
Chapter 12 

Laser 

Coherent light em1ss10n from lasers is considered as especially 
valuable because of phase information, good collimation, and high 
intensity. 

Lasers are based on self-oscillations of light emitting systems 
through stimulated emission. To gain enough to overcome absorption, 
inversion of the quantum states is needed between which the laser 
transition occurs. Concentration of the emitted photons in only a few 
modes is obtained through forward and back reflections on mirrors. 
Photon emission is increased as the stimulated emission probability 
is proportional to the number of photons per mode. 

For silicon-based photonic system different geometrical 
configurations oflasers are possible. The three most important ones 
are summarized in Table 12.1. 

Often, monolithically integrated lasers on Si are considered 
essential for Si-based photonic systems. This is only true if a 
large number of light sources on a chip is required and if the cost 
advantages of wafer manufacturing may be realized for high-
volume market segments. Nevertheless, monolithic integration of 
lasers on Si is considered as the "holy grail" of Si photonics as this 
allows the most flexible solution of complex optical sensors and 
communications systems. The technical goal on a long-term scale 
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is given by monolithic integration of high-efficiency lasers where 
strain engineering and Sn alloy engineering of Ge on Si lasers seem 
to be the most promising solution paths. High efficiency of power 
conversion is the key for integrated lasers. Otherwise, they are 
unwanted hot spots on already thermally stressed chips. 

Table 12.1 Laser configurations in Si-based photonic systems 

Laser Light coupling Hybrid laser Monolithically 
from external mounting integrated laser 
source 

Advantage High power, High efficiency, Large number 
heat outside flexibility of laser of lasers, wafer 
chip positions manufacturing 

Drawback High effort for Hot spots on chip Low efficiency, 
chip housing wavelength 

limitations 

Application Clock Fast processor Full system on a 
potential distribution on memory chip 

processor chips connections 

Availability Technical Research First research 
solution demonstration results 
available 

Different configurations of lasers are required for more near-
term solutions and for chips with a low number of light sources. 

Light coupling from external sources is an already available 
technical solution, which will continue to be the preferred 
configuration if the heat from high-power lasers is left outside the 
densely packed chip and if the laser light may be split and distributed 
around the chip dimension by a photonic waveguide network. 
This configuration has high application potential for optical clock 
distribution on processor chips. Optical clock distribution promises 
clear advantages beyond 10 GHz clock frequency. The topology of on 
optical clock is compared to an electrical clock in Table 12.2. 

The optical clock needs electro-optical converters, at the source 
side the modulator and at the drain side the photodiode. The speed 
of the optical clock is limited by the electro-optical converter devices, 
which are now around 50 GHz fast but have the potential for more 
than 100 GHz speed. 
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Table 12.2 Optical clock compared to an electrical clock distribution on a 
processor chip 

Electrical clock Optical clock 

Clock source Clock generator Laser and modulator 

Source-processor Electrical interconnect to Optical fiber to processor 
connection processor pins housing 

Processor chip P-i-n connection to Fiber output to tapered 
input the upper level of chip grating coupler 

metallization 

Clock signal Upper level of Photonic waveguide lines 
distribution metallisation; RC time and splitters 

limited 

Transistor clock Electrical connection Electro-optical 
from the upper level conversion by 
to the lower level of photodetectors; short-
metallization distance connection by 

lower-level metal lines 

12.1 Silicon-Based Laser Approaches 

There are many different laser realizations, but in semiconductors 
band-to-band transitions are the preferred ones for lasers in the 
visible or near-infrared regime. Many direct semiconductors have 
proven to be excellent laser materials in diode lasers, where carrier 
injection is provided from forward-biased p/n junctions. 

Silicon, however, is an indirect semiconductor with the lowest 
direct transition ( more than 2 eV) above the indirect one. Occupation 
inversion of this high-lying direct band is practically impossible, 
which cancels bulk silicon from the list of diode laser materials. 
The optical properties of crystalline bulk silicon were shown to 
be modified by disorder (amorphous Si [a-Si]), size (nanocrystal 
Si [nc-Si]) [l], or periodicity modulations (superlattice [SL]) [2] . 
Nanocrystals are rather easily produced by etching to porous silicon 
[3] or by annealing of Si-rich oxide [4]. Efficient room temperature 
visible photoluminescence from porous Si [3] and net optical gain 
with optical stimulation from Si nanocrystals [4] embedded in 
Si02 prove the successful modification of Si optical properties by 
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size effects. These size effects are a combination of wavefunction 
localization, energy-level quantization, and partly binding effects on 
nc-Si surfaces. 

In 1974, Gnutzmann and Clausecker [5] made the theoretical 
prediction that the imposition of a proper new periodicity in an 
indirect-gap semiconductorwill fold the bands into a smaller Brillouin 
zone (BZ) . This could bring the minimum of the conduction band to 
the r point of the BZ, thus producing a quasi-direct-gap material. 
The band folding concept was convincingly proven with observation 
of folded phonons in Si/Ge superlattices using Raman spectroscopy 
[6]. The first experimental evidence of photoluminescence from 
zone-folded states of superlattices was given by Zachai et al. [7] . 

Electroluminescence from p-i-n diodes was obtained with the 
Si/Ge SL in the intrinsic part of the diode. Light emission could be 
demonstrated both from mesa type and waveguide devices [8]. 

Despite these and other exciting research results a laser could 
not be realized from structurally modified silicon, which switched 
the interest of the device- and circuit-oriented photonics community 
to a more practical solution path: hybrid integration of silicon 
photonics with the well-established group III/V laser technology [9] . 
As suggested in Ref. [8] two hybrid methods are preferred in terms 
of technology compatibility and scalability. The first one is hybrid 
laser integration through evanescent coupling with the photonic 
silicon-on-insulator (SOI) wafer. In this method a shared waveguide 
is created between the III/V laser and silicon. Evanescent coupling 
is used to deliver optical energy into the SOI photonic platform. 
This approach needs close proximity ( <100 nm) between the III/V 
and Si material. This close proximity can be obtained by top-down 
bonding of the III/V laser on the SOI waveguide structure [10] . The 
other favorable approach is a special form of epitaxial transfer called 
transfer printing [8], because arrays of epitaxial layer coupons are 
collectively transferred to the receiving substrate using a specific 
stamp. 

The success of hybrid laser integration had a large influence on 
the acceptance of silicon photonics but also inspired new research 
on monolithic integration approaches. Two monolithic approaches 
emerged as promising variants. The long-term approach is based 
on the metastable GeSn alloy that is predicted to be a direct 
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semiconductor containing more than 10% Sn. We have dedicated a 
separate chapter to the GeSn alloy because of its potential importance 
not only for Si-based monolithic lasers but also for the shift into 
the mid-infrared-wavelength regime. A more near-term solution is 
based on the indirect semiconductor material Ge for which optically 
stimulated laser [11] and electrically stimulated laser operation at 
room temperature [12] have already been reported. 

In the next section we review our basic knowledge about 
semiconductor lasers as obtained by more than 30 years of laser 
improvement in the III/V field [13-17]. The reader familiar with 
these principles may skip this section. Then we discuss why another 
indirect semiconductor (Ge) is, in contrast to Si, a reasonable 
candidate for laser operation and we give the status of experimental 
verification. 

12.2 Basic Laser Physics 

There are three main interactions that light can have with semi-
conductors. In an earlier chapter the absorption process of a photon 
has been discussed with regard to photodetectors. Figure 12.la 
shows the absorption process in a schematic two-level diagram 
where a carrier is excited by the photon from a group state £ 0 to an 
excited state £ 1 if the photon has a frequency v =E/h, with E=£ 1 - £0. 

12.2.1 Spontaneous Emission in a Two-Level System 

For a carrier sitting in an upper energy level (Fig. 12.lb) this state 
is unstable. At a specific time without any external influences it will 
make a transition to the ground state, emitting a photon of frequency 
given by hv = £1 - £0 This is termed spontaneous emission and is 
the emission process in light-emitting diodes (LEDs) . If a photon 
of energy hv is incident on the carrier in the upper energy state 
£1 then this photon can stimulate the emission of another photon 
of the same frequency and phase (i.e., it is coherent with the first 
photon), with the carrier making a transition to the ground state 
(£0). This is the stimulated emission process in a laser. The radiation 
is monochromatic because all the photons have energy hv, and it is 
coherent because all the photons are in phase. 
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Figure 12.1 A schematic diagram of the photonic transitions between two 
energy states. (a) When a carrier in the lower level absorbs a photon. (b) If a 
carrier is in the upper level then it can fall to the lower energy level emitting a 

photon with frequency v = E/h, where E is the energy difference between the 
two levels. (c) If a carrier is in the upper level it can be stimulated to fall to the 
lower level by another photon of frequency v = E/h, emitting a second photon 
of the same frequency that is coherent (in phase) with the first photon . 

Let us assume that the instantaneous populations of the states 
E0 and E1 are n0 and n1 respectively. Under thermal equilibrium 
and for (E1 - E0) > 3 k8 T the population of the states is given by the 
Boltzmann distribution. 

!l =exp( E1 - Ea)= exp(-l!:!.._) · (12.1) 
n0 k8T k8 T 

As is consistent with a Boltzmann distribution, there are more 
carriers in the low-energy states. In the steady state, the stimulated 
emission rate and the spontaneous emission rate must be balanced 
by the rate of absorption to maintain the populations n0 and n1 

constant. 
The stimulated emission rate is proportional to the photon-

field energy density in the system defined as I(hv). The stimulated 
emission rate can, therefore, be written as Bn 1J(hv). The spontaneous 
emission rate from E0 to E1 is defined as Ani, with A a constant and 
independent of the photon density. A and Bare named the Einstein 
coefficients. The absorption rate is proportional to the carrier 
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population in the lower level and the photon-field energy density. 
Hence it is given by Bn 0 /(hv). In the steady state we have stimulated 
emission rate + spontaneous emission rate = absorption rate, that is 

(12.2) 

For a laser it is stimulated emission that we are interested in 
dominating over spontaneous emission. Therefore, rewriting Eq. 
12.2 as 

Stimulated emission rate = B l(hv) . (12.3)
Spontaneous emission rate A 

it is clear that to enhance the stimulated emission, the photon-field 
density requires to be very large. 

Equation 12.2 can also be rearranged to give 
Stimulated emission rate !!l_ (12.4) 

Absorption rate n0 

Therefore, for the stimulated emission to dominate over the 
absorption of photons, the upper energy state, E1 requires a larger 
population of states than the lower energy state, E0 that is, population 
inversion. Population inversion demands nonequilibrium caused by 
the injection of carriers. 

12.3 Optical Gain in a Semiconductor 

Light will be amplified in semiconductors similar to a two-level 
system if enough electrons are in the conduction band and enough 
holes in the valence band that stimulated emission overwhelm 
absorption. Population inversion may be obtained by absorption of 
a pumping laser or by injection of carriers from a forward-biased 
diode structure. Electrically stimulated lasers have the higher 
practical importance in semiconductors. 

The easiest way to enhance the photon-field density is to produce 
a resonant optical cavity. The simplest type of cavity is a Fabry-
Perot ridge waveguide (Fig. 12.2), where a ridge is etched out of the 
active semiconductor material. The refractive index change between 
the semiconductor and air is enough to reflect around 30% of the 
radiation at each facet. 
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Figure 12.2 Modal confinement into a ridge waveguide using a change in 
refractive index between the semiconductor and air. 

Hence along the length of the cavity, standing wave modes are 
set up such that the frequency v = kc/2L, where L is the length of 
the cavity, c is the speed of light in the medium, and k is the number 
describing the order of resonance. Once a cavity has been fabricated 
and an active semiconductor structure with population inversion 
has been placed in the cavity, the cavity modes (Fig. 12.3b) will 
convolve with the broadened electroluminescence spectrum of the 
transition £ 1 to £ 0 (Fig. 12.3a), forming the laser spectrum shown in 
Fig. 12.3c. This is a Fabry-Perot cavity mode spectrum, with several 
sharp peaks corresponding to the modes along the length of the 
cavity. 

A diode on which a forward bias is applied shows a current 
that exponentially increases with applied bias voltage. The number 
of injected carriers increases proportionally to the current if we 
assume a concentration-independent lifetime of the carriers. Current 
has to be high enough to generate a positive net gain, which means 
the semiconductor gain has to overcome the losses by absorption 
and scattering. The current density at which lasing starts is called 
threshold current density fth (Fig. 12.4). 
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Photoemission intensity as a function of energy. In (a) the 
spontaneous emission (LED) is shown. In (b) the cavity modes of a Fabry-Perot 
resonator are shown. In (c) the stimulated emission of a laser with axial modes 
from the resonator is shown . 
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Figure 12.4 Emission power of an electrically stimulated laser as a function of 
the current. Laser operation sets in from a threshold current /th · 
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The energy states in semiconductors are grouped in bands. 
Transitions are allowed for photon energies larger than the bandgap. 
Semiconductors show a frequency-dependent gain spectrum if 
population inversion is obtained. 

The principle of frequency-dependent gain is explained in the 
example of a semiconductor with a parabolic energy-momentum 
relation, which means a direct semiconductor within the effective 
mass model. 

Figure 12.5 shows the energy states and the optical transitions 
in the active region of a diode laser, where carrier injection 
from n- and p-side increases carrier levels above equilibrium. In 
equilibrium the carrier occupation is described by Fermi- Dirac 
statistics, with a unique Fermi energy level F for electrons and 
holes. In nonequilibrium, the carrier distribution within the bands 
is described again by Fermi- Dirac statistics but with separate Fermi 
energy levels Fe and Fv for the conduction band and the valence 
band, respectively, if intra band energy relaxation is much faster than 
band-to-band transitions, a situation we would assume to occur. 
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Figure 12.5 Parabolic bandgap relation for energy E versus wave vector 

amount k Ee and Ev band edges of the conduction band and the valence band. 
Nonequilibrium is described by different quasi-Fermi energy levels Fe and Fv for 
the both bands, respectively. 
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Optical transitions in the energy-momentum presentation of 
Fig. 12.5 are approximately vertical, which means without an 
essential change in momentum k, because the momentum p of a 
photon is rather small. 

We start with the gain spectrum definition for a two-level system 
g(v) = cr(n1 - no), (12.5) 

where er is the cross section of stimulated emission/absorption. 
It is easier in a semiconductor to start with a momentum-based 
description and then transfer to a frequency-dependent gain. The 
density of states (DOS) Z(k) is given in a bulk semiconductor by 

Z(k) = k2/n2, (12.6) 

which gives for (n 1 - n0) in a nonequilibrium semiconductor 
k2 

n1 -no =-2 1:J.k(fc - fv), (12. 7) 
TC 

with Jc and fv the occupation probabilities for electrons and holes, 
respectively, from Fermi-Dirac statistics. 

Returning to a frequency picture, we have 

/:J.k = dk /:J.E = dk /:J.v (12.8) 
dE dv 

and 

k 2 dk
g(v)=cr(n2 -ni)=cr7 dv/:J.v(fc-fv). (12.9) 

The relation dk/dv for parabolic bands is extracted from 
n2k2 n2k2 

Ea - Ee=--; Eb - Ev =---, (12.10) 
2mc 2mv 

where the effective masses of electrons and holes are me and mv, 
respectively, and Ea and Eb are the energy levels in the conduction 
band and the valence band, respectively, which correspond to the 
transition of energy hv: 

2k 2 ( n2k 2n 1 1 jhv=Eg +-- --+- =Eg +--, (12.11) 
2 me mv 2mr 

where mr is the reduced effective mass of the electron-hole pair. The 
optical transition probability between bands of different effective 
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masses is proportional to m:12, which is known as the joint-density-
of-states model. 

1 1 1 
-=-+- (12.12) 
mr me mv 

Replacing k by v using the effective mass relations gives finally for 
the gain spectrum g(v) 

(J ½ ½ (12.13) g(v) = nzn (2mr) z(hv- Eg) zUc - fv )fi.v. 

The state occupation probabilities Jc andfv are given as 
1 (12.14) 

and 

(12.15) 
fv = {[ (E 1 F. )] } , 

exp bk~ v +1 

with Fe and Fv the quasi-Fermi energy levels of a nonequilibrium 
semiconductor. The corresponding energy levels Ea and Eb in 
conduction and valence bands may be expressed as a function of the 
photon energy hv: 

(12.16) 

(12.17) 

12.4 Semiconductor Heterostructure Laser 

In our basic consideration of the laser operation a p-i-n diode junction 
was used for injection of the high current that allows inversion of 
the quantum states. This means that one has to fill the conduction 
band states at least a few kT. The development of direct bandgap 
lasers from III/V material demonstrated that band filling could 
be effectively obtained by carrier confinement in semiconductor 
heterostructures [13]. A material sequence ABA, where material B 
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has a lower energy for carriers than material A, is called a double 
heterostructure (DH), which collects the injected carriers within 
the material slab B. The DOS Z(E) for these collected carriers is bulk 
like (3D movement) if the thicknessd of the slab 8 is on the order of the 
intrinsic region of the doping structure (typically 150 nm). Note that 
the DOS is usually given as a function of energy E. The momentum-
based DOS Z(k) of Eq. 12.6 may be transferred to Z(E) by using 
Eq. 12.8. Quantum size effects [14] will have a considerable influence 
on the DOS (Fig. 12.6) if the thickness d shrinks to several tens of 
nanometers. The structure is called quantum film or quantum well 
(QW) if the carrier confinement is in one direction (2D movement), 
and it is called quantum wire or quantum box if confinement is 
performed in two directions (lD movement) or all three directions 
(OD movement), respectively. A scheme [15] of the quantum size 
structures and their DOS Z(E) is given in Fig. 12.6. A DH laser and a 
QW laser differ only in their thickness d, which changes not only the 
DOS but also the optical confinement. 

Bulk Quantum Film Quantum Wire Quantum Box 

Z(E) Z(E) Z(E} Z(E) 

._____ 
~ 
~LL ~ 

E E E E 

Figure 12.6 Schematics of 3D, 2D, 1D, and OD quantum systems and 
corresponding densities of states Z(E). Graph compiled using data from Ref. [15] . 

The wavelength of the infrared light is only about several hundred 
nanometers in a semiconductor because of the high refractive index 
n. The thickness d of a DH laser is comparable with the wavelength 
of light; in contrast the thickness of QW is much smaller than the 
wavelength. This is discussed later, under optical confinement factor. 
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A main parameter is the optical confinement factor r, which 
represents the fraction of the optical wave in the active layer material, 
that is, the efficiency of an emitted photon to interact with another 
electron-hole pair in order to further induce stimulated emission. 
This confinement factor depends on the active layer thickness and 
on the difference in the indexes of refraction between the active 
layer and confining materials. 

J+d/2 2 
-d/21E(z)I dz 

f=------ (12.18)

1 ::1E(z)i2dz 
As indicated in Fig. 12.7, the d2 variation of r for simple 
heterostructures [13] leads to extremely small values of r in QWs, 
typically 4 · 10-3 for d = 10 nm. Using the separate-confinement 
heterostructure (SCH) scheme, with a fixed cavity to confine the 
optical wave separately from the electron wave (QW), one obtains 
r"" 3 • 10-2 in a 10 nm GaAs/GaAlAs QW. Note that the width of the 
single quantum well (SQW) as the confining waveguide is too thin 
whereas in the SCH case, the optical waveform is independent of the 
QW thickness as it is confined by the intermediate composition layer. 

DH SQW 
r .. 1 r ~ 6nd 2 

(a) 
(b)ti 

-4-"-+ 

SCH 

f ~ 6nd 

(c) 

Figure 12.7 Optical confinement factors in double heterostructures (DHs) . 
Schematics of conduction band edge and corresponding optical wave for 
a DH (a), a single quantum well (SQW) (b), and a separate-confinement 
heterostructure (SCH) (c). 

The gain gth at the threshold is obtained by stating that the 
optical wave intensity after a roundtrip in the cavity must stay equal 
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under the opposite actions of losses and gain. This is conveniently 
written as: 

(12.19) 

where R is the facet reflectivity; Lis the laser length; rgth represents 
the modal gain per unit length of the optical wave; and a sums 
all the various loss mechanisms, such as free carrier absorption, 
light scattering by waveguide imperfections, and barrier material 
absorption, but not the fundamental absorption of the active layer, 
which is already included in the gaing definition. Equation 12.19 can 
be rewritten in the form: 

1 1
rgth =a+-ln- (12.20)

L R 

In GaAs/GaAlAs lasers, the first term is usually 10 cm-1 and the 
second 40 cm-1 for a 300 µ long laser and uncoated facet reflectivity 
of0.3. 

The threshold current is known once the gain versus injected 
current is determined. This can be readily done by using the carrier 
density as an input parameter. For that density one can calculate 
both the maximum gain and the required injection current from 
the known radiative and nonradiative recombination channels. As 
mentioned above, gain occurs only once significant inversion has 
been achieved. 

Confinement of carriers in 2D structures as the main measure 
to obtain high carrier densities turned out to be a convenient way 
to reduce the required threshold current density. Several variants 
of QWs were developed to also meet the requirements of optical 
confinement. 

• SQW: Each quantized well state introduces a 2D DOS equal 
to m * t,, 2, while the onset of 3D states at the top of the well 
introduces a much larger DOS. 

• Multiple quantum well: Each quantized state introduces a 2D 
DOS equal to Nm* t,, 2, N being the number of wells. 

• SCH laser: The intermediate-composition layers that surround 
the inner well introduce a large DOS, not as far apart from the 
ground state as in the DH, SQW, or multiple quantum well 
(MQW) cases. 
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• Graded-index SCH laser: The QW is surrounded by a region 
with steadily increasing refractive index. A ladder of quantum 
states in the graded region is added to the states of the inner 
well. 

As discussed above, the SQW structure leads tor"" 4 · 10-3, an 
unacceptable value, and one has to resort to the various structures 
shown in Fig. 12.8 [16, 17]. 

energy 
GaAs 

density of states 

Single Quantum Well Multiple Quantum Well 

(A) (B) 

GRIN-SCH-Quantum Well SCH-Quantum Well 
(C) (D) 

Figure 12.8 Various quantum well laser structures schematically depicted by 
their conduction band edge space variations (the left one in each set of figures) 
and their 2D density of states Z(E) (right side) . 

12.5 Conduction Band Occupation in an 
Indirect Semiconductor 

The indirect conduction band in an indirect semiconductor is 
occupied by more electrons than the direct one under equilibrium 
as a result of the Fermi-Dirac statistics. This general law of statistics 
can only be overcome with very fast transients, for example, injection 
of carriers at energies above the direct gap. The corresponding time 
frame is given by the lifetime of intervalley scattering, which is on the 
order of a few hundred femto seconds. The lifetime of the direct (r) 
- indirect (L) intervalley electron scattering in bulk Ge [18, 19] and 
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Ge/SiGe QWs is reported to be 230 fs and 185 fs [20], respectively. 
The high occupation of the direct transition was demonstrated in a 
femto second spectroscopy [21], with optical excitation leading to 
an optical gain (1300 cm-1) comparable with direct semiconductors 
and 25 times larger than the steady-state gain. These results could 
pave the way to pulsed laser operation of indirect semiconductors 
with high efficiency. 

12.5.1 Steady-State Occupation Model for Indirect 
Semiconductors 

In the following parts we will assume Fermi-Dirac statistics for the 
conduction band and the valence band, with quasi-Fermi energy 
levels Fe and Fv in the injection regime. 

For a simple model of the occupation statistics influence let us 
assume the same effective mass for the direct and indirect conduction 
bands. For low injection the Boltzmann approximation is valid. The 
ratio nctir/ninct of direct to indirect occupation is then simply given by 
Eq. 12.21 : 

ndir ( f..E)--=exp --- , (12.21) 
nind kBT 

with f..E the energy difference between the indirect and direct 
conduction bands. In Si the difference f..E is very high (more than 
2 eV) and the ratio nctir/ninct negligible (about 10-35), so the upper 
level can be considered to be unoccupied. In Ge this energy difference 
shrinks to 0.136 eV or even lower for tensile-strained Ge. Then the 
upper level is also partly occupied and the ratio is small, for example, 
5 · 10-3 at room temperature and the simplifications made in 
Eq. 12.21. But even with this small ratio of below 1 % direct transition 
dominates light emission because of the much higher radiative 
transition efficiency. 

At medium and higher injection levels the ratio ndir/nind increases 
above the fixed value (Eq. 12.21) of the Boltzmann approximation. 
This increase of the ratio nctir/nind starts when the quasi-Fermi level 
Fe enters the indirect conduction band (Fe - Eeind > 0). It follows 
from simple mathematical properties of the modified Fermi-Dirac 
integral F1; 2, which describes the carrier density from folding of DOS 
with Fermi-Dirac statistics in bulk (3D) materials. 
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n = NcF1;2 ((Fe - Ec)/kT) (12.22) 

The effective DOS Ne is given by 

Ne--(2nm*
2 

kT)312 
Mc, (12.23) 

h 

with Mc as the number of equivalent minima (degeneracy of the 
band edge). The Fermi integral F1;2 increase in the Boltzmann 
approximation regime as 

(12.24) 

where 
(Fe - Ec)/kT) < 0, 

but for positive values of (Fe - EJ/kT) the slope is smaller than for 
an exponential curve. 

The modified Fermi-Dirac integral F1;2is normalized by a near 
unity prefactor (Z✓n = 1.128) to get exactly the exponential function 
for the Boltzmann approximation regime (Eq. 12.22). 

The definition of the modified Fermi-Dirac integral of the order 
½ is given by [22] 

2 Joo ul/2 
(12.25) F½(x)= Jn l+exp(u-x/u. 

0 

(Please note that the Fermi-Dirac integral is sometimes used 
without the prefactor, for example, in the popular book in Ref. [23] . 
The prefactor has then to be added to the relation 12.22). 

The deviation of F½(x) from exp(x) is clearly visible at positive 
values of the argumentx as shown in Table 12.3, which lists the ratio 
R between exponential function and modified Fermi-Dirac integral. 

R = exp(x) (12.26) 
F½(x) 

The connection to statistics is obvious if one uses the substitution 
given in Eq. 12.27. 

(12.27) 

The deviation from Boltzmann approximation (R > 1) increases 
strongly with the quasi-Fermi level entering the conduction band, 
with R already reaching a value of 16.8 at (Fe - Ee) = 5 kT (around 
125 meV at room temperature). 
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Table 12.3 The ratio R is tabulated for the range from Boltzmann approximation 

(x < O) to positive values of x 

X -4 -3 -2 -1 0 1 2 3 4 

R 1.00 1.02 1.05 1.12 1.31 1.72 2.62 4.5 8.4 16.8 

The same relation (Eq. 12.26) holds for the hole quasi-Fermi 
energy Fv in the valence band but with an inverted energy scale. 

Ev-Fv x=--- (12.28)
kT 

For the simple model with the same effective direct/indirect 
masses an approximation [24] is given for quasi-Fermi energies 
above the indirect band edge but below the direct band edge. 

In( ndir J= _ !':i.Ec +(I✓n)½ (nind J½ - In( nind J, (12.29) 
nmd kT 4 Nc Nc 

where 

( n;cd J> 1 and ( ~: J< 1. 

The first term of Eq. 12.27 describes the Boltzmann approximation, 
and the second and third terms describe the influence of the Fermi 
integral F112 on the occupation statistics of the indirect conduction 

nd. 

29 9 
:::d;u:::i::':;=et::!:::: i~i~~r::t ::c::~n ci:::::~:t:::i(\~:·j 
in a double logarithmic presentation. Nc 

This is done on a simplified (same effective mass direct and 
indirect electrons) hypothetical two-band system to demonstrate the 
influence of Fermi-Dirac statistics. The higher the electron density, 
the higher is the ratio of direct electrons to indirect electrons, which 
means that radiative recombination from direct states increases 
superlinearly with electron concentration. This simple outcome 
from general Fermi-Dirac statistics plays an important role in the 
design of indirect semiconductor lasers, which benefits from a larger 
ratio of direct-to-indirect transitions. This variable ratio of direct-to-
indirect states is popularly described as the quasi-direct character of 
the highly n doped indirect semiconductor. However, the number of 
direct electrons is always lower than the indirect ones, although the 
ratio improves when the Fermi energy enters the conduction band. 
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Figure 12.9 Presentation of the ratio ( ndir ) versus relative electron 

cooceotcafoo ( ';;,' l io , do"ble logacit~~ic plot. Ass"med ace same 

effective masses for direct and indirect electrons of a hypothetical indirect 
semiconductor with !:,Ee= 136 meV. 

12.5.2 Effective Density of State for Ge 

The band edge of the band structure may be described by the 
parabolic dependence of the energy Eon the wave number because 
a steady function E(k) has no linear term at the extrema points. The 
effective mass is then given by 

82£ ,,,,z 
(12.30) 

8k2 m* 
An effective mass independent from the direction is typical for 

the direct conduction band state, which means a spherical constant 
energy surface i~ the E(kx, ky, k2 ) representation. For the indirect 
transition the£( k ) relation near the maximum energy is written as 

_ _ !{[(kc-kof k/)E Ecind - ----+ , (12.31) 
2 me mt 

which may be presented by an ellipsoidal constant energy surface. 
The direction toward the minimum energy shows the longitudinal 
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effective mass me. Both transversal directions have a different 
transverse effective mass mt. The mean value for the effective DOS 
calculations is the DOS effective mass m* 005, which is written in this 
chapter as m* as we do not need any other mean value calculation 
(e.g., for conductivity) 

(12.32) 

In the valence band the extremum of the energy (maximum) is 
always direct at k = 0. Two sub-bands, heavy hole (hh) and light hole 

ciE(lh), are degenerate at the BZ center. The band curvature -- is not 2
8k 

isotropic for the direct valence band but is given by a nonisotropic 
[25] energy wave number function E(k) 

2mo (E -E)=Ak2 +[B2k4 +c2(k 2k 2+k 2k 2+k 2k 2)]½Ii V - X y y z z X 

(12.33) 

The plus/minus sign in Eq. 12.33 is valid for the hh/lh sub-bands. 
The valence band parameters A, B, and Care given in Table 12.4 [25] . 

Table 12.4 Valence band parameters A, B, and Cfor Ge (in comparison with Si) 
(compiled from data given in Ref. (25]) 

A B C SOED 

Ge -13.3 -8.6 12.8 290 meV 

Si -4.3 -0.6 4.9 44meV 

Note : Spin-orbit energy difference (SOED) for the split-off band is added to show the 
rather high energy difference for Ge. 

Along the cubic axes the effective masses are --
m 

0- and --
m 

0-
A + B A-B 

for the light holes and the heavy holes, respectively. A third sub-
band, the spin-orbit split-off band, need not usually be considered 
for occupation statistics in Ge because of the rather large energy 
separation SOED of 290 meV. The effective DOSs for the different 
sub-bands were calculated with the use of Eq. 12.23. The number 
of equivalent minima Mc for the indirect band is 4, and for all other 
sub-bands M = 1 was chosen. The values of the effective masses 
differ slightly in literature because of experimental uncertainty and 
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deviations from parabolicity of the band structure. We have chosen 
here the values selected in Ref. [23]. 

The effective masses and the calculated effective DOS for the four 
sub-bands (in the conduction band indirect and direct sub-bands 
with subscripts ind and dir, respectively. In valence band heavy hole 
and light hole sub-bands with subscripts hh and lh, respectively) are 
summarized in the Table 12.5. 

Table 12.5 The effective masses m* of the Ge conduction and valence sub-
bands in units of the free electron mass m0 

Band Conduction Valence 
Sub-band ind dir hh lh 

m*/m0 0.22 0.038 0.28 0.044 

Ne/ Nv (units 1018 cm3) 10.75 0.185 3.7 0.23 

Note :The subscripts ind, dir, hh, and lh refer to the indirect and direct conduction sub-
bands and heavy hole and light hole valence sub-bands. The corresponding effective 
densities of states are calculated from Eq. 12.23. 

The effective DOS of a nominal band with free electron mass m0 

is given as 2.5 x 1019/cm3. The effective DOS of the different Ge sub-
bands varies considerably from the 1017/cm3 range (dir, lh) to the 
1018/cm 3 range (hh) and the onset of the 1019/cm3 range (ind). The 
effective density of the band is the weighted sum of the sub-band 
densities within the Boltzmann approximation. 

_ * (-!::,.Ee)Ne - Ncind + Ncdir exp ---,;y- (12.34) 

The much higher density Ncind of the indirect band and the 
energy distance Ee of the direct band allow the contribution of the 
direct band to be rather low (about 10-4) so that Ne= Ncind. This holds 
true even up to the indirect/direct crossover !::,.Ee = 0, which can be 
obtained with very high tensile strain or Sn alloying. 

For the valence band of an unstrained group IV semiconductor 
we obtain 

Nv =Nvhh + Nvlh · (12.35) 

The valence band degeneracy at k = 0 is lifted by an applied 
strain. Under tensile strain the lh sub-band is the higher lying. Then 
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we obtain with an energy difference ◊Ev between both sub-bands hh 
andlh 

(12.36) 

At the valence band we see a much lower density from the lh sub-
bands (0.23 versus 3.7 · 10-18/cm3 for the hh band) so that the 
density Nv = 4 · 10-18/cm3 is mainly determined by the hh sub-band. 
Tensile strain reduces the density Nv by lowering the weight of the 
density Nvhh (Eq. 12.36). However, an energy difference of the sub-
bands of 3k8 T (75 meV at room temperature) is necessary for a 
reduction of Nv toward the Nvlh· 

A definition of a common DOS for nondegenerate sub-bands 
with an energy difference !:i.E is not possible outside the Boltzmann 
approximation. Then the carrier density n (or p) has to be written as 
the sum of both sub-bands. 

n = Nc1F1;2(x) + Nc2F1;2(x- !ix), (12.37) 

with the abbreviations x = (Fe - EJ/kT, !ix= t1E/kT. 
The following Table 12.6 gives a comparison of the Fermi-Dirac 

integral F (order½) with the Boltzmann approximation. 

Table 12.6 Fermi-Dirac integral F1; 2 in comparison with the exponential 
functions exp(x) 

x = (Fe - Ec)/kT F1;2(x) Exp(x) 

-4 l.8•10-2 l.8•10-2 

-3 4.9•10-2 5-10-2 

-2 12.9•10-2 13.5•10-2 

-1 32.8•10-2 36.8•10-2 

0 76.5•10-2 1 

1 1.58 2.71 

2 2.82 7.38 

3 4.49 20.1 

4 6.51 54.6 

5 8.84 148.4 

Many rather accurate approximations of the Fermi-Direct 
integral are available. A rather easy intrinsic form is suggested by 
Kroemer [26] for arguments x > 1. 
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x = ln(F1; 2(x)) + 0.35 F1;2(x) (12.38) 

The rather simple Kroemer approximation (Eq. 12.38) is accurate 
enough to be used together with the effective mass approximation 
because both are very good for Fermi energies near the band edges 
and both lose some accuracy at higher Fermi energies but are good 
to predict systematic trends. For higher numerical accuracies the full 
band structure has to be considered. 

12.6 Influence of Strain and Sn Alloying 

A necessary condition for an active material in a semiconductor 
laser is the population inversion that starts when the quasi-Fermi 
energies Fe and Fv enter the conduction band and the valence band, 
respectively. Then the gaing (Eq. 12.5) switches from a negative value 
(stimulated absorption dominates) to a positive value (stimulated 
emission dominates) . In a real-world laser the gain at threshold gth 
(Eq. 12.20) has to be larger than zero in order to counterbalance 
modal losses ( described by the confinement factor f) and extinction 
losses ( described by the coefficient a') . Modal losses and extinction 
losses depend on the dedicated device structure, so that we follow 
in the fundamental material discussion the necessary condition 
g = 0. Next, we consider an n-doped active device in which a 
nonequilibrium carrier density is injected. In the active material 
region the total carrier density is then given as 

Electrons n = Nd+ fin 

and 
Holes p = tip. 

The higher electron charge -qn is counterbalanced by the lower 
charge + qN 0 and the hole charge + qfip. For the calculation of the 
Fermi energy levels Fe and Fv in a two-sub-band system Eqs. 12.36 
and 12.37 may be used. We obtain for the Fermi energy touching the 
direct conduction band the relation: 

(12.39) 

For the strain-split valence band we obtain Eqs. 12.40 and 12.41, 
respectively. 
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(12.40) 

Equation 12.40 is valid for tensile strain when the lh band is on 
top. 

(12.41) 

Equation 12.41 is valid for compressive strain when the hh band 
is on top. 

For clarity of presentation we use for the band parameters Nv 
and Ne the same values as for unstrained Ge. These values are given 
in Table 12.5. Let us explain the treatment for strained Ge where the 
normalized quantities are defined as 

(12.42) 

and 

oX = Ev1h -Evhh (12.43) 
v ksT 

At room temperature unstrained Ge has 
M c = 136 meV/25 meV = 5.44 

and 
Mv=O. 

Using the values of Tables 12.5 and 12.6 one obtains p =1~.p =3 x 

1018/cm3 and n =Nd+ t.n = l x 1020 /cm3. The necessary condition 
g = 0 will be obtained at room temperature in unstrained Ge with 
a very high n-doping (1020/cm3) and a moderate injection density 
level of t.p =t.n =3 x 1018/cm3. 

The very high n-doping is problematic both for technological 
reasons as well as for increasing the free carrier absorption and 
reducing the carrier lifetime by Auger recombination. The need for 
very high n-doping may be reduced effectively by smaller values 
of the direct-indirect bandgap energy t.Ec- This energy difference 
shrinks with larger lattice spacing, which may be obtained by tensile 
strain or alloying with a larger atom like Sn (or maybe with the even 
larger Pb atom in the future). 
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Figure 12.10 Band structure of tensile-strained Ge (biaxial stress) . The 
essential quantities for laser operation are the energy difference !:,Ee between 
indirect and direct conduction bands, the direct bandgap Egdir, and the energy 
splitting oE between heavy hole and light hole band. The bandgap Egdir is not 
shown to scale . 
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Figure 12.11 Band structure of unstrained GeSn. 

The much higher effective DOS of the indirect band (roughly 50 
times higher than that of the direct one, see Table 12.5) dominates 
the carrier density not only in the indirect semiconductor region 
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(~Ee > 0) but also at the crossover (~Ee = 0) till deep into a direct 
semiconductor ( ~Ee = -4k8 T) behavior. At crossover the necessary 
electron density is about l.1 ·1019/cm3, and it drops to about 3x1017/ 

cm3 atadirectsemiconductorwith~Ee=-100 meV. The valence band 
splitting under the action of strain has to be considered in order to 
calculate the optimum doping and the injected carrier density. 

The most important technical situations are given by a Ge 
(or GeSn) under tensile strain (Fig. 12.10), by unstrained GeSn (Fig. 
12.11), and by compressive strained GeSn (Fig. 12.12). As mentioned 
above the tensile strain reduces ~Ee and it splits the valence band, 
with the lh band on top (Fig. 12.10) and the hh band below (◊Ev at 
the BZ center at k = 0). The necessary tensile strain for a crossover 
to a direct semiconductor is high, about 2%-5%, but in detail 
depending on the strain direction ( uniaxial, biaxial) and the assumed 
deformation potential parameters. Unstrained GeSn enhances the 
lattice constant, reduces the bandgap Egdir and the difference ~Ee, 
and does not lift the degeneracy of lh and hh valence bands (Fig. 
12.11). The crossover to a direct semiconductor takes place at about 
8% Sn content. Technical handling and strain management in GeSn 
are limited by its low temperature fabrication window. Therefore, 
often devices with GeSn in compressive strain are fabricated. These 
device structures need higher Sn content for ~Ee reduction and the 
hh band is on top of the valence band structure (Fig. 12.12). 
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Figure 12.12 Band structure of compressive stained GeSn. 
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12.6.1 Injected Carrier Densities and Layer Doping 

From the requested quasi-Fermi energies Fe and Fv one can 
undoubtedly derive the minimum carrier levels n and p for gain g 
= 0. From these we can calculate the recommended doping level for 
the condition of minimum injected carrier densities Lin and Lip. 

Key parameters for the carrier levels are the energy difference 
LiEc between the indirect conduction band edge and the direct one 
(Fig. 12.10) and the energy difference ◊Ev between the hh and the lh 
bands. The electron concentration is determined by the parameter 
LiEc and the hole concentration p by the parameter 8Ev. The energy 
difference LiEc is a function of Sn and strain, whereas the lh-hh 
energy difference 8Ev is a function of strain alone. 

1E20 

1E19 

'?E 
u 
c 

1E18 

2.1017 

1E17 
-100 -50 0 50 100 150 

Figure 12.13 The necessary electron concentration n to obtain occupation 
inversion with gain g = 0, given as a function of the direct/indirect gap !:,Ee. 

Figure 12.13 shows the dependence of the electron concentration 
n on the energy difference LiEc- The numerical values are obtained 
with the material parameters of Ge, but the general trend is 
independent of that. The necessary concentration of electrons is 
very high (about 1020 /cm 3) for unstrained Ge (LiEc = 136 meV) and 
drops down to yet higher values (about 1019/cm3) at the direct/ 
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indirect band crossover (~Ee= 0), and it continues to decrease to 
direct bandgap regime (~Ee <0) with a low saturation level (about 
1017/ cm3) for a strong direct semiconductor behavior (~Ee< -150 meV). 

Figure 12.14 shows the dependence of the hole concentration p 
on the energy difference ◊Ev. Note, we use positive values of ◊Ev for 
tensile strain (lh sub-band above hh sub-band at wave vector k = 0) 
and negative values for compressive strain. The hole concentration 
for compressive strain and unstrained material is moderately high 
(about 3·1018/cm3), and it drops sharply down to a lower level with 
tensile strain reaching a saturation (about 2·1017/cm3) at strong 
tensile strain (◊Ev> 125 meV). 

1E19~-~-~-~~-~-~-~-~-~ 
compressive tensile 

1.9·10'8 --x--x--x-

1E18 

1E17-+--~-~-~~-+--~-~-~----< 
-100 -50 0 50 100 

8Ev(meV) 

Figure 12.14 The necessary hole concentration p (for g = O) given as a function 
of the strain related lh-hh energy gap Ofv. 

What are the consequences of the data in Figs. 12.13 and 12.14 
for the optimum doping and carrier injection levels? The electron 
concentration in the indirect semiconductor regime (~Ee > 0) is 
always considerably higher than the hole concentration. This means 
the carrier injection level is given by the requested p concentration 
whereas the much higher electron concentration is mainly provided 
by the higher n-doping N0, which ranges from 1020/cm3 for 
unstrained Ge to about 5-1018/cm3 for the indirect/direct crossover 
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material ( either obtained by Sn alloying or a tensile strain or a 
combination of both). The minimum injection carrier density L1n = 
L1p is given by the requested hole density, and it depends on the strain 
splitting of both hole sub-bands. The injected carrier density ranges 
from about 3-1018/cm3 for compressive and unstrained material to 
2-1017/cm3 for highly tensile strained material. Therefore, we see 
two beneficial effects of the tensile strain within the indirect bandgap 
regime, the n-doping level is lower compared with the unstrained 
material because of a lower L1Ec and the injected carrier density is 
lower because the minimum L1n = L1p = p decreases by a factor of 
15 with high tensile strain. The situation seems to be more complex 
in the direct semiconductor regime because the necessary n and p 
values cover similar ranges from several 1018/cm3 to 1017/cm3 so 
that theoretically a p-doping could be necessary for compressive 
strained and unstrained material with L1Ec < -25 meV. In practice 
a compressive strained Sn needs very high Sn contents to obtain a 
direct semiconductor state, which is technically complex and not 
very favorable for an Si-based device. For unstrained GeSn, we see 
an undoped GeSn as optimum (n=p) for a slight direct GeSn (around 
a difference = -25 meV) and we recommend a slight p-doping in 
the 1017-1018/cm3 range for more direct GeSn alloys. Details of the 
influence of Sn and strain £ on the band parameters L1Ec and ◊Ev 
are given in Chapter 11. Here we need only rough values to sketch 
the general trends. For this reason we simplify the Sn influence by 
a linear function with a direct/indirect crossover at about 8% Sn. 
Then with about 1.5% Sn increase the direct band approaches by 25 
meV, for example, with 6% Sn it is an indirect semiconductor (L1Ec"" 
+35 meV) and with 10.5% it is a direct one (L1Ec"" -40 meV). Tensile 
strain reduces the energy gap L1Ec between direct band and indirect 
one. For a first assessment, a linear dependence on strain may be 
assumed. The valence band splitting ◊Ev can only be treated linearly 
at small strain values because the hh sub-band moves linearly with 
strain but the lh follows a square root law [27] . Around 5% uniaxial 
strain and around 2% biaxial strain are needed to get a crossover of 
direct and indirect conduction bands [28] . 

Tensile-strained GeSn ( containing about 10% Sn) with low 
doping levels would fulfill demands for low injection and low carrier 
concentration because the sub-bands defining the band properties-
the direct conduction band and the lh valence band-both need low 
concentrations of carriers for population inversion. 
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12.6.2 Internal Quantum Efficiency and Threshold 
Current 

The electrically stimulated semiconductor laser is the most relevant 
laser type for applications. The crucial parameters for the electrical 
operation are the threshold current /th for the onset of laser 
emission. This threshold requires a positive net gain G (G > 0). In 
the section before, we have seen that the gain is correlated with 
the necessary carrier densities in the active medium. In this part, 
the connection between injection currents and carrier densities is 
given for idealized carrier confinement conditions. On this basis the 
internal quantum efficiency (IQE) may be treated as a competition 
between radiative and nonradiative recombination processes. The 
simplest electrical laser structure consists of a p/n junction diode. 
Here, the injected current induces a deviation from the equilibrium 
that reaches more than a diffusion length Lct apart from the junction. 
Carrier confinement is obtained very effectively by a heterostructure 
[12] . For a Ge-based laser, larger bandgap materials, such as Si [29] 
and GeSiSn [30], may be utilized as barrier materials, for example, for 
a Si/Ge/Si double heterobarrier structure. The injection efficiency 
for such a heterostructure carrier confinement structure is ideally 
assumed to be perfect, 100% [29], which means all the injected 
carriers are provided within the active layer for recombination, 
radiative and nonradiative. The IQE is defined under these idealizing 
conditions as the ratio between radiative recombination rate Urad 
and total recombination rate, which is written as the sum of Urad and 
nonradiative recombination rate Unrad· 

IQE = urad (12.44) 
urad +Unrad 

In unstrained Ge, the radiative recombination rate Urad is already 
dominated by the direct transition between the r minimum in the 
conduction band and the valence band. The dominance of direct 
radiative recombination in comparison with the indirect one will 
be even larger with reduced fiEc in GeSn and strained Ge. Earlier 
observations of comparable indirect and direct emissions from 
substrate or thick layers were explained by self-absorption of the 
more energetic direct emission [31]. The radiative recombination 
rate is given by 
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(12.45) 

with Rdir the recombination rate for direct recombination. It is 
proportional to the concentration of the direct electrons ndir and 
of holes. The competing nonradiative recombination is dominated 
by the acceleration of electron-hole annihilation at midgap 
recombination centers (Shockley-Read-Hall [SRH] effect) and by 
Auger recombination. In an n-type semiconductor both these effects 
contribute to U as 

unrad =-P-+cnnzp. (12.46) 
'TsRH 

The recombination at the mid-bandgap center is described by the 
minority carrier life time rsRH, which is smaller in a semiconductor 
with defects. Defects may be dislocations, vacancies or interstitials, 
and metallic contaminations. These defects can be easily produced 
by a lattice mismatch, nonequilibrium growth conditions, and 
improper device processing. Especially the Saraswat group [32] has 
addressed the importance of high-quality active layers with a long 
minority carrier lifetime for Ge-based lasers with good IQE. At very 
high carrier concentrations the Auger effect dominates because of its 
quadratic dependence on the electron concentration (inn-material). 
In an Auger process two electrons with opposite momentums meet 
a hole with zero momentum and they can therefore recombine 
without the help of a phonon. The defect-related minority carrier 
lifetime and the Auger recombination may be combined to a 
concentration-dependent total nonradiative lifetime for which the 
following relation holds: 

(12.47) 

Figure 12.15 shows the resulting inverse nonradiative lifetime 

( - 1-) as a function of the electron concentration in a double 
'Tnrad 

logarithmic presentation with the defect-related lifetime as a 
parameter. The Auger recombination coefficient at room temperature 
is chosen as 10-30 cm6/s [33] . The defect-related minority carrier 
lifetime varies between below 1 ns for a material with high 
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dislocations and point defect densities (named "bad material" here) 
and much more than 100 ns (good material) for materials with low 
defect densities. The Auger process dominates the recombination 
at very high electron concentrations (10 20 /cm3) . Then even a good 
material has high nonradiative recombination rates. The advantages 
of good materials (with respect to lifetime) are only visible at lower 
electron levels (1019/cm3), which are obtained in laser structures 
with highly strained Ge or GeSn with above 5% Sn. 

The IQE is computed by combining Eqs. 12.44-12.46. 

Rdirn(ndir / n)IQE= 2 . (12.48) 
1/rsRH +Cnn 

This relation is also valid for the LED regime if the perfect carrier 
confinement is fulfilled. 

A high defect recombination rate (low SRH lifetime rsRH) reduces 
the quantum efficiency of emission, which is intuitively clear as a 
nonradiative channel is opened. But a low lifetime also influences 
the threshold current /th, which is necessary to establish the carrier 
levels requested for a positive net gain G. 
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Figure 12.15 Dependence of the inverse of nonradiative lifetime (1/rn,adl 
from the electron concentration n for different defect-related lifetimes rsRH · 
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Let us assume some conditions as for quantum efficiency 
calculations, which means perfect carrier confinement and 
n-doping of the active layer. The continuous loss of carriers by the 
recombination has to be counterbalanced by the injected carrier of 
the electrical current. 

I=]. A= qV(Urad + Unrad), (12.49) 

where/ is for current,] for current density, A for cross section, V for 
volume, and U for recombination rate (per volume). 

With V = A · d (dis the thickness of the confinement region) we 
use Eqs. 12.45, 12.46, and 12.49 to obtain 

(12.50) 

if Pth = t.n = t.p and nth = N0 + Pth are set to the values needed for 
the net gain G = 0. Please remember that we have given in the last 
section a recipe for the optimum choices of doping and carrier 
densities to get the gaing = 0. The injected carrier densities required 
to get the net gain G > 0 are higher because the modal confinement 
er$ 1) and the extinction coefficient a' request a positive gain gth to 
obtain a net gain G = 0 (see Eq. 12.20). A general rule for the choice 
of r and a' is not available because these parameters depend on the 
device design. The extinction coefficient a' contains device-specific 
components such as absorption from contact layers and surface 
scattering, but also an unavoidable component from free carrier 
absorption (the fundamental spontaneous absorption of the active 
layers is contained already in the gain definition and must not be 
added here). 

The strong increase of the nonradiative recombination at high 
doping and carrier injection levels causes very high threshold 
currents /th· For example, a threshold current density of 500 kA/ 
cm2 is necessary for a doping of 1020 /cm3 and a carrier injection of 
1019/cm3. The threshold current density shrinks to 5 kA/cm2 for a 
doping of 1019/cm3 and a carrier injection of 5·1018/cm3. The Auger 
limit restricts continuous wave (CW) operation of Ge-based laser to 
strain and alloy conditions, which reduces the direct/indirect gap 
t.Ec to below 100 meV and increases the lh-hh valence band splitting 
to above 0 meV. 
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12.7 Experiments 

Direct bandgap semiconductors mostly from III/V compounds 
dominate the market for visible and infrared lasers of compact size 
and moderate power output. They use direct bandgap emission 
very efficiently. The low radiative emission rate of the indirect 
semiconductor silicon prohibited the use of the bulk silicon as an 
active laser medium. The silicon-based research community put a 
lot of effort to overcome the low radiative emission rate by different 
types of nanostructuring, by introducing defect levels, and by doping 
with color centers (rare earth elements). All this effort brought rich 
physical understanding and an enhancement of radiative emission 
but failed to push silicon as a laser material. The general opinion that 
an indirect semiconductor is useless for laser emission seemed to 
be confirmed. However, the situation with Ge is quantitatively very 
different from the viewpoint of the energy distance 11Ec between the 
lower indirect band and the higher lying direct band. This energy 
difference 11Ec is very high for Si (more than 2 eV, which is more 
than 80 kT at room temperature) but moderately small (0.0136 
eV, which is about 5 kT at room temperature) for Ge. There were 
some rumors in the Western world that a Russian researcher had 
achieved gains in n-doped Ge but made no laser demonstration. 
Probably, the first group that spent continuous theoretical and 
experimental efforts for a Ge laser was the Kimerling group [34, 35] 
at MIT, USA. They calculated the gain spectrum g (hv) of n-doped Ge 
for different injection carrier levels 11n = !1p and they found rather 
high gain values for a population inversion factor ffc - fv) = 1. Their 
approach is based on the inherent connection between stimulated 
emission and absorption (Eq. 12.5) and on the joint density of states 
model (Eq. 12.13) with a reduced carrier mass mr (Eq. 12.2). The 
population inversion factor (fc - fv) connects stimulated emission 
with the absorption coefficient 

(12.51) 

with actir as the absorption coefficient connected to the direct 
bandgap transition. That is easily demonstrated by switching the 
population inversion factor from equilibrium ffc - fv) = -1 to lasing 
conditions 1 > ffc - fv) > 0. At equilibrium the gaing is -a (loss). This 
condition (Eq. 12.51) allows the calculation of the gain spectrum 
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from the absorption coefficient and the quasi-Fermi levels Fe and Fv. 
The absorption coefficient adir may be acquired by a transmission 
experiment or from the known energy relation of direct absorption 
processes. Note that near the direct bandgap three absorption 
processes take place: the searched direct absorption, the indirect 
band absorption, and the free carrier absorption. The direct band-
to-band absorption can be theoretically calculated by solving the 
electron-photon scattering in a crystalline potential [36, 37]. 

a(hv) = q2hcµo Pcv 1 z, (12.52) 
2m/ nr g(hv) 1 

where q, h, c, µ0, m0, and nr have the usual meaning (electron charge, 
Planck's constant, speed of light, permittivity coefficient, free 
electron mass, and refractive index, respectively) and Pcv and Zi are 
the transmission matrix element and joint DOS, respectively. 

The joint DOS of Zi is given within the effective mass model as 

Zi =2n(2;r )½ (hv-Egm)½, (12.53) 

with the reduced mass mr (Eq. 12.12). The absorption near the direct 
band edge may be simplified described by 

A(hv-Egnh )½ 
a(hv)=----- (12.54)

hv 

if we combine all slowly varying properties into a constant A. The 
constant A for Ge is about 

2.104 eV112/cm 

The more experienced reader may notice that we did not discuss 
the influence of excitons on the emission/absorption spectrum. The 
influence of excitons is treated in textbooks on optical properties 
[36] and in a recent publication of the Menendez group [38]. 

We continue with the simplified treatment of the band-to-band 
transition. 

The absorption edge of tensile-strained Ge moves toward lower 
energy because of the shrinkage of the direct bandgap. Since the lh 
or hh band separate under strain, two optical transitions make up 
the total absorption. Then, the absorption of tensile-strained Ge is 
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(12.55) 

where k1 and k2 are coefficients attributed to the contributions from 
different reduced masses. 

k1 +k2 =1 

For Ge the normalized coefficients k1 and k2.are given as 0.68 and 
0.32, respectively. 

The calculated gain spectrum of an n-Ge (N0 = 7 x 1019 /cm3) 

under slight tensile strain (0.25%) is shown in Fig. 12.16. High 
n-doping of unstrained or slightly strained Ge is necessary to get the 
electron quasi-Fermi level toward the direct band edge. 
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Figure 12.16 Gain spectra g(hv) from the direct transition in 0.25% tensile-
strained n+-Ge with N = 7.6 x 1019 cm-3 at different injected carrier densities. 
Reprinted with permission from Ref. [35] © The Optical Society. 
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The injected carrier density is necessary to push the hole quasi-
Fermi level toward the valence band. A positive gain is obtained from 
an injection level of 5·1017/cm3 (~n = ~p) but the gain is small (50/ 
cm2) and restricted to a small band above the band edge (which is 
0.7 eV for the assumed strain level). With higher injection levels the 
gain increases to about 1000/cm3 for ~n =~p =8·1018/cm3. Clearly 
visible in the gain spectrum is the overlay of the separated lh and 
hh contributions where the quasi-Fermi level touches the bottom of 
the hh sub-band. Optical gain in a material under injection does not 
necessarily lead to a laser emission that requires the optical gain to 
overcome all kinds of optical losses. An unavoidable kind of loss is 
caused by the free carrier absorption within a band. The free carrier 
absorption increases with wavelength and becomes significant 
at higher carrier densities. An optimistic assessment of the lasing 
potential assumes that the optical confinement is perfect (r = 1) and 
the losses are caused by the free carrier absorption. Then the net 
gain G reduces simply to 

rg-a'=g-afc, (12.57) 

with r as the optical confinement factor, gas the gain (a sum of all 
extinction losses except the fundamental absorption), arc as the free 
carrier absorption coefficient. The free carrier absorption scales 
with the carrier concentration and with the square of the wavelength 
(Drude model). A fit of experimental data [35] at room temperature 
results in 

arc (A)= -3.4. 10-zs n?.z.zs - 3.2. 10-zs PA2.43 ' (12.58) 

where arc is measured in units of cm-1, n and pare measured in units 
of cm-3, and A is measured in units of nm. The free hole absorption 
is higher than the free electron absorption, roughly 4 times higher 
at a wavelength of 2 µm. At this wavelength an optical gain of 1000 / 
cm exceeds the free carrier absorption up to l.11·1020 electrons but 
only up to 3·1019 holes. The conditions for Ge lasing with many more 
electrons than holes benefit from the lower free electron absorption. 

The technical realization of such a laser needs good optical 
confinement, low losses from surface scattering, and good electrical 
confinement for threshold current reduction. Figure 12.17 shows a 
device suggestion [34] from the Kimerling group. 
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Si waveguide 

Figure 12.17 Proposed schematic of the integration of a Ge laser with a Si 
waveguide. Reprinted from Ref. [34] with permission from the Massachusetts 
Institute ofTechnology ("MIT"). 

A silicon-on-insulator (SOI) substrate gives Si waveguides with 
good optical confinement. The waveguide is connected to the laser 
device by a tapered Si coupler. The laser device itself is composed of 
an n+-Si/n-Ge/p+-si double heterostructure (DH) with good carrier 
confinement. 

0. 

0.7 > 
~ 

0.6 e 
(I) 

o.s. in 

•0.3 ~---~----~~ 0.3 
0.0 1.0 2.0 
<100> Bia~al Te.nsile Strain(%) 

Figure 12.18 Strain dependency of Ge direct bandgap Egnh (energy scale 
on the right) . The energy scale on the left is valid for the conductance band 
r to L valley separation oE = E,L, the lh valence band edge Evih, and the direct 
conductance band edge fer, EcrG and Evih are plotted with respect to their 
unstrained positions. Reprinted with permission from Ref. [39] © The Optical 
Society. 



3081 Laser 

Liu et al. [35] calculated with the above-given data the net gain G 
fora bulkn+-Ge (N0 = 1 x 1020/cm3) under tensile strain(£= 0.25%). 
The bulk Ge needs higher doping (10 20/cm3) and higher injection 
(~n = 1 x 1019) compared to slightly strained Ge with N0 = 7 x 1019/ 

cm3 and ~n = 3.5·1018/cm3 in order to get a positive net gain G. 
Wada et al. [39] suggested micromechanical methods to increase the 
tensile strain level. Figure 12.18 shows the bandgap parameter as a 
function of biaxial strain. 

12.7.1 Experimental Verification of Laser Light Emission 
from Group IV Materials 

In Table 12.1, three different main configurations for laser in Si-
based photonic systems are defined : 

• Monolithic integration with Si photonics 
• Hybrid mounting of group III/V laser on Si photonic systems 
• Light coupling from an external laser source 
All these system configurations have their own pros and cons, 

but their maturity differs greatly. Light coupling from an external 
source is now a de facto standard that will be partly replaced in the 
future by hybrid and monolithic approaches. Hybrid approaches 
use the well-developed III/IV lasers. Si photonics-based efforts 
are mainly concerned with mounting or bonding techniques for 
evanescent coupling of the light wave from the top-lying thinned 
laser to the Si-based waveguide below [9, 10, 40-44] . The details 
of the laser structure, the thinning procedure, the bonding, and the 
III/V laser for Si waveguide coupling schemes are sophisticated as, 
for example, explained in Ref. [42] . There, a quaternary InAlGaAs 
MQW laser is bonded to an SOI waveguide with a 500 nm device 
layer on a 1 µm thick buried oxide. The 1.5 µm wide silicon 
waveguide was defined by etching, as also the first-order grating 
on the Si waveguide, to create the resonator for the distributed 
feedback (DFB) laser. A DFB laser diode is a good candidate for the 
light source in wavelength division multiplexing systems. Single-
frequency emission, short cavity length (100-200 µm), moderate 
threshold current density (1.1 KA/cm 2), and high-speed direct 
modulation (12.5 Gb/s) were reported. This work is used as a 
reference for comparing the efforts with monolithically integrated 
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laser variants. The monolithic laser variants target in two directions 
with either III/V epitaxy on the substrate or group IV materials with 
strained Ge and GeSn. III/V epitaxy is a good choice for the laser 
part [ 45, 46] because of the excellent understanding of laser action 
and good optical gain, but the acceptance and frequent use of III/V 
materials with Si technology remain an open question. Electrically 
stimulated group IV lasers on Si could fill the gap in monolithically 
integrated photonic systems despite their imperfect performance 
in realized lasers [47] . Promising work for Ge-on-Si lasers was 
done by the MIT group of Kimerling et al. They demonstrated first 
[11] in 2010 an optical stimulation and two years later (2012) an 
electrical stimulation of a Ge laser on Si [12] . As the active laser 
material they used n-doped Ge with a slight tensile strain(£= 0.2%). 
The slight tensile strain was simply produced by annealing the Ge-
on-Si laser to temperatures above 750°C. The thermal expansion 
mismatch causes the slight strain in the before-strain-relaxed Ge. 
This experimental proof was important not only for the technical 
development of on-chip lasers but also for clarification of a basic 
discussion on the possible net gain in Ge. Carroll et al. [ 48] doubted 
that the gain in Ge can overcome the fundamental losses, and they 
concluded from pump probe experiments that the losses are much 
higher than the usually assumed free carrier absorption. Koerner 
et al. [49] confirmed the experimental finding of the MIT group 
by even driving an unstrained Ge laser to the then very high (500 
kA/cm 2) threshold current density. High tensile strain and alloying 
with Sn should reduce the threshold current density. Wirths et al. 
[50] demonstrated the fundamental use of GeSn as the active gain 
material with optical excitation at low temperatures. Here, progress 
in the synthesis of metastable GeSn alloys by epitaxy should deliver 
room temperature lasers with low threshold current and shift of the 
emission wavelength from the telecommunication wavelength 1.55 
µm toward the midinfrared (2-3 µm) wavelength. Table 12.7 gives 
a comparison of different group IV laser realizations and two group 
III/V lasers as references. 

The status of group IV heterostructure lasers depends strongly 
on progress in the synthesis of metastable materials with defined 
strain values [51] . This can easily be seen by looking at the room 
temperature operation of these lasers. The basically hardest 
conditions are given by the very high electron densities ofunstrained 



310 I Laser 

or slightly strained Ge, whereas the lower separation by the indirect-
direct bandgap energy b.Ec in highly strained Ge or GeSn requests 
much lower carrier injection levels. However, the experimental 
status reflects exactly the maturity of the material preparation and 
process stability, with the slightly strained Ge in the leading position. 

Table 12.7 A selection of monolithic heterostructure lasers on Si 

Direct Electron Single 
Active semi- Wavelength stimu- RT laser 
material conductor (µm) lation operation line cw Ref. 

GalnAIAs + 1.55 + + + + [42] 
MQW 

lnAs, QD + 1.3 + + + [45] 

n-Ge, 1.7 + + [49] 
unstrained 

n-Ge, 1.6 + [11] 
strained 

n-Ge, 1.6 + + + [12] 
strained 

GeSn + 2.3 [SO] 

Note : For comparison a hybrid laser on Si [ 42] is added. 

12.8 Summary and Outlook 

The lack of efficient Si light sources seemed to limit the applicability 
of Si-based photonics. Within a decade a variety of solutions have 
either already overcome or show the potential to overcome the 
small bottleneck in Si photonics. Solutions range from external light 
sources that couple their light via fiber in the chip, to hybrid lasers 
mounted on the chip, to a bundle of monolithic integration techniques 
(including III/V semiconductors and group IV semiconductors). The 
first two solutions offer good performances. Here the main focus is 
on production-friendly mounting techniques [52, 53]. The group 
IV lasers need the most intensive research efforts [41-62], with 
emphasis on strain, doping, Sn alloying, nanostructures, and epitaxy. 

Excellent results were obtained for optically stimulated lasers 
at cryogenic temperatures [63-65]. High differential efficiencies 
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( <50%) were obtained with strained Ge microbridges [63]. The high 
strain of 5.4%-5.9% shifts the emission wavelength in the mid-IR 
region (3.2-3.7 µm). Lasing persists up to 100 K. Lasing persists 
nearly up to room temperature by combining GeSn alloys with high 
strain values [64]. Using tensile-strained microdisc GeSn resonators, 
low optical threshhold densities of about 1 kW/cm2 could be 
obtained [65], allowing continuous wave operation up to 70 K. 
Obtaining room-temperature operation and electrical stimulation 
[66] of the laser will be dominant challenges for group IV laser 
research within the next few years. 
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