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Abstract

Quantum eascade (QC) lasers have great potential applications, in particular for molecular spee-
troscopy. So far, lasing action has been demonstrated in IITV materials and many other material
systems are being investigated. Among those, Si/SiGe based heterostructures are of particular
interest, boecause of their possible compatibility with the well-established CMOS technology.

In tbe present work, the Brst steps towards the rcalization of 8 p-type Si-based QG laser have been
achieved. Indeed tbe use of Ge-rich pscudosubstrates allowing the growth of strain compensated
heterostructures, has been successfully implemented. The optical properties of modulation doped
Si/8ip2Gep.s quantum wells grown on Sig.;Gep.s pseudosnbstrates have been characterized by per-
forming intersubband absorption measurements. Well-resolved resonances were nsed to determine
key physical parameters such ss the different bandoffsets. These investigations showed also that a 6
band k-p model is accurate enough to predict finc details observed in the experimental data. Trans-
port measurements performed on resonant tunneling diodes revealed, among other findings that a
substantial eurrent density ean flow in p-type heterostructures grown on Ge-rich pseudosubstrate.
Among the resufts obtained during this thesis, the demonstration of intersubband electrolumines-
eence 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 beterostructures 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 elarified
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 8iGe QC structures.
Many aspects of the present work indicate that p-type Si/SiGe is a suitable material for mid-
infrared QG 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 coneepts 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 opetation
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 - 10° transistors)} on up te 300 mm diamcter 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 hecn a
long standing dream, which for years has driven a widespread scientific and technological interest.
This lead to the demonstration of various photonie passive devices such as optical waveguides with
extremely low losses, fast CMOS and integrated Ge photodetectors for 1.55 gm radiation {see Ref.
[1]} for o relatively recent review). Micro-clectro-mechanical systems {MEMS) or photonic crystals(2]
have also becn demonstrated and switching systems are already commercially available. ln the
latter examples, silicon plays only a passive role. Further developments of Si-based optocleetronics
are therefore limited sinec there is no practical light sourcec compatible with this material. This

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

1



2 Maotivation

is indeed a phonon-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 strategics explored recently to fabricate efficlent Si-based light-
cmitters are summarized. Many other elegant approaches have been proposed such as for example
short period superlattices [3], but will not be presented here. For the discussion, one should keep
in mind that two conceptually different types of devices ean be developed, either light emitting
diodes (LEDs) or lasers. In the first case, the radiation efficiency and the ont-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/wavegnide

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 & spontaneous radiative lifetime that can reach hundreds of us[4, 5).
This is much Jonger than the competitive non-radiative processes such as Schockley-Read-Hall
recombination through deep traps(§, 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 1075,

One way to prevent recombinations through non-radiative routes is ta localize the charge carriers in
defect-free regions.[9] This ean be achieved by implanting Boron, which serves #s a p-type dopant
to form a p-n junction and as & 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 (200mm) to induce quantum
confinement cffects. Figure 1.1 a) and b) shows a schematic of the LED fabricated, a current,
vs voltage (1-V) curve of the corresponding device and electroluminescence spectra measured as

different temperatures.
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Figure 1.1: a) Schematic of & processed device, together with an I-V curve measured at room
temperasure. The grey circles represent the defect-free regions. b) Electroluminescence spectra
versus wavelength at varions 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 & p-n junetion diode
by suitably texturing its surface [10). Note that this technique is alrcady extcnsively used for
solar cells.[11] 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 valne 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 appreaches are of course interesting. However many problems can be foreseen. In particnlar
to obtain lasing action will be very difficult as these devices rely still on ineffective indirect inter-
band transitions. Such long radistive lifetime meke the switching speed of any Si-device based an
interband transition very slow. The integration of a waveguide is also a serious issue. Furthermere,

surface texturing for example may not be compatible with standard CMOS processing.
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Figure 1.2: a) Schematic representation of a processed device. b) Room temperature electro-
lumineseence spectra showing the difference between diodes whose surface has been texturcd

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

Si nanoparticles and nanocrystals

Another way to increase the emission efficiency of silicon is to turn 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 topie, refer to
Ref. [13]). A PS layer is a spongy phase of 5i, uniformly generated by ancdization 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 ares 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 cmission wavelength as 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 reaciivity 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 51 nanocrystals {Si-nc) [15), although concerns about the measurement technique have been
recently raised.[16] Si-ne are formed from silica layers annealed at high temperature, causing the
formation of small Si-nanocrystals. The sizes and density of the nanoparticles can he controlled by
the deposition of the Si0; layer and the annealing parameters. The luninescence properties of Si-nc
are very similar to those of porous silicon: & wide emission band is obsecrved at room temperature
whose spectral position depends on the size of the Si-tic. An effective four-level system presented
on Fig. 1.4b) has been proposed to explain the huild-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-ne

and the oxide [15, 17, 18].

Si-nc is a promising mnaterial for the realization of the Si-based lasers as the optical amplification
has heen shown alrcady. However the implementation of such light sources in the CMOS technology
and in particular the clectrical pumping of the devices might be & quasi-impossible task since Si0;

is among the best insulating material.
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Figure 1.4: a) Measured gain in Si-nc as a function of the optically pumped length. The
inset sbows the experimental method. [after Ref. [15]] b)interatomic potential of the clectronic
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 insct is the calculated
absorption [After Ref[17, 18]].

Erbium doped silicon

It is well-known that Erbium jons exhibit a sharp luminescence at the very important 1.54 um
wavelength, as a result of an internal atomic 4f- shell transition which can bo excited both optically
or electrically. Er-doped silica Ebers based on this principle are widely used as light amplifiers or
lasers in all-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 lifetime.[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-ne is also a very promising way to get light out of silicon (see Ref. [22} and the references

therein).
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Figure 1.5: Er-doped p-n Si diedes realized by implantation: a)I-V curve measured i different
temperatures, together with a schematic representation of s processed device. b) Room tem-
perature eleciroluminescence spectra for positive and negative voltages applied to the diodes.

[After Ref.[20])

SiGe guantum dots and shallow donors

Quantum dots are 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 clectronic
confinement have successfully hecn 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 he controlled by tuning the growth parameters and the composition of the layers.
The pre-deposition of C allows to grow QDs whose diameter and height arc as small as 70-200
Aand 201030 A respectively.[24, 25| As shown in Fig. 1.6, the no-phonon photoluminescence
(PL) peak is clearly the dominating radiative channel due to the presenee 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 ocenr without involving
phonons. In that situation optical gain is expected.

1t is clear that the presence of the dots leads to an increase of the overlap of the hole/clectron

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. Moteover, this approach
usualtty 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.
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Figurc 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.  Teraheriz spontaneous and stimulated emission eamanating from transitions between
hydrogen-like impurify centers was predicted. This type of lasers is somewhat analogous to gas
lasers based on neutral atoms or p-type Ge lasers.

Strong luminescence signals have been measured st low temperature when very low-doped (4
10%%em? donors) Si crystals were optically illuminated with a CO, laser. Claims of lasing ac-

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

1.2 Intersubband tramsitions in SiGe and quantum cascade struc-

tures

Quantum cascade lasers (QCLs) have been demonstrated successfully in ITI-V semiconductors less
than ten years ago {sec 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



physical limitation to the application of this concept to the 8i/SiGe material system. On the
contrary, making use of intersubband transitions is way to circumvent the fundamental restrietions
due to the indirect bandgap of Si as the latter processes are not influenced by the nature of the
bandgap.

Nevertbeless this task is not trivial because for example of the need o 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 propertics of the structure such as the carrier transpart, on the contrary
to most attempts tricd so far to fabricate Si-based light sources. In particular the population
inversion in QCLs is enginecred, e.g. can be achieved through a earcful design of the optically
active region.

At present, electroluminescetice originating from intersubband transitions in Si-based QG struc-
tures has been demonstrated in the mid- and the far-infrared. The results of shart-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 SiGe
QClLs.

Electroluminescence in the THz range has been recently reported from SiGe QC emitter. The
structure consists of a repetition of 100 p-type coupled 5i/5iGe QWs grown on SiGe pseudosub-
strate [30]. In these devices, population inversion should automatically build up since the carriers
populating the two laser lovels are located in different positions in k-space, as shown on Fig. 1.7 &).
Although a long upper laser level lifetime has becn determined by pump and probe measuremnents
and yields about I0 ps [31], achieving population inversion may not be as easy as expected. Indeed
the rise in the LH; dispersion relation yields cnly a few meV with respect to the energy of at
ky =0.

It should be mentioned that optical messurements are particularly diffieult to perform in the far-
infrared. The resonances in the spectrum presented in Fig. 1.7 b), are in a relatively good agreement
with thé 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 struetures investigated
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is undeniable since it is used as a p-type dopant.

R i e T bt S
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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 LHy whose maximum is at kg , = 0.015A}
because of an anticrossing with the HHz 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 mnid- or far-infrared SiGe QC lasers in standard CMOS technology will be
difficult because of the low thermal budget possible for these very complieated heterostructures. The
high temperature needed for the growth of thermal oxides can indeed induce the formation of defects
and a severe diffusion of Ce 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 fromn those commonly nsed in telecommunication.
On the other hand the fabrication of vertically emitiing cavity lasers with p-type QC structures
is possible which is sn important advantege for applications. Moreover QC lasers emitting at
wavelengths ranging from about 30 to 60 wm are not feasible in III-V materials because of the
strong phonon-light interaction. This process is absent in non-polar materials such as Si and Ge
and therefore 85iGe 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 3iGe quantum
cascade structures. In chapter 2, the physics of intersubband transitions and the working principle
of III-V QCLs are summarized. The theoretical framework necessary for the understanding of
the design of 5iGe heterostructures and the experimental results obtained during this thesis are
diseussed in Chapter 3. In partieular the choice of p-type 5i/Sip2Geg s quantum welis grown on
Bip5Gep s 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 Chapiar
4, The issues concerning the design of 5iGe 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
arc finally presented in the last section. Throughout this chapter, only heterostructnres in the
conduction band and processcs invalving electrons will be considered unless explicitly specified. By
convention, (z, y) and z refer to respeetively 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 semiconduetors with an unprecedent control on the doping level, the thickness
and the composition of the materials.[33] The advent of this technique in the late 60’s led to the
realization of numercus novel devices or physical systems whose transport and optical propertics
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 crmbedded between two layers of another semieonduetor 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 staies, 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 becn 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 sre 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 repctition of a QW.
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Figure 2.2: a) Real space band diagram representing & QW. The real part of the electronic

wavefunetions are shown. b)dispersion of the electronic subbands in k-space.

The coupiing between the bound states in the different QWs can be tuned by changing the barrier
thickness. Reducing the latter leads to the delocalization of the electronic wavefunction as shown on
Fig. 2.3. Due to the periodic character of the potential and the coupling between the ievels, energy
bands and gaps are formed in & similar manner as the different bands in bulk semiconductors. The

energy bands in & SL are usually called minibands.
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Figure 2.3: Bandstructure of a SL. Only some levels are displayed for clarity. The delocalization
of the electronic wavefunctions is clearly visible (compare with ihe situation in single QW,
presented in Fig. 2.2). The shaded areas indicatc the minibands.

The term “intersubband transition™ refers to an optical transition occurring between electronic
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subbands in & single band (eitber the conduction or the valence band) of a semiconductor het-
erostructure. Intersubband absorption has for the first time been reported in 1985 by West and
Eglash in single n-type GaAs/AlGaAs 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. Tberefore the wavelength accessible
to intersubband transitions can be designed to cover the entire speetrum from the near- to the far-
infrared. Intersubband absorption has been demonstrated at wavelengths ranging from 1.4 um (10
A AlGaN/GaN QWs, sce Ref. [39]) to 200 um (400 A GaAs/AlGaAs QWs, sce Ref. [40)). ! 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 wevelength for band to band processes.

A QW is & 2-dimensional system, and thus the motion of the carriers is quantized in the growth
direction and free in the two others. In k-space, the dispersion relations are therefore given by the
kinetic encrgy of free electrons K*k2 ,/2m* in the =,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]. Tbe curvature of tbe 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-parsbolicity represent rather small corrections in the eenduction band of large
bandgap materials. The dispersion relations of two different subbands are tben almost parallel. As
a consequence the joint density of states for intersubband transition is expeeted to be very sharp
or "atomic-like” and faitly independent of the temperature and tbe carrier concentration.

Band non-parabolicity is of course not the only phenomenen 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 100A [43, 44]. Other scattering meehanisms such as
phonon induced, alloy or ionized impurity scattering have vsually & 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

!nate that radiation whose wavelength ranges from about 30 to 60 pm is strongly absorbed in ITI-V materials due
to the interaction of the light with the optical phonons. In this part of the spectrum calied the Reststrahlenband,
light propagailon is forbidden.
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the case of p-type heterostruetures} are set back from the heterostructure to avoid a substantial
enhancement of the intersubband linewidth snd a strong decrcase 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 held. This can be at the origin of a non-negligible band
hending if the carrier concentration reaches typically 1-1012em?. The resulting built-in electrostatic
potenti;ﬂ, called the Hartree potential, must be added to the one deseribing the heterostructure as
this new term affects the encrgy of the subbands. The correct band structure must be calculated

by iteratively solving the Poisson and the Schridinger equations.[45]

rig*

k-8 A0 'tz:i - 1.;11
Enemgy frin'd}

Figure 2.4: Calculated real part of the conductivity o {proportional to the intersubband
absorption} of o 150 A InAs/AISb QW when the depolarization shift is included (solid line)
and neglected {dotted line). An intrinsic FWHM of 5 meV and a carrier concentration of
1-10'2cm? are assumed in the simnlations. 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 resontance, as shown on Fig. 2.4. This correction is due to the screening of the opiical
electric ficld 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
cffccts 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 MBE some 40 years
ago, the quantum cascade laser (QCL) is the most impressive demonstration of the possibilitics of
the so-called band-structyre engineering. Indeed, inventive quantum design of both the lifetime of
the radiative levels and the carrier transport is necessary in order to establish populatien inversion.
To meet the stringent conditions of lasinig action also means the development of low loss-Opticél
waveguides.

The concept of & laser based on intersubband transitions in semiconductor heterostructures has
first been proposed in the early seventics by Kazarinov and Swris, who predicted the stimulated
emission of infrared light in a strongly biased superlattice.[48] This drove an intense experimental
and theoretical work which led to the demonstration of intersubband electroluminescence in 1988
by M. Helm et al[49] In 1994, Faist et al. realized at Bell Labs tbe first quantum cascade laser
in Gag 47lng saAs/Alo.eslng soAs lattice matched to InP.[50] Since then, numerous milestoncs have
been achieved, such as continuous operation at room-temperature(51] and the extension of emis-
sion wavelength from the mid- to the far-infrared.[52) Lasing action has also been demonstrated in
GadAs/AlGaAs,[53] InAs/CalnSb/AlSb,[54] InAs/AlSh.[55] Attempts to fabricate QCLa in other
material systems are being made. In particular nitride alloys have bronght & marked attention
because the possibility of reaching the very important wavelengths commonly used in telecommu-
nications {1.55 pm).[39] Cascade structures based on §i/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. Asschematized in Fig. 2.5, each stack of QW3 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 clectron reservoir [56]. When the appropriate electric
field is applied to the structure (typically 50-80 kV /cmn), carriers are injected by resonant tunneling
from the injection-relaxation region into the upper state of the lasing transition of the next period.?
The clectrons 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 readiogs on the deslgn of the injsctor can be found in Ref. [57)
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lifetime of the upper laser level to typieally 1 to several picoseconds (ps). The clectrons arc then
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.

ﬁ“’)as -
Priag™ v,

Figure 2.5: Biased electronic bandsiructure corresponding to the active region of the first QCL
based on s three QWs design. The moduli squared of the rdlevant wavefunctions are displayed.
The wavy arrow represents the laser transition between staies 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[30] for example consists of a three levels
system comprising the ground state (labelled "1, "2" and "3" on Fig. 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 & energy separation of 295 meV. By design, the energy separation Eg
equals the energy of an optical phonon (34 meV in InGaAs/InAJAs materials) having the cffect of
depleting very efficiently the state 2. The relaxation time g; 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 ¢ and f, which is the dominant non-radiative channel as already
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mentioned, strongly depends in polar materials on the momentum ¢ that must be transferred
during the emission of a pbonon. The scattering rate, described by the Frélich interaction reads:[42,
58|

1 *e? ; gz ’ .
= ﬁ d [ 42 Gl )br(2)e W= ()5 () (@21

where
2m*{E;y — hw
tis = _Lrh?_w) (22.2)

1

is the momentum exchanged in the transition and ;! = ez — €57, where eo; and €, are 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 g7 decreases. This
situation oceurs in particular when the energy separation between subbands approaches the energy
of an opticel phonon (see Fig. 2.6 8)). This observation cxplains the longer lifetime of the upper
laser level 3 compared to the state 2. This tendency is clearly apparent on the example presented
in Fig. 2.6 b}.

Note that the lifetime of the upper laser level is found to be much longer (4.3 ps) than the valne
calculated in the case of single QW for the corresponding subband energy spacing (1.6 ps). This
apparent discrcpancy is due to the reduced overlep 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® The possibility to tune, and in particular to increase the pbenon-
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 so-called *diagonal”
transitions, i.e intersubband transitions between states confined in separated QWs, ean reach tens of
ps.[59] However there are clear limits to this concept since it resnlts not only in very long relaxation

time but also in & decrease of the optical matrix element (i|z| f) of the intersubband transition.

A similar effect can be observed on the curve presented on Fig. 2.6. The super-lincar increase of the lifetime 72
occurring at above 275 meV is also due to the reduction of the overlap between the two confined states, since the
upper level beoomes delocalized as it reaches the edge of the W,
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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 InCaAs/InAlAs QW. The blue arrow indicates the initial and final
levels invelved in a intersubband phonon scattering process. The latter is aceonpanied by a
momentum transfer g1z whose value decreases until the energy separating the first two subbands
reaches the cnergy of an optical phonen. b) Scattering rate 72 calculated after eq. 2.2.1 dor the
situation described in a) and plotted as a function of the cnergy separation Ejz. 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 & artifact of the

simulatiort program.

Fur levels separation lower than the phonon energy, the emission of phonons is forbidden. The life-
time 74 I8 not necessarily longer however as other cfficient uon-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 disgonal transition[59]
or on superlattices.i60] Recently, new types of active regions have shown unprecedented perfor-
mances 8s they led to the demonstration of continuous wave operation at room temperature. The
improvement in the design came from the following obscrvation. The extraction of the electrons
from the state 1 {and also 2} in the injector is described by a tunneling time Tese Which was usually
underestimated in the design of earlier QCLs. Experimental values yield for mese =2 to 3 ps,[61, 62]
i.e. much larger than 79; computed assuming tbat the injector region behaves as a continuum.

The slow depletion of the lower laser levels substantially reduces the populstion inversion. This



22 Quantum Cascode lasers and their applications.

baottleneck effect has been circumvented in advanced stroctores 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 conpled states. The levels at the
top of the wide lower miniband participate to the radiative transition whereas the states at lower
cnergies act as a continuum, allowing for very fast intrasubband scattering. This approach is called
bound-te-continuum transition design.[64, 63] A sketch depicting the configuration of the different
levels is displayed on Fig. 2.7 b).

a) b)
- . - —-»-f nl. i
-
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Bound-to-continuum
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Figure 2.7: Schemstic 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 ean operate at room tempersture in pulsed|[65]
or continuons mode.{51] Their emission wavelength covers the entire mid-infrared, from 3.4 to 24
pm and this range has recently been extended to the far-infrared.[52] At any of these wavelengths,
Distributed Feedback (DFB} lasers can be fabricated. Tbey are particularly well-suited for spec-
troscopy as their emission spectruim is single mode and has an extremely narrow linewidth.[66, 67)
Mereover it is posstble to easily match very specific frequency by tuning the voltage applied to the
structure or the heatsink temperature. The high cutput powers necessary for commercial appli-
cations are nowadays achievable. In pulsed mode, hundreds of milliWatts (average) can be casily

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

Other infrared light emitters exist but are nsually not as convenient as QCLs. Among other exam-
Ples of infrared lasers, one can cite the COq 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 meny discrete lines ranging from 9.2 to 10.8 pm which are not casity
tunable. The applications of CO, 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 & wide spectral range, ronghly from 1.9 to
30 pm. 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 pm. 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.[T0) 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 fundamentsl vibrational modes in the mid-infrared region spanning approximately
from 3 to 15 pm. 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 emploved 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 {approxdmately 3-5 ym and 8-12 ym) allows precise remote sensing and detection of

dangerous gases such as ammonium and carbon maonoxide.

Further important applications for high performance quantum cascade lasers are in the ficld data
transmission.|76) In contrast to fiber optical telecommunications, this technigne has the advantage
of not requiring additional cables te be buried in the ground. Such frec-space optical data links could
therefore be particularly convenient in urban aress. QC lasers emitting in the transparent windows
of the atmosphere (around 5 and 10 pm) are very suitable for snch applications. Light in the mid-
infrared can indeed propsagate 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 (~ lpm). Moreover, because of the very short intersubband lifetimes, the devices
can be modulated in principle up to Terahertz frequencies.[76, 56] This is more thar one order
of magnitude faster than the speed achievable with interband lasers. Data have been successfully
transmitted over a distance of 70m at & 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 HgCdTe 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 abont Si and Ge erystals,
the valence band of bulk $iGe alloys is described, followed by the effects of strain. The band lineup
8t the interface of Si/SiGe layers, resulting in the realization of QWs is discussed. The calculation
aof 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-radistive channel in polar and non-polar materials is discussed.
In conc:]:usicm= tbe consequences of the use of SiGe alloys for the realization of & cascade laser are

discussed. In particular the choice of p-type 5iGe 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 diamaond structure shown on Fig. 3.1. Silicon has a lattice constant of 5.43
A in comparison to the 5.567 A of germaninm. The existing large mismatch, 4.2% results in highly
strained layers giving rise to 8 number of physical effects described in the next sections.

Each atom have four valence electrons arranged in the atomic shells 352, 3p2 in Si and 4s2, 452 in
Ge. sp® 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 I’
point in both 8i and Ge crystals. The spin-orbit splitting partially lifts the sixfold degeneracy of
the triplet states. Thig 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 Ay, 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 ¢V for bulk Si and Ge respectively. The
majority of the band gap difference is taken up in the valence-band discontinnity. The band align-
ment between Si and SiGe crvstals is of type 11, with holes localized in the Ge-rich semiconductor

and electrans in the Si[79].

J Y .

Figure 3.1: Drawing showing the diamond structure, which is formed by two interpenetrated
face-centered cuhic lattices. For elarity, the atomic positions of one of the fec Iattice is repre-
sented by open circles and dashed lines. The bonds between nearest-neighbor atoms are drawn
in for one point. They formn a tetrahedron which corresponds to the primitive unit cell of the

diamond lattice.

Si and Ge are fully soluble into cach other and many of tho parameters nsed to describe the
properties of 8iGe alloys can be interpolated between tho corresponding bulk valnes in Si and Ge
as a first approximation. Far a review, sec for cxa.r-nple Ref. [81, 82, 83, 84]. Doping of 5iGe
layer can be achioved by ion implantation or by incorporating dopant during the crystal growth,
using atoms from the columns 11T or V of the periodic table of the elements [85]. Phospharus
and antimeny are commonly used for n-type doping and boron is by far the moest preferred p-type
dopant in 8i technology. It should be mentioned thas the clements V used as donors have the

tendency to scgregate on the growing surface of the epitaxial layer, It is thereforc difficult to have

*
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s good control on the doping profile of n-type SiGe layers.

Figure 3.2: Baadstructure 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 I-point.
Morcover, 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 Schridinger equation,

when the spin-orbit coupling is neglected:
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p2
HU(r) = [% + V(r)] ¥(r) = EU(r) (3.2.1)

where my is the frec clectron mass. V{r) describes the coulombic potential due to the atoms in the
crystal. Each quantity in eqe. 3.2.1 is a periodic function of the basis vectors of the Bravais lattice
and therefore the electronic wavefunctions ¥(r) can be expressed according to the Bloch theorem
as U,k (r) = u, k(r}e™". k is here the wave vector of the electron, which belongs to the electronic

band of index n. If ¥, x(r) is introduced in the Schrédinger equation, one obtains:

L kK2
5"-”; +ockop "— + V()| unplr} = Eqlk)uns(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
& wesk 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:

kK Bk k- prwe?
_ JE S LU L VR 2.3
Ep(k) = Eq(k=0)+ e T o K Pan + 2 ,,'E Fak=0]— E,(k=10) (3.2.3}
where the momentum matrix elements are defined as Paw = [ 1, g(r)punro(r)d®r. If By (k)

uniteall
has & maximum at the I’ peint k = 0, then pp, must vanish and the energy band is parabolic,

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

2
=Enlk= DK,k k s k 3.24
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with a,8 = ,y, z and
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The k-dependent energy solution of the Schrodinger equation for a single band consist of the
eigencnergy 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 & second crder correction expressed
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by D°P. The latter matrix has very important consequerices since it determines the effeetive mass
tensor (multiplied by a factor -"g—) for the band nt*.

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 threc spin-degenerate bands. The Schrddinger
equation has thus to be solved exactly not only for one band but for 6 coupled bands while the
remiote bands are only later included via a second order perturbation. The Bloch funetions are
represented by the three spin-degenerate funciions [X) = zf(r), [¥} = uf{r), |2) = £ f{r), where
f{r) is an even funetion of r. They constitute the most obvious set of basis functions expressing
the symmetry of p;,p, and p, orbitals.

Another complication comes from the spin-orbit coupling term which must be added to the Schrodinger
equation to eorrectly describe the valence band (higher relativistic corrections are neglected). The

spin-orbit interaction reads [89, 90]:

e?

macird

L-S= 4,“1362 (o x V() -p (3.2.6)

o, L and 8 are respectively the Pauli spin matriees, the sngular momentem and the spin operators.
When the spin-orbit interaction is included, another set of basis functions is usnally 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 { = 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 § = 1/2 and a quadruplet
with 7 = 3/2, where j is the eigenvalue of the total momentum J = L+ 8, as indicated in table 3.1.
In the latter, the new basis is also presented as a linear combination of the functions | X}, |¥},|Z).
The spherical harmonics Yy, .can indeed be expressed as Yio = [Z) and Yia = F1/V2|X £4Y)
|89].
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Denomination j and m; hasis | X}, YY), |Z) basis
Heavy hole (HH) |3/2,3/2) VX +Y) 1)
Light, hole (LH) [3/2,1/2) —1/VB|(X 44V [+

V2/VAZ 1)
Split-off band (SO) [1/2,1/2) VX 4+4¥) ) +
1/V3|Z 1)

Table 3.1: Expression of the valence bands basis functions. Only the eigenveetors having a positive value
for m; are given for clarity. The constants in the right column are given by the multiplication of the Clebsch-
Gorden coefficients for the compaosition of an angular momentum { = 1 and a spin 1/2 together with the

factors expressing the angular momentum functions ¥;,, in the |X},|Y), |2} basis {89, 90).

The task of calculating the mafrix elements of the hamiltonian is tedious, in particular when the
remote bands are taken intc acconnt. The latter are included via a second order perturbation,
through mathematical methods proposed by Luttinger and Kohn in 1955 [87], and a few vears later
by P. Léwdin (91, 89]. The expression of the so-called Lutéinger-Kohn hamiltenian HE¥ is similar
to equ. 3.2.4 and reads:

Hif = B;(k = 0)855 + Y Doflkaky (327)
. <

with 5 s
i B2 PLPL, + Ph s
D = 5 L JET &F JEXES

37 Gy 00 G ? Ei(k=0}— Ep(k =0}

(3.2.5)

The index 7 and & refer as in eqn. 3.2.4 to respectively the 6 valence bands {therefore j = 1,2,...6)

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

P+@ -8 R 0 -$/vZ VIR
-5 P-Q 0 R —/2Q 3/25
= — R i P-Q 8 J3EF VIQ (3.2.9)
0 R* 5 P+Q —VIR -5//2
-5 VT 2@ /335 VIR P+A 0

V2R 3280 VEQr -S/vI 0 P+a
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where
h2 2 2 2
P= bty + k) (3.2.108)
Q= —’f-v (k2 + k2 - 2k2) {3.2.10b)
2?,”0 2\ g v z WL
fﬁ [ Yalkz — iy ) + 2iyskaky)] (3.2.10¢}
§= £l Ta(km — iky)k, {3.2.10d)

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 -y can be expressed with the momentum matrix elements p,,» and
calculated. However, they are usually considercd 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 - 8 can be rewritten L - 8 = 1/2(j% — I2 - 5%) and is different if j = 3/2
(HH/LH bands) or 7 = 1/2 (80 band). Note that the influence of the SO band can not he
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 D*f determines the effeé:tive mass and
totally depends on the coupling of the band n with neighboring bands. In the case of 2
Si/Sio.2aGeps QW, the effective masses take the following values: HH m% =0.215, mN=D 079
LH w7 =0.091, mﬂ=0.148. In the case of §i, the corresponding valnes are HH m =0.277,
mj,=0.216 LH m} =0.201, m},=0.253. After Ref. [92].

4. for kz,ky =0, the factors R and S vanish. The non-diagonal elernents 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 alt the
bands are coupled whenever the value of the momentum is non-negligible. This fact has a

particnlar importance in many physical processes
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Another remark concerns electrons and the conduction band, which can also be included in the k-p
hamiltonian [83]. This allows in particular to determine the effective mass of the electrons. The
values deduced yield 0.9 and (.2 for the parallel and perpendicular tnasses 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 Si;_;Ge,
layer grown on a 5i,—,Ge, substrate is strained if z # y. More specifically, & 5iGe layer containing
more {less) Ge than the substrate is under tensile {compressive} strain, a3 a consequence of the
larger lattice constant of Ge. Indeed the interatomic distance in the plane perpendicular to the
growth direction (symbolized hy ;,} is forced to match the in-plane lattice constant of the substrate
throughout the whole heterostructure. This resulis 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 s compressively strained SiGe layer, The amount of stress can be calculated
with the expression ¢j; = 22, where the lattice constant of the substrate and the epitaxial layer
are given by as and a.. The strain in the growth direction is rclated to e, through Poisson’s ratio :
€ = "TZZEECH = —Zg#e// Here o is the Poisson’s ratio, and Ch,y, are the elastic stiffness constants.
The cffects of strain are more easy to understand when the strain is decomposed into an uniaxial
component €,; and a hydrostatic component. The latter corresponds to & volume change epygr =
& = 2¢; + €1, where V is the unstrained unit cell valume. As shown on Fig. 3.3 c), the
expression of epygr is found assnming a constant strain ¢z, equal in all directions while ¢,7 is given
€az = €1 — €;;. Both strain componenis epydr and €, cnter in the LK hamiltonian Hyx when
multiplied by empirical constants called “deformation potentials™ following a procedure developed
by Pikus and Birr [94, 89].

An uniform shift by an amount —8Euye of all the bands is triggered by the hydrostatic strain
hecause it corresponds to an isotropic change of the inter-atomic distances. Ou the contrary, the
uniaxial stress breaks the symmetry of the unit ccll along the 2 direction. Thus it affects the HH,
LH and SO bands differently, depending on their respective symmetry, given explicitly in the Table
3L
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Figure 3.3: a)Schematic representation of two free standing Si; Ge; and Si,Ge, crystals. The
lattor are represented by cubic lattices for simplicity. b) Situation when the SizGe: layer
is grown on a SiyGe, crystal. ¢} Decomposition of the effects of the strain into either the

components €) and ¢, (solid line) or exyqr and e.;. The isotropic dimension change accounted

by €nyqr is represented by a grey square. The dashed line shows the unsirained lattice.

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

ks =0 by [95):

AEBgu(k = 0) = —6Epyq — ‘532“ (3.3.11a)

AELn(k =0) = —6Ehy4, + %(JE,,, ~ A4 /AT Y AGE,, + 9/15E2) (3.3.11b)
1

AEgolk = 0) = —6Enyer + 5(55;.; — A& — /AT + ASE,, | 9/48F2,) (3.3.11¢)

For vanishing stress, the LH end HH bands arc degenerate and raised by an cnergy corresponding
to the spin-orbit coupling A with respect to the SO band (sce section [3.2.2]). Note that the valence
band edge can be either HH- or LR-like, depending on the sign of ¢, as shown in Fig. 3.4 and the
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example reported in Fig. 3.6.

. hydostatic and
unstrained hydrostatic strain unlaxial straln
HH
—mw === Y
....... tH
tmenw HH band
rrrcrm— HH
m = Hband
degenerated
- LH-HM bands compressive straln tenslle strain

Figure 3.4: Tlustration 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 thickncss of & 8iGe layer 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 dislacations. This mechanism strongly depends for example on the growth parameters
such as the tcmperature 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 Ge content diffcrence
between the epitaxial layer and the substrate, as shown in Fig. 3.5, Two curves are reported
on this graph and correspond to the sitnation of a single uniform SiGe layer grown on a 8i(100)
substrate. The dashed line 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. .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 S
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 8i;Ge, alloys grown on a 8i,Ge, substrate corresponds
thus to the value given in Fig. 3.5 for a Ge concentration given by z — g. Note that as long as
the thickness of the epitaxial layers is kept below the critical thickness, the growth is said to be

psoudomorphic.
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Figure 3.5: Critical thickness as a function of the Ge content for SiGe layers grown on pure
S5i substrate. After Ref. {96, 97).

The thickness of individual layers is typically limited to about 10 nm 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 subsirates. The use of the latter allows indeed to deposit
successively layers under compressive and tensile strajin compensating each other. The average
clastic 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 81 (100) substrates, since SiGe layers with only one sign of
strain can be grown. For this resson the thick active region of SiGe QOC emitters can only be

realized on SiGe pseudosubstrate.

Notc that another mean to go arouud the problems related to the strain exists. Indeed the incor-
poration of a small amount of carbon in a SiGe layers can compensate the buili-in strain induced
by tbe Ge to the ratio of ca. 1% for 8% Ge. The lattice constant of diamond is indeed smaller
tban that of both Si and Ge. SiGeC alloys have basically the same properties tben that of S8iGe.
However the quality of the erystal degrades rapidly if the C-concentration is as low as one or two
percents. This characteristic is uufortunately not compatible with the fabrication of 85i/8iGe QC

lasers, because of too large Ge content required in these structures {99, 100, 101).
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3.4 Bandoffsets in the Si/Ge material system

The band edge discontinuities are among the most essentizl parameters necessary to determine
the intersubband properties of heterostructures. In this section are summarized the results of

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

A first model developed by C.G. Van de Walle is based on density-funetional caleulations and
ab initio pseudopotentials. An absolute reference cnergy must first be defined for the different
semieonductor alloys. On this absolute scale the average position B, of the three valence bands is
then calenlated. The spin-orbit energy A is taken from experimental data, as well as the energy of
the bandgep. The value of the latter allows to determine the position of the conduetion band, The
energy shifts and splittings due to the strain, given by the equations 3.3.11¢ are finally introduced.
This procedure must be carried out for the different compounds of interest and aliows to derive the
band lineups. A sccond model based on an empirical psendopotential approach, predicts similar
but slightly larger bandoffsets compared with the values found in the precedent theory. Further
details and examples can be found in Ref.[102, 103, 95, 93, 81].

The resnlts of the model of Van de Walle, restricted to the valence bands are shown on Fig. 3.6.
The heterojunetion deseribed, i.e, a Si barrier and a Sig3Geqg quantum well grown on SigsGeas
substrate is the combination of SiGe alloys mostly used throughout the present work. A eomparison
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(100) substrate are two parameters limited by the strain. The meximal Ge
concentration in tbe optically active QW of pseudomorphically growa QG structure is on the order
of 40%. In that case the HH bandoffset, given by an empirical relation[82] Vgy = 0.78 - & for
z £ 0.45 is only about 300 meV, The corresponding value for a QW grown on a relaxed SiGe is
almost double (565 meV for tbe exainple shown on Fig. 3.6). The use of 85iGe substrate therefore
not only aliows for strain compensation, but is also particularly suitable for QG structures because

it offers large band discontinnities for holes.
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Figure 3.6: ) Band alignment for a SipsGeo.s substrate. As the crystsl is unstrained, the
LH and the HH bands sre degenerated and splitted from the SO band by an amount A. b)
Band alignment, in the case of a 8i layer grown on a Sip 5Geg s substrate. ¢) Band lineup for a
Sig.2Gep.s layer grown on a 8 SigsGep s substrate. d) HH and LH discontinuities as a function
of the 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 $i 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
inte two equivalent A,/ and four A) minima. The most attractive system consists of pure Ge and
Si layers deposited on Sig5Geg.s pseudosubstrate. The confinement energy is about 550 meV for
the A bands, which constitute the lower and upper band of respectively the 8i QW and the Ge
barrier. The encrgy splitting between the Ay /A bands is actually only half the latter value [104].
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3.4.1 Band structure of semiconductor quantum wells

Finding the cigenvalues and eigenfunctions selntion of the Schrédinger equation deseribing the
motion of a particle in a W is a classical problem of quantum mechanics. First the schridinger
equation in the well and the barriers is solved. The wavefunction has the form of cither propagating
or evanescent plane waves. The eigenstates and the cigetivalues are found by solving the equation
Hiy = Ei and by imposing the continnity of the wavefunction and of the current probability
#% at both barrier/well interfaces. From the boundary conditions, discrete cnergy levels arise,
corresponding to states confined in the QW. This problem and the way to solve it are very similar
if & semiconductor QW is considered, except that the hamiltonian in the barriers and the well is
given by the bulk Luttinger-Kohn hamiltonian Hpx. 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 dircction and therefore the wavefunctions arc described by plane waves in the directions x
and y, a set of 6 slowly varying functions of z f(2z) and the 6 Bloch functions u, (r)™, where the

index m refers to either the barrier or the QW:

G
P (k,r) = ket S £ ) Wl (K, r) (3.4.12)

n=]1

Usnally the u,{r}™ are taken to bec equal in the materials composing the barrier and the QW,
limiting the validity of the method to semiconductors having similar chemical properties. As &
consequence the difference of the erystals are filly accounted by the Luttinger parameters in the
LK-hamiltonian. As in the classical one-band model for QWs, the confined states in the QW arc
fully determined by the effective mass oqnation Hpgt(k, r) = Ey(k, ) in each semiconductor layer
and the boundary conditions at each intcrfaces. 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 nsing a transfer-matrix approach [106, 107].

Another possibility for calculating the energy and the wavefunction of bonnd states in a heterostrue-
ture has been developed by T. Fromhers [84]. The basic idea is to consider that the structure is
repeated infinitely, as in a erystal that would have a lattiee constent L given by the sum of stack

of QWs and barriers. This assumption allows to expand the envelope functions f.(z) in Fourler
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series by analogy with the Bloch functions:

fal2) = €%y gy P00 (3.4.13)

?
with k; = §, p = £1,£2,.. and |g] < § The boundary conditions expressed as ¢(z + L) =
e*:L1(3), are auromatically fulfilled with the choice of 1. The coefficients ¢, r, and the energies
Ey, are found from calculating the matrix elements of the LK hamiltonian and then determining

the eigenvalues and sigenvectors.
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Figure 3.7: a) Bandstructure of a 35 A 8i/SigyGeos QW grown on SipsGeng substrate as
calculated in the 6 band k - p transfer-matrix approach. The caergy at & = 0 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 reed 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,. Morcover the syminetry
of the states is not well defined as they are a mixture of the three valence bands at & # 0. In

particular the LH and the 80 levels are coupled even for vanishing momentum {see section 3.2.2)
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and thus are usnally 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. Negleeting this can
lead indeed to non-negligible energy differences reaching tens of meV, in particular for LH and SO
levels. Such diserepancies are clesrly displayed on Fig. 3.7b), where the resulis of a 4 and 2 6 band
k- p model are shown. Dissimilar LH/SO; encrgies are indeed found at kyy = 0. A more much
spectacular difference is the absence of the anticrossing botween the LH/SO, and HH; levels in the

predictions of the 4 bands nodel.

The HH; and the LH/SO; levels are split at k = 0 due to tbe strain. Since the QW is under
compressive strain, the ground state has a HH symmetry. It is important to note that when tbe
QW width is such that the HH;-HH; transition encrgy corresponds to & 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/SOy level above the the Frst excited
HH level HH,. This haslsigniﬁcant consequences for the realization of a SiGe QC iaser as the
phonon secattering between HH and LH is very efficient, reducing substantially the lifetime of the
HH,. This issue e discussed in details in section 3.6 and the chapter 5.1

Both calculation methods previously presented in the text require the diagonalisaiion of large
matrices. This problem must thus be solved numerically and this procedure is of conrse rather
slow. Therefore, instead of modelling complex heterostruetures such as QC lasers with a complete
6 bands k-p model, an uncomplicated prograin was used. It consists of a single band model allowing
to caleulate the HH eigenencrgies and wavefunctions.? This simplifieation is possible because optical
transitions between HH states is a pricri preferable for a SiGe QC emitter (see section 5.1) and
the latter levels are totslly decouplied 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 HH;-HH3 transition
encrgy reported in Table 3.2 show that the accuracy of a singte and a 6 band k-« p model is similar.
When necessary, the calculations have been later rofined by a complete § band k- p.

! The lifting of the degeneracy also depends on the fact that the two states have a different mnss and on the much
Inrger HH barrier height. The latter effocts however are important only if the width of the QW ks thinper than 2 nm.

*The parameters used arc AEns = 565 meV for the HH bandoffset together with m* = 0.277 m* = 0.215 for the
cffective mass in the Si barriars and the Sig 2Geg.s QWs (sco sections 3.2.2 and 3.4).
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QW width [A} Single band model |meV] 6 band k- p model [meV| experimental data [meV)

35 220 210 235
30 268 265 262
25 325 330 325

Table 3.2: Results obtained within a single band or 6 band k- p models for the HH,-HH; transition
energy in moduelation 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 7 and f in a p-type QW requires
the calculation of the optical matrix elements given in the dipole approximation by {(f|e- p|4).
Here the vector e gives the direction of the electric field. Basically the kets {4) and |§) consist
of the multiplication of an envelope function f5/{z) and tbe Bloch functions uwy/ (k, r) as already
mentioned in the precedent section (see the relation 3.4.12). The expression of the optical matrix
elements thus reads:

Wyle-slw=c 3 [ | sheorian(ut ik + (s pled) [ f,{.'f:;d3r] (35.14)

m,n=1
where € is the volume of the crystel. The cross-terms involving an envelope function fn(z). the
operator p and tbe 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, 110]:

- the integral in the first term determines the index of the two states |4} and |f) 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-magaetic 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-
duetion band. LH-IH 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 envelape functions f3(z) have the same parity. The

clement (u.,’n [pl u;) 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 ky; and their origin
come from the coupling to the remote bands.

The matrices describing the palarization selection rules are not shawn 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 #X¥ becanse of the analogy between the operators ¢- p and k-p. An
excellent illustration is given in Ref. [45], p. 71. In Table 3.3 are just summarized the sclection

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

HH, LH, HH, LH, HH,
HH, - TE/TM, TM TE TEk
LH, TE,/TM; - TE TM  TEx/TM;
HH, TM TE - TEy/TM, 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 clement is proportional to the in-plane marnentum k.

3.6 Deformation potential interaction

In & crystal, the vibrations of the jons about their equilibritn positiens are calted phenons. They
lead to & dynamical change of the overlap or the conpling between the wavefunctions of neighboring
atoms. This induces a time-dependent perturbation of the bandstructure alignment which allows
intra- and interband scattering processes according to the Fermi Golden rale. This mechanism is
calied deformation potential interaction and by its nature is common to all semiconductors.

The phonoen scattering matrix elements M; 5 between two states is simply given by the multiplication
of the atomic displacement u;, & constant a called the defermation potential determining the
strength of the interaction end a tensor D whose components are set by the symmetry of the

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

My = (i|oD- uj| f} (3.6.15)

In the present equation, the index j refers to all the different phonons which can exdst in the
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allay considered. 3The vector u; has the form of a plane wave u; = Aé;e®™ where A represents
the amplitude of the phonon elongation and £; its propagation direction. The tensor 12 describes
the hole-phonon scattering sclection rules, which can be summarized as follows: phonon scattering
processes are only allowed between bands of different symmetry. In the angular momentum basis,
it mesns 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 |z), Jy) and |#} functions.

The above sclection rules are actually strictly correct only for ky; = 0. The deformation potential
intersction between any subbands is indeed allowed by the strong bandmixing occurring at non-

vanishing in-plane momentum.

3)

; )
‘ JNONN O

Figure 3.8: a) Primitive cell of a Si or Ge crystal. At the position of each stom are drawn
p: and p; functions. They have all by definition the same orientation, as the ones shown on
the npper part of the sketch., b) Schematic representation of the p, and p, 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 |z) and |2).
This pracess 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 z or z axis as
indicated by the sketch on the lower part of the figure. The plus and minus signs indicate whether

*Explicitly for a Sip.sGeo.s compoitnd: Si-Si (60 meV), $i-Ge (50 meV) and Ge-Ge (36 meV) [83]
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the p-funeticns have a positive or negative value. These functicns represent the relevant bands =)
or {z) involved in the scattering process considered. Fig. 3.8b) displays a schematic drawing of
these funetions through the plane z = 0. It is clear from this figure that the total overlap between
the differcnt |z} 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 phenon 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 fanctions 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 eontrary is
different in this situation and do not balance each other anymore. This leads in the tight binding
approximation to a dynamicel change of the bandstructure. The coupling between the bands |z)
or |z) and an optical phonon polarized in the g direction is thus allowed, as stated in the selection
rules. It is easy to show that any other combination different than the one implicating wavefunetions
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 heterostructurs 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 lifctimes
[111, 112). 1n the present manuscript only the thearetical and experimental work of K. Reimann et
al. and I. Bormaan et ol 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 hands k- p model to calenlate the bandstrue-
ture of pscudomorphie 8i/Sip.5Geg s modulation doped QWs. Three states are clearly confined in
the 44 A wide QW, as shown on Fig. 3.9. On the latter, the possible scattering channels from the
HH; to either the LH/SO; or the HH, levels are indicated by arrows for the Si-Si, SigsGegs and
the Ge-Ge phonons. These processes imply 8 momentum transfer &, 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 HHy and HH, levels, as the latter

has a LH/SO component at k # 0. In the present case however, the HHa to LH/S0, scattering
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channel is favored by the sclection 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~! and only 0.8 ps—! to the HH,. This
results in an overall HHo lifetime as short as 280 fs [B3]. This prediction is in excellent agreament.
with the experimental value (2504100 fs) obtained by puinp and prehe technigue [116].

Similar calculations have been performed by I Bormann et al and lead to a slightly longer but
similar HHy lifetime of 400 ps [1151.

TR T TR T 0
vewa w0 iy

Figure 3.9: Dispersion relations for the levels confined in a 44 A wide Sip,sGep.s QW grown
on a 8i substrate. The errows indicate the possible scattering channels for the different optical
phanons. These processes are all accompanied by a momentum transfer kys. The dashed line
indicate the chemical potential u. 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 8iGe QC
lasers. The questions relatcd to the hole-phonen 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 8i and Ge is a
stringent obstacle to the fabrication of 8i/SiGe QC lasers. The severe limitations of the growth of
pseudomorphic heterostructure on 8i (001) substrate are well illustrated by the example of section
[5.2]. Strain compensation and the use of $iGe 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-
ticn band may appear at first sight more attractive than the complicated valence band. Actually
the bandstructure is complex in both cases, as mentioned in seetion 3.4.1 and 3.4. The properties
of n-type mnlti-QW structures depend strongly on the different A and L valleys, whereas in the
valence band one must take into acconnt HH, LH and SO bands. Hawcver working with holes
presents several advantages. The value of the bandoffset in the condnction 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 & severe hand-
ieap since the oscillator sbrength is proportional to the inverse of this quantity. The transport of
carriers through barriers, which is a crucial issue for QCLs, can also be strangly 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 becn
performed on n-type 8i/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 5i barriers and Sig2Gegs QWs grown on SipsGeps 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 QU structures, the Ge content is limited to 80% here. The bandoffsets are thus
cloze to the maxima)] value schievable on a SigsGeos pscudosnbstrate. Besides, the larpe overall
Ge content has the following benefits. The effective mass of hales in Ge are lower than in Si, as
well as the activation energy of boron. In that cese 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 iight, as explained in chapter 6.



Chapter 4

Intersubband characterization of
Si/Sig 9Geg g heterostructures grown

on Sip5Gey 5 relaxed buffer

The theoretical framework and the choice of the material systemn for the development of SiGe QG
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 roguires a good knowledge concerning many different issnes such as the growth on
Ge-rich pseudosubstrates. In addition, little has been done experimentsily 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 8i/Sip 2Gegg het-
erostructures deposited on SipsGegs. The issues related to the growth by MBE of 8i/SiGe lavers
on pseudasubstrate are first briefly summarized. The analysis of the vertical transport through res.
onant tunneling diodes and intcrsubband absorption measurements performed to study the optical

characteristics of single and coupled QWs are then presented.

47



48 MBE growth

4.1 MBE growth

The growth of SiGe layers on §i was pionecred by E. Kasper et ol in the late 70’s.[117] Since then,
constant progress in the quality of the deposited layers has been realized. SiGe-based devices such
88 5iGe heterojunction 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 mainty used for the deposition of SiGe beterostructures,
namely chemical vapor deposition {CVD) and molecular beam epitaxy (MBE) (for a review see
for example |82, 118, 113]). The main advantage of the latter is that the growtb rate and the
substrate temperature are basieally independent from cach other. In particular a low growth
temperature! can be chosen in MBE systems, which reduces the surface mobility of the deposited
atoms. This prevents the scgregation of the dopants [120, 121] snd 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-sirained 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 Sig.sGeo s pscudosubstrates grown by low pressure (LPCVD).[123] The latter are fabricated by
depositing on & Si wafer successive epitaxial Hlms with an increasing Ge content until the final
conucentration is achieved. Different tricks, such as sbrupt changes in the incorporation of Ge can
be used io induce the relaxation of the epitaxial layers stepwise during the growth and to pin the re-
sulting dislocations bencath the surface. The preparation of the SiGe psendesubstrate 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 presenied zll transmission electron microscopy {(TEM) image of a SigsGeqs pseu-
dosubstrate. Many defects are clearly present and most of them are coufined 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 psendosubstrate, on the contrary to threading dislocations reaching the

surface. In particular this latter type of defects can shaort-circuit the vertical transport through the

Crystalline SiCe layers can still be grown by MBE at a temperaturc as low as 280°C. For CVD systems, the
growth temperature is typically bigher than 500°C as below this value the deposition rate vanishes.
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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 80°s in n- or p-type 5i/8iGe.[127, 128} These devices have potential applications as
they rely on intrinsieally fast tunneling processes. For a review, see for example Ref. f11].

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 sunneling 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 cascede emitter
as they allow to map out the holes levels in the 3iGe QW. They can also give & first insight into
the maximal current density that can be injected by resonant tunneling in QG structures. Other
issues which can be addressed are the amount of parasitic leakage current induced by the many
defects present in the pscudosubstrate and in the device itself, as well as the injection of carriers
into HH states positioned above or close to the LH barrier. Tn that situation, which cccurs in the
QQC structures presented in Fig. 5.8 and in section 5.3, holes can indeed be either properly injected
in the HH level or simply lest in the LH continuum. The latter scenario is of course not desirable. A
similar carrier loss in the continuum alse occurs in short wavelength III-V QGLs (or in the X-valley
of GaAs/AlGaAs QCLs) and leads to difficulties to achieve high-temperature operation [129, 130,
In this scction the results of transpert measurements performed on three different RTDs grown
by MBE on a doped Sig5Geps pscudosubstrate (2 microns thick layer doped at 1-10'%cm?) are
presented. The width of the single SipoGegs QW has been varied from sample to samnple (25-35-45
A} whereas a constant thickness of 40A was kept for the Si barriers. These layers are cmbedded
between two 150 A long SiGe ramps whase Ge content is linearly increased from 50% to 80%. The
first 100A of these two regions are doped with B at a concentration of 2+ 10%8¢m®, The same doping
level js used for the 2000A Sip5Geos layer capping the structure. The diodes measured consist of
100x100 pm? sguared mesa defined by standard photolithography and a dry ctching step. The
bottom and top electrical contacts are provided by the evaporation of Al pads, annealed in ambient
&ir at 380 °C during 25 seconds.?

?For further readings on metal contacts and annealing, sce Ref. [83]
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Figure 4.3: Schemstic drawings representing the bandstructure of a RTD at differeat volt-
ages applied between the emitter and the collector. At the lower right corner of the figure is
represented the VI characteristic of & 23 A RTDs messured 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 staie
in the QW. The cnergy and momentum conserving tunneling inte the HH; 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 Tesonance with o subband confined in the QW. (G}
The current suddenty drops if the voltage continues to grow, as there are no longer carriers in
the cmitter which can tunnel in the QW while conserving their lateral momentun. However
the tunncling current does not completely vanish beceuse 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,c-,u. For sufficiently large voltages and at high
temperature, thermionic cmission over the batriers and thermally induced tunneling throngh
higher-lying states occur. They also degrade the peak to valley ratic and are responsible for an
exponentially inereasing background current.

In Fig. 4.4 are reported the current vs voltage (V1) characteristics obtained at 77K with the three
different RTDs. Up to four resonances are present in these curves together with an exponentially

iucreasing background current. The latter is mainly due the escape of the carriers above the barriers,
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which are continucusly lowered by the increasing electric field (see Fig. 4.3). The observed peaksin
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 resulis obtained with p-type
Si RTDs. The current density can yield at resonance up to one ar two kAjcm®. This value is
about one order of magnitude too low compared to the eurrent 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 tbe required value are very likely

achievable in RTDs and thus in SiGe QC structures as well.
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Figure 4.4: -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 the first HH resonance and that the
three curves are shifted for clarity.

A clear confinement shift is observable in Fig. 4.4. An important thing to note is that the diffcrcnce
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 & different index, more specifically HH, and HHa.
This remark is consistent with the comparison of calculations and the experimental date reported
in Fig. 4.5. The theoretical curves have been deduced from model assuming that the voltage drops
lincarly across the heterostructure and part of the collector. The injector is considered to be Aat,
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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8s confirmed by measurements performed in a magnetic field parallel to the current [131]. Further
results obtained in & 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 AQW, the expcriment it a
parallel field configuration (actually similar to Shubnikov-de Haas measurements [132]) revealed
the presence of two states in the injector-QW regiosn below the Fermi energy.® 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 A QW davice at low bias.

The following statement can be made because of the exeellent agreement batween the experimental
points and the theoretical curves shown on Fig. 4.5. The resonance corresponding to the LH; level

is tofally missing in the experimental data. This remark is consistent with the fact tbat:

1. the levels in the emitter region bave necessarily & HH symmeiry because of the sirain-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 wavefunctions

arc orthogonal.

However, current peaks involving LH levels have always been experimentally observed since the
first demonstration of p-type RTDs by Mendez et af [133]. The cxplanation 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 eenserved, the
levels in the QW and the emitter region have s finite in-plane vector. They consist therefore of a
mixture of LH and HH, enabling the tunneling into LH subbands.

The absence of the LH; enrrent peak may of course be just a sign of the weakness of the model used
so far. The apparent discrepancy can in principle also be explained by a weak LH-HH bandmixing
in our structures. This argument is supported by the much larger splitting between tbe 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-tunncling measurements can in principle validate these considorations. This tech- -
nique is indecd well-known to allow the mapping of the snbbands dispersion relations.[135, 136]

This should help to distinguish the different levels, in pattienlar since a clear anticrossing of the

*Here a posttive energy for the holes is chosen.
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HH; state is predicted by a 6 bands & - p model (see Fig. 3.7). Moreover the application of a strong
parallel magnetic field might incresse any current related to the LH; level, as besically the offect
of the field is to increase the in-plane momentum and consequently the bandmixing. The growth
of new RTD structurcs, with & lower Ge content in the injector could also help to further prove

experimentally that the hole symmetry is conserved in 8 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 indieate the position of the LH
barrier. The HHg resonance is exists oaly in 35 A and thicker QWs.

The first excited HH level is respectively close to and well above the LH barrier in 35 and 25 A QWs,
The presence of the resonance associated with the HH; level in the curves of Fig. 4.4 indicates
hence that the injection of carriers in HH levels placed in the LH coatinuum is possible. The peak
to valley ratio for the HH2 state, which is comparable to the best values reparted 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 IV curves can be clearly observed up to room

temperature, whereas the temperature operation of SiGe RTDs grown pseedomorphically 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 tbese two materials. It is in general about 200-300 meV
for the RTDs grown on Si substrate whereas it doubles in the ease of S5i/Sip2Geps QWs grown on
pseudosubstrate, as already mentioned in section 3.4. The latter guantity reduces exponentially
the valley current due to the direct tunneling into collector states and the thermionic emission over
the bartier . The high temperature operation of our devices gives thus an sirong evidence that the
physical behavior of the HH states is to a large extent only determined by the HH and not the LH
bandoffset. -

Ancther 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 1-V characteristic of the 25 A RTD at low voltages (0.01 A /em? up
to 0.1 V). This value is consistent with tbe typical leakage current (typically less than 0.1 A/em?)
measured for large devices (900x900 um? Ti-gate) fabricated to perform intersubband absorption
on modulation doped QWs (see next section). The finite resistance of the RTDs consisting of 45 A
QW at low voltage is due to the partial population of the HH ground state. This subband is indeed
below the Fermi energy in that case, as explained elsewbere in tbe text. The many dislocations
induced in the erystal by strained layers and the psendosubstrate itself are hence not harmful for
the vortical transport through our heterostructures, 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-
conduetor heterostructnres. This technique gives indeed an insight among other things into the
energetic positions of the different levels confined in & QW or the origin of the broadening of the
intersubband resonances. The first observation of intersubband absorption from p-type and n-type
81/8i1Ge QWs goes back to the earty 90s. [137, 138] It is interesting to note that modulation dop-
ing effects in B-doped Si/SiGe beterojunctions grown by MBE has only been demonstrated twenty
years 8go.[139]

In this section intersubband absorption measurements performed on modulation doped guantum
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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 rcferences thercin. 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 conpled into the 4 mm long sample polished in & 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 & He-cooled flow cryostat and licld at temperatures between 14K and 300K. A
square wave voltage modulated at 90kHz was applied betwoen four lined up 900x900 ym? gates
and the olimic contacts. The bias was alternatively changed from +2V to -1V. A leakage current

lower than 100 sA st low temperaturc was measured.
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Figure 4.7: Schematic drawing showing the experimental setup used for absorption measure-
ments and the geametry of the in-coupling of the light in the sample. The two polarization TM
and TE are indicated.

The resulis of polarization dependent measurements abtained under these bias conditions with the

35 A QW structure are displayed in Fig. 4.8 8). 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 hole (HH) ground state HH; to the first excited state
HH; (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 ¢)) 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 wavegnide geometry used, as the electric Feld in the transverse magnetic mode

is not aligned along the growth direction but is tilted at 45 © (see Fig. 4.7).
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Figure 4.8: Experimental a) and theoretical b) results obtained for the structurc consisting of
35 A modulation doped QWs. ¢) Results of a self-consistent 6 band & - p model.

The first TE resonance, with its peculiar low energy shoulder, may at irst 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 ky; = 0.[84] The euergy of the relevant states are displayed in
Fig. 4.8 ¢}, together with the bandoffset parameters used in the present model. They are similar to
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those given by Van de Walle snd Martin discussed in section 3.4, Details about the caleulations are
given in section 3.4.1 and Ref. [B4]. 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 meV was introduced in the calculations. The exeellent agreement with the experimental
data gives confidence for the following assignment. As expected, the strong TM polarized peak
is consistent with the HHy-HH, transition. In the TE polarization, the simulations predict a first
resonance corresponding to the HH) to LH, trausition 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 clectrical 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 i w >200 meV. The onset of the absorption at 200 meV is
defined by the coupling of the continuum to the QW region. Sincc ot these low energics, propagating
SO contributions exist neither in the well nor in the SigsGeps region of the barriers, it is evident
that these states are mainly buili up from LH contributions. In the well region, the wavcfunction
of these states is antisymmetric and, therefore, transitions from the HH1 ground state are allowed
also for a vanishing in-plane wavevector. The transitions to these states gain oscillator strength as
their energy spproaches the resonance with the LHj state in the QW around 320 meV. (Note that
at arcund 300 meV a resonance with the SOy quantum well state is calculated. However, neither
in the calculated nor in the measured sbsorption spectrum a significant structure is observed at
this energy reflecting the 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 decreasc is unexpected, since the broadeuing
of the LH; state due to the coupling to the continunm should be stronger for highcr transition
energies, resulting in an absorption band with a high encrgy 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 SO; and LHg subbands. This resonance
occurs at an encrgy of 350-360 meV measured relative to the HH; ground state. At this energy,
the part of the eigenfunctions in the quantum well region is built up by LH; and 803 contributions
that are equal in size but contribute to the ground state transition matrix element 180° out of

phase, i.e. they interfore 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 energies, the transition matrix elements to the LH and
80 parts of the fnal states are in phase, and therefore, add up.

The calculated confinement shifts are in excellent sgreement with the experimental values, as
snmmarized in Fig, 4.9. This adds support to the predicted band offsets calculated according to
the theories described in section 3.4. Note thai the small discrepaney 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 HHz-HH;

transition.

The intersubband resonances present in the spectra are observable up to room-temperature. Per-
forming the messurements 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 scen from Fig. 4.10 a), the linewidth of the HH;-HH; transition becomes more affected by the
temperature as the QW width is decreased. This behavior suggests that the broadening of tbe
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, sssuming an energy and well width independent FWHM of approximately 30 meV. For
QWs thicker than 35 A, the linewidth remains basically constant (sbout 22 maV'} and is dominated

by interface roughness [142].
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Figure 4.10: &) Line broadening of the HH,-HH; transition for the different QW widths.
b) Mobility ns a function of the QW width, measured at 8 K. The dashed curves show the
calculated mobility for different scattering mechanisms [142).

The mobility of the cartiers 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 Hall
bars. The experimental results are shown on Fig. 4.10 b} together with the values of the maobility
compnted for various scattering mechanisms called impurity, iuterface, phonon and alloy scattering,
The latter curves have been caleulated following the theory described in Ref. {36, 143, 44] Tt is
clearly apparent in Fig. 4.10 b) that interface ronghness seattering dominates the 2DHGs mobility
when the QW width is smaller than 45 A. The values of the correlation length A and the height
A of the roughniess yield 37 and 7 A respectively according to the caleulations. The latter are in
good agreement with the results of structural investigations such as X-ray measurcments and TEM
pietures. For wells thicker than 45 A, the mobility is most likely limited by alloy scattering. The
slight divergence of the expertmental and the theoretical valnes 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.
The study of this type of heterostructures, despite their simplicity leads to the demonstration of
mauy 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 partieularly important influence on tbe injection of
carriers in the upper laser level of a QC laser.[57, 130] and therefore motivates the present study.
Morcover, the coupling between confined hole levels and Stark shift effects have never been observed
before in 5i/SiGe heterostructures.

In this section are presented intersubband absorption measurements performed on Si/Sig2Gegg
coupled QWs grown by molecular beam epitaxy (MBE} on a SigsGegs pscudo-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 applieation of constant eleetrie field
over the structure. The same low growth temperature (300°C) was used to avoid the undesirable
effects of strain.

The MBE growth started with the deposition of & 100 A SipsGeos layer doped at 1 - 10%8em3,
followed by a 250 A buffer left undoped. The aim of these layers is bo pin she Fermi level in the
valence band es 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, 1-10'"%cm?) and a 45 A spacer on the substrate side and a doped layer (100 A, 1.10"8cm?)
and s 30 A spacer on the surface side. The sheet carrier density in the heterostructure has been
measnred at 8K by Hall technique and reaches 2. 10'2em?, The optically active elemnent, embedded
between two 18 A Si barriers consists of 2 37 A and a 14 A Sig,Gegs QWs separated from each
other by & 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; and HH; close to resonance. The barrier thickness
is designed to indncc an anticrossing energy (40 meV) which is larger than the linewidth of the
optical transition between the HH; and HH; subbands in an isolated 37 A QW {(about 30 meV)
(see previous section}. This is required to clearly observe tbe coupling between the HH'y and HH;
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statcs. 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 HH; and HHp_ The growth further continues with an undoped 250 A thick spacer, a 100
A thick layer doped at s concentration of 1- 10'8em®, 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 depletion length beneath the
Schottky-gate, as determined from a G-V measurement performed at low temperature. Some
valuss 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 electrie field.

The preparaticn of the samples is identical to the one described in section 4.3.1 as is the measure-
ment technique. After the processiug, the devices were mounted into a He-cooled flow cryostat
and held at typically 10-20K. 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 coustant at +2.5V for all measurements.* At the
latter biss, the coupled QWs are basically fully depleted, as confirmed by the capacitance vs gate

4the range of biases accessible in both C-V and absorption experiments was limlted 10 -0.5V and rbout +2.5V by
leakage curronts
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voltage {C-V) messurements shown on Fig. 4.11. The optical absorption spectra measured with
& 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
eonstant bias (4V).

As seen on Fig. 4.11, the carrier eoncentration continuously increases at negative voltages and no
maxirmum at zero electric Rield is observed. A weak feature pesked at a depletion length of 1700 A
is present. It is most likely related to the first doped layer grown, which is placed 1300A 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 presenee
of the Ti-Schottky eontact induce a partial depletion of the QWs cven 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 semieonduetor surface, prior
to the evaporation of Th.

By d(sig:n, the HH] and the HHy levels can be brought into resonance by changing the voltage
applied to the Schostky 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 linewidth and cnergy 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 HH,, HH'; and HH; 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. 4.1ﬁ2. It consists of a single band model in which an homegenous electric held is assumed.
The valne of the coupling energy determined experimentally is 40 meV, which eompares well with
results of the simulations. They indeed lead to respectively 55, 38 and 27 meV for a bartier of 9,
11 and 13 A and demonstrate that the effocts of extremely thin barriers can be reproduced in our

heterostructure to & good extent.

A good fit between experimental and computed transition cnergies is obtained if one assumes that
the eleetric ficld 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 spestra taken at 10K, The measurements were performed
at different binses marked for cach curve. The curves are shifted for clarity and the position of
the inaximum of the high energy resonance is indicated by an arrow. A comparison between
the experimental data and the results of our celculations is given as an inset. Note that two
x-axis having a differcnt origin are used to plot the curves and that the experimental points
have been fitted with & quadratic polynomial.

The origin of this discrepancy can be the uncertainties related to the MBE growth. The model used
here is also certainly too wesk to reproduce perfectly the measured spectra. Assuming that the
clectric Reld across the heterostructure is homogenous is not realistic and a sclf-consistent program
solving iteratively the Poisson and the Schridinger equations should thus be nsed. 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 cansistent with the conclusions made from the G-V
measurcments and further supported by the following remark. According to the one-band model,
the high energy peak corresponds to the digonal transition between the levels HH, and HHj
when the electric field reaches about 90 kV/em, wheress the situation is inverse at lower fields.
The diagonal nature of the high cuergy resonatice is very apparent in our experimental data and
thereforc 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 A QW and 17
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Afor a 45 AQW sce section 4.3.1). For larger voltages, the high energy peak strongly broadens,
in contrast to the second featurc whose linewidth remains cssentinlly constant. This shows that
the high energy pesk has an increasing diagonal character, as in that case the resonance is more
subject to broadening induced by rough interfaces. Morsover both resonances tend to disappear
as a function of the gate voltage since the heterostructure becomes depleted, as proven by the G-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 HH;-HH] 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 inget digplays three
TE-polarized 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 unanbiguousty
demonstrate the fully TM-polarized nature of the two prominent resonances. This characteristic
is expected for optical transitions betwecn HH states, according to the polarization selection rules
{see Table 3.3). A set of much weaker pesks, ranging from 200 to 400 meV is also observed in the

TE polarization. These resonances are difficult to assign, but eccording to calculations performed
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with & 6 band k -p model, the resonance at 227 meV corresponds te s diagonal transition involving
the heavy hole gronnd state and the LH/SO level confined in tbe thin QW. This claim is supported
by the TE polarization of the resonance, which is in agrecment with the selection rules for LH to
HH optical transitions. This resonance shifts as well when the biss is increased from -0.5 to +0.5V,
as shown in the inset of Fig. 4.13. This is & 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 approxdmation. In that case, skightly underestimated values for the electric
field yields 22 and 55 kV/em for 0 and +0.5 V respectively. The agreement with the electric fields
deduced from our model (36 and 72 kV fem) is reasonably satisfying. The TE-polarized resonances
present at higher energies do not clearly shift as a function of the electrie field. This suggests that
these pesks 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 3i/Sip2Geos
heterostructures grown on SigsGens pseudosnbstrate for the realization of Si-based QC lasers.
Simple structures have been grown first to find correct growth parameters allowing to deposit
more complex structurcs. After that initial step, resonant tunnelling diodes have been grown on
Sig-5Gen.5 psendo-substrate to investigate the vertical transport through Si/Sig 2Geg.s heterostrue-
tores. Resonances in the current vs. voltage characteristic of these devices were observed np to
room temperature. These measurements provide many valuable informations such as the fact that
current densities reaching tens of kA /em? are most likely achievable in QG emitters. No severe
lenkage current was observed, despite the large number of defects present in the pseudosnhstrate. - A
much maore 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 shounld thas not significantty hamper the injection
of carriers in 8 QC structures based on optieal tranusitions between HHs. The experimental results

obtained also show that injection by tunneling in & 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 8i/8ig 2Geg g heterostructures
have been investigated using intersubband abserption messurements cn single modulation doped
QWs. :I‘his experiment revealed well-resclved 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 demenstrated our
ability to model the complex bandstructure of p-type S8iGe heterostruciures. High mobilities could
alse be achieved in the mmodulation doped QWs.

A gimilar experiment performed on coupled QWs allowed to observe the Stark shift of a diagonal
transition invelving a light and a heavy bole (LH HH) as well as the anticrossing between HH levels.
These ;mults provide a direct insight on bhoth the oscillator strength of diagonal transitions and
the conpling between HH states. The measured anticrossing energy is in a good agreement with
the value expected theoretically for an 11 A 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 vnluable knowledge on the intersubband properties of p-type $i/8iGe heterostructures has been
obtained from the transport and the optical measurements described in this chapter. Thesc experi-
ments indicate the suitability of Si/Sip Geq s heterostructures grown on Sig sGegs pseudosubstrates
for the realization of SiGe QC lasers.



Chapter 5

Design and experimental
characterization of the active region

in Si/SiGe QC structures

A bricf reminder on phonon scattering in polar and non-polar materials is first given. The differences
between the latter mechanisms and their consequences for the use of phonon resonsnces to engineet
population inversion i mid-infrared SiGe and ITI-V QC structures are emphasized. Two ways 10
achieve a long lifetime for the upper laser level are then described. One of these schemes relies
on the inhibition of the HH;-LH; scattering channel by a careful arrangement of the latier lovels.
An intersubband electroluminescence experiment supporting this concept is further reported. A
description of the most advanced 8iGe QC structures, whose active regions are designed according
to the concept of the so-called bound-fo-continuum transition, follows. An estitnate of the optical

gain expected in the latter intersubband emitiers 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 npside 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
becanse of its nature and is the main scattering process involving phonons in non-polar materials
like Si or Ge. Another mechanism, called the Frdlich interaction dominates in polar materials, such
as n-type 111V materials. Its origin comes from the dynamic cnergy variation due to the time-
dependent electric field induced by the phonons [147]. Indeed the latter deforms the crystel and
changes the distance between atoms having different valance, resulting in a built-in electric field.
This particuler scattering mechanism together with its dependence on the momentum transfer %,
has already been described in section 2.2, In summary the electron-pbonon scattering mecha-
nism is most effective if the electronic levadls are energetically in rescnance with an optical phonon

and thus provides naturally a very efficient mechanism to deplete the lower level in 1I-V QC lasers.

On the contrary, mid-infrared SiGe based QC strictures meking use of a phonon resonance to build
up population inversion like in 111-V materials are much more difficult to design. The deformation
potential interaction indecd does nlot have an explicit dependonce on the momentum transfer &y,
as can be seen on the expression 3.6.15. As a consequence tbe lifetime of a level does not necessarily
increase as in polar materials, if the energy difference with lower lying subbands increases. The
defoermation 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 phoncn resonance has thus to imply a LH and a HH level to be effective in
non-polar rnaterials. This fact has unfortunate consequences, restraining considerably the eptical
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 asseciate the two subbands having
the same symmetry becormnes very efficicnt because of the large momentum transfer involved and
hence the strong bandmixing of the lower state. A very sbort overall lifetime can tberefore be
anticipated for the upper laser level (0.5 ps or lower), as illustrated by tbe calculations reported
in Fig. 5.2. This statement doees not necessarily mean that population inversion is impossible to

achieve but a large gain coefficient is however not very likely in structures making usc of the phonon
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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 fiwro of the Si-8i optical plionon {about 60 meV) makes also the use of phonons
very difficult for two major reasons. First a large amtonnt of strain is needed to achieve a splitting
energy between the LH and HH ground levels comparable to fiwrp. The second restraint is the
limited LH bandoffset which renders basically inconeeivable the design of a QCL based on a LH-LH
laser transition, or involving & 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 HHz-LH;. 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 §iGe QC structure based on a phonon
resonance. Nevertheless this short discussion already indicates that the latter concept is difficult
to imp]cﬁent, if not bound to fail. Qther 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 suminarized.
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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 brefly discussed in section 2.2.
In that case the non-radiative lifctime 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 clement, a design based on & diagonal transition docs not necessarily imply a
large optical gain, The latter quantity is indeed roughly proportional t0 Typ - {2)? and only & slight

decrease of the optical matrix element can rapidly balance the benefits of a longer lifetime.
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Figure 5.2: Og the left hand side are schematized the situation and the relevant levels if
8 HHo-HH; transition is aniicipated 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 HH, scattering rate/fiifetime {left/rght scale} vs the HHy-HI; crergy spacing AE. The
contribution of the two possible decay channels, HH-HH, and HHz-LHS(Q;, are distinguished
by different grids. The arrows indicate whenever the value of AFE is sufficient to enahle the
HHa-LHSO) scattering mediated by either a Ge-Ge, Si-Ge or Si-8i phonons.

Another way to obtain & long lifetime for the upper laser level in p-type QC structures exists, The
phonon mediated scattering into SO/LH subbands is very cfiicient 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 achicved if the above scattering process is inhibited. This occurs in
patticular if the cnergy separation between the HH and the SO/LH levels is inferior to the energy
of an gpticel phonon.

This statement is well illustrated by tbe following example [83]. A laser transition occurring be-
tween the first two HH subbands confined in a single 5t/Sio sGegs 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 75 ' calculated for the upper HH ievel
Ty ! is given as a function of the HH;-HH, energy separation AE. The latter quantity is tuned by
changing the well width and is comparable to the HHs-LH,; spacing, since the splitting between the
LH and the HH ground states remains essentially constant (ahout 80 meV). The scattering rate is
given by two different contributions corresponding to the HHp-HH; and the HHp-LH; scattering
channels. At low energies, the process involving the two HH subbands governs the value of 7y 1
The energy of a phonan is in that case larger than the energy difference between the HHz and the
LH,, forbidding the decay of holes through the LH channel. The scattering rate increases then
monatonically as & function of AE, This dependence results from the enbancement of the LH/SO
mixture occurring to the HH; level. Above 115 meV, 7! has a step-like behavior and strongly
ingreases. Each new step takes place whenever the energy difference HHo-LH,; equals the energy of
either a Ge-Ge (35 meV}, a 5i-Ge (55 meV) or & 8i-Si (65 meV) optical phonon. As indicated in
Fig. 5.2 b), the computed HH; 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 discessed the results of clectroluminescence experiments supporting the idea
that an appropriate disposition of the SO/LH; level with respect to HHz can lead for the latter
subband to a long lifetime. These experimental results also have & partienlar significance since they
represent the first demonstration of intersubband 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-II were grown at a Jow temperature of 350°C on high-
resistivity 5i(100} substrates. Both samples consist of 12 cascades deposited on top of e buried
Si back contact {1 wn thick doped at 4 10'%¢m?), After every four periods, & 1000 A doped Si
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spacer was grown 1o lower the average Ge content in the heterosiructure. 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 A) finished the growsh. The aetive region of both emitters comprises
five QWs: the main QW where the optical transition occurs between the HHp and the HH ground
state, and four other QWs forming a miniband whose aiin is to inject the carriers from one cascade
to the next. The bandstructure of QC-I1, together with the relevani wavefunctions belonging to
one active region are displayed it Fig. 5.3 A detailed description of the layer sequence for both

samptles is given in Appendix A or can be found in Ref. [148].
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Figure 5.3: Schematic valence band diagram of one period of QC-11, under an applied electric
feld of 50 kV/cm. Ounly the HH bapdoffset and the moduli squared of the relevant HH wave
functions are shown for the sake of clarity. The LH and HH minibands are indicated by shaded
areas. The two levels labelled with the numbers 1 and 2 correspond to the HHy and the HH,

subbands inveolved in the radiative transition.

The main difforence 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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Figurc 5.4: Diawing 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 pm by 420 pm) were fabricated for both samples QC-I and QC-II. An Al top
contact was Hrst 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 380°C during 25 sec Rnished the
processing of the devices. Quteoupling of the light was achieved through a facet polisbed at a 45°
angle with respect to the plane of the layers. The emitted Yight 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 & pulse width ranging
from 0.01 to 5 us was supplied to the mesa structures. A lock-in detection technique, allowing
to discriminate the pulsed intersubband signal from the constant thermal hackground was used to
perform the EL measurements. The spectra were recorded with a Nicolet 860 Fourier transform

infrared spoctrometer in step-scan mode and a nitrogen-cooled HgCdTe detector. A schematic
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showing the experimenta! setup used for the present experiments is given in Fig. 5.4 together with

a sketeh of a processed device.

Typical specira taken at 10K from QC-I and QC-11 are shown in Fig. 5.5. A well-resolved reso-
nance, whose energy position is in good agreement with the expected HHy-HH; energy spacing is
observed on both eurves, as summarized on Table 5.1. This provides a unambignous sign of our
ability to tune the emission wavelength only by changing the width of the optically active QW.
This demonstration of & confinement shift effect certifies the lntersubband 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 SifSiGGe heterostructures [84]. This indicates sharp interfaces and
axcellent sample quality. According to computations performed by Bormann ef al, the broadening
of the luminsscence peak can be explained by the dispersion relations [115]. This statement is
consistent with 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 QG-I and QC-IL A clear confinement shift
is observed. A comparison between the experimental and the theoretical transition energy can
be found in Table 5.1.
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To further prove that the origin of the detected light is the intended HH,-HH; transition, po-
larization dependant EL and absorption measurcments were performed on QC-I1. The result of
the first experiment mentioned show the unequivocal TM character of the EL peak, ss expected
from the polarization selection rules (see Table 3.3). The absorption measurements were carried
ont 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 HH-HH; absorption energy

and the observed emission energy. Further details on these investigations ean be found in Ref. [148].

Sample QW width Ge contett Egm [meV]  Eieay [meV]  Eg, [meV]

QCI 45 A 41% 123 132 130
QC-II 394 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 dedueed from simulations and EL or absorption

measurements.

On figure 5.6 are shown the voltage and the light vs eurrent curves for the two structures studied
here. At large biases a serial resistanee is cbserved in the TV of QC-IT whereas for QC-1 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 scrial resistance constituted by the buried contact layer. For QC-I a misalignment
of scveral 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
bocomes quedratic. It is also accompanied by a relatively strong broadening of the EL speetra and
the appearance of & high-energy tail. This behavior is a clear sigu of both the heating of the deviee
aud the misalignment of the bandstructure at large clectric Reld. 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.
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Figure 5.6: Left hand side: schematic drawing showing the ladder of the relevant levels confined
in the optically active QW. Right hand side: VI and L1 curves taken at about 80K from QC-1
and QC-II. The scale on the right y-axis is identical for both samples.

For comparison, about 4 pW are obtained at 4 mA 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 HH3-SO/LH,; energy spacing is either larger or smaller than the energy of a Si-phonon in
respectively QG-I and QC-II. This difference is reflected on the lifetime of the HH; level as alrcady
explained. This quantity can be deduced from the slope of the LI curve since the light intensity
can be expressed as:

P g real (52.1)
where ¢ is the clectron charge, N is the number of periods, kv 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 tn; is considered to be unity. oy is the collection efficiency, which was calibrated
using an InGaAs/AllnAs quantum cascade light-emitting diode (LED) for which the radiative and

nonradiative lifctimes are well established [62]. 7yqq is called the quantum efficiency and is given
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by the ratio of the non-radiative Yifetime 7,, with the spontaneous radiative lifetime Typony:

2
(Tapont) ™! = #Z‘Oha(hu)3 {2)2(5.2.2)

In this equation n is the refractive index of the material, ¢ the speed of light, € is the permittivity
of the vacuum and {z} 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 HHz, which yields 0.5 ps and 0.05 ps for QC-T and
QC-1 respectively. Note that these estimates can be seen as a lower limit since a nnity injection
was assumed in the calculations. This affirmation is particularly true for QC-1 because of the
imperfect alignment of some of the levels in the injector region. The above valnes are cousistent
with the calculations shown on fig 5.2, Similar o, have been found by Bormann et el 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 QG emitters. Long lifetimes, comparable with the typical values for II1-V QCLs
could be achieved in the structures deseribed in this section. The latéor however suffer drastically
from two major limitations. The first obvicus difficulty is the strain, since the heterostructures are
grown pseudomorphically on Si(100)substrate. Even if the parameters of each QW were chesen 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 desipn of the active region itself. As discussed a long
lifetime for the HHz can be in principle achieved but no mechanism is provided to deplete efficiently
the lower laser level. The above concept requires a well-defined LH; in order to keep the energy
scparation betwecn HHj and LH; below at least the energy of the Si-Si phonan (65 meV). This
requirement translates into a weak coupling between the HH; and the injector levels, to insure s

minimal broadening of the LH; due to neighboring LH levels,
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Figure 5.7: Critical thickness as a function of the average Ge content (see section 3.3). The
black points refer to the strain status in different portion of the sample QC-1L. In the case of the
whole structure (twelve periods), the elastic energy stored in the crystal is sufficient to create
spontenecusly misfit dislocations. Taken from Ref. [149]

The exiraction of the carriers from the HH; subband can therefore only occur via tunneling into
& narrow {less than 10meV) miniband, which resnlts in & very long escape time Teseape. The latter
can be approximated as follows, since the wavefunction is cssentially confined in one QW. The
transmission probability through the extraction barrier, & 25 A Si layer in the present case, can be

expressed as:

Ton & 2508 (5.2.3)

where Lp is the barrier thickness and k = /2m*{Vg — Ey)/h2 [150, 11]. In the latter relation, Vo
and E, are respectively the HH bandoffset and the energy of the HH) with respect to the bottom
of the QW. Tescape can be computed with the relations 5.2.4 and yields 26 ps for QC-I.

Tasoupe % €5F08 (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 Tescoper 'This issue has been extensively studied in 1II-V QCLs [62] and can in general be
circumvented by enhancing tbe eoupling betwecn the injecter levels and the lower laser state.
These considerations lead to the very successful development of the so-ealled QCLs based on a
bound-to-continuum transition design [64]. The application of this coneept 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 importanec of an efficient mechanism to deplete the lower
laser level have been also raised. Meking use of the phonon resonance as in 11I-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 tbe latter must be wide enough to allow fast intrasubband
proeesses. The ability of & miniband to efficiently deplete the lower laser level has already been
demonstrated with 1T1-V QClLs based on a superlattice. These devices can indeed operate at very
high injection current densities [60]. Using this extraction mechanism, laser action has also been
demonstrated in long wavelength QC structeres in which the upper state lifetime wes as short as
0.68 and 0.65ps [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
11I-V QCLs, comnbines the efficient resonant tunneling injection of the original 3QW design (50, 57]
aid a fast miniband 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 inereasc its lifetime is

possible if necessary.

In Fig. 5.8 is sbown the bandstructure of the active region developed for p-type Si/SiCe aceording
to the bound-to-continuum transition design. Each stage of the quantum caseade is strain compen-
sated. It consists of 14 Si barriers and Sig2Geps QWs grown on SipsGeg s psendosubstrate. 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,
rorresponding to an energy of 156 meV occurs between the levels indicated by bo!d lines. The
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depletion of the Jower laser level is ensured by a HH miniband whose width is about 100 meV. This
value is large enough to allow phonon mediated scattering and is comparable to the typical width
designed in 1II-V bound-to-continunm QCLs.
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Figure 5.8: Schematic valence band disgram of one stage of the structure, nnder an applied
electric field of 70 kV/em. 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 QGWs 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 betwecn the latter levels is even mare 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 ont from the upper laser level directly into
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the LH continuum and LH states, as tbe 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 cnergy separation with the upper laser level is equal to
or larger than a LO phonon. According to the arguments developed in the previons section, the
upper state of the radiative transition is thus expected to be short-lived.

In the following is discussed the cxperimental demonstration of intersubband electroluminescence
(EL) raplting from optical transitions between HH states in strain compensated 5i/Sig2Geq g cas-
cade structure grown on SipsGegs psendosubstrate. Three samples, consisting of 3, 15 and 30
periods, have been grown by MBE on Sig s Gegs psendosubstrates. A low growth temperature of
300°C was chosen to reduce the islanding of the Ge-rich layers and to aveid crystal relaxation.
Structural characterizations have been carried out on these samples nsing techniques such as TEM
and x-ray difiractometry. 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 um of the
SigsGeops pseudosubstrate is doped (1.5 - 10'8em—3), leading to & considerable lateral resistance.
Moreover, only a:poor lateral eonductivity is expected in the doped SigsGegs 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 um by 30
pm) interconnected fingers. The metal deposited acts as an etch mask when the heterostructure is
ctched 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 380°C during 30 seconds.

A typical spectrum obtained at liquid m‘_trogeu temperature with the sample with 15 repetitions,
is shown in figure 5.9. A pronounced peak is observed at 176 meV, which agrees reasonably well
with the designed transition energy of 156 meV. The FWHM (46 meV) is simitar to the valucs
obtained by investigating the intersubband absorption of single Si/Sip2Geos modulation doped
QWs (from 38 meV to 62 mcV for QW thicknesses from 35 A to 25 A, see section 4.3.1). For

the electroluminescence peak, a non-negligible contribution to the linewidth can be expected from



B6 $iGe QC emitters based on a bound-to-continuum tronsition

non-parsbalicity [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.
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Figure 5.9; Electroluminescence spectra of the sample with 15 repetitions, taken at 80K with
and without a polarizer placed in the light path. The parameters are 4.7 V, 550mA, 94kHz
and a duty cycle of 10%. The polarized electrolumineseence is measured at 5.2V, 650mA and
a 20% duty cvele. The inset displays the skefch of e processed device. {b) Photocurrent signat
measured at 80K with the sample consisting of 30 periods. The device is left unhiased. (¢)
Schematic drawing representing the different transitions observed in the photocurrent measure-
ment. The dashed line shows the energy position of the LH barzier. Only the HH band edge

and the energy position of the relevant states are shown for clarity.

I addition, the result of polarization dependent measurements is shown in Fig. 5.9a). 1t demon-
strates the totel 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 clearly
polarized. It can therefore not be related unambiguously to optical recombinations between the
upper HH state and LH-SO levels present sbove 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. Photocurrent measurements were performed
at 77K to further demonstrate the intersubband character of the electroluminescence peak. The
light produced by a glowbar souree was coupled, after passing through the FTIR, into the device
left unbissed. The setup used is thus equivalent to the one described in Fig. 4.7, cxeept that the
dovice itself plays the role of the LN; HgCdTe detector. At zero clectric 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 exeited states and their transport through the injection
barrier. Fig. 5.9h) 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
(HH;-HHz, see Fig. 5.9¢). The caleulated energy difference between these two levels (203 meV)
is indeed in good agreement with the experimental valne. 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 earriers, which reascnably can be expeeted to be more
efficient through the LH/SO levels that are located above the LH barrier, sce Fig. 5.9¢), 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) end (b) for the three different samples. Notc that because of the special geometry of our
devices (see the insct of Fig. 5.9), it is difficult to accurately determine the eurrent density flowing
in the devices. Properly-processed eircular mesas, whose diameter was varied from 200 pm down
to 6 um showed clear cvidences for a strong voltage non-uniformity. In the case of small devices
{dimmeter inferior to 40 pm), the current density reached up to 2-3 kA fem?® [142).

In any QQCLs, the eurrent 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 QG-I and QC-1I. This difference criginates from the mueh lower
scrial resistance (2 Ohms compared to about 20 Ohims) 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 velues scale reasonably well with the number of repetitions, as



88 $1Ce QC emitters based on a bound-lo-continuum transition

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 A), the electrica) field {70 kV/em} and the mumber of perinds.
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Figure 5.10: (a)Voltage vs current characteristic mcasured 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 80K on 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 siates. {b) Light intensity vs current curves measured with the same devices at

80K.

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 statc in each period is a HH level, to which cartiers trapped in a LH/SO
level are scattered very efficiently. As a consequence, the current flow in the heterostructure is
dominated by the alignment of the HH miniband.

This interpretation is further supported by the shift of the emission wavclength as a function of
the applied voltage, observed with the 15 repetitions sample (inset of Fig. 5.10a)}). The clectro-
luminescence pesk is, when the current starts to flow in the structure (sbout 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 pesk. The latter cffect is understood
s follows. The lower HH level participating in the radiative transition lie at the bottom of the
miniband st very low biases. On the contrary, this state forms by design the top of the miniband
as the clectric field is further increased, resulting in a lower electroluminescence transition cnergy-
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 sbould 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 expecied integers, partially due to the standing wave pattern
created at the semicenductor-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 lovel and can be seen at first sight as effective nou-radiative channels.
This statcment is snpported by the large current flowing in the structure and the modest radiative
cfficiency obscrved. 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 tﬁe 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 decrcase of the EL

intensity. An activation cnergy can be indeed deduced from a proper determnination of the tem-
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perature dependance of the intersubband signal 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 iu the spectra.

The influence of the LH levels positioned between the upper and tbe 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 previcus seetion. A value of 100 fs was found, which is shorter than the best
vaiues obtained in the experiments performed on pseudomorphic cascade struetures deseribed in
section 5.2. However, this number must be considered with care because of large uncertainties of
the eollection efficiency and becanse an unity injection efficiency was assumed. In addition, because
the LH levels are strongly deloealized, the overlap of these states with tbe HHs, and therefore the
scattering rate from tbe 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 dees not slow down the extraction of the heles
from the lower state of the radiative transition. Moreover the latter level is not populated by the
heles lost to the LHs subbands, which in that way do not hamper population inversion. In additicn
the holes transported through the LH miniband eventually thermalize into the lowest lying band
of the HH injector, 8s can be secn in Fig. 5.8 and are therefore properly re-injected in the next
pericd. Holes performing a phonon-mediated scattering process are therefore recycled in the next
pericd. The deformation potential interaction does not have hence totally negative consequences.
Note that a second structure, whose active region is also based on & 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 pm (198 meV), in excellent agreement, with the
theoretical expectations. The perspective of low optical losses associated with a short wavelength is,
apart from the demenstration of a confinement shift, the main motivations for this new structure.
The absorption due to free carrier indeed depends on tbe third power of the wavelength {154). The
electroluminescence pesk is slightly broader than the resonance obtained at a longer wavelength

because thinner QWs and barriers are used.
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5.3.1 Estimate of the optical gain

In this section we give a first estimate of the optical gain that can be echieved in SiGe QC structures
hased 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 &, is expressed by the relation 5.3.5 if the laser transition, occurring between
two states 1 and 2, is characterized by a wavelength A = ch/Ez, an optical matrix element zg;, and

& linewidth 2vy ohtained from EL measurements [150, 56):

dng?ed,

= 5N (o 5.3.0
P eun)\%ymL(m ) ( )
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 deseribing the carrier dynamics in a two

model system b}.':
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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

1._
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In order to determine the magnitude of the peaks material gain for the structures based on a bound-
to-continuum design, the value of T,":ﬁ and Teagape 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 optical matrix element yield 8.6 A, The resulting
value of (7, shonld 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 computeble values available, the material gain yields
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1.0 em™? for & current density of 1 kA/cm=2 By comparison tbe value of Gp in IV QCLs are
a factor 20 to 50 larger. This considerable difference can be explained by the narrower linewidth
abserved in the III-V emitters and their longer lifetime 72!, However the major cause of this large
difference relics 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 I1I-V materials.

The modal gain, which is the only quantity that can actually be compared with the optical losses
of a wavegnide, is obtained by the multiplication of G with the confinement factor I'. The latter
is given by the overlap of the optical mode with the active region and yields typically 40 to 60 %
in the 8iGe QC emitters (see next chapter). The value of the modal gain is thus as low as 0.4-0.6

em™! for a current density of 1 kA fem2.

5.3.2 Summary and conclusions for the design of Si-based QC lasers

The bandstructure engineering of p-type 5i/S8iGe QC cmitters has been discussed in this chapter.
Some means to cnsure respectively s long-lived upper laser level or an cfficient extraction mecha-
nisms are possible in this material systam and have been reviewed. Most of these concepts suffer
however from stringent drawbacks.

Intersnbband electraluminescence 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 HHZ to the LH; levels is less than the energy of an
optical phonon. In tbat situation the phonon-mediated scattering channet 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 injeetor. This is required to avoid the
formation of a large LH miniband which otherwise allows phonen scattering from the HH2 state.
The detrimental cansequence of the low coupling is a very narrow HH miniband which does not,
provides o fast escape from the lower laser level. To obtain population inversion is thus not likely
in this type of structures.

Adopting the coneept 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 alsc been investigated. Electrolu-
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minescence 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 & control on the LH levels. As a consequenee, efficient phonon-mediated scattzring tran-
sitions to numerous LH states are allowed, reducing tremendonsly the lifetime of the upper laser
level. A rough estimate of 7, deduced from the LI curves of the different samples studied yields
0.1 ps.

Based on optimistic assnmptions regarding tbe lifetime of the laser levels, the modal gain yields
0.4-0.6 cm™! for a current density of 1 kA /cm=?. These numbers, valid for the bound-to-continuum
design, can be compared with the typical losses computed for waveguides compatible with §iGe QC
lasers. As explained in the next chapter, 15 ecm™! is a reasonable estimate of the latter quantity.
A current density as large as 30 kA/cm? 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 lesing action is challenging
in the current structures. Possible means to cnhance the optical gain exist, such as increasing the
diagonal character of the upper laser level or letting highor currcut densitics flow in the structure
but tiew innovative designs will also have to be explored in any future work.

Since only very low optical gain can reasonably be expected in the cxisting designs, the realization
of wavcgnides 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 essentiolly 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 & medium where light is amplified but salso 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 atong this thesis to develop low loss waveguides compstibie with S5iGe QC structures
are emphasized. A brief summary is first given, addressing the classical way to confine light in
1II-V mid-infrared QCLs. The principal waveguiding scheme developed for SiGe QC cmitters is
then discussed. It basically consists of & Ge stripe which replaces the upper cladding layer, when
evaporated on top of an etched ridge. The description of tentative experiments perforited on 111-V
QCLs to demonstrate the viability of this concept then follows. Finally measnrements giving a first

insight on the optical losses in $iCe QCLs are summarized.

6.1 Waveguide of state-of-the-art InP-based QCLs

The different elements of & laser are a medium where light is amplified and an optical cavity. The
waveguide must fulfill the requirements of low optical losses & and a high overlap factor T of the
mede together with the active region. Moreover the total thickness of grown material should stay
below e 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 lawer 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 hetter 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 haud, the doping level must be sufficient
to avoid the freeze out of the cartiers 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 donar concentration is such that the plasma frequency in the lower-doped layer matches the

emission wavelength of the laser.

Material Thickness [am] Doping [cm™3|
InP contact layer 10 1.10%
InF contact layer 850 7108
InP top cladding 2500 1.1017

InGaAs 200 6-10'
Active region (30 1794 1.5- 1017

repetitions)

InGaAs 200 6 - 10%8

InP substrate 3.10'7

Table 6.1: Layer sequence corresponding to the waveguide of a InP-based QC laser emitting at 9

pm.

In that situation, the refractive index drops considerably {see Fig. 6.1), which helps to decouple
the lazer mode from the high-loss metal contact (o = 140em—'} 156, 56].
The refractive index and the mode profile corresponding to the layer sequence given in Table 6.1
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arc displayed on Fig. 6.1, These curves are celeulated by solving the wave equation for a planar
waveguide with s complex propagation constant. The veal and imaginary parts of the refractive
index for each layer are fonnd 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 7. The
latter is assumed to be 0.1 ps in the doped regions (n 2 1- lﬂmcm_]) and 0.3 ps where the donor
concentration is lower. The calculated optical losses and the overlap factor are respectively 11.1
em™! and 64%.
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Figure 6.1: Mode and refractive index profile corresponding to the layer sequence described
in Table 6.1]. A % ym wavelength is assumed in the calculations.

The lateral eonfinement of the light and the optical foedback are assured as the lasers are usually
processed into long ridge waveguides of 34-23 pm-width by wet chemical etching. A thin SizNg
layer is then deposited by PECVD. ! Ti/Au top contacts, and after the thinning of the substrate,
GefAujAg/Au back contacts are evaporated. Cleaving in 0.5- to 3-mm-long bars ends the process-

INote that this step is nowadays replaced usually by the selective regrowth by MOVPE of intrinsic InP using
8 5102 mask. The beterostructure is thus totaily buried in & material (InP) with an excellent heat conductivity,
By furthermore mounting the devices epitaxial side down, operation of the lasers at high duty cycle and cven at
continuous wave can be achioved. [51]



98 Waneguide based on a Ge stripe

ing of the devices. The two mirrors of the Fabry-Perot cavity are provided by the eleaved facets.

A gschematic drawing of a processed laser stripe is shown i Fig. 6.2,

InP cladding
InGaAs wavegnide layers

Active region
Ti/ Au contect layer

'\ cleaved

facet

! // IoP subsizate = - I/

Figure 6.2; Schemstic drawings of a Isser stripe-

6.2 Waveguide based on a Ge stripe

A waveguide design suitable for the fabrication of mid-infrared 8iGe QQC 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 SipsGeps (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 prablem. A SipsGegs 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 approsch has been already tried out witb
113-V QCLs [158]. A layer of metal, palladium for instance was deposited instead of a dielectric,
triggering large waveguide losses. Here Ge is preferred becanse of the very low losses achievable
at mid-infrared wavelengths in bulk Ge crystals, compared for example to lead-telluride (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 interpotated 1o a fair approximation between ihe values of S
(n=34) and Ge (n=4). More accurate values can be found in Ref. {157]









101

realization of 8iGe QC disk lasers arc being made. This opens up new directions for the development

of low-loss wavegnides.

6.3 Testing the Ge-waveguide with III-V QCLs

In this section the performances of two different III-V QC lasers whose cavity designs differ but
not the gain medium are 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. Tts working principle and a description has already been discussed as an example in scction
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 6.2.

Material Thickness [nm] Doping [em™)

InGaAs 10 -

InAlAs 20 -
InAJAs doping 20 2-10'
InAlAs spacer 5 -
InGaAs 2DEG 30 -

InGaAs 200 6 10

Active region (25 1495 15-10%7
repetitions)

InGaAs 200 6108

InP substrate - 31017

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 s substantial reduetion of the grown material (sbout 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 10° V /em™2s for a carrier concentration of 2.810'?
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em~? 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 [164].

In order to obtain the optimal performances from the structure N43, & Ge layer must he deposited
on top of the ridge. This requirement is very clea.rrfrum the inspection of the curves reported in
Fig. 6.5. It shows the dependence of the optical losses & and the overlap factor on the thickness of
the Ge layer evaporated. The substrate, although it is only lightly-doped (3-10"7 [em=?] considered
here} is ot the origin of most of the losses when no Ge is deposited. The value of & continuonsly
decreases as a function of the Ge layer thickness, as a resnlt of the vanishing overlap of the optical
mode and the substrate. A thick Ge layer, which has the tendeney to atiract the mode towards
the surface (see Fig. 6.3), leads hence to lower losses, but to an enbancement of I". The latter is
maximal for 0.75 um of Ge wherens below and above this value, the major fraction of the light
propagates respectively in the substrate and the capping layer. The figure of merit '/ox for the
structure N43 reaches 0.067. This value is cven bettor than the one computed for N41, which
yields 0.059. In the above simulations bowever, the Ge was censidered to be transparent. The
actnal losses in this material have been determined experimentally and canse of course extra-losses

decreasing the performance of the laser N43. This issue is discussed later in the text.
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Figure 6.5: Optical losses and overlap factor as a function of the Ge content. for the siructure
N43.
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The two structures N41 and N43 have been grown in a MBE machine dedicated to the realizatiou
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 uncosted hy
the metal contact, as shown on Fig. 6.6. The light beam is rcflected 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 wavegnide loss. For a review see Ref. [161, 162] and the

references therein.

Ge/AuAGAY
Hloyed contact

Gelayer

mirror
active region

substrate

a)

Ge/AuAgAy
Alloysd contact
total intemal

/ reflection

Ge layer

Figurc 6.6: Schematic representation of a microdisk laser. The mesa and the mirror of the
cavity are defined by deep ciching. Cross sectional view a) and top view b). The dashed line
represent a possible light path. The diameter of the microdisks processed is typieally 130 pm.

The processing of this type of optical cavity is trivial. It onty consists of the eiching 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 360°C). In the case of N43, the deposition of & Ge layer finishes the processing. The
cich depth is as large as 16 microns for the present devices, to ensure & quasi-flat surface where the
light is reflected. The simplicity of the above procedure is the main motivation for the fabrieation

of QC-microdisks to compare the performances of N41 and N43.
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In Fig. 6.7 are sbown the luminescence spectra obtained at 80K from botb 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
medinm. A low energy shoutder 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 tbe lower electric field applied to the structure N41. Indeed both spectra were performed at the

same bias and the munber of periods is lower in N43 than in N41.
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Figure 6.7: Spectra of the two structures N43 and N41 measurcd at 80K 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 differentt threshold current densities jg, both being surprisingly
large at 80K, In particular N41 can operate up to room temperature, with a threshold current den-
sity jun as high as 16.2 kA fem?. This value is a factor of 3.3 higher than the quantities reported in
the literature for the same design (4.8 kA/em? at 311 K, see Ref. [61]). This discrepancy can be ex-
plained as problems oecurred 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. Thercfare the sbove etching problem can not explain the
large difference in ju, observed at 80K for the two samples, which yield 7.3 and 16.1 kA fem™? for
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respectively N41 and N43. If an identical doping lovel in the semi-insulating substrate as well as
a perfect current-injection is considered for N41 and N43, the above disparity has necessarily its
otigin 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 80K since 7y, is indeed proportional to
a good approximation to the overlap factor I' and the waveguide losses a [56]. These two quantitics
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™? in that case. To
obtain in the simulations such & large number, the imaginary part of the refractive index & in the
Ge layer must be larger than 5- 1073, 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 cuables then to judge whether the losses in the capping layer

are indeed at the origin of the lower performances of N43.

uncavered

a) / surfacs

. L N
palished at 45" / layer
\<’// VAV

undoped
substrate

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 & 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 nccessary. 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 um thick Ge layer covering only half of top surface. A sketch of the geometry used is shown
in Fig. 6.8.

When the light in coupled in through the 45° facets, two different patbs are possible, either where
there is Ge or not. The absorption in the Ge layer can be deduced from & 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, Te, and Thoge respectively the transmission

of the light path with or witbout Ge, the measured losses are given by:

o= —-}:m( ) (6.3.1)

Tnch

The experimental results arc shown in Fig. 6.9 together with the some theoretical points calculated
assuming for & the numbers indicated. The computations were performed here to find the standing
wave pattern corresponding to the propagation of light at & 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 reparted in Fig. 6.9, the imaginary part of the refractive index in the Ge layer
approaches clearly 2 1078 Introducing this value in the simulatious leads to an increase of the
optical losses for the laser N43 from 9.4 to 13.7 ain™!. This effect is too weak to explain the large
difference measured betweetl the threshold current densities of N41 and N43, even if the Ge layer
is thicker or thinner than expected by & 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 N43
are also perturbed in a similar way, but supplementary scattering losses should be added because of
tbe perimeter of the Ge layer does certainly nat consist of & 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
encrgy of the QCL. Those calculations were performed using a triangular potential approximation

and werc maybe not accurate enough to cotrectly predict the relevant transition encrgies.
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Figure 6.9: Measured optical losses in a Ge layer evaporated by e-beam. The resulis of a
caleulation is shown hy 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 scveral attempts have been tried to process the structure N43 into ridge waveguides as
described in Fig. 6.3. These iries were not successful mainly because of the difficulties, such as
the poor sticking of the top contacts on the semiconductor enconntered during the processing. The
deposition of the Ge stripe made by lifr-off was also problematic. This step lead typically to a
partial lifting or the rupture of the Ge stripe. Lasing action has been nevertheless achieved. The
threshold current density measured at -30°C reaches 21 kA fem—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 & 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 ot totally established yet, it is obvious
that the losses in the Ge layer do not play & 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 arc due to

the rough edge and dirt along the Ge stripe. The experiment described in this seetion 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 cavitics,

6.4 Ge-waveguide and SiGe QC emitters

6.4.1 Determination of the optical losses

In order to have an insight into the optical losses to be expected in 8 waveguide Si/SiGe and to
check the accuracy of the parameters assumed in the simulations, a first set of measurements have
been perfarmed. The experimental procedure is identical to tbe one used to obtain tbe value of
the losscs 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 optieal transmission
through either the substrate and the beterostructure or the substrate alone can tbus be determined.
The transmission through the latter light path plays the role of & reference and allows to deduce
the optical losses in tbe rest of the strueture, according to the relation 6.3.1.

The experimental results and the theoretical predictions obtained with two 8i/5iGe QG structures
identified as J021 and K037 respectively are shown in Fig. 6.10. The active region of both sam-
ples is based on & bound-to-continuum transition design and consists of 30 periods. Thbe major
difference betwecn the two samples relies in the contact layers which provide the electrical contacts
for EL experiments. Two highly doped (500 A and 0.7 ym doped at & B concentration of 1.51078
em™?) butk Sip5Geps iayers are uscd wheress in the second sample the contact layers are made of
modulation doped QWs. Because of this change, much lower losses doe 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 Jowered 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 pm and at shorter
wavelengths (not shown). They can indeed be undoubtedly identified as intersubband transitions
occurTing 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 thc measurements

obtained with JO21. 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 atons at the semiconductor-air surface or at another region in

the structure sitice the 5i-0 bond is indeed st the origin of & strong ebsorption line around 9 pm.
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Figure 6.10: Measured optical losses in two different 8iGe QC structures (plain curve: J021 at
two different temperatures, dashed line: KO37 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 specinl geometry used in the preseat experiment.

Prior to & more quantitative description of the measurements, it should be noted that many exper-
imental uncertainties such as the in-coupling of the light, can casily icad 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.

Galenlations 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 ito-
gether with the losses due to free carriers according to the Drude model. The relovant structural
parameters are therefore the thickness and doping concentration in each layer. The other factors
entering in the simulations are the cffective mass and the scattering time r of the holes. The

latter quantity is deduced from measurements of the mobility u in bulk SipsGeps layer and the
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relation 7 = pm* fe. Due to the difficuity 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. g 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 holes 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 thick
Sig.sGep.5 layers grown on §iGe pscudosubstrate. The scattering time is as & consequenee as short
as 1. 10Ms, which is censistent with published results, although most of them are deduced from
studies on highly doped 3i [163, 164]. 10 fs and 30 fs was assumed in the simulations for B concen-
trations ranging from 1. 10'7 to 2. 10'% em—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 meode
and the corresponding optical losses for both samples. In the case of J021, the losses exceed 70
cm~! and yield 15.1 cm™! for K037 at a wavelength of Tum. 3 In the computation a 0.9 um thick
Ge capping layer was added to maximize the overlap factor I, according to the waveguide design

described in the previous sections. Losses (k = 2 - 107%) 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 wavegnide losses depend thus drastically on
the scattering time 7. Since the latter has not been yet determined accurately, the results of the
simulatious 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 psendosubstrate. One should

3Comparing the optical losses dotormined when the fundamentsl mode is consldered and those reparted on Fig.
6.10 can be misleading. The Inrge difference between ihe volues found la actually only due to the much lower overlap
of the mode with the lossy region of the structure, that occurs when the light propagates at 45° angle with respect
to the growth direction.
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alse keep in mind that the active region, consisting of QWs is considared as bulk in our simulations.
Additional experiments should therefore be carcfully conducted in order to refine the parameters
catering 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 ave 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 wavegnide [150].

As already discussed in chapter 5, the gain expected in SiGe QC struatures is most likely modest
and to eleborate & 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 climinating
tbe contribution due to the Ge layer. In that case the waveguide losses yield 11.7 em—1. This
can be achieved through a diminution of the overlap of the gnided mode witb the Ge layer, by
increasing the thickness of the top contact layer for example. Annesaling the processed structure in
& hydregen-rich atmosphere at 300° can also help to decrease the losses in the e-beam evaporated
Ge layer. Another mean to decrease tbe losses is to vary tbe doping level in the cascades or to insert
periodically undoped periods in the active region (see Ref. [165] for details). This option might be
thougb hazardouos, 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 structurc based on a Ge-stripe is & complex and
lengthy process. The main complications encountered during the development of the recipe used

at prescnt, are due to:

1. the need to work with anr insulating substrate in order to minimize the optical losses. The
electrical contacting is achieved with a buried contact layer consisting typicaliy of a stack of
2DHGs as shown on Fig. 6.11. Top aad bottom coutacts pads are thus intermixed on the

top semiconductor surface.

2. the difficulty to decply 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 otched surface to the bottom of the ridge.
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processing is shown by a sketch and a SEM picture in Fig. 6.11. Before mounting, the devices are
annealed at 380°C during 30 scc.

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 crigin of the latter
trouble is due to the only partial coverage by the Si3Ny insulating layer. The surfaces exposed
during the RIE 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 tbose presented in
section 5.3, have been obtained from various samples such as J021 and K037 (see previous section)
processed into ridge wavegnides. This represent an important achievernent but so far neither lasing
nor & narrowing of the EL spectrum, which is & clue for optical gain [166] has becn demonstrated.
This situstion 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 deviees. Indeed the current density
measured with small diodes {diameter inferior to 40 pm) reaches several kA/em?. 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 oceurs gver
the structure and that most of the active region is actually not properly pumped cloctrically. "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. 1n the present situation a voltage of 1V 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 8iGe channel is adopted for these layers. The conductivity
of the active region is derived from VI curves measured with small diodes [142] and yields roughiy
10 A/Vm.

A non-nniform distribution of the voltage is clearly observable on Fig. 6.12 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 umber in both the top and
the bottom contact layers has been totally underestimated. They consist indeed of 4 (top) and 15



114 Ge-waveguide and SiGe QC emitters

(bottom) repetitions of & 33 A 8i/Sip2Gegs thick QWs. The popnlation in each QW is designed
to reach 2102 ¢m~2 and the mobility approsches 750 em?/V's, 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 HH; and the HHy levels confined in the 2D-channe] is larger (239 meV} than
the transition energy of the QC structure {176 meV).
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Figure 6.12: a) Voltage distribution for the laser structure K037. The width of respectively
the ridge and the top metal contacts are 25 gtn and 4 um. The separation between the edge of
the Jaser ridge and the bottom electrical contact is 5 um. 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 sbould be replaced by thicker QWs (5% A) whase
TM-polarized intersubband absorption resonances occur at & 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 cm?/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

I'/a found for this cavity is cqual to that of the structure K037,

6.5 Conclusions

A preliminary work has been made in this project to design and fabricate & low-loss waveguide
compatible with S5iGe QC emitters. This task is difficult given the lack of materials which can
at the same time be casily grown on 5iGe and act as cladding layer. A mean to circwmvent this
obstacle has been found and consists of replacing the upper cladding layer by a stripc of high
refractive index materal, Ge in the present case, deposited on top of the processed laser structure.
The viability of the above design has been tested using IIFV QC lasers. Though the results
obtained so far are not clear, the use a Ge stripe still looks promising. Adapting this concept to
SiGe is however tedious in terms of fabrication. The requirement to work with insulating substrates
in order to reduce optical losses complicates indeed tbe 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 hinpact
on the electrical tra.ns;port of the carriers. Therefore the caleculated losses can be considered as a
lowest limit and yield & = 15 em™? for a typical SiGe laser structure. This value is large given the
difficulties to obtain optieal gain in SiGe QC structures. On the other hand, the above number
should only be considered as an cstimate, since it depends strongly on the scattering time 7, whose
value is not precisely known, Experiments which allow to determine aceurately +, 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 5i/5iGe
material system. This task is difficult given for example the need to work in the complex valence
band in order to achieve large discentinuities and reasonably low effective masses. Another major
obstacle is strain, which imposes any thick SiGe heterostructure 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 particalar 5i/8ip,2Geg,s heterostructures deposited on SipsGeg s pseudosubstrate have
been asuccessfully growﬁ, 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 pesks used to determine
important physical parameters sucll as the discontinuities of the diffcrent 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 diegram of p-type heterostructures. The anticrossing
betweoen two HH levels, which is an important parsmneter for the design of injectors in cascade
lasers has been experimentally reproduced in coupled QWs. The transport through 8ifSip2Gegas
resonant tunneling diodes grown on SigsGeps pseudosubstrate hes slso 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 8iGe pseudosubstrate. Large

nuv
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currcnt densities have also been measured at resonance, indicating that efficient injectors can be
designed in QC structure.

The demonstration of intersubband electrolumineseence 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-rcsolved electroluminescence peaks, whase 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 successhul developmnent of low-loss waveguides is another crucial condition necessary to the
realization of & Si-based laser. It is hindered by the lack of materials which can at the same time
act as a cladding layer ard be grown on & SiGe crystal. The solution proposed in this thesis eonsists
of a stripe of Ge evaporated on top of the ridge of the cavity, replacing the upper cladding layer.
The first tests performed indieate the viability of this wavegnide design. However, the computed
losses are & 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 fcasibility of a SiGe cascade laser.

Important stcps towards the realization of an intersnbband laser in the 8i/SiGe material system have
becen achieved during this thesis. However, the demoustration 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, starting from the injection berrier. The thickness
of cach layer is given in A and the barriers are in bold characters. The doped layers are underlined
and the dopiug concentration given in unit of [cm®), The Ge content, if varied from one QW to the
other is indicated in parenthesis. In the case of the active tegion based on & bound-to-continuum
desig, the bariers (roman) and the QWs consist of respectively pure 5i and Sip,2Geg g layers.

Doping con-
Samnple Layer sequence of one period. centration
[em?®)
QC-1 35/39 (42)/30/26 (42)/25/24 (40)/25/23 (37)/25/35 (28)/ 2.1018
Qc1i 30/45 (41)/25/32 {41)/25/25 (41)/25/55 (21)/25/33 (21)/ -
Bound-to- 25/11/4/26/5/26/68/23/7/20/8/18/9/18/10/17/11/15/12/ 5.10"7
continuum 15/13/14/15/14/16/13/17/13
A=T.0um
Bound-to- 18/B/4/26/5/26/6/23/7/20/8/18/9/17/10/15/11/15/ 5.10'7
coutinuum 12/13/13/14/15/13}16/12/17 )11/
A=H.2pm
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