilio et al., 2013), 8 bands (Zhu et al., 2010; Wirths
et al., 2013b), or 30 bands (EI Kurdi et al., 2010). The latter is not
restricted to the Brillouin-zone center but describes the full energy
dispersion. In other works, the empirical pseudopotential method
(Dutt et al,, 2013; Wen and Bellotti, 2015), density functional
theory (Tahini et al., 2012), and the tight-binding model (Dutt
etal., 2012) are employed. The agreement between the models is
generally found to be satisfactory.

Gain

In Figure 4, we show gain calculations for uniaxially stressed Ge
in dependence of n-type doping and conduction band offset (c.f.
the scale of the upper x-axis in Figure 3). The band structure was
computed with an 8-band k-p approach (Birner et al., 2007). The
gain was calculated via Fermi’s golden rule, assuming cylindri-
cal symmetry for the valence bands to simplify the calculation
of the joint density of states (JDOS), c.f. Virgilio et al. (2013).
More details of the calculation can be found in Siiess et al. (2013),
supplementary information. The peak gain at room temperature
(RT) is plotted after subtraction of the loss following the experi-
mentally determined electron- and hole-absorption cross-sections
from Carroll et al. (2012) (Siiess et al., 2013). The black, broken
line indicates when transparency is reached. As an example, for a
system at the crossover to a direct band gap system, transparency

is nearly reached at a low injection of 1 X 10" cm™ as depicted in
Figure 4A. Applying a moderate doping of 1 X 10" cm™ resultsina
gain of >500 cm™, which is sufficient to overcome typical resonator
losses. When the doping level is increased to 2 X 10* cm™, the
gain approximately triples to ~1500 cm™ according to our model.
This suggests that n-doping is a very effective method to promote
high gain for correspondingly low excitation in direct band gap
systems. This is due to the fact that as long as the offset is not much
larger than kT (Sukhdeo et al., 2014), electrons will nevertheless
spread into the L-band from where they cannot contribute to gain.

Transparency can also be achieved for an undoped and still
indirect, strained Ge system under higher excitation. We obtain
transparency at an injection of 1 X 10" cm™ for a system with a
remaining offset of 25% (35 meV) and an n-doping level below
1x10%cm™ (see Figure 4B). When the direct band gap is reached
(0% offset), the net gain amounts to 1000 cm™, which can be
increased up to 2000 cm™ at a doping of 2 X 10" cm™. In contrast
to the indirect band gap Ge, a reduction in temperature helps to
increase the gain as soon as the I" valley constitutes the lowest
conduction band energy due to condensation of the carriers into
the direct gap states. For example, an intrinsic direct band gap Ge
system with 25 meV band offset exhibits a net gain of the order of
4500 cm™' ata temperature of 20 K and an injection of 1 X 10" cm™
compared to 1700 cm™ at RT.

When comparing gain predictions in literature, we experi-
ence larger differences than between predictions of energy levels
and their relative positions. The reason for this stems from
the uncertainty in the loss. For weakly strained and relaxed
Ge, experimental values are available as discussed in Section
“Lifetime, Gain, and Loss” Hence, the overall agreement of
the predictions is largely coherent. For example, calculations
consistently predict gain for Ge with a large offset (80%) only
for the case of very high doping of >5 X 10" cm™. For strained
and alloyed systems, however, the interband energies approach
the one of the intervalence band transitions. The energies may
even cross, as shown in Figure 3. Hence, loss processes related
to these transitions will become critical. Furthermore, the gain
as predicted by a Green’s functional approach (Wen and Bellotti,
2015) tend to be smaller than the commonly used joint density
of state formalism as applied for Figure 4.

Fabrication

Microbridges

Strain engineering is nowadays a standard tool in microelec-
tronics to improve device performance, where the lattice mis-
match between Si and Ge is used to generate strain via epitaxy.
However, the pseudomorphic deposition of Ge on Si leads to
compressive strain, which deteriorates the light emission effi-
ciency and is, furthermore, limited to small layer thicknesses.
Therefore, the main method used to introduce strain is the
application of external stressor layers, such as silicon nitride
(SiN), which is compatible with CMOS processing. Some work
following this approach includes the deposition of stressors on
the back side of Ge membranes (Nam et al., 2011, 2012), on
micropillars (Velha et al., 2013), or on selectively grown Ge
(Oda et al., 2013).

Frontiers in Materials | www.frontiersin.org

July 2015 | Volume 2 | Article 52


http://www.frontiersin.org/Materials/archive
http://www.frontiersin.org/Materials/
www.frontiersin.org

Geiger et al.

Group IV direct band gap photonics

A Net Gain (cm™') for 1x10'%cm™ Injection

B Net Gain (cm™') for 1x10'2cm”> Injection

n-type Doping (x10

100

=
o
1

n-type Doping x10'% em™)

1 T T T T T
100 80 60 40 20 0
Conduction Band Offset (%)

FIGURE 4 | Maximum net gain at room temperature for uniaxially
stressed Ge in dependence of n-type doping and conduction band
offset. An 8-band k:p model was employed to calculate the band structure
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parameters. The map is calculated for a carrier injection of (A) 1 x 108 cm=2
and (B) 1 x 10" cm~2. The black, broken line depicts the transparency
condition when the gain equals the losses.

An advantage of using external stressor layers is the simplicity
to combine the strain transfer with standard cavity structures like
FP waveguides (Capellini et al., 2014). However, the achieved strain
is so far limited to a predominantly uniaxial strain of 1.5%. In
other efforts, SiN layers were deposited on Ge microdisks, resulting
in a biaxial strain of 1.0% (Ghrib et al., 2013) and 1.5% (Ghrib
etal, 2015). However, these stressor layer approaches suffer from
a large strain inhomogeneity across the Ge layer, and elaborated
all-around stressor techniques using wafer transfer and bonding.
These results are included in Figure 2.

Following a different route, it was shown that high levels of
tensile strain can be locally induced without the use of any external
stressor layers (Minamisawa et al., 2012; Siiess et al., 2013). In
the approach by Siiess et al., the starting substrate is the com-
monly used tensilely strained Ge layer with a biaxial strain of
~0.2%. Subsequently, the layer is patterned into a microbridge
with a narrow central cross-section (the “constriction”) and larger
outer cross-sections (the “pads”) as shown in Figures 5A,B. As
last processing step, the structure is underetched by selectively
removing the underlying buried oxide with hydrofluoric acid, c.f.
Figure 5C. Releasing the structure leads to a relaxation of the strain
in the pads, which in turn increases the strain in the constriction.
Due to Hooke’s law and force balance, strain accumulated in the
constriction will depend on the ratio of pad and constriction
widths as well as the ratio between their lengths (Minamisawa
et al., 2012; Stiess et al., 2013). Hence, following this principle,
any strain can be generated in the constriction by solely varying
the geometrical parameters independent of the actual dimen-
sions of the structure. In contrast to external stressors where the
achievable strain is limited by the efficiency of strain transfer,
this strain enhancement is only limited by the material strength.
Figure 5A shows enhancement factors of more than 20X realized

from 0.15% biaxial strain in Ge on Si (blue squares) or Ge on
silicon-on-insulator (SOI) (green circles and red triangles) for
bridges with varying geometrical dimensions. The agreement of
the experimental values with the ones predicted by finite element
modeling (red triangles) is excellent. For Ge on SOI, the highest
strain achieved in 6 pm X 2 pm constrictions is 3.1%. When
starting from 200 nm thick germanium-on-insulator substrates
(GOI), which feature a significantly reduced dislocation density
(Akatsu et al., 2006; Hartmann et al., 2010), a strain of 5.7% was
observedina 5.0 pm X 0.2 pm constriction (Sukhdeo et al., 2014).
According to Figures 2 and 3, such a strain is by far sufficient to
transform Ge into a direct band gap material showing the prospect
of the strain-enhancement technique given a starting material
with high-crystal quality.

GeSn Alloying
The epitaxial growth of GeSn alloys poses several challenges, such
as a large lattice mismatch between o-Sn and Si (17%) or Ge (15%),
and a low solid-solubility of <1%. Therefore, the fabrication of
high quality and smooth epilayers was a demanding task for many
years and the development of new growth processes to deposit
GeSn under non-equilibrium conditions at low temperatures was
required. Whereas the first attempts to grow GeSn alloys were
based on molecular beam epitaxy (MBE) in 1980s and 1990s
(Pukite et al., 1989; Harwit et al., 1990; Wegscheider et al., 1990;
Fitzgerald et al., 1991; He and Atwater, 1997), device-grade GeSn
epilayers could be synthesized since the early 2000s when the
first chemical vapor deposition (CVD) processes were developed
(Bauer et al., 2003).

Nowadays, several groups established growth processes for
GeSn utilizing either MBE (Bratland et al., 2003; Chen et al.,
2011a; Bhargava et al,, 2013; Oehme et al., 2013) or CVD
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FIGURE 5 | Suspended microbridges from thermally pre-strained Ge.

(A) Experimental and modeled strain for Ge microbridges fabricated on Si and
SOI. The analytical strain-enhancement model is given in Stuess et al. (2013). The
enhancement of 22x corresponds to 3.1% uniaxial strain (Stess et al., 2013).
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(B) Strain profile of a suspended bridge structure as obtained by finite element
modeling (FEM). Due to the relaxation in the pads, the strain in the central
constriction is enhanced. (C) Process flow for the fabrication of suspended
microbridges.

(Vincent et al., 2011; Chen et al., 2013b; Wirths et al., 2013a;
Xu et al,, 2013; Du et al.,, 2014) for a variety of applications,
e.g., photodiodes, photodetectors, or MOSFETs. Here, due to
the reduced lattice mismatch compared to Si, Ge is preferred as
virtual substrate (VS) in order to ensure layers of high monocrys-
talline quality. Regarding the epitaxial growth of direct band
gap GeSn alloys, nearly strain relaxed or even tensilely strained
layers are highly desired, since for compressively strained GeSn
layers, i.e., GeSn coherently grown on Ge VS, higher Sn contents
are necessary for the indirect to direct transition (Gupta et al.,
2013b). Owing to an advantageous relaxation mechanism for
GeSn layers on Ge VS, dislocations seem to mostly protrude into
the Ge VS rather than into the GeSn layer, which is beneficial
for optical properties as the density of non-radiative recombina-
tion centers is reduced (Takeuchi et al., 2006; Senaratne et al.,
2014; Wirths et al., 2015). Although relaxation takes place, a
certain level of compressive biaxial strain (typically between
—0.6 to —0.8%) remains nevertheless, which, as already said
in connection with Figure 2, shifts the indirect-to-direct band
gap crossover to higher Sn concentrations with respect to fully
relaxed GeSn. Therefore, several approaches are being followed to
reduce the compressive strain, such as growth on lattice-matched
InGaAs VS (Chen et al., 2011a), which is not acceptable within
a CMOS processing line, or deposition of ever thicker layers to
enforce further strain relaxation (Senaratne et al., 2014; Wirths
et al,, 2015). Gupta et al. (2013b) introduced a robust etching
approach enabling to selectively dry etch the Ge VS underneath

the epitaxial GeSn layers. The authors envision their method
to enable the fabrication of direct band gap GeSn micro disks.

Figures 6A-C show transmission electron microscopy images
of a GeSn layer with 13% Sn grown via reduced pressure CVD on
aGe VS (Wirths etal., 2015). The advantageous relaxation mecha-
nism mentioned above can be seen here with dislocation-loops
(blue arrows) emitted into the Ge VS. Despite the high-Sn content,
the thickness of the GeSn layer could be increased up to 560 nm
without deteriorating the high-crystalline quality. Owing to the
large thickness, a relaxation of 60% could be achieved such that only
a mild compressive strain of —0.6% was present. As will be shown
in Section “Photoluminescence — Direct Band Gap,” this epilayer
was proven to be a direct band gap group IV semiconductor that
provides net gain and, hence, shows lasing under optical pumping.

We conclude this section on the fabrication of GeSn alloys by
summarizing the list of beneficial assets GeSn epitaxy brings to the
current Si technology facilitating future developments and integra-
tion. Apart from the prospect to fabricate a fundamental direct
band gap group IV material, GeSn alloys are attractive because of
(i) low-temperature deposition on Si(001) compatible with existing
CMOS processes; (ii) strain relaxation with reasonably low thread-
ing dislocation density; (iii) available option for selective growth
on silicon, which is attractive for photonic integration; (iv) GeSn/
SiGeSn heterojunction layers to generate carrier confinement in
quantum wells; (v) and therefore, tunability of the lattice constant
offering opportunities to combine the alloys with the strained
membrane method.
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FIGURE 6 | Cross-sectional transmission electron microscopy (TEM)
image of a Geos7Sno.is alloy. (A) Expanded view showing the high-crystalline
quality of the GeSn epilayer. The defects are located near the interface to the
Ge virtual substrate. (B) Dislocation-loops (blue arrows) emitted below the

GeSn/Ge-interface (orange arrows) penetrating only into the Ge virtual
substrate. (C) High-resolution TEM image of the interface used for Burgers
vector calculations. Lomer dislocations with b = a/2[110] are observed (Wirths
et al., 2015).

Characterization Methods: Optical
Properties

Lifetime, Gain, and Loss

When describing a material with regards to its suitability as an
efficient laser source, key properties that decide upon adequacy
are the gain and loss, i.e., the material’s ability to amplify light, as
well as the non-radiative lifetime, which determines the internal
quantum efficiency as well as the achievable steady-state carrier
density. These characteristics can be extracted in a direct way
using broadband, time-resolved pump-probe transmission, and
reflection spectroscopy. Possible ways for performing such experi-
ments could be via tunable lasers or supercontinuum sources.
However, particularly synchrotron-based infrared pump-probe
spectroscopy has been shown to offer advantageous conditions for
measuring the carrier density, their lifetime as well as gain and loss
due to its extended bandwidth and suitable pulse lengths (Carroll
et al., 2012; Geiger et al.,, 2014a,b). At the infrared beamline of
the SLS, 100 ps long pulses of infrared light are supplied from the
synchrotron and serve as broadband probe pulses, whereas the
excess charge carriers are optically excited by a 100 ps Nd:YAG
laser at 1064 nm (Carroll et al,, 2011). The delay time between
pump and probe pulses can be varied electronically, which offers
the possibility to follow the dynamics of a system over a long time
period by probing at different times after excitation. In the follow-
ing, we review some of the pump-probe measurements performed
at the SLS and give the most important results that challenge the

interpretation of the Ge-lasing observations. We renarrate this
discussion at the end of this chapter.

Figure 7A shows the mid-infrared reflection of a Ge layer
grown on Si plotted as the ratio of pumped (Rp) and unpumped
(Ru) reflection signal. The different colors depict different opti-
cal excitation strengths between 1 and 160 MW cm™. All of
the spectra were taken for a pump-probe delay time of 250 ps.
The distinct minimum observed in the spectra is attributed
to the carriers’ plasma frequency. For an increasing excitation
power, the minimum shifts to higher energy and becomes at the
same time more pronounced. As the plasma frequency shifts in
first order proportional to the square root of the total amount
of charge carriers in the system, such reflection measurements
facilitate a convenient method for the quantitative determination
of the carrier density. Thus, the extracted carrier concentration in
dependence of the optical pump power for delay times of 0 and
250 ps is shown in the inset of Figure 7A. Moreover, by analyzing
the carrier density at a fixed pump power for varying delay times,
the reflection spectra can be used to extract the carrier decay times.
In the case shown here, the carrier density drops to ~4 X 10" cm™
within 250 ps for all generated carrier concentrations larger than
4 x 10" cm™. This behavior indicates an increasingly faster decay
time at high-carrier concentrations, which is attributed to Auger
recombination (Carroll et al., 2012).

While the analysis of mid-infrared reflection spectra enables
to directly access charge carrier concentration and decay time,
the latter can also be extracted from near-infrared transmission
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FIGURE 7 | Time-resolved infrared reflection and transmission
spectroscopy: (A) mid-infrared reflection spectra of Ge on Si expressed
as the ratio of pumped (Rr) and unpumped reflection (Ry) for varying
excitation power at a pump-probe delay of 250 ps. The resonance in the
spectra is attributed to the carrier plasma frequency, which enables to extract

B T T T 1 T T T T
Ll pp— Unpumped —— 0O ns —— 0.2ns |
—— 0.4 ns 0.8ns —— 1.6ns
0.6 — 3.2ns —— 5.0ns —
=
k<]
v
k2]
€
%]
s
=
iGe/SOI
| | | | | ! | L
0.50 0.60 0.70 0.80 0.90

Photon Energy (eV)

the total amount of charge carriers. The inset shows the carrier concentration for
0 and 250 ps delay time in dependence of the excitation power. (B) Normal-
incidence pump—probe transmission spectra for Ge on SOI for varying delay
times. Strong Fabry-Perot oscillations are observed from the thin film
interference. Analyzing the peak-shifts facilitates the extraction of the decay time.

measurements. In Figure 7B, normal-incidence transmission
spectra of intrinsic Ge are plotted, while the delay time between
pump and probe is varied. As SOI is used as substrate, distinct
FP oscillations are observed due to standing wave interferences
between the Ge/air and Si/SiO, interfaces. For short delay times,
the transmission is significantly reduced due to absorption. Above
the direct band gap of ~0.8 eV, there is an increase compared
to the unpumped transmission due to gain or bleaching. By fol-
lowing the shifts of the minima or maxima, the dynamics of the
refractive index is obtained, which enables the extraction of the
carriers’ decay time. Compared to the decay time analysis from
the mid-infrared reflection, the sensitivity to detect small carrier
densities is higher in such a measurement because the refractive
index - and, hence, the oscillation extrema - follows the carrier
densities linearly, which enables to follow the decay processes
within an extended time window.

In Figure 8, the time-dependent FP peak shifts are shown for
differently prepared Ge layers. The shifts were normalized to unity
at t = 0 ns and the decay fitted to an exponential curve (Geiger
et al., 2014a). The defective Ge/Si interface was identified as the
main non-radiative loss channel, as (i) Ge selectively grown via
ultrahigh vacuum CVD (selGe in Figure 8) and a full epilayer
grown via low-energy plasma-enhanced CVD (iGe in Figure 8)
feature the same surface recombination velocity (SRV) - i.e., the
carrier lifetime normalized to the layer thickness - of ~800 m s,
(ii) a built-in field introduced by modulation doping (nGe/iGe)
increases the lifetime compared to iGe by keeping electrons away
from the interface, and (iii) the longest lifetime was observed for
an overgrown GOI wafer, where the defective Ge/Si interface is
removed (SRV =490 m s™'). These results demonstrate the impor-
tance of engineering the material- and, in the case of Ge on Si,
especially the interface quality to obtain a high-internal quantum
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FIGURE 8 | Normalized peak shifts taken from normal-incidence
transmission spectra (as, e.g., in Figure 6B) for a series of differently
prepared Ge layers: iGe, nGe, selGe refers to intrinsic, n-doped, and
selectively grown Ge, respectively. GOI refers to Ge on insulator. The
non- radiative lifetime is obtained through an exponential fit to the data
(Geiger et al., 2014a).

efficiency and, thus, a low-threshold laser. Furthermore, similar
pump-probe transmission studies on strained microbridges
showed that neither strain, at least up to ~2%, nor processing
affects the lifetime (Geiger et al., 2014b), indicating that a high-
crystal quality can be maintained using the microbridge strain-
enhancement technology.
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For the analysis of gain and loss, the transmission spectra
should be recorded under the Brewster angle such that the
obstructing FP resonances do not occur, c.f. Figure 9A for the
case of unstrained Ge on Si for different pump-probe delay
times. At = 0 ps refers to the maximum overlap between pump
and probe and, hence, to the highest carrier density. The thick
lines in blue and red show modeled transmission spectra for the
unpumped and pumped case. Under excitation, a strong absorp-
tion occurs with a linear dependence on energy. At the direct
band gap, the absorption gets reduced due to gain, but the gain
is too small to generate a negative absorption and, hence, light
amplification. This situation holds true for all other delay times,
i.e., carrier concentrations, as well.

In Figure 9B, the situation for At =0 ps is shown again in terms
of the absorption coefficient with the modeled functions being
plotted separately for (i) direct gap absorption before pumping
(blue, thick line), (ii) direct gap absorption under excitation (red,
thick line), and (iii) the featureless pump-induced absorption
decreasing linearly in energy (red, thin line). Even though a gain
of ~850 cm™ is observed as displayed by a negative absorption, the
loss from that spectrally distributed absorption at the same energy
is >6000 cm™! making light amplification impossible. To show the
contrast to an established laser material featuring a direct band gap,
the same absorption properties are plotted in Figure 9C for the
case of InGaAs. Here, the pump-induced losses are independent
on energy and amount to ~1000 cm™, which is compensated by
a direct gap gain of ~1700 cm™" such that a net gain of 700 cm™
is revealed. We should mention here that the theoretical analysis
of Carroll et al. (2012) has been questioned (Dutt et al., 2012)
concerning the strength of the gain (red line, Figure 9B) but not
the experiments, which clearly show that the loss is by far larger
than the gain.

From the preceding analysis, it is clear that a solid understand-
ing and consideration of the loss processes is required for an
accurate description of gain in Ge. For illustration, the absorp-
tion cross-sections for three Ge samples (Ge#1: Ny = 0, &« = 0;
Ge#2: Ng=2.5% 10¥ cm™3, g, = 0; Ge#3: Ny = 0, £ = 0.25%) are
plotted in Figure 10 in dependence of the total carrier density
Nr = Ns+ Np, where N, refers to the doping concentration and Np
to the pump-induced carrier density. As a comparison, the cross-
sections of three InGaAs layers (InGaAs#1: Ny = 0, InGaAs#2:
Ni=5.3x10"% cm™; InGaAs#3: Na = 2.1 X 10" cm™) are plotted
as well. Therefore, Figure 10 reveals that the absorption scales pre-
dominantly with Np indicating that the absorption cross-section
from holes o1 is much larger than the cross-section for electrons
.. Indeed, describing the absorption via a linearly dependent
cross-section as a = 6.N. + 6nNy (where subscripts e and h refer
to electrons and holes, respectively) offers a good representation
of the experimental data with on/6. > 10. The absorption cross-
section for holes is significantly larger than for electrons, because
in addition to the non-momentum conserving intraband or
Drude-type free carrier absorption, the holes can undergo vertical
intervalence band transitions (Newman and Tyler, 1957), which
are hereby identified as the main loss channel in Ge. A similar
conclusion concerning the cross-section ratio can be deduced from
the InGaAs data shown in Figure 10 in agreement with common
knowledge for direct band gap lasing materials (Adams et al., 1980;
Childs et al., 1986). Furthermore, the absolute values of the hole
cross-section are in a similar range but larger for InGaAs than for
Ge, c.f. Figure 10. However, the absorption is much higher in Ge
due to a much larger total carrier density needed to achieve a gain
like in the InGaAs sample.

Finally, we would like to relate the above presented data of gain
and loss as well as of lifetimes in Ge layers on Si to the observation

FIGURE 9 | Analysis of pump and probe measurements.

(A) Transmission spectra for Ge on Si measured under Brewster angle for
different delay times. (B) Modeled direct gap absorption unpumped
(blue, thick line) and pumped (red, thick line) as well as pump-induced
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absorption (red, thin line) obtained from the spectra in (A) at O time delay.
(C) Similar extraction of direct gap gain and losses for undoped InGaAs
showing light amplification, as the gain surpasses the pump-induced losses
(Carroll et al., 2012).
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FIGURE 10 | Absorption coefficients for differently doped and strained
Ge and InGaAs layers. The data are well described with a linear absorption
cross-section model.

oflasing in highly #n-doped and weakly strained Ge (Liu et al., 2010;
Camacho-Aguilera etal., 2012), which was recently repeated at the
University of Stuttgart with an unstrained, highly n-doped light
emitting diode (LED) (Koerner et al., 2015). First, as is shown
above by the gain and loss experiment (Carroll et al., 2011), the
loss in Ge layers strongly exceeds the gain at all the investigated
carrier densities up to 10 cm~ and in all investigated cases, i.e.,
Ge with and without weak strain and/or n-doping. Hence, Carroll’s
results are apparently in conflict with the observation of lasing
(Liu et al., 2010) in similar but not identical material. Second, the
non-radiative lifetimes, which have been determined for such Ge
layers only recently by Geiger et al. (2014a), c.f Figure 8, shine
a new light on previous and recent gain and threshold current
density calculations (Dutt et al., 2012; Peschka et al., 2015). Using
the obtained carrier lifetime of the order of 1-2 ns for thresh-
old current estimates, the calculated threshold of the order of
100 kA cm™ - obtained by assuming a lifetime of 100 ns - needs
to be rescaled by a factor of 50-100. Surely, such a current density is
above the material’s limit and also exceeds the observed threshold
values by ~2 orders of magnitude. Therefore, not only the gain/loss
experiments but also the theory (when fed with properly valued
parameters) shows that more research is needed to understand
the MIT results. The recent paper by the Stuttgart group (Koerner
etal., 2015) may give the directions for further thinking: a “lasing”
threshold was reached only shortly before their devices failed,
hinting at a carrier breakthrough. The heat pulse related to the
breakthrough may have caused the peaked emission signal.

Photoluminescence - Direct Band Gap
Photoluminescence spectroscopy offers a convenient tool for prob-
ing the changes of the electronic band structure induced via strain
or Snalloying. As shown in Figure 11A, the reduced offset between
I'- and L-valleys manifests in an increased emission intensity of
the PL signal (Siiess et al., 2013). A similar effect has also been
observed by Chen et al. (2011a).

A quantitative analysis of the relative alignment between I'-
and L can be obtained from the temperature dependence of the

PL, as has been demonstrated recently in Wirths et al. (2015). In
Figure 11B, the temperature-dependent PL intensity for a set of
samples with Sn content from 8 to 13% is shown. The data have
been normalized to unity at 300 K. For the sample with the lowest
Sn content, a rapid drop in intensity on lowering the temperature is
observed, whereas for the three other samples a steady increase in
intensity can be seen with the intensity increase being dependent
on the Sn concentration. Qualitatively, the increase from sample
to sample can be explained by the reduced conduction band offset
with increasing Sn, whereas cooling down leads to a condensation
of the carriers into the lowest energy states such that the direct
gap emission either vanishes for indirect band gap materials as
sample Geg02Sno s because the I valley is not populated anymore or
increases strongly when the electrons condense at the minimum of
theI"valley. To quantify the band offsets for the set of GeSn samples,
the emission efficiency is calculated via a similar JDOS model as the
one used for calculating the gain in Figure 4. Therein, the offset
AE between I'- and L-valleys as well as the injected charge carrier
density N represent the free fitting parameters. Furthermore, the
temperature dependence of the lifetime is assumed to be identi-
cal for all samples and follows the Shockley-Read-Hall (SRH)
recombination characteristics (Shockley and Read, 1952; Schubert,
2006) that describes non-radiative recombination via trap states.
Using this model, an excellent agreement with the experimental
data is obtained (Wirths et al., 2015). The GeSn sample with 13%
Sn content is, hence, identified as a true direct band gap group IV
semiconductor with its I'-valley being 25 meV below the indirect
L-valleys. From the second fit parameter, a RT carrier density N;
of 4 X 10" cm™ is deduced consistent with a carrier lifetime of
0.35 ns, which corresponds to a SRV of 570 m s™. This value is
close to the ones reported for elemental Ge on Si (Geiger et al.,
2014a), c.f. Figure 8, which is an indication of the high-crystalline
quality of the investigated GeSn epilayers.

The temperature dependence of the non-radiative carrier
lifetime is obtained as:

T= U/ 7y+ 1/ Tgy + 1/7'Auger)’1 1)
where T, describes the lifetime at low temperature, and Tsru
describes the decay due to the capture of charge carriers by mid-gap
states, i.e., Tsp = A X (1 + cosh(E1/kT)). Taugr describes the Auger
recombination time, which can be neglected here due to the low-
carrier densities. Furthermore, Er is the difference between the trap
level energy and the intrinsic Fermi-level, k is the Boltzmann con-
stant, and A is to normalize T to 0.35 ns at 300 K as obtained from
the temperature-dependent PL. For AE =19 meV and 7o =2.1 ns,
a good agreement between the extracted lifetimes and the lifetime
model is obtained (Wirths et al., 2015). For temperatures >50 K,
there is a drastic decrease in carrier lifetime from ~2 ns to 350 ps
for higher temperatures. As the temperature dependence of this
process is well described via the SRH model, the lifetime decay is
attributed to the capture of carriers via mid-gap states originating
from defects (Wirths et al., 2015). These defects could potentially
be related to defects located at the GeSn/Ge-interface (Geiger
et al., 2013; Wirths et al., 2015), but further studies are needed
to unambiguously identify the origin of this deterioration and,
subsequently, improve the material quality.
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FIGURE 11 | Photoluminescence investigation of strained Ge and
GeSn alloys. (A) Room-temperature PL spectra for Ge samples with
increasing uniaxial strain up to 3.1%. The inset shows the good agreement
between the experimental and modeled band edges. (B) Temperature-
dependent integrated PL intensity normalized to unity at 300 K for a series
of GeSn layers with Sn-content ranging from 8 to 13%. An increase in
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Sn-concentration leads to a more pronounced increase in intensity.

The offset between I'- and L-valleys is extracted from JDOS modeling
(solid lines), which reveals Geo.s7Sno.1s to have a fundamental, direct band
gap. The inset shows the experimentally extracted non-radiative lifetime
modeled with a Shockley-Read-Hall-like temperature dependence

(red line).

Optically Pumped Laser

According to the modeling results shown in Section “Modeling,”
a direct band gap Ge-based system should feature a net gain and,
hence, enable light amplification at low excitation. In the previ-
ous analysis of low-temperature PL on GeSn alloys in Section
“Photoluminescence - Direct Band Gap,” a fundamental direct
band gap could be identified for a Sn content of 13% in a strain-
relaxed layer with 0.7% compressive biaxial strain. To show lasing,
a560-nm epilayer of such Geos;Sn,.1; material was grown providing
an overlap of 60% for the fundamental transverse electric mode in
a 5 pm wide FP cavity (Wirths et al., 2015). For this layer, modal
gain could be observed at 20 K via the variable-stripe-length (VSL)
method under pulsed optical excitation at 1064 nm with a dif-
ferential gain of 0.4 cm kW~ and a threshold excitation density of
~325kW cm™ (c.f. Figure 12). Above threshold, the gain increases
linearly with excitation and can easily pass 100 cm™. The stripe
length-dependent PL analysis is a widely applied technique to
measure net modal gain, but it does not allow to resolve the gain
and loss as by pump and probe spectroscopy. More evidentially, a
gain statement, such as provided by Figure 12, becomes respected
only after showing lasing.

Indeed, when pumping a FP cavity over its full length, a
strongly enhanced emission and narrowing of the line spectra
is observed as soon as the modal gain surpasses the cavity losses.
This behavior is shown in Figure 13 where the edge-emission
spectra from a 1-mm long FP cavity at 20 K are plotted for vary-
ing optical excitation powers. The curves are offset for clarity.
The threshold obtained from the lasing experiments matches well
with the one obtained from the VSL method. For an excitation
density of 1 MW cm™, lasing could be observed up to 90 K. This

temperature is equivalent to the temperature range where the
lifetime was found to drop substantially from ~2 ns to 350 ps.
Hence, it is tempting to attribute the limitation of lasing to
temperatures <100 K to the carrier capture by defect-induced
mid-gap states, as has appealed from the analysis shown in
Figure 11B, inset. However, carrier transfer to the L-valleys and
carrier out diffusion into the Ge may be a determining factor,
as well.

Despite the breakthrough of presenting for the first time a direct
band gap group IV material that is lasing under optical pumping,
there still remain open questions. For example, with an excitation
power of 325 kW c¢m™, a non-radiative lifetime of 2 ns, as shown
in Figure 11, and a typical absorbance of 1 X 10*cm™ at 1064 nm,
a steady-state carrier density of ~3.5 X 10" cm™ is estimated.
With this number, the gain at low temperature from our model
is found to be >5000 cm™. And, interpolating from Figure 4, at
excitation density of 0.6 X 10'® cm™ we would expect for a system
with positive offset of about 15%, a material gain of ~300 cm™
at RT. We assign this large discrepancy from what is observed at
low temperature and what a RT calculation predicts to resonant
intervalence band absorption. As mentioned above, due to the
lack of experimental data for direct gap Ge or GeSn, the energy
dependence of the loss as measured by pump-probe experiments
for Ge (Carroll et al., 2012) has been used for Figure 4. Its proper
inclusion possibly adds significant contribution to the loss (Wen
and Bellotti, 2015).

In order to improve such gain calculations, which critically
depend on the knowledge of the band structure, mappings of the
entire valence, and conduction band in reciprocal space would cer-
tainly be highly valuable. This could be possible via angle-resolved
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FIGURE 13 | Lasing emission spectra measured from the facet of a
5-pm wide and 1 mm long FP waveguide cavity under optical
pumping at 20 K. A clear threshold behavior can be observed in the spectra
with respect to output intensity and linewidth, c.f. inset to the right and left
hand side, respectively.

photoelectron spectroscopy (ARPES) at high energy (Gray et al.,
2011) or the soft x-ray regime (Strocov et al., 2014). Other promis-
ing experimental techniques not covered because of lack of space
include lifetime measurements via time-resolved PL measure-
ments (He and Atwater, 1997; Nam et al., 2014; Saito et al., 2014).

In fact, similar lifetimes for Ge as obtained from synchrotron
measurements (Geiger et al., 2014a) were found (Nam et al., 2014).

Challenges

In the previous section, we reviewed experiments and results
related to the dependence of the optical properties on strain and
alloying of Ge with Sn. Furthermore, we summarized investiga-
tions concerning the first lasing of a direct band gap group IV
semiconductor and expounded on the temperature dependence
of the PL as a powerful tool to determine the directness of a
group IV material. We illustrated optical methods based on pump
and probe spectroscopy using synchrotron light to determine the
carrier lifetime, gain, and loss under optical pumping related to
the injected carrier density.

Future experiments along these lines on both, the strained Ge
system and GeSn alloys at various strain and Sn concentration,
respectively, will allow to establish the fundamentals of lasing in
direct band gap group IV systems. The impact of doping on gain,
loss, and carrier lifetime should also be addressed in dependence
of the directness of the respective system to verify the picture
elucidated by Figure 4 of Section “Gain”

As an example, intervalence band absorption, Auger recom-
bination, and the electrical injection are some of the many
fundamental aspects of group IV direct band gap lasing pending
to be understood and quantified.

Intervalence Band Absorption

One of the most essential parameters determining the efficiency
of a laser is associated to the parasitic absorption due to the
injected holes (Adams et al., 1980; Childs et al., 1986). As shown
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experimentally by Carroll et al. (2012) for Ge, this absorption
depends linearly on the excitation and inclines with decreasing
energy. This can be understood from the Drude dependence of
the free carrier absorption modified by dipole allowed intervalence
band transitions. Because the emission wavelength increases when
approaching the direct band gap configuration, and the initially
degenerate heavy and light hole bands split due to strain, the para-
sitic absorption will strongly increase in direct band gap systems
and may, thus, obstruct the efficiency of lasing (Wen and Bellotti,
2015). Applying the above introduced optical characterization
methods should allow to investigate these effects in detail, which,
together with evolving theoretical results, will enable to complete
our understanding.

Auger Recombination

On the material level, the performance of optical devices depends
strongly on the charge carrier recombination lifetime similarly
as described by rate Eq. 1. Here, both the radiative and the
Auger recombination lifetime depend on the carrier density
1: 1/Tra = B X 1, 1/Tauger = C X 1. The quadratic carrier density
dependence implicates that Auger recombination becomes a
dominant loss mechanism at high-charge carrier densities, which
can be the order of >10" cm™ for typical laser devices.

Extensive theoretical work based on perturbation theory has
shown that, despite its indirect band gap, the band structure of
both, Siand Ge, is favorable for direct Auger recombination (Huldt,
1974; Lochmann, 1978) with Auger recombination coeflicients of
the order of 107*° cm®s™. This is comparable to direct band gap
materials like GaAs or GaN used for optical devices in the visible
part of the spectrum but still much smaller than for low band gap
materials like InAs (Metzger et al., 2001).

Significantly, less is known about direct band gap group IV
Auger recombination. For direct band gap Geo.sSno.1/Geo75Si0.1Sno.i5
multi-quantum-well structures, Sun et al. recently showed
theoretically that the RT Auger recombination lifetime is of the
order of 50 ns compared to a radiative lifetime of 10 ns (Sun et al.,
2010). Other work on GeSn (Dutt et al., 2013) and n-doped or
tensile strained Ge (Liu et al., 2007; Jain et al., 2012) only refers
to unstrained bulk Ge recombination coefficients to include in
their gain models.

We believe, however, that this is unjustified considering that
there is an exponential dependence of the Auger lifetime on the
band gap and effective masses (Beattie and Landsberg, 1959; Huldt,
1971; Adams et al., 1980), both being strongly altered in direct
band gap Ge. Using the simple exponential dependence derived
by Beattie and Landsberg (1959) to scale the experimentally
determined Auger recombination coeflicient of Cge = 107** cm®s™!
(Carroll etal., 2012) via the effective masses and band gaps of direct
band gap Ge, an Auger coefficient of the order of 107*~107%" cm°s™
is obtained. Despite the overly strong simplicity of this comparison,
it shows that Auger coefficients will most probably increase and
need to be addressed and investigated in the future.

Carrier Injection
From an electronic point of view, Ge is one of the most interest-
ing materials as it offers both, high electron and hole mobilities

(He=13900 cm?/Vs and py = 1900 cm?/ Vs, respectively) (Golikova
et al., 1962; Jacoboni et al., 1981). For optical devices, this is
appealing because it results in diffusion lengths of several
100 pm, more than sufficient for, e.g., typical detector absorber
sizes and laser cavity lengths. However, at the same time, Ge
suffers from its low band gap, which causes large leakage currents
in Ge pn junctions (Metzger et al., 2001; Satta et al., 2006), thus,
requiring extensive work on surface passivation due to the lack
of a native oxide.

The already beneficial mobility properties can be further
improved by employing tensile strain as has been shown for both,
uniaxially and biaxially strained Ge (Schetzina and McKelvey,
1969; Chu et al., 2009; Chen et al., 2011b). Here, we would like to
highlight that all these studies have been performed on indirect
band gap Ge where the increase in electron mobility is mediated
by a reduction of the effective mass in the L valley. Even without
strain, the I'-valley already offers an ~8 times smaller effective
mass and correspondingly higher electron mobility. Similarly,
an increase in hole mobility is expected due to the lifting of the
valence band degeneracy (Beattie and Landsberg, 1959; Fischetti
and Laux, 1996). This is advantageous as a high mobility strongly
reduces the resistivity of the device allowing an efficient injection
and extraction of charge carriers.

GeSn emerged as a material of interest in electronics only
recently; therefore, less transport data are available. However,
theoretical studies predict very large electron mobilities as well
as hole mobilities of the order of 4500 cm?/Vs for direct band
gap GeSn (Sau and Cohen, 2007). The first reported experimental
mobility study has been done on low Sn content (<6%) indirect
band gap GeSn layers yielding a Hall mobility of the order of
~200-300 cm?/V's (Nakatsuka et al., 2010). Slightly better results
have been obtained thereafter investigating p-MOSFETs hole
channel mobility (Gupta et al., 2013a; Wang et al., 2013).

In summary, we see that a vast amount of knowledge concerning
the mobility exists leaving a good base for further studies. Moreover,
many electrical devices and the corresponding fabrication tech-
niques, e.g., passivation, contacting, or annealing, have been
conceived allowing for a fast implementation in optical devices.

However, besides the tremendous changes in the carrier mobil-
ity, there are additional effects coming into play with electrical
injection of charge carriers from indirect to direct band gap Ge.
Exemplarily in Figure 14, such an injection scheme in form of a
pin diode is discussed for the case of tensile strained Ge bridges
where the strain profile is shown in Figure 5B.

Far from the strained constriction, electrons can be injected
into the L-valleys of the conduction band as in standard Ge diodes.
However, close to the center the strain profile alters the band
structure with L- and y-valley starting to cross, which allows for
intervalley scattering (Boucaud et al., 2013) from a high- into a
low-effective mass valley with a higher mobility, a process inverse
to the Gunn effect (Gunn, 1963). This may support current extrac-
tion and injection in optical devices. However, an actual impact
still needs to be proven.

Cavity Design
For the usage of direct band gap materials in lasing structures,
high-quality factor optical resonators are necessary confining the
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FIGURE 14 | Schematic of the band structure of a forward biased
pin strained Ge bridge diode where the intrinsic layer and strained
region overlap.
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light in the gain region and, thus, allowing for stimulated emission.
Helpful in this regard is the high-refractive index contrast of the
Ge-air and GeSn-air interfaces (Kasper et al., 2013), which should
allow for good confinement properties. The design of suitable
cavities seems to be straightforward for GeSn lasers where the
wafer-scale direct band gap on Si or Ge already facilitated the
implementation of well-known laser cavities, such as FP cavities
(Wirths et al., 2015) or microdisks (Cho et al., 2011). At the same
time, optical microdisk cavities with quality factors of ~1400
have been demonstrated in tensile strained Ge using external
SiN stressors (Ghrib et al., 2013) as well as waveguide cavities
(Capellini et al., 2014).

The situation is much more complex for uniaxially strained
Ge bridges where patterning of the bridge inevitably relaxes the
strain and, hence, prohibits a fundamental direct band gap. This
excludes many popular cavity designs, in particular, microdisks,
photonic crystals, and FP cavities. Hence, distributed feedback
structures, which do not rely on patterning of the strained region,
are currently under investigation (Marin et al., 2015).

Band Gap Renormalization and Material Stability
Relevant for both here discussed direct band gap systems is a quan-
titative analysis of the band gap renormalization of the involved I"
and L valleys in dependence of their respective carrier population.
So far, experiments suggest that the renormalization corrections
are comparable for the two valleys. Hence, the offset between the
I'" and L states would not depend on the injection density, which
is essential for a stable injection.

Moreover, material specific investigation concerns, for example,
the thermal stability of GeSn and SiGeSn metastable alloys with
regards to Sn diffusion and segregation where extensive segrega-
tion can result in changes of the emission wavelength and/or
emission efficiency. Recently, investigations have been pursued
to examine the temperature budget a GeSn or SiGeSn device would
be able to withstand, e.g., by in situ studies (Fournier-Lupien et al.,
2014) or annealing experiments (Wirths et al., 2014). First, in situ
results indicate phase separation of a 12% Sn containing ternary
SiGeSn and binary GeSn alloys at ~420 and 460°C, respectively,
which is surprising considering that the higher mixing entropy
usually results in a higher thermal stability of ternary alloys
(Fournier-Lupien et al., 2014). Annealing experiments revealed
distinct Sn diffusion at 300°C for GeSn with approximately the
same composition (Wirths et al., 2014).

Finding the intrinsic stress limits of Ge is another item of
interest in this context.

By saying this, we conclude our listing of fundamental and
materials-related challenges. This list may be incomplete. However,
it confirms that the research and development of a laser source
from a group IV material will involve many disciplines from
fundamental to device physics and from wave optics to material
and transport properties. To progress fast, a collaborative effort
is demanded.

Opportunities

Photonics

Direct band gap group IV laser systems may permit a qualita-
tive as well as a quantitative expansion of Si-photonics (group
IV photonics) into traditional but also new areas of applications.
However, it is requested that such lasers can be operated energy
efficiently, under ambient conditions and can be fully integrated
with current Si technology. An answer to whether this is possible
cannot be given yet as the research is at an early stage. We can
only speculate about the specifications of such a laser and, thus,
have to guess which of the applications would profit most from
a successful implementation of group IV lasers. Hence, for the
following discussion, let us assume that this all-group-1V laser does
indeed exist and it operates (i) under electrical injection, (ii) at RT
or above, and (iii) with reasonable power conversion efliciency.
What could we do with such a device, where is the highest impact,
and what is the platform of choice?

A high return is merely achievable when this laser device will be
combined with the current Si photonics by using the same platform.
Most advanced are photonic elements fabricated on SOI, except
for applications in the visible part of the spectrum - not covered
here — where SiN-based structures are often used. SOI for photon-
ics typically consists of Si layers with a thickness of ~200-250 nm
and a several micrometer thick buried oxide to avoid leakage of
the propagating modes into the Si substrate. For strain engineer-
ing, the compatibility with SOI has already been shown (Siiess
etal,, 2013), c.f. Section “Microbridges,” and, as mentioned above,
bridges with even higher mechanical strength are fabricated from
GOI using wafer transfer (Sukhdeo et al., 2014). In fact, wafer-scale
fabrication of GOI using the SmartCut® process has already been
established several years ago for electronics (Augendre et al., 2009).
GOI for photonic applications, where thicker layers and a thicker
BOX are required, has been presented recently by Reboud et al.
(2015). A photonic platform based on GOI, in comparison to SOI,
has the advantage that all photonic elements, such as waveguides,
bends, and the resonant structures, can be reduced in size because
of the larger refractive index contrast. This allows for the potential
fabrication of more dense optical circuits and, hence, for an easier
integration with electronics. Furthermore, Ge provides coverage
of the longer wavelengths toward 10 pm and more. Moreover,
by using processes that are selective for either Ge or Si, the GOI
platform may provide additional fabrication opportunities. The
high quality (Si)GeSn presented by Wirths et al. (2013b) has been
deposited on a Ge VS on Si(001) indicating that the growth on SOI
and certainly GOI is possible, as well.
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With alaser device implemented on the currently used SOI or
similarly on GOI, various new applications will emerge. Before
speculating, we may picture the many already existing photonic
elements. To select a few: Low-loss (<1 dB cm™) single mode
waveguides in various designs, tapers to adiabatically match the
waveguide modes to fibers, and low-loss grating couplers (<1 dB)
in 1D or 2D providing polarization splitting. Other standard
elements include directional couplers, Mach Zehnder interfer-
ometers, ring resonators, and light modulators based on free
carrier injections or quantum confined Stark effect. Detectors
based on slightly tensile strained (0.2%) Ge provide more than
10 GHz speed for high-data rate transmission. Other device
elements include add-drop filters, buffers, and switches, which
can be integrated with fluidic channels for (bio-) sensing. The
short wavelength infrared at which the here discussed group IV
direct band gap lasers emit (see Figure 3) is certainly a clear asset
for sensing applications (Soref, 2010; Nedeljkovic et al., 2013).

Silicon-on-insulator is (and GOI could become) a very conveni-
ent platform to realize high-performing photonic crystal structures
enabling unique photonic circuits, such as compact high-Q cavi-
ties, which can operate stably at single and dual-wavelength, and
as wavelength division multiplexer as desired for optical signal
processing. This listing can be extended almost indefinitely, nam-
ing, e.g., switching and steering of optical signals, slow light, pulse
compression, customized reflectors, and filters. Together with the
expectation that such photonic circuits will be very cost effective,
compact, reliable, and efficient, a monolithically integrated laser
source will certainly bring new functionality, in particular when
optics can be merged with electronics.

CMOS Integration

The combination of optics with CMOS electronics to realize an
on-chip data distribution network (Heck and Bowers, 2014)
is — without any doubt - one of the most advanced and chal-
lenging applications for direct band gap group IV lasers. The
requirements are so complex (Miller, 2009) that before the start
of such a development, many fundamental questions have to be
answered, such as the efficiency issues among other challenges,
which have been addresses in the previous section. However,
once these hurdles are taken, we expect to arise a highly competi-
tive and attractive platform solution for future data processing
applications. In fact, the extension of CMOS by integration of Ge
and (Si)GeSn may not just resolve the demands for a monolithic
laser gain medium, but, as discussed widely elsewhere (Kao et al.,
2014), (Si)GeSn would already advance the performance of the
electronic circuits. This appealing double benefit, together with
the potential compatibility to CMOS of such an all-group-IV
solution, bears an essential advantage in comparison to other
emerging technologies, such as spin- and/or valley-based elec-
tronics, which rely in part on non-conform chemical elements
and non-CMOS fabrication processes.

Hence, we expect that as soon as the fundamental lessons
of direct band gap lasing are learnt and a gain medium well-
qualified for injection pumping at RT is defined, research and
development of a new opto-electronic platform will quickly
advance. Experts in CMOS technology, group IV epitaxy, laser

physics, and Si electronics and photonics will cooperate and
define the routes to opto-electronics for fast and energy-efficient
data processing.

Conclusion and Outlook

We reviewed the methods for achieving a direct band gap in
group IV semiconductors in the most promising material system
for the prospect of a Si compatible laser, namely, Ge modified
either via tensile strain or by alloying with Sn. We expanded on
the methods to characterize these systems and gave examples
on their optical properties. The recent advances in numerous
approaches to achieve a direct band gap have finally concluded
in the first demonstration of lasing in a direct band gap GeSn
alloy (Wirths et al., 2015).

With this demonstration, we are at the beginning of an excit-
ing journey in the field of silicon photonics. As shown in great
detail, the many optical characterization tools at hand allow us
to address a large amount of fundamental questions, including
band gap renormalization, various recombination processes, and
doping level-dependent lasing performance, but also material- and
technology-related issues, such as high Q-factor cavity design,
diffusive carrier transport, stress, and thermal diffusion limits.

We hope that with outlining these challenges, we can motivate
a vast amount of new researchers from various backgrounds in
optics, material science, and device physics to join this interesting
research field. We believe that combined efforts will converge in
a reasonable time to a demonstration of a practical laser source
being electrically pumped, highly efficient, and fully integrated on
an electro-optical CMOS platform. This building block will finally
pave the way for true monolithic on-chip integration of photonics
and CMOS electronics for new sensors in the long wavelength
infrared, and will eventually enable to build an on-chip or off-chip
electro-optical data distribution network for high-performance
computing.
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