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Epitaxial growth of Sb-based heterostructures on fghly
mismatched substrates for field effect transistor pplications

Low power consumption transistors operating at $onply voltage are highly required
for both high frequency autonomous communicatirgiesys and CMOS technology. Since the
performances of silicon-based devices are strodgyraded upon low voltage operation, low
bandgap IlI-V semiconductors are now consideredaléernative active materials. Among
them, one of the best candidates is InAs. Theretheepresent work aims on paving the way to
the use of InAs in transistor channels for botthksgeed analog and digital applications. We
particularly investigate the molecular beam epitgkgwth of InAs/AlSb heterostructures on
both (001) GaAs and GaP via an antimonide metanotpiffer layer. Using atomic force
microscopy, transmission electron microscopy ariiéagon high energy electron diffraction,
we first show the critical influence of the growgbnditions on the 111-Sb nucleation. From this
study, we then achieve optimized high mobility Inlagers on these two highly mismatched
substrates. The results obtained in the GaP casexé&nded to commercially available high
quality GaP/Si platforms for the integration of EWAased materials on an exactly oriented
(001) Si substrate. State of the art mobility of08® cn.V*.s' at 300K and higher than
100 000 crif.V*.s* at 77K are demonstrated.

Croissance épitaxiale d’hétérostructures antimoniéesur substrats
fortement désadaptés en maille pour applications autransistors a
effet de champ

La nécessité de diminuer la consommation a la fbés systemes autonomes
communicants a haute fréquence et des circuits ChMdlique l'utilisation de transistors
fonctionnant sous faible tension d’alimentations lgerformances des composants a base de
silicium se dégradant rapidement dans ce réginferdgionnement, les semiconducteurs IlI-V
a faible bande interdite sont aujourd’hui envisagémme une alternative. Parmi ceux-ci,
'InAs parait le plus prometteur. Dans ce contexi,travail a pour but d’ouvrir la voie a
l'utilisation d’'un canal a base d'InAs pour lestégges analogiques et numeériques. Plus
précisément, nous étudions la croissance par épipax jets moléculaires des hétérostructures
InAs/AISb sur des substrats (001) GaAs et GaP jraerimédiaire d'une couche tampon
Ga(Al)Sb. La microscopie a force atomique, la nmscapie électronique en transmission et la
diffraction d’électrons de haute énergie sont sdifis afin de mettre en évidence l'influence
critique des conditions de croissance sur la ntiolgales antimoniures. Cette étude sert de
base a l'optimisation de canaux InAs a haute m@biiur ces deux substrats fortement
désadaptés en maille. Les résultats obtenus daraslde GaP sont ensuite étendus au cas de
pseudo-substrats commerciaux GaP/Si de haute éualistalline pour l'intégration de
matériaux a base d’InAs sur des substrats Si (@XBctement orientés. Des mobilités
électroniques atteignant 28 000 &wi™.s* & 300K et supérieures & 100 000%¥'.s* & 77K
sont démontrées.
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INTRODUCTION

The future needs of society in electronic equipmeover the field of ambient
intelligence, in particular objects or communicgtsensors. Most of these objects should be
integrated in their environments but also energlependent. This means that these systems
must be self-reinforcing extracting available eresgound them or from electromagnetic
waves, mechanical and even thermoelectric energdests et al. [1] introduced the
consequences of the ambient intelligence visiorelectronic devices by mapping the involved
technologies on a power-information graph (figuje He showed that the autonomy is only
possible for consumption with a very low power.
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By looking at the bit rate performance at less th@f uW, we can notice that we are still
limited at 1 Kbit/s by using a Si CMOS (complemeptametal-oxide-semiconductor)
technology. Hence the fabrication of low power eonption transistors which constitute
circuits is still highly required. The key point &xhieve a low power consumption transistor
(besides its topology change) is the reductionso$upply voltage ¥ for 50 to 200mV, which

is to say a few kT/q at room temperature. Howethes, reduction is not possible for Si CMOS
transistors [2] (Mg ~ 0.5-1 V) since the mobility in silicon is too lo® compensate the
degradation of the cut-off frequency at lowgVTherefore, researchers are interested to use
other semiconductor materials which have low bapdgaergy and high electron mobility
[3,4]. In this vein, the ANR MOS 35 project [5] prases to produce high frequency transistors
working at very low 4 and based on IlI-V materials.

11
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On the other hand, the well-established CMOS tddgyowhich has allowed the
development of most electronic devices since mben t30 years is now facing a power
consumption crisis. Indeed, the power consumptibmodern electronic chips has reached
100W/cnf which can be considered as an upper limit. Siresr 2004, this has stopped for
instance the increase in clock frequency in pramss®nce again, there is a need for supply
voltage reduction, using low bandgap energy antl bigctron mobility materials [6].

Among the IlI-V semiconductors, as far as elect@amsport is concerned, one of the
best candidates for low voltage operations is Insch exhibits a low electron effective mass
of 0.026 m, a 300K mobility above 30 000 éf¥.s. and a saturation velocity above 4Xh@'s.
Most of the recent studies in the field have fodusa the InGaAs alloy which has a bit less
interesting transport properties but can be eagibwn epitaxially on InP substrates. The
present work aims going further and paving the wayhe use of InAs as active channel
material. Since the 1lI-V modulation-doped hetenostures provide excellent models to study
the transport property of the channel, one camleaore about the problems of future IllI-V
transistors with these kinds of structures [7]. é&enwe decide to focus in this work on the
InAs/AISb system which is the most commonly usetkifestructure to achieve high electron
mobility at room temperature.

However, due to the large lattice mismatch betwk®ks and commonly available
substrates (about 12% with GaP and Si, about 8% @é&As), the fabrication of InAs-based
devices requires the development of an integratethway on highly mismatched substrates.
Motivated by this challenge, the researchers haenhusing two techniques. The first one
makes use of “Wafer-bonding” which consists on ding into contact two perfectly flat and
clean materials to connect them mechanically thaokhe Van Der Walls forces. However,
this technique is still limited by its high cods complexity and the fact that it does not allow a
300 mm full wafer processing [8]. The second methmadled “monolithic integration”, is the
one used in this work and consists on the epitayiaith of 11I-V semiconductors directly on
the foreign substrate. Regarding integration osuBistrates, the most often popular scheme is
to use GaAs/Ge/Si intermediate layer for whichahgphase domain (APD) problem is treated
at the nearly lattice matched Ge/GaAs interfacethi@ case of InAs-based epitaxy, this
approach would imply 2 steps in the mismatch accodation, the first one between Si and Ge

and the second one between GaAs and InAs, leadliragtter thick buffer layers.

12
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In this work, we will investigate the molecular be&pitaxy (MBE) growth of InAs-
based heterostructures on both (001) GaAs and Gadtrates. The former case can be useful
either for low power high frequency applicationssemi-insulating GaAs substrates or to the
integration of INnAs MOSFETSs on Si via the above trered Si/Ge template. In the latter case,
the idea is to demonstrate a two-step solutionessang first the problem of APDs during the
epitaxial growth of a GaP interfacial layer on &P exactly oriented silicon substrate. The
mismatch is then accommodated through a GaSb blaffer grown on the GaP/Si template.
Since high quality GaP/Si templates grown by MOVR&e been achieved in Marburg
University [9], we will focus first on the optimizan of the MBE growth of AISb/InAs
heterostructure on (001) GaP. Then, we will tranfe growth conditions for the integration

on Si, using the Marburg University GaP/Si template

This manuscript is divided in four chapters. Thestfiprovides an introduction to
antimonide materials and devices, it outlines theidoknowledge on the InAs/AlSb system and
the problems related to the growth of highly mischainaterials. The main targets of this PhD
thesis are exposed. The second chapter describesperimental techniques which are used in
this work and their main characteristics. The tluhdpter details the investigations concerning
the nucleation of GaSb on mismatched substrates. fobrth chapter then presents the
optimization of the antimonide buffer layer for tgewth of high electron mobility AlISb/InAs
heterostructure on GaAs and GaP. It mainly reviis@smportance of the nucleation process of
the buffer layer on the active layer transport proy At the end of this chapter, the growth of
AISb/InAs heterostructures on Si is reported, ussadP/Si platforms.

Finally, we discuss in the conclusion the relevaame possible future research in the technical

areas studied in this work.

13
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CHAPTER I. Background

This chapter aims at introducing the objectivestio$ work within the context of
antimony based materials for electronics and optdeinics. The first part is devoted to 11I-Sb
crystal and electronic properties. Then, we revib major applications that have been
developed using antimonides. In the second partpnesent the problems encountered during
the growth of highly mismatched materials on stadd@mmercially available 111-V substrates
and their influence on device performances. We sitgw some of the attempts that have been
made to facilitate the integration of IlI-Sb didgcbnto Si substrates. Finally, the third part
explains the main objectives of this thesis by @néag the way of investigation considered

within this work.

[.1. I1I-Sb semiconductors

[.1.A. Crystal and optoelectronic properties

[1I-V semiconductors are compounds formed by a pfblelement (Ga, Al, In...)
and another group-V element (P, As, Sb, N) fromNtemdeleev’s periodic table. Beside the
nitrides, these compounds have a crystallograghldende structure composed of two face-
centered cubic (fcc) sub-lattices (Fig. 1.1). Origh@se sub-lattices is occupied by group-lIii
elements, whereas the other is occupied by groefements [1].

® \/ (Sb, As, P)
e Il (Ga, Al In)

Figure 1.1: Unit cell structure of a zinc blende lattice. Htoms are shown in green (small), V atoms

shown in red (large), and the dashed lines showctliéc cell [2].

15

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



These de Salim El Kazzi, Lille 1, 2012

The number of possible combinations between thandl V elements leads to the realisation of
a wide variety of semiconductors which have theesanystal structure. The lattice constant
depends on the alloy composition and is determinyethe Vegard law [3]. For example, if we

consider the semiconductor compoudGa,_,Sh As_,, its lattice constant,g,ass, IS €qual
to:

Ancanssp= XYBusy T XL~ Y)Auas + (1= X) Yagasp+ =X)L~ Y)Bans  (EQ. 1.1)
wherea,g,, a: Agasp ANd ag,,s are the lattice constants of binary compounds doim

figure 1.2. One can also extend the Vegard laweieiine semiconductor band gap energies

and the corresponding wavelengthConsideringAl, Ga,_, Sk As_, , we can find an expression

that relates the band gap energies, Eg, to the shthe constituents and a bowing parameter b:

EQacasoas= XYEGusp + XA~ YEGuae + A= X) YEG 50+ A~ X)A~ YEQea—bA-x)A- Y)xy (EQ. 1.2)

Energy gap vs. lattice constant

bandgap energy [eV]
wavelength [um]

infrared

‘W —direct
@® - - indirect

54 5,6 58 6,0 6,2 6,4 6,6
lattice constant [A]

Figure 1.2: Lattice constant, bandgap energies and wavelemgftharious 1ll-V semiconductors [4].

In figure 1.2, we can notice that binary IlI-Sb cpounds, along with InAs are semiconductors
emitting in the infrared (IR) domain, i.a. > 800 nm. Furthermore, this figure shows that
besides AISb which has an indirect band gap, thesterials have very small direct bandgap
energies in comparison with other IlI-V materidlberefore, direct bandgap I1I-Sb (along with

16
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InAs) semiconductors are very important for optoetaic applications in the IR range and

many lasers, photodiodes, etc... are fabricatédisndomain [5].

16% As
S 3
1.35
0.78 1.61
Ir:Sb l AlAsSb
I -----------
0.15 1*
---------- = -
) 0.41
0.36 l
...... v X — \
0,
1 o125 |16% As
EAR
InSb GasSb InAs GasSb AlISb InAs AlISb
m*/m, 0.013 0.039 0.024 0.039 014 0.024 0.14
m*,,,/ma 0.24 0.22 0.26 0.22 047 0.26 0.47
Y, em2nvs) T7000 5000 40000 5000 200 40000 200
Hy, (cr?/V.5) 1100 1000 450 1000 420 450 420

Figure 1.3: Band line-ups of IlI-Sb and InAs semiconductdifse shaded areas represent the energy gaps. All

energies are in eV [6].

On the other hand, these materials present unigag@nic properties not encountered in other
systems [6]. Compared to GaAs (8 000°4/8), we can notice from figure 1.3 that besides
InSb which has a lattice constant (6.47 A) gretitan all other materials, InAs has the highest
electron mobility with a lattice constant close6td A (or 6.1 A family). Moreover, GaSb and

InSb exhibit the highest hole mobility among IlI-VSecondly, this system presents a great
variety of band line-ups from type | to type lllolFexample in figure 1.3, the InAs/GaSb type

lll system is characterized by a broken gap linexughe interface and the lowest states of InAs

conduction band lie below the highest states oftBafence band. The difference is about 150

17
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meV. Replacing Ga with Al, the valence band drapssing the broken gap and leading to a
type Il line-up. The conduction band rises by ab0ut eV, leading to a large InAs/AISb

conduction band offset of 1.35 eV. Type | line-gn@lso be observed for the AlSb/GaShbh
system. The peculiar configurations that can beesed associating 6.1 A materials are of

great interest both for fundamental research anovative device applications.

[.1.B. Electronic and optoelectronic devices

In this part, we discuss the main applications iving the use of antimonide materials.
Since one of our goals at IEMN is to achieve a lpgtforming InAs-based HEMT, we present
in the second section the major work done on ties/ISb system that is mostly used for
these types of HEMTs. With the help of this systeenalso demonstrate why antimonides are
suggested to address millimeter wave applicatisnsh as low noise and ultra low power
consumption. Finally, the state of the art on I®Sb heterostructure is presented to reveal

the remaining work to do on this system.

1.1.B.1. Some optoelectronic devices

An example of device using IlI-Sb in optoelectranis the mid-infrared (MIR) laser. It
is known that for the first quantum well laser discbperating in the 3-5 microns range, type |
line-up was used in the active zone [7]. After simgathat non-radiative Auger recombinations
limit the device performances, researchers dedidage type Il and Il line-ups in the active
region of bipolar MIR lasers. The target was toitliby several orders of magnitude losses by
Auger effect [8-10]. Since antimonides easily ottds variety of band line-ups, W type lasers
were then fabricated using these materials and égformances were reached. For instance,
Jouillé et al. [11] have obtained InAs(PSb)-baséti guantum well laser diodes emitting near
3.3 um up to 135 K, and Bewley et al. reached an opegagmperature of 195 K with a
continuous-wave operation at 3 2% [12].

Other types of MIR lasers were precisely fabricatdgth InAs/AISb and GalnAs/AlAsSb
systems which have been used as a solution toaserde conduction band offset in quantum
cascade lasers (QCLs). Lasers emitting at 6.7 amdm at 300K [13-14] were reported with
InAs/AISb and more recently, lasing was observedGainAs/AlIAsSb material system in
pulsed mode for a temperature of 400 K with a wavgih emission of 4.bm [15]. The good
performance of IlI-Sb QCLs and the variety of tlat line-ups in these materials motivated
many groups to propose AlSb/InAs/GalnSb/GaSh iatedbcascade lasers (ICLs). With these
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lasers, threshold current of 1.3x°Jcm? and a conversion efficiency of 17% were measured
[16]. Many IR photodetectors were also fabricatéthwihese materials due to their ability to
cover the largest area of wavelength in the MIRnveen all the 111-V materials. Since the
efficiency of photodetectors requires low tempemataperation, a new generation of high
performance IlI-Sb IR photodetectors using a Pelttedule was developed [17]. More
recently, Rodriguez et al. [18] reported on a Gal8B/AlGaAsSb QW laser structure grown
by MBE on a (001) oriented GaAs substrate. RT, inapus-wave (cw) operation around 2.2
um is achieved which is the longest wavelength aoms$or an interband laser grown on
GaAs cw operating at RT. In the same year, theyohstnated a RT operation GaSb-based
type-I laser at 2.2m on a (001) Si substrate but this time in pulssgime [19]. By further
optimizing the growth conditions, it didn't takeetin so long to successfully achieve a cw
operation of GaSh-based LDs emitting nean?and directly grown onto silicon, opening the

route to the direct monolithic integration of Ill-dévices on a Si platform [21].

1.1.B.2. Electronic applications and AlSb/InAs HEMTs

Antimonide electronic applications include bothtgpeed analog and digital systems
used for data processing, communications, imagmbgsansing. In figure 1.4 given by Bennett
et al. [21], we can see the trend toward highegueamcies and lower consumption with
increasing lattice constant. The development ob&ed transistors for use in low-noise high-
frequency amplifiers, digital circuits, and mixedfgl circuits could provide the enabling
technology needed to address these rapidly expameieds.

From this figure, the first HEMTs were fabricatedhwGaAs channels and AlGaAs barriers on
GaAs substrates [22]. In order to achieve highectedbn mobility and velocity, the consistent
progression of this trend was to use pure InAdaschannel (30 000 é&hV.s and velocity of
4.10 cm/s) along with nearly lattice-matched AlSb, Afkeor InAISb barriers. InSb-channel
HEMTs were also fabricated with InAISb barriersafsiag mobility as high as 40 000 &i.s

at room temperature (RT) [23]. However, the mosimemnly used heterostructure for
antimony based compound semiconductors (ABCS) BbAhAs since these two materials
have nearly similar lattice constants along witlarge conduction band offset (1.35 eV) [24].
While AISb/InAs heterostructures growth were firgported in the early 1980s [25], first
AISb/InAs HEMTs was fabricated in 1987 [26].
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These devices are particularly appealing for lows@agerformance [27]. Recently, low noise
amplifier (LNA) were developed using AISb/InAs HEMTrom Chalmers University of

Technology (Sweden) showing high frequency androwe performances combined with low
DC power consumption [28]. Even if further improvems in the device and epitaxial
structure layouts are required for these type oiVHE, they claimed that their results have

attained microwave noise performance comparabl&atés(InP)-based HEMTS.

First generation: Second generation: Next generation:
GaAs-based HEMTs and HBTs  InP-based HEMTs and HBTs  Sh-based HEMTs and HBTs
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Figure 1.4: Energy gap versus lattice constant, showing théutien of transistors to larger lattice

constants and smaller bandgaps for high-frequemty/law-power consumption [21].

Since high mobilities and low sheet resistance desired for HEMT applications, many
studies were interested to achieve the best Al8k/Imeterostructure properties. We note that
many variations could play a crucial role on thA&dntransport properties such as interface
control [29,30], channel thickness [31] and dopglgne [32]. One challenge to increase the
transistor performances is to combine large magbditd large sheet carrier density, which has
a straightforward impact on the resistance. Be$lighed results on InAs/AISb HEMTs are
from Rockwell-UCSB [33] with a sheet resistanc&8)/, ns= 3.7 16%cm?2 and p = 19 000
cm?/Vs. At 77 K, gis 3.4 16%cm? and p = 65 000 cm?/Vs (best result ever regdiar a I1-V
heterostructure used in HEMTS). Figure 1.5 displéys relationship between mobility and
carrier density reported by IEMN and different gvewon the InAs/AISb system. One can see
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that mobility is often higher than 20 000cm?/Vstwét sheet carrier density of 1.5-2 X46m?2.
Best reported mobility at IEMN is p = 34 000 cm?With ns= 1.4 x 16%cm?2 on an InP
substrate [34]. At 77 K, the mobility can exceed ZD0 cm?/Vs. The two main dopants that

are frequently used for this system are Silicon Beltlrium.

35000 T T Si ‘ . T T T T ] T ] )
\ Ag
i Si . B Others (AISb buffer) 1

30000  un Vg Ag A IEMN (GaSb buffer)

m I \ . IEMN (AISb buffer) .
) I Si
2 25000 | si . -
e i \ S.aS s ]
) \ Sig
g 20000 = \ ~'§i Te
g o \ -~ . -
o » * -
S 15000 N n
S - < I
S 10000 |- S 100 Q/sq °-
P — ~ —-—
© i -~ d
o 5000 | 200 Q/sq T ™
0 ' [ ' [ ' [ ' [ ' [ '
0 1x10¥  2x10”  3x10”  4x10”  5x10”  6x107
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Figure 1.5: Electron mobility versus sheet density for InAgllimquantum wells from [21, 33, 34]. The doping

technique is indicated close to each point.

Eventhough AISb is considered as the ideal bufberaf transistor since GaSb presents low
resistivity, inducing leakage current in the buffieetter transport properties result from using
GaSb buffers. Kroemer et al. for instance decl#natithe Ga adatoms tend to be more mobile
than Al adatoms and therefore smooth out the ragghigenerated in the nucleation layer
[35,36]. They found that a GaSb buffer provides iiods in the INnAs QW nearly an order of
magnitude greater than with an A1Sb buffer. A rdaoobility of 944 000 cifVs at 12 K was
hence achieved. It's important to mention that efeme have discussed the work that have
been already done on InAs/AlISb HEMTSs, much proghessbeen also achieved on other IlI-
Sb electronic devices like RTDs and HBTs [37,38].all cases, the main advantage of Sb-
structure is the same in terms of high-frequen@raion, low noise and power consumption.
Obviously, all the studies on both electronic aptical devices lead to a considerable

progress that has been made in the fabricatioheofihtimonide-arsenide system in the active
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layers. However, the growth of these active layamsideal substrates for the technology
industry remains a big challenge. For optoelectra@vices, many groups have used a lattice
matched n-doped (or p-doped) GaSb substrates @br dyptical performances. Beside their
high cost, GaSb substrates also present p-typeuadsioping preventing them to be used for
high frequency electronic devices. The use of otoenmercially available susbtrates (GaAs,
Si) is hence a must and the study of the growtABES on highly mismatched substrates is

still very relevant.

|.2. Heteroepitaxy of 6.1 A family on standard subsates

The studies on the metamorphic growth of 1lI-Sb &mlls on mismatched substrates,
involving mainly (Al)GaSb buffer layers, reveal ¢l main growth problems. First, the large
lattice mismatch between the active layers andtitxstrate leads to a high density of threading
defects (TDs) that propagate in the active layend deteriorate device performances.
Secondly, the polar/non polar interface involvég for other IlI-V materials, the formation of
antiphase domains (APDs). Finally, the differencéhe thermal coefficients with Si can create
cracks in the structure for thick layers duringitle®oling down from the growth temperature
to room temperature.

In this paragraph, we try to tackle the problemIi®iSb buffer layer growth on highly
mismatched substrates. We first present the méfioudiies encountered during the growth of
highly mismatched materials and their influencedewice performance. In order to achieve the
growth of 1lI-Sb on the ideal substrate for the hiealogy industry (Si), we finish by
mentioning some of the solutions that has beeniquely proposed for the integration of IlI-

Sb directly on silicon.

[.2.A. Generalities on the growth of highly mismatbed I1I-V materials
[.2.A.1. Nucleation mechanism and growth modes

“Heteroepitaxy’ is the kind of epitaxy where a crystalline fillm grown on a crystalline
substrate or film of different chemical nature. Thattice mismatch between the epilayer and

the substrate is given by:

—a
f — aIayer substrate EC( |3)
a

substrate
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whereajayer andasupstrate@re the lattice constants of the epi-layer andstiestrate, respectively.
Being much thicker, the substrate imposes itsclttionstant at the beginning of the growth.
Hence, the lattice constant of the growing layethimgrowth plane is accommodated to that of
the substrate, inducing aastic deformation. The elastic strain energy stored in the layer
volume depends dmand increases proportionally with the layer thidste and is given by:
hf *E
£, =
1-v)

(Eq. 1.4)

E is the Young Modulus andthe Poisson’s ratio of the epilayer. This corresjsoto what is
calledpseudomorphigyrowth. Whether the lattice constant of the epetas smallerf(< 0) or
larger € > 0) compared to that of the substrate, the stsairamed “tensile” or “compressive”,
respectively. As the epilayer growth continues hnidcreases, the stored energy continues to
increase until a certain “critical thickness” whéwe different strain relaxation modes, plastic
or elastic, can occur. This gives rise to threevtianodes, depending mainly on the mismatch

and the growth conditions for the IlI-V heteroegitaase (figure 1.6 a, b and c).

we | -
T & 5N
ov [ - I

Figure 1.6: Thermodynamic thin film growth modes. (a)'Frardavder Merwe’ (layer or two-dimensional)
growth, (b)'Stranski—Krastanov’ (combined layerstand) growth and (c) ‘Volmer-Weber’ (island or 3-

dimensional) growth [39].

2D growth mode for low mismatched systems (< 2%)

For this growth mode, the formation of misfit diséions (MDs) is energetically
favoured at the critical thickness. The formatidiMis releases part of the strain energy via a
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plastic deformation of the layer. (fig. 1.6a). The mismatch is therc@omodated by the
residual elastic deformatiand the plastic deformation defined by:

£, = pby (Eq.1.5)
(wherep is the dislocation density ang s the Burgers vector component relaxing the s}rai
As we continue increasing the material thicknessenmisfit dislocations are generated until a
certain densityp. where the strain is fully relaxed and the epi-fayggain its normal lattice
constant.
Many studies were developed to determine the talitihickness” in the 2D growth mode. We
mention here the well-known model of Matthews ef40] where the critical thicknesg for
the introduction of 60° dislocations is given by:

_bL-v/4)in(h, / b)+1] Ed. 1.6)

he
27f(1+v)

whereb is the Burgers vectory is the Poisson’s ratio anfdis the mismatch. This model
considers that the growth is always 2D, based erbtilance of two forces: the tension in the
dislocation line and the Peach and Koelher for¢e dritical thickness is determined when the
second force wins over the first one: the dislacathen propagates into the layer, leaving at
the interface a misfit dislocation. The criticalcknessh. is then defined by the thickness of
the epi-layer for which the first MD appears. Figl7 gives the values of calculated for the
In,Ga-xAs/GaAs system [41].
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Figure 1.7: Critical thickness of InGaAs on GaAs vs. In comicgion calculated with the Matthews model [41].

24
http://doc.univ-lille1.fr

© 2012 Tous droits réservés.



These de Salim El Kazzi, Lille 1, 2012

One can clearly note the non-linear behaviour efdhtical thickness with the In content. For
X < 0.15,h; increases rapidly whereas for x = 1, the pseudphomgrowth is limited within a
few monolayers (ML for a (001) plane: 1 ML = 1 paaf Il element atoms + 1 plane of V
element atoms = half of the lattice constant vatu@ A). This is due to the variation of the
lattice mismatch going from 0 to 7.2 % dependingloncontent. For the ideal case, the
dislocations are in the interface plane of theseistrate. Practically it is not always the case;
some threading dislocations (TDs) propagate tosthiéace and deteriorate the device quality.
For many researchers, the difficulty still remaimshe understanding of the growth conditions
to avoid deteriorating TDs and promote an ideaimatally smooth layer-by-layer growth for

high quality thin films.

Stranski-Krastanov growth mode for moderate mismatbes (2-6%)

When the mismatch between the epilayer and therstbss > 2%, the growth occurs
with a Stranski-Krastanov (S-K) growth mode [42]erE, a layer-by-layer growth is
unfavourable at the “critical thickness” leadingthe formation of strained islands on top of
the first layers (fig. 1.6b). The driving force t¢iie 2D-3D transition is the decrease of the
elastic energy provided by the surfaces of thenddd43]. The transition takes place when this
reduction compensates the increase in surface eassgpciated with the formation of islands.
Hence, the thickness of the epilayer at the 2D+aDsition is much lower than the thicknégs
(where the first MD appears). For example in th&slGaAs system, the thickness of the 2D-
3D transition was observed after 2 MLs of growthevdas Matthews’ theory predicted 5 MLs
[44]. Coherent strained InGaAs islands without &y were also observed [45] with TEM
(Transmission electron microscopy) images. At thme time, a theoretical study concluded
that a strained film is at its minimum energy wligna 3D morphology [46]. All these studies
confirmed that the elastic strain relaxation wtik formation of 3D islands is the reason of the
2D-3D transition in the S-K growth mode. AlthouglDBIwill appear after island coalescence
[47] (or even before, like the case of highly mischad materials wherte. is reached before
coalescence [48]), one can see that elastic rétexétaused by the formation of 3D islands)

precedes the plastic relaxation (caused by MDd)iwithe S-K growth mode.

Volmer-Weber growth mode for highly mismatched systms (> 6%)

In this growth mode (fig. 1.6¢), strain is relaxadthe beginning of the growth; small clusters

are nucleated directly on the substrate surfacetl@a grow into nearly-fully relaxed islands
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of the condensed phase. In this case, the pladégation precedes any other relaxation land
is reached at the moment the growth begins. Thosvilr mode is observed for very highly
mismatched growth (> 6 %) where bdthand the critical thickness are expected to beimwith

the first monolayers.

It is clear that the growth mode depends on bd#stie and plastic relaxation.
Sometimes, the same system can be grown with eiffegrowth modes. Changing the growth
conditions can tune the *“critical thickness” of tipseudomorphic growth but alsk..
Furthermore, the nature of the misfit dislocatigrlays an important role on the plastic
relaxation. The ability of a crystalline material deform plastically largely depends on the
nature of the dislocations that will move withimstimaterial. In the next section, we investigate
the main types of MDs that are found in IlI-Sb seonductors. We try to study their influence
on the strain relaxation and the main mechanisna$ bave been used to control their

formation.

[.2.A.2. Misfit Dislocations in CFC

In diamond- and zinc-blende-type lattices, pertistocations have Burgers vector b =
1/2<110> [49]. Three main dislocation types areegalty found in IlI-V epi-layers: screw,
edge and mixed dislocations. The edge type hasitiieest core energy [50] and is the one
responsible of the accommodation of the latticenmaish. These dislocations are formed by
inserting an extra half plane of atoms into a perteystal and are marked by an edge of an
incomplete plan of atoms (see figure 1.8). The atiation line corresponds to the position
where the half-plane terminates. These dislocatamesoften represented by the symBol
where the Burgers vector is perpendicular to thelodation line [51]. For the screw
dislocations also shown in figure 1.8, the Burgeestor is parallel to the interface and the
angle is 0° between the dislocation line and therface. The screw dislocation can be
constructed by shearing one part of the crystdl vaspect to the other one within a half-plane.
This dislocation type cannot relax tetragonal misimand is only responsible of a localized
twist between the epitaxial layer and substrate-3%R The mixed type dislocations are
decomposed into both edge and screw componentewherangle between the dislocation
line and the Burgers vector can be in the range-0D0 degrees.

In highly mismatched (001) IlI-V growth the two ntasommonly observed dislocations are
60° and 90° MDs (or Lomer dislocations). They hawel10> type Burgers vector for a perfect
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dislocation lying on (001) interface in diamond amdc blende-type lattices, at 60° or 90° to
its dislocation line. The 60° dislocation is a nixgpe dislocation, with edge and screw
components. In addition, the interaction of two &0Ds (b inclined 45° at the interface) can
lead to a 90° (or edge) MD formation where the atigtion line is perpendicular to the

interface.
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Figure 1.8: Edge and screw dislocations (Red arrows presergdiwectors) [55]

25% of the elastic energy coming from the straifegr can be transferred to a 60° MD
whereas a 100% efficiency in accommodating the&tathismatch is found in 90° MDs due to
their edge Burgers vectors at the interface. At, ldi®e 60° MDs are able to thread to the
surface and thus can be responsible of many thrgadefects whereas 90° ones do not
introduce any mis-orientation or extra stress endirsstem [56].

[.2.A.3. Threading dislocations (TDs) and Stackindraults (SFs)

As mentioned above some of the MDs can usuallyesess a source for threading
dislocations which propagate through the epitabagér. An example of TDs in auin thick
GaSb layer grown on GaAs substrate is shown irrdidgi®. We can notice in figure [.9a that
some of the TDs cross the whole epitaxial layerenehs others have their lines cut during the
sample preparation. As the dislocations have<af®D> Burgers vectors some of them will be
out of contrast in observations carried out in srggctions along <110> type zone axis.
Therefore, such observation cannot be used to tatdislocation density. On the other hand,
plan view image in figure 1.9b shows clearly thesTBs dark dots/lines on the shiny GaAs
background. This observation is the most frequamtlsd method to determine the TD density.
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Such threading dislocations are known to detemordevice performance by forming
nonradiative recombination centers and accelereaiffusion of impurities along their line
[56].

Figure 1.9: a) Cross-section images in the [110] direction d)¢lan-view images recorded close to the [001]
growth axis showing TDs iruin of GaSb on GaAs [58].

Stacking faults (SFs) are other damaging planaeatiefthat can appear during growth. We
consider that figure 1.10a [59] shows the formatafra face centered cubic (fcc) lattice. The
atoms of the second layer (black, or B) sit in tiodes formed by the atoms of the first layer
(labeled A) and the atoms of the third layer (Q)isithe holes formed by the atoms B, the
structure is hence repeated (ABCABC...). The termkstg fault (SF) implies that there is a
local interruption in the regular stacking sequeand that this continues in the same manner
after the SF (ABCBCABC...). In IllI-V semiconductorthe stacking of the zinc blende
structure is usually in the [111] directions. Doehe glide of the dislocations, SFs are created
by the dissociation of perfect dislocations intetighdislocations.

Another type of plane defect resulting from a cleaimgthe stacking sequence is the microtwin.
In zincblende, it occurs almost exclusively on (Lplanes. Here the normal crystal and its
twin share a single plane of atoms and there Ieatgfn symmetry about the twinning plane
(fig. 1.10b). Figure 1.10c exhibits an example ofpkan-view TEM image of plane defects
coming from the change in the stacking sequenceg@ @i growth. By a simple change of the
diffraction vector of the image (figure 1.10d), oocan see that some defects completely vanish
whereas the medium sized defects stay in contrast.

These last defects were determined as microtwirsrees the vanished ones are SFs [60]. A

contrast image change is usually the only methatistinguish these two types of defects.
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Extrinsic IvIicrobwimn
stacking faunlt l

Figure 1.10: a)stacking sequence of fcc [58)), is the sequence difference between a Microtwihaastacking

fault ,c) and d) Plan-viewTEM image of planar defects in Si with a differeomtrast image [60].

Furthermore, whereas some observations showedlévates containing stacking faults still
worked, the ones with a microtwin inside were eleatly faulty. For instance, Mishima et al.
demonstrated that the distribution of the microsvin InSb/A)In1«Sb quantum wells grown
on (001) GaAs substrates correlates with the medsanisotropic electron mobility in the
quantum well [61].

While it may appears that the metamorphic appra@acitd provide any lattice constant
by eliminating the mismatch problem with the suliistyr we have demonstrated that other
problems occur. Since some dislocations can thiretite layer volume and be the cause of the
deterioration of the device performance, scientigied to use different methods to
accommodate the mismatch strain without any infteeon the quality of the epi-layer. In the
next part, we present two main methods that wewvipusly developed to solve the

metamorphic growth of 111-Sb problems on highly metched IlI-V substrates.

[.2.B. Growth of Al(Ga)Sb on GaAs
1.2.B.1. Gradual metamorphic growth

In the goal of accommodating the mismatch stragsearchers have attempted to

mitigate the detrimental defects by bending thdieaty propagating defects along strained
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interfaces using compositionally graded-layers §32- Figure 1.11 shows an example of the
growth of an AlGaAsSb metamorphic buffer layer o6a@As substrate. By optimizing the Sb
compositional grading and the thickness of eachebufyer, they increased the lattice
mismatch from 5.65 A for GaAs to an almost stra@ef5.77A matrix for AlsGay sASo.76Skh 24
(lattice matched to hpéGay.74AS). With this kind of buffer, InAs QDs lasers on AlGaAsSb
metamorphic buffer layer were successfully achigédd.

While this approach has enabled a number of dest@monstrations [65,66] by perfectly
relaxing mismatch strain, it reveals several iggficies. At every strain relief of two buffer-
layers (with a mismatch less than 2%) only 60° MiDs generated [67] and a high density of
TDs (~10/cn¥) at low layer thickness is still observed. Thickerffer layers (> 1 um) are
hence used to decrease this density [68]. Howéweilncrease of the buffer thickness will also

lead to a poor thermal and electrical conductiwigking this method not very satisfying.

Figure 1.11: AlGaAsSb on GaAs using compositionally graded-aj@4].

[.2.B.2. Misfit disclocation array growth mode

In 1992, Bourret and Fuoss claimed that in ordgsramluce an epitaxial layer without
defects in the case of highly lattice mismatchedenmas, a growth process that enables the
formation of a 2D network of 90° MDs at the subg#ayer interface is needed [69]. Due to
their sessile nature and their efficiency for straccommodation, the 90° (or edge) MDs will
relax all the strain coming from the mismatch at thterface in both [110] and [1-10]
directions leading to strain free layer-by-layeowth. Since reports showed that low strain (<
2%) resulted in 60° dislocations, moderate stra¥-(6%) in mixed 90° and 60° dislocations,
and high strain (>6%) in pure 90° [70], this grovgitocess is promoted in heteroepitaxy for
highly mismatched systems. However, the difficulgmains in understanding the growth
mechanisms that can lead to the best atomic caatign at the interface to perfectly relax
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strain by 90°MDs without any TDs. For example, Racht al. [71-73] have shown in the
GaSb/GaAs system that the growth temperature tioagsfactor in determining which kind of
MDs is found at the interface. GaSb growth at 4202€ favours 90° MDs whereas higher
temperatures (> 510°C) promote 60° MDs. Furthermarédnigh density of TDs was still
observed in both cases even if 90°MDs do not pratgatp the surface of the film [74]. These
studies lead to the conclusion that the creatiomegtilar arrays of 90° MDs appears to be
directly related to the generation of island growW#b]. On the other hand, threading
dislocations are believed to come from 60° MDs \Wwhace created at the edge of {111} planes
during coalescence of large faceted irregular shslpeds [76]. Therefore, the reduction of
threading dislocations in large lattice mismatclgeowth will depend on having perfect 90°
MDs at the interface with nearly no island formatidMore precisely, one would hope to grow
highly mismatched materials within the 2D growthdeaoln the following, we try to present
some of the attempts that have been previously usethe growth process on highly
mismatched systems.

[.2.B.2.1. InAs on GaAs(P)

Tournié et al. [77,78] compared the growth of IrdxsGaAs using the S-K and the 2D
growth modes. They reported that with any/Asratio of 10 a S-K growth mode appears
leading to the formation of 60° MDs at the edgehaf islands which then glide to the interface
to relieve the strain (figure 1.12a). Both 60° MBxsd few 90° dislocations are detected at the
interface with a dislocation spacing of 4 nm. Oa tther hand, when the A flux ratio is
set to 0.7 inducing In-stable surface condition@Dagrowth mode is forced. Only pure edge
90° MDs are located at the substrate epi-layerfate with a dislocation spacing of 8 nm
(figure 1.12b).

Chang et al. [79] studied the case of the largatité mismatch among all the arsenides and
phosphides: InAs on GaP (mismatch = 11%). Like Iths/GaAs system, they claimed by
means of RHEED observations that for In-rich cdndig a 2D growth mode appears (fig.
I.13a) whereas a 3D island growth occurs underié&saonditions (fig. 1.13b). In both cases, a
regular network of pure 90° MDs with a spacing aim was formed directly at the interface,
which corresponds to 85% of strain relaxation. Hasve in the 3D growth mode, island
coalescence can induce stacking faults at the lawynoetween two islands as observed in

TEM images. In 2D growth mode, the 25-nm-thick In&slayer appears clean with very few
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defects detected. No threading dislocation is oleskeibut a couple of stacking faults are

present in the interfacial region.

Figure 1.12: TEM images of InAs growth on GaAsd)\5-K growth mode anlo) 2D growth mode [77].

The studies reported on the InAs/Ga(As, P) systéiange shown that the ideal
conditions to have a network of 90 °© MDs at theif#ce is to use In-rich conditions. Working
with these conditions is however critical since YH#I ratio can be less than unity and lead to
the formation of In droplets at the surface.

Figure 1.13: TEM images of InAs growth on GaP &)2D growth mode anll) S-K growth mode [79].
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1.2.B.2.2. GaSb on GaAs

Later on, Huang et al. [80] reported in 2006 onghmwth relaxation of GaSb on GaAs
via interfacial 90° misfit dislocations (IMF) alortgpth [110] and [1-10] directions. A planar
growth mode is established after 3 MLs and a loslodation density is obtained for bulk
GaSb with a relaxation > 98% (figure l.14a). Actyafor a 100% relaxation of the GaSh

overlayer, the theoretical distance between twodd§ldcations is given by:

SZ% a; Xa,

:m qB.7)
where b is the Burgers vector, f is the latticematch between the layer and the substrate and
& and g are the layer and substrate lattice parametepgctsely.

They measured a misfit separation of 56 A corredpunexactly to 13 GaSb lattice sites and
14 GaAs lattice sites. In the [1-10] direction, gv&4th Ga atom has a pair of dangling bonds
(one going into and out of the image plane) to aoonodate the larger Sb atom in the next
(001) plane [81] (figure 1.14Db).

GaSb bulk on GaAs

1 1 GaAs substrate

O s
Misfit Dislocation ® -

i SRRV,
Figure 1.14: a) TEM image GaSb/GaAs interface via 90°MDs arsguAtomic configuration of a 90°MDs array
at the GaSh/GaAs interface [80,81].

It was then shown that a high V/IlI ratio (10) puoés strain-relieved QDs by IMF and the low
V/I ratio of 1 establishes highly strained QDs ®K (fig. 1.15a) [82, 83].
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GaSb SK-QD on GaAs

GaSb/GaAs SK QDs - chevrons

GaSb IMF-QD on GaAs

GaSb/GaAs IMF QDs 108m o |

Figure 1.15: TEM image®f a) GaSb islands growth on GaAs via IMF and Sk growtldes [82,83];b) Growth
of GaSb islands after Sb deposition on a Ga-righafid an As-rich (2) GaAs surface [84].

Further experiments demonstrated that the initislase preparation of GaAs also influences
directly the growth mode of GaSb islands on GaAshé IMF growth, a sheet of Sb atoms are
deposited on a Ga-rich GaAs surface before statiiegsaSbh growth. If Sb is deposited on an
As-rich GaAs surface instead of on a Ga-rich ohe,resulting epitaxial layer will have high
defect density as shown in the TEM image of figuté b [84].

After all these studies, a considerable progress made in growing GaSb layers
directly on (001) GaAs substrates. Results indithte the IMF-grown GaSb is nearly-fully
relaxed (98.5 %) with low density of threading disitions (~ 1®cmi®) and laser emission in
the infrared has been recently demonstrated [8&nEhough these studies showed promising
results, the optimized growth process leading &ftimmation of a high quality IMF array are
still unclear. For instance, both 2D and 3D growitodes are reported for the same
experimental conditions (see refs [80] [82]). ThgA) Ga-rich GaAs surface reconstruction is
observed at 510°C [80] in opposition with usualoreed results. Furthermore, the TD density
is based on scanning different areas of the waferomly 1x1 pr plan-view TEM images are
shown.

The best way to grow IlI-Sb on mismatched I1lI-V strtates can be achieved by
forming a 90°MD array at the interface. This wiletter relax the epi-layer with lower
threading defects and higher device performancdewairoiding the mismatch problem at the
same time. However, the growth mechanisms thatlead to this goal are still unclear.
Depending on the choice of the constituent elemehthe substrate and epi-layers material,

these mechanisms change. A detailed understantithgs@rowth mode is required.
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[.2.C. Growth of Al(Ga)Sb on Si
1.2.C.1. Antiphase domains (APDs)

Beside the lattice mismatch, another challengetaelao the growth of IlI-V
semiconductors on Si is the formation of AntiphBsenains (APDSs). If the growth is started
with simultaneous exposure of Il and V atoms d8i gurface, both I1I-Si and V-Si bonds can
be formed from the initial layer on two differenteas of the substrate. For example when
GaAs is grown on a GaAs substrate, the Ga and ¢xssaexperience no difficulty in choosing
lattice sites: the epilayer just mimics the crystal structure of the substrate. However, when
epilayers of GaAs are grown on Si (100), Ga andathsns can exhibit ambiguity in choosing
lattice sites. The lattice sites on the (100) pdaokSi are indistinguishable and there are no

preferential nucleation sites for Ga and As sinlieos bonds well to both of them [86].

Figure 1.16: a) Anti-phase Boundaries in GaAs on (001) Si BpAnti-phase domain formation on (001) Si with
surface steps [86,87].

As illustrated in figure 1.16, when two areas wiifferent nucleation atoms meet, this results
in an As-As and a Ga-Ga faulty bonds. These typdmnds are called anti-phase boundaries
(APBs) and the domains themselves are called &aisg domains (APDs). Since silicon is
usually grown with at least a single step heightooé atomic layer, extensive APDs are
observed in the growth of all polar 1llI-V semicomtiors on Si. In figure 1.16b, the 1lI-V takes
its zinc blende structure in every domain but frome area to another, adjacent to it, the crystal
structure rotates by 90°. This IlI-V symmetry brieakhas shown to lead to the degradation of
optical and electrical quality of the deposited eniai. In order to grow APD free layers, it is
very important to get a Si surface with biatomiepst At least two main methods are
commonly used to eliminate these APDs. The first ana high temperature Si annealing.

Sakamoto et al. for example indicated that surkaeps have been changed from monoatomic
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layer to biatomic layer height by annealing Si (0@i a temperature of 1000°C for 20 min
[88]. The second method uses the growth of th& Itin different crystallographic orientation
substrates in a way that APDs will disappear. Upgtahl. [89] showed that after a thin
deposition (0.1um) of GaAs/(Al,Ga)As supperlattices on a (211) Bbsrate, the growth
becomes perfectly homoepitaxial while maintainighbstructural and electrical proprieties of
the epi-layers.

An example of using these 2 methods is given amrdéid.17. Through a combination of slight
mis-orientation and a high-temperature surface @i Kroemer et al. proposed a nucleation
process which leads to the pairing of all Si swefateps into a particular kind of double-height
steps [90].

{011] Side View:

Plane #

i
e g] 2
2

7 si [[Jca Plane #1
Si £ As Plane #0

Figure 1.17: Proposed first stage of the nucleation of GaAsiam8er Ga-rich conditions: An incoming As atom
interchanges sites with a Si atom in plane #0 @hginal top Si plane), simultaneously bonding tmaiting" Ga
atoms. The ejected Si atom is placed on an adjasienin plane # I. Top: [011] view. Bottom: [10(]e.,

downward) view [90].

They claimed that under Ga-rich conditions, firekaming As atoms will not simply bond to
Si in the plane above the original Si surface,Willtundergo an exchange reaction with a Si
atom from the last Si plane. Two Ga atoms are sanabusly bonding to both the embedded

As atom and to two adjacent Si atoms of the origsarface. This energetic growth
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mechanism proved that by lowering one of the dosltd energy, single domain growth of

GaAs on Si can be achieved.

1.2.C.2. llI-V direct growth on (001) Si

Many attempts have been reported to integratettirBtV semiconductors on exactly
oriented (001) Si. The GaAs/Si system has beemapapular research topic in IlI-V crystal
growth. The dislocation densities of GaAs filmswrnoby several methods (two-step growth
technique [91] thermal annealing [92] and use aduplermorphic supperlattices [93]) have
been limited to a dislocation density in the ordérl® cm®. To our knowledge, the lowest
density (~ 16 cm?) was obtained for the films grown at a low-temper of 330 °C with

atomic hydrogen irradiation [94].

Figure 1.18: AFM and cross-section TEM images showing low dgrgiAPDs in the GaP layer on Si [96].

In the same vein, Kunert et al. recently grew lattite mismatched GaP on Si by metal
organic vapor-phase epitaxy (MOVPE) [95,96]. Thgal was to avoid TDs related to the
lattice mismatch by the pseudomorphic nucleatiorGaP on Silicon. The objective is the
monolithic co-integration of IllI/V-based optoelemiics and Si-based microelectronics on Si
substrates. They demonstrated that under apprepgi@wth conditions a kinking of APBs
appears from the {110} towards the {111} planes dmhce the self-annihilation of these
defects can be initiated. Furthermore, the Si serfarea covered by monolayer high islands
should be as small as possible to initiate selfkalation of the APBs. APD-free GaP layers on
exactly oriented (001) Si substrates have beereaetiiafter only 40 nm of overgrowth (figure
.18).
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For the IlI-Sb case, a few attempts have been tegpan (Ga,Al)Sb [97-100] and InSb [101-

102] on (001) Si substrates. Akahane et al. [9uhtbthat GaSb grown directly on the Si

substrate forms large islands, indicating excessivéace diffusion of Ga atoms on Si surface.
AISb growth leads to small islands because of thaller diffusion length of Al atoms. Hence,

they grew GaSb on Si with an AISb initiation layBurther TEM studies then revealed that a
low-temperature AISb buffer introduces a perfect MDs array at the interface (fig. 1.19a)

and helps in converting the GaSb growth mode froBasland growth mode to a layer-by-

layer one [98]. More recently, Vajargah et al. [8#8]estigated the IMF dislocation array at the
GaSb/Si interface with an AISb layer in betweemgdihe geometric phase analysis (GPA)
method (see explanation chapter 1) on HAADF-STEM@ges (fig. 1.19 b,c and d).

1001]

Figure 1.19: a) 90° MDs array at the GaSb/AISb/Si interface showériggh quality GaSb epi-layer [98h)
Cross-sectional HAADF-STEM image of a GaSb epitdihia on Si with FFT in insetc) A magnified image of

misfit dislocation core an@) the atomic model representation of the dislocatiore structure [99].

The atomic model reconstruction of the core stmgctieveals that it is a glide set type of
dislocation core consisting of a ring of eight atoamd an inner atom with dangling bonds. By
inspecting the first monolayer at the interfacevas inferred that the core is an Sb column.
The GPA measurements (fig. 1.20) indicates thatl#téce parameter of the epitaxial film

recovers its bulk value within three unit cellsrfrdhe interface due to the relaxation through
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IMF dislocations. The standard deviation of strairboth film and substrate sides is less than
0.4%.

0.16. X . 2 0.5
) 0.14
Jo1z
101
{008
1 0.06
1o.04
10.02
0
0.02

0 2 4 6 81012 141615
Distance (nm)
Figure 1.20: The strain map (a) parallet,, with and (b) perpendiculag, to the interface. (c) Strain in a
dislocation core. (d) Line profile of theg, strain vs distance from highlighted area in (aeTvertical

modulations are the residual electron beam instééd of the scan coils in the unprocessed imag6g [

Afterwards, a study on the TD density and APDs gis$MF growth was established on AlSb
on a 5° miscut (001) Si substrate [100]. In figugd, the high quality IMF interfaces exhibited
a distance between two dislocations of 3.46 nmespaonding exactly to 8 AISb lattice sites
grown on 9 Si lattice sites.

(a) Step-geometry at 5° miscut AlSb/Si interface

(c) Strain-fields at AlSb/Si interface

Bond distortion at double step due
1o hy, h; height difference

[[] sitatice [ ] Alsb lattice

Figure 1.21: Schematics showing the step geometry and atomaagement of AlISb on 5° miscut Si [100].
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This distance was well matched to the terrace kefigt=31.09A) of the 5° miscut Si
substrate and results in a single interface MDtpeace. Furthermore, the miscut substrate
geometry suppresses APD formation due to the daibfe height. Based on all these studies,
the surface morphology became flatter and highityu&aShb growth was achieved for a low
defect density of ~7.£n? and an average APD density of 2/t@r?.

From the above observations, we have pointed auinthin problems related to the
growth of antimonides directly on Si. Even thougime attempts on growing antimonides
have been already reported with very low TD deesiaind APDs when a 5° miscut (001) Si
substrate is used, exactly oriented Si substratesttee standard ones in the current Si
technology. Therefore, the need of growing llI-Sbexactly oriented (001) Si is very relevant
to achieve a reproducible technology for the iratign of high speed and low power Sb-based

electronic devices.
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1.3. Conclusions and thesis objectives

We have shown the importance of growing llI-SbG@As and Si substrates for both
optoelectronic and electronic devices. After exipigithe main problems related to the growth
of 1lI-Sb materials on highly lattice mismatchedstrates, one can conclude that two major
difficulties remain: TDs coming from the mismatchdaAPDs coming from the growth of a
polar (111-V) on a non-polar material in the caddlte use of Si substrates.

Since interesting results have been demonstratetthdéogrowth of GaP templates on (001)
Si, we focus on the former bottleneck by treating tases of Sb-based heterostructures on
GaAs and GaP substrates.

In order to achieve a pure antimonide buffer layer,will first try to perfectly control its
growth on highly mismatched IlI-V materials. SinBaAs is a commonly used substrate in the
industry, we particularly try to investigate theogth conditions (surface preparation, growth
rate, growth temperature and V/IlI ratio) that daad us for a high quality GaSb layer on a
GaAs substrate. At the same time, we will preseatgrowth of GaSb on GaP, increasing then
the mismatch with the substrate to 11.7 %. Withhékp of these 2 studies we hope to be able
to explain the main mechanisms to reach a perfédfiRMDs array at the GaSb/Ga(As,P)
interface. We can also wish to reveal new aspebishamay lead to a better understanding of
the IlI-Sb heteroepitaxial growth.

After optimizing the growth conditions of the buffiayers, we study their impact on the
active layers. Therefore, we present the resuleohlSb/InAs heterostructure growth on both
GaAs and GaP surfaces. In this phase of work, itgortant to mention that even if we
decided to work on a specified active layer usediniyafor electronic applications
(AISb/InAs), our results can be extended to othe®lb active layers.

At the end of this work, we show our attempt tovgran AISb/InAs heterostructure on an
exactly oriented silicon substrate by using GaR&nplates from the NASR, GmbH
company in Marburg. We demonstrate that the resulery promising for the integration of

high speed and low power Sh-based electronic dewcthe silicon technology.
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CHAPTER II: Experimental setup

II.1. Material growth: Molecular Beam Epitaxy

Molecular Beam epitaxy (MBE) is a method for singtgstal deposition. It's one of the
best techniques used for the production of higHiyusemiconductor devices. IlI-V MBE was
first based on the principle of the three tempeestiproposed by Gunther in 1958 [1]. The
method consists in making group V molecular fluwaats with another group Il one
evaporated at temperatures &nd T, respectively, on a substrate surface heated at a
temperature JsatisfyingT,; > Ts> Ty. The progress of MBE was later attributed to tloelkw
of J. Arthur and A. Cho [2-3] who demonstrated Hmenoepitaxial growth of GaAs buffers.
They declared that once the condition of the 3 tmapres is satisfied, the group IIl atoms are
condensed on the substrate and their re-evaporatiaimost negligible. The V element is
hence incorporated just to ensure the stoichiomaftthe grown layer. This process implies
that an excessive group V element flux is senh&durface which requires a temperatuge T
sufficiently large to prevent excessive group V @emsation. The first advantage of MBE is
the slow deposition rate (reaching less than 0.QIsMallowing an excellent control of the
layer surface and thickness. Such control has ellioitie development of structures where the
electrons can be confined in space, giving quaniigis or even quantum dots. The second
most important aspect in MBE is the ultrahigh vaauenvironment leading to differemt situ
characterisation techniques (XPS, UPS, APS, MS, RBIE). At these very low pressures, the
mean free path of the gas atoms or molecules coinimg the cells is in the order of few
meters. On the other hand, the distance betweeoell®eand the substrate is very short (~30
cm). By comparing this distance and the mean feglk, pne can deduce that molecules arrive

to the substrate surface with nearly no collisi¢nsolecular beam flux”).

[1.1.A. IEMN MBE reactors

Three MBE reactors are running at IEMN. One readoconcerned with graphene
growth experiments and two are dedicated to Ill-¥tenial growth: a Solid-source MBE
(SSMBE) RIBER 21 TM reactor and a Gas-source (GSMBBE 32 P reactor, coupled
together with an ESCA analysis chamber and bothingnwith a base pressure better than
1x10"° Torr. To obtain high-purity layers, it is criticahat the material sources must be
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extremely pure and the entire process be done ulteazhigh vacuum environment. The IlI-V
MBE system consists in four main vacuum chambewswytp chamber, intermediate chamber,

outgassing chamber and an introduction chamberselbleambers are separated each other by

gate valves to maintain the vacuum integrity betwibem (fig. 11.1).

— Introduction
chamber

RHEED crycgenic

Cooled panels by gun pump

liquid nitrogen

Effusion cells
Ga, Al, In, §i, Be

\\

Quadrupole
residual gas
analyzer

Gas

- chamber
5:;:') B \— Transfer
T rod
Intermediate o out
chambers i ~— Uutgas
chamber
AsH, Bayard-Alpert
PH; Shutters gauge
Mass
Flow Valve-cracker Fluorescent
Control cells screen
Substrate-holder -W

Manipulater

IIE_I
Figure 11.1: IEMN IllI-V MBE system. Only details on GSMBE are givieces both reactors operate nearly in
the same way. The difference in SSMBE is firstrtha® element is used and secondly, an As soligdieff cell is

used as source for Aslements rather than arsine (which gives) s GSMBE.

I1.1.B. Elemental sources

[1.1.B.1. Group IIl element sources

The group 1l element sources are effusion cells (Knudsen type) wherdiuGal
Indium and Aluminum are melted and then evaporatedn atomic flux. We assume the
Knudsen formula giving the atomic flux arriving dime substrate to be valid. The arriving
atomic flux is then a function of the cell temperat geometric parameters (aperture area,

position in the reactor) and of the evaporated el@nproperties (vapor pressure, molecules

velocity).
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with log p,(T) =$+YlogT -Z

d?,/2mKT

where:a is the aperture area of the cell

pi(T) is the vapour pressure at T

d is the cell-substrate distance

m is the material mass

0 is the angle between the cell axis and the notontile substrate

X, YandZ are characteristic constants of the material
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y =-33,136x + 23,374

1000T (K1)

(Eq. 11.1)

Figure 11.2: Growth rate ofin on InAs, and Ga and Al on GaAs in function &f ¢kll temperature.

For a given reactor geometry, the atomic flux athe element is a unique function of the

material temperature and hence is controlled bwletipg the temperature T of the cell

crucible. Figure 1.2 gives an example of experitaéatomic flux of the In, Ga and Al cells in

function of the crucible temperature. The atomix f{or growth rate/) is given in ML/s where

1 monolayer corresponds to a complete layer of gitiuand V atoms in the [001] direction

(see section 11.1.D). In figure 11.2, the evolutiohthe growth rate is deduced for each cell and

follows an Arrhenius law given by:

© 2012 Tous droits réservés.
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y=In(V) = A+ B(@j:A+ Bx (Eq. 11.2)
where A and B are characteristic constants of ezaterial, the latter having the dimensions of
an activation energy divided by the Boltzmann canstSince the cell contents evolve with
time, Eq. 1.2 allows us to readjust the tempemfuom a single growth rate measurement. For
day to day control, the atomic flux is also checketh the help of a Bayart-Alpert gauge

placed in front of the substrate holder.

[1.1.B.2. Group V element sources

Both MBE reactors are equipped with an antimonyemlcracker cell (Veeco RB 200)
used as &b, source. The cracker temperature is set at 900°@raduce Sh,. Actually,
decreasing the cracker temperature producgsg&ties but rapidly leads to a plug of the valve
due to excessive antimony condensation. It has desronstrated that the use of, &lom Sh
is beneficial to the electronic properties of binaantimonides. Particularly, a lower
concentration of native residual acceptors respptmgor the p-type residual conductivity of
undoped GaSb is obtained [4-5].

14

] M ] M ] d ] M ] M ]
—&— Tavaporator= 570°C
- |—®Tavaporator™ 940°C

-
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-
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Figure 11.3: Sb growth rate in function of the valve opening atacker temperature of 900°C and an evaporator
temperature of 540°C (red line) and 570°C (bladle)i
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Depending on the desired atomic flux, the evaporsmperature is changed and the valve
opening is varied. The pressure is hence measwdtiebgauge flux and corresponds to a
certain Sb growth rate (section 1.1.D) on the $t#tte. Figure 1.3 exhibits an example of the
variation of the Sb growth rate on a GaSb subsiratieinction of the valve opening at an
evaporator temperature of 540°C and 570°C. As gibduglement cells, the equation of each
line also allows us to readjust the valve openimgifa single growth rate measurement.

In SSMBE, a valved cracker cell (Riber VAC 500uged to sublime the solid As element into
tetramerAs, species at a cracker and evaporator temperaturd@0o&nd 600°C, respectively.
Like in the case of an Sb cell, the calibratiorthef As growth rate is determined in function of
the valve opening. On the other hand, the arsa&sidlux in GSMBE is obtained by cracking
arsine AsH through a high-temperature injector (HTI). Beforeing through the HTI, the
atomic flux is regulated with the help of a massalcontroller. Here, the evolution of the
growth rate is linear in function of the AsHow. Similar to As,, the phosphoru®; flux is
obtained by cracking phosphine £tHrough the HTI.

[1.1.C. Temperature measurement and calibration othe substrate

An exact temperature measurement of the substsafgabably the most difficult
operation in MBE. The substrate is actually heddgdadiation with a filament heater where
the temperature is controlled via a thermocouplmveéler, the thermocouple does not give the
exact temperature of the substrate since it's matirect contact with the material. Hence, in
our experiments, we usmtical pyrometry. Optical IR pyrometry is till now one of the most
frequently used techniques for temperature measmemit's notably important to mention
that for an exact pyrometer measurement many akitionsiderations need to be taken into
account: coating of the optical viewport, the bapdss of the pyrometer, Mo block
temperature, light coming from the effusion celisdathe substrate heater, etc... [6,7].
Therefore, our pyrometer is installed in front log tsample in a way that it measures precisely
the thermal radiation coming only from the middletlee sample surface (red area in figure
1.4).

In figure 11.4, we can notice that the grown samigldneated by radiation with the filament
heater but being radiantly transparent, high basol Epg semiconductors (like GaP) do not
absorb all the heat radiation. The pyrometer mesasent is then the one coming directly from
the filament itself. To overcome this problem, samples were soldered to Si templates using

Indium. This way the pyrometer will measure theilma temperature. Actually, the heat
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coming from the radiation is absorbed in Silicompdates, in such a way that the sample and

Si will have the same temperature.

Detector Sample

// Substrate-holder

‘—L Heater Filament

Figure 11.4: Layout of the optical pyrometer equipment.

The temperature calibration was established usi&dp Imelting point as a reference. A small
InSb substrate is soldered on Si and placed orsubstrate-holder. The temperature is then
increased until a certain point where InSb stastsnelt (520 + 5°C). This observation was

done with the help of the RHEED system introducethé next section.

[1.1.D. Reflection high-energy electron diffraction(RHEED)

One of the very useful tools fon-situ monitoring of the growth is reflection high-
energy electron diffraction (RHEED). It can be usedjive feedbacks on surface morphology,
determine lattice constant, calibrate the substieeperature and element growth rate, and

observe removal of oxides from the surface.

[1.1.D.1. Surface characterization and lattice consnt

The RHEED gun emits electrons (15 keV for SSMBE abdkeV for GSMBE) which
strike the surface at a shallow angle (~1°) (sgaré 11.5). The incoming electrons with a
momentumko have a very small incident angle with respecths sample surface. Therefore,
they will only be scattered from the top layer abras of the sample. Assumirgastic

scattering,no energy transfer is allowed from the electronghi® sample. So the scattered
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wave vectokj lies on the surface of the sphere of constantggnéne so-calleEwald sphere
(where Ikol= 1kjl ). In reciprocal space, 3D array turns into spotd the two-dimensional
array of the surface atoms turns into verticaldingereciprocal rods Wherever these rods
cross the Ewald sphere, the condition for congirednterference of the elastically scattered
electron beams from the surface is fulfilled. Tlere, these crossing points krspace
determine the directions of constructive interfeeefor the electrons in real space. After being
reflected, these scattered electron beams hibagheent RHEED screen in certain spots, lying
on so-called_aue circleswhich are numbered starting from zero. The figl® shows the

Laue circles no. 0 in red and no. 1 in blue.

RHEED screen

3D view

reciprocal rods

part of the
Ewald sphere

-

i
i

e incident beam e

Figure 11.5: Schematic illustration of the in-situ RHEED techred8].

A camera monitors the screen and can record ir@staats pictures or measure the intensity of
a given pixel as a function of time. Figure Il.6epents examples of RHEED patterns for
different types of surfaces.

We use these images to explain the use of thistgel to analyze the surface evolution. For
example, the RHEED screen exhibits the surface uéwool during deoxidization. While
increasing the temperature with an arsenic ovespresdor GaAs substrates (or phosphorus for
GaP substrates), the appearance of a haze is anatiod of the amorphous nature of the
protective oxide (fig. 11.6a). When the deoxidinastitemperature is reached (610°C for GaAs
and 650° for GaP), the RHEED changes to a monadliy& pattern indicating that the oxide
is desorbed from the surface (fig. I1.6b). Figulledc and 11.6d present the RHEED pattern of a
3D mismatched GaSb growth on GaP. Both figuresaleitands formation on mismatched
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substrate. However, the appearance of developedkstiin fig. 11.6d indicates the formation
of {111} facets at the edge of the islands, whert#®s well rounded circles in fig. I1.6¢

evidence the absence of any island facets.

a) b)

Amorphous pattern

GaSb {001} surface
 E—

.

Figure 11.6: RHEED images for different types of surfaggAmorphous surfacd) Monocrystraline GaAs
surface,c) rounded shape GaSb islands on GdPfaceted shape GaSb islands on Gafandf) correspond to
2D GaSb surface in both [110] and [1-10] directigmespectively.

RHEED images of a GaSb surface in both [110] andQJLdirections are shown in figures

Il.6e and 6f, respectively. In figure 1l.6e, in alwh to first order streaks which correspond to
the lattice constant of the surface, two secondanaks with a 1/3 spacing of the primary line
are seen corresponding to a ‘x 3 RHEED patterthé[110] direction. On the other hand, no
secondary streaks are marked in figure 11.6f arxd H RHEED pattern appears in the [1-10]

direction. During growth, the RHEED pattern hasrbescorded. The Specular Beam Intensity
(SBI) was hence extracted (yellow circle in figgf). and surface roughness deduced [9]. The
strain relaxation can be also determined usingrth@ane lattice constant, calculated from the

inter-reticular spacing between two first ordefrdiftion streaks (yellow line).
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[1.1.D.2. Flux calibration

As mentioned before, RHEED SBI oscillations canused as a measurement of the growth
rates in MBE. When a 2D growth is initiated on eositth surface, the roughness of the surface
is function of the coverageof the surface, hence the intensity of the specgeléection starts

to oscillate between a maximum fod=Q) and a minimum oneb€0.5). These RHEED
oscillations were first used by Neave et al. [9)ewéhthe oscillation frequency corresponds to
the monolayer growth rate of the epilayer [10].

Figure 1.7 is a schematic illustration of RHEED ciigtions. One monolayer
corresponds to a complete layer of Ga and As atwvhen a layer starts, the surface is smooth
and the specular spot is bright (A); but as thedaycleates, 2D islands form on the surface
and the specular spot intensity decreases (B, €)tha layer is completed (D), the islands
coalesce into a flat layer and the specular spgensity re-increases (E)

RHEED
[001] T [110] Il'ltenSity A E

g < ]
[110];{' : =L — Wy Al

v

A
Time

Figure 11.7: Principle of RHEED oscillations [11].

We are then able to calibrate the Ga and As groatits on the GaAs substrate. For the Ga
calibration, we fix the As flux high enough to m@im RHEED oscillations but also low
enough to reduce oscillation damping. The tempegatd the Ga effusion cells is changed
varying the beam flux and thereby the correspondiaquency of RHEED oscillations. A
typical example of the SBI in the RHEED patternidgrGaAs growth is shown in figure 11.8
(blue line) when Ga crucible is at 950°C. The perd oscillation corresponds exactly to the
growth of a single monolayer, i.e. a complete layfeGa and As atoms in the [001] direction.
Once the Ga growth rate is calibrated, we fix iL&lL/s and the As flux is decreased until a
certain point where the growth rate starts to desgeoelow 1ML/s (red line fig. 11.8). We can
also observe a RHEED pattern transition from a &Agtrich surface to a (4x2) Ga-rich one.
These conditions can’t be extended since oscitlati@apidly disappear as Ga droplets start to

form on the surface. Indeed at this point, we arexcess Ga conditions and the GaAs growth
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rate depends on the As flux. This method allowsalgrating all group-1ll and V element

growth rates on different substrates (GaAs, InAs @aSh).

1 ML

Veurs~ 1 ML/s
T, = 400°C

RHEED Intcnsity (u.a)

Time (5)

Figure 11.8: RHEED oscillations used for calibration of the gith rate of Ga and As on GaAs [12]. The
oscillations are limited by the Ga element whenelagent V is in excess (blue line), as in the lugravth
conditions, or by the arsenic flux when Ga is iness (red line).In the latter case, we observe ttaigrowth
rate is slower (0.9 ML / s) than in the first c43eML/s). The growth temperature is 580 ° C. Gatfiiell being
at the same temperature (950°C) in both casesledece that the lower oscillation corresponds tgrawth rate

limited by the arsenic flux.

[1.2. Material characterization

[1.2.A. Atomic Force Microscopy (AFM)

The sample surface was examined by Atomic forcaddwopy (AFM) using a Digital
Nanoscope Il system, working in the tapping mobes tool allows us imaging the surface
morphology with a resolution that can reach atostép in the direction perpendicular to the
sample surface. It is one of the foremost toolsrfaging, measuring, and manipulating matter
at the nanoscale. AFM consists of a cantilever witharp tip (probe) at its end used to scan
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the sample surface (figure 11.9). The cantilevetyically made with silicon with a tip radius
of curvature on the order of a few nanometers (rtOmax). When the tip is brought into
proximity of a surface, force gradients between tipeand the sample interact with the
harmonic oscillator formed by the cantilever. Thffect induces both energy dissipation and
frequency shift of the oscillator. A digital 3D ige is obtained by scanning the surface and
reading the Z movement of the vertical feedbacktposthat allows constant interaction. All
our AFM images have been further analyzed using B6ExM [13] and Mountains Map [14]

softwares.

Detector and
Feedback

Electronics

Photodiode

N /

4 \
Sample Surfa Canfiiever &1
. PZT Scanner

Figure 11.9: Schematic of an atomic force microscope (AFM) [15].

[1.2.B. Transmission Electron Microscope (TEM)

The transmission electron microscope produces imageprobing the sample with an
electron beam with a very high voltage (40 keV @® 4eV). After being transmitted through
the sample, the high energy electron beam providi@smation about the sample atomic
structure. The TEM analyses were performed by D¥#&ng at CIMAP in Caen (France) who
pursued his PhD in the frame of the MOS I11I-V pamjen the “Misfit dislocation and strain
relaxation at large lattice mismatched IlI-V senmdactor interfaces” [16]. On the other hand,
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the samples that were grown on the GaP on Si teegplgere analyzed by the group of Prof.
Kerstin Volz in the Philipps University of Marbuf@ermany) [17].

The structural property analyses coming from Caesrewcarried out on two JEOL
microscopes: 2010 LaB6 and 2010 FEG both operatezD@ kV. In NAsR,, the TEM
investigations were done using a Jeol JEM3010 aacaeleration voltage of 300kV. Along
with plan-view and cross-section images, doublé&atfion analysis accompanied with Moiré
Fringes experiments were also performed. To detexrthe atomic type and arrangement of
the interface dislocations, the geometrical phasalyais (GPA) of High Resolution TEM
(HRTEM) images was applied [18,19] to investigake tlocal strain distribution which
characterizes the dislocation cores. The GPA metbloes on the evaluation and interpretation
of the geometric phase component Pg(r) by perfagnainFourier transform on a HRTEM
image. For perfect crystals, the phase of a Braflgation, described by the reciprocal space
vectorg, is constant across the image. However, for adesd lattice, small deformation can
be seen as local lateral shifts of the latticegem and consequently as small changes in the
phase corresponding tp The phase Pg(r) determined by GPA is relatatheéadisplacement

field u by the expression:

P,(r) =-2gi(r) (Eq. 11.3)
From the local lattice displacements, the two-disi@mal strain maps can then be calculated
as:
_ Ouy ouy 1 ,0uy , Ouy
= =My o —10ux [Ny Eq. 1.4
Exx ax ' Eyy ay Exy 2( ay + ax (Eq )

Figure I1.10a shows an example of a HRTEM imagea dbaSb/GaAs interface and figure
[1.10b shows thesy, component of the strain field (deformation alorng {001] growth

direction) derived from figure 11.10a.

Figure 11.10: a) Cross-sectional HRTEM images of the GaSb on (G@#s, b) Straine,, components
corresponding to the HRTEM image by applying théA@fethod [20] anat) Projection of the,, images along
the interface direction.
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On these images the dislocation cores are eadilyedéed at the nanometer scale. Projecting
the strains on the growth direction allows caldatathe average value which can be related to
the relaxation state of the layers in figure 1.10tese profiles also provide an idea of the
thickness of the highly strain interfacial layeickness.

Besides the strain distribution, the fine structofethe dislocation core has been analyzed
using the method proposed by Kret et al. [21,22]satering the continuum theory of the
dislocation. This approach provides a quantitatiegermination of the Burgers vector of the

misfit dislocation and direct insight on their gasn at the interface. Figure 11.11 shows the

£ o0& 0&
xy +% anda,, = -——2 +—> ) of the tensorial distribution

ay 0x oy

of the dislocation cores derived from the HRTEM gmeof figure Il.10a. In these kinds of

0
components (wherer,, = -

images, the dislocation core density tensor takeszero values only close to the dislocation
core. Integrating thew;sz over the dislocation core region, we can obtair th-plane
components of the Burgers vector as shown in figuté&. The detailed processes of all these
analyses have been reported in details in Dr. W&aRgD thesis [16].

ay3

-2.00A

1 EEE B M

01A -4.01A -401A -401A -4.01A -401A

Figure 11.11: Thea;3 component of the dislocation distribution tenseldf, the quantified Burgers
vectors have been indicated in the images.

[1.2.C. Hall effect measurements

As it's mentioned before, the electron mobility imAs quantum wells is a very
important electronic property in terms of devicefpanance. On the other hand, it is found
that many structural aspects influence the trarigpaperties of InAs/AISb heterostructures
like surface and bulk donors, interfacial bondiagjon intermixing, etc... [23]. In addition,
some of the samples in this work presented an oo behaviour in terms of transport and

61

© 2012 Tous droits réservés. http://dOC.UHiV-|i||e1 fr



These de Salim El Kazzi, Lille 1, 2012

material properties. Therefore, we were interedtedletermine the electron mobility, the
resistivity and the electron density in the InAsuchel of the heterostructure. We hence used
two of the most commonly used techniques: the VanRhuw (VdP) measurements for the
mean value of electron density and mobility andl Baldge measurements to get the electron
mobility and density of the InAs channel in botli(] and [1-10] directions.

A HL 5500 PC system is installed at IEMN for theseds of measurements at room
temperature as well as at the temperature of liguikbgen (77K). Since a suitable shape
specimen is required for this system before anysomesnent, a photolithography process is
needed (figure 11.12). In our case, a positivesteh\Z 1512) is first spun onto the sample
surface (a). The sample is then exposed to UV ltghvugh a chromium mask (b). The
development step (MIF 726) then removes the exppketbresist area (c) not protected by the
mask. After chemical etching £(Bl (200ml) /HO, (1ml) /HF (1ml)) the different mesa are
isolated and the remaining photoresist is finaéijmoved (e) with a solvent (Acetone).

uv
I - Photoresist

Active layer Active layer

Substrate R Substrate

a) Spin coating b) Masking l

Active layer

Substrate — Substrate — Substrate

e) Development d) Etching c) Development

Figure 11.12: Photolitograpy process.

With the help of an ASTM data sheet and the CleSoftware, we fabricated a new mask that
allows us performing Hall measurements for evengtostructure. An example of a prepared
sample before measurement is shown in figure II.I3& corresponding dimensions of the
mask are also given. For Ohmic contacts, Indiunplets were placed on the Mesa and the
sample was then heated at 200°C leading to indidfiessgbn in the InAs channel. At last, six
probes (or four) are used to contact the Hall bavan der Pauw) geometry samples so as to

determine Hall Effect with a 0.32 Tesla permaneagnetic field (fig. 11.13b).
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4
A ’

Figure 11.13: a) AlSb/InAs on GaP after photolithography pracaesd b) HL measurment

After successive measurements by permuting theactsjtthe Hall constantyRs extracted
from the variations of the resistance when applyangnagnetic field by the following
relationship: R (m*C) = ARxd/(IxB); whereAR is the resistance variation with the magnetic
field, d is the thickness of the layer, B is thegmetic induction and | is the current. The
electron mobility is then given by pufiv.s) = Ri/p and m (M) = 1/(q Ry) where q is 1.6 x
10™° C andp is the sample resistivity. Indeed the sigrRgfindicates the type of the charge
carriers (n or p).

In this chapter, we have presented the differepeamental techniques that were used
during this work. In the next chapters, we will gimnore specific information concerning the
growth method of each sample involved in each stidigh the aid of the characterization
tools (RHEED, AFM, TEM and Hall analysis), we hdpeoptimize the growth conditions for
high quality AISb/InAs heterostructures on mismattisubstrates.
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CHAPTER IlI: Nucleation and strain relaxation of

GaSb on highly mismatched substrates

We have shown previously that optimizing the gtowbnditions of the buffer layer is
very essential to achieve the best device perfocemam this chapter, as a first step, we try to
understand the main mechanisms occurring duringhtiodeation process of the buffer layer
growth. More particularly, we investigate by meafsRHEED, AFM and TEM analyses the
influence of the growth conditions (surface recaomdton, growth temperature, growth rate
and V/III ratio) on the nucleation process of Gafdbboth GaAs and GaP substrates. We then
focus on the influence of these growth conditionglee relaxation and formation of the GaSh
epilayer. Finally, we try to draw the main conctuss that can help us to reveal new aspects in

the understanding of IlI-Sb heteroepitaxial growth.

[11.1. Surface reconstructions

At the beginning of our work, it is mandatory tepire the nature of the GaAs and
GaP surfaces if we consider that GaSb acts diffigratepending on the initial surface
(different dangling bonds, atomic constituents,..efc The results on the GaSb growth on
different reconstructions of GaAs and GaP substrait help us determining the best surface

preparation to start IlI-Sb growth on highly misctetd substrates.

[11.1.A. GaAs surface
[11.1.A.1. (001) GaAs considered reconstructions

Since three kinds of atoms enter the game of Ga®btlh on GaAs (Ga, As and Sb),
three main types of surface are used in the stéittyeosurface reconstruction: As-rich, Ga-rich
and Sb-terminated GaAs surfaces. It has been egpahat a rich variety of (001) GaAs
reconstructions are formed depending on surfadgehstonetries, ranging from the most As-
rich c(4x4), through (2x4), (6x6) and c(8%2), te timost Ga-rich (4x6) and (4x2) phases [1,
2].

For the As-rich case the ¢ (4x4) and (2x4) reconstructions showngurg 11.1 are the most

commonly observed [3]. The difference between theseconstructions is the As surface
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coverage going from 0.75 ML for the (2x4) to 1 Mir the c(4x4y and reaching 1.75 ML for
the c(4x4p [1].

c(4x4yp(a) andd(b) As-rich GaAs reconstructions (2x4) As-rich GaAs reconstruction

(o]

[110]

O:Ga Q:As

[001]
Yy L

Figure 111.1: As-rich (001) GaAs surface reconstructions [1].

[110]

The (2x4) reconstruction of MBE-grown (001) GaAghe most stable over a relatively wide
range of temperature. During the growth of evernA§&hased sample, the substrate surface
needs to be perfectly smooth before any heteroepitgrowth. Therefore, after deoxidization
at ~600°C, 3000 A of GaAs is grown on the subste4t680°C with a Ga growth rate of 1
ML/s and a V/llI ratio of ~ 6 (figure 111.2).

0 nm

Figure 111.2 : (1x1) und AFM image of MBE growth of GaAs/GaAs with a RM$ieaqual to 0.2 nm.

Ga-rich reconstructions are usually obtained by heating the As-rich rettacions without

As flux. Although a rich variety of reconstructigrsuch as the (3x1), (1x6), (2x6), (3%6),
(6%6), (4%6), (4x2), and c(8%2), has been reporvedlyy the atomic structures of the (4x6) and
(4x2) reconstructions are well understood [1]slinnportant to mention that two kinds of (4x6)
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Ga-rich surfaces need to be distinguished:stirealled(4x6) which is less Ga-rich compared
to the (4x2) phase and theal (4x6) phase which is more Ga-rich than the (4x23 f4.

During our experiments, two methods are used taiolat Ga-rich surface represented in figure

1.3.
300 nm GaAs at 580°C
GaAs Substrate
A," fluxes interrupted o Substrate cooled down
. . o* ‘e for GaSb growth
Substrate desorption until . ., Ppsiriag
the apparition of the (4x2) _+* -, ‘maintaining the (2x4)
» 4
(4x2) Ga-rich (2x4) As-rich
GaAs Substrate GaAs Substrate
T = 580°C [T = (460-510)°C |
Substrate cooled down .'-, o
for GaSb growth % o* Substrate desorption
4 (4x6) Ga-rich J reaching a base

pressure < 10 T range

GaAs Substrate
| T = (460-510)°C |

Figure 111.3: Schematic illustration of the 2 methods (red angplused to obtain a Ga-rich surface.

In the first one (red in fig. Il1.3), the As vahand Ga shutter are closed after homoepitaxial
GaAs growth at 580°C. At this temperature, As gpessively desorbed from the surface and
as the As partial pressure progressively decrdas® chamber, the RHEED pattern turns to
a (4x1) and then to a (4x2) surface reconstructibaracteristic of a Ga-rich surface. By
decreasing the temperature for GaSb growth (4608°G), the RHEED pattern exhibits a
(4x6) reconstruction at 550°C approximately.

The second method (blue in fig. 111.3) consistslatreasing the sample temperature just after
GaAs homoepitaxy (always without any flux exposufid)is allows keeping the (2x4) As-rich
surface. However, once the desired temperatureaished and the sample is left for an excess
As desorption reaching a base pressur0° T range, the (4x6) reconstruction appears

indicating a Ga-rich surface.
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The two methods clearly show us that the (4x2)oisstable at temperatures lower than 560°C
(also observed in ref 1-2). Moreover, since lessiAgesorbed at 460-510°C compared to
580°C, the RHEED in this range actually exhibits $b-called(4x6) reconstruction which is

less Ga-rich compared to the (4x2) reconstructitence, an additional method which consists
on sending 1 ML of Ga on the (4x6) reconstructiaaswalso used. This way we are sure that

before starting GaSb growth, the top layer of tle\&surface consists of Ga atoms.

For the Sb-terminated (001) GaAs reconstructions4 main reconstructions are often
identified: (1x4), (1x3), (2x4) and (2x8) [5]. Marty et al. [6] claimed that following Sb
deposition on a GaAs suface at low temperatur¢$x4) phase is observed during annealing
in the 200-360°C range; a (1x3) then appears at@6h the 450-560 °C range where Sb
starts to evaporate from the surface, a (2x4) &b-reconstruction is present. The (2x8)
reconstruction is also observed on GaAs surfacenwdBle is exposed at normal growth
temperatures (i.e. 450°-560°C) [5].

The (2x4) and (2x8) Sb-terminated surfaces arstitiied on figure Ill.4. The Sb coverage for
the (2x4) Sb-rich surface is approximately 0.5 Miulsere both As and Sb dimers are found at
the GaAs surface. On the other hand, the (2x8)istsnef Sb dimers in three atomic layers,
and an Sb coverage larger than 1 ML [7].

OO OOGzOOO O O:O:D D:
OO OOO OOO O Lo} [e] (s} e]
gO O:O:Ogo 0:02020 08
(e} (o] o o o] o 94 (e} (o] o
:O ozo:ooo 0:00030 OO
le} Q o OOO Qo OOO (o] Do
g(} 0803030 OxO:O o Dg
5 RN < ke o stamis o e © N = i ey © i v o
oGa oAs eSb
OO O el O: }{O 0 o] Oo
OO O O 8] Qo 0 (s} Oo
OO O O 0 HO 0 tel OO
OO O U Q L d Q U je} C‘O
OO O Osz.}{OzO o OO
OO O 0] a 19 (8] Lo} Oo
OO O O Ozo}io 0 e OO
OO O 9] (0] '(N) o OO
Sbin 2nd surface
Ga sites Sb layer

Figure 111.4 : (a) (2x4) and (b) (2x8) reconstructions consistevith both the STM images and Sb coverages.
Horizontal direction is [110]. [5]
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To achieve an Sb-rich reconstruction surface orsauarples, either Ga-rich or As-rich surfaces
are exposed to an Sb flux. An example of the GaA&se evolution at 480°C in function of

Sb exposure time for an Sb flux of 2.5 ML/s is givan figure II1.5.

(2x4) As-rich (1x4) Sb-rich (1x8) Sh-rich | (2x8) Sb-rich
or

(4x6) Ga-rich O 10 30 Sb exposure
time (s)

Figure 111.5: RHEED evolution of GaAs surface at 480°C in functdthe Sb time exposure for an Sb flux of 2.5
ML/s. If Sb is interrupted at any time the RHEEDibits a (2x4) Sb-rich GaAs reconstruction.

Once Sb is sent on the surface, the GaAs recotistnuthanges to a (1x4) phase for the both
types of surfaces. Then a (1x8) reconstruction agpat 10 s and after 30 s of Sb deposition
the surface changes to the most Sb-rich (2x8) stnaction. Now if Sb flux is interrupted at
any time and the sample maintained for desorptie, (2x4) Sb-rich is the present
reconstruction. Indeed at very high temperature5898°C) the desorption can lead to a
complete evaporation of As and Sb on the surfadeaa(®x2) Ga-rich surface is present (see
also [6]). We note that the observed (1x4) traosiphase is not the same as that reported by
Moriarty et al. at low temperatures [6]. In our €aghis transition phase is probably the (2x4)
Sb-rich surface with an unclear x2 in the [1-1Qfdtion. This can be confirmed by the fact
that the (2x4) Sb-rich is quickly observed if thie fRix is interrupted. At last, we should also
note that the transition time from one phase tdterccan vary depending on the used Sb flux

and substrate temperature but the surface evoltgioains the same.

l11.1.A.2. Influence of GaAs reconstruction on GaShgrowth

Five samples A, B, C, D and E presented on figliré are used for this study. For all
the samples the Ga growth rate is 0.7 ML/s with/idl Yatio equal to 3. For samples A and B,
once GaAs smoothing is complete, the substrateaked down to 480°C under low A8ux.
Once the targeted temperature is reached, Asagumted until the RHEED still maintains the
(2x4) As-rich reconstruction. At this time, eithéére 10 MLs GaSb are deposited opening
simultaneously the Ga and Sb shutter (sample AlheiSb valve is opened and the surface is
exposed to Shfor 5 s changing the RHEED pattern to a (1x4) aefreconstruction before
the 10 MLs GaSb deposition (sample B). For sam@le® and E the As valve is closed to
have a (4x2) Ga-rich surface after GaAs homoetayiowth at 580°C (see section 11.1.A.1

71

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



These de Salim El Kazzi, Lille 1, 2012

Ga-rich). The surface is then exposed for 5 s tardgimony flux at 580°C just after the (4x2)
reconstruction, changing the surface reconstrud¢tiaan Sb-rich (2x4) pattern once the Sb flux
is interrupted. The temperature is then decreasd8GC. At this time, the 10 MLs GaSb are

deposited opening simultaneously the Ga and Sheshdbr sample C.

10 MLs GaSh 10 MLs GaSb 10 MLs GaSh 70 MLs GaSb 10 MLs GaSb

(2x4) As-rich {1x4) Sh-rich (2x4) Sh-rich {1x8) Sh-rich {2x8) Sh-rich

Figure 111.6: Schematic diagrams of the lay out of the five itigated samples.

For samples D and E, before the 10 MLs GaSb deposithe Sb valve is opened and the
surface is exposed to Sfor 5 s for sample D and 2 min for sample E chagghe RHEED
pattern to a (1x8) and (2x8) surface reconstructiespectively. After a spotty RHEED pattern
sequence, a (1x3) surface reconstruction rapidbgars during GaSb deposition.

The evolutions of the in-plane lattice constant. P and of the specular beam intensity (SBI)
extracted from the RHEED pattern records are dysplan figure 111.7.

We can notice that the strain relaxation of GaSimaides with the drop off of the SBI,
reaching a final value near the GaSb lattice cong60959 A). The drop off of the SBI is due
to the appearance of a spotty RHEED pattern charatit of a three dimensional island
growth mode. However, by looking more deeply, saseillations appear on the SBI when
GaSb growth begins. These oscillations are evidehtiee formation of a GaSb wetting layer
(WL) on the GaAs surface at the first stages owging8]. We have estimated the thickness of
the WL for the different surface preparations goiingm 1.6 ML for sample A till its
disappearance for sample E (fig. 111.7f).

The (1x1) prA AFM images of each sample are shown in figur@.IAll the images exhibit
islands elongated in the [110] direction with méenghts increasing from approximately 4.6
nm for sample A up to 6.3 nm for sample E. The yrepfigure 111.8 also illustrates the WL
thickness and the mean island height of each sampé&ered arrow is a reminder that Sb initial
surface coverage increases from sample A to sampl€he value of the mean height is

correlated with the WL one: when a thinner WL isnfed, higher GaSb islands are present.

72

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



These de Salim El Kazzi, Lille 1, 2012

(a) Ga+}8b on (b) Sb‘on Ga;Sbon
T 1 T 6,2 T T T T T T
o 1 | I ! - )
< 67 1 WL=1,6 ML 1000 = z 3000 =
b — < = 61 | S
1 | - = 1 _ @
2 eo} w = IS . 2500 &
s ! 180 2 2 60 ! = 2
S —_ | | : I )
3 T ! ! g 8 ! % q2000 §
Q@ 59 & [ | bl 0] = ~ c
= = 1 | 4600 E S 59F % 2 =
& e | 5 = & @ {150 g
3 5.8 é : 1 e o sef < | o @
= 3 . Jao & 5 %% 1000 <
x © Wy 2 = < g
s 87 -4 2 £ 570 0 50 g
| 4200 @ &
| I
5»6 1 . L 1 b,B 1 n Ll L 1 1 i 1 [J
a 5 10 15 20 0 2 4 6 8 10 12 14 16 18 20
(C) Ga;Sb on (d) Sbfn Ga;Sb on
5.2 . L, : 8.2 ) 3000
— 1 1
<L 1 2500 5 —_ —
= B ' 8 < 61 Y2500 =
o] ! - @
@ ' z § = -
5 80 2000 £ ©80F T = % {2000 §
© 1= & = 3 I B | — &
® @ £ ] — - o g
o 'io! = @ =] = ! 7] c
£ 59 12 = £ 2s59F B o 2 41500
ki 17 a 41500 § £ h @ O E
e s H 0 S U O SR A ;
— - 1
2 s 1 ] B o 88F & s 1000 @
o oy a3 I ' &
o ' 1000 3 = e 3
c 57 e 2 T 57 ' {500 2
1 2] = N =%
1 1 I [ 0
5‘5 i i 4 1 500 56 L i i i 1 1 1 1 'l 0
0 5 10 15 20 U 2 4 5 8 10 12 14 16 18 20
Delav (s) Delay (s)
(e) Gaon (f)
6,2 T T T *i L L | LI B | 3000
—_ 1
= 1 5
= 6,1 1 Jﬁ,
5 3
Z 6o | Z
5 [ 3 ' = 20 g
- 1 < =
& S —_
g ssf S | < : WL =1,6 ML
% w I w @
- s8F 2 [ & @
2 © ! 41000 =
G I © ! T
o 57 ! 3
£ 2
561 [ @
L 1 'l ! 1 1 1 L 1 Il D
20 22 24 26 28 30 32 34 36 38 40 -
Delay (s) WL - 0 ML

Figure 1. 7: IPLC and SBI evolutions extracted from the RHEERgua records of samples A (a), B (b), C (c),
D (d) and E (e). (f) is a schematic illustration @masing the difference in GaSb island formatiomieen samples
A and E.

Comparing the first two samples, we notice thatttiiekness of the wetting layer decreases by
sending Sb on the GaAs surface. The WL thicknedsrriber decreased in sample C. We
remind that the As desorption at 580°C in sampigs @uch higher than at 480°C in samples A
and B. Obviously, the As desorption reduces bottASIntermixing and the WL thickness.
This can be also confirmed by increasing Sb cowemythe GaAs surface in samples D and
E. The WL thickness further decreases in samplen® @an be suppressed using a (2x8)
surface reconstruction (sample E).

These results indicate that the thickness of th&bGaetting layer on the GaAs surface is

strongly affected by the initial surface reconstiut and can be suppressed using a (2x8) Sh
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terminated GaAs surface reconstruction. The foronadf a WL at the interface is an evidence
of a S-K growth mode of GaSb on GaAs. On the olizerd, the suppression of the WL with
the (2x8) Sb-rich surface case leads to GaSb growahvW mode.

13.03 nm

0 nm 0 Nnm
12.64 nm 15.88 nm

11.65 nm
1'3. T T T T T
E- 15_- [} 6.5
s 14} \. =
- 3 1]
§ 12: 46.0 8
% 10 | \. )
s 08F A 455 3
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= : 2
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0 nm

Figure 111.8: The (1x1) pfAFM images of samples A, B, C, D and E. The gapresponds to the WL
thickness calculated from RHEED analysis of figiliré, and the mean island height from the AFM iragag
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Figure II1.9 displays the AFM images of 2 new saespA’ and E’ for which only 3 MLs of
GaSb have been deposited in the same conditiofer &amples A and E respectively. We
notice that sample A’ exhibits smaller islands cangg to sample E’, with roughly the same
density (around 4xtfcn?). This is consistent with the different growth resdfor these 2
samples (S-K for sample A’, V-W for sample E’), utgng in a lower material volume in
islands for sample A'.

Since Sb coverage is larger in the (2x8) Sb-ridomstruction surface, the above results show
that increasing the Sb coverage on the initialamgfincreases the Ga diffusion length. This is
confirmed by the difference in island surface cagerbetween sample A (68%) and E (55%)
after 10 ML GaSb deposition.

8.48 nm

0nm

Figure 111.9 : (1x1) pni AFM images of samples A’ and E’ after only 3 ME&aSb growth. D corresponds to

the island density of each sample.

To study the influence of the surface reconstrumcta GaSb relaxation, cross-sections TEM
images of samples A and E are depicted in figur@Qdl From these cross-sections, we can
estimate the mean distance between MRg.dn the figure). We can observe a regular array
of 90° MDs at the interface for both samples widary the same@an These 90° MDs are

underlined by the geometrical phase analysis (G Ae cross sections that reveals the local
atomic displacements across the interface. Contathe analysis of the TEM images, the
strain relaxation calculated from the GPA exhilif$erent values in each sample. The island
in sample E is more relaxed than the one in sapleo have a statistical estimation of these
values in our study, the same measurement wasrpetoon more than ten islands of all the

samples in both [110] and [1-10] directions. Howevtleese analyses did not give any precise
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conclusion and no overall consistency is found ®linog to the different surface
reconstructions involved. Furthermore, due to dlaize and shape distribution, the error bar is
too large to get a clear conclusion. Obviously, tised TEM analyses have not allowed

evaluating the influence of the surface reconsimaabn the strain relaxation of GaSb islands.

\ - :,“A-
88.0%
E
90.2%

Figure 111.10: Cross-sectional TEM images along the [110] direstad sample A and E and their corresponding
GPA

Two other samples F and G are used to comparertivglgof 600 nm of GaSb on a Ga and
Sb-rich surfaces, respectively. For sample F, &@As homoepitaxy the sample temperature
was decreased at 510°C without any flux and oneedtésired temperature is reached, the
sample was maintained for As desorption until #he6] Ga-rich reconstruction appears (see
section 11l.1.A.1). Then, 1 Ga ML was depositeddsefthe growth of GaSb. For sample G, the
Sb shutter was opened and the As valve was cloed GaAs homoepitaxy. The sample
temperature was also decreased at 510°C exhilait{@g8) surface reconstruction and once the
desired temperature is reached GaSb growth befgorsboth samples, the RHEED pattern
exhibits a 3D transition when GaSb growth startX3°C, but after a few nanometers, we
recover a 2D RHEED pattern with a (1x3) surfacemnstruction. Figure Ill.11 exhibits TEM
analysis of these two samples and the GPA of théENRimages. The averaged densities of
threading dislocations estimated from the plan-vigEM images are 7.5 x $@&nd 2.2 x 19
TDs/cnf for samples F and G, respectively. From the csession images of the second and
third rows, more 60° MDs can be seen with a Gasiatiace compared to the Sb-rich surface.
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Depending on several images, the mean spacing eetthe misfit dislocations is determined
to be 5.67 nm and 5.46 nm for samples F and Geotisply. Evidently, the average distance
of the interface dislocations in sample G almosta@des with the theoretical value (5.51 nm)

for GaSb/GaAs interface, indicating a higher stralaxation state in the epitaxial layer.

GaSb on Ga-rich surface GaSb on Sb-rich surface

S

[061]
¥

o110
‘ Ul 4 nm A8 o o0&

Figure Ill.11: TEM analysis of samples F (a) and G (b). In th&t fiow, TDs appear as dark dots on the density
background, they are marked by arrows. In the sdaow, the positions of the interface dislocations haverbe
marked by the additional {111} lattice planes (ineld arrows). Strairm,, components corresponding to the

second row cross-section images are presenteceithird row [9].

Figure 111.12 presents the projection of thg component (x axis along the [1-10]) derived
from the cross-sectional images. The values,gfin sample G is larger than in sample F.
Moreover, the abrupt change in the intensity atrtherface region reveals that the thickness of

the dislocation cores region is 2.93 nm and 0.95fmmsample F and G, respectively. This
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decrease in the thickness of the dislocation cegeon indicates a sharp interface between the

GaSb epitaxial layer and GaAs substrate with ani@bsurface treatment.

0.08

Mismatch of GaSb/GaAs

0.06 -

XX

—— Ga-rich

004 L —— Sb-rich

Projection of ¢

0.02 -

1 " 1 i
6 9

0.00 -, X L "
12 15 18

T Distance (nm)

Figure 111.12: The corresponding projection of thg images on the growth direction, the vertical pafreach

curve shows the interfacial layer thickness andrttax height corresponds to the relaxation level [9]

The GaSb epitaxial layer grown on GaAs substrabsesguent to a Sb-rich surface treatment
exhibits a lower TD density and a better strairaxation than on a Ga-rich surface. The
HRTEM and GPA analysis have shown that a (001)i&bgurface promotes the formation of

90° MDs which are more efficient for strain islamdiaxation.

[11.1.B. GaP surface
[11.1.B.1. Observed reconstructions

Even if much progress has been made in unders@ticdenmicroscopic structure of the
growth planes of IlI-V compound semiconductors,yofdw studies were reported on GaP.
Based on the simple concept of covalent radii, JOB&P (1.19) surface structures can be
expected to deviate from the ones observed for GaAA¥) [10]. Till now all observations
performed on surfaces prepared either by MBE []l¢t2netalorganic vapor-phase epitaxy
[13,14] reveal three main reconstructions with dasmg phosphorus coverage: a (2x2) then a
(2x1) and finally a (2x4) one. The evolution of th&face reconstruction versus the annealing
temperature for a (001) GaP sample with and witptwatsphorus flux given by Wallart et al.
[15] is shown on figure 111.13. An interesting faat is the existence of a Ga-rich (2x4)

reconstruction which has no counterpart in therades for which cation-rich surfaces exhibit
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a (4x2) reconstruction. During our experiments, $hme evolution is observed. Furthermore,
at approximately 615°C an additional (4x4) recangton is present during annealing without
phosphorus flux and remains until the surface diggran for temperatures > 700°C. Even if
the sample temperature is decreased without any (ftu nearly 440°C), the (4x4) resists.

However, if P flux is exposed to the surface at amg, RHEED pattern changes rapidly to a

(2x4) reconstruction.

(a) GaP (001)
B3 L P
g 2){2 f' J"' l’
@ A /
b~ !
E 27 1; ,,-" ’r.r
' ] I
=] i’ ! ’
'E } J LT 2x4 J
£ 7/ J/ HT2x4  surface
=3 J2x1 ! J degradation
-E ! I ¥ ']
o 0 | [ ] L ] ]

300 460 SIIN Iil'll] 71'10 800
substrate temperature (°C)

Figure 111.13: Evolution of the surface reconstruction versusaheealing temperature for (0 0 1) GaP with and

without phosphorus flux [15].
Our observations agree with the (4x4) reconstrucsedface previously observed by
Yoshikawa et al [16]. They defined this reconstiauttas a Ga-rich surface with the formation

of Ga droplets on a (2x4) reconstructed surfacéiigin amounts of Ga supply.

2 nm

0 nm

Figure 111.14: AFM images of a 450 nm thick GaP layer grown at°€36n a (001) GaP substrate.
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As for the GaAs substrates, we were interestedmiooshing the GaP substrates at the
beginning of any growth. The substrate is firstealad under P flux in the 700° C range. 450
nm of GaP is then grown at 630°C with a growth maitel ML/s exhibiting a sharp (2x4)
RHEED pattern. The (2x2)m? AFM image of the GaP homoepitaxial growth is shawn
figure 111.14. RMS roughness calculated from theages is 0.24 nm exhibiting a good quality

and smooth surface.

[11.1.B.2. Influence of the surface reconstruction

To our awareness, no report exists on the recanstilBb-terminated GaP surface. We
therefore decided to use the knowledge we haverdstavith GaAs substrates and apply it for
the growth of GaSb on GaP substrates. Two samplasd( J) are first grown to study the
influence of the GaP surface treatment on the atlexx of 10 MLs GaSb. Figure 111.15 is a
schematic illustration of 10 GaSb ML growth on anrigh (sample 1) and a Ga-rich (sample

J) surfaces.

°=630°C
450 nm GaP

GaP substrate | Smooth surface

GaP substrate

GaP/GaP
Phosphine
o, flux oy SUbS(
299 interrupted  "*«. "%
NS e Wy, *e,_ Co,
o9, . he °. /ed
@ (gl U{S ., . dow
g\('b . 3 Ce, R h
o* Us y, A ° =480°C

M Gy \Ga-rich Surface‘

° = 480°C 9,0‘3'_. o
’Sb-rich Surface‘ ‘\)‘\de‘%
GaP substrate \b GaP substrate <+ GaP substrate

| Rheed (2x4) |

| Rheed (2x8) |
Figure 111.15: Schematic illustration of 10 GaSbh ML growth on &arfeh (sample 1) and a Ga-rich (sample J)

surface.

For sample I, after the interruption of the phosphflux, the substrate is cooled down to
480°C under Sb The RHEED pattern exhibits a x2 reconstructiontha [1-10] azimuth,
whereas a x8 reconstruction is observed in the][@d6. Then the Ga shutter is opened and 10
GaSb MLs are deposited. For sample J, the substateoled down from 610 to 480 °C
without any flux, keeping a (2x4) surface recondinn, and then 1 Ga ML is deposited before
the opening of the Sb valve with a subsequent dgr@iv® GaSb ML without any interruption.
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For both samples, once the GaSb growth begin®RIHHeED pattern turns rapidly from a two-
dimensional to a 3D one, characteristic of a Voldéeber growth mode. After few
monolayers, a (1x3) surface reconstruction, charestic of the (001) GaSb surface, starts to
appear.

After deposition of 10 GaSb MLs, the AFM imagesy(flll.16) recorded on both samples
reveal roughly the same surface morphology, i.ésland density around 1.8 x #@n? and a

mean island height of 3.2 (x 0.2) nm.

16.41 nm 16.66 nm

0 nm l 0 nm

Figure 111.16: (1x1) um AFM images of samples | and J.

The IPLC evolution during the first 3 MLs of the &a growth and cross-sectional high
resolution TEM (HR-TEM) images of samples | andé presented on figure I11.17. For both
samples, a quick change from the GaP lattice cong5a4505 A) to a value close to that of
GaSb (6.095 A) occurs during the first ML. Howevtiis relaxation is faster for sample |
(about 0.7 ML) than for sample J (about 1.6 ML) dinel lattice constant after 3 MLs is a bit
larger for sample | than for sample J (about 6.¥efsus 6.05 A). This suggests a better
relaxation for sample | than for sample J. Diffexes between samples | and J are highlighted
more precisely by the HR-TEM images. The interfdoetsveen GaSb and GaP are underlined
by MDs, as indicated by the white arrows which mitwdx termination of the additional {111}
lattice planes in the GaP substrate. In these imageorded along the [1-10] zone axis, the
core position of 60° and 90° MDs is marked by tbemination of one and two additional
{111} half lattice planes, respectively. Therefosample | shows a regular periodic array of
90° MDs confined at the interface. From the largerss section image of sample I, we can
observe that the different GaSb islands of the saexhibits {111} facets and the same height
and flatness. In contrast, sample J exhibits ma&0R/MDs because the additional half lattice
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planes are all separated. The 60° MDs are dis&ibit a 3 nm wide interfacial zone extending
on both sides of the nominal interface.

Lattice constant (A)

6.2
6.1
6.0
5.9
5.8
5.7
5.6
5.5

54

[ GaSb lattice constant

.........................

00 05 10 15
GaSb deposit (ML)

50 nm

Figure 111.17 : The graph presents lattice constant evolutionimythe first 3 GaSb ML deposition on an Sb-rich

(sample 1) and a Ga-rich (sample J) GaP surface tl@nright side, cross-sectional high-resolutionNT Enages

of both samples are presented along the [1-10] zoig[17].

[11.1.C. Conclusion

After studying the influence of the surface recamsion on the growth of GaSb on the
highly mismatched GaAs and GaP substrates, weaasiutle that the (2x8) Sb-rich Ga(P,As)
surface preparation promotes the growth of relaga®bb islands via the formation of a
periodic array of 90° MDs at the epilayer/substraterface. Although we have shown that the
(2x8) reconstruction is the best preparation fer riddlaxation of GaSh, the studies we want to

present in the following are not all prepared wiils reconstruction. According to the sample

involved, we will give detailed information for theurface reconstruction and growth

parameters. We will however demonstrate that thos’tvaffect the conclusions that will be
drawn.

© 2012 Tous droits réservés.
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l11.2. Influence of the experimental parameters orthe early stages
of GaSb growth

All the samples used in this paragraph are predantTable IIl.1. The Table is divided
into 5 sets of samples Tx, Ty, Tz, Vz and S, each for a different study. The detailed
process for each sample and set is explained dtivengesult presentation.

[11.2.A Influence of the growth temperature (TQ)

Three sets of samples, Ty and T; are first used to investigate the role of the dhow
temperature on the nucleation process of GaSb @&s GE, Ty) and GaP (7) substrates. 10
MLs of GaSb are deposited on a (1x4) Sb-rich serfear set ] and a (2x8) Sb-rich
reconstruction for setsyTand T;. For all the samples, Ga and Sb fluxes are equalitand 2.5
ML/s, respectively. As mentioned before, once tha&S growth begins on a GaP substrate
whatever the growth temperature between 450 andQ1ithe RHEED turns rapidly from a
two-dimensional to a 3D one due to the very laajgce mismatch between GaSb and GaP
(11.7%). On the other hand, the growth on GaAsifiterdnt: at low growth temperature (~
450°C), a quasi-2D growth mode occurs whereas tirse-dimensional (3D) at 510°C with
the formation of relaxed islands which subsequettblesce to give rise to the epilayer [18].
The AFM images of all the samples of the 3 setgyaren in figures 111.18, 19, 20 for sets, T
Ty and T, respectively. In these figures, the GaSb surfaserage and the mean island height
along the (1x1) pMAFM images are given in function of the growth perature. In set
(fig. 111.20), the AFM image and analysis of thengae at 530°C (sample,q) are given for a
(5x5) unf scan area to show that two kinds of GaSb islarelfoamed and a meaningful GaSb
surface coverage cannot be established for thiplgamhis can be attributed to the excessive
re-evaporation of Sb at high temperatures leadirgglarge Ga adatom diffusion length. Larger
islands grow due to the coalescence of smaller fi'8§s The behavior of the mean height is
the same for all the sets regardless of the sgpsirbstrate surface: the mean height increases
with the growth temperature. This evolution seemagree with common kinetics: at low
temperatures, the reduced Ga adatom diffusion hesigbuld induce a large density of small
GasSb islands. Hence, a meaningful density valuEa¥lLs cannot be established due to the
nearly full coalescence in some samples. Theretheesurface coverage instead of the island
density is presented in function of the growth temagure in the figures.
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Sample Substrate Initial surface | Growth Temperature | Sb flux
rate (ML/s) | growth (°C) (ML/s)

T GaAs (1x4) Sb-rich | 0.7 460 25
Tx2 GaAs (1x4) Sb-rich | 0.7 480 2.5
Txs GaAs (1x4) Sb-rich | 0.7 510 2.5
Ty GaAs (2x8) Sb-rich | 0.7 460 2.5
Ty GaAs (2x8) Sb-rich | 0.7 480 2.5
Tys GaAs (2x8) Sb-rich | 0.7 510 2.5
T GaP (2x8) Sb-rich | 0.7 450 25
T GaP (2x8) Sb-rich | 0.7 480 25
Tz GaP (2x8) Sh-rich | 0.7 510 2.5
T GaP (2x8) Sh-rich | 0.7 530 2.5
Va1 GaP (2x8) Sb-rich | 0.1 480 2.5
V2 GaP (2x8) Sb-rich | 0.4 480 2.5
Vi3 GaP (2x8) Sh-rich | 0.7 480 2.5
Vs GaP (2x8) Sb-rich | 1 480 2.5

S GaP (2x8) Sb-rich | 0.7 510 1

S, GaP (2x8) Sh-rich | 0.7 510 25

S GaP (2x8) Sh-rich | 0.7 510 7.3

Table Ill.1: Samples corresponding to the growth of 10 MLs Gas{®01) GaAs (setJland GaP (sets,JT,, V,

and S) substrates.

From the three sets, the surface coverage decreadeshe temperature. The reduced Ga

diffusion length at low temperatures leads to aefassland coalescence inducing a large

surface coverage. However, one can notice thatedstrg the growth temperature leads to

more elongated islands in the [110] direction. Ewample, the calculated mean aspect ratio

LiaofL1-10] (Where Lu10; @and La-10) are the island length along each direction) fersamples

of set T, given on the images of figure 111.20 gives 1.86 $ample T, whereas it is 1.36 for

sample Ta.

© 2012 Tous droits réservés.
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Figure 111.18: AFM images of samples.[450°C), T,(480°C) and Jz(510°C). The graph presents the height
and surface coverage of GaSb islands versus gramtiperature for set,T
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Figure I11.19: AFM images of samples,[465°C), T,(485°C) and J;(510°C). The graph presents the height
and surface coverage of GaSb islands versus grtamtiperature for set,I

85

© 2012 Tous droits réservés. http://dOC.UHiV-|i||e1 fr



These de Salim El Kazzi, Lille 1, 2012

11.93 nm 1641 nm

g 3

]
[ [ [
{wu) Bioy

w
=]
1
w

GaSb surface coverage {%)

450 460 470 480 480 500 510 520 530
Temperature [°C)

Figure 111.20: AFM images of samples;1450°C), T,(480°C), T5(510°C) and T.(530°C). lu10)/L1-10)
representghe mean aspect ratio wherg; and Ly.1o; are the island length along each direction. A niegful
aspect ratio for J; cannot be established due to a nearly full coadese at 450°C. The graph presents the height

and surface coverage of GaSb islands versus grtemtiperature for set,T

This would imply an increase of the Ga adatom diffn length along the [110] direction,
unexpected when decreasing the growth tempera2je We note that a meaningful aspect
ratio in sample Z; cannot be established due to a nearly full coalese in the [110] direction
at these low temperatures.

TEM analyses were then used to investigate thaenfte of the growth temperature in set T
on the misfit dislocations at the interface betw&agsb and GaP (fig. 111.21). As can be seen
sampleT,3 exhibits mainly 60° MDs because the additionaf atice planes are all separated.

In contrast, sampl&,; shows a regular periodic array of 90° MDs confiaéthe interface.
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Figure 111.21: Cross-sectional high-resolution TEM images alorg [th10] zone axis of sampl@s;, T,zand T4
grown at 450, 510 and 530°C, respectively. Arromeidate 60° and 90° MDs at the interface between th
substrate and buffer layer. The graph presentsiiban distance between MDs at the GaSh/GaP inteviace
GaSb growth temperature. The ideal distance foedget relaxation by 90° MD is indicated by theiaontal
dashed line [17].

The mean value corresponding to the spacing oMbs is presented in the graph of figure
I11.21. This mean value is statistically obtaindteathe TEM cross section observations on
several islands. The same measurement is perfdionedl the growth temperatures from 450
to 530°C. For the GaSb/GaP system, the theoratistdnce between two 90° dislocations for
full strain relaxation amounts to 3.65 nm (dashee in the graph). This graph shows that high
growth temperatures promote island relaxation (8)0Furthermore, the measured distance
between dislocations at 530°C is smaller than lieeretical value: this is actually due to the
formation of many 60° MDs. This result is consistenth the above results relative to the
surface preparation. Indeed, the increase of thethrtemperature favours Sb re-evaporation
turning back to the case of a Ga-rich surface, &/6& MDs appear rather than 90° MDs. The
TEM image of this sample {J) confirms this conclusion where SFs are observetwwill
contribute with the MDs to the strain relaxatiortlod island.

The fine structure of the misfit dislocations ofrgdes T, and Tz grown at 465°C and
510°C observed along the [110] direction are gigarfigure 1l1.22. The insets show tlgs
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component of the dislocation tensor field deriveahf the highlighted area of the two TEM
images. Here, we have chosen to define 90° (or kpiM®s as two additional intersecting
lattice planes and a core separation lower thanml whereas the closely spaced 60°
dislocations are characterized by a core distaargget than 1 nm. As can be noticed, the cores
of the MDs at 465°C are more compact than tho&4.61C. The distances between the pair of
cores have been determined in many areas (more 38apairs of dislocations for each
sample); the results are presented in the grafigwt 111.22. The spacing of the pair cores are
highly related to the growth temperature. In thengi@s with 10 and 15 MLs grown at 465 °C
(2D growth mode), most of the misfit dislocationse @0° MD type. At higher growth
temperature (3D growth mode), both 90° MDs andeatiospaced 60° dislocation pairs are

observed.
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Figure 111.22: Cross-sectional HRTEM images of GaSh on GaAs obdalong [1-10] orientation.In the inset
figures, the dislocation cores are easily deterrdifrem the highlighted area of HRTEM by GPA. Thapiys
present the distance (d, as shown in the insets)dam the interface 60° dislocation pair vs. thevgth

conditions [18].

In summary, the results on the influence of thewginotemperature on GaSb island
formation on both GaAs and GaP substrates showgsimilarities. The AFM analyses show
that the temperature decrease favours the islaateseence in the [110] direction. TEM
analyses indicate that the type of the MDs is ljigldpendent on the growth temperature. Our
observations on the two substrates suggest thatelmperatures (where also Sb re-evaporation
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is lower i.e. Sb overpressure is higher) promote MDs formation whereas 60° dislocations
and closely spaced 60° pairs are predominant aehiigmperatures.

To understand the behaviour of the strain relaraticfunction of the growth temperature, we
use the explanation proposed by Wang et al. [18} wded a 60° dislocation glide model in
combination with surface effects to explain thenfation of Lomer, 60°, and 60° dislocation

pair at high or low mismatch hetero-interfaces leemwzinc-blende materials.

sl . / |0

Figure 111.23: The schematic formation mechanism of the misfibdations in 2D (a) and 3D (b) growth modes.

The dotted horizontal line shows the critical timeks for the formation of the first set of mislatation [18]

They showed that the distance between the secahfiranset of dislocations in the 3D islands
(high growth temperature) is expected to be lapan in the 2D layer (or low growth
temperature) (see fig. 111.23). This will help imet formation of two 60° dislocations that have
opposite screw components;{l= - kg in the 2D growth mode and confines the lattice
mismatched strain at the hetero-interface of Gaskontrast, 60° dislocations and closely
spaced 60° pairs are predominantly generated irBihgrowth mode since 60° pairs have
parallel screw components,{i by).

At the end of this study, it is clear that the calistance between two 60° MDs
increases with the growth temperature. Low tempegatdecrease this distance leading to very
well confined 90° MDs. This will however also reésche distance between two Lomer MDs

leading to a much lower strain relaxation.

[11.2.B. Influence of the growth rate (Vga)

Four samples M, Vs, V.3 and V4 are used to investigate the influence of the Ga
growth rate on the GaSb island formation on Gal.aldhe samples, the Sb flux is fixed at
2.5 ML/s. 10 MLs of GaSb are deposited on a (2x8p Geconstruction surface at 480°C by
varying the Ga growth rate from 0.1 for samplg ¥p to 1 ML/s for sample M. The density,
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the mean height and the aspect rati@ol/L [1-10) @long the (1x1) HMAFM images are given in
function of the Ga growth rate in figure 111.24:
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Figure 111.24: AFM images of samplesM0.1 ML/s), V¥, (0.2 ML/s), V5 (0.7ML/s) and ¥ (1 ML/s). The left
graph presents the height and density of GaShdslaersus growth rate for sef. Whereas the right graph
presents the aspect ratig,lg /Lj1.10) in function of the growth rate.

The AFM analyses show that the island density esxe with the growth rate. This result is in
agreement with the evolution predicted by classioatleation theory. High growth rates
decrease the diffusion length of Ga adatoms leattiray larger density of small islands. This
can be also confirmed by the mean height evolutitmwever, one can notice a small increase
of the mean height between samplgand V.4 (see explanation in the discussion section). The

islands recorded on all the samples are elongateébe [110] direction with a mean aspect
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ratio L1101/ Lyz-107 around 1.85 for the first three samples. Howegewnery high Ga growth
rate (1 ML/s) the aspect ratio drops off to nearly (see also the discussion section).
The mean spacing of the MDs and the mean relaxatitnulated by GPA are given for set V

in function of the growth rate on figure 111.25.

3.80-"/\' L l-96

3.75 = - 94
3.70 -— -. 92
3.65 -——b S - 90
3.60 -— - 88

| GaSb on (2x8) GaP

3.55 M [ M [ M [ M [ M [ 86
0.2 0.4 0.6 0.8 1.0

Growth rate (MLI/s)

Mean distance between two MDS (nm)
(%) vdo Aq painseaw uoljexe|al uieng

o
o

Figure 111.25: Relaxation of GaSb islands from RHEED analysihé[1-10] direction vs. distance between
MDs from cross-section TEM images. The ideal distaor a perfect relaxation by 90° MD is indicategthe

horizontal dashed line [24].

The sample at 1 ML/s exhibits the highest stralaxaion but the measured distance between
dislocations is smaller than the theoretical vathes is due to the formation of many 60° MDs.
This result is also consistent with the above teswlative to the surface preparation and the
growth temperature. Indeed, the increase of thewtfrorate implies a decrease of Sb
overpressure turning back to the case of a Gasticface, where 60° MDs appear rather than
90° MDs. The TEM image of this sample also showayrfaFs (inset given in the graph). This
means that both stacking faults and misfit disliocet contribute to the strain relaxation in
sample V{4 and thus a higher strain relaxation is observed.

Obviously from the studies of the growth tempematand the growth rate influence,
one should take into account the influence of theoS8erpressure. Indeed, decreasing the
growth rate as well as the growth temperature &ittonstant Sb flux induces an increase of
the V/III ratio. Therefore Sb overpressure can lbebably the key factor in the islands
formation. In the next section we study the infloef the Sb flux variation on the growth of
GaSb islands.
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[11.2.C. Influence of the Sb flux

Three samples;SS, and S are grown at 510°C on GaP with a constant Ga ¢roate
of 0,7 ML/s and an Sb flux of 1 ML/s, 2.5 ML/s aidd3 ML/s, respectively, during GaSb
deposition. For all the samples, the Sb flux iedixat 2.5 ML/s while preparing the (2x8)
reconstruction surface before the 10 ML GaSb growifure 111.26 displays AFM images of
GaSb islands on GaP within a (1 xrh®) scan area of the samples S and S. In sample §
the formation of two kinds of GaSb islands (L arjcc&n be attributed to the large Ga adatom
diffusion length under very low Sb flux. This reisisl consistent with the above result relative
to sample Tsand \,4. Figure 111.26d displays the density and the masypect ratio f110y/L[1-10]
of GaSb islands in function of the Sb flux.

r30
r27.5
I25 LI
225 E20T 125 ¢
20 2 - 2.o§
L17.5 g”’ - 3
r15 ’?1 0 -1 15 (I'%J-
t125 ‘@ " [ -s= Density J10<
10 5 -4 Aspect ratio
75 D05k dos
5 [IPEE BEPEN BT B T B 0.0
2.5 0 1 2 3 4 5 6 7 8
0 Sb flux {(ML/s)

Figure 111.26: AFM images of samples, and S: 10 ML GaSb grown on GaP at 510°C with a Sb flfix o
1ML/s (a), 2.5 ML/s (b) and 7.3 ML/s (c), respestiyv (d) Density (black squares) and mean aspdi (alue
triangles) of GaSb islands in function of the $ix fluring GaSb island growth [25].

For the first two samples, the density increaseb thie Sb flux, which is a common behaviour
observed during 1ll-V MBE growth where a high gredpelement flux reduces the group-lii

element diffusion length [11]. However for very hi§b fluxes (samplespthis behaviour is
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completely reversed and a lower density of lartends is observed. GaSb islands are slightly
elongated in the [1-10] direction at low Sb fluxdaim the [110] direction when this flux is
increased. An aspect ratio near unity correspomttset maximum island density.
Cross-sectional HRTEM images of samplesS and $ are shown on figure 111.27. Sample
S; exhibits islands with a nearly elliptical shapehwsFs as indicated by the pink arrows in
figure 27a. As can be seen in the figure, in additd the interface misfit dislocations, stacking

faults form inside the two (111) families of la#iplanes and run over to the surface.

[001]

[1101;*10-nmA
[1-10] A i

{111} facets
/

{111} faceth
{

Figure 111.27: Cross-sectional high resolution TEM images of s&®d (a, b) and $(c,d) in the [110]
direction. Cross-sectional HRTEM images of sampleirSthe [1-10] (e,f) and [110] (g,h) directions,
respectively. White arrows mark the terminatiofldfl} lattice planes in the GaP substrate. Pinkaavs on

figures b and d underline the presence of stactangs [25].

As for T,sand Vi, this may indicate that the islands reach a coramgain relaxation by the

formation of such high densities of defects, atititerface and in their volume.
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In sample & (fig. 1ll.27c), the shape of the island evolveshiiacets that start to appear. As
shown in figure II1.27d, an array of misfit disldms also forms at the interface and in this
case very few stacking faults can be seen (arrigires 111.27 e-h show the islands in sample
Ss along the [110] (fig. 111.27 e-f) and [1-10] (fidll.27 g-h) directions. These islands are flat
with a tetragonal shape and are limited by wellirsgeef {111} and {001} facets with no
stacking faults. In these HRTEM images, the 90fodation array forms in both [110] and [1-

10] directions.

[11.2.D. Discussion

Coming back to the evolution with the growth tengtere, one can conclude from the
V/11I ratio observations that two effects are commpg and acting conversely on the Ga adatom
diffusion length. Lowering the growth temperatueeduces this length inducing a large density
of islands, but since a larger V/IlI ratio is readhat low Tg, the length is increased in the [110]
direction, leading to a fast island coalescencetl@@nother hand, decreasing the growth rate

also increases the V/IlI ratio, and hence the &agion length.

GaSb island . .

Sh terminated GaSb
{111}, facets

Ga terminated GaSb
{111}a facets

? =Sb-Sb bond

Figure 111.28: Schematic illustration of the Ga adatom behaviod gnowth mechanism of {111}-facetted islands

at high Sb overpressure leading to [110] elongastainds [25].

To explain the above depicted behaviours, one shtalle into account the Sb coverage of the
surface in each case. At high Sb overpressure,bano8erage larger than 1 ML with the
formation of Sb-Sb bonds on the surface has begsortexl for both the (001) GaSb [26] and
the (2x8) Sb-terminated (001) GaAs surfaces [A7]our study, the (2x8) reconstruction is a
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strong indication of the formation of Sb-Sb bontisha substrate surface. Since the strengths
of Ga-Sb and Sb-Sb bonds on the surface are rsitihédar [28], the driving force to break an
Sb-Sb bond and form a Ga-Sb one is rather low. TherGa incorporation is reduced and its
diffusion is enhanced. As mentioned before, highfl8kes promote the formation of fully
relaxed islands with well-defined {111} facets. Akistrated in figure 111.28, on the Sb-
terminated {111} facets, the Sb-Sb bonds on the surface will imgga@datom incorporation
and favours it on Ga-terminated {111fhcets. These latter advance faster leading laothet
observed [110] island elongation and to the redusladd density.

After connecting the experiments of the growth terapure, the growth rate and the V/IlI ratio
on either GaAs or GaP substrates, we presentumefilil.29, a sketch displaying the effect of

these growth conditions on the adatom diffusiomieni g,

F N r N
Vil Stable Sb-Sb bonds | \/II|
on the surface
_________________ 25
¥ 1] . \
k2 _ . _ 6.25
Decrease of g,
3.6 | Ep——— [ ........................... 3.6
= o] 2.5
15— . _ 1 _ 7 b ; .
! < ! .
! i s ! !
Unstable Sb-Sb | Ll @ | |
bonds on the surface I e i i
| - | | R
1.24 1.27 1.32 1.38
1 OOO/Tg| (K1)

Figure 111.29: Qualitative description of the evolution of Ga aslatdiffusion length versus growth conditions.
The black line separates two domains (stable SbeBlds and unstable Sb-Sb bonds) where the influgtbe
growth condition is reversed. The positions intthe domains corresponding to the growth conditiosed for

the different samples are indicated by red stars.

The black line separates two domains of growth ttmmd, depending on whether or not stable
Sb-Sb bonds are present on the surface. Aboveirlee s$table Sb-Sb bonds reduce Ga

incorporation and lead to an increased Ga diffusemgth in agreement with the evolutions
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observed in samples,T(or T,q and T1), Tz (or Ty and ) and Tz (or Tye and Tp), in
samples Sand $ and in samples X, Vzand \gs.

Below the line, only standard kinetics governsekielution of the Ga adatom diffusion length.
The evolution observed between samplgsand T, and between;Sand $ enters completely
this domain. Furthermore, the evolution betweenpas\V,; and \44, happens at the limit of
the black line. This could be an explanation wrslight increase of the height is observed in
sample V4, compared to sampleyYwhere the V/III ratio effect on the Ga adatom wkfbn
length begins to decrease. This can be also coadirby the drop off of the aspect ratio in
sample V, (see fig. 111.24).

It is important to mention that the above effedtliiectly related to the relative strength
of Sb-Sb and Ga-Sb bonds. For arsenides and pliesptaven if stable V-V bonds are formed
on the surface, they don’t much affect the grouplkément diffusion length since As-As and
P-P bonds are significantly weaker than Ga-As aaeP®nes [28]. This peculiar behaviour is
also linked with the typical growth conditions famtimonides, for which the principle of the 3

temperatures (see chapter Il) is not completejilad, Ty being equal or higher thanr, T

[11.2.E. Conclusion

In conclusion, we have studied the influence e growth conditions on the initial
nucleation process of GaSb islands on highly misheat substrates. It is shown that between
low and medium Sb overpressure values, standasdigsndrive the GaSb island formation. A
low Sb overpressure promotes the appearance pfiedli shape islands with a lot of 60° MDs.
This will hence induce the formation of a high dgnsf stacking faults with a higher strain
relaxation. By increasing the Sb overpressure dexation is progressively favoured by 90°
misfit dislocations at the GaSb/Ga(As,P) interfadth less SFs. Under high Sb overpressures,
the GaSb islands are more elongated in the [1X6ttibn with the formation of {111} facets
at the islands edge, their density decreases aydatle relaxed by the formation of 90° MDs at
the island-substrate interface. We relate this magien to an enhancement of Ga diffusion
due to the strength of Sb-Sb bonds present onutiace when the effective Sb flux on the
surface is increased. The experiments varying tbetf) temperature and the growth rate at

fixed Sb flux confirm this finding.
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[11.3. Towards island coalescence

A study was performed to investigate the influen€e¢he epilayer thickness on both
GaSb relaxation and misfit dislocation behaviowabl€ 111.2 presents all the samples that were
used for this study. The Table is divided into & s# samples A, B and C corresponding to the
growth of GaSb on a (2x8) GaAs surface at 460,a80510°C, respectively.

Sample Surface Temperature Thickness (ML)
reconstruction growth (°C)
Al (2x8) Sb-rich 465 10
A2 (2x8) Sb-rich 465 27
A3 (2x8) Sb-rich 465 40
Bl (2x8) Sb-rich 485 10
B2 (2x8) Sb-rich 485 27
B3 (2x8) Sb-rich 485 100
C1 (2x8) Sb-rich 510 10
C2 (2x8) Sb-rich 510 27
C3 (2x8) Sb-rich 510 300

Table 111.2: All the samples correspond to the growth of GasSk001) GaAs substrates. The Ga growth rate in
GaSb is 0.7 ML/s for a V to Il ratio equal to 3.5.

The (1 x 1) prh AFM images of all the samples are given on figilit80. In the graph of this
figure we present the GaSb coverage in functiothefgrowth temperature of all the samples.
As expected, the coalescence happens faster defoperatures: the surface coverage reaches
nearly 97 % for 27 MLs of GaSb growth at 460°C &gtvhereas at 510 °C (set C), even for
300 MLs, the surface coverage is only 90%. Froms thiter result, one can doubt that a
satisfying surface morphology can be achieved atezasonable buffer thickness (about 0.6
pm) grown at 510°C. On the other hand, a low grawthperature promotes the formation of
90° dislocations but limits the strain relaxation.

An additional observation on the MD behaviour i®wh on figure 111.31. Here we have
studied the growth of GaSb by increasing the thesknof sample I (GaSb on (1x4) GaAs
surface at 460 °C) until 40 MLs keeping the 2D giowode. As can be noticed, there is an
improvement of the strain relaxation state (blueropquare). The average distance of Lomer

dislocations (red open circle) seems also to deereédth the thickness.
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Figure 111.30: AFM images of all the samples of sets A, B anth@.graph presents the surface coverage of

GasSb islands versus the growth thickness for diffegrowth temperatures.

This result is in agreement with the one alreadseoled by Babkevitch et al. [29] using high-
resolution x-ray diffraction techniques, who clatnéat the spacing between the dislocations
for both the [110] and [1-10] directions decreaggshe layer thickness increases. However the

final relaxation state is still far from full acconodation.
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Figure 111.31: (Colour on-line) The strain relaxation (blue opeguare) and average distance of Lomer

dislocations (red open circle) as a function oftagial layer thickness in 2D growth mode [19].

In summary, starting the nucleation at low tempesseems to be required to promote

both rapid coalescence and nice 90° MD cores. Hewaetvalso impedes the strain relaxation

even with increasing the thickness. Then, one veagifcumvent this problem could be to

perform an annealing of the low temperature growty Loalesced nucleation layer.
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[11.4 Conclusion

In this chapter, we have made a detailed studthefinfluence of the experimental
conditions on the growth of GaSb on GaAs and Gajhlightening similar critical parameters
for both substrates. After showing that the (28hie best surface reconstruction for the strain
relaxation of GaSb by an interfacial 90° MD arraye present a summary on the main
conclusions deduced from this chapter.

1) Growth temperature

- Low growth temperatures promote 2D growth and lisebaxation via 90° MDs, but strain
relaxation remains partial.

- Increasing the growth temperature leads to aetafga diffusion length inducing a small
density of large and well relaxed GaSb islands. éiew, the growth mode is mainly 3D with a
delayed coalescence; 60° dislocations and clogeygexl 60° pairs are predominant at high
temperatures with the formation of SFs.

2) Growth rate

- At very low growth rates, a small density of lar@aSb islands is formed where only 90°
MDs are responsible for the strain relaxation.

- Higher growth rates decrease the Ga diffusiogtlemducing a large density of small GaSb
islands that are relaxed with 60° misfit dislocai@and the formation of SFs.

3) V/III ratio

- At low V/III values, standard kinetics drive th@aSb island formation. A low Sb flux
promotes the appearance of elliptical shape islaridfsmore 60° MDs and SFs.

- By increasing the Sb flux, the relaxation is pesgively favoured by 90° misfit dislocations
at the GaSb/Ga(As,P) interface with less SFs. Uhdgr Sb flux, the GaSb islands are more
elongated in the [110] direction with the formatioh{111} facets at the islands edge, their

density decreases and are relaxed by only the tmmaf 90° MDs.

In the light of these results, two ways can be m®red for the growth of the nucleation layer:

1) a high growth temperature combined with a high IMAtio to achieve fully relaxed flat
islands with an optimized 90° MD network. Howevar3D growth mode cannot be
avoided in this case and the question arises aheumpact of island coalescence on

threading defects.
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2) A low growth temperature with a lower V/Ill ratio promote a 2D growth mode and
compact 90° dislocation cores. However, the mismaonly partially accommodated

in this case and further plastic deformation isunesgl for full relaxation.

The impact of these two approaches on the trangpoperties of AISb/InAs heterostructures

will be evaluated on both GaAs and GaP substratdsei next chapter.
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CHAPTER IV: Growth of high electron mobility

AISb/InAs heterostructures

As mentioned in chapter I, AlSb/InAs heterostruetushow promising characteristics
for the realisation of high electron mobility trasters. The pioneering work of Chang et al. [1]
on these heterostructures has shown a large nushigeowth difficulties to overcome. In this
chapter, we present the main problems that ocatmglthe growth of this heterostructure and
try to solve them. Eventually, we demonstrate thatresults of our work are very promising
for the integration of InAs-based heterostructufes the high speed and low power
consumption devices for either analog or digitgdlegations.

V.1 Generalities

IV.1.A AISb/InAs HEMTs

A typical InAs-based HEMT structure, depictedigufe V.1, is composed of:

- A semi-insulator (S.Isubstrate (GaAs, Si, etc...) separated usually from the chianne
by ametamorphic buffer layer with a large band gap energy. The main targehisf t
buffer is to accommodate the mismatch betweenhbareel and the substrate.

- Thechannel is the material with a low band gap energy (In&st receives the 2D
electron gas. It determines the transistor perfoesa in terms of transport properties.

- Thespacer layeris a high band gap energy material (AlISb in owseg¢dhat separates
the electron donor layer from the channel. Thekinéss of the spacer layer determines
the electron transfer efficiency from the dopingna to the channel but also the degree
of Coulomb interactions between travelling elecsramthe channel and ionized donor
impurities of the doping plane. It thus impactsdily the electron density and mobility
in the channel.

- Thedoping plane consists of a donor layer inserted in the bamaterial. It provides
free electrons to the channel. Both Si and Te camded for InAs HEMTs. For the
former, as Si is a p-type dopant in AlSb, the dgpatane must be inserted in a very
thin InAs quantum well to be efficient (see sectigr).

- The Schottky layer is designed to complete the gate contact afténiregjcthe capping

layer (recess).
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- The capping layer consists of a n-doped low gap material necessa@achieve low

resistive ohmic contacts to the drain and source.

Drain Source
Gate

Cap layer Cap layer

Schottky layer

Doping plane

Spacer layer

InAs channel

Metamorphic buffer layer

Semi-Insulator Substrate

Figure IV.1: Typical INnAs HEMT cross section structure.

IV.1.B Electron Mobility in heterostructure systems

In devices such as HEMTSs for which a low resisyivéta requirement, it is necessary to
optimize both the carrier mobility and the concatitm in the two dimensional electron gas
(2DEG) since the electron mean free phth{at low bias) is directly proportional to the
mobility, 4, and the square root of the carrier concentratign,

_h
l, ——e\/ﬁ,u\/n_e (Eq. IV.1)

The electron mobility depends on the effective masd on the different electron scattering

mechanisms and can be calculated in function oatleeage transport lifetime as:

U= e<rf{> (Eq. IV.2)
m

where the inverse af; is the sum of individual scattering rates:

i:i+i+i+i+i (Eq |V3)

z-tr z-po z-ac Z-bgi 4 4

rii int

Tpo aNd 1, are the characteristic times for optical and attoysionon scattering respectively.
For impurity scattering, background impuritigg and remote ionized impurities in the doping
layerst;; are the most important. A fourth source of scattecomes from the variations of the
interfaces, which is exclusive to heterostructysteans, where the roughness of the interface
may cause a change in the energy of the confiradssf2]. Previous observations [3-4] have
shown that at 300 K phonons are dominant in thetrele scattering. However, in narrow well

samples, interface roughness scattering can bmpariant as remote impurity scattering at
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low temperatures. For example, figure 1V.2 exhiligmperature-dependant mobility of an
InSb gantum well structure given by Orr et al [Rrey with the contributions of the individual

scattering mechanisms mentioned above.

__________________________

|” Background impyrity
.

] B
2x10°F X
/ v
\
\
Acoustic phonon \‘

1x10°

5x10°

| Remote impurity

v
e mmm e, ————— Ly
)

2x10°

Mobility (cm?/Vs)

1x10°

5x10°*

o 100
Temperature (K)

Figure 1V.2: Mobility for a typical 30 nm InSb quantum well lreructure with a 20 nm spacer (open
diamonds) with a theoretical fit (solid line) andygpical 15 nm InSb quantum well (open circleshvait
theoretical fit (solid line) using the transportdtime model. The contributions of individual segtig

mechanisms are shown as dashed lines [2].

This figure shows that the temperature dependehtgeamobility is mainly governed by the

phonon scattering evolution. As this mechanism eskvat low temperature, the mobility is
nearly constant under 77K as the scattering becatoesnated by the impurity scattering

terms and, especially in narrow wells, interfacegliness scattering.

In the same vein, Mishima et al. [5] investigated &ffects of deformation potential scattering
due to dislocations in InSb quantum well samplésyTcalculated the mobility in function of

the dislocation density as introduced by Jena arsthid [6]:

| 2eh°7Kk? v\
Hsa" = f (1 Y ) = (Eq. IV.4)

Nggm“bgai (1-2y) I(n,)
wheree is the electronic chargé,is the reduced Planck’s constaaty v(2zns)is the Fermi

wave vector Ifsis the sheet carrier density in the 2DES); is the density of TDsp' is the

electron effective mas$e is the magnitude of the Burgers vectay,is the conduction band

107

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



These de Salim El Kazzi, Lille 1, 2012

deformation potentialyis Poisson’s ratio anifns) is a dimensionless integral which depends

only onns.

10 -
E Ngg™ 0.7x10° e
— 108 de 2
NE : ‘NdlEﬂ - 2
A
> s Ngis = ="
5 10°F
= f

@ «[110]

105E O «[110]

104
10 1012
Carrier Density (/cm?)

Figure 1V.3: Calculated mobilities in InSb due to dislocationgimated deformation potential scattering for
different dislocation densities. Filled and operclds show the measured mobilities in the [110] §ird 0]

directions, respectively [5].

Their calculations presented in figure IV.3 showttthe calculated mobilities are larger than
the measured mobilities by about two orders of ritada. Their result indicates that the high
density of threading dislocations has a limited actpin the mobility degradation but other
structural defects (like microtwins) and above nwerd mechanisms are dominant in the

electron scattering.

IV.1.C Anisotropic transport properties in AISb/InA s

As many groups who have reported on the anisatrbphaviour of strained IlI-V
alloys [7,8], the above study of Mishima reportadthe anisotropy of the low temperature
mobility between the [110] and [1-10] direction$€ly declared that their mobility behaviour
correlates with the trench densities measured enttbo different orientations of the InSb
channel surface. With the help of TEM analysis dair calculations, they affirmed that these
trenches are due to structural defects, such a®+vidns (rather than threading dislocations).
In the AISb/InAs case, Moschetti et al. [9] haveoaleported anisotropic behaviour on InP
substrates. They showed that threading defects ngpinom the buffer layers (fig. 1V.4a)
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induce trenches in the [1-10] direction in the Ingk&annel (fig.IV.4b) leading to a decrease in
the electron mobility in the [110] direction (figuiV.4c).

5.00 = 20.0 nm

10.0 nm

t InAs channel

0.0nm
Alsb HEMT Buffer 2.50

AlGaSb Metam orphic Buffer

EAG HD2300 200kV xS00k TE

5.00
7 . , : . : — 250 pm
c) -~ m-- R, [1-10] —=—p [1-10]
6 =e-- R_ [110] —o—p [110]
. " 4200
. .- *-- RE__\. [100] —0—“" [100] o
— S5t - T
B —
= ++ 4150 §
§ - a
- I .
= 5 o 1o &
« p---- ~
-~
-4 —~— TEm- g
T <450
! —
0 50 100 150 200 250 300

TIK]

Figure IV.4: (a) STEM picture of the InAs/AISb HEMT cross-sectisinatong the [110] direction showing
clearly the trenches in the [110] direction seerthie AFM imagé€b) are caused by a threading defect originating
from the metamorphic AISb/InP bulk interface.Ry, andy, for INnAs/AISb Hall bar structures as a function of

temperature for [1-10], [110] and [100] directior42].

They explained this behaviour by a much largertedecscattering along the [110] direction
(i.e.tis smaller) since the trenches are along the [1dir@Ftion. This hypothesis is supported
by the increase in the anisotropy at low tempeeatimplying that the mobility in the [110]
cannot increase with decreasing temperature asdan free path of the electrons becomes
larger than the separation between the trenchessame observation has been reported by J.
Bergman [10], with a channel sheet resistance ali®@b higher in the [110] direction
compared to the [1-10] one. In his study, he clainiat after increasing the As beam flux the
trench density decreases along with the anisotropy.

In our work, we try to clarify the origin of thismeotropic behaviour and optimize the growth

conditions to achieve the best transport properties
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IV.2. Growth of AISb/InAs heterostructures on highly mismatched
I1I-V substrates

The purpose of our work is the growth of AlSb/Ineterostructures on both GaAs and
GaP substrates. In the case of GaAs, HEMT devioedoiv power and high frequency
applications are targeted and hence require amatinsg buffer layer: that is why we use AISb
as buffer material. In the case of GaP, an insugabuffer is not mandatory since digital
applications via GaP/Si templates are considerdd¢chwallows the use of GaSb as buffer
material. Nevertheless, in both cases, we studyodufation-doped structure to reveal the
transport properties. More particularly, since diffective V/IIl seems to play an important role
in the nucleation process of IlI-Sb (as shown iapthr 111), we investigate in this section the
influence of this parameter on the electron mapilit AISb/InAs heterostructures. Finally, we

use the gained knowledge to grow the heterostrecinectly on silicon.

IV.2.A. AISb/InAs heterostructure design

Two different AISb/InAs heterostrucures are designgepending on the used
substrates. The first one (structure 1 in figure5)Vcorresponds to an AISb/InAs HEMT
structure grown on GaAs substrates.

Contact layer InAs:Te (7x 1018 cm -3) 5 nm Contact layer InAs:Si (6 x10'8cm ¥ 5nm
Protection layer Al,5In, ;As 4 nm Bottom barrier  AlSb 8 nm
Schottky layer  AlSb 10 nm InAs 2 MLs
Doping plane Te 4.5x 102 cm 2 Doping plane Si 4.5x 10'2¢cm 2
Spacer AlSb 6.5 nm InAs 2 MLs
Channel InAs 15 nm Spacer AlSb 20 nm
Bottom barrier  AlSb 10 nm Channel InAs 15 nm
Buffer Al, sGa, sSb 250 nm Bottom barrier  AISb 50 nm
Buffer AlSb 550 nm Buffer GaSb 600 nm
Nucleation layer AISb 50 nm Nucleation layer GaSb 50 nm
Buffer GaAs 300 nm Buffer GaP 500 nm
Substrate GaAs (SI) Substrate GaP (Sl)

Structure 1

Structure 2

Figure IV.5: Cross section structure of the Te (Si) doped Af8t¥lheterostructures on GaAs (GaP) substrates.

On the other hand, the second structure (stru@unefigure 1V.5) is not grown for a purpose

of device fabrication. Our main target here is thiave for the first time the growth of

© 2012 Tous droits réservés.
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AISb/InAs on GaP with interesting transport proert Before presenting the grown samples
we mention hereafter some of the features thatldHmeitaken into account for the two types
of heterostructures.

1) First, it has been shown that the choice of &iGhuffer (0.6um) generates smoother
interfaces than AISb. For instance, with AISb brdfeBlank et al. [11] obtained low-
temperature (12 K) mobility three to seven timewdp than the ones achieved with GaSb.
With the latter, a 12 K mobility of 944 000 é&ui* s* was reached with a 14m buffer
thickness. Therefore, we have decided to grow tl&bAnAs heterostructure on GaP with
GaSb buffer layers. Unfortunately, the GaSb bufésistivity is too low and the use of AlSb
buffer layer is very essential for the realisat@mHEMT transistors on GaAs. Since AlSb
suffers from strong oxidization when exposed to[ai#t], a 250 nm AlGaSb buffer layes
grown on top of the AISb buffer to minimize the espre of pure AISb during processing and
the need for an air-bridge technology [13].

2) In both structures, an AlSb bottom barrier isedugo improve electron confinement.
However, it is shown that the formation of an Aliagerface between AISb and InAs induces a
high concentration of As on Al antisite defects][Jurthermore, this type of interface causes
some strain relaxation which degrades the subsédu&s channel growth. On the other hand,
with an InSb-like interface a strain compensati@suss which leads to a streaky reflection
high-energy electron diffraction (RHEED) patternridg the channel growth. Therefore, we
made sure that an InSb-like interface is alwayseaeld by exposing the AISb layer to an In
flux without group-V elements for the depositionldfiL of In just before opening the As cell.
3) The InAs channel thickness was determined depgrah previous observations especially
the ones of Bolognesi et al. who measured molsliieundoped AlISb/InAs quantum wells as
a function of InAs thickness [4]. They found theést mobilities (~30 000 ¢v*.s* at 300

K for undoped structures) for channel thicknesgeil26-150 A. The mobility then rolls off for
wider wells most likely due to the onset of scatigroy misfit dislocations originating from
the lattice mismatch between AISb and InAs, buneae250 A the mobility was still above
20000 crA.V'ls! despite the 1.3 % lattice mismatch. On the othamdh the mobility
decreases (sheet concentration increase) with ¢éllewidth (< 100 A) due to the dominance of
interface roughness scattering in the narrowerswell

4) 6.5 nm of AlISb spacer is grown for structure Heveas it is 20 nm for structure 2. For the
doping plane, both Si and Te appear to be viakbidrfAs/AlSb heterostructures. However,
since Si is amphoteric in 1lI-V compounds (Te aatsa donor in any AsSb alloy) and acts as a
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p-type dopant (acceptors) in antimonide-based madgen special design is needed to achieve
an efficient Si doping. This consists in the insgrtof the Si doping plane in a few monolayers
of InAs in the AISb barrier [15]. A decrease in tgeowth temperature at this stage of the
growth is also required to minimize Si segregatian AISb.

5) In structure 1, an AklngsAs protection layer was then placed between théo A8hottky
layer and the InAs contact (cap) layer. This priobeclayer protects the AISb layer from
oxidizing during the gate-recess etch. Furthermeven if AlISb/InAs heterostructure provides
superiorAEc to any IlI-V semiconductor compound due to ipet Il alignment [16], no
natural energy barrier for holes exists (type Tihe Al slingsAs layer should also act as a
blocking barrier to prevent a hole leakage curfeawing from the channel to the gate. The
structure was finally caped with 5 nm of 7 x*4@m?> Te-doped InAs. Since on GaP the
heterostructure is not used for device fabricatiba,structure is finally capped with 5 nm of 6
x 10" cm® Si-doped bulk InAs without any Schottky or protestlayers.

IV.2.B. Samples

Two set of samples presented in tables 1V.1 an@ Are investigated for the study of
AISb/InAs on GaAs (set 1) and GaP substrates (séid all the samples, after smoothing the
substrate surface, a (2x8) Sb-terminated surfapeejgared. The growth rates are 0.8 ML/s for
Al and 0.7 ML/s for Ga during the growth of the fauflayer for sets 1 and 2, respectively. In
the active layer, In and Al growth rates are 0.5/8Mor both sets.

For set 1, different Sb fluxes from 2.5 to 1 MLfe ased all along the antimonide parts of the
structure (samples A to D). After 50 nm of the AlBbcleation layer grown at 510°C, the

growth temperature is increased to 540°C for theareing AlSb buffer and decreased again to
510°C for the final AlIGaSb part and finally to 4@0during the active layer. In order to

distinguish between the role of the Sb flux durihg AISb nucleation layer and its impact on
the remaining part of the buffer and heterostriecipart, we perform another sample A’ with

an Sb flux of 1 ML/s during the first 50 nm AlSbabeation layer. The remaining part of the

epilayer is grown at 2.5 ML/s as for sample A.

For set 2, different Sb fluxes from 0.9 to 7.5 Mlaisd growth temperatures from 450°C to
510°C are tested during the growth of the firsns® GaSb. The remaining part of the 600 nm
GaSb is then always grown at 510°C with a Sb fli.6 ML/s. During the active layer, the

structure is also grown with an Sb flux of 2.5 ML/s
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Sample Reference A B C A D G H
Growth temperature of the 510 510 510 510 510 560 580
AlISb nucleation layer (°C)

Sb/Al 3.5 2 1.7 1.4 1.2 3.5 3.5

300K n (x1012 cm-?) =34 3.0 3.0 3.4 -2.6 -3.1 -3.2
300K VdP Electron mobility | 15100 | 18 600 | 20400 | 19400 | 22 000 | 18700 | 16600

(cm2V-1.s1)
300K [110] Electron mobility | 10800 | 14600 | 16 900 | 16 500 | 19700 | 16500 | 15400
(cm2.V-1.51)
300K [1-10] Electron mobility | 22000 | 21900 | 23200 | 20 700 | 23 200 | 19500 | 17300
(cm2.V-1.s1)
77K VdP Electron mobility 25000 | 36600 | 44900 | 39200 | 54 600 - -
(em2.V-1.s1)
77K [110] Electron mobility 16100 | 24 400 | 30900 | 27 700 | 39 500 - -
(cm2. V-1 s51)
77K [1-10] Electron mobility | 60500 | 57100 | 67100 | 49100 | 67200 - -
(cm2.V-1.s1)

Table 1V.1: Schematic of the Te doped AlSh/InAs heterostrucftown on GaAs (set 1).

Sample Reference P1 P2 P3 P4 P5 P6 P7
Growth temperature of the 510 510 510 480 480 450 450
GaSb nucleation layer (°C)

Sb/Ga 2 3.5 10.7 2 3.5 1.2 3.5

300K n(x10'2 cm?) 1.74 1.55 1.53 1.65 1.76 1.65 1.72

300K VdP Electron 10100 | 19500 | 15200 | 24000 | 18700 | 27800 19700

mobility (cm2.V-1.s-1)

300K [110] Electron 7610 | 17100 | 12800 | 21500 | 15000 | 26500 13300

mobility (cm2.V-1.s1)
300K [1-10] Electron 9450 | 18500 | 15800 | 26200 | 23900 | 28400 22000
mobility (cm2.V-1.s1)

77K n(x1012 cm-?) - - - 1.4 1.4 143 -
77K VdP Electron mobility - - - 79300 | 43700 | 120000 -

{cm2.y-1.81)

Table 1V.2: Schematic of the Si doped AISb/InAs heterostrugrown on GaP (set 2).
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The substrate temperature is then further decredsddg the growth of the active layer
reaching 460°C during the Si doping plane and W dubsequent InAs monolayers to avoid
Si segregation into AlSb.

From these two tables, one can notice that thealues in set 1 are much higher than
the ones in set 2. We relate this to the spacekribss in both sets. Indeed, the thicker AlSb
spacer in set 2 is expected to induce a lower relectheet density in the channel but also a
reduced ionized impurity scattering. This latteieef is confirmed by the higher mobilities at
77 K measured in set 2 compared to the ones id.sdbwever, at 300K, both sets exhibit
similar mobility values. This is due to the facatlihe effect of ionized impurity scattering on
the electron mobility is more marked at 77 K thar8@0 K (see figure 1V.2), where phonon

scattering dominates.

IV.2.C. Influence of the Sb flux on the electron mbility of AlISb/InAs
heterostructures grown on mismatched substrates

IV.2.C.1. Study on GaAs substrates

Figure IV.6 exhibits the 300 K Hall electron motjilmeasured on the samples A, B, C
and D grown on GaAs at 510°C, using a Van der Paamfiguration and Hall Bridges
oriented along the [1-10] and [110] directions umdtion of the V/III ratio during AISb buffer

layer growth.

24000

22000 |-

20000 :
18000 :
16000 :
14000 :

12000 |-

Electron mobility (cm2.V'1 5'1)

10000
1.0 15 20 25 3.0 35

V To lll ratio

Figure 1V.6 : Hall electron mobility measured on AlSb/InAs hestmactures using a Van der Pauw configuration
(Mvar triangles), Hall Bridges oriented along [1-10]rdttion (Mi1-105 ,Squares) and Hall Bridges oriented along
[110] direction (Y11q), Circles) in function of the V /llI ratio duringr@imonide layer MBE growth [17].

As can be noticed, the room temperature electromilityoin the [110] crystallographic

orientation is strongly reduced by increasing th#lVatio during the growth whereas that in
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the [1-10] direction is nearly constant. The eviolutof the Van der Pauw mobility is
consistent with this observation with a mean vdleéwveen the two orthogonal orientations.
Concerning the sheet carrier density, a higher I&b during the doping plane leads to a
slightly higher doping efficiency (see table 1V.Bince the [1-10] electron mobility is nearly
not affected by this variation, it cannot expldue strong reduction of electron mobility in the
[110] orientation. The ratio of electron mobilityeassured in the [1-10] and [110] directions is
plotted in Figure IV.7.

40 ————————T—

[ ® 300K ]
38 m 77K ]

3.0 | -

25 |- E

20 |- E

Mp1-101 7 Mp110]

1.0 1 1 1 1 1
1.0 1.5 20 25 3.0 3.5

V to lll ratio

Figure 1V.7: Ratio of electron mobility measured on Hall Bridw#ented respectively in the [1-10] and [110]
orientations at 300K (circles) and 77K (squares)ddifferent /I ratio during the antimonide lays of the
structure. Down- and up- triangles show respecyitke value of electron mobility measured at 300K @7K on
the same heterostructure with a V/IlI ratio of Hdring the initial 50 nm part of the AISb buffdretV/III ratio

was 3.5 during the rest of the buffer layer an8I#InAs heterostructure [17]

An increasing V/III ratio leads to a linear increas the mobility anisotropy both at room
temperature and 77 K. The anisotropy measured eisdmple with a reduced Sb flux during
the AISb nucleation layer (sample A’, trianglesHigure 1V.7) follows exactly the evolution
observed with the first set of samples. This redalhonstrates that the origin of the electron
mobility anisotropy is directly related to the M/Hatio during the first stage of the AISb
growth.

To observe the influence of the Sb flux during bthdfer layer on the morphology of
the InAs channel, two specific samples, E and Felisen grown, similar to sample A and D
respectively, but the growth was interrupted jufierathe InAs channel to avoid any
roughening of the substrate by the top InAlAs learrThe morphologies of samples E and F
are shown in the AFM images of Figures IV.8a and/A&bcan be deduced from these images,

the anisotropy of mobility observed on the previesamples is directly related to the density of
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trenches oriented in the [1-10] direction, the nattion of these defects with travelling
electrons in the [110] direction being much moréridental. From the AFM images, the
density of trenches for a 2.5 ML/s Sb flux is ab8ut 1¢ cm?, whereas it is about 0.7 x 2.0
cm® for a 0.9 ML/s Sb flux.

i D WETCTRRE 28 1 T

FAG | [110] o

Ou i 1.0pm l
‘ | l 0.00 nm|

Figure IV.8 : AFM measurement on sample E (a) and F (b) witheetsgely 2.5 and 0.9 ML/s Sb overpressure

during antimonide layers [17].

In Figure 1V.9, the cross section TEM observatiattsg the [110] zone axis of sample
E show that the trenches are induced by threadafgcts coming from the AlSb buffer layer
Their orientation with respect to the growth direst(about 35°) indicates that these defects
are in the (111) planes. The HRTEM images of Figux9(b) and 9(d) give precise evidence
that these defects are micro-twins.

A semi-quantitative understanding of the influent¢he trench density on the mobility
is explained considering the electron mean frel Ranh the InAs 2D electron gas. In the [1-
10] direction which is nearly not affected by tlmeniches, the measured mobility of 22 000
cn’/V.s associated with a sheet carrier density of03%dn? leads to an electron mean free
path around 0.6 um at room temperature. This m#aatsthe critical trench density above
which trenches will reduce the electron mean fraé pnd hence the mobility amounts tde)/(
2= 2.5 x 18/cn?. This is in semi-quantitative agreement with owasurements for which a
strong mobility reduction in the [110] directiondbserved for a trench density of 3 »¥/tér
whereas the effect is less for a trench densit§.8fx 1§/cn?. At 77K, of course, the mean
free path increases (around 1.7 um) and the effetihe trenches on the [110] mobility is
stronger, even for the lowest trench density.

To understand the origin of micro-twins at highIMfatio, we need to go back to the

observations we have already mentioned on theanfle of the V/ Ill ratio on the formation of
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GasSb islands (chapter I11). A high V/III ratio protes the formation of large {111} facetted
islands that are elongated in the [110] directiod eelaxed with 90° MDs at the interface. In
this work, in which growth starts with the depasitiof AlSb islands on GaAs, rapid AlSb
oxidization prevents one from studying the earbgst of the growth but the spotty RHEED
pattern observed during the nucleation revealsAlfab islands are initially formed. We may
then infer that under high V/III ratios (or high ®Werpressure), micro-twins are generated

during the coalescence of the {111} advancing moéthe relaxed AISb islands.

Figure IV.9: Image (a) displays a TEM cross-section measurefgef®02 dark field) on the sample with the
highest Sb flux (sample E). The white arrows ingithe presence of trenches in the InAs layer cgrinom the
threading defects originating from the AlSb/GaAsiface. Image (b) is an HRTEM image of a threadiafgct
from the highlighted area of figure (a): The atornanfiguration of the defect is underlined evidegca micro-
twin. Image (c) shows a TEM cross-section of orte@fnAs trenches in sample E. Image (d) is a HRTRage

of the highlighted area of figure (c) showing tlemeection between the InAs trench and the micro{ti].

IV.2.C.2. Study on GaP substrates

The same electron mobility measurements in funcowénthe Sb flux during the
nucleation layer are performed on the samples 2 gFown on GaP substrates for different

temperatures. The results are presented in figudeO]
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For all the heterostructures, a sheet carrier derimm 1.5 x 16? to 1.7 x 1&? cm? is
measured. In figure IV.10a, a poor electron mapifEbout 10 000 cfiV.s) is observed at
510°C. This can be explained from the AFM imag¢hef sample given on figure IV.11. Since
the surface suffers from a large Sb reevaporatiohl@°C, an Sb flux of 1.4 ML/s is not
sufficient to satisfy an effective Sb/Ga flux ratiogher than unity. Therefore a strong
degradation of the surface morphology appears,cindua poor electron mobility. However,
when this fundamental condition is fulfilled (2.5LK8 Sb flux), a further increase in the Sb
flux (or V/IlI ratio) results in a degradation dfe electron mobility in the InAs channel. This is

consistent with the previous experiments on GaAs.

2.8F= ] 2  v— 10}, 510°C |
] a _ —v— u[110], 510°C ]
£ —~24| 430°C e Azst\ i o
=< 2. —e—480° < I —v— u[110], 480°
_g i 2ol 450°C g ) 2.4 : —a— p[1-10], 480°C
2% 2 " PPN —A— p[110], 450°C )
o . 16 g Ol —v— u[1-10], 450°C
s E + £ 46l \ ]
> 1.2t S ' \
e S w1 T
1 2 3 4 5 61 7 8 1 2 3 4 5 6 17 8
Sb flux (ML.s™) Sb flux (ML.s ™)

Figure 1V.10: Transport measurements on the heterostructuresgmwGaP substrates with different
temperatures and Sb fluxes during the first 50 fthe@ GaSb buffer layer: (a) room temperature Van Bauw

electron mobility and (b) Hall Bridge measurementthe two crystallographic orientations

On the other hand, we have mentioned previouslytiieaSb flux does not affect in the same
way the electron mobility in the [110] and in the-J0] directions. In figure IV.11b, this
observation is confirmed at 450°C. However, at &1@ie Sb flux seems to have a reduced
influence. It seems that the anisotropy behavibanges with the growth temperature.

Figure 1V.12 presents the anisotropy of the electmoobility in function of the Sb flux for
different growth temperatures. From this figureg #nisotropy always increases with the Sb
flux. However, the slope of this variation depeondsthe growth temperature. By extrapolating
the data to a Sb/Ga flux ratio near unity, it se¢nas whatever is the temperature, the same
mobility in [110] and [1-10] directions can be asWed. However, this condition can't be
reached for the highest temperatures as a pameofSb flux is needed to compensate Sb
reevaporation. If this condition is not fulfilled,degradation of the surface morphology as the

one seen on figure IV.11 occurs, leading to a mectron mobility in both directions. As a
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consequence, the influence of the Sb flux on tliase morphology and the electron mobility
in the heterostructure is linked to the growth temapure and these two parameters must

simultaneously be considered.

421.37 nm

0°c- '4_

53. .

[1

1 ‘
'x”;-\ - ’1]

Figure I1V.11: (10x10)um? AFM image of sample P1 grown with a Sb flux ofMl4s at 510°C during GaSb

nucleation

= 18—
4

- 1.6+ /% —s—510°C .
g —a—480°C
= 14 —=—450°C -
= 1.2} /'_
--.§ g _ |
. S A

Sb flux (ML.s™)

Figure 1V.12: Anisotropy of electron mobility deduced from figlv.11b

IV.2.D. Influence of the growth temperature on theelectron mobility of
AISb/InAs heterostructures grown on mismatched sulisates
To understand the effect of the Sb flux at différeemperatures, we perform AFM

measurements on the different samples grown on GQaPresults are shown on figure IV.13.
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As for the case of GaAs, the AFM images of figuhd3c, d, e and f exhibit trenches in the
[1-10] direction. However, for the samples grown St0°C (figure 1V.13a and b), the
morphology is slightly different since trencheseoted in the [110] direction also appear and
are connected to trenches oriented in the [1-1@cton. This kind of defects is dominant at
low Sb flux whereas most of the defects at largdl®tes are [1-10] trenches. Therefore, we
measured the mean distance between these différenthes which are quantitatively
estimated from their density on (10x10) fl&FM images. Figure IV.14 exhibits this distance
in the [110] and [1-10] directions in function dfet GaSb growth temperature for a fixed Sb
flux of 2.5 ML/s.

Figure 1V.13 : AFM images of AISb/InAs heterostructures grown a® Gubstrate for a GaSh nucleation layer
grown at 510°C with a Sb flux of 2.5 ML/s (a) anfl MIL/s (b); at 480°C with a Sb flux of 1.4 ML/} énd 2.5
ML/s (d) and at 450°C with a Sb flux of 0.9 ML/sded 2.5 ML/s (f). The bright spots on images & dmre
attributed to AlSb oxidization when exposed tonathin the trenches.

From this graph, we note that the two distanceblertwo directions are in a range comparable

with the electron mean free path (h for sample P1). This is why we can relate the ititpb
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variation in both directions to both [110] and [@}Xrenches. Secondly, it appears that the
increase in the growth temperature has two effects:

() It increases the mean distance between thed[Xr&nches. Since the effective Sb/Ga flux
ratio is reduced at high temperature, the trenatsitiein the [1-10] direction decreases. This
result is also confirmed with the increase of th&d] electron mobility with the temperature.

(i) The growth temperature increase from 45080°€ slightly influences the mobility in the
[1-10] direction. This result is consistent withetinfluence of the V/IlI ratio on the [1-10]
mobility shown in figure IV.6. However, a furtherdrease of the growth temperature promotes
the formation of [110] trenches (the mean distabegveen trenches in the [110] direction

decreases) and hence degrades the electron matititg [1-10] direction.

A . c
> 2.4} 35 g
E S '3OE ‘é"
B &, o| —= [1-10] mobility SE
2 "0l —e—[110] mobility losg
c ‘T> —v—[1-10] distance _2.05 %
O ~_ 1.6} - -4 -[110] distanc 7 2
‘E "'g‘ [ ] /_/.:/' _1'5.5 2
O c &
W 11.0 ©
w 1.2 2

460 480 500
GaSb/GaP Interface
growth temperature (°C)

Figure 1V.14: Hall Bridge measurements (red) in the two crys@éphic orientations for a fixed Sb flux of 2.5
ML/s and different temperatures during the GaSHeaton layer and mean distance between [110] ot (}

trenches (black) evaluated from the trench demsigsured by AFM.

To understand the two effects of the growth tentpeea one should take into account what we
have previously mentioned on the influence of tleo8erpressure on the GaSb nucleation
process. Actually, when strong Sb reevaporatioruscat 510°C, a low Sb/Ga flux ratio
causes stacking faults accommodating the straindividual islands (see figure 111.27). These
stacking faults are probably at the origin of tH4.(q] trenches observed at the surface of
AISb/InAs heterostructures. On the other hand ga §ib/Ga flux during the initial stage of the
GaSb growth results in the formation of [110] elategl islands. This delays the island
coalescence and induces microtwins (or trenchésiifil-10] direction).
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In the same vein, we present on figure IV.15a teeten mobility of samples A, G and
H in function of the growth temperature of the Al®lcleation layer on GaAs substrate. As for
the case of GaP, we notice that increasing the thyraemperature to 560°C, the electron
mobility measured in the [110] direction is imprdvén comparison with sample A, samples G
and H (figures IV.15c and d) exhibit much lowernch density in the [1-10] direction.
However, a small decrease in the [110] mobilityesp at 580°C. We attribute this decrease to
the fact that an Sb flux of 2.5 ML/s at 580°C is tow to satisfy an effective Sb/Al flux ratio
higher than unity. Therefore, even if a lower [J-frf@nch density is achieved, the mobility in
both [110] and [1-10] decreases. The evolutiorhefW¥an der Pauw mobility is consistent with
this observation. On the other hand, the decreide @lectron mobility in the [1-10] direction
with the temperature is consistent with previouserstations where trenches in the [110]
direction appear at high temperatures as it's exadd by the AFM images of samples G and
H.
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Figure 1V.15: (a) Hall electron mobility measured on AlSb/InAsdrostructures using a Van der Pauw
configuration (lqp triangles), Hall Bridges oriented along [1-10]rdttion (k-1 ,Squares) and Hall Bridges
oriented along [110] direction (gho;, circles) in function of the AISb nucleation lageowth temperature on

GaAs substrates [18].(b) Anisotropy of electrorbitity deduced from (a). (c) and (d) correspondhe (5 x 5)
um? AFM images of samples G and H, respectively.
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IV.2.E. Summary

From the above observations, a trade-off betweeB8bG#AISb) relaxation and rapid
island coalescence must be found by reducing bdwhgtowth temperature and the Sb flux
during the nucleation layer. After full coalescerdehe GaSb (AISb) layer, the Sb flux and
growth temperature can be simultaneously incre&sé@tprove surface roughness. Following
these conditions, the sample P6 (figure 1V.13e)which the nucleation layer was grown at
450°C with an Sb flux of 0.9 ML/s exhibits a RMSfsice roughness of 0.8 nm and a trench
density below 4 x 1%cn?. The Van der Pauw electron mobility reaches 27 & 120 000
cm?.V1st at 300K and 77K respectively, for a sheet caditsity around 1.5 x cm?. For
comparison, with the similar structure on a GaAbssuate, the mobility value amounts to
30 000 and 143 000 év*.s* at 300K and 77K respectively.

As regards the influence of the threading dislaratdensity (TDD), the values
determined for AISb/InAs heterostructures from pléew TEM images lie in the 2-4x¥em?
range on both GaAs and GaP substrates. This cantlimestimation of Mishima et al. [5] on
the influence of threading dislocations on the tetet mobility (figure 1V.3): TDDs in the
1x10cm® range are not a limiting factor for mobility belasfew 16 cm?vs™.

In the following, we use the above optimized codi for the growth of an AlISb/InAs

heterostructure on an exactly oriented (001) Ssgate using GaP on Si template.

IV.3. Integration of AISb/InAs heterostructure on direct (001) Si
substrate via GaSb/GaP accomodation layer

To our knowledge, the best results on the growthings-based heterostructures
directly on a Si substrate are those of Y. C. dfiral. from NTT [18] and K.-M. Koet al. from
the Hanyang University [19]. The NTT group repor@®RT electron mobility of 27 300
cn’/V.s for an AbsGasSb/InAs HEMT grown on a 6° off-cut toward the [Lidifection Si
substrate by using more than 6 um of AlGaSh, Ga#k @e/Gg¢Siy.0sSh/ Ge oSip.1 buffer
layers (see figure IV.16a). This is the highest iylachieved so far for any HEMT structure
grown on a Si substrate. However, no low tempeeatoobility value has been reported and
the sheet density of 3x1%cn?’ (obtained without any doping plane) seems ver kigmpared
to other reported values for the same electron Ity the InAs-based systems (see chapter

l, figure 1.5).
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a) - b)

GaShb  3nm ¢ S nm GaSb
S— ) - 20 AlGaSb
Al ,Ga,.Sb  13am $i-1 ML InAs 1 1o nm AIS;
InAs 15 nm . 10 i InA:
Al ,Ga,,Sb  50nm j* g
[ GaSb/AISb (2.5 nm/2.5 nm) x 10 ASR/SeshiSL
[ Al .Ga,,;Sb 1um |
GaSb/AISb (2.5 nm/2.5 nm) x 10 Micro Twins 1.0 um AlGasSb
| AISb 100am ] ANNNANNANNAN N InSh QD
GaAs | zm(by MBE) | \ A Y \ \ — 0.2 pm AISb
Gars 154m by MOCVD) | AAAAAAAANAA A SZpmoash
Ge lgm ™ Sb soaking
Si,,.Ge, .. 8
igo;Geg5; 08 4m Si (001) Substrate
Siy Gey,, 08pm
Si substrate

Figure 1V.16: Structureof the AlGaSb/ InAs HEMT grown on the Si substiiate a)[18]and b)[19]

On the other side, Ket al. used an InSb quantum dot layer as a dislocatitan &t the AlSb/Si
interface for the growth of AlGaSb/InAs HEMTs (fivV.16b). A thinner buffer layer of

AlGaSb was achieved with a low defect density®f cm ™). However, the electron mobility

value of 16 000 cfiV.s with a sheet density of 2.5 x'#@m? remains below state-of-the art
values.

Coming back to our study, the NAgP GmbH start-up from the Philipps-University of
Marburg provided us with (4 x 4) énsamples cleaved out from a GaP/Si template groyn b
MOVPE on a 300 mm (001) +/- 0.5° p-doped Si waf®e used this sample as a substrate for
the MBE growth of the same AlSb/InAs heterostruetiivan that grown on GaP (structure 2 on
figure IV.5). The template consists of a 1000 nmakm-doped Si buffer layer followed by a 46
nm thick GaP nucleation film. The MOVPE growth otaetly oriented 300 mm Si substrates
is carried out in a Close Couple Showerhead reg@aus-R) from Aixtron SE applying
triethylgallium, tertiarybuthylphosphine and silaas group-Ill-, group-V- and Si-precursors,
respectively. After the deposition of about 30 nraPGthe IlI/V layer is free of antiphase
disorder. Before the MBE growth, the GaP nucleatayer is completely pseudomorphically
strained to Si without any misfit or threading disitions. More details about the growth
conditions and crystal quality are published elsewlj20-22].

The same growth conditions and structure than sarRpl have been used on the GaP/Si
template (figure 1V.17a). The AFM image of figur&.17b reveals a very smooth surface
exhibiting a RMS roughness value of only 0.8 nm.timch can be observed in this image but

a larger scale view indicates a trench densitybofia2x16 cmi®.

124

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Salim El Kazzi, Lille 1, 2012

a)

InAs:Si 5 nm
AlSb 8 nm

InAs 2 MLs

Doping plane  §i = 4,5x10%2 ¢m™

InAs 2 MLs
AlSb 20 nm ul
InAs 15 nm

AlSb 50 nm
GaSb 600 nm

GaP undoped 500 nm

GaP 46 nm
1000 nm Si buffer n-doped -

(001) Exact Si substrate p-doped

0 nm

Figure IV.17: a) Schematics of the AlSb/InAs heterostructures granv8ilicon substrate ang) is its AFM

surface image.

On the X-ray Diffraction (XRD) mapping of the saragfigure 1V.18), the diffraction spots of
the different layers can be identified and inforimatabout strain relaxation can be deduced
using X'pert Epitaxy Software. This analysis regeal fully relaxed GaP layer and a 101%
strain relaxation in both direction for the GaSle avith parallel and perpendicular mismatches
with Si of 12.44% and 12.07% respectively (the te&oal one is 12.24%).
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Figure 1V.18: 004 (up) and 224 (down) RSM of the heterostruaguosvn on silicon. The dash red line on 004
RSM indicates the position of full relaxation.

This tensile strain in the GaSb layer can seemequitexpected but can be understood
considering the different thermal expansion coiffits of GaSb (7.75 x T0K™) and Si (2.6 x
10° K™Y). Diffraction spots corresponding to AISb and Inlagers can also be observed on the
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XRD mapping. Their position with respect to the GaSpot reveals their respective
compressive and tensile strained nature. Conceinifdg, the multiple spots are attributed to
Pendelldsung oscillations confirming the high quabif the channel material.

Figure 1V.19 displays the TEM dark-field cross sattof the sample grown on silicon. As can
be noticed, APDs that could form at the GaP/Sirfate are rapidly self-annihilated and no
defects reaching the GaSh/GaP interface can bevaase

Figure 1V.19: 002dark field cross section of the GaSb/GaP/Si teraplat

The HRTEM image of the GaP/Si interface (figure2®a) and the,, component of the strain

tensor (figure 1V.20b) reveal an interface misféldcation resulting from the relaxation of the
GaP layer.

Figure IV.20: HRTEM cross sections of the GaP/Si interface (a) thie GaSb/GaAs interface (c) and their

associated,, component of the strain tensor (respectively b dnd
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Concerning the GaSb/GaP interface, most of thematish is accommodated by closely
spaced 60° MDs resulting in a regular array of BllDs with a period of about 3.7 nm (figure
IV.20c and d). Some imperfections of this MD arragult in the formation of few threading
dislocations as can be noticed on figure 1V.19. Eesr, no microtwins, much more
detrimental for electron mobility in the InAs chahncan be observed.

Hall measurements performed on this heterostruceselts in a RT Van der Pauw electron
mobility of 27 800 criV™.s' with a sheet carrier density of 1.5%1@m?. At 77K, the
electron mobility increases up to 111 000%aft.s* without anisotropy (u[110] =106 000
cn.V*.st and p[1-10]=109 000 cv™.s%), confirming the high quality of the InAs channel.

I\V.4. Conclusion

In conclusion, we have found that reducing the dghotemperature and the Sb flux
during the nucleation layer of a IlI-Sb layer ormésmatched 1ll-V substrate improves the
transport properties in the active layer. Afterimiting the growth of AlSb/InAs on a GaP
substrate, the same structure was grown on a Sitratd via a GaP/Si template. A high
electron mobility AISb/InAs heterostructure of 2008cnf.V'.s® and 111 000 chivts?
respectively at 300 and 77 K was achieved. In coispa with references [18] and [19], our
results show the usefulness of a GaSbh/GaP accontimodayer to grow highly mismatched
[1I-V materials on exactly oriented (001) Si sulastrwith only 0.6 um of 11I-Sb buffer layer.
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CONCLUSIONS AND PERSPECTIVES

The most important result of this study is prolgahiat our working strategy turned out
to be very promising for the integration of IlI-Vaterials directly on large scale exactly
oriented (001) silicon platforms. After presentitng main challenges needed to be overcome
in chapter I, we first focused on the IlI-Sb initsages of growth on mismatched GaAs and
GaP substrates. The knowledge we have gained t@rstudy presented in the third chapter
opened the way to optimize the growth conditional&b/InAs heterostructures in chapter IV.

The main conclusions that we have obtained are:

1) A high Sb overpressure promotes the formatio®asf MDs which are then the dominant
mechanism for the strain relaxation of the GaSin$. However, a high Sb overpressure also
favours the formation of facetted low density islannducing slow island coalescence. This
will lead to the formation of {111} microtwins aralhigh density of [1-10] trenches at the InAs
channel surface. Thus, a lower mobility in the [L#irection is observed resulting in an
increase in the mobility anisotropy.

2) A very low Sb overpressure promotes the fornmatibstacking faults which, along with 60°
MDs, dominate the strain relaxation of the GaSands. These SFs can be the reason of the
formation of square cracks which decrease the gl both directions.

3) The required trade-off in the growth conditiaofsliI-Sb buffer layers to get very good
transport properties should take into account twainnconsiderations. First, a maximum
density of islands is needed to avoid as much asilple the formation of micro twins at the
coalescence step. Secondly, these islands shdaldwéhout any SF. If these two conditions
are fulfilled and islands relaxed with only 90° MBx® formed, high mobility can be achieved.
4) Previous papers claimed that a decrease inhteading dislocation density (TDD) is
essential to achieve high quality optoelectronizi@is. In our case, a high density of threading
dislocations is not the main limiting factor foetimobility in the InAs/AISb heterostructure but
other threading defects like microtwins or stackilaglts are more detrimental to device

performance.

Considering the future work, although we obtainhhelectron mobility in AlSb/InAs
heterostructures, the TDD remains high. For devigesre a high TDD can be detrimental,

further experiments must be carried out on thes&HI buffer layers to reduce it. More
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precisely, as mentioned in chapter I, in the cdsa GaSb buffer layer, an AlSb interfacial
layer could be inserted to minimize the TDD durihg full strain relaxation of GaSb. We have
performed a first attempt, introducing 4 AlSb MListke GaSb/GaAs interface in the growth
sequence of an AISb/InAs heterostructure [1]. Té#&ls to a moderate reduction of the TDD
from 2.2 to 0.64x1dcm? further significant improvement using this recipmains to be
evaluated as well as the involved mechanism. Téiterl is probably related to the small
diffusion length of Al adatoms which helps in kagpia low density of small islands even at a
temperature sufficiently high to get a good stralaxation.

A more detailed study is also needed to determinat's really happening at the island
coalescence. Although our results clearly show thattrenches in the [1-10] direction come
from the microtwins, no clear evidence shows tha tatter are created from island
coalescence. The same remark holds for the cate giquare cracks which are related to the
creation of SFs. A detailed study of the coalesegmocess and strain relaxation for different
layer thicknesses has to be considered.

As long-term perspectives, this work validates sietegy of integration on Si via
Si/GaP templates for electronic devices as a vialikrnative to the most popular approach
using Si/GaAs or Si/Ge/GaAs buffer layers. We cartigularly emphasize the low surface
roughness measured (RMS : 0.8 nm) for a relative biaffer compared to recent published
results where RMS values larger than 4 nm werertegpdor the metamorphic growth of
InGaAs/InAlAs heterostructures on Si [2].

On the other hand, despite the high mismatch betweds and GaP, the high
electronic mobility reported demonstrates that gtradsport properties can be maintained in
field effect devices. This could be further evadighbn MOS transistors since the 6.1A material
family offers both opportunity for NMOS (InAs) amiMOS (Ga(In)Sb) [3].
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Epitaxial growth of Sb-based heterostructures on fghly
mismatched substrates for field effect transistor pplications

Low power consumption transistors operating at $onply voltage are highly required
for both high frequency autonomous communicatirgiesys and CMOS technology. Since the
performances of silicon-based devices are strodgyraded upon low voltage operation, low
bandgap IlI-V semiconductors are now consideredaléernative active materials. Among
them, one of the best candidates is InAs. Theretheepresent work aims on paving the way to
the use of InAs in transistor channels for botthksgeed analog and digital applications. We
particularly investigate the molecular beam epitgkgwth of InAs/AlISb heterostructures on
both (001) GaAs and GaP via an antimonide metanotpiffer layer. Using atomic force
microscopy, transmission electron microscopy ariiéagon high energy electron diffraction,
we first show the critical influence of the growgbnditions on the 11I-Sb nucleation. From this
study, we then achieve optimized high mobility Inlagers on these two highly mismatched
substrates. The results obtained in the GaP casexé&nded to commercially available high
quality GaP/Si platforms for the integration of EWAased materials on an exactly oriented
(001) Si substrate. State of the art mobility of08® cn.V*.s' at 300K and higher than
100 000 crif.V*.s* at 77K are demonstrated.

Croissance épitaxiale d’hétérostructures antimoniégsur substrats
fortement désadaptés en maille pour applications autransistors a
effet de champ

La nécessité de diminuer la consommation a la fbés systemes autonomes
communicants a haute fréquence et des circuits ChMdique l'utilisation de transistors
fonctionnant sous faible tension d’alimentations lgerformances des composants a base de
silicium se dégradant rapidement dans ce réginferdgionnement, les semiconducteurs IlI-V
a faible bande interdite sont aujourd’hui envisagémme une alternative. Parmi ceux-ci,
'InAs parait le plus prometteur. Dans ce contexi,travail a pour but d’ouvrir la voie a
l'utilisation d’'un canal a base d'InAs pour lestégges analogiques et numeériques. Plus
précisément, nous étudions la croissance par épipax jets moléculaires des hétérostructures
InAs/AISb sur des substrats (001) GaAs et GaP jraermédiaire d'une couche tampon
Ga(Al)Sb. La microscopie a force atomique, la nmscapie électronique en transmission et la
diffraction d’électrons de haute énergie sont sdifis afin de mettre en évidence l'influence
critique des conditions de croissance sur la ntiolgales antimoniures. Cette étude sert de
base a l'optimisation de canaux InAs a haute m@biliur ces deux substrats fortement
désadaptés en maille. Les résultats obtenus daraslde GaP sont ensuite étendus au cas de
pseudo-substrats commerciaux GaP/Si de haute €ualistalline pour l'intégration de
matériaux a base d’InAs sur des substrats Si (@XBctement orientés. Des mobilités
électroniques atteignant 28 000 &wi™.s* & 300K et supérieures & 100 000%¥'.s* & 77K
sont démontrées.
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