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Abstract 

Quantum cascade (QC) lasers have great potential applications, in particular for molecular spec­

troscopy. So far, lasing action has been demonstrated in HIV materials and many other material 

systems are being investigated. Among those, Si/SiGe based heterostructures are of particular 

interest, because of their possible compatibility with the well-established CMOS technology. 

In the present work, the first steps towards the realization of a p-type Si-based QC laser have been 

achieved. Indeed the use of Ge-rich pscudosubstrates allowing the growth of strain compensated 

heterostructures, has been successfully implemented. The optical properties of modulation doped 

Si/Sio.2Geo.8 quantum wells grown on Sio.sGeo.5 pseudosubstrates have been characterized by per­

forming intersubband absorption measurements. Well-resolved resonances were used to determine 

key physical parameters such as the different bandoflsets. These investigations showed also that a 6 

band fc p model is accurate enough to predict fine details observed in the experimental data. Trans­

port measurements performed on resonant tunneling diodes revealed, among other findings that a 

substantial current density can flow in p-type heterostructures grown on Ge-rich pscudosubstrate. 

Among the results obtained during this thesis, the demonstration of intersubband electrolumines­

cence in the mid-infrared from p-type Si/SiGe QC emitters is the most significant for the devel­

opment of a Si-based intersubband laser. The viability of the strain compensation technique for 

growing heterostructures with a thick active region has been established by successfully fabricating 

emitters with up to 50 cascades. Samples based on two different types of active region involving 

optical transitions between heavy hole levels have been investigated. The results obtained clarified 

the role played by light hole states in the nonradiative recombination processes and gave a first 

insight in the design rules for the engineering of population inversion in SiGe QC structures. 

Many aspects of the present work indicate that p-type Si/SiGe is a suitable material for mid-

infrared QC lasers. However, emitters giving signs of optical gain have not been yet fabricated, in 

particular because of the difficulty to circumvent the detrimental effects of the light to heavy hole 

nonradiative channel. The demonstration of lasing action remains at present challenging and new 

innovative concepts to achieve population inversion will have to be investigated. The feasibility of 

low-loss optical waveguides will also have to be established. 
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Chapter 1 

Introduction 

1.1 Motivation 

Most electronic components are nowadays fabricated with silicon (Si). The main reason for the 

technological domination is the possible low-cost and large scale integration of devices offered by Si. 

Moreover this material has a rather large band-gap which is ideal for room temperature operation 

and oxides/nitrides of very high quality can be easily grown and processed. This lead to the 

industrial fabrication of chips with an unprecedented density of high-speed devices (a Pentium 4 

microprocessor consist of about 55 • 106 transistors) on up to 300 mm diameter Si wafers. The 

situation is such that interconnections between single devices will represent a bottleneck in a next 

future that may seriously block the increase in the computer chip operation speed as predicted 

by Moore's law. One way to overcome these forthcoming limitations is to combine optical and 

electronic components on a single Si chip or wafer, in order to carry the information with photons. 

Extending the functionality of Si technology from microelectronics into optoelectronics has been a 

long standing dream, which for years has driven a widespread scientific and technological interest. 

This lead to the demonstration of various photonic passive devices such as optical waveguides with 

extremely low losses, fast CMOS and integrated Ge photodetectors for 1.55 /im radiation (see Ref. 

|l] for a relatively recent review). Micro-electro-mechanical systems (MEMS) or photonic crystals[2] 

have also been demonstrated and switching systems are already commercially available. In the 

latter examples, silicon plays only a passive role. Further developments of Si-based optoelectronics 

are therefore limited since there is no practical light source compatible with this material. This 

lack can be explained by the indirect bandgap of Si. The radiative electron-hole recombination 

1 



2 Motivation 

is indeed a pbonon-mediated process having a very low probability. This severely prevents the 

efficient emission of light and in particular the build-up of population inversion in Si. 

In the next sections, some of the strategies explored recently to fabricate efficient Si-based light-

emitters are summarized. Many other elegant approaches have been proposed such as for example 

short period supertattices J3j, but will not be presented here. For the discussion, one should keep 

in mind that two conceptually different types of devices can be developed, either light emitting 

diodes (LEDs) or lasers. In the first case, the radiation efficiency and the out-coupling of the light 

are the key parameters. For the development of a laser on the contrary, the relevant factors are 

the radiative and non-radiative lifetimes, defining population inversion and the mirror/waveguide 

losses. 

1.1.1 Light out of silicon 

As already mentioned, Si is an indirect bandgap material, and thus the radiative transitions across 

the bandgap require an additional phonon, which significantly reduces the probability of that 

process. This results in a spontaneous radiative lifetime that can reach hundreds of /JS[4. 5]. 

This is much longer than the competitive non-radiative processes such as Schockley-Read-Hall 

recombination through deep traps[6, 7] or Auger recombinations at high carrier concentrations.[8] 

The probability is therefore very high that electron-hole pairs recombine non-radiatively before 

they can participate to the emission of photons. Typically the efficiency of light emission from 

crystalline silicon is as low as 10 -6 . 

One way to prevent recombinations through non-radiative routes is to localize the charge carriers in 

defect-free regions.[9] This can be achieved by implanting Boron, which serves &s a p-type dopant 

to form a p-n junction and as a mean to introduce dislocation loops. The latter create a local 

strain-field, which modifies the band structure and provides the spatial confinement of the carriers 

in defect-free regions. Note that the radius of the loops are too large (200nrn) to induce quantum 

confinement effects. Figure 1.1 a) and b) shows a schematic of the LED fabricated, a current 

vs voltage (I-V) curve of the corresponding device and electroluminescence spectra measured as 

different temperatures. 
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a) b) 

Figure 1.1: a) Schematic of a processed device, together with an I-V curve measured at room 

temperature. The grey circles represent the defect-free regions, b) Electroluminescence spectra 

versus wavelength at various temperatures. The device was operated at a forward current of 

50 mA. After [9] 

Another approach is to enhance the absorbance and hence the emissivity of a p-n junction diode 

by suitably texturing its surface [10]. Note that this technique is already extensively used for 

solar cells.[ll) The non-radiative rates are at the same time minimized by exploiting high-quality 

Si substrates. The surface is as well passivated by a thermal oxide, in order to reduce surface 

recombination. Additional features further improve the emission efficiency, which approaches 1% 

at room temperature and is among the best value reported for bulk Si. The final device structure 

is displayed on figure 1.2 together with typical spectra showing the emission enhancement observed 

when the surface is textured. 

Both approaches are of course interesting. However many problems can be foreseen. In particular 

to obtain lasing action will be very difficult as these devices rely still on ineffective indirect inter-

band transitions. Such long radiative lifetime malie the switching speed of any Si-device based on 

interband transition very slow. The integration of a waveguide is also a serious issue. Furthermore, 

surface texturing for example may not be compatible with standard CMOS processing. 
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a) b) 
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Figure 1.2: a) Schematic representation of a processed device, b) Room temperature electro­

luminescence spectra showing the difference between diodes whose surface has been textured 

and not. A 130 mA forward bias current is applied to the devices, [after Ref. [10]] 

Si nanoparticles and nanocrystals 

Another way to increase the emission efficiency of silicon is to tum it into a low-dimensional material 

and, thus to exploit quantum confinement effects to increase the radiative probability. 

This approach has been pioneered by L. Canham who showed in 1990 [12], that visible light can 

be emitted efficiently from so-called porous Si (PS) (for a recent review on that topic, refer to 

Ref. [13]). A PS layer is a spongy phase of Si, uniformly generated by anodization of single-

crystal Si in an HF solution. The PS structure is characterized by a large number of micropores 

(2-50 nm in mean diameter), an extremely large surface area to volume ratio and the retention of 

the crystallinity of the original Si substrate. There are clear experimental evidences of quantum 

confinement effects, such as the blue-shift of the emission wavelength ss the size of the Si wires and 

nanoparticles composing the PS is reduced. Devices exploiting the radiative processes in PS have 

been successfully fabricated (see Fig. 1.3). 
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Figure 1.3: Schematic of a processed device and the corresponding spectrum obtained at room 

temperature [after Ref. [14]]. 

Although PS presents very efficient photo- and electroluminescence properties, this approach has 

severe drawbacks since optical gain has not been observed so far and the high reactivity of the 

sponge-like texture causes rapid ageing of the active layer. There is an uncontrollable variation of 

the LEDs performances with time. 

A new path towards the first Si-laser has been established in 2000 by the demonstration of optical 

gain in Si nanocrystals (Si-nc) [15], although concerns about the measurement technique have been 

recently raised.[16] Si-nc are formed from silica layers annealed at high temperature, causing the 

formation of small Si-nanocrystals. The sizes and density of the nanopartides can be controlled by 

the deposition of the SÌO2 layer and the annealing parameters. The luminescence properties of Si-nc 

are very similar to those of porous silicon: a wide emission band is observed at room temperature 

whose spectral position depends on the size of the Si-nc. An effective four-ievel Sj1StCm presented 

on Fig. 1.4b) has been proposed to explain the build-up of population inversion. The ladder of 

discrete states arises from either Si-dimers or Si-O bonds formed at the interface between the Si-nc 

and the oxide [15. 17, 18). 

Si-nc is a promising material for the realization of the Si-based lasers as the optical amplification 

has been shown already. However the implementation of such light sources in the CMOS technology 

and in particular the electrical pumping of che devices might be a quasi-impossible task since SÌO2 

is among the best insulating material. 
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a) b) 

Figure 1.4: a) Measured gain in Si-nc as a function of the optically pumped length. The 

inset shows the experimental method, [after Ref. [15]] b)Interatomic potential of the electronic 

ground state and first excited state of the SiSi bond in a 1.03 nm diameter Si-nc. The var­

ious pathways for absorption and emission are shown by arrows. The inset is the calculated 

absorption [After Rcf.[l7, 18]]. 

Erbium doped silicon 

It is well-known that Erbium ions exhibit a sharp luminescence at the very important 1.54 /im 

wavelength, as a result of an internal atomic 4f- shell transition which can be excited both optically 

or electrically. Er-doped silica fibers based on this principle are widely used as light amplifiers or 

lasers in ali-optical data links. Adapting this concept to silicon crystals is of course a very attractive 

perspective. However different problems have to be faced, such as the low solubility of Er atoms in 

silicon and the rather long spontaneous emission lifetimc.[19] O-ions implantation and annealing 

treatments proved to solve these problems to a good extent and electrically pumped LEDs operating 

at room temperature have been recently fabricated.[20, 21] The possibility to combine Er-doping 

and Si-nc is also a very promising way to get light out of silicon (see Ref. [22) and the references 

therein). 
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a) b) 

Figure 1.5: Er-dopcd p-n Si diodes realized by implantation: a)I-V curve measured at different 

temperatures. together with a schematic representation of a processed device, b) Room tem­

perature electroluminescence spectra for 90511]%¾ and negative voltages applied to the diodes. 

[After Ref.[20]] 

SiGc quantum dots and shallow donors 

Quantum dots arc a very interesting physical system, which has attracted a great deal of inter­

est over the last 10 years. The properties due to the O-dimensional character of the electronic 

confinement have successfully been exploited to achieve low-threshold interband lasers.[23] 

The strained Si/SiGeC material system also offers the possibility to grow quantum dots (QD). 

Their size can be controlled by tuning the growth parameters and the composition of the layers. 

The prc-dcpositioii of C allows to grow QDs whose diameter and height arc as small as 70-200 

Â and 20 to 30 Â respectively.[24, 25] As shown in Fig. 1.6, the no-phonon photoluininescence 

(PL) peak is clearly the dominating radiative channel due to the presence of the QDs. This can be 

explained[26] by the spatial localization of the carriers which leads to the spreading in k-space of 

the corresponding wave functions due to the uncertainty principle. The indirect character of the 

bulk material is thus no longer meaningful and radiative transitions can occur without involving 

phonons. In that situation optical gain is expected. 

It is clear that the presence of the dots leads to an increase of the overlap of the hole/electron 

wavefunctions and thus to an increase of the emission efficiency. However the size of the dots and 
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in particular their lateral dimension may be still too large to observe gain. Moreover, this approach 

usually suffers from rapid temperature quenching of the light emission due to the limited band 

discontinuities. No evidence for gain in these structure has been found so far. 

Figure 1.6: a) PL spectrum from one layer of C-induced Ge quantum dots. The inset shows 

a cross-sectional TEM micrograph. (After Ref.[25]] 

The idea to make a THz laser using optical transitions in shallow donors in silicon has also been 

proposed. Terahertz spontaneous and stimulated emission emanating from transitions between 

hydrogen-like impurity centers was predicted. This type of lasers is somewhat analogous to gas 

lasers based on neutral atoms or p-typc Ge lasers. 

Strong luminescence signals have been measured at low temperature when very low-doped (4 

-1015cm3 donors) Si crystals were optically illuminated with a CO2 laser. Claims of lasing ac­

tion have also been reported.[27, 28, 29]. 

1.2 Intersubband transitions in SiGe and quantum cascade struc­

tures 

Quantum cascade lasers (QCLs) have been demonstrated successfully in I1I-V semiconductors less 

than ten years ago (see chapter 2). In this type of light source the radiative transitions called 

intersubband transitions, occur between levels confined in quantum wells (QWs) formed typically 

in the conduction band of GaAs/AlGaAs and InGaAs/InAlAs alloys. There is up to now no 
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physical limitation to the application of this concept to the Si/SiGe material system. On the 

contrary, making use of intersubband transitions is way to circumvent the fundamental restrictions 

due to the indirect bandgap of Si as the latter processes are not influenced by the nature of the 

bandgap. 

Nevertheless this task is not trivial because for example of the need to work in the complicated 

valence band or the lattice mismatch between Si and Ge. On the other hand, working with QWs 

gives a control most of the properties of the structure such as the carrier transport, on the contrary 

to most attempts tried so far to fabricate Si-based light sources. In particular the population 

inversion in QCLs is engineered, e.g. can be achieved through a careful design of the optically 

active region. 

At present, electroluminescence originating from intersubband transitions in Si-based QC struc­

tures has been demonstrated in the mid- and the far-infrared. The results of short-wavelength 

SiGe emitter are not presented in this section as they will be extensively discussed in the present 

manuscript. See Chapter 7 for a summary and conclusions on the viability of mid-infrared SiGc 

QCLs. 

Electroluminescence in the THz range has been recently reported from SiGe QC emitter. The 

structure consists of a repetition of 100 p-type coupled Si/SiGe QWs grown on SiGe pseudosub-

strate [30). In these devices, population inversion should automatically build up since the carriers 

populating the two laser levels are located in different positions in k-space, as shown on Fig. 1.7 a). 

Although a long upper laser level lifetime has been determined by pump and probe measurements 

and yields about 10 ps [31], achieving population inversion may not be as easy as expected. Indeed 

the rise in the LHi dispersion relation yields only a few meV with respect to the energy of at 

k„ = 0. 

It should be mentioned that optical measurements are particularly difficult to perform in the far-

infrared. The resonances in the spectrum presented in Fig. 1.7 b), are in a relatively good agreement 

with the calculated transition energy between the various subbands. However these data together 

with other clues also suggest that the detected light at about 12 meV is due to the heating of the 

sample and not an intersubband transition. In the same way the second peak, at higher energy has 

a transition energy fitting fairly well with the positions of sharp lines corresponding to transitions 

between impurity states in boron. The presence of the latter element in the structures investigated 
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is undeniable since it is used as a p-type dopant. 
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Figure 1.7: a) Dispersion relations of the laser levels showing the principle of the so-called 

inverted-mass laser. Holes are injected in the state LHi whose maximum is at kxiV a 0.015A-1 

because of an anticrossing with the HHj level. Population inversion takes place between the 

positions labelled 3 and 2 on the figure. Fast relaxation processes are expected to empty the 

lower level of the laser transition. [After Ref. [32]] b) Electroluminescence spectrum obtained 

at low temperature. The dashed lines (TE and TM polarizations) represent the calculated 

spectrum. [After Ref. [30]] 

The implementation of mid- or far-infrared SiGe QC lasers in standard CMOS technology will be 

difficult because of the low thermal budget possible for these very complica ted heterostructures. The 

high temperature needed for the growth of thermal oxides can indeed induce the formation of defects 

and a severe diffusion of Ge atoms at the barrier-QW interfaces. QC lasers typically operate at 

large voltages and currents, which is a severe disadvantage in term of CMOS integration. Moreover, 

room temperature operation may be difficult to achieve and the typical range of emission wavelength 

achievable with a SiGe QC laser is quite different from those commonly used in telecommunication. 

On the other hand the fabrication of vertically emitting cavity lasers with p-type QC structures 

is possible which is an important advantage for applications. Moreover QC lasers emitting at 

wavelengths ranging from about 30 to GO /jjn are not feasible in III-V materials because of the 

strong pbonon-light interaction. This process is absent in non-polar materials such as Si and Ge 

and therefore SiGe QC lasers can in principle cover the entire spectrum, from the mid- to far-

infrared wavelengths. 
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1.3 Scope and organization of this thesis 

The objective of the present work is to obtain Lasing action in the mid-infrared from SiGe quantum 

cascade structures. In chapter 2, the physics of intersubband transitions and the working principle 

of HI-V QCLs are summarized. The theoretical framework necessary for the understanding of 

the design of SiGe heterostructures and the experimental results obtained during this thesis are 

discussed in Chapter 3. In particular the choice of p-type Si/Sio.2Geo.e quantum wells grown on 

Sio.5Geo.5 pseudosubstrate for the realization of Si-based QC lasers is motivated. The experiments 

conducted to demonstrate the suitability of the above material choice are presented in Chapter 

4. The issues concerning the design of SiGe QC structures are then addressed in Chapter 5. The 

different points of this discussion are illustrated by the results of intersubband electroluminescence 

experiments. An estimate of the optical gain expected in the most advanced structures is also 

given. Chapter 6 is a summary of the progress made towards the realization of low-loss waveguides 

compatible with mid-infrared SiGe QC lasers. 



Chapter 2 

Intersubband transitions and 

Quantum cascade lasers 

This chapter summarizes the most important features of quantum cascade lasers (QCLs). Some 

aspects of the physics of intersubband transitions are first briefly given as they are also discussed 

in more details in the next chapter. The general framework of quantum cascade lasers is then de­

scribed. In particular the design of the optically active region and population inversion engineering 

are discussed. The design of low-loss optical cavity is then addressed. Some applications of QCLs 

are finally presented in the last section. Throughout this chapter, only heterostructurcs in the 

conduction band and processes involving electrons will be considered unless explicitly specified. By 

convention, (x, y) and z refer to respectively the in-plane {parallel to layers) directions and the 

growth direction (perpendicular to layers). 

2.1 Quantum wells, superlattices and intersubband transitions 

Crystal growth techniques such as molecular beam epitaxy (MBE) enables the deposition of ex­

tremely thin layers of semiconductors with an unprecedent control on the doping level, the thickness 

and the composition of the materials. [S3] The advent of this technique in the late 60's led to the 

realization of numerous novel devices or physical systems whose transport and optical properties 

are strongly influenced by quantum phenomena. Most of these new structures are built using the 

same basic components called quantum wells (QWs). The latter are formed when a thin layer of 

a semiconductor is embedded between two layers of another semiconductor whose bandgap energy 

13 
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is larger for example, as illustrated on Fig. 2.1. 

Depending on the material composition and the thickness of the different layers, the motion of the 

carriers in the growth direction can be restricted to the QW layer and quantized. This gives raise 

to discrete energy states, called subbands (see Fig. 2.2). The first experimental evidence of the 

confinement effect in single QWs have been presented in the 70's by Esaki and Tsu in transport 

experiments|34] and by R. Dingle et al. in optical interband absorption measurements. [35] Note 

that prior to these experiments, the physics of 2-dimensional electron gas created in the channel of 

field effect transistors (FET) had been extensively studied. For a review see Ref. [[36]] 
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Figure 2.1: Schematic drawing representing a quantum well formed with two different semi­

conductors whose bandgap energy differs. The confined states are indicated by red lines and 

the intersubband/interband transitions by arrows. 

Multi-QWs structures and in particular superlattices (SLs) have also brought a considerable at­

tention since the early proposition of Esaki and Tsu in 1970.(37] A superlattice is the periodic and 

ideally infinite repetition of a QW. 
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*) b) 

Position 
Fermi 

Figure 2.2: a) Real space band diagram representing a QW. The real part of the electronic 

wave functions are shown. b)dispersion of the electronic subbands in &-space. 

The coupling between the bound states in the different QWs can be tuned by changing the barrier 

thickness. Reducing the latter leads to the derealization of the electronic wavefunction as shown on 

Fig. 2.3. Due to the periodic character of the potential and the coupling between the levels, energy 

bands and gaps are formed in a similar manner as the different bands in bulk semiconductors. The 

energy bands in a SL are usually called minibands. 

« / 

2^O 2v0 Ov/: 

Figure2.3: BandstmctureofaSL.Onlysomelevelsaredisplayedforclarity. Thedelocalization 

of the electronic wavefunctions is clearly visible (compare with the situation in single QW, 

presented in Fig. 2.2). The shaded areas indicate the minibands. 

The term " intersubband transition" refers to an optical transition occurring between electronic 
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subbands in a single band (either the conduction or the valence band) of a semiconductor het-

erostructure. Intersubband absorption lias for the first time been reported in 1985 by West and 

Eglash in single n-type GaAs/AIGaAs QWs [38]. 

A very important property of QWs is that the energy separation between the levels is determined 

by the width and the potential depth of the confining layer. Therefore the wavelength accessible 

to intersubband transitions can be designed to cover the entire spectrum from the near- to the far-

infrared. Intersubband absorption has been demonstrated at wavelengths ranging from 1.4 ^m (ID 

A AlGaN/GaN QWs. see Ref. (39]) to 200 /im (400 A GaAs/AIGaAs QWs, see Ref. |40]). l This 

impressive wavelength tunability is one of the most striking difference between intersubband and 

interband transitions. Indeed the band gap or the chemical composition of the material essentially 

fixes the emission or absorption wavelength for band to band processes. 

A QW is a 2-dimensional system, and thus the motion of the carriers is quantized in the growth 

direction and free in the two others. In Ä-space, the dispersion relations are therefore given by the 

kinetic energy of free electrons h2kliV/2m* in the x,y directions as shown on Fig. 2.2 b). One 

can show that the effective mass is a function of energy due to the mixing of the valence and 

the conduction band [41, 42]. The curvature of the parabola, which is proportional to the the 

inverse of the effective mass is then slightly different for energetically separated subbands. This 

effect, known as non-parabolicity represent rather small corrections in the conduction band of large 

bandgap materials. The dispersion relations of two different subbands are then almost parallel. As 

a consequence the joint density of states for intersubband transition is expected to be very sharp 

or "atomic-like" and fairly independent of the temperature and the carrier concentration. 

Band non-parabolicity is of course not the only phenomenon inducing the broadening of the in­

tersubband resonance. The largest contribution to the linewidth is typically given by interface 

roughness scattering in QWs thinner than IOOA [43, 44]. Other scattering mechanisms such as 

phonon induced, alloy or ionized impurity scattering have usually a minor influence. Further de­

tails can be found in Ref. [45] and the references therein. 

Intersubband transitions are observable only if at least one subband is populated. The heterostruc-

ture must therefore be doped to provide these carriers. Usually the donors (or the acceptors in 

'note that radiation whose wavelength ranges from about 30 to 60 pm is strongly absorbed in III-V materials due 
to the interaction of t ie light with the optical phonons. In this part of the spectrum called the Reststrahlenband, 
light propagation is forbidden. 
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the case of p-type heterostructures) are set back from the heterostructure to avoid a substantial 

enhancement of the intersubband linewidth and a strong decrease of the mobility because of ion­

ized impurity scattering- In that case, the electrons and the ionized donors are spatially separated. 

leading to the build-up of a local electric field. This can be at the origin of a non-negligible band 

bending if the carrier concentration reaches typically 1 • 1012cm2. The resulting built-in electrostatic 

potential, called the Hartree potential, must be added to the one describing the heterostructure as 

this new term affects the energy of the subbands. The correct band structure must be calculated 

by iteratively solving the Poisson and the Schrödinger equations. [45] 
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Figure 2.4: Calculated real part of the conductivity a (proportional to the intersubband 

absorption) of a 150 A InAs/AlSb QW when the depolarization shift is included (solid line) 

and neglected (dotted line). An intrinsic FWHM of 5 mcV and a carrier concentration of 

1 • 1012cm2 are assumed in the simulations. After Ref. [[46]] 

Intersubband transitions are also subject to collective effects. Among those, the so-called depo­

larization shift has the most significant consequences in particular at high electron densities or 

small energy separations. It results in both a narrowing and a higher transition energy for the 

intersubband resonance, as shown on Fig. 2.4. This correction is due to the screening of the optical 

electric field by the two-dimensional electron gas. This phenomenon is very well illustrated by the 

theoretical and experimental results presented in Ref. (47, 46]. A general discussion about the 

effects of the many-body interactions on intersubband transitions can be found in Ref. [45] and 

the references therein. 
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2.2 Quantum cascade lasers, basic principles. 

Among all the devices which have been realized thanks to the emergence of the MBB some 40 years 

ago, the quantum cascade laser (QCL) is the most impressive demonstration of the possibilities of 

the so-called band-structure engineering. Indeed, inventive quantum design of both the lifetime of 

the radiative levels and the carrier transport is necessary in order to establish population inversion. 

To meet the stringent conditions of losing action also means the development of low loss-optical 

waveguides. 

The concept of a laser based on intersubband transitions in semiconductor heterostructures has 

first been proposed in the early seventies by Kazarinov and Suris, who predicted the stimulated 

emission of infrared light in a strongly biased superlattice. [48] This drove m intense experimental 

and theoretical work which led to the demonstration of intersubband electroluminescence in 1988 

by M. Helm et o/.[49] In 1994, Faist et al. realized at Bell Labs the first quantum cascade laser 

in Gao.47Ino.53As/Alo.4sIno.52As lattice matched to InP.[50] Since then, numerous milestones have 

been achieved, such as continuous operation at room-tempcrature[51] and the extension of emis­

sion wavelength from the mid- to the far-infrared.[52| Lasing action has also been demonstrated in 

GaAs/AIGaAs,[53] InAs/GaInSb/AlSb,[54] InAs/AlSb.[55] Attempts to fabricate QCLs in other 

material systems are being made. In particular nitride alloys have brought a marked attention 

because the possibility of reaching the very important wavelengths commonly used in telecommu­

nications (1.55 /mi).[39] Cascade structures based on Si/SiGe alloys are also of special interest as 

already discussed in the precedent chapter. 

Quantum cascade lasers emitting in the mid-infrared consist of a repetition of typically 30 identical 

stages. As schematized in Fig. 2.5, each stack of QWs consists of an active region, where population 

inversion takes place, followed by a relaxation-injection region. The latter is formed by a chirped 

SL which is doped to avoid the creation of field domains. Moreover the concentration of donors is 

chosen to enable the injector to work as a electron reservoir [56]. When the appropriate electric 

field is applied to the structure (typically 50-80 kV/cm), carriers are injected by resonant tunneling 

from the injection-relaxation region into the upper state of the lasing transition of the next period.2 

The electrons then lose their energy by emitting a photon or by a scattering mechanism involving 

the emission of an optical phonon. This process is the main non-radiative channel, and limits the 

"Further rendings on the design of the injertor can be found in Rof. [57] 

Gao.47Ino.53As/Alo.4sIno.52
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lifetime of the upper laser level to typically 1 to several picoseconds (ps). The electrons arc thai 

extracted from the lower state of the active region and are further injected into the next period. 

Therefore each electron can potentially generate the same number of photons as the number of 

periods. 

Figure 2.5: Biased electronic bandstructure corresponding to the active region of the first QCL 

based on a three QWs desigli. The moduli squared of the relevant wavefunctions arc displayed. 

The wavy arrow represents the laser transition between states 3 and 2. Note that the injector 

in the present figure consists of only of two QWs for clarity and to keep the drawing to a 

reasonable size. Typically this part of the structure is composed by 4 to 10 QWs. 

A very elegant feature of QCLs is that the population inversion is engineered, which is not the case 

for interband lasers. The active region of the first QCL[SO] for example consists of a three levels 

system comprising the ground state (labelled " 1 " , "2" and "3" on Pig. 2.5.) of two thick and one 

thinner neighboring QWs. Lasing occurs between the states 3 and 2 and the upper state lifetime 

is estimated to be 4.3 ps for a energy separation of 295 meV. By design, the energy separation E21 

equals the energy of an optical phonon (34 meV in InGaAs/InAlAs materials) having the effect of 

depleting very efficiently the state 2. The relaxation time Tj1 is as short as 0.6 ps, insuring the 

build up of population inversion. 

The large difference between the lifetimes of the states 2 and 3 can be understood as follows. Phonon 

scattering between two subbands i and / , which is the dominant non-radiative channel as already 



20 Quantum cascade lasers, basic principles. 

mentioned, strongly depends in polar materials on the momentum qij that must be transferred 

during the emission of a phonon. The scattering rate, described by the Fròlich interaction reads:[42, 

58] 

where 
2m*(EiS - huLo) 

*/ = V fi2 (2,2-2) 

is the momentum exchanged in the transition and e"1 = £^ — ej1, where eTC and E3 arc the 

high-frequency and static relative permittivity of the material. 

As can be seen from relation 2.2.1, the lifetime becomes shorter as the value of ¢,7 decreases. This 

situation occurs in particular when the energy separation between subbands approaches the energy 

of an optical phonon (see Fig, 2.6 a)). This observation explains the longer lifetime of the upper 

laser level 3 compared to the state 2. This tendency is clearly apparent on the example presented 

in Pig. 2.6 b). 

Note that the lifetime of the upper laser level is found to be much longer (4.3 ps) than the value 

calculated in the case of single QW for the corresponding subband energy spacing {1.6 ps). This 

apparent discrepancy is due to the reduced overlap between the states 3 and 2 in the case of the 

QCL compared to the situation in a single QW. This decreases the value of the integral in eq. 2.2.1 

resulting in a longer lifetime.3 The possibility to tune, and in particular to increase the phonon-

limited lifetime of a level by reducing its overlap with other subbands is of course important for 

the design of QCLs. The upper level lifetime in lasers based for example on 30-called "diagonal" 

transitions, i.e intersubband transitions between states confined in separated QWs, can reach tens of 

ps.[59] However there are clear limits to this concept since it results not only in very long relaxation 

time but also in a decrease of the optical matrix element {i \z\ f) of the intersubband transition. 

3A similar effect can be observed on ihe curve presented on Fig. 2.C. The super-linear Increase of the lifetime na 
occurring at above 275 meV is also duo to the reduction of the overlap between the two confined states, since the 
upper level becomes delocalized as it reaches the edge of the QW. 
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Figure 2.6: a) Schematic representation of the dispersion relation of the ground and the first 

excited states in a single InGaAs/InAlAs QW. The blue arrow indicates the initial and final 

levels involved in a intersubband phonon scattering process. The latter is accompanied by a 

momentum transfer q^ whose value decreases until the energy separating the first two subbands 

reaches the cjiergy of an optical phonon. b) Scattering rate Ta calculated after eq. 2.2.1 for the 

situation described in a) and plotted as a function of the energy separation Eyz. The dashed 

line indicates the energy of the optical phonon and the grey area represents the energy range 

in which QCL have been demonstrated- Note that the kink in the curve is a artifact of the 

simulation program. 

Fur levels separation lower than the phonon energy, the emission of phonons is forbidden. T h e life­

t ime T{f is not necessarily longer however as other efficient non-radiative channels such as electron-

electron scattering and scattering with acoustic phonons open in this case. 

Many other ways to build up population inversion in mid-infrared QCLs have nowadays been 

demonstrated. Among others one can cite intersubband lasers based on a diagonal transition[59] 

or on superlattices.jGO] Recently, new types of active regions have shown unprecedented perfor­

mances as they led to the demonstration of continuous wave operation at room temperature . The 

improvement in the design came from the following observation. T h e extraction of the electrons 

from the s ta te 1 (and also 2} in the injector is described by a tunneling t ime TMC which was usually 

underestimated in the design of earlier QCLs. Experimental values yield for TCSC = 2 to 3 ps,[61, 62] 

i.e. much larger than T21 computed assuming t h a t the injector region behaves as a continuum. 

The slow depletion of the lower laser levels substantially reduces the population inversion. This 
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bottleneck effect has been circumvented in advanced structures by adding a forth level to the 3 QW 

design, and creating a double optical phonon resonance as shown on Fig. 2.7 a).[51, 63] Another 

way to solve the problem of the slow electronic transport from the active region to the injector 

is to replace the discrete lower levels by a manifold of highly coupled states. The levels at the 

top of the wide lower miniband participate to the radiative transition whereas the states at lower 

energies act as a continuum, allowing for very fast intrasubband scattering. This approach is called 

bound-to-continuum transition design.[64, 63] A sketch depicting the configuration of the different 

levels is displayed on Fig. 2.7 b). 

a) b) ^ 

Figure 2.7: Schematic of a) the double phonon resonance b) the bound-to-continuum design. 

2.3 Quantum Cascade lasers and their applications. 

QCLs have many potential applications as they are nowadays the most convenient infrared light 

sources available. Thoy are indeed very compact and can operate at room temperature in pulsed[65] 

or continuous mode.[51] Their emission wavelength covers the entire mid-infrared, from 3.4 to 24 

/im and this range has recently been extended to the far-infrared. [52] At any of these wavelengths, 

Distributed Feedback (DFB) lasers can be fabricated. They are particularly well-suited for spec­

troscopy as their emission spectrum is single mode and has an extremely narrow iinewidth.[66, 67] 

Moreover it is possible to easily match very specific frequency by tuning the voltage applied to the 

structure or the hcatsink temperature. The high output powers necessary for commercial appli­

cations are nowadays achievable. In pulsed mode, hundreds of milliWatts (average) can be easily 

obtained from single devices on Peltier cooler. Devices capable of cw operation can produce up to 
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10 milliWatts at room temperature. 

Other infrared light emitters exist but are usually not as convenient as QCLs. Among other exam-

pies of infrared lasers, one can cite the CO2 lasers which are used for metal cutting or manufacturing 

machines as they can produce easily 100 W in continuous-wave operation. However, their emis­

sion spectrum consists of many discrete lines ranging from 9.2 to 10.8 fim which are not easily 

tunable. The application of CO2 lasers for mid-infrared spectroscopy arc restricted to a rather 

narrow spectral range. Interband lasers based on low bandgap materials such as lead-salt[68] and 

antimonide[69] lasers have also been demonstrated in a wide spectral range, roughly from 1.9 to 

30 firn. Most of them can not operate at room-temperature and have low output power. In the 

far-infrared, p-Ge lasers can emit radiation between 70 and 300 /im. Crossed electric and magnetic 

fields are usually required as these lasers rely on radiative transitions between heavy and light-hole 

cyclotron resonances in weakly p-doped Ge.[70] It has been demonstrated recently that strain can 

also replace the large magnetic field.[71] Despite this progress, p-Ge lasers are still not very con­

venient to use because of their size, their low operating temperature and their weak output power 

which can not be obtained in cw. 

Infrared spectroscopy is so far the most important application of QCLs because most molecular 

gases have their fundamental vibrational modes in the mid-infrared region spanning approximately 

from 3 to 15 /xm. The corresponding absorption lines are very strong, allowing very sensitive chem­

ical detection to be performed, with sensitivities down to below part per billion. Quantum cascade 

lasers and in particular distributed feedback QC lasers are well suitable for such applications. The 

usual techniques employed for gas-sensing is photoacoustic spectroscopy[72, 73] or direct absorp­

tion measurement[74, 75). The high transparency of the atmosphere in the two windows of the 

atmosphere {approximately 3-5 mn and 8-12 /im) allows precise remote sensing and detection of 

dangerous gases such as ammonium and carbon monoxide. 

Further important applications for high performance quantum cascade lasers are in the field data 

transmission. [76] In contrast to fiber optical telecommunications, this technique has the advantage 

of not requiring additional cables to be buried in the ground. Such free-space optical data links could 

therefore be particularly convenient in urban areas. QC lasers emitting in the transparent windows 

of the atmosphere (around 5 and 10 fim) are very suitable for such applications. Light in the mid-

infrared can indeed propagate even in bad weather conditions such as fog as the Rayleigh scattering 

is strongly reduced at theses wavelengths. The latter are much larger than the diameter of water 
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drops in clouds {~ lßm). Moreover, because of the very short intersubband lifetimes, the devices 

can be modulated in principle up to Terahertz frequencies. [76, 56] This is more than one order 

of magnitude faster than the speed achievable with interband lasers. Data have been successfully 

transmitted over a distance of 70m at a frequency of 5 GHz.[77] A similar experiment performed 

between two different buildings separated by about 350 m has also been recently reported. In 

the latter investigations, a Peltier-cooled QC laser and a room-temperature HgCdIe detector were 

used.[78] 



Chapter 3 

Theory 

This chapter summarizes the basic theoretical aspects necessary for the understanding of the ex­

perimental work performed along this thesis. After a general discussion about Si and Ge crystals, 

the valence band of bulk SiGe alloys is described, followed by the effects of strain. The band lineup 

at the interface of Si/SiGe layers, resulting in the realization of QWs is discussed. The calculation 

of the energy and wavefunctions of bound states is presented together with the optical properties 

of intersubband transition between hole levels. In the last section, the problem of optical phonon 

scattering, which is the main non-radiative channel in polar and non-polar materials is discussed. 

In conclusion, the consequences of the use of SiGe alloys for the realization of a cascade laser are 

discussed. In particular the choice of p-type SiGe heterostructure is addressed. 

3.1 General aspects of Si and Ge crystals 

Silicon and germanium belong to the column IV of the periodic table of the elements. They 

crystallize both in the diamond structure shown on Fig. 3.1. Silicon has a lattice constant of 5.43 

A in comparison to the 5.567 A of germanium. The existing large mismatch, 4.2% results in highly 

strained layers giving rise to a number of physical effects described in the next sections. 

Each atom have four valence electrons arranged in the atomic shells 3s2, 3p2 in Si and 4s2, 4s2 in 

Ge. sp3 hybridization leads to a singlet {s-symmetry) plus a triplet (p-symmetry), at the origin of 

the conduction and the valence band respectively. The maximum of the latter band is at the T 

point in both Si and Ge crystals. The spin-orbit splitting partially lifts the sixfold degeneracy of 

the triplet states. This interaction leads to two spin-degenerated bands referred to as the heavy-

25 
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and light-hole bands, constituting the top of the valence bands. The picture is completed by the 

so-called split-off bands, moved down by an amount AQ. as shown on Fig. 3.2. A more detailed 

description of the valence band is given in the next sections. 

In silicon the minimum of the conduction band occurs near the X point. This location, symbolized 

by A has a 6-fold degeneracy. In germanium the lowest gap is located at the L point. Both crystals 

have thus an indirect bandgap whose value is 1.17 and 0.78 eV for bulk Si and Ge respectively. The 

majority of the band gap difference is taken up in the valence-band discontinuity. The band align­

ment between Si and SiGe crystals is of type II, with holes localized in the Ge-rich semiconductor 

and electrons in the Si[79]. 

Figure 3.1: Drawing showing the diamond structure, which is formed by two interpenetrated 

face-centered cubic lattices. For clarity, the atomic positions of one of the fee lattice is repre­

sented by open circles and dashed lines. The bonds between nearest-neighbor atoms are drawn 

in for one point. They form a tetrahedron which corresponds to the primitive unit cell of the 

diamond lattice. 

Si and Ge are fully soluble into each other and many of the parameters used to describe the 

properties of SiGe alloys can be interpolated between the corresponding bulk values in Si and Ge 

as a first approximation. For a review, sec for example Rcf. [81, 82, 83, 84]. Doping of SiGe 

layer can be achieved by ion implantation or by incorporating dopant during the crystal growth, 

using atoms from the columns III or V of the periodic table of the elements [85j. Phosphorus 

and antimony are commonly used for n-type doping and boron is by far the most preferred p-type 

dopant in Si technology. It should be mentioned that the elements V used as donors have the 

tendency to segregate on the growing surface of the epitaxial layer, It is therefore difficult to have 
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a good control on the doping profile of n-type SiGe layers. 

Figure 3.2: Bandstructure of indirect [a) germanium b) silicon] and direct [c) GaAs] materials. 

Electrons and holes are schematically drawn at the minimum of the conduction and the valence 

bands. Note that the top of the valence bands is taken as a common energy reference. After 

Ref. [80] 

3.2 Electronic band structure in the valence band of semiconduc­

tors 

It is often sufficient, in order to calculate the electronic structure and the optical properties of an 

heterostructure, to know quantities such as the effective mass, the wavefunctions and the disper­

sion relations of the electronic bands close to high symmetry points in k-space such as the T-point. 

Moreover, it is of particular interest to obtain this information as a function of measurable pa­

rameters. This can be done for the valence band through the k • p theory developed in the 50's 

(86, 87, 88] and the effective mass approximation, described in this section. 

3.2.1 k • p theory for a single band 

The motion of an electron of a bulk crystal is described by the following Schrodinger equation, 

when the spin-orbit coupling is neglected: 
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W*(r) = 
^ + v ( r ) $(r) = E$(r ) (3.2.1) 

where mo is the free electron mass. V(r) describes the coulombic potential due to the atoms in the 

crystal. Each quantity in equ. 3.2.1 is a periodic function of the basis vectors of the Bravais lattice 

and therefore the electronic wavefunctions 4f(r) can be expressed according to the Bloch theorem 

as fn ik(r) = un,k( r)e 'k r- k is here the wave vector of the electron, which belongs to the electronic 

band of index n. If Sl>n7k(r) is introduced in the Schrödinger equation, one obtains: 

P2 H , A2Jb2 „ . , 
JL- + — k p + - — + V{r) 
2mo mo 2mo 

V W = ^W^, t ( r ) (3.2.2) 

The term k • p naturally arises from the exponential dependence of the Bloch functions and can 

be treated as a perturbation for vanishing k values. Moreover, we consider a situation where only 

a weak coupling is expected between the band n and neighboring bands called "remote bands" 

present in the electronic structure. Second order perturbation theory leads for the eigenvalues of 

equ. 3.2,2 to: 

2mo 2T71O 
En{h) = En(k = 0) + ££- + ^ k • pm. + ^£ - Y, 

fiafcg 

2mo 
|k-p„ 

n'^n 
En(k = 0) - £* (k = 0) 

(3.2.3) 

where the momentum matrix elements are defined as pnn< — / u£0(r)pun<,o(r)d3r- If E„(k) 
unitcell 

has a maximum at the P point k = 0, then p„„ must vanish and the energy band is parabolic, 

according to the effective mass theory. The equ. 3.2.4 can be rewritten as: 

En(k) = En(k = 0) + T D^hakß = En(k = 0) + ^ - V (-M kakj, (3.2.4) 
cß aß 

with a,ß = x,y,z and 

H2 

^ ' - 5 ^ + 9 ^ 1 ; 2m0 

fi2 y P ^ P I + P L P I 
2mo ^f E„{k=0)-En.(k = 0) 

(3.2.5) 

The k-dependent energy solution of the Schrödinger equation for a single band consist of the 

eigenenergy for k = 0 and a parabolic contribution consistent with the effective mass approximation. 

The coupling of the band n with the remote bands enters only as a second order correction expressed 
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by Da&. The latter matrix has very important consequences since it determines the effective mass 

tensor (multiplied by a factor \) for the band atk. 

3.2.2 Description of the valence band: Luttinger-Kohn's model 

The description of the valence band is of course much more complex than in the case of a single 

band, although a similar mathematical treatment is followed. Difficulties arise indeed since the 

valence band of Si and Ge at the T point consist of three spin-degenerate bands. The Schrödinger 

equation has thus to be solved exactly not only for one band but for 6 coupled bands while the 

remote bands are only later included via a second order perturbation. The Bloch functions are 

represented by the three spin-degenerate functions \X) = xf{r), \Y} = y/(r) , \Z) = 2/(r), where 

/ ( r ) is an even function of r. They constitute the most obvious set of basis functions expressing 

the symmetry oïpx,py and pt orbitals. 

Another complication comes from the spin-orbit coupling term which must be added to the Schrödinger 

equation to correctly describe the valence band (higher relativistic corrections are neglected). The 

spin-orbit interaction reads [89, 90]: 

^ L ' s = 4 4 5 ( c r x V V ( r ) ) " p (3-26) 

a. L and S are respectively the Pauli spin matrices, the angular momentum and the spin operators. 

When the spin-orbit interaction is included, another set of basis functions is usually chosen, in which 

the term 3.2.6 is diagonal. In that case, the Bloch functions used are given by the composition of an 

orbital momentum X = 1 and s = 1/2, because of respectively the p-symmetry of the valence band 

edge and the spin 1/2 carried by electrons. This leads to a doublet with j — 1/2 and a quadruplet 

with j = 3/2, where j is the eigenvalue of the total momentum J = L + S, as indicated in table 3.1. 

In the latter, the new basis is also presented as a linear combination of the functions |A"), \Y). \Z). 

The spherical harmonics Yim .can indeed be expressed as Ym = \Z) and Yi^i = ^-l/y/2\X ±iY) 
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Denomination 

Heavy hole (HH) 

Light hole (LH) 

Split-off band (SO) 

j and m,j basis 

13/2,3/2) 

13/2,1/2) 

|l/2,l/2) 

\X),\Y),\Z) basis 

-1/V2|(* + »Y)Î) 

-1/V6|(X-Hm>+ 

l/VS\(X + iY)i) + 

\fsft\z T) 

Table 3.1: Expression of the valence bands basis functions. Only the eigenvectors having a positive value 

for rrtj are given for clarity. The constants in the right column are given by the multiplication of the Clebsch-

Gordon coefficients for the composition of an. angular momentum 1 = 1 and a spin 1/2 together with the 

factors expressing the angular momentum functions Yi<m in the \X), \Y), \Z) basis [89, 90], 

The task of calculating the matrix elements of the hamiltonian is tedious, in particular when the 

remote bands are taken into account. The latter are included via a second order perturbation, 

through mathematical methods proposed by Luttinger and Kohn in 1955 (87], and a few years later 

by P. Löwdin [91. 89]. The expression of the so-called Luttingcr-Kohn hamiltonian 7iLK is similar 

to equ. 3.2.4 and reads: 

HfJf = E3(k = 0)5jj' + 2 D^,kak0 
aß 

with 
h2 n2 

"Z-L**** + ^?. 
P&P&.+p>&< 

2roo 2mo Y Ej(k = 0} - £y(k = 0) 

(3.2.7) 

(3.2.8) 

The index j and £ refer as in equ. 3.2.4 to respectively the 6 valence bands {therefore j = 1,2, ...6) 

and the remote bands. The explicit form of the hamiltonian HLK is: 

"HLK = -

P + Q 

-S* 

Ft 

-S 

P-Q 

o 

R 

0 

P-Q 

- S / \ / 2 y/2R \ 

-V2Q y/3/2S 

^ß]2S* y/2Q 

0 R" 

- S V V 2 -V2Q* 

^ s/lFt V p S * V^Q* -Sly/2 

S* P + Q -V2JÎ* - 5 * / ^ 2 

3/25 —J2R P + A 0 

0 P + A J 

(3.2.9) 

file:///fsft/z
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where 

P=^i(kl + kl+k2
z) (3.2.10a) 

Q = ~l2[kl + k2
y-2kl) (3.2.10b) 

/of. 2 

^ = - ¾ ^ - [ - 7 2 ( ^ - ^ ) 2 + 2(¾¾*¾)] (3.2.10c) 

5 = ^ - 7 3 ( ¾ - 1*¾)¾ (3.2.1Od) 

The following remarks arise from a close inspection of the matrix 3.2.9 and its elements given by 

the relations 3.2.10: 

1. the Luttinger parameters 7 can be expressed with the momentum matrix elements pnn' and 

calculated. However, they are usually considered as empirical parameters and their values 

are deduced from cyclotron resonance experiments, see Ref. [92]. 

2. A is the spin-orbit splitting, which lifts the degeneracy between the HH/LH and the SO 

bands. Indeed L • S can be rewritten L - S = 1/2(J2 - I2 - s2} and is different if j = 3/2 

(HH/LH bands) or j = 1/2 (SO band). Note that the influence of the SO band can not be 

neglected in particular in bulk Si. as the spin-orbit splitting is only 44 meV 

3. as in the case of the single band problem, the matrix D01P determines the effective mass and 

totally depends on the coupling of the band n with neighboring bands. In the case of a 

Si/Sio.2Geo.8 QW, the effective masses take the following values: HH m*L =0.215, mj,=0.079 

LH m^=0.091, mj.=0.148. In the case of Si, the corresponding values are HH m^=0.277, 

m^=0.216 LH m\ =0.201, 7^=0.253. After Ref. [92]. 

4. for kx, fey — 0, the factors R and S vanish. The non-diagonal elements involving the HH bands 

in 3.2.9 are as a consequence equal to zero. The latter band remains in that case completely 

decoupled from the others, which are mixed even at vanishing k//. On the contrary ali the 

bands are coupled whenever the value of the momentum is non-negligible. This fact has a 

particular importance in many physical processes 
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Another remark concerns electrons and the conduction band, which can also be included in the kp 

hamiltonian [83], This allows in particular to determine the effective mass of the electrons. The 

values deduced yield 0.9 and 0.2 for the parallel and perpendicular masses respectively. Further 

details can be found in the reference (93] and the references therein. 

3.3 The effects of strain 

A 4.2% mismatch exists between the lattice constants of Si and Ge. As a consequence a SiI-JGe1 

layer grown on aSii_„Ge„ substrateis strained if x^ y. More specifically, a SiGe layer containing 

more (less) Ge than the substrate is under tensile (compressive) strain, as a consequence of the 

larger lattice constant of Ge. Indeed the interatomic distance in the plane perpendicular to the 

growth direction (symbolized by //) is forced to match the in-plane lattice constant of the substrate 

throughout the whole heterostructure. This results in a compensating change of the lattice constant 

in the growth direction in order to minimize the elastic energy in the crystal. Fig. 3.3 a) and b) 

shows the situation of a compressively strained SiGe layer. The amount of stress can be calculated 

with the expression tii = "'""1S where the lattice constant of the substrate and the epitaxial layer 

are given by os and ae. The strain in the growth direction is related to t// through Poisson's ratio : 

ej_ = —•££-£,, = _2giae . , j j e r e a j s the Poisson's ratio, and Cnm are the elastic stiffness constants. 

The effects of strain are more easy to understand when the strain is decomposed into an uniaxial 

component E03 and a hydrostatic component. The latter corresponds to a volume change Chydr = 

^- = 2tjj + c i , where V is the unstrained unit cell volume. As shown on Fig. 3.3 c), the 

expression of ihydT is found assuming a constant strain ey/ equal in all directions while C01 is given 

C0x = ej_ - Cj/. Both strain components thydr and E01 enter in the LK hamiltonian HLK when 

multiplied by empirical constants called "deformation potentials" following a procedure developed 

by Pikus and Birr [94, 89], 

An uniform shift by an amount —6Ehydr of ah the bands is triggered by the hydrostatic strain 

because it corresponds to an isotropic change of the inter-atomic distances. On the contrary, the 

uniaxial stress breaks the symmetry of the unit cell along the z direction. Thus it affects the HH, 

LH and SO bands differently, depending on their respective symmetry, given explicitly in the Table 

3.1. 
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Figure 3.3: a)Schcmatic representation of two free standing Si1Ge1 and SIuGe1, crystals. The 

latter nrc represented by cubic lattices for simplicity, b) Situation when the Si1Ge1 layer 

is grown on a Si11Ge1, crystal, c) Decomposition of the effects of the strain into either (he 

components e± and €// (solid line) or e/,B<fr and «„. The isotropic dimension change accounted 

by Chydr is represented by a grey square. The dashed line shows the unstrained lattice. 

The effect of uniaxial strain is in particular to lift the degeneracy of the heavy- and light-hole bands 

at the r point and to mix light-hole and split-off bands even at k// = 0 [84. 89]. The relative shift 

AE of the valence bands due to the uniaxial strain and the spin-orbit interaction A are given at 

k/j = 0 by [95]: 

AEHH{* = 0) - -5EhydT -
SEa 

A£ L „ (k = 0) = -5EhydT + -(5E11x - A + V*2 + A 5 £ „ + 9 / 4 0 ¾ ) 

AESO(k = 0) = -6Ehydr + -(SE,,* - A - \ZA* + ASE0X + 9 / 4 5 ¾ ) 

(3.3.11a) 

(3.3.11b) 

(3.3.11c) 

For vanishing stress, the LH and HH bands are degenerate and raised by an energy corresponding 

to the spin-orbit coupling A with respect to the SO band (see section [3.2.2]). Note that the valence 

band edge can be either HH- or LH-like, depending on the sign of E M as shown in Fig. 3.4 and the 
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example reported in Fig. 3.6. 

u n ^ l n e d h y d r o s « e s t , in • £ — £ 

— — HH band 

LH band 
degenerated 

^ - LH-HH bandì compressive strain tensile strain 

Figure 3.4: Illustration of the effect of strain on the band lineup of the HH and the LH bands. 

The SO band is omitted together with the effect of the spin-orbit coupling. Hydrostatic strain 

shifts the average energy position of the bands while their degeneracy is lifted by uniaxial strain. 

The thickness of a SiGe IaJ1Cr whose Ge content differs from that of the substrate can of course 

not be infinite. The elastic energy stored in the crystal reaches at some point the energy necessary 

to create dislocations. This mechanism strongly depends for example on the growth parameters 

such as the temperature and the growth rate. The value thickness for which the crystal start to 

relax is called the critical thickness and is a rapidly decreasing function of the Gc content difference 

between the epitaxial layer and the substrate, as shown in Fig. 3.5. Two curves are reported 

on this graph and correspond to the situation of a single uniform SiGe layer grown on a Si(IOO) 

substrate. The dashed Une is derived from a theory developed by Van der Merwe [96] and gives a 

limit between the stable and metastable regime. The second curve on Fig. 3.5 corresponds to an 

upper limit, above which misfit dislocations arc spontaneously formed [97]. For a review on these 

models and strained layers in SiGe, see Ref. [98, 82]. These theoretical predictions are similar when 

SiGe substrates are considered. A simple estimate (ignoring the difference in elastic constant for Si 

and Ge) can be obtained by simply shifting the zero of the x-axis to match the Ge concentration of 

the substrate- The critical thickness for a Si1Ge1 alloys grown on a SIyGe1, substrate corresponds 

thus to the value given in Fig. 3.5 for a Ge concentration given by x — y. Note that as long as 

the thickness of the epitaxial layers is kept below the critical thickness, the growth is said to be 

pscudomorphic. 
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Figure 3.5: Critical thickness as a function of the Ge content for SiGe layers grown on pure 

Si substrate. After Ref. [96, 97]. 

The thickness of individual layers is typically limited to about 10 nra for the usual Ge concentrations 

used throughout this work. On the contrary the maximum epitaxial thickness can be infinite for 

multi-layers structures grown on SiGe substrates. The use of the latter allows indeed to deposit 

successively layers under compressive and tensile strain compensating each other. The average 

elastic energy in the structure can therefore be reduced to zero by carefully choosing the thickness 

and the composition of each layer. This technique, called strain compensation is of course not 

possible for structures deposited on Si (100) substrates, since SiGe layers with only one sign of 

strain can be grown. For this reason the thick active region of SiGe QC emitters can only be 

realized on SiGe pseudosubstratc. 

Note that another mean to go around the problems related to the strain exists. Indeed the incor­

poration of a small amount of carbon in a SiGe layers can compensate the built-in strain induced 

by the Ge to the ratio of ca. 1% for 8% Ge. The lattice constant of diamond is indeed smaller 

than that of both Si and Ge. SiGeC alloys have basically the same properties then that of SiGe. 

However the quality of the crystal degrades rapidly if the C-concentration is as low as one or two 

percents. This characteristic is unfortunately not compatible with the fabrication of Si/SiGc QC 

lasers, because of too large Ge content required in these structures (99, 100, 101). 

", 

* 
metastable *•. 
v regime 

stable regime 

misfit dislocations 

*• 
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3.4 Bandoffsets in the Si/Ge material system 

The band edge discontinuities are among the most essential parameters necessary to determine 

the intersubband properties of heterostractures. In this section are summarized the results of 

theoretical predictions of the bandoffsets at the interface between Si and SiGe layers. 

A first mode) developed by CG. Van de Walle is based on density-functional calculations and 

ab initio pseudopotentials. An absolute reference energy must first be defined for the different 

semiconductor alloys. On this absolute scale the average position E0,, of the three valence bands is 

then calculated. The spin-orbit energy A is taken from experimental data, as well as the energy of 

the bandgap. The value of the latter allows to determine the position of the conduction band, The 

energy shifts and splittings due to the strain, given by the equations 3.3.11c are finally introduced. 

This procedure must be carried out for the different compounds of interest and allows to derive the 

band lineups. A second model based on an empirical pseudopotential approach, predicts similar 

but slightly larger bandoffsets compared with the values found in the precedent theory. Further 

details and examples can be found in Rcf.[102, 103, 95, 93, 81]. 

The results of the model of Van de Walle, restricted to the valence bands are shown on Fig. 3.6. 

The heterojunction described, i.e. a Si barrier and a Sio^Geo.g quantum well grown on Sio.sGeo.s 

substrate is the combination of SiGe alloys mostly used throughout the present work. A comparison 

between experimental results and a simulation in which the present discontinuities are used is 

presented in section 3-4.1. 

As already mentioned in the precedent section, the Ge concentration and thickness of Si/SiGe 

QWs grown on pure Si(IOO) substrate are two parameters limited by the strain. The maximal Ge 

concentration in the optically active QW of pseudomorphically grown QC structure is on the order 

of 40%. In that case the HH bandoffset, given by an empirical relatioti[82] VHH = 0.78 - x for 

x < 0.45 is only about 300 meV. The corresponding value for a QW grown on a relaxed SiGe is 

almost double (565 meV for the example shown on Fig. 3.6). The use of SiGe substrate therefore 

not only allows for strain compensation, but is also particularly suitable for QC structures because 

it offers large band discontinuities for holes. 
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Figure 3.6: a) Band alignment for a Sio.sGeo.s substrate. As the crystal is unstrained, the 

LH and the HH bands are degenerated and splitted from the SO band by an amount A. b) 

Band alignment Ln the case of a Si layer grown on a SL0.5GC0.5 substrate, c) Band lineup for a 

Sio.aGoo.s layer grown on a a Sio.5Geo.5 substrate, d) HH and LH discontinuities as a function 

of (he Ge content in the epitaxial layer. The effect of strain is included. 

As already mentioned in the first section, the discontinuity of the conduction band edge at the 

interface of unstrained, bulk Si and Ge is rather small. In that case the confinement of electrons 

is only possible by the application of strain. It splits indeed the otherwise degenerate A valleys 

into two equivalent &// and four Ax minima. The most attractive system consists of pure Ge and 

Si layers deposited on Sio.sGeo.s pseudosubstrate. The confinement energy is about 550 meV for 

the Ax bands, which constitute the lower and upper band of respectively the Si QW and the Ge 

barrier. The energy splitting between the A ^ / A x bands is actually only half the latter value [104). 
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3.4.1 Band structure of semiconductor quantum wells 

Finding the eigenvalues and eigenfunctions solution of the Schrodiiiger equation describing the 

motion of n. particle in a QW is a classical problem of quantum mechanics. First the sehrödinger 

equation in the well and the barriers is solved. The wavefunction has the form of either propagating 

or evanescent plane waves. The eigenstates and the eigenvalues are found by solving the equation 

Hi!> = E%!> and by imposing the continuity of the wavefunction and of the current probability 

^ r ^ j at both barrier/well interfaces. From the boundary conditions, discrete energy levels arise, 

corresponding to states confined in the QW. This problem and the way to solve it arc very similar 

if a semiconductor QW is considered, except that the hamiltonian in the barriers and the well is 

given by the bulk Luttinger-Kohn hamiltonian HLK- Furthermore, the wavefunctions must account 

for both the rapidly varying potential describing the different bulk crystals, and the slowly varying 

potential due to the heterostructure. The latter only affects the motion of the carriers along the 

growth direction and therefore the wavefunctions arc described by plane waves in the directions x 

and y, a set of G slowly varying functions of % /n(z) and the 6 Bloch functions u„[r)m, where the 

index m refers to either the barrier or the QW: 

6 

tf(mî(k,r) - e*(k**ffc»,'ï £ / „ ( * ) - < ( k , r ) (3.4.12) 

Usually the Un(r)m are taken to be equal in the materials composing the barrier and the QW, 

limiting the validity of the method to semiconductors having similar chemical properties. As a 

consequence the difference of the crystals are fully accounted by the Luttinger parameters in the 

L K-h am il toni an. As in the classical one-band model for QWs. the confined states in the QW are 

fully determined by the effective mass equation HLK^(K T) = Eip(k, r) in each semiconductor layer 

and the boundary conditions at each interfaces. The matrix corresponding to this system of coupled 

differential equations has to be diagonalized to find the solutions. A complete and exact treatment, 

including light and heavy hole bands for a single QW is presented in Ref. [105]. This method has 

been further extended to any heterostructure using a transfer-matrix approach [106, 107], 

Another possibility for calculating the energy and the wavefunction of bound states in a heterostruc­

ture has been developed by T. Fromherz [84). The basic idea is to consider that the structure is 

repeated infinitely, as in a crystal that would have a lattice constant L given by the sum of stack 

of QWs and barriers. This assumption allows to expand the envelope functions fn{z) in Fourier 
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series by analogy with the Bloch functions: 

/«(*) = e*"5>,fc,e' ,tpfc.j (3.4.13) 

with kz = £, p = ±1 , ±2,... and \g\ < f. The boundary conditions expressed as ip(z + L) = 

eik'LTp(z), are automatically fulfilled with the choice of i>. The coefficients Cn^, and the energies 

Ek are found from calculating the matrix elements of the LK hamiltonian and then determining 

the eigenvalues and eigenvectors. 

V) 

i I 1 I 
ID 2 0 3 0 4 0 SOlIO 

In-plane momentum ktB (A'') 

Growth direction x 

Figure 3.7: a) Bandstructure of a 35 A Si/SLo.jGeo.s QW grown on Sio.sGcn.G substrate as 

calculated in the 6 band k - p transfer-matrix approach. The energy at k = O of each bound 

state is shown by a dashed line. The offsets are indicated with different colors, i.e. red, light 

blue and green for respectively the HH, the LH and the SO bands and can be read from Fig. 

3.6. b) Dispersion relations calculated by either a 4 (red curve) or a 6 (green curve) bands k • p 

models. 

As can be seen on the example presented on Fig. 3.7a). the bandstructure of even a single p-type 

QW can be very complicated because of the confinement of many levels. Moreover the symmetry 

of the states is not well denned as they are a mixture of the tliree valence bands at k ^= O. In 

particular the LH and the SO levels are coupled even for vanishing momentum {see section 3.2.2) 
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and thus are usually referred to as LH/SO states. The effects of the strong bandmixing must be 

included in order to correctly determine the energy position for each subband. Neglecting this can 

lead indeed to non-negligible energy differences reaching tens of meV, in particular for LH and SO 

levels. Such discrepancies are clearly displayed on Fig. 3.7b), where the results of a 4 and a 6 band 

k • p model are shown. Dissimilar LH/SOi energies are indeed found at ku = 0. A more much 

spectacular difference is the absence of the anticrossing between the LH/SOi and HH2 levels in the 

predictions of the 4 bands model. 

The HH1 and the LH/SOi levels are split at k = 0 due to the strain. Since the QW is under 

compressive strain, the ground state has a HH symmetry. It is important to note that when the 

QW width is such that the HHi-HH2 transition energy corresponds to a wavelength in the mid-

infrared range, the strain is not large enough (or only in extremely strained layer which can be 

barely grown because of the critical thickness) to shift the LH/SOi level above the the first excited 

HH level HH2. This has significant consequences for the realization of a SiGc QC laser as the 

phonon scattering between HH and LH is very efficient, reducing substantially the lifetime of the 

HH2. This issue is discussed in details in section 3.6 and the chapter 5.1 

Both calculation methods previously presented in the text require the diagonalisation of large 

matrices. This problem must thus be solved numerically and this procedure is of course rather 

slow. Therefore, instead of modelling complex heterostmctures such as QC lasers with a complete 

6 bands k ' p model, an uncomplicated program was used. It consists of a single band model allowing 

to calculate the HH eigenenergies and wavefunctions.2 This simplification is possible because optical 

transitions between HH states is a priori preferable for a SiGe QC emitter (see section 5.1) and 

the latter levels are totally decoupled from the two other LH/SO bands. HHs can therefore be 

considered to a reasonable extent as a single band. The different values of the HHi-HH2 transition 

energy reported in Table 3.2 show that the accuracy of a single and a 6 band k • p model is similar. 

When necessary, the calculations have been later refined by a complete 6 band k • p. 

1ThO lifting of the degeneracy also depends on the fact that the two states have a different mass and on the much 
lniger HH barrier height. Tbc latter effects however are important only if the width of the QW Is thinner than 2 11m. 

*Thc parameters used aro &EHH = 565 meV for the HH bandoffset together with m' = 0.277 m* = 0.215 for the 
effective mass in the Si barriers and the Sio.ïGeo.B QWs (sec sections 3.2.2 and 3.4). 
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QW width [A] Single band model [meV] 6 band k • p model [meVj experimental data [meV] 

35 220 210 235 

30 268 265 2C2 

25 325 330 325 

Table 3.2: Results obtained within a single band or 6 band k' p models for the HH1-HH2 transition 

energy in modulation doped QWs similar to the one presented on Fig. 3.7. 

3.5 Optical matrix elements and polarization selection rules 

The description of radiative transitions between two bound states i and / in a p-typc QW requires 

the calculation of the optical matrix elements given in the dipole approximation by ( / | t - p | i ) . 

Here the vector e gives the direction of the electric field. Basically the kets \i) and \i) consist 

of the multiplication of an envelope function fk (z) and the Bloch functions uj; (fc, r) as already 

mentioned in the precedent section (see the relation 3.4.12). The expression of the optical matrix 

elements thus reads: 

(3.5.14) 

where fl is the volume of the crystal. The cross-terms involving an envelope function /„(2), the 

operator p and the Bloch functions vanish. The two terms in eq. 3.5.14 give rise to the following 

selection rules (only HH and LH bands are considered) [108. 109, 45, 84. HO]: 

- the integral in the first term determines the index of the two states \i) and | /) involved. Only 

optical transitions between two levels having a different parity are indeed allowed. Moreover the 

light must polarized along the growth direction z (so-called transverse-magnetic or TM polariza­

tion) since the two envelope functions are only dependant on z. This selection rule, valid for both 

HH-HH and LH-LH transitions is analogous to the situation occurring between subbands in the con­

duction band. LH-HH transitions are also allowed, but only in the opposite polarization (so-called 

transverse-electric or TE polarization). The explanation for the latter point is not straightforward 

and will therefore not be given here, For further details the reader is referred to Ref. [45] 

- the second term does not vanish if both envelope functions /n (z) have the same parity. The 

element IuIn \p\ uj , \ allow transitions between all the subbands in the x-y directions and only LH-
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HH transitions in the z polarization. These contributions are proportional to k/j and their origin 

come from the coupling to the remote bands. 

The matrices describing the polarization selection rules are not shown here for the sake of brevity 

but can be found in various references [109, 108, 45]. Note that they are somewhat similar to the 

Luttinger-Kohn hamiltonian HLK because of the analogy between the operators e - p and k • p. An 

excellent illustration is given in Ref. [45], p. 71. In Table 3.3 are just summarized the selection 

rules for transitions occurring between the first levels of the HH and LH bands. 

HHi 

LH1 

HH2 

HH1 

-
TE t/TM f t 

TM 

LH1 

TEfc/TM* 

-
TE 

HH2 

TM 

TE 

-

LH2 

TE 

TM 

TE*/TM* 

HH3 

TEt 

TEfc/TMfc 

TM 

Table 3.3: Polarization selection rules for the intersubband transitions possible between the first 

few HH and LH states confined in a p-type square QW. The index k indicates when the optical 

matrix element is proportional to the in-plane momentum k. 

3.6 Deformation potential interaction 

In a crystal, the vibrations of the ions about their equilibrium positions are called phonons. They 

lead to a dynamical change of the overlap or the coupling between the wavehmctions of neighboring 

atoms. This induces a time-dependent perturbation of the bandstructurc alignment which allows 

intra- and interband scattering processes according to the Fermi Golden rule. This mechanism is 

called deformation potential interaction and by its nature is common to all semiconductors. 

The phonon scattering matrix elements Mj/ between two states is simply given by the multiplication 

of the atomic displacement UJ. a constant a called the deformation potential determining the 

strength of the interaction and a tensor D whose components are set by the symmetry of the 

crystal (for a review see Ref. [83] and the references therein): 

Mi,f=(i\aD-Uj\f} (3.6.15) 

In the present equation, the index j refers to all the different phonons which can exist in the 
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alloy considered. 3The vector Uj has the form of a plane wave Uj = Aêje"3* where A represents 

the amplitude of the phonon elongation and êj its propagation direction. The tensor D describes 

the hole-phonon scattering selection rules, which can be summarized as follows: phonon scattering 

processes are only allowed between bands of different symmetry. In the angular momentum basis, 

it means that heavy holes are coupled only to light hole or split-off levels. The selection rules are 

identical when transposed in the basis of the |x), \y) and \z) functions. 

The above selection rules are actually strictly correct only for ku = 0. The deformation potential 

interaction between any subbands is indeed allowed by the strong bandmixing occurring at non-

vanishing in-plane momentum. 

*> 

\Z> ^ ¾ '*> 

b) 

ocz> 
>[0 O 

Figure 3.8: a) Primitive cell of a Si or Ge crystal. At the position of each atom are drawn 

Px and Pi functions. They have all by definition the same orientation, as the ones shown on 

the upper part of the sketch, b) Schematic representation of the P1 and px functions if one 

considers a horizontal plane passing through the central atom of the primitive cell. 

To illustrate the selection rules, we consider a scattering event involving two bands \x) and \z}-

This process is only allowed for phonons whose elongation go along the y direction. The physical 

situation is described on Fig. 3.8a), where the atoms present in the primitive unit cell of the 

diamond structure are represented. Of course only the latter are of importance here because of the 

periodicity of the crystal. On each atom is drawn a p-like function oriented along the i o r z axis as 

indicated by the sketch on the lower part of the figure. The plus and minus signs indicate whether 

explicitly for a Sio.sGeo.o compound: Si-Si (GO meV), Si-Ge (SO meV) and Gc-Ge (36 meV) [83) 
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the p-functions have a positive or negative value. These functions represent the relevant bands \x) 

or \z) involved in the scattering process considered. Fig. 3.8b) displays a schematic drawing of 

these functions through the plane 3 = 0. It is clear from this figure that the total overlap between 

the different \x) and \z) functions vanishes. Indeed the contributions of the upper and the lower 

left atom respectively with the central atom have the same magnitude but a different sign and 

therefore compensate each other. The identical effect occurs to the atoms positioned on the right 

of the figure. 

The situation is different in the presence of an optical phonon polarized in the y direction since the 

effect of the latter is to move the central atom according to the the arrows placed on Fig. 3.8b). 

In that case the functions determining the overlap between the central atom and the upper and 

the lower left atoms respectively have still an opposite sign. Their amplitude on the contrary is 

different in this situation and do not balance each other anymore. This leads in the tight binding 

approximation to a dynamical change of the bandstructure. The coupling between the bands \x) 

or \z) and an optical phonon polarized in the y direction is thus allowed, as stated in the selection 

rules. It is easy to show that any other combination different than the one implicating wavefunctions 

and a phonon each directed in another direction leads to vanishing variations of the overlap. The 

scattering process is then forbidden. 

Many calculations of the scattering rate in Si/SiGe heterostructure have been performed [111, 112, 

113, 114]- However it should be mentioned that some authors have not included in their simulations 

the effects of the LH band and the bandmixing, resulting in artificially long and unrealistic lifetimes 

(111, 112]. In the present manuscript only the theoretical and experimental work of K. Reimann et 

aï. and I. Bormann et al. is reported [83, 115]. Their results are particularly pertinent since the 

heterostructures investigated are similar to the QC emitter studied along this thesis. 

The first group cited have developed and used an eight bands k • p model to calculate the bandstruc­

ture of pseudomorphic Si/Sio.sGeo.s modulation doped QWs. Three states are clearly confined in 

the 44 Ä wide QW, as shown on Fig. 3.9. On the latter, the possible scattering channels from the 

HH2 to either the LH/SOi or the HHi levels are indicated by arrows for the Si-Si, Sio.sGeo.5 and 

the Ge-Ge phonons. These processes imply a momentum transfer k// as the separation between all 

the subbands is larger than the energy of the different phonons.This has an important consequence 

as it allows the deformation potential interaction to couple the HH2 and HHi levels, as the latter 

has a LH/SO component at k =£ 0. In the present case however, the HH2 to LH/SOi scattering 
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channel is favored by the selection rule, as the lowest level consists nearly of a pure LH/SO level. 

The scattering rate for the latter path reaches indeed 2.6 ps - 1 and only 0.8 p s - 1 to the HHi. This 

results in an overall HHs lifetime as short as 290 fs [83]. This prediction is in excellent agreement, 

with the experimental value (250±100 is) obtained by pump and probe technique [116). 

Similar calculations have been performed by I. Bormann et (U and lead to a slightly longer but 

similar HH2 lifetime of 400 ps [115). 

Figure 3.9: Dispersion relations for the levels confined in a 44 A wide Sio.sGeo.s QW grown 

on a Si substrate. The arrows indicate the possible scattering channels for the different optical 

phonons. These processes are all accompanied by a momentum transfer k//. The dashed lino 

indicate the chemical potential /t. After Ref. [83] 

3.7 Conclusions for SiGe QC lasers 

In this section are discussed the main material and physical issues for the realization of SiGe QC 

lasers. The questions related to the hole-phonon scattering, the non-radiative lifetime or the design 

of the optically active region are answered in section [5.1]. 

It is obvious that the strain induced by the mismatch of the lattice constant of Si and Gc is a 

stringent obstacle to the fabrication of Si/SiGe QC lasers. The severe limitations of the growth of 

pseudomorphic heterostructure on Si (001) substrate are well illustrated by the example of section 

[5.2]. Strain compensation and the use of SiGe pseudosubstrate is therefore a first necessity for the 

accomplishment of the present project. 
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p-type heterostructures is the most convenient choice in the Si/SiGe material system. The conduc­

tion band may appear at first sight more attractive than the complicated valence band. Actually 

the bandstructure is complex in both cases, as mentioned in section 3.4.1 and 3.4. The properties 

of n-type multi-QW structures depend strongly on the different A and L valleys, whereas in the 

valence band one must take into account HH, LH and SO bands. However working with holes 

presents several advantages. The value of the bandoffset in the conduction band is in general 

smaller compared to the valence band. The effective mass of an electron can be more than four 

time larger than the value corresponding to the HH band. A heavy mass is usually a severe hand­

icap since the oscillator strength is proportional to the inverse of this quantity. The transport of 

carriers through barriers, which is a crucial issue for QCLs, can also be strongly affected by a large 

tunneling mass. Moreover the physics of intersubband transitions between levels in the conduction 

band is not as well-characterized as for the valence band since much less experiments have been 

performed on n-type Si/SiGe heterostructures. It is also much more difficult to achieve an abrupt 

and well-controlled doping profile in Si with donors. 

As a consequence of the above arguments, the combination of materials chosen for the development 

of QC emitters consists of p-type Si barriers and Sio.2Geo.a QWs grown on Sio.5Geo.5 substrate. 

The Ge content of the latter allows for a deposition of strain compensated layers of pure Si and 

Ge if the latter have the same thickness. Since in average thinner barriers are deposited in the 

active region of QC structures, the Ge content is limited to 80% here. The bandoffsets are thus 

close to the maximal value achievable on a Sio.sGeo.s pseudosubstrate. Besides, the large overall 

Ge content has the following benefits. The effective mass of holes in Ge are lower than in Si, as 

well as the activation energy of boron. In that case less dopants are necessary in Ge-rich layers to 

obtain the same carrier density. This can have important consequences on the optical absorption 

due to free carriers. In addition, the SiGe pseudosubstrate deposited on a Si substrate provides a 

gradient of Ge concentration and hence of refractive index. This step acts as a cladding layer for 

the confinement of the light, as explained in chapter 6. 



Chapter 4 

Intersubband characterization of 

Si/Sio.2Geo.8 heterostructures grown 

on Sio.5Geo.5 relaxed buffer 

The theoretical framework and the choice of the material system for the development of SiGe QC 

lasers has already been discussed in the precedent chapter. In particular the necessity to use strain 

compensation has been pointed out. Putting this technique into practice is however not straight­

forward, as it requires a good knowledge concerning many different issues such as the growth on 

Ge-rich pseudosubstrates. In addition, little has been done experimentally to access for example 

bandoffsets in strain-compensated SiGe, and to verify the state-of-the-art bandstructure calcula­

tions available for this system. 

In this chapter the different experiments performed in this thesis are discussed, investigate and 

characterize the physics of intersubband transitions in quasi-strain compensated Si/Sio.2Geo.8 het­

erostructures deposited on Sio.sGeo.5. The issues related to the growth by MBE of Si/SiGe layers 

on pseudosubstrate are first briefly summarized. The analysis of the vertical transport through res­

onant tunneling diodes and intersubband absorption measurements performed to study the optical 

characteristics of single and coupled QWs are then presented. 
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4.1 MBE growth 

The growth of SiGe layers on Si was pioneered by E. Kasper et al in the late 70's.[117] Since then, 

constant progress in the quality of the deposited layers has been realized. SiGe-based devices such 

as SiGe hcterojunction bipolar transistors or HBTs (for a review, see Ref. [11]), have found many 

applications and are nowadays integrated in products. 

Two different epitaxial techniques are mainly used for the deposition of SiGe heterostructures, 

namely chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) (for a review see 

for example [82, 118. 119]). The main advantage of the latter is that the growth rate and the 

substrate temperature are basically independent from each other. In particular a low growth 

temperature1 can be chosen in MBE systems, which reduces the surface mobility of the deposited 

atoms. This prevents the segregation of the dopants [120, 121] and the diffusion of Ge atoms [122]. 

The deposition of extremely thin layers with a sharp interface is thus possible. A low growth 

temperature also avoids the relaxation of highly-strained structures and particularly motivates the 

choice of MBE instead of CVD for the growth of SiGe QC structures. 

The active region of the structures investigated in the present work have been grown by MBE, 

on Sio,5Geo.5 pseudosubstrates grown by low pressure (LPCVD).[123] The latter are fabricated by 

depositing on a Si wafer successive epitaxial films with an increasing Gc content until the final 

concentration is achieved. Different tricks, such as abrupt changes in the incorporation of Ge can 

be used to induce the relaxation of the epitaxial layers stepwise during the growth and to pin the re­

sulting dislocations beneath the surface. The preparation of the SiGe pseudosubstrate ends with the 

deposition of a thick uniform SiGe layer burying the defects and a post-growth chemical-mechanical 

polishing step to flatten the surface. Atomic force microscopy yielded a surface roughness of 0.2 

nm of the polished substrate. 

On Fig. 4.1 is presented a transmission electron microscopy (TEM) image of a Sio.sGeo.5 pseu­

dosubstrate. Many defects are clearly present and most of them are confined in the region of 

increasing Ge content. They are thus not expected to degrade the performances of the heterostruc­

tures grown on top of the pseudosubstrate, on the contrary to threading dislocations reaching the 

surface. In particular this latter type of defects can short-circuit the vertical transport through the 

'Crystalline SiGe layers can still be grown by MBE at a temperature es low as 2800C. For CVD systems, the 
growth temperature is typically higher than 5000C as below this value the deposition rate vanishes. 
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heterostructure. This problem can not be overlooked since the density of threading dislocations 

reaches typically 1 — 10 • 107 defects/cm2. 

Figure 4.1: TEM image showing an overview of a Sio.sGeo.s pseudosubstrate. Many defects 

are present in the step graded buffer layer, some of them reaching the top surface. 

Prior to the deposition of the heterostructure, the SiGe pseudosubstrate is cleaned by a wet-chemical 

treatment and transferred into the MBE chamber, where the wafer is backed at 800° C for 15 min. 

The MBE-growth is carried out at low temperatures and growth rates ranging from 300-3300C and 

0.25-0.5 Â/s respectively. The experiments performed to optimize this set of growth parameters are 

described in Ref. [124, 125]. The MBE, a Balzers UMS 500 is equipped with two e-gun evaporators 

for Si and Ge, plus an effusion cell for boron. The Si and Ge fluxes are controlled by a mass 

spectrometer whose signal enters in a loop regulating the focus of the electron beams. This permits 

very fast changes, which are considerable in our structure, of the atomic fluxes. 

The structural characterization of the crystals are achieved by means of TEM and X-ray diffraction 

or reflectivity measurements. The latter technique is very useful as it gives a rapid feedback on the 

composition and the thickness of the different layers grown. It is also possible to get many other 

informations on the interface roughnesses, their correlation properties, and the strain status in the 
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heterostructure. The structural investigations performed on our most complicated structures did 

not reveal any serious problems related to the growth. On the contrary, QC SiGe emitters grown 

on SiGe pseudosubstrate (see section 5.3) whose active region consists of up to 50 repetitions have 

been successfully grown, proving that strain compensation is a viable concept. TEM pictures of 

these structures confirmed the desired layer thicknesses, even of the thinnest (4 A) Si barriers, as 

shown on Fig. 4.2a). No noticeable increase of the interface roughness or the number of defects was 

observed for samples with increasing number of periods (see the inset of Fig. 4.2a). Three x-ray 

rocking curves, measured along the (004) crystal direction for different samples with 3, 15 and 30 

repetitions, are represented on Fig. 4.2b). The same pattern is observed, showing the excellent 

reproducibility of the growth from run to run and from cascade to cascade. 

It should be also noted that investigations, in particular X-ray reflectivity measurements have been 

realized on pseudomorphic QC emitters (see section 5.2).(126] These structures were found to be 

totally strained, and an rms interface roughness of about 2 À has been determined. The latter 

value increases up to 2.9 Â from the first to the 12"1 and last cascade and demonstrates that no 

severe degradation of the crystal quality occurs as cascades are added. 

Figure 4.2: a)TEM image showing the last few periods of the 30 periods structure. Note that 

respectively the dark and the light-grey layers represent the Ge-rich QWs and the Si barriers. 

The inset shows an overview of the 30 stacks, (b) X-ray rocking curves obtained for 3 different 

samples consisting of 3, 15 and 30 identical periods. The lines are shifted for clarity. 
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4.2 Transport measurements 

The first resonant tunneling diodes (RTDs) have been realized as early as 1974 in GaAs/AlGaAs[34] 

and in the late 8D's in n- or p-type Si/SiGe.[127, 128} These devices have potential applications as 

they rely on intrinsically fast tunneling processes. For a review, see for example Ref. [H]. 

RTDs consist in general of only one QW weakly coupled to bulk contact layer via tunneling barriers. 

The current flow through the diode is totally dominated by the heterostructure. The presence of 

the latter gives rise to resonances in the current vs voltage characteristic (IV) of the device. They 

correspond to the resonant tunneling of carriers through subbands in the QW as explained in Fig. 

4.3. 

Experiments carried out using RTDs are important for the realization of a quantum cascade emitter 

as they allow to map out the holes levels in the SiGe QW. They can also give a first insight into 

the maximal current density that can be injected by resonant tunneling in QC structures. Other 

issues which can be addressed are the amount of parasitic leakage current induced by the many 

defects present in the pseudosubstrate and in the device itself, as well as the injection of carriers 

into HH states positioned above or close to the LH barrier. In that situation, which occurs in the 

QC structures presented in Fig. 5.8 and in section 5.3, holes can indeed be either properly injected 

in the HH level or simply lost in the LH continuum. The latter scenario is of course not desirable. A 

similar carrier loss in the continuum also occurs in short wavelength HI-V QCLs (or in the X-valley 

of GaAs/AlGaAs QCLs) and leads to difficulties to achieve high-temperature operation [129, 13Oj. 

In this section the results of transport measurements performed on three different RTDs grown 

by MBE on a doped Sio,5Ge0.5 pseudosubstrate (2 microns thick layer doped at 1 • 1019cro3) are 

presented. The width of the single Sio.îGen.s QW has been varied from sample to sample (25-35-45 

A) whereas a constant thickness of 40Â was kept for the Si barriers. These layers are embedded 

between two 150 A long SiGe ramps whose Ge content is linearly increased from 50% to 80%. The 

first IOOA of these two regions are doped with B at a concentration of 2 • 1018cm3. The same doping 

level is used for the 2000Â Sio.sGeo.5 layer capping the structure. The diodes measured consist of 

100x100 ßta2 squared mesa defined by standard photolithography and a dry etching step. The 

bottom and top electrical contacts are provided by the evaporation of Al pads, annealed in ambient 

air at 380 0C during 25 seconds.2 

aFbr further readings on metal contacts and annealing, see Ref. [85] 
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Figure 4.3: Schematic drawings representing the bandstructure of a RTD at different volt­

ages applied between the emitter and the collector. At the lower right corner of the figure is 

represented the VI characteristic of a 25 A RTDs measured at 4K. The bias corresponding to 

each situation described by the band diagrams A, B and C is indicated. (A) When no or a low 

bias is applied to the device, the Fermi energy in the emitter is lower than the ground state 

in the QW. The energy and momentum conserving tunneling into the HHi is thus impossi­

ble, preventing any current flow. (B) The current through the device gradually increases until 

the Fermi level on the emitter side is in resonance with a subband confined in the QW. (C) 

The current suddenly drops if the voltage continues to grow, as there are no longer carriers in 

the emitter which can tunnel in the QW while conserving their lateral momentum. However 

the tunneling current docs not completely vanish because of additional current components 

such as the direct tunneling through the barriers or impurity- or interface-roughness assisted 

tunneling that conserve the energy, but not k//. For sufficiently large voltages and at high 

temperature, thermionic emission over the barriers and thermally induced tunneling through 

higher-lying states occur. They also degrade the peak to valley ratio and are responsible for an 

exponentially increasing background current. 

In Fig. AA are reported the current vs voltage (VI) characteristics obtained at 77K with the three 

different RTDs. Up to four resonances are present in these curves together with an exponentially 

increasing background current. T h e lat ter is mainly due the escape of the carriers above the barriers, 
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which are continuously lowered by the increasing electric field (see Fig. 4.3). The observed peaks in 

the VI curves are well-resolved, showing the excellent quality of the material grown. The peak-to-

valley ratio reaches up to 3:1 at 4K, which is comparable to the best results obtained with p-type 

Si RTDs. The current density can yield at resonance up to one or two kA/cm2. This value is 

about one order of magnitude too low compared to the current density desirable for SiGe QC lasers 

(see section 5.3.1). Nevertheless since this quantity depends exponentially on parameters such as 

the barrier thickness, much larger current densities, matching the required value are very likely 

achievable in RTDs and thus in SiGc QC structures as well. 
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Figure 4.4: I-V characteristic of the three different structures measured at 77K. The corre­

sponding current density is indicated on the right hand side of the figure. As these structure 

are symmetric, only the data for positive polarity are shown. Note that the dashed line is a 

guide for the eyes and indicates the confinement shift for (he first HH resonance and that the 

throe curves are shifted for clarity. 

A clear confinement shift is observable in Fig. 4.4- An important thing to note is that the difference 

between the first and the second resonance is increasing for decreasing well width. This is a clear 

hint that the two peaks involve states having a different index, more specifically HHi and HH2. 

This remark is consistent with the comparison of calculations and the experimental data reported 

in Fig. 4.5. The theoretical curves have been deduced from model assuming that the voltage drops 

linearly across the heterostructure and part of the collector. The injector is considered to be flat, 

except in the last 70/100 A next to the first Si barrier. In this region a 2DHG is indeed formed, 
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as confirmed by measurements performed in a magnetic field parallel to the current [131]. Further 

results obtained in a magnetic field enable a correct account in our model for the presence of the 

2D-character of the injector. Note that in the case of RTDs with 45 ÂQW, the experiment in a 

parallel field configuration (actually similar to Shubnikov-de Haas measurements [132]) revealed 

the presence of two states in the injector-QW region below the Fermi energy,3 They correspond to 

the ground level in the HH ground state of the injector and the QW. This result explains thus the 

finite resistance of the 45 Â QW device at low bias. 

The following statement can be made because of the excellent agreement between the experimental 

points and the theoretical curves shown on Fig. 4.5. The resonance corresponding to the LHj level 

is totally missing in the experimental data. This remark is consistent with the fact that: 

1. the levels in the emitter region have necessarily a HH symmetry because of the strain-induced 

splitting of the LH and the HH bands. 

2. the tunneling of heavy holes into LH states is forbidden at k// = 0 as the the two wavehinctions 

are orthogonal. 

However, current peaks involving LH levels have always been experimentally observed since the 

first demonstration of p-type RTDs by Mendez et al [133], The explanation resides in the fact that 

resonant tunneling is actually dominated by processes involving states close to Fermi surface of the 

emitter [134, 107, 106]. Because both the energy and the lateral momentum are conserved, the 

levels in the QW and the emitter region have a finite in-plane vector. They consist therefore of a 

mixture of LH and HH, enabling the tunneling into LH subbands. 

The absence of the LHi current peak may of course be just a sign of the weakness of the model used 

so far. The apparent discrepane}- can in principle also be explained by a weak LH-HH bandmbdng 

in our structures. This argument is supported by the much larger splitting between the HH and 

the LH bands existing in our material system (90 meV) compared to the typical value found in 

other experiments (^30-40 meV). 

Further magneto-tunneling measurements can in principle validate these considerations. This tech­

nique is indeed well-known to allow the mapping of the subbands dispersion relations.[135, 136] 

This should help to distinguish the different levels, in particular since a clear anticrossing of the 

3Hero a positive energy for the holes is chosen. 
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HH2 state is predicted by a 6 bands fc-p model (see Fig. 3.7). Moreover the application of a strong 

parallel magnetic field might increase any current related to the LHi level, as basically the effect 

of the field is to increase the in-plane momentum and consequently the bandmixing. The growth 

of new RTD structures, with a lower Ge content in the injector could also help to further prove 

experimentally that the hole symmetry is conserved in a tunneling process. 
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Figure 4.5: Comparison between the voltage at the current peaks as deduced from the ex­

periment (full circles) and the model. The solid/dashed lines represent respectively the energy 

of the different HH and LH subbands. A horizontal grey line indicate the position of the LH 

barrier. The HH3 resonance is exists only in 35 Â and thicker QWs. 

The first excited HH level is respectively close to and well above the LH barrier in 35 and 25 Â QWs. 

The presence of the resonance associated with the HH2 level in the curves of Fig. 4.4 indicates 

hence that the injection of carriers in HH levels placed in the LH continuum is possible. The peak 

to valley ratio for the HH2 state, which is comparable to the best values reported for as-grown 

Si/SiGe p-type RTDs, shows that only a few holes escape from the QW state directly in the LH 

continuum. This statement is supported by the high-temperature at which the current peaks can 

still be observed. Resonances in the derivative of the I-V curves can be clearly observed up to room 

temperature, whereas the temperature operation of SiGe RTDs grown pseudomorphically on Si 
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substrate is typically inferior to 100 K. This dissimilar temperature dependence can be explained 

by the very different HH discontinuity in these two materials. It is in general about 200-300 meV 

for the RTDs grown on Si substrate whereas it doubles in the case of Si/Sio.aGeo.8 QWs grown on 

pseudosubstrfite, as already mentioned in section 3.4. The latter quantity reduces exponentially 

the valley current due to the direct tunneling into collector states and the thermionic emission over 

the barrier . The high temperature operation of our devices gives thus an strong evidence that the 

physical behavior of the HH states is to a large extent only determined by the HH and not the LH 

bandoffset. 

Another important result obtained from the above measurements is the lack of strong leakage cur­

rent despite the numerous threading dislocations present for example in the SiGe pseudosubstrate. 

This is particularly visible in the I-V characteristic of the 25 A RTD at low voltages (0.01 A/cm2 up 

to 0.1 V). This value is consistent with the typical leakage current (typically less than 0.1 A/cm2) 

measured for large devices (900x900 ^m2 Ti-gate) fabricated to perform intersubband absorption 

on modulation doped QWs (see next section). The finite resistance of the RTDs consisting of 45 Â 

QW at low voltage is duo to the partial population of the HH ground state. This subband is indeed 

below the Fermi energy in that case, as explained elsewhere in the text. The many dislocations 

induced in the crystal by strained layers and the pseudosubstrate itself are hence not harmful for 

the vertical transport through our hctcrostructures, as much larger current densities in the range 

of 10 kA/cm - 2 are desirable. 

4.3 Intersubband absorption measurements 

4.3.1 Single quantum well 

Intersubband absorption measurements are a valuable tool for the spectroscopic study of semi­

conductor hetcrostructures. This technique gives indeed an insight among other things into the 

energetic positions of the different levels confined in a QW or the origin of the broadening of the 

intersubband resonances. The first observation of intersubband absorption from p-type and n-type 

Si/SiGe QWs goes back to the early 90's. [137, 138] It is interesting to note that modulation dop­

ing effects in B-doped Si/SiGe heterojunctions grown by MBE has only been demonstrated twenty 

years ago.[139] 

In this section intersubband absorption measurements performed on modulation doped quantum 
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wells grown by MBE on a back polished Sio.sGeo.s pseudosubstrate grown by LPCVD are presented. 

Several absorption structures, whose main difference is the width of the quantum wells ranging from 

25 A to 70 A), were grown. A low growth temperatine of 3300C and 3000C for the two thickest 

QWs (55 and 70 A QWs) was chosen to reduce the diffusion of Ge atoms and avoid relaxation in 

the heterostructure. 

The samples are a repetition of four SicuGeo.s QWs embedded in two 18 A thick Si barriers. These 

layers are separated by a 170 A Sio.sGeo.s spacer, the center of which is doped with Boron at 

a concentration of 1 • 1018cm3. The resulting sheet carrier density per QW. obtained from Hall 

measurements, is close to 1 • 1012cm2 at 14K. The stack of QWs is embedded in a 450 A wide 

S»o.5Geo.5 top and bottom layers, which consist of a 50 A spacer, a 200 A layer doped at 1 • 1018cm3 

and a 200 A spacer left undoped. A 30 A undoped Si cap-layer finishes the growth. The complete 

relaxation of the step-graded buffer layers and the fully strained state of the heterostructure is 

confirmed by X-ray measurement and TEM images, as can be seen on Fig 4.6. 
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Figure 4.6: Sketch and TEM picture describing the absorption structures. 

Ohmic contacts were fabricated by Al evaporation and annealed for 2 minutes at 400°. A 900x900 

/im2 Ti/Al Schottky gate (50/150 nm) is then evaporated. The gate is used to modulate the carrier 



58 Intersubband absorption measurements 

population in the quantum wells and consequently the intersubband absorption. It can therefore 

be discriminated from the non-modulated background using lock-in technique. For details about 

the Schottky-gate. the reader is referred to Ref. [140] and the references therein. A sketch of the 

experimental setup is given on Fig. 4.7. The absorption spectra were measured with a Bruker IFS 

55 Fourier transform infrared spectrometer in step-scan mode. The light, generated by a glowbar 

source, was coupled into the 4 mm long sample polished in a 45° wedge} 13-pass waveguide geometry. 

A schematic drawing, shown on lower left corner of Fig. 4.7 depicts in more details the path of the 

light. The optical signal was detected with a liquid nitrogen cooled HgCdTe detector. The devices 

were mounted into a He-cooled flow cryostat and held at temperatures between 14K and 300K. A 

square wave voltage modulated at 9OkHz was applied between four lined up 900x900 firn2 gates 

and the ohinic contacts. The bias was alternatively changed from +2V to -IV. A leakage current 

lower than 100 /xA at low temperature was measured. 
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Figure 4.7: Schematic drawing showing the experimental setup used for absorption measure­

ments and the geometry of the in-conpling of the light in the sample. The two polarization TM 

and TE arc indicated. 

The results of polarization dependent measurements obtained under these bias conditions with the 

35 A QW structure are displayed in Fig. 4.8 a). Three peaks are clearly distinguished at energies 
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ranging from 225 to 575 meV. The strongest resonance occurs in TM polarization, which is an 

evidence for a transition between the heavy bole (HH) ground state HHi to the first excited state 

HH2 (see section 3.5). In the TE polarization, a first peak, whose shape is clearly asymmetric is 

observed at 340 meV. A third feature is present at an energy which is close to the HH bandoffset (see 

Fig. 4.8 c)) As the latter peak is broad, bound to continuum transitions can be anticipated. Note 

that the resonances observed in the TE polarization can also be observed in the other polarization. 

This comes from the waveguide geometry used, as the electric field in the transverse magnetic mode 

is not aligned along the growth direction but is tilted at 45 ° (see Fig. 4.7). 

Energy [meVJ 

Figure 4.8: Experimental a) and theoretical b) results obtained for the structure consisting of 

35 À modulation doped QWs. c) Results of a self-consistent 6 band k • p model. 

The first TE resonance, with its peculiar low energy shoulder, may at first hand be more difficult to 

assign than the other peaks. In order to understand this feature, it is necessary to take into account 

in the calculations the in-plane dispersion, band mixing and in particular, the mixture of the LH 

and SO bands that occurs even at kn = 0.(84] The energy of the relevant states are displayed in 

Fig. 4.8 c), together with the bandoffset parameters used in the present model. They are similar to 
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those given by Van de WaLLe and Martin discussed in section 3.4. Details about the calculations are 

given in section 3.4.1 and Ref. [84]. The simulation of the absorption spectra, for the sample with 

the 35 A wide QWs is shown in Fig. 4.8 b). A phenomenological intersubband line broadening 

of 30 ineV was introduced in the calculations. The excellent agreement with the experimental 

data gives confidence for the following assignment. As expected, the strong TM polarized peak 

is consistent with the HHi-HH2 transition. In the TE polarization, the simulations predict a first 

resonance corresponding to the HHi to LHi transition at about 75 meV. This resonance is not 

detected in the present experiment because of the low sensitivity of the detector at this low energy, 

and the waveguide geometry used. The realization of the waveguide, using a metal layer, leads to 

a vanishing in-plane electrical field in the layers close to the Schottky gate.[84] 

In the following, we give a brief analysis of the transitions that contribute to the TE polarized 

absorption spectra shown in Fig. 3 for h • w >200 meV. The onset of the absorption at 200 meV is 

defined by the coupling of the continuum to the QW region. Since at these low énergies, propagating 

SO contributions exist neither in the well nor in the Sio.sGeo.5 region of the barriers, it is evident 

that these states are mainly built up from LH contributions. In the well region, the wavefunction 

of these states is antisymmetric and, therefore, transitions from the HHl ground state are allowed 

also for a vanishing in-plane wavevector. The transitions to these states gain oscillator strength as 

their energy approaches the resonance with the LH2 state in the QW around 320 meV. (Note that 

at around 300 meV a resonance with the SOi quantum well state is calculated. However, neither 

in the calculated nor in the measured absorption spectrum a significant structure is observed at 

this energy reflecting tlie weak oscillator strength of these transitions that are only allowed for 

finite in-plane wavevectors). Above 320 meV, a sharp decrease of absorption strength is observed 

both in the calculations and in the experiment. This decrease is unexpected, since the broadening 

of the LH2 state due to the coupling to the continuum should be stronger for higher transition 

energies, resulting in an absorption band with a high energy tail. However the calculations show. 

that in the QW's investigated in this work the sharp decrease in the absorption spectrum is due to 

a simultaneous resonance of the continuum states with the SO2 and LH2 subbands. This resonance 

occurs at an energy of 350-360 meV measured relative to the HH1 ground state. At this energy, 

the part of the eigenfunctions in the quantum well region is built up by LH2 and SO2 contributions 

that are equal in size but contribute to the ground state transition matrix element 180° out of 

phase, i.e. they interfere destructively.[141] As a consequence, no absorption is observed at this 
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energy. 

For energies in excess of 380 meV the absorption is due to transitions to continuum states with no 

further sign of resonance effects. For these energia the transition matrix elements to the LH and 

SO parts of the final states are in phase, arid therefore, add up. 

The calculated confinement shifts are in excellent agreement with the experimental values, as 

summarized in Fig. 4.9. This adds support to the predicted band offsets calculated according to 

the theories described in section 3.4. Note that the small discrepancy observed for thick QW is 

probably due to depolarization shift. 
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Figure 4.9: Calculated (solid line) and experimental (points) confinement shift of the HH2-HHi 

transition. 

The intersubband resonances present in the spectra are observable up to room-temperature. Per­

forming the measurements at high temperature leads to a decrease of the peaks intensity. It is 

accompanied by a broadening of the different features, which depends on the QW width. As can 

be seen from Fig. 4.10 a), the Unewidth of the HH1-HH2 transition becomes more affected by the 

temperature as the QW width is decreased. This behavior suggests that the broadening of the 

resonances is due to the strong non-parabolicity of the bands in narrow QWs. This statement is 

consistent with the results of the 6 band k • p model, which correctly predicts the observed line-
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broadening, assuming an energy and well width independent FWHM of approximately 30 mcV. For 

QWs thicker than 35 A, the liiiewidth remains basically constant (about 22 mcV) and is dominated 

by interface roughness [142]. 
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Figure 4.10: a) Line broadening of the HHi-HHj transition for the different QW widths. 

b) Mobility as a function of the QW width, measured at S K. The dashed curves show the 

calculated mobility for different scattering mechanisms [142]. 

The mobility of the carriers trapped in the QWs has also been measured at low temperature 

using Hall technique. For that purpose, the different samples have been processed into long Hail 

bars. The experimental results are shown on Fig. 4.10 b) together with the values of the mobility 

computed for various scattering mechanisms called impurity, interface, phonon and alloy scattering. 

The latter curves have been calculated following the theory described in Ref. [36, 143, 44] It is 

clearly apparent in Fig. 4.10 b) that interface roughness scattering dominates the 2DHGs mobility 

when the QW width is smaller than 45 Â. The values of the correlation length A and the height 

A of the roughness yield 37 and 7 A respectively according to the calculations. The latter are in 

good agreement with the results of structural investigations such as X-ray measurements and TEM 

pictures. For wells thicker than 45 A1 the mobility is most likely limited by alloy scattering. The 

slight divergence of the experimental and the theoretical values for the 55 and the 70 A wide QWs 
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probably has to be associated with a lower crystal quality (point defects) in the 2D channel. These 

two structures have been grown at a lower temperature than the other samples [142]. 

4.3.2 Coupled quantum wells 

A particularly interesting physical system is provided by two QWs coupled by a thin barrier. 

Tlie study of this type of heterostructures, despite their simplicity leads to the demonstration of 

many fundamental effects such as quantum and Fano interferences [141, 144, 145] as well as giant 

nonlinear susceptibilities.[146] The coupling between confined states plays an important role in all 

of the heterostructures cited above. It has a particularly important influence on the injection of 

carriers in the upper laser level of a QC laser.[57, 130] and therefore motivates the present study. 

Moreover, the coupling between confined hole levels and Stark shift effects have never been observed 

before in Si/SiGe heterostructures. 

In this section are presented intersubband absorption measurements performed on Si/Sio^Geag 

coupled QWs grown by molecular beam epitaxy (MBE) on a Sio.sGco.s pseudo-substrate. The 

layer sequence is similar to the modulation doped single QWs investigated in the previous section 

but only a single repetition has been grown to insure ideally the application of constant electric field 

over the structure. The same low growth temperature (3000C) was used to avoid the undesirable 

effects of strain. 

The MBE growth started with the deposition of a 100 Â Sio.sGeo.5 layer doped at 1 • 1018cm3, 

followed by a 250 A buffer left undoped. The aim of these layers is to pin the Fermi level in the 

valence band as the background doping of the CVD-grown pscudosubstrate is expected to be n-

type. The population in the coupled QWs is provided by two regions consisting of a doped layer 

(200 A, 1 • 10lscm3) and a 45 Â spacer on the substrate side and a doped layer (100 A. 1 • 1O18CTn3) 

and a 30 A spacer on the surface side. The sheet carrier density in the heterostructure has been 

measured at 8K by Hall technique and reaches 2 • 1012cm2. The optically active element, embedded 

between two 18 A Si barriers consists of a 37 Â and a 14 A Sio.aGeo.s QWs separated from each 

other by a 11 A Si barrier. The width of the QWs was chosen in order to place the two levels 

labelled in the inset of Fig. 4.11 as HH'i and HH2 close to resonance. The barrier thickness 

is designed to induce an anticrossing energy (40 mcV) which is larger than the lincwidth of the 

optical transition between the HHi and HH2 subbands in an isolated 37 A QW {about 30 meV) 

(see previous section). This is required to clearly observe the coupling between the HIT1 and HHa 
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states. Note that a positive electric field applied from the surface of the structure has the effect 

of depleting the heterostructure and to lift the states confined in the thin QW with respect to the 

subbands HHi and HH2. The growth further continues with an undoped 250 A thick spacer, a 100 

A thick layer doped at a concentration of 1 • 1018cm3, another 200 A undoped spacer and a 30 A 

Si cap layer. The latter are deposited to screen the surface depletion effects. 
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Figure 4.11: Curve representing the carrier density vs the depiction length beneath the 

Schottky-gate, as determined from a C-V measurement performed at low temperature. Some 

values of the gate voltage are indicated. The inset shows the HH (solid line), the LH (dashed 

line) band edge and the moduli squared of the relevant HH subbands confined in the coupled 

QWs for zero electric field. 

The preparation of the samples is identical to the one described in section 4.3.1 as is the measure­

ment technique. After the processing, the devices were mounted into a He-cooled Row cryostat 

and held at typically 10-2ÛK. A square wave voltage was applied between the gates and the ohmic 

contacts at a frequency of typically 95kHz. The lower and higher level of the voltage pulses were 

respectively varied from -0.5V to +1V and kept constant at +2.5V for all measurements.4 At the 

latter bias, the coupled QWs are basically fully depleted, as confirmed by the capacitance vs gate 

* the range of biases accessible in both C-V und absorption experiments was limited to -0.5V and about +2.5V by 
leakage currents 
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voltage (C-V) measurements shown on Fig. 4.11. The optical absorption spectra measured with 

a differential technique are thus basically determined by the intersubband signal corresponding to 

the lower level of the voltage pulse, at which the QWs are populated. This is confirmed by the 

small difference (~5 meV) found between the present data and measurements done at a higher 

constant bias (4V). 

As seen on Fig. 4.11, the carrier concentration continuously increases at negative voltages and no 

maximum at zero electric field is observed. A weak feature peaked at a depletion length of 170D A 

is present. It is most likely related to the first doped layer grown, which is placed 1300Ä beneath 

the semiconductor surface. The carrier density determined by the capacitance method is much 

lower than expected from the Hall measurements. These observations indicates that the presence 

of the Ti-Schottky contact induce a partial depletion of the QWs even for negative voltages. A 

large positive electric field must hence exist across the heterostructure. A possible explanation is 

the value of the barrier height associated with the Schottky-gate, which can be vary much from 

the expected value depending on the presence of native oxide on the semiconductor surface, prior 

to the evaporation of Ti. 

By design, the HrT1 and the HHj levels can be brought into resonance by changing the voltage 

applied to the SchoUky gate. The resulting anticrossing is clearly observed experimentally as seen 

in Fig. 4.12 where the absorption spectra measured at 14K for different biases are reported. Two 

resonances whose Unewidth and energy position strongly depend on the voltage are clearly resolved. 

These peaks can be assigned to the vertical and the diagonal optical transitions occurring between 

the HH states labelled HHj, HH'j and HH2 in Fig. 4.11. The transition energies are indeed found 

to be in a relatively good agreement with the results of a crude model presented in the inset of 

Fig. 4.12. It consists of a single band model in which an homogenous electric field is assumed. 

The value of the coupling energy determined experimentally is 40 meV, which compares well with 

results of the simulations. They indeed lead to respectively 55, 38 and 27 meV for a barrier of 9, 

11 and 13 A and demonstrate that the effects of extremely thin barriers can be reproduced in our 

heterostructure to a good extent. 

A good fit between experimental and computed transition energies is obtained if one assumes that 

the electric field is 100 kV/cm larger than that deduced from the gate voltage, as shown in the 

inset of Fig. 4.12. 
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Figure 4.12: Unpolarized absorption spectra taken at 1OK. The measurements were performed 

at different biases marked for cacb curve. The curves are shifted for clarity and the position of 

the maximum of the high energy resonance is indicated by an arrow. A comparison between 

the experimental data and the results of our calculations is given as an inset. Note that two 

x-axis having a different origin are used to plot the curves and that the experimental points 

have been fitted with a quadratic polynomial. 

The origin of this discrepancy can be the uncertainties related to the MBE growth. The model used 

here is also certainly too weak to reproduce perfectly the measured spectra. Assuming that the 

electric field across the heterostructure is homogenous is not realistic and a self-consistent program 

solving iteratively the Poisson and the Schrödinger equations should thus be used. The fact that 

the 2DHG is connected to the ground level must also be properly included in the simulations. 

On the other hand, the above statement is consistent with the conclusions made from the C-V 

measurements and further supported by the following remark. According to the one-band model. 

the high energy peak corresponds to the diagonal transition between the levels HHi &»d HHJ 

when the electric field reaches about 90 kV/cm, whereas the situation is inverse at lower fields. 

The diagonal nature of the high energy resonance is very apparent in our experimental data and 

therefore provides a strong evidence for the presence of a non-negligible positive electric field. At -

0.5 V. both resonances have a similar linewidth (21 and 36 meV), comparable with values obtained 

from previous experiments performed on identical single QWs (36 meV for a 35 Â QW and 17 
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Afor a 45 ÄQW see section 4.3.1). Fbr larger voltages, the high energy peak strongly broadens, 

in contrast to the second feature whose linewidth remains essentially constant. This shows that 

the high energy peak has an increasing diagonal character, as in that case the resonance is more 

subject to broadening induced by rough interfaces. Moreover both resonances tend to disappear 

as a function of the gate voltage since the heterostructure becomes depleted, as proven by the C-V 

measurements. However a much more rapid decrease is observed for the high energy peak. This 

observation also supports the assignment of the latter resonance with the HHi-HHJ transition. 

This behavior shows indeed that the oscillator strength becomes increasingly concentrated in the 

vertical transitions as a function of the bias [141]. 
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Figure 4.13: Transmission spectra obtained at 14K, with a polarizer placed in the light path. 

The modulation bias on the gate was maintained at -0.5V and +2.5V. The inset displays throe 

TE-polariKcd and normalized spectra taken at different voltages. A clear Stark shift is observed. 

Polarization dependent measurements have also been performed at 14K and a voltage fixed at -0.5V. 

On Fig. 4.13 are displayed the results of these complementary investigations, which unambiguously 

demonstrate the fully TM-po!arized nature of the two prominent resonances. This characteristic 

is expected for optical transitions between HH states, according to the polarization selection rules 

{see Tabic 3.3). A set of much weaker peaks, ranging from 200 to 400 meV is also observed in the 

TE polarization. These resonances are difficult to assign, but according to calculations performed 
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with a 6 band k p model, the resonance at 227 meV corresponds to a diagonal transition involving 

the heavy hole ground state and the LH/SOi level confined in the thin QW. This claim is supported 

by the TE polarization of the resonance, which is in agreement with the selection rules for LH to 

HH optical transitions. This resonance shifts as well when the bias is increased from -0.5 to +0.5V, 

as shown in the inset of Fig. 4.13. This is a direct confirmation of both the diagonal character of 

this resonance and the influence by the bias applied to the gate on the band alignment. The shift 

in energy can be related to a change of the electric field, if the distance between the centroid of the 

wavefunctions is known. For the latter quantity, the distance between the center of the two QWs 

can be chosen as a first approximation. In that case, slightly underestimated values for the electric 

field yields 22 and 55 kV/cm for 0 and +0.5 V respectively. The agreement with the electric fields 

deduced from our model (36 and 72 kV/cm) is reasonably satisfying. The TE-polarized resonances 

present at higher energies do not clearly shift as a function of the electric field. This suggests that 

these peaks originate from vertical transitions between the HH ground state and LH/SO levels 

confined in the thickest QW. 

4.4 Conclusions 

Various experiments have been conducted in order to determine the suitability of Si/Sio,zGco.s 

hcterostructurcs grown on Sio.sGeo.B pseudosubstrate for the realization of Si-based QC lasers. 

Simple structures have been grown first to find correct growth parameters allowing to deposit 

more complex structures. After that initial step, resonant tunnelling diodes have been grown on 

Sio.5Geo.5 pseudo-substrate to investigate the vertical transport through Si/Sio.2Geo.8 heterostruc-

tures. Resonances in the current vs. voltage characteristic of these devices were observed up to 

room temperature. These measurements provide many valuable informations such as the fact that 

current densities reaching tens of kA/cm2 are most likely achievable in QC emitters. No severe 

leakage current was observed, despite the large number of defects present in the pseudosuhstrate. • A 

much more spectacular result is the experimental evidence for the conservation of the hole character 

during a tunneling process. In other words the injection of HHs into LH levels is apparently for­

bidden in the RTDs investigated. The LH states should thus not significantly hamper the injection 

of carriers in a QC structures based on optical transitions between HHs. The experimental results 

obtained also show that injection by tunneling in a HH level positioned above the LH barrier is in 
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principle possible. 

In addition to the study of vertical transport, the optical properties of Si/Sio.2Geo.s heterostructures 

have been investigated using intcrsubband absorption measurements on single modulation doped 

QWs. This experiment revealed well-resolvod resonances, which allowed the determination of the 

offsets for the different bands. Furthermore the experimental data and the results of simulations 

based on a 6 band k • p model were found to be in excellent agreement. This demonstrated our 

ability to model the complex bandstructure of p-type SiGe heterostructures. High mobilities could 

also be achieved in the modulation doped QWs. 

A similar experiment performed on coupled QWs allowed to observe the Stark shift of a diagonal 

transition involving a light and a heavy bole (LH HH) as well as the anticrossing between HH levels. 

These results provide a direct insight on both the oscillator strength of diagonal transitions and 

the coupling between HH states. The measured anticrossing energy is in a good agreement with 

the value expected theoretically for an 11 Â barrier. This result showed that the physical effects 

of extremely thin barriers can be reproduced experimentally and is particularly important for the 

design of the injector in QC structures. 

A valuable knowledge on the intcrsubband properties of p-type Si/SiGe heterostructures has been 

obtained from the transport and the optical measurements described in this chapter. These experi­

ments indicate the suitability of Si/Sio.2Geo.a heterostructures grown on Sio.sGeo.5 pscudosubstrates 

for the realization of SiGe QC lasers. 



Chapter 5 

Design and experimental 

characterization of the active region 

in Si/SiGe QC structures 

A brief reminder on phonon scattering in polar and noil-polar materials is first given. The differences 

between the latter mechanisms and their consequences for the use of phonon resonances to engineer 

population inversion in mid-infrared SiGe and HI-V QC structures are emphasized. Two ways to 

achieve a long lifetime for the upper laser level are then described. One of these schemes relies 

on the inhibition of the HH2-LH1 scattering channel by a careful arrangement of the latter levels. 

An intersubband electroluminescence experiment supporting this concept is further reported. A 

description of the most advanced SiGe QC structures, whose active regions arc designed according 

to the concept of the so-called bound-to-continuum transition, follows. An estimate of the optical 

gain expected in the latter intersubband emitters is finally advanced and discussed. 

Note that for simplicity, the band diagrams in this chapter are presented as they appear in the 

conduction band. The direction of the energy scale is then turned upside down. 

71 
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5.1 Differences between the phonon scattering in polar and non-

polar materials 

As mentioned in section 3.6, the deformation potential interaction occurs in any semiconductor 

because of its nature and is the main scattering process involving phonons in non-polar materials 

like Si or Ge. Another mechanism, called the Frölich interaction dominates in polar materials, such 

as n-type III-V materials. Its origin comes from the dynamic energy variation due to the time-

dependent electric field induced by the phonons [147]. Indeed the latter deforms the crystal and 

changes the distance between atoms having different valence, resulting in a built-in electric field. 

This particular scattering mechanism together with its dependence on the momentum transfer ku 

has already been described in section 2.2. In summary the electron-phonon scattering mecha­

nism is most effective if the electronic levels are energetically in resonance with an optical phonon 

and thus provides naturally a very efficient mechanism to deplete the lower level in IH-V QC lasers. 

On the contrary, mid-infrared SiGe based QC structures making use of a phonon resonance to build 

up population inversion like in IH-V materials are much more difficult to design. The deformation 

potential interaction indeed does not have an explicit dependence on the momentum transfer k/j, 

as can be seen on the expression 3.6.15. As a consequence the lifetime of a level does not necessarily 

increase as in polar materials, if the energy difference with lower lying subbands increases. The 

deformation potential scattering moreover follows special selection rules. The latter explicitly state 

that the emission of phonons between subbands with identical symmetry is forbidden. A depletion 

mechanism based on a phonon resonance has thus to imply a LH and a HH level to be effective in 

non-polar materials. This fact has unfortunate consequences, restraining considerably the optical 

gain of QC structures based on the above concept. Indeed, both non-radiative channels involving 

the states participating to the extraction mechanism are allowed, as shown on the specific example 

of Fig. 5.1. In particular the phonon-induced processes which associate the two subbands having 

the same symmetry becomes very efficient because of the large momentum transfer involved and 

hence the strong bandmixing of the lower state. A very short overall lifetime can therefore be 

anticipated for the upper laser level (0.5 ps or lower), as illustrated by the calculations reported 

in Fig. 5.2. This statement does not necessarily mean that population inversion is impossible to 

achieve but a large gain coefficient is however not very likely in structures making use of the phonon 
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resonance. 

I 

Figure 5.1: The disposition of the different levels and their dispersion relations are shown. 

The wavy arrows represent the emission of a photon whereas the straight arrows schematize 

the scattering of a hole by a optical phonon. 

The large energy ßw^o of the Si-Si optical phonon (about 60 meV) makes also the use of phonons 

very difficult for two major reasons. First a large amount of strain is needed to achieve a splitting 

energy between the LH and HH ground levels comparable to HU>LO. The second restraint is the 

limited LH bandoffeet which renders basically inconceivable the design of a QCL based ou a LH-LH 

laser transition, or involving a LH subband as the upper laser level [93]. 

The example shown in Fig. 5.1 is the most reasonable arrangement of levels in terms of strain 

and bandoffsets. A severe complication arises in that case since the oscillator strength is mostly 

concentrated between the two HH states and not in the desired optical transition HH2-LH1. All 

other obvious schemes suffer from similar drawbacks, which will not be discussed here for the sake 

of brevity. The above arguments do certainly not give a complete overview on all physical process 

or structural parameters which hamper the design of a SiGe QC structure based on a phonon 

resonance. Nevertheless this short discussion already indicates that the latter concept is difficult 

to implement, if not bound to fail. Other ways to achieve population inversion have therefore to 

be explored, In the next sections other conceivable means to obtain lasing action in p-type QC 

emitters are summarized. 
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5.2 Means to increase the lifetime of the upper laser level 

The most straightforward idea to ensure a long-lived upper laser level is to follow the design of 

QCLs based on a diagonal transition, described in Ref. [59] and briefly discussed in section 2.2. 

In that case the [ion-radiativo lifetime rup can reach tens of picosecond by simply decreasing the 

overlap of the upper laser level with the other subbands. As this results also in a reduction of 

the optical matrix element, a design based on a diagonal transition does not necessarily imply a 

large optical gain. The latter quantity is indeed roughly proportional to ru p • (a) and only a slight 

decrease of the optical matrix element can rapidly balance the benefits of a longer lifetime. 
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Figure 5.2: OD the !eft hand side are schematized the situation and the relevant levels if 

a HH2-HHi transition is anticipated as the laser transition. The wavy arrow indicates the 

emission of a photon. The curve on the right hand side is taken from Ref.[83] and displays 

the HH2 scattering rate/lifetime (left/right scale) vs the HH2-HH] energy spacing AE. The 

contribution of the two possible decay channels, HH2-HHi and HHa-LHSOi, arc distinguished 

by different grids. The arrows indicate whenever the value of AE is sufficient to enable the 

HH2-LHSOj scattering mediated by either a Go-Ge, Si-Ge or Si-Si phonons. 

Another way to obtain a long lifetime for the upper laser level in p-typc QC structures exists, The 

phonon mediated scattering into SO/LH subbands is very efficient and limits the non-radiative life­

time of HH levels, as mentioned in section 3.6. Long lifetimes similar to the typical values expected 
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in the conduction band can be achieved if the above scattering process is inhibited. This occurs in 

particular if the energy separation between the HH and the SO/LH levels is inferior to the energy 

of an optical phonon. 

This statement is well illustrated by the following example (83]. A laser transition occurring be­

tween the first two HH subbands confined in a single Si/Sio.5Geo.5 QW grown on a Si substrate is 

considered. The three relevant levels for the discussion are schematically represented on Fig. 5.2 

a). In Fig. 5.2 b) is displayed the total scattering rate T2"
1 calculated for the upper HH level. 

T2"
1 is given as a function of the HH2-HHj energy separation AE. The latter quantity is tuned by 

changing the well width and is comparable to the HH2-LH1 spacing, since the splitting between the 

LH and the HH ground states remains essentially constant (about 80 meV}. The scattering rate is 

given by two different contributions corresponding to the HH2-HHi and the HH2-LHi scattering 

channels. At low energies, the process involving the two HH subbands governs the value of 7¾"1. 

The energy of a phonon is in that case larger than the energy difference between the HH2 and the 

LHi, forbidding the decay of holes through the LH channel. The scattering rate increases then 

monotonically as a function of AE. This dependence results from the enhancement of the LH/SO 

mixture occurring to the HH] level. Above 115 meV, T2"
1 has a step-like behavior and strongly 

increases. Each new step takes place whenever the energy difference HH2-LHi equals the energy of 

either a Ge-Ge (35 meV), a Si-Ge (55 meV) or a Si-Si (65 meV) optical phonon. As indicated in 

Fig. 5.2 b), the computed HH2 lifetime can easily reach up to 1 to 2 ps, but can be also shorter 

than 0.3 ps depending on the value of AE. The role played by LHs and their relative position with 

respect to the upper laser level can not be overlooked in the design of p-type QCLs. 

In the following are discussed the results of electroluminescence experiments supporting the idea 

that an appropriate disposition of the SO/LHi level with respect to HH2 can lead for the latter 

subband to a long lifetime. These experimental results also have a particular significance since they 

represent the first demonstration of infcersubband electroluminescence from p-type SiGe QC struc­

tures. In addition a precious estimate of the lifetime of the upper level of the radiative transition 

can be deduced from the data. 

Two different structures, QC-I and QC-H were grown at a low temperature of 3500C on high-

resistivity Si(IOO) substrates. Both samples consist of 12 cascades deposited on top of a buried 

Si back contact (1 ßm thick doped at 4 • 1018cm3). After every four periods, a 1000 A doped Si 
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spacer was grown to lower the average Ge content in the heterostructure. Ge-ramps similar to 

those described in section 4.2 were used to correctly inject the carriers into the first cascade. A 

Si top contact layer (2000 Â) finished the growth. The active region of both emitters comprises 

five QWs: the main QW where the optical transition occurs between the HH2 and the HH ground 

state, and four other QWs forming a miniband whose aim is to inject the carriers from one cascade 

to the next. The bandstructure of QC-II, together with the relevant wavefunctions belonging to 

one active region are displayed in Fig. 5.3 A detailed description of the layer sequence for both 

samples is given in Appendix A or can be found in Ref. [148]. 

Figure 5.3: Schematic valence band diagram of one period of QC-II, under aa applied electric 

field of 50 kV/cm. Only the HH bandoflset Find the moduli squared of the relevant. HH wave 

functions are shown for the sake of clarity. The LH and HH ininibands are indicated by shaded 

areas. The two levels labelled with the numbers 1 and 2 correspond to the HH2 and the HH] 

subbands involved in the radiative transition. 

The, mai[i difference between the two design lies in the thickness of the optically active QW, as 

summarized in Table 5.1. Despite the large amount of strain in both structures, x-ray diffraction and 

transmission electron microscopy (TEM) indicated no apparent threading dislocations or buckling 

of the interfaces even in the last period. An excellent agreement between the structural parameters 
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of the designed and the grown active regions was also found. Further details can be found in Ref, 

[148, 126]. 
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Figure 5,4: Drawing showing the experimental setup used to perform EL measurements. The 

outcoupling of the light is shown in a sketch representing a typical device after processing and 

polishing. 

Square mesas (420 //m by 420 fim) were fabricated for both samples QC-I and QC-II. An Al top 

contact was first evaporated and used as an etch mask. An Al back contact was then deposited 

on top of the highly doped buried Si layer. An annealing step at 3800C during 25 sec finished the 

processing of the devices. Outcoupling of the light was acliieved through a facet polished at a 45° 

angle with respect to the plane of the layers. The emitted light is deflected towards the direction 

of the detector because of the change of refractive index at the air-semiconductor interface. After 

processing, the devices were soldered on copper bars, wire-bonded and mounted into a He-cooled 

flow cryostat. A pulsed electrical current with a frequency of 100 kHz and a pulse width ranging 

from 0.01 to 5 /is was supplied to the mesa structures. A lock-in detection technique, allowing 

to discriminate the pulsed intcrsubband signal from the constant thermal background was used to 

perform the EL measurements. The spectra were recorded with a Nicolet 860 Fourier transform 

infrared spectrometer in step-scan mode and a nitrogen-cooled HgCdTc detector. A schematic 
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showing the expérimenta! setup used for the prosent experiments is given in Fig. 5.4 together with 

a sketch of a processed device. 

Typical spectra taken at 1OK from QC-I and QC-II are shown in Fig. 5.5. A well-resolved reso­

nance, whose energy position is in good agreement with the expected HH2-HH1 energy spacing is 

observed on both curves, as summarized on Table 5.1. This provides a unambiguous sign of our 

ability to tune the emission wavelength only by changing the width of the optically active QW. 

This demonstration of a confinement shift effect certifies the intersubband nature of the detected 

light. Note that the latter survives up to 180 K and that the typical output power reaches only a 

few picoWatts. The linewidth of the EL peaks, less than 25 meV, is comparable to the narrowest 

absorption lines reported for Si/SiGe heterostructures [84]. This indicates sharp interfaces and 

excellent sample quality. According to computations performed by Eormann et ai, the broadening 

of the luminescence peak can be explained by the dispersion relations [115]. This statement is 

consistent wich the conclusions drawn for single modulation doped QWs grown on SiGe pseudo-

substrate (see section 4.3.1). 
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Figure 5.5: Typical spectra obtained at 10K from QC-I and QC-II. A clear confinement shift 

ia observed. A comparison between the experimental and the theoretical transition energy can 

be found in Table 5.1. 
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Tb further prove that the origin of the detected light is the intended HH2-HH1 transition, po­

larization dependant EL and absorption measurements were performed on QC-II. The result of 

the first experiment mentioned show the unequivocal TM character of the E-L peak, as expected 

from the polarization selection rules (see Table 3.3). The absorption measurements were carried 

out following the modulation technique described in section 4.3.1. A clear TM polarized peak is 

found at around 130 meV, in excellent agreement with the expected HH2-HH] absorption energy 

and the observed emission energy. Further details on these investigations can be found in Etef. (148]. 

Sample QW width Ge content E^n [meV] Emea9 [meV] E065 [meV] 

QC-I 45 Â 41% 123 132 130 

QC-II 39 A 42% 149 154 

Table 5.1: Comparison between the parameters of the optically active QW and the different tran­

sition energies for the structures QC-I and QC-II deduced from simulations and EL or absorption 

measurements. 

On figure 5.6 are shown the voltage and the light vs current curves for the two structures studied 

here. At large biases a serial resistance is observed in the IV of QC-II whereas for QC-I only a very 

low current is flowing in the device at any bias. In the first structure mentioned the current increase 

is limited by the serial resistance constituted by the buried contact layer. For QC-I a misalignment 

of several injector states is rather at the origin of the low current and the large voltage measured. 

The LI curves are linear in both cases as expected. However at higher current this dependence 

becomes quadratic. It is also accompanied by a relatively strong broadening of the EL spectra and 

the appearance of a high-energy tail. This behavior is a clear sign of both the heating of the device 

and the misalignment of the bandstructurc at large electric field. Indeed the latter effect results in 

the injection of holes in states lying high in the band, and in particular in the continuum. 

The most interesting feature which can be deduced from the Fig. 5.6 is that despite the very 

different amount of current flowing in QC-I and QC-II, the emitted power has the same magnitude. 



80 Means to increase the lifetime of the upper laser level 

QC-I 

HH1-LH,: « DtV ] 

Id 11 20 2 l JO JJ 

Current [mA£ 

QC-II 
« S C k » A Q W 

H H 1 - L H ^ I t B C V 

. . . , • • . I • • . I . i • , . • • , • • • I . . . y , . . r . . . , . . . . 0.2¾ 

0 30 100 ISO 200 2 1 0 5 0 0 ISO *00 110 100 

Cuirai £mA] 

Figure 5.C: Left hand side: schematic drawing showing the ladder of the relevant levels confined 

in the optically active QW. Right hand side: VI and LI curves taken at about 8OK from QC-I 

and QC-II. The scale on the right y-axis is identical for both samples. 

For comparison, about 4 pW are obtained at 4 inA from QC-I while for the same output power 

430 mA must be injected in QC-II. This strong disparity can be expected since, as shown on Fig. 

5.6, the HH2-SO/LH1 energy spacing is either larger or smaller than the energy of a Si-phonon in 

respectively QC-I and QC-II. This difference is reflected on the lifetime of the HH2 level as already 

explained. This quantity can be deduced from the slope of the LI curve since the light intensity 

can be expressed as: 

r, N h l / 

P = licoWinjVrad* (5.2.1) 

where c is the electron charge, N is the number of periods, hv is the photon energy and I the 

current flowing in the device. The injection of carrier into the upper level of the radiative transition, 

characterized by f̂ nj* is considered to be unity, i)^ is the collection efficiency, which was calibrated 

using an InGaAs/ALInAs quantum cascade light-emitting diode (LED) for which the radiative and 

nonradiative lifetimes are well established [62]. rirad is called the quantum efficiency and is given 
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by the ratio of the non-radiative lifetime r n r with the spontaneous radiative lifetime T ^ ^ ^ : 

ì 3 

<'•«"'> = S35S<*"> « (5'2'2) 

In this equation n is the refractive index of the material, c the speed of light, C0 is the permittivity 

of the vacuum and ¢2) is intersubband dipole matrix element. The only unknown quantity in eq. 

5.2.1 and 5.2.2 is the non-radiative lifetime of the HH2, which yields 0.5 ps and 0.05 ps for QC-I and 

QC-Il respectively. Note that these estimates can be seen as a lower limit since a unity injection 

was assumed in the calculations. This affirmation is particularly true for QC-I because of the 

imperfect alignment of some of the levels in the injector region. The above values are consistent 

with the calculations shown on fig 5.2. Similar Tnr have been found by Bormann et al. in SiGe QC 

emitter based on an very similar design [115]. 

The above EL results, together with the simulations of Reimann et al. demonstrate that the dis­

position of the LHs with respect to the upper level of the radiative transition is important for 

the design of QC emitters. Long lifetimes, comparable with tbe typical values for ITI-V QCLs 

could be achieved in the structures described in this section. The latter however suffer drastically 

from two major limitations. The first obvious difficulty is the strain, since the heterostructiires are 

grown pseudomorphically on Si(100)substrate. Even if the parameters of each QW were chosen to 

minimize the strain and thick spacers were deposited to lower the overall Ge content, only a few 

cascades can be grown as described on Fig. 5.7. 

A more fundamental problem arises from the design of the active region itself. As discussed a long 

lifetime for the HH2 can be in principle achieved but no mechanism is provided to deplete efficiently 

the lower laser level. The above concept requires a well-defined LHi in order to keep the energy 

separation between HH2 and LHi below at least the energy of the Si-Si phonon (65 meV). This 

requirement translates into a weak coupling between the HHi and the injector levels, to insure a 

minimal broadening of the LHi due to neighboring LH levels. 
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Figure 5.7: Criticai thickness as a function of the average Gc content (see section 3.3). The 

black pointa refer to the strain status in different portion of the sample QC-II. In the case of the 

whole structure (twelve periods), the elastic energy stored in the crystal is sufficient to create 

spontaneously misfit dislocations. Taken from Ref. [149] 

The extraction of the carriers from the HHi subband can therefore only occur via tunneling into 

a narrow (less than lOmeV) miniband, which results in a very long escape time T^^^. The latter 

can be approximated as follows, since the wavefunction is essentially confined in one QW. The 

transmission probability through the extraction barrier, a 25 À Si layer in the present case, can bo 

expressed as: 

ïter « e2«1" (5.2.3) 

where LB is the barrier thickness and K = \j2m*(V0 - Ej)fh2 [150, H]. In the latter relation, V0 

and B\ are respectively the HH bandoffset and the energy of the HHi with respect to the bottom 

of the QW. Teaeap. can be computed with the relations 5.2.4 and yields 26 ps for QC-I. 

JxLn (5.2.4) 

This value is certainly overestimated since the presence of the injector levels and their effects, in 

particular resonant tunneling, are neglected. Nevertheless the calculations are a clear indication 

that stimulated emission is impossible to achieve in the present structures because of a slow escape 
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time Tg3Cp6. This issue has been extensively studied in IH-V QCLs [62] and can in general be 

circumvented by enhancing the coupling between the injector levels and the lower laser state. 

These considerations lead to the very successful development of the so-called QCLs based on a 

bound-to-continuum transition design [64]. The application of this concept to the Si/SiGe material 

system is presented in the next section. 

5.3 SiGe QC emitters based on a bound-to-continuum transition 

In the precedent section, two different means to insure a long lifetime for the upper laser level have 

been discussed. Evidences showing the importance of an efficient mechanism to deplete the lower 

laser level have been also raised. Making use of the phonon resonance as in III-V QCLs is a priori 

unrealistic, as stated in section 5.1. A conceivable extraction scheme is the tunneling of the holes 

into a large miniband. The width of the latter must be wide enough to allow fast intrasubband 

processes. The ability of a miniband to efficiently deplete the lower laser Level has already been 

demonstrated with III-V QCLs based on a superlattice. These devices can indeed operate at very 

high injection current densities (6O]. Using this extraction mechanism, laser action has also been 

demonstrated in long wavelength QC structures in which the upper state lifetime was as short as 

0.68 and 0.55ps [151, 152]. 

The best way to implement an extraction mechanism based on a miniband is to adapt to the SiGe 

material system the so-called bound-to-continuum design. This concept, already well-established in 

HI-V QCLs, combines the efficient resonant tunneling injection of the original 3QW design [50, 57] 

and a fast mini band extraction of the lower state as in superlattice QCLs (see chapter 2 and ref. 

[64]). Moreover tuning the diagonal character of the upper laser level to increase its lifetime is 

possible if necessary. 

In Fig. 5.8 is shown the bandstructure of the active region developed for p-type Si/SiGe according 

to the bound-to-continuum transition design. Each stage of the quantum cascade is strain compen­

sated. It consists of 14 Si barriers and Sio.îGeo.8 QWs grown on Sio.5Geo.5 pseudosubstrate. The 

relevant HH and LH wavefunctions belonging to one active region are displayed in Fig. 5.8 and a 

detailed description of the layer sequence is given in Appendix A. The desired optical transition, 

corresponding to an energy of 156 mcV occurs between the levels indicated by bold hues. The 
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depletion of the lower laser level is ensured by a HH miniband whose width is about 100 raeV. This 

value is large enough to allow phonon mediated scattering and is comparable to the typical width 

designed in III-V bound-to-continuum QCLs. 

100 meV 

Figure 5.8: Schematic valence band diagram of one stage of the structure, under an applied 

electric field of 70 kV/cm. Plain and dashed lines indicate respectively the moduli squared of 

the relevant HH and LH wave functions. The discontinuity for the HH band is shown for the 

complete set of QWs and only indicated on the right side of the figure for the LH and SO band. 

The axis of the energy is turned upside down. 

A close inspection of the structure presented in Fig. 5.8 leads to the following remarks. Difficulties 

can be foreseen when the above strategy is adapted to SiGe QC emitters because of the large 

miniband desired. First it implies very narrow QWs and barriers as thin as 4 A. which are difficult 

to grow. A more significant concern is the loss of control on the LH levels, although their effects 

are difficult to quantify accurately. Indeed if the HHs form a wide miniband in the injector, so do 

the LH states. The coupling between the latter levels is even more efficient in the case of HHs, 

because of the lighter LH effective mass and the smaller LH bandoffset. The LH states are therefore 

widely spread between the upper and the lower laser levels, as shown in Fig. 5.8. This situation 

has two potentially negative consequences. The injection of holes into the upper state of the optical 

transition is a first concern. Carriers can indeed tunnel out from the upper laser level directly into 
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the LH continuum and LH states, as the latter are close together in energy. This problem will 

be addressed later in the text. The second issue is related to the lifetime of the upper laser level. 

There are inevitably some LH states whose energy separation with the upper laser level is equal to 

or larger than a LO phonon. According to the arguments developed in the previous section, the 

upper state of the radiative transition is thus expected to be short-lived. 

In the following is discussed the experimental demonstration of intersubband electroluminescence 

(EL) resulting from optical transitions between HH states in strain compensated Si/Sio.2Geo.s cas­

cade structure grown on Sio.sGeo.5 pseudosubstrate. Three samples, consisting of 3. 15 and 30 

periods, have been grown by MBE on Sio.6Gco.s pseudosubstrates. A low growth temperature of 

3000C was chosen to reduce the islanding of the Ge-rich layers and to avoid crystal relaxation. 

Structural characterizations have been carried out on these samples using techniques such as TEM 

and x-ray diffractometry. The results are summarized in section 4.1. The most important finding 

following from these investigations are that the growth of strain compensated structures is feasible, 

without inducing a large number of defects. 

The EL measurements were performed following the same procedure as described in the previous 

section. The lateral dimension of the device was kept small, as shown in the inset of Fig. 5.9, 

to avoid any substantial voltage drop over the back contact. Indeed, only the top 0.7 jim of the 

Sio.5Geo.5 pseudosubstrate is doped (1.5 • 10 I8em -3), leading to a considerable lateral resistance. 

Moreover, only a'poor lateral conductivity is expected in the doped Sio.sGeo.5 bulk layers since the 

mobility is strongly decreased by alloy scattering. The processing of the devices consists first of 

the evaporation of an Al layer, which is structurized in long and narrow (typically 600 ^m by 30 

/un) interconnected fingers. The metal deposited acts as an etch mask when the heterostructure is 

etched down to the buried doped layer. The preparation of the samples ends by the evaporation 

of an interleaved bottom Al contact and an annealing step at 38O0C during 30 seconds. 

A typical spectrum obtained at liquid nitrogen temperature with the sample with 15 repetitions, 

is shown in figure 5.9. A pronounced peak is observed at 176 raeV, which agrees reasonably well 

with the designed transition energy of 156 meV. The FWHM (46 meV) is simitar to the values 

obtained by investigating the intersubband absorption of single Si/Sio.2Geo,s modulation doped 

QWs (from 38 meV to 62 meV for QW thicknesses from 35 A to 25 Â, see section 4.3.1). For 

the electroluminescence peak, a non-negligible contribution to the linewidth can be expected from 
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non-parabolicity (115). However interface roughness plays most likely the most important role since 

all the Si/SiGe layers are very thin and the wavefunctions extend over typically 5 to 6 QWs. 

(a) 

Figure 5.9: Electroluminescence spectra of the sample with 15 repetitions, taken at SOK with 

and without a polarizer placed in the light path. The parameters arc 4.7 V, 55OmA, 94kHz 

and n duty cycle of 10%. The polarized electroluminescence ia measured at 5.2V, 65OmA and 

a 20% duty cycle. The inset displays the sketch of a processed device, (b) Photoourrent signal 

measured at 8OK with the sample consisting of 30 periods. The device is left unbiased, (c) 

Schematic drawing .representing the different transitions observed in the photocurrent measure­

ment. The dashed line shows the energy position of the LH barrier. Only the HH band edge 

and the energy position of the relevant states are shown for clarity. 

In addition, the result of polarization dependent measurements is shown in Fig. 5.9a). It demon­

strates the total TM polarization of the emitted light, as expected for an intersubband transition 

between HH states [84]. The light detected At a lower energy than the HH resonance is not clear!}' 

polarized. It can therefore not be related unambiguously to optical recombinations between the 

upper HH state and LH-SO levels present above the HH miniband. The intensity of the light 
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emitted in this portion of the spectrum has a dependence on the electrical power injected in the 

structure which rather suggests heating processes. Pliotocurrent measurements were performed 

at 77K to further demonstrate the iutersubband character of the electroluminescence peak. The 

light produced by a glowbar source was coupled, after passing through the FTIR, into the device 

left unbiased. The setup used is thus equivalent to the one described in Fig. 4.7. except that the 

device itself plays the role of the LN5 HgCdTe detector. At zero electric field, the holes are found 

mainly in the two widest wells of the active region. The origin of the photocurrent is the inter­

subband absorption of these holes to the excited states and their transport through the injection 

barrier. Fig. 5.9b) shows the result obtained for the sample with 30 periods, corrected with the 

transmission spectrum of a Si waveguide. The feature observed at about 209 meV is identified 

as the transition between the two HH states which are at the origin of the electroluminescence 

(HH1-HH2, see Fig. 5.9c). The calculated energy difference between these two levels (203 meV) 

is indeed in good agreement with the experimental value. A second peak, observed at 279 meV, 

corresponds to carriers excited to LH/SO states at energies just above the LH barrier potential. 

The photocurrent is the largest for this resonance, in spite of an oscillator strength that normally is 

stronger for HH-HH transitions than for HH-LH/SO transitions [84]. This indicates the role of the 

transport to the electrodes of the excited carriers, which reasonably can be expected to be more 

efficient through the LH/SO levels that are located above the LH barrier, see Fig. 5.9c), and only 

weakly confined by the SO potential. 

The dependence on the current of the voltage and the light intensity at 80 K is plotted on Fig. 

5.10(a) and (b) for the three different samples. Note that because of the special geometry of our 

devices (see the inset of Fig. 5.9), it is difficult to accurately determine the current density flowing 

in the devices. Properly-processed circular mesas, whose diameter was varied from 200 /an down 

to 6 firn showed clear evidences for a strong voltage non-uniformity. In the case of small devices 

{diameter inferior to 40 /un), the current density reached U]) to 2-3 kA/cm2 [142]. 

In any QCLs, the current begins to flow once the states in the injector regions are aligned, allowing 

tunneling processes. Such an onset is much clearer in the VI curves reported in Fig. 5.10, as 

compared to those obtained from QC-I and QC-II. This difference originates from the much lower 

serial resistance (2 Ohms compared to about 20 Ohms) resulting from the change of processing 

layout. The current starts to flow at about 2.4 V and 5.7 V in the structures with 15 periods 

and 30 periods, respectively. These values scale reasonably well with the number of repetitions, as 
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expected,{153] but are considerably smaller than biases calculated (4.25V and 8.5V) for a proper 

injection, i.e. the conditions of Fig. 5.8a), given by the multiplication of the length of a period 

(404 Â), the electrical field (70 kV/cm) and the number of periods. 
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Figure 5.10: (a)Voltage vs current characteristic measured at 80K for a sample with 3, 15 and 

30 periods. The inset depicts the position of the electroluminescence peak as a function of the 

applied bias, performed at 8OK OH the structure consisting of 15 repetitions. The value at 0 

bias corresponds to the energy deduced from the photocurrent measurement, for the transition 

between HH states, (b) Light intensity vs current curves measured with the same devices at 

8OK. 

This difference is explained by the wide miniband constituting the injector. Indeed, the HH states 

in the injector line up already at about half of the electric field required for the desired injection 

conditions, enabling a substantial current to flow. Note that the contribution to the carrier trans­

port of the LH/SO states in the injection/relaxation region (see Fig. 5.8a)) is not important at low 
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biases. Indeed, the ground state in each period is a HH level, to which carriers trapped in a LH/SO 

level are scattered very efficiently. As a consequence, the current flow in the hcterostructurc is 

dominated by the alignment of the HH miniband. 

This interpretation is further supported by the shift of the emission wavelength as a function of 

the applied voltage, observed with the 15 repetitions sample (inset of Fig. 5.1Oa)). The electro­

luminescence peak is, when the current starts to flow in the structure (about 2.4 V), close to the 

corresponding HH transition energy found with the photocurrent measurement, i.e. at 0 V. If the 

bias is increased, the alignment of the miniband is better, resulting in both a large current flow­

ing in the structure and a shift of the electroluminescence peak. The latter effect is understood 

as follows. The lower HH level participating in the radiative transition lie at the bottom of the 

miniband at very low biases. On the contrary, this state forms by design the top of the miniband 

as the electric field is further increased, resulting in a lower electroluminescence transition energy. 

At 4.5 V and above, the emission peak is shifted only slightly by Stark effect. 

The LI curves shown in Fig. 5.10b), can be fitted well with a linear relation, as expected for such 

devices. The ratio between the slope of the different LI curves should approach 10/5/1, since the 

light output power is proportional to the number of periods. The factors found experimentally 

(10/6.6/1.2) deviate slightly from the expected integers, partially due to the standing wave pattern 

created at the semiconductor-metal interface on the top of the device. 

In the following a tentative description is given, of the influence on the properties of the structures 

investigated of both the manifold of LH states and the LH continuum. The latter are positioned 

close to the upper laser level and can be seen at first sight as effective non-radiative channels. 

This statement is supported by the large current flowing in the structure and the modest radiative 

efficiency observed. However the true contribution to the carriers loss of the tunneling into the 

LH continuum is difficult to establish because of the complexity of the QC structures. The results 

obtained from SiGe RTDs showed that a proper injection of carriers into HH levels positioned 

above the LH continuum is possible. This observation is very encouraging but may not be directly 

applicable to QC emitters since RTDs are much more simple structures. A larger coupling of the 

upper laser HH level with LH states occurs in QC emitters, leading to a additional leakage current. 

An experimental clue allowing to comment on that issue is the temperature decrease of the EL 

intensity. An activation energy can be indeed deduced from a proper determination of the tern-
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perature dépendance of the intersubband signai and give a better insight on the role played by the 

LH continuum. Unfortunately these data are problematical to obtain with the present devices. As 

the temperature is raised, the heating of the sample strongly increases and hides the intersubband 

contribution in the spectra. 

The influence of the LH levels positioned between the upper and the lower laser levels leads likely 

to a short non-radiative lifetime. A rough estimate of the latter was determined following the 

method used in the previous section. A value of 100 fs was found, which is shorter than the best 

values obtained in the experiments performed on pseudomorphic cascade structures described in 

section 5.2. However, this number must- be considered with care because of large uncertainties of 

the collection efficiency and because an unity injection efficiency was assumed. In addition, because 

the LH levels are strongly dclocalized, the overlap of these states with the HHs, and therefore the 

scattering rate from the HH might be somewhat reduced. 

The HH-LH decay channel of course is not desirable, since it reduces tremendously the lifetime of 

the upper laser level. The negative effects of this nonradiative path might on the other hand not be 

too dramatic because this unavoidable mechanism does not slow down the extraction of the holes 

from the lower state of the radiative transition, Moreover the latter level is not populated by the 

holes lost to the LHs subbatids, which in that way do not hamper population inversion. In addition 

the holes transported through the LH miniband eventually thermalize into the lowest lying band 

of the HH injector, as can be seen in Fig. 5.8 and are therefore properly re-injected in the next 

period. Holes performing a phonon-mediated scattering process are therefore recycled in the next 

period. The deformation potential interaction does not have hence totally negative consequences. 

Note that a second structure, whose active region is also based on a bound-to-continuum transition 

design has been developed and grown. The detailed layer sequence is given in Appendix A. The 

measured emission wavelength is as short as 6.2 firn {198 meV), in excellent agreement with the 

theoretical expectations. The perspective of low optical losses associated with a short wavelength is, 

apart from the demonstration of a confinement shift, the main motivations for this now structure. 

The absorption due to free carrier indeed depends on the third power of the wavelength (154]. The 

electroluminescence peak is slightly broader than the resonance obtained at a longer wavelength 

because thinner QWs and barriers are used. 



5.3.1 Estimate of the optical gain 91 

5.3.1 Estimate of the optical gain 

In this section we give a first estimate of the optical gain that can be achieved in SiGe QC structures 

based on a bound-to-continuum transition. Although the present computation is based on relatively 

rough assumptions for the lifetime of the levels involved, the result is instructive. 

The peak material gain Gp is expressed by the relation 5.3.5 if the laser transition, occurring between 

two states 1 and 2, is characterized by a wavelength X = cft/ü^i, an optical matrix element Z2j and 

a linewidth 2yn obtained from EL measurements [150, 56]: 

L is here the thickness of a period and n the refractive index of the medium. The population 

inversion is expressed from the steady state rate equations describing the carrier dynamics in a two 

model system by: 

*** Tapont T
n r 'escape 

Here the injection of the holes in the upper level is assumed to have a unitary efficiency and the 

effects of the LH states are neglected. J is the current density. The population inversion is expressed 

by 

Jl2 - Tl1 = - ( + -Ti-)"1 " «l^cape (5-3.7) 
Q T&pvnt Tnr 

In order to determine the magnitude of the peaks material gain for the structures based on a bound-

to-continuum design, the value of r ^ and reacape must be fixed. Here we assume respectively 0.5 

and 0 ps for the latter quantities, although this choice appears a priori optimistic according to the 

discussions of the precedent paragraphs. The optica! matrix element yield 8.6 Â. The resulting 

value of Gp should therefore be seen as an upper limit. Using for the other parameters entering in 

equ. 5.3.5 and 5.3.7 the experimental and the computable values available, the material gain yields 



92 SiGe QC emitters based on a bound-to-continuum transition 

1.0 cm - 1 for a current density of 1 kA/cm - 2 . By comparison the value of Gp in UI-V QCLs are 

a factor 20 to 50 larger. This considerable difference can be explained by the narrower linewidth 

observed in the HI-V emitters and their longer lifetime T2J- However the major cause of this large 

difference relies in the optical matrix elements. The latter is indeed proportional to the inverse of 

the effective mass, which is up to five time heavier for a HH in p-type Si/Ge heterostructures than 

for an electron in IH-V materials. 

The modal gain, which is the only quantity that can actually be compared with the optica! losses 

of a waveguide, is obtained by the multiplication of Gp with the confinement factor T. The latter 

is given by the overlap of the optical mode with the active region and yields typically 40 to 60 % 

in the SiGe QC emitters (see next chapter). The value of the modal gain is thus as low as 0.4-0.6 

cm - 1 for a current density of 1 kA/cm-2. 

5.3.2 Summary and conclusions for the design of Si-based QC lasers 

The bandstructure engineering of p-type Si/SiGe QC emitters has been discussed in this chapter. 

Some means to ensure respectively a long-lived upper laser level or an efficient extraction mecha­

nisms are possible in this material system and have been reviewed. Most of these concepts suffer 

however from stringent drawbacks. 

Intersubband electroluminescence emanating from devices based on two different types of active 

region has been presented. In structures based on a vertical transition, the upper state lifetime 

Tup was found to depend strongly on the QW width. In particular, long lifetime are achievable 

when the energy separation between the HH2 to the LHi levels is less than the energy of an 

optical phonon. In that situation the phonon-mediated scattering channel between the latter states 

is indeed quenched. This effect has been experimentally verified and a non-radiative lifetime as 

long as 0.5 ps has been measured. On the other hand, the present design suffers from the fact 

that the optically active QW must be decoupled from the injector. This is required to avoid the 

formation of a large LH miniband which otherwise allows phonon scattering from the HH2 state. 

The detrimental consequence of the low coupling is a very narrow HH miniband which does not 

provides a fast escape from the lower laser level. To obtain population inversion is thus not likely 

in this type of structures. 

Adopting the concept of the so-called bound-to-continuum transition design for the development of 

Si-based QC lasers is a priori a more promising approach and has also been investigated. Electrolu-
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minesccnce signals from strain compensated QC emitters consisting of up to 30 periods have been 

successfully demonstrated. In these structures an efficient depletion of the lower laser level occurs 

through a wide HH miniband, which ensures very fast intraminiband scattering processes. Despite 

this extraction mechanism, population inversion is difficult to achieve since this design does not 

provide a control on the LH levels. As a consequence, efficient phonon-medïated scattering tran­

sitions to numerous LH states are allowed, reducing tremendously the lifetime of the upper laser 

level. A rough estimate of rup, deduced from the LI curves of the different samples studied yields 

0.1 ps. 

Based on optimistic assumptions regarding the lifetime of the laser levels, the modal gain yields 

0.4-0.6 cm - 1 for a current density of 1 kA/cm - 2 . These numbers, valid for the bound-to-continuum 

design, can be compared with the typical losses computed for waveguides compatible with SiGe QC 

lasers. As explained in the next chapter. 15 cm - 1 is a reasonable estimate of the latter quantity. 

A current density as large as 30 kA/cm2 is thus necessary to meet the conditions for lasing. This 

value represents an increase by at least one order of magnitude compared to the currents reached 

in the devices investigated so far, showing that the demonstration of lasing action is challenging 

in the current structures. Possible means to enhance the optical gain exist, such as increasing the 

diagonal character of the upper laser level or letting higher current densities flow in the structure 

but new innovative designs will also have to be explored iti any future work. 

Since only very low optical gain can reasonably be expected in the existing designs, the realization 

of waveguides with the lowest possible optical losses represents a key milestone. The status of the 

research performed in the present work on that issue is given in the following chapter. 



Chapter 6 

Low-loss waveguide and mid-infrared 

SiGe QC emitters 

In the previous chapter, the discussion focused essentially on the description and the various ex­

perimental investigations related to the active region of QC emitters. These structures however do 

not only consist of a medium where light is amplified but also of an optical cavity, which confines 

the photons and gives an optical feedback. In the present part of the manuscript the various ef­

forts made along this thesis to develop low loss waveguides compatible with SiGe QC structures 

are emphasized. A brief summary is first given, addressing the classical way to confine light in 

III-V mid-infrared QCLs. The principal waveguiding scheme developed for SiGe QC emitters is 

then discussed. It basically consists of a Ge stripe which replaces the upper cladding layer, when 

evaporated on top of an etched ridge. The description of tentative experiments performed on IH-V 

QCLs to demonstrate the viability of this concept then follows. Finally measurements giving a first 

insight on the optical losses in SiGe QCLs are summarized. 

6.1 Waveguide of state-of-the-art InP-based QCLs 

The different elements of a laser are a medium where light is amplified and an optical cavity. The 

waveguide must fulfill the requirements of low optical losses a and a high overlap factor T of the 

mode together with the active region. Moreover the total thickness of grown material should stay 

below a reasonable value to optimize the thermal transport across the device and for practical 

reasons. 

95 
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A typical Fabry-Perot waveguide for InP-based QC lasers consists nowadays of an active region 

forming the waveguide core (together with two InGaAs guiding layers), and two thick InP cladding 

layers. [155] A description of such a structure is given in Table 6.1. Naturally the core of the cavity 

have a lower refractive index than the rest of the structure (see Fig. 6.1) to provide the confinement 

of the light. The bottom cladding layer is usually the semi-insulating substrate itself whereas the 

second InP cladding layer is deposited by metalorganic vapor phase epitaxy (MOVPE) on top of 

the MBE-grown active region. The choice for this material is motivated by the better heat con­

duction properties of InP compared to ternary alloys such as InAlAs. The donor concentration in 

the cladding layers must be low since the optical losses for wavelengths in the infrared range are 

mainly due to free carriers absorption[154|. On the other hand, the doping level must be sufficient 

to avoid the freeze out of the carriers and insure a reasonable conductivity. The MOVPE re-growth 

ends with two InP cap-layers, highly doped to insure a good semiconductor-metal ohmic contact. 

The donor concentration is such that the plasma frequency in the lower-doped layer matches the 

emission wavelength of the laser. 

Material 

InP contact layer 

InP contact layer 

InP top cladding 

InGaAs 

Active region (30 

repetitions) 

InGaAs 

InP substrate 

Thickness [urn] 

10 

850 

2500 

200 

1794 

200 

Doping [cm"3j 

M O 2 0 

7 • 1018 

1. 1017 

6 • 1016 

1.5-1017 • 

6 • 1016 

3 • 1017 

Table 6.1: Layer sequence corresponding to the waveguide of a InP-based QC laser emitting at 9 

firn. 

In that situation, the refractive index drops considerably (see Fig. 6.1), which helps to decouple 

the laser mode from the high-loss metal contact (a = 140cm-1) [156. 56]. 

The refractive index and the mode profile corresponding to the layer sequence given in Table 6.1 
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aro displayed on Fig. 6.1. These curves are calculated by solving the wave equation for a planar 

waveguide with a complex propagation constant. The real and imaginary parts of the refractive 

index for each layer are found using the Drude model [156, 56]. The parameters entering in the 

latter are the real part of the refractive index in the case of bulk undoped semiconductor, the 

effective mass m* and the concentration of the donors, together with the scattering time r. The 

latter is assumed to be 0.1 ps in the doped regions (n ^ 1 • 1018cm-1) and 0.3 ps where the donor 

concentration is lower. The calculated optical losses and the overlap factor axe respectively 11.1 

cm"1 and 64%. 

I I I I I I I I I I M J I I I I 1 I I I I l I 1 I I I I M I I I M t 1 T T I ] I I I I 1 I I I I IJ 4.0 

- 1 0 1 2 3 4 5 6 7 8 9 

Distance ham] 

Figure 6.1: Mode and refractive index profile corresponding to the layer sequence described 

in llïble 6.1]. A 9 fun wavelength is assumed in the calculations. 

The lateral confinement of the light and the optical feedback are assured as the lasers are usually 

processed into long ridge waveguides of 34-23 /mi-width by wet chemical etching. A thin SÌ3N4 

layer is then deposited by PECVD. 1 Ti/Au top contacts, and after the thinning of the substrate. 

Ge/Au/Ag/Au back contacts are evaporated. Cleaving in 0.5- to 3-mm-long bars ends the process-

'Noto that this step is nowadays replaced usually by the selective regrowth by MOVPE of intrinsic InP using 
a Si02 mitfik. The bcterostructurc is thus totally buried in a material (InP) with an excellent heat conductivity. 
By furthermore mounting the devices epitaxial side down, operation of the lasers at high duty cycle and even at 
continuous wave can be achieved.[51] 



98 Waveguide based on a Gc stripe 

ing of the devices. The two mirrors of the Fabry-Perot cavity are provided by the cleaved facets. 

A schematic drawing of a processed laser stripe is shown in Fig. 6.2. 

InP cladding 
InGaAs waveguide layers 

Active region 

Insulating | \ ^S f / / Ti/Au contact layer 
layer 

Figure 6.2: Schematic drawings of a laser stripe. 

6.2 Waveguide based on a Ge stripe 

A waveguide design suitable for the fabrication of mid-infrared SiGe QC laser is described in the 

present section. This new concept is different from the one described in the previous section because 

of the following observations. There is basically no material which can act as cladding layers while 

being well-suited for the deposition on SiGe crystals. For example silicon (n=3.4) has a lower 

refractive index than Sin.sGeo.5 (n=3.67).2 Si could thus be an excellent candidate for the top 

confining layer as well if the growth of Si layers as thick as 3-4 microns on 50% SiGe would not 

be a serious problem. A SÌ0.5GC0.5 pseudosubstrate with its gradient of Ge content and hence of 

refractive index, constitutes lower cladding layer. Substituting the upper cladding layer with a 

Ge stripe evaporated on top of the etched structure is a very elegant and advantageous concept 

to go around the above problem. Note that a similar approach has been already tried out with 

IH-V QCLs [158]. A layer of metal, palladium for instance was deposited instead of a dielectric. 

triggering large waveguide losses. Here Ge is preferred because of the very low losses achievable 

at mid-infrared wavelengths in bulk Ge crystals, compared for example to lead-fcelluride (n=5.6) 

[157]. 

The working principle of this waveguide design is well illustrated by Fig. 6.3. In the latter is 

The refractive index of a SiGe alloy can be linearly interpolated to a fair approximation between the values of Si 
(n=3.4) and Ge (n=4). More accurate values can be found in Ref. |157j 
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displayed a cross section together with the mode profile of a SiGe QC structure with arid without 

Ge on the top of the ridge. In the latter case, the optical mode is confined on the substrate side by 

the SiGe relaxed buffer. The light however is repelled from the semiconductor-air interface. The 

effect of a capping layer whose refractive index is larger than the rest of the structure is clearly to 

enhance the overlap of the light with the active region. In the example presented in Fig. 6.3, the 

overlap factor T increases from 14% up to 43%. 

distance 
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buried contact 
layer (2DHGs) 
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1 Active region 

SiGe pseudosubstrate 
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Si substrate 
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mode intensity 

Figure 6.3: Right hand side: schematic cross section through the laser waveguide showing the 

exact position of the Ge stripe with respect to the active layer and the metal top contacts. Left 

hand side: mode profile in the situation with and without Ge deposited on top of the ridge. 

Using a Ge stripe to guide the light and enhance the overlap factor and is not restricted to 

Si/SiGe structures but can be also be adapted to other material systems such as InAs/AlSb or 

GaAs/AlGaAs, for which there is a lack of obvious cladding materials. This waveguide design 

also is promising as it permits to tremendously reduce both the amount of material deposited and 

the growth time. For example this represents for mid-infrared AlGaAs/GaAs QCLs. typically 3.5 

microns thick GaAs layer and few hours of growth [159]. 

Another convenient feature comes from the fact that the Ge stripe also confines the optical mode 

laterally and not only along the growth direction, as shown in Fig. 6.4. In this figure is reported 

the two dimensional mode profile corresponding to the situation described by the sketch in Fig. 

6.4. The fundamental mode propagates according to the simulations beneath the metal contacts, 

because of the very high refractive index of the latter. The optical losses for this mode are therefore 
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extremely high. In the case of a higher order lateral mode m(0,4), the light is confined as desired in 

the middle of the ridge and in the Ge stripe. This configuration remains identical even if the width 

of the laser stripe is as narrow as 13 ß (for a 9 /im wavelength). As a consequence the current 

and the total electrical power injected in the laser can be very low, which is an advantage for the 

operation of QCL at high duty cycle. 

I i 

ü J 

b) 

Figure 6.4: Mode intensity in a two-dimensional ridge waveguide with Ge on top and metal 

contacts at the edges of the ridge (see cross section in Fig. 6.4). The situations a) and b) 

correspond to the fundamental mode m(0,0) and the mode m(0,4) respectively. The intensity, 

normalized to 1 is indicated by a grey scale. 

Working with the above waveguide design implies necessarily to inject the current in the structure 

from contacts sitting on each side of the ridge. Distributing the current by mean of a highly p-

type doped layer is not desirable because the large free-carrier losses induced. Two-dimensional 

hole gases are therefore preferentially used. Indeed very high mobilities together with an excellent 

control on the intersubband absorption in 2D channels can be achieved by tuning the QW width. 

By choosing the energy difference between the subbands in the 2DHG to be very different from the 

emission transition of the QCL, no optical losses originating from the QW should be expected. 

The lateral injection scheme described in the latter paragraph renders the processing of the devices 

difficult, in particular because of the limited width of the metal contact and an air gap between the 

contact and the Ge layer is desirable. Moreover, the performance of the devices is very sensitive to 

the roughness along the Ge stripe and any defects or dirt in this layer. 

Note that other waveguiding schemes are also considered and progress in particular towards the 
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realization of SiGe QC disk lasers arc being made. This opens up new directions for the development 

of low-loss waveguides. 

6.3 Testing the Ge-waveguide with IH-V QCLs 

In this section the performances of two difFerent HI-V QC lasers whose cavity designs differ but 

not the gain medium arc compared. The latter is based on a two-phonon resonance design briefly 

discussed in section 2.2. A more detailed description of the gain medium can be found in Ref. 

(51, 63]. 

One of the two structures, N41. consists of a classical waveguide including two thick InP cladding 

layers. Its working principle and a description has already been discussed as an example in section 

6.1. The cavity of second laser, N43, requires the deposition of a Ge stripe to be effective. The 

main differences between the two above structures can be found by comparing Tables 6.1 and C.2. 

Material 

InGaAs 

InAlAs 

InAlAs doping 

InAIAs spacer 

InGaAs 2DEG 

InGaAs 

Active region (25 

repetitions) 

InGaAs 

InP substrate 

Thickness [nm] 

10 

20 

20 

5 

30 

200 

1495 

200 

-

Doping [cm 3] 

-

• 

2 • 1018 

-

-

6 • 1016 

1.5-1017 

6 • 1016 

3 -1017 

Table 6.2: Description of the different regions composing the laser N43. 

In the case of N43, the upper cladding layer is absent and the number of periods has been reduced 

from 30 to 25. This represents a substantial reduction of the grown material (about 3.3 microns). 

The contact layers used in N41 tO'Spread the current in the device is replaced by a 2-dimensional 

electron gas since a high mobility, reaching about 105 V/cm~2s for a carrier concentration of 2.81012 
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cm - 3 is expected in the InGaAs channel at low temperature. The intersubband absorption between 

the first two subbands confined in the 2DEG occurs at 162 meV and does not conflict with the 

emitted light, whose energy yields 144 meV [160]. 

In order to obtain the optimal performances from the structure N43, a Ge layer must be deposited 

on top of the ridge. This requirement is very clear from the inspection of the curves reported in 

Fig. 6.5. It shows the dependence of the optical losses a and the overlap factor on the thickness of 

the Ge layer evaporated. The substrate, although it is only lightly-doped (3-1017 [cm*3] considered 

here) is at the origin of most of the losses when no Ge is deposited. The value of a continuously 

decreases as a function of the Ge layer thickness, as a result of the vanishing overlap of the optical 

mode and the substrate. A thick Ge layer, which has the tendency to attract the mode towards 

the surface (see Fig. 6.3), leads hence to lower losses, but to an enhancement of T. The latter is 

maxima] for 0.75 ntn of Gc whereas below and above tlu's value, the major fraction of the light 

propagates respectively in the substrate and the capping layer. The figure of merit T/a for the 

structure N43 reaches 0.067. This value is even better than the one computed for N41, which 

yields 0.059. In the above simulations however, the Ge was considered to be transparent. The 

actual losses in this material have been determined experimentally and cause of course extra-losses 

decreasing the performance of the laser N43. This issue is discussed later in the text. 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Thickness of Ge [Jim] 

Figure 6.5: Optical losses and overlap factor as a function of the Ge content for the structure 

N43. 
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The two structures N41 and N43 have been grown in a MBE machine dedicated to the realization 

of n-type III-V samples and have been subsequently processed into microdisk lasers. In that 

waveguide geometry the light travels close to the perimeter of the disk, which is left uncoated by 

the metal contact, as shown on Fig. 6.6. The light beam is reflected at the semiconductor-air 

interface at angles larger than the critical angle of refraction and establish so-called whispering 

gallery modes. This results in a high quality resonator, with losses essentially due to scattering 

from surface roughness and the intrinsic waveguide loss. For a review soc Réf. [161, 162] and the 

references therein. 

Gelayet 

active region 

Ge layer 

Figure 6.6: Schematic representation of a microdisk laser. The mesa and the mirror of the 

cavity are defined by deep etcliing. Cross sectional view a) and top view b). The dashed line 

represent a possible light path. The diameter of the microdisks processed is typically 130 pm. 

The processing of this type of optical cavity is trivial. It only consists of the etching of circular mesas 

and the e-beam evaporation of a top and a back Ge/Au/Ag/Au electrodes that are further alloyed 

(1 minute at 3600C). In the case of N43. the deposition of a Ge layer finishes the processing. The 

etch depth is as large as 16 microns for the present devices, to ensure a quasi-flat surface where the 

light is reflected. The simplicity of the above procedure is the main motivation for the fabrication 

of QC-microdisks to compare the performances of N41 and N43. 
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In Fig. 6.7 are shown the luminescence spectra obtained at 8OK from both structures. The max­

imum of the two curves occurs in both cases very close to 144 meV and the shape of the spectra 

is comparable. This similarity is not surprising since since both structures have the same gain 

medium. A low energy shoulder can be observed in the spectrum of N41 and is most likely due to 

optical transitions from the injector subband to the lower laser level. This peculiarity is explained 

by the lower electric field applied to the structure N41. Indeed both spectra were performed at the 

same bias and the number of periods is lower in N43 than in N41. 

100 110 120 130 140 150 160 170 180 190 

Energy [meV] 

Figure 6.7: Spectra of the two structures N43 and N41 measured at 8OK and a constat applied 

voltage of 10V. 

Both structures can be considered as identical in terms of spectral characteristics. Lasing takes 

place for the two structures at very different threshold current densities jtf,, both being surprisingly 

large at 80K. In particular N41 can operate up to room temperature, with a threshold current den­

sity 3th as high as 16.2 kA/cm2. This value is a factor of 3.3 higher than the quantities reported in 

the literature for the same design (4.8 kA/cm2 at 311 K, see Ref. [51]). This discrepancy can be ex­

plained as problems occurred during the etching step leading to rough sidewalls along the perimeter 

of the mesas. This results in unexpected large mirror losses. Most likely both N41 and N43 QCLs 

are equally affected by this complication. Therefore the above etching problem can not explain the 

large difference in jth observed at 8OK for the two samples, which yield 7.3 and 16.1 kA/cm"2 for 

.S 

! 
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respectively N41 and N43. If an identical doping level in the semi-insulating substrate as well as 

a perfect current-injection is considered for N41 and N43, the above disparity has necessarily its 

origin in losses in the Ge layer. Under these assumptions the latter can be immediately deduced 

from the ratio of the threshold current density measured at 8OK since jth is indeed proportional to 

a good approximation to the overlap factor T and the waveguide losses a [56]. Ttiese two quantities 

are the only parameters, which enter in the expression of the threshold current density and vary 

from one structure to the other. The total optical losses in N43 yields 24.6 cm"1 in that case. To 

obtain in the simulations such a large number, the imaginary part of the refractive index k in the 

Ge layer must be larger than 5 • 10"3. An experiment which allows to determine the losses in the 

evaporated Ge is necessary, Comparing the result of this new measurement with the value deduced 

from the different threshold currents enables then to judge whether the losses in the capping layer 

are indeed at the origin of the lower performances of N43. 

Figure 6,8: a) top view b) cross section) of the sample used to determine the losses in a Ge 

layer deposited on an insulating substrate. 

Measuring the optical losses or the value of k in a Ge layer can be achieved using a similar technique 

than the one described in section 4.3.1. However no lock-in detection technique is necessary. The 

setup used here is thus identical, except that the amplified signal of the detector is directly recorded 
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instead of the output of the lock-in. The backside of an undoped Si substrate is first polished as well 

as two 45° facets parallel to each other. The preparation of the sample ends with the evaporation 

of a 1 |im thick Ge layer covering only half of top surface. A sketch of the geometry used is shown 

in Fig. CS. 

When the light in coupled in through the 45° facets, two different paths are possible, either where 

there is Ge or not. The absorption in the Gc layer can be deduced from a measurement of the 

transmission in these two channels. The transmission through the path left uncovered is only used 

as a reference. If we denote L the length of the sample, TQE and T710Ge respectively the transmission 

of the b'ght path with or without Ge. the measured losses are given by: 

-4*¾) («.3-D 
The experimental results are shown in Fig. 6.9 together with the some theoretical points calculated 

assuming for k the numbers indicated. The computations were performed here to find the standing 

wave pattern corresponding to the propagation of light at a 45° angle with respect to the growth 

direction and thus correctly determine the overlap of the guided mode with the Ge layer. By 

comparing the data reported in Fig. 6.9, the imaginary part of the refractive index in the Gc layer 

approaches clearly 2 • 10 -3 . Introducing this value in the simulations leads to an increase of the 

optical losses for the laser N43 from 9.4 to 13.7 cm - 1 . This effect is too weak to explain the large 

différence measured between the threshold current densities of N41 and N43, even if the Ge layer 

is thicker or thinner than expected by a amount as large as 200nm. The losses in the Ge layer do 

not seem to be a severe obstacle to lasing. 

The rough edges constituting the mirrors of the cavity are possible explanation as they obviously 

affect the threshold current of N41, as mentioned in the discussion above. The performances of N'43 

are also perturbed in a similar way. but supplementary scattering losses should be added because of 

the perimeter of the Ge layer does certainly not consist of a sharp and very regular edge. A strong 

absorption leading to large optical losses in N43 may also result from an inopportune design of 

the 2DEG. The parameters defining the latter were indeed chosen because the energy separations 

between the first subbands confined in the InGaAs channel were not resonant with the emission 

energy of the QCL. Those calculations were performed using a triangular potential approximation 

and were maybe not accurate enough to correctly predict the relevant transition energies. 
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Figure 6.9: Measured optical Losses in a Ge layer evaporated by e-bcam. The results of a 

calculation is shown by the black points. The imaginary part, of the refractive index in the Ge 

layer assumed in the computations is indicated next to each theoretical point. 

Naturally several attempts have been tried to process the structure N43 into ridge waveguides as 

described in Fig. 6.3. These tries were not successful mainly because of the difficulties, such as 

the poor sticking of the top contacts on the semiconductor encountered during the processing. The 

deposition of the Ge stripe made by lift-off was also problematic. This step lead typically to a 

partial lifting or the rupture of the Ge stripe. Losing action has been nevertheless achieved. The 

threshold current density measured at -300C reaches 21 kA/cm - 2 , which is comparable to the value 

obtained from microdisk lasers under the same conditions. Note that these devices suffered from 

severe leakage current because of a mediocre insulating layer. The current density at threshold 

found is then only an reasonable estimate. 

Although the origins of the high threshold current of N43 is not totally established yet, it is obvious 

that the losses in the Gc layer do not play a major role. The reasons for the low performances 

of N43 more likely come from either a reabsorption of the laser light in the 2DEG or are due to 

the rough edge and dirt along the Ge stripe. The experiment described in this section will be 
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carried out again, but on a new structure based on AlGaAs/GaAs and should allow to give a final 

statement on the suitability of the Ge-waveguide for the development of low loss optical cavities. 

6.4 Ge-waveguide and SiGe QC emitters 

6.4.1 D e t e r m i n a t i o n of t h e opt ical losses 

In order to have an insight into the optical losses to be expected in a waveguide Si/SiGe and to 

check the accuracy of the parameters assumed in the simulations, a first set of measurements have 

been performed. The experimental procedure is identical to the one used to obtain the value of 

the losses in the Ge layer, presented in the precedent section. The sample preparation differs how­

ever slightly. Indeed the step consisting of covering half of the top surface with Ge is replaced by 

the etching of the MBE grown layers down to the undoped Si substrate. The optical transmission 

through either the substrate and the heterostructure or the substrate alone can thus be determined. 

The transmission through the latter light path plays the role of a reference and allows to deduce 

the optical losses in the rest of the structure, according to the relation 6.3.1. 

The experimental results and the theoretical predictions obtained with two Si/SiGe QC structures 

identified as J021 and K037 respectively are shown in Fig. 6.10. The active region of both sam­

ples is based on a bound-to-continuum transition design and consists of 30 periods. The major 

difference between the two samples relies in the contact layers which provide the electrical contacts 

for EL experiments. Two highly doped (500 A and 0.7 pm doped at a B concentration of 1.51018 

cm - 3 ) bulk Sio.5Geo.5 layers are used whereas in the second sample the contact layers are made of 

modulation doped QWs. Because of this change, much lower losses due to free-carrier absorption 

are expected for the structure K037. This difference is indeed clearly observed in Fig. 6.10. The 

weaker dependence on the wavelength of the losses in K037 suggest that the contribution related 

to free carrier are lower in that sample. The fact that the optical losses decrease if the temperature 

is lowered also supports this interpretation. A good degree of confidence in the measurements 

shown in Fig. 6.10 is given by the presence of clear features appearing around 5 ^m and at shorter 

wavelengths (not shown). They can indeed be undoubtedly identified as intcrsubband transitions 

occurring either in the active region of both samples and in the 2DHGs used as contact layers 

in K037. On the contrary, it is difficult to understand the pronounced dip in the measurements 

obtained with J021. In particular there is no obvious reason explaining why this feature does not 
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appear if the measurement is performed with the second structure. This peculiarity is most likely 

related to the presence of oxygen atoms at the semiconductor-air surface or at another region in 

the structure since the Si-O bond is indeed at the origin of a strong absorption line around 9 /mi. 
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Figure 6.10: Measured optica! losses in two different SiGc QC structures (plain curvo: J021 at 

two different temperatures, dashed line: K037 measured at 300K). The results of calculations 

are shown by full points (J021) and squares (K037). Note that the very low value for the losses 

might be misleading and is only due to the special geometry used in the present experiment. 

Prior to a more quantitative description of the measurements, it should be noted that many exper­

imental uncertainties such as the in-coupling of the light, can easily lead to relatively inaccurate 

results. The following conclusions, although they are probably to a good extent close to the reality, 

should therefore be considered with care. 

Calculations have been performed in order to reproduce the curves reported in Fig. 6.10. The 

standing wave pattern corresponding to the propagation of light under a 45 ° was computed to­

gether with the losses due to free carriers according to the Drude model. The relevant structural 

parameters are therefore the thickness and doping concentration in each layer. The other factors 

entering in the simulations are the effective mass and the scattering time r of the holes. The 

latter quantity is deduced from measurements of the mobility p in bulk Sio.sGeo.5 layer and the 

I ' " ' I ' " ' I " ' 1 I ' ' " I 
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relation r — /im* je. Due to the difficulty to fabricate SiGe bulk crystals with an homogenous Ge 

content and doping concentrations, most of the experimental data are concentrated on the mobility 

of 2DEGs and 2DHGs in SiGe heterostructures. ß is nevertheless known to be strongly limited 

by alloy scattering and to have thus a U-shaped dependence on the Ge content [82]. The.mobility 

of hoîes typically approaches 100 V/cm - 2s in a rather wide range of doping concentration accord­

ing to the literature and to Hall measurements performed at the Paul Scherrer Institute on tliick 

Si0.5Geo,5 layers grown on SiGe pseudosubstrate. The scattering time is as a consequence as short 

as 1 • 1014s. which is consistent with published results, although most of them are deduced from 

studies on highly doped Si [163, 164]. 10 fs and 30 fs was assumed in the simulations for B concen­

trations ranging from 1 • 1017 to 2 • 1018 cm - 3 and for lower doping levels respectively. Note that the 

regions consisting of 2DHGs are considered to be undoped while the whole active region is approxi­

mated by a bulk layer whose doping level corresponds to the average B concentration in each period. 

The results of the simulations for specific wavelengths are shown in Fig. 6.10. A fair agreement is 

found between the experimental curves and the theoretical predictions, showing that the parame­

ters used in the simulation are realistic. They can thus be used to calculate the fundamental mode 

and the corresponding optical losses for both samples. In the case of J021, the losses exceed 70 

cm - 1 and yield 15.1 cm - 1 for K037 at a wavelength of 7/im. 3 In the computation a 0.9 ^m thick 

Ge capping layer was added to maximize the overlap factor T, according to the waveguide design 

described in the previous sections. Losses (fc = 2 • 10 -3) in the Ge layer were also included. 

Relatively large optical losses are found in the simulations. They are clearly dominated by the 

contribution of the doped layers in the structures, i.e. the highly doped contact layers in the case 

of J021 and the active region in the case of K037. The waveguide losses depend thus drastically on 

the scattering time T. Since the latter has not been yet determined accurately, the results of the 

simulations should only be considered as reasonable estimates. Moreover the present model suffers 

also from assumptions and uncertainties such as the totally depleted state of the 2DHGs used as 

contact layers in K037, the rather unknown doping level in the SiGe pseudosubstrate. One should 

3Comparing the optical losses determined when the fundamental mode is considered and those reported on Fig. 
0.10 can be misleading. The lnrge difference between the values found Is actually only due to the much lower overlap 
of the mode with the lossy region of the structure, that occurs when the light propagaies at 45° angle with respect 
to the growth direction. 
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also keep in mind that the active region, consisting of QWs is considered as bulk in our simulations. 

Additional experiments should therefore be carefully conducted in order to refine the parameters 

entering in the model and to accurately derive the losses in SiGe emitters. The latter can also be 

directly measured using several well-established techniques. They are suitable for SiGe diodes but 

typically are applicable only if EL signals can be obtained, as for example with device processed 

into a multi-sections ridge waveguide [150]. 

As already discussed in chapter 5. the gain expected in SiGe QC structures is most likely modest 

and to elaborate a very-low loss waveguide must be hence a priority in the present work. Reducing 

the optical losses in a laser structure such as K037 can be achieved for example by eliminating 

the contribution due to the Ge layer. In that case the waveguide losses yield 11.7 cm—1. This 

can be achieved through a diminution of the overlap of the guided mode with the Ge layer, by 

increasing the thickness of the top contact layer for example. Annealing the processed structure in 

a hydrogen-rich atmosphere at 300° can also help to decrease the losses in the e-beam evaporated 

Ge layer. Another mean to decrease the losses is to vary the doping level in the cascades or to insert 

periodically undoped periods in the active region (see Ref. [165] for details). This option might be 

though hazardous, since it can influence negatively the transport through the heterostructure and 

lower the current density level. 

6.4.2 Fabrication of the SiGe waveguides and first experimental results 

The fabrication in SiGe of the ridge waveguide structure based on a Ge-stripe is a complex and 

lengthy process. The main complications encountered during the development of the recipe used 

at present, are due to: 

1. the need to work with an insulating substrate in order to minimize the optical losses. The 

electrical contacting is achieved with a buried contact layer consisting typically of a stack of 

2DHGs as shown on Fig. 6.11. Top and bottom contacts pads are thus intermixed on the 

top semiconductor surface. 

2. the difficulty to deeply etch SiGe while obtaining smooth edges and sloped or vertical side-

walls. Such profiles are necessary to ensure the deposition of continuous electrical contacts 

from the etched surface to the bottom of the ridge. 
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3. the fact that lift-off steps using ultrasound bath are undesirable. The potential detrimental 

effects of the ultrasound on the strained cascade structure is indeed a concern. Special 

techniques, involving two layers of resist had to be developed. 

4. the quasi impossibility to define the end mirrors of the Fabry-Perot cavity by cleaving the Si 

crystal. The facets have thus to be polished or etched after a special recipe. 

The realization of a SiGe QCL involves over 50 individual processing steps which can be summarized 

as follows. Thick chromium bands are first realized by standard photolithography and lift-off. They 

define 23-55 /im wide and up to several mm long laser stripes. The metal is used as en etch mask 

during the next step, which consists of the etching by reactive ion etching (RIE) of the ridges. 

.) b) 

Figure 6.11: a) Cross section of a processed SiGe QCL. A Ge layer is deposited on the top of 

the to pull the optical mode towards the sample surface, as explained in section 6.2. b) SEM 

picture of a processed device, prior the deposition of Ge. The labels top-c and top-b refer to 

bottom and top contact respectively. 

After the removal of the Cr, bottom contacts (ALSi) are evaporated and strongly annealed (2mn 

at 40X)0C) to ensure a good ohmic contact. An insulating layer, typically SÌ3N4 is then deposited 

by PECVT) and opened at defined places by RIE. The top contact (ALSi) is then evaporated and 

structurized by lift-off. The end-mirrora can then be etched. The processing of the structures ends 

with the deposition on top of the laser stripe of a dielectric (Ge) cladding. The final result of the 
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processing is shown by »sketch and a SEM picture in Fig. 6.11. Before mounting, the devices are 

annealed at 38O0C during 30 sec. 

The processing of ridge waveguide structure in SiGe in non-trivial. Therefore many devices fab­

ricated suffer from electrical problems and in particular leakage current. The origin of the latter 

trouble is due to the only partial coverage by the SÌ3N4 insulating layer. The surfaces exposed 

during the RJE etching step and in particular the top edge of the laser stripe become in general 

unavoidably rough. Nevertheless EL signals identical in term of spectrum to those presented in 

section 5.3, have been obtained from various samples such as J021 and K037 (see previous section) 

processed into ridge waveguides. This represent an important achievement but so far neither lasing 

nor a narrowing of the EL spectrum, which is a clue for optical gain J166] has been demonstrated. 

This situation can be explained by the still large optical losses expected, even in the case of K037. 

A more fundamental problem is the injection of current in the devices. Indeed the current density 

measured with small diodes (diameter inferior to 40 ßm) reaches several kA/cm2. Similar values 

are found in the case of laser structures only if one considers that the current is injected exclusively 

beneath the top metal contacts. This strongly suggests that an important voltage drop occurs over 

the structure and that most of the active region is actually not properly pumped electrically. This 

situation has been confirmed for K037 by simulations whose results are displayed on Fig. 6.12. 

These computations are performed with a program based on finite element method and allows to 

calculate the distribution of voltage in the device. In the present situation a voltage of IV is applied 

from the two contacts sitting at the edges of the ridge and the two bottom contacts. Each region 

of the structure is considered to a bulk semiconductor with a defined doping level and mobility. 

The in-plane and the vertical conductivity deduced from these two parameters are assumed to be 

equal. In the contact layers consisting of 2DHGs the doping concentration is approximated by an 

average. The mobility measured in the SiGe channel is adopted for these layers. The conductivity 

of the active region is derived from VI curves measured with small diodes (142] and yields roughly 

10 A/Vm. 

A non-uniform distribution of the voltage is clearly observable on Fig. G.12 a). The conductivity 

of the contact layers is obviously too limited in the structure K037 considered. Relatively large 

mobility and carrier population are achieved in the 2DHGs, but their number in both the top and 

the bottom contact layers has been totally underestimated. They consist indeed of 4 (top) and 15 
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(bottom) repetitions of a 33 A Si/SicìGecs thick QWs. The population in each QW is designed 

to reach 2 • 1012 cm - 2 and the mobility approaches 750 cm2/Vs, according to the data reported 

on Fig. 4.10. The width of the 2D-channel was mainly determined by the fact that the energy 

difference between the HHi and the HH2 levels confined in the 2D-channel is larger {239 mcV) than 

the transition energy of the QC structure (176 meV). 

20,0 40.0 

Distance [microns] 

60.0 

20.0 40.0 

Distance [microns] 

Contours; 
a:0% 
b:5% 

c;15*s. 
d: 25 % 

f;<K>% 
g: Ki % 
h: 55 % 
I; 65 % 

. j : 70 % 
k:30% 
L-90% 

m: 100% 

Figure 6.12: a) Voltage distribution for the laser structure K037. The width of respectively 

the ridge and the top metal contacts are 25 /tin and 4 /im. The separation between the edge of 

the laser ridge and the bottom electrical contact is 5 /tm. b) identical to a), but in the case of 

top and bottom contacts consisting of 20 2DHGs whose width and mobility are larger. 
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Obviously the above choice lead to a non-uniform voltage drop over the structure and therefore the 

contact layers in the next generation of samples should be replaced by thicker QWs (55 A) whose 

TM-polarized intersubband absorption resonances occur at a lower energy (111 meV (theory), 135 

meV (experiment)) than the emission of the QC structure. A positive consequence is that the 

mobility in the 2DHGs is much higher than in the previous structures and exceeds 3000 cm2/Vs 

at low temperature (see section 4.3.1). The implementation of these new high-mobility channels, 

together with an increase of the number of periods to about 20 repetitions will ensure a proper 

distribution of the current in the whole structure, as shown in Fig. b). Moreover the figure of merit 

r / a found for this cavity is equal to that of the structure K037. 

6.5 Conclusions 

A preliminary work has been made in this project to design and fabricate a low-loss waveguide 

compatible with SiGe QC emitters. This task is difficult given the lack of materials which can 

at the same time be easily grown on SiGe and act as cladding layer. A mean to circumvent this 

obstacle has been found and consists of replacing the upper cladding layer by a stripe of high 

refractive index material. Ge in the present case, deposited on top of the processed laser structure. 

The viability of the above design has been tested using IH-V QC lasers. Though the results 

obtained so far are not clear, the use a Ge stripe still looks promising. Adapting this concept to 

SiGc is however tedious in terms of fabrication. The requirement to work with insulating substrates 

in order to reduce optical losses complicates indeed the processing of the devices- Moreover the 

etching of the ridge structure, with sloped or vertical sidewalls turns out to be difficult. 

In the present design, highly doped contact layers are replaced by 2DHGs, and therefore the main 

contribution to the losses comes from free carrier absorption in the active region. In that part 

of the structure, the doping can not be tremendously reduced without having a negative impact 

on the electrical transport of the carriers. Therefore the calculated losses can be considered as a 

lowest limit and yield a = 15 cm - 1 for a typical SiGe laser structure. This value is large given the 

difficulties to obtain optical gain in SiGe QC structures. On the other hand, the above number 

should only be considered as an estimate, since it depends strongly on the scattering time T, whose 

value is not precisely known. Experiments which allow to determine accurately T, as well as to 

measure directly the losses in real devices are therefore crucial to establish the feasibility of a SiGe 
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cascade laser. 



Chapter 7 

Summary and conclusions 

The goal of the present thesis was to adapt the concept of quantum cascade lasers to the Si/SiGe 

material system. This task is difficult given for example the need to work in the complex valence 

band in order to achieve large discontinuities and reasonably low effective masses. Another major 

obstacle is strain, which imposes any thick SiGe hcfcerostructure to be deposited on a Ge-rich 

pseudosubstrate. At the beginning of the present work, the use of this growth technique was in 

particular challenging, as it was relatively new. 

In spite of many drawbacks, important steps towards the realization of a Si-based laser have been 

achieved. In particular Si/Sio^Geo.g heterostructurcs deposited on Sio.sGeo.s pseudosubstrate have 

been successfully grown, and their optical and transport properties have been to a large extent 

characterized. This initial study included intersubband absorption measurements performed on 

modulation doped quantum wells. The results revealed well-resolved peaks used to determine 

important physical parameters such as the discontinuities of the different bands. A Fano-like 

resonance, present in both the experimental data and numerical simulations, showed our ability 

to predict fine details of the complex band diagram of p-typc heterostructures. The anticrossing 

between two HH levels, which is an important parameter for the design of injectors in cascade 

lasers has been experimentally reproduced in coupled QWs. The transport through Si/Sio.2Geo.8 

resonant tunneling diodes grown on Sio.sGeo.5 pseudosubstrate has also been investigated. The 

current versus voltage characteristic of these devices showed pronounced peaks observable up to 

room temperature, which allowed to draw important conclusions. For example, no severe leakage 

current is observed in spite of the numerous defects present in the SiGe pseudosubstrate. Large 
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current densities have also been measured at resonance, indicating that efficient injectors can be 

designed in QC structure. 

The demonstration of intersubband electroluminescence from Si/SiGe cascade structures emitting 

at wavelengths ranging from 5.7 to 8.1 microns is the most significant result obtained during this 

thesis. The devices investigated, making use of optical transitions between HH levels, consisted of up 

to 50 cascades deposited on SiGe pseudosubstrate. This success shows that the strain compensation 

technique is a viable solution to the strong limitations due to the lattice mismatch between silicon 

and germanium. Well-resolved electroluminescence peaks, whose linewidth is at best limited by non-

parabolicity, have been observed at the designed transition energies. Various samples based on two 

types of active region called vertical and bound-to-continuum transition designs, have been studied. 

The results obtained clarified the role played by LH states in the nonradiative recombination 

processes. 

Many of the results obtained in the present work indicate that the Si/SiGe material system is 

suitable for QC lasers. However, population inversion has not been observed in the devices studied 

so far. Both active region designs developed suffer severely from the inevitable presence of the LH 

ground state between the two HH levels participating to the optical transition. This represents a 

stringent physical limitation and innovative designs will have to be investigated to overcome this 

problem. 

The successful development of low-loss waveguides is another crucial condition necessary to the 

realization of a Si-bascd laser. It is hindered by the lack of materials which can at the same time 

act as a cladding layer and be grown on a SiGe crystal. The solution proposed in this thesis consists 

of a stripe of Ge evaporated on top of the ridge of the cavity, replacing the upper cladding layer. 

The first tests performed indicate the viability of this waveguide design. However, the computed 

losses are a priori large compared to the plausible optical gain in SiGe cascade structures. Further 

experiments which allow to determine the losses in actual devices are therefore crucial to establish 

the feasibility of a SiGo cascade laser. 

Important steps towards the realization of an intersubband laser in the Si/SiGe material system have 

been achieved during this thesis. However, the demonstration of optical gain and the development 

of low-loss waveguides, which are essential to obtain lasing action remain currently a challenging 

task. 
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Appendix A 

Sample parameters 

The layer sequence of one period of the different mid-infrared emitter structures investigated during 

this thesis are described in the following tables, start ing from the injection barrier. T h e thickness 

of each layer is given in Â and the barriers are in bold characters. T h e doped layers arc underlined 

and the doping concentration given in uni t of [an 3 ] . T h e Ge content, if varied from one QW to the 

other is indicated in parenthesis. In the case of the active region based on a bound-to-continuum 

design, the barriers (roman) and the QWs consist of respectively pure Si and Sio.2GeQ.s layers. 

Doping con-

Sample Layer sequence of one period. contrattoli 

[cm»] 

QC-I 35/39 (42)/30/26 (42)/25/24 (40)/25/23 (37)/25/35 (28)/ 2 • 10 

QC-II 

Bound-to-

continuum 

A=7.0;nn 

Bound-to-

continuum 

A=6.2/tm 

30/45 (41)/25/32 (41)/25/25 (41)/25/55 (21)/25/33 (21)/ 

25/11/4/26/5/26/6/23/7/20/8/18/9/18/10/17/11/15/12/ 

15/13/14/15/14/16/13/17/13 

18/8 /4 /26/5 /26/6 /23/7 /20/8 /18/9 /17/10/15/11/15/ 

12/14/13/14/15/13/16/12/17/11/ 

-

5-1017 

5 • 1017 
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