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Abstract

Combining silicon with Il -V materials represents a promising pathway to overcome the ~29% efficiency limit
of a single ¢ Si solar cell. While the standard approach is to grow Il -V materials on Si, this work deals with an
innovative way of fabricating tandem solar cells. We use an inverted metamorphic approach in which
crystalline silicon or SiGe is directly grown on Il -V materials by PECVD. The low temperature of this process
(<200 °C) reduces issues due to the difference in thermal expansion coefficient. Also, growing the group IV
material on the Il -V prevents polarity issues.

The realization of the final tandem solar cell made of SiGe/AlGaAs requires the development and optimization
of various building blocks. First, we develop the epitaxy at 175°C of Si(Ge) on (100) Si substrates in an
industrial standard RF -PECVD reactor. We prove the promising electrical performances of such grownSi(Ge)
by realizing heterojunction solar cells with 1.5 pm epitaxial absorber leading to a Voc up to 0.57 V. We show
that the incorporation of Ge in the layer increases the Jscfrom 15.4 up to 16.6 A/cm? (SiGexse).

Then, the hetero-epitaxy of Si on GaAs ly PECVD is studied. ¢Si exhibits excellent structural properties, and
the first stages of the growth are investigated by X-ray diffraction with synchrotron beam. We find an
unexpected behavior: the grown Si is fully relaxed, but tetragonal. While the GaAs lattice parameter is higher
than that of silico, we find a higher out -of-plane Si parameter (a: ), due to the high hydrogen content in the
layer, but also a smaller in-plane parameter (a;) than the theoretical one. This low a; is probably due to
thermal stress induced by the substrate, and led us to the hypothesis that the temperature during the growth is
well above the nominal value. Hereby, we may have found an experimental proof that PECVD growth happens
thanks to local heating during the growth.

Meanwhile, we built a know-how in a new technological field in the Ill -V Lab: photovoltaics. We developed
materials for AlGaAs solar cells by MOVPE, as well as their full grid design and process flow in clean rooms.
We could reach a high efficiency of 17.6 %dr a Alo22Gao.78As solar cell, being thus suitable for its integration
in the tandem solar cell. Also, materials to grow tunnel junctions (TJ) were studied, and in particular the n -
doping of GaAs with DIPTe precursor to obtain doping levels above 2.7x10° cm-3. While good TJs were
obtained with standard n-doping with Si, Te doping led to TJs with peak tunneling currents up to 3000
Alcm 2, reaching state-of-the art. Moreover, by studying the integration of PECVD with Il -V materials, we
found that hydrogen plays a strong role in GaAs: its doping level is decreased by one order of magnitude when
exposed to a K plasma, due to the formation of complexes between H and the dopants (C, Te, Si).
Fortunately, this behavior can be recovered after 3 minutes annealing at 350°C.

Finally, the last step of device fabrication is studied: the bonding on a host substrate. We successfully bonded

DQ LQYHUWHG $0*D$V FHOO UHPRYHG LW IURP LWV VXEVWUDWH DQG SU
our first tandem solar cells by growing thick layers (> 1 um) of Si on inverted AlGaAs solar cells followed by a

TJ. Finally, we study the bonding and substrate removal of this final device, being the first tandem solar cell

grown by inverted metamorphic growth of Sion Il -V.

Keywords: Epitaxy, PECVD, MOVPE, Heteroepitaxy, Tandem Solar Cells, 11}V/Si, Tunnel Junctions
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Résumeé

/ID OLPLWH WKpRULTXH GYHIILFDFLWp GIXQH FHOOXOH VRODLUH V
cette limite, une des moyens les plus prometteurs e$ de combiner le silicium avec des matériaux Ill -

V. Alors que la plupart des solutions proposées dans la littérature proposent de faire croitre
directement le matériau Il -V sur substrat silicium, ce travail présente une approche innovante de

fabriquer ces cellules solaires tandem. Nous proposons une approche inverse métamorphique, ou le

silicium cristallin ou SiGe est cru directement sur le matériau Ill -V par PECVD. La faible
température de dépbt (< 200 °C) diminue les problemes de différence de dilatation thermique, et le

fait de croitre le matériau IV sur le matériau Ill -V élimine les problémes de polarité.

La réalisation de la cellule tandem finale en SiGe/AlGaAs passe par le développement et
OfRSWLPLVDWLRQ GH SOXVLHXUV EULUGHQRXNF&QORIARREEBTRIQW G RX
°C de Si(Ge) sur des substrats de Si (100) dans un réacteur de RPECVD industriel. La réalisation

de cellules solaires a hétérojonction a partir de ce matériau Si(Ge) cri par PECVD montre que ses
performances électr LTXHV VIDYqQUHQW SURPHWWHXVHY 1RXV REWHQRQV !
9RF TXL DWWHLIJQHQW 9 /TLQFRUSRUDWLRQHGH *H MKVPKXW G1
Alcm 2 pour Sio.72Gep 2s.

En paralléle, la croissance de cellules solaires AlGaAs a&té développée, ainsi que sa fabrication
technologique. Nous obtenons une efficacité de 17.6 % pour une cellule simple en Ab.Gag7sAs.

1RXV GpYHORSSRQV DXVVL GHV MRQFWLRQV WXQQHO SDUWLHV
configuration a deux terminaux. Nous développons notamment le dopage n du GaAs en utilisant le
SUpFXUVHXU ',37H HW REWHQRQV GHV MRQFWLRQV WXQQHO D\DQ
Alcm2 UHMRLJQDQW DLQVL OHV UpVXOWDWY GH OfpWDW GH OTDUW

(QVXLWH QRXYV énve-xmtide @& SOsKGaAs par PECVD. Le<6L PRQWUH GYTH[FHO
propriétés structurales. Les premiers stades de croissance sont étudiés par diffraction des rayons X

avec rayonnement synchrotron. Nous trouvons un comportement inattendu : le Si est refaché dés les

premiers nanometres, mais sa maille est tétragonale. Alors que le GaAs a un parameétre de maille

plus grand que le Si, le paramétre hors du plan (a) du Si est plus élevé que son parametre dans le

plan (ay 1RXV WURXYRQV XQH IRUWH FRUUpODWLRQ HQWUH FHWWH
GDQV OD FRXFKH GH VLOLFLXP 'f{DXWUH SDUW QRXV PRQWURQV °
dépbt PECVD affecte les propriétés du GaAs VRQ GRSDJH GLPLQXH GYfHQYLURQ XQ
lorsque le GaAs est exposé au plasma H2, di a la formation de complexes entre le H et le dopant (C,

Te ou Si). Le dopage initial peut étre retrouvé aprés un recuit a 3® °C. Enfin, nous étudions la

derniére étape de fabrication de la cellule tandem: le collage. Nous avons pu reporter une cellule

simple inversée en AlGaAs sur un substrat héte (en Si), retirer le substrat GaAs et effectuer les

étapes de microfabrication sur un substrat 2 pouces. Des couches épaisses de Si (>1 um) ont été
FUXHV DYHF VXFFgqV VXU XQH FHOOXOH $0*D$V LQYHUVpH VXLYLH
cellule tandem, et le processus de fabrication technologique du dispositif final sont ensuite étudiés,

afin de pouvoir caractériser électriquement la premiere cellule solaire tandem fabriquée par
croissance inverse métamorphique de Si sur IlI-V.

Keywcl)rds: Epitaxie, PECVD, MOVPE, Heteroepitaxe, Cellules solaires tandem Il -V/Si, Jonctions
tunne
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Chapter 1

In this introduction chapter, we present W R G DéW ¥hallenges in photovoltaic technologies for
reaching high efficiencies. We focus on the multi -junction solar cells (MJSC), and the main
laboratory records up to now. We then present the various approaches for fabricating tandem solar
cells using a Sisubcell: growth of Il -V on Si substrate, bonding of the 2 subcells... Among the
various pathways that are explored in literature, we present the innovative approach of this PhD
thesis, its advantages and its challenges that are the subject of this manuscript

I.1. PV technologies

[.1.1. Introduction

Since the very first silicon solar panel manufactured by Bell Labs in 1954 that reached 5 % efficiency,
lots of progress have been done in the photovoltaic (PV) field . Silicon-based technologies have
always been and remain the most important player of the PV industry. In 2015, 93 % of the total PV
production comes from Siwafer based PV technology. The efficiency record for c-Si solar cells has
not substantially evolved since the 90 §, but the drastic cost reductions due to mass production and
technological improvements led to a strong and cheap industry, and an energy that starts being
competitive with conventional energies. While nowadays, efforts are still done to improve Si cells
efficiency by minimizing the shadow losses due to front contacts and reducing the suface
recombination losses, the technology has almost reached itsmaximum theoretical efficiency. The
most recent record reported is of 26.7 %? under AM1.5G, approaching the 29% theoretical maximum
efficiency stated in 1961 by Shockley and Queissét AM1.5G is a referenceused as a standard
irradiance to compare terrestrial solar cells and modules. It corresponds to the terrestrial sun
iradiance at an angle elevation of 48.2°, as depicted in[Figure 11Ja. The atmosphere at this
elevation absorbs and scatters the solar radiation, and attenuates the solar spectrum to an
irradiation of 10 00 W.m-2. The AM1.5 Global spet¢rum is designed for flat plate. The AM1.5 Direct
spectrum is defined for solar concentrator work. It includes the direct beam from the sun plus the
circumsolar component in a 2.5 degrees disk around the sun. The AM1.5D spectrum has an
integrated power density of 900 W.m-2. AMO is the convention for spatial applications. The solar
power density in spaceis roughly 1350W.m-2. In this work, we will mainly usethe AM1.5G spectum.

Figure 11 - a) Incident spectral irradiance from the sun for terrestrial applications (AM1.5G and AM1.5D)
space applications (AMO). b) Schocki®ueisser limit: maximum theoretical effiency of a solar cell as a functior
of its bandgap, along with the best experimental efficiencies
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Figurel.2 - NREL chart witlime evolution of best reseach cell conversion efficiencfor different technologies4
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However, when commenting the cells manufactured for spatial application, AMO will be used.
Shockley-Queisser (SQ) limit is illustrated in [Figure 11jb. It shows the maximum theoretical
efficiency as a function of the material bandgap. The best experimental single-junction solar cells are
reported on the graph. It shows that solar cells with a bandgap between 1 and 1.5 eV are theoretically
well suited for high efficiency. This includes Si, GaAs and InP materials. Experimental solar cells are
still way below their theoretical efficiencies, mainly because of issues due to series resistance,
contact shadowing, or parasitic recombination .

The evolution of the record conversion efficiency of solar cells since 1975up to now is pictured in the
NREL chart4 Silicon technology is plotted in blue. Many new technologies are being
explored, such as the promising perovskites, or thin film technologies (CIGS, CdTe, amorphous
6L« 7KLQ |Lnow etthd)dibse to 25 %energy conversion efficiency, but the drawbacks of
these materials remain their scarcity, and in some casetheir toxicity. Perovskites show aspectacular
progression rate, but are limited by their stability over time and light degradation.

[.1.2. Overcoming Shockley -Queisser limit: multi -junction solar cells (MJSC)

[Figure 13]a. shows the AM1.5G spectrum irradiance of the sun, along with the part of the spectrum
that is actually absorbed by a Si single solar cell. ShockleyQueisser limit is explained by two main
types of losses. First, the transmission losses,that corresponds to the photons for which Si is
transparent. All the photons with energy lower than the semi-conductor bandgap energy (i.e. a
higher wavelength) will not be absorbed. Second, the thermalization losses are due to the photons
that have a too high energy compared to the bandgap, and thus dissipate the extra energy into heat.
In order to overcome the Shockley-Queisser theoretical limit of a single junction from, several
concepts have been pr@osed, such as the use ofintermediate band and hot carrier solar cells. But
one of the most efficient concepts to go beyond the 30 % limit is the multi-junction solar cell
(MJSC)S. Concentrating the light on a solar cell by adding lenses could lead to even higher
conversion efficiencies. MJSC consist in using several absorbers with different bandgaps. The
highest bandgap cell (i.e. the most transparent) is placed on top of the smaller bandgap solar cells.
That way, each solarsubcell is dedicated to harvest one part of the solar spectrum, thus minimizing
the thermalization ®. As an exampleb. shows the AM1.55 solar spectrum along with the
part of the spectrum that can be absorbed by a tiple junction GalnP/GalnAs/Ge. The transmission

Figure 1.3- AM1.5G spectrum and the fraction theoretically converted by a) a Si solar cell, b) a triple junc
GalnP/GalnAs/Géfrom ref )
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losses are loweed due to the use of Ge which has a lover bandgap than Si (0.67 eV instead of 1.12
eV). Only the photons with energy below 0.67 eV will be transmitted. The thermalization losses are
reduced thanks to the sorting of the photons by their energies. First, the photons of energies above
GalnP bandgap (1.9 eV) will be absorbed by the first subcell. Then, the photons with energies above
1.4 eV will be absorbed by the GalnAs subcell, and finally, Ge will absorb the rest of the photons with
energies above its bandgap. Thus, it is not likely that a high erergy photon (> 1.9 eV) reaches the Ge
subcell and thermalizes.

Two main ways of connecting the subcells can be distinguished: the two-terminal approach, and the
four-terminal one. In the t wo-terminal stacking, the subcells are connected in series, and the current
is collected only at the front and at the back of the solar cell. In this configuration, the two subcells
are electrically connected in series, by means of tunnel junctions (TJ). TJ are highly doped p-n
junctions that will allow the carrier s to flow from one subcell to the other by tunneling effect. TJ
should be as transparent as possible, thus very thin (a few ters of nanometers), with the highest
bandgap. As thesubcells are connected in seriesparticular attention needs to be paid on the current
matching. Indeed, if a subcell has a smaller current than the other, it will limit the whole multi -
junction solar cell current. Thus, the bandgap and thickness of each subcell has to be carefully
adapted in order to obtain the best current matching, leading to the best efficiency. Furthermore,

this approach requires a monolithic integration of the materials. Thus, the crystalline lattice-
matching of the materials is another important issue, which will be discussed in the following
sections. In the four-terminal approach, the carriers generated by eachsubcell are independently
collected. It allows a wider choice of materials, because it allowsstacking materials with different

lattice parameters without introducing losses due to dislocdions. However, it requires the addition

of a conductive layer in the middle of the

solar cell, which will add some

absorption losses. Recently it has also

been proposed to perform three-

terminal multi —junctions7.

Theoretically, the more subcells with

different bandgaps, the higher the

efficiency. For infinite number of

junctions, the theoretical efficiency of

multi -junction  solar cells reaches

86.8%%%°. [Figure 14] shows the

theoretical efficiency as a function of the

number of subcells, along with the

bandgap combination to reach such

efficiency (from an NREL lecture1). A 4-

junction solar cell can theoretically reach

an efficiency above 55 %, we must find

the adequate 4 materials that have the

right 4 bandgaps. But in real Figyre 14 - Theoretical maximum efficiency of a multijunction
configuration, materials with different as a function of the number of junctions, along with the
bandgaps do not necessarily have similar ~ corresponding bandgaps (NREL)

lattice parameters.
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[Figure 15]shows a list of available materials, with their lattice parameters and their bandgap,

including the main Ill -V alloys, as well as Si and GeOne can notice a wide disparity in bandgaps
and lattice parameters. We see that Ge is almost latticematched with GaAs, hence the useof Ge as a
substrate for most multi -junction solar cells based on GaAs family compounds. By following the

vertical line between GaAs and AlAs, the Al,GaixAs family allows tuning the bandgap, while

remaining almost lattice -matched with GaAs and Ge However, most of the other materials have
their own lattice parameter. Lattice -mismatch induces dislocations, grain boundaries or other types
of impurities, that will highly reduce the efficiency °.

Figurel.5 - Bandgap versus lattice constardt room temperaturefor various materials inaiding Si, Ge, GaAs.

Most of the research has been focused on the growth of lattice-matched materials, which are the
easiest to manufacture. The verymature industry of high quality of Ill -V materials along with their
strong absorption due to their direct bandgap gives to this type of materials the best properties for
MJSC. It is also possible to use latticemismatched materials by means of wafer bonding, or by using
buffer layers. These technical paths are discussed in the following part.

1.1.2. Multi -junction solar cells: review

Multi -junction solar cells based on llI-V materials hold the highest efficiency record. They
correspond to the purple data plot in the NREL effici ency chart presented infFigure 12] It is the only
technology that reached and overcame 30 % of efficiency. For example, 3-junction solar cells
efficiency has increased by about 1% absolute per year since 200ZThe graph also shows how using
concentrating photovoltaics can boost the converson efficiency of a Il -V MJSC. The last 3-JSC
record at one sun is reported to be 37.9 %2 while under concentration (302 sun) it reached 44.4% 13,

6
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This latest record uses an inverted metamorphic triple junction of InGaP/GaAs/InGaAs. 4-junction
solar cells from NREL reached 45.7% for a monolithic GalnP/GaAs/GalnAs/GalnAs 14, and was
recently overpassed by Fraunhofer ISE/ CEA/Soitec that reached 46.0 % by bonding monolithic
GalnP/GaAs with monolithic GalnAs/GalnAs 15 The record multi -junction solar cells are gathered in
In terrestrial and space industry, the most widely manufactured triple junction is grown
on a Ge substrate. Among the commercialized MJSC, the record is held by Spectrolab with an
efficiency of 41.3% under 364 sungé. It consists of a lattice matched GalnP/GalnAs/Ge solar cell
grown on a Ge substrate by metalorganic vapor phase epitaxy (MOVPE). GalnP and GalnAs are
lattice-matched with Ge, leading to a high quality Il -V material. The bandgap combination is
however not optimal, as the Ge cell generates more current than the two upper cells, butit remains
the easiest MJSC to produce for concentrator photovoltaic (CPV) applications. The use of
concentration not only enables to enhance the efficiency of the cel, but also to reduce their size,
thus the amount of material needed to harvest solar energy. However, in addition to the high price
of Ge or GaAs substrate and of deposition and manufacturing of the cell, the optics and tracking
systems are also quite exgnsivel’. Thus, multi -junction Ill -V solar cells under concentration hold by
far the records in efficiency, but remain very expensive That is the reason why dternative ways of
manufacturing high efficiency solar cells at lower cost must be investigated. The most significant
contributors to the cost are the substrate used, which are made of Ge or GaAs. To reduce cost, the
use of a most common andmuch cheaper material would be required.

Table 11 - Summary of IHV 3junction and 4junction solar cells records!§.13.14.15)

|.2. Integration of lll -V with Si:

[.2.1. Motivat ion s for the integration on Si

The use ofa Si substrate for 11l -V materials, together with the mature technology of Si PV industry
would considerably reduce the costs.Besidesthe use of a Si substrate as a noractive material, using
a Si active subcellwould be of high interest for multi -junction solar cells. With a bandgap of 1.12 eV,
a theoretical efficiency over 42 % can be expectedfor a tandem structure. [Figure 16]a., from
Connoly et al.18, shows the theoretical efficiencies for atandem junction as a function of top cell and
bottom cell bandgaps, when connected in series. Two mainmaxima are observed: for a bandgap
combination of 0.96eV/1.64 eV, 42.2% is expected. Interestingly, the secondoptimum corresponds
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to the combination of Si (bandgap of 1.12 eV with a material that has a 1.74 eV bandgap The
resulting tandem solar cell would have a conversion efficiency of 41.9%.Among the assumptions of
the model, it is supposed that the bottom Si cell has a quantum efficiency of 1, meaning that it
absorbs all the photons whose energy is aboveSi bandgap [Figure 16|b. shows the calculations for a
3-junction solar cell with a Simiddle cell. The ideal bottom cell and top cell bandgap are found to be
174 &V and 0.53 eVfor an efficiency of 45.4%.

While looking at the possible materials gathered in [Figure 15| there is unfortunately no material
with a bandgap around 1.74eV that is lattice matched with Si. GaP has a lattice parameter close to
that of Si, however its bandgap is too high (2.26 eV). Thus, the integration of Il -V materials with
the right bandgaps with Si is a challenging issue. While various top cell candidates have been
discussed in literature!®, the main current research focuses on perovskites andlll -V materials.
Furthermore, lattice -mismatch is not the only practical challenge faced in Ill-V/Si integration.
Those challengesare detailed in the next section, together with the different pathways that are being
investigated in the field of Il -V/Si integration.

Figurel.6 - a) Theoretical efficiencies for aandem junction as a function of top cell and bottom cell bandgap:
when connected in serieb) Theoretical efficiencies for a triple junctioas a function of top and middle bandgag
subcells (Connolly et al 18)

[.2.2. Main challe nges of integrating Ill -V on Si

The researchon integration of 1l -V on Si is has been adream for semiconductor industry for the
past 30 years. Lots of work have been performed for various applications, such asoptoelectronics
integrated circuits 2° by combining the optical advantages of IlI-V along with the mature technology
of Si integrated circuits. Of course, the low cost of Si is also a way to produce lower cost devices such
as LED or laserg®. In the photovoltaic field, the use of Sitbased multi-junction solar cell will allow
manufacturers to reach high efficiency while taking advantage of the low cost of Si but also of their
well-established expertise in Si production. But integrating Ill -V on Siis not that easy for three main
reasons: first, the lattice mismatch between the considered materials, second the fact that Ill-V are
polar materials while Siis non-polar, and third, the difference in thermal expansion.
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Lattice -mismatch:

The lll -V materials that have the optimum bandgap of 1.74 eV for a high performance tandem solar
cell have, have the same cubic structure as Si, but they unfortunately have diff erent lattice

parameters, as deduced fron{Figure 15| Thus, growing a Il -V epitaxial film on top of a Si substrate

is challenging. In the case of GaAs material family, a lattice mismatch of 4% makes the epitaxy onSi
very challenging due to the formation of defects and dislocations. Epitaxy refers to the formation of

a new single crystal on top of a crystalline substrate. Two types of epitaxy can bedistinguished:

homoepitaxy, in which the grown layer is made of the same material as the substrate material, and
heteroepitaxy, in which the grown material is different from the substrate. [Figure 17]a. from a

presentation of University of Waterloo 22, shows the case of homeepitaxy, or heteroepitaxy with

lattice-matched materials. In this case, no strain is induced, and the deposited atoms arrange
perfectly on the atoms of the substrate [Figure 17]b. and c. show the possible configurations in case
of epitaxy of a material that has a higher lattice-parameter than the substrate (as it is the case for
GaAs on Si). If the epitaxial layer has a larger (respectively smaller) lattice parameter than the

substrate, the layer can grow under in-plane compressive (resp. tensile) strain. Consequently, the
out-of-plane parameter will be larger (resp. smaller) to ensure volume conservation. This is called
pseudomorphic growth. However, after a critical thickness, the layer will relax into its stable
configuration by creating crystalline defects. In this case, we talk about metamorphic growth. The
relaxation of the epitaxial film induces dislocations and defects that will be responsible for a loss in
crystalline quality and of electrical performances of the resulting solar cell. But the lattice mismatch

is not the only issue in the growth of lll -V materials on top of Si.

Figurel.7 - Schematic illustration of (a) latticenatched, (b) strained andc) relaxed hetereepitaxial structures. (b)
and (c) are shown in case 0of @sirate < Bayer(%?)
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Polarity: growth of a polar Il -V material onanon  -polar Si substr  ate.

Growing Il -V materials, which consist of a superposition of a monoatomic layer of group Ill atoms
followed by a monoatomic layer of a group V material, on a non-polar material such as Si, leads to
the formation of antiphase domains (APDs). This is due to the fact that a (100) Si substrate surface
does not consist of a perfectly flat surface|Figure 1.8|.a. from Freundlich 23 shows the casewhere a
monoatomic step is found on the Si substrate. Monoatomic steps of Si are unavoidable at the surface
of a substrate. During GaAs growth, first a monoatomic layer of As is deposited, followed by a Ga
layer. Where the substrate contains a moroatomic step, it shifts the Ill and V steps, As covers one
monoatomic step of the Si. The next Ga monolayer will thus leadto the formation of a Ga-Ga bond
close to the step. During the growth, more Ga-Ga and As-As bonds will be formed, forming lines
called antiphase boundaries (APB). Those electrically doubly charged defects are obviously not
desired for the solar cell operation. It occurs when there is a single step on Si substrate, but not
when there is an even step, as pictured iffFigure 18].b. When a step is actually a twomonolayer
step, the alternation between Ga layer and As layer is respectedA solution that ha s been found is to
use offcut Si substrate (4° - 6 °), to force the formation of double -layer steps instead of single
layers?4.

Figurel.8 - (a) Mechanism of APB formation durinthe growth of zinc blende structure on (100) non pol
surface presenting singlatomic high step, (b) Growth of a single domain zinc blende structure on a (100)
polar surface presenting doublatomic high step(from Freundich 23) (c) lattice constant of GaAs and Si as
function of temperature

Thermal mismatch:

In addition to the lattice parameter mismatch, and

the APB formation, GaAs and Sialso suffer from a

difference in thermal expansion coefficient?>,

While GaAs has a coefficient of 5.73x1¢ °C-1, the

value for Si is 2.6x10% °C1. As the typical growth

temperature for Ill -V epitaxy is rather high (above

600 °C for MOVPE), cooling down to room

temperature after growth will induce thermal

stress in the bulk heteroepitaxial layer, thus

leading to the formation of additional defects and

dislocations that lower the crystalline quality.

[Figure 18]c shows the lattice paramete's of Si and

GaAs as a function of temperature: GaAs varies

more with temperature than Si. To reduce the

formation of cracks, a good control of the cooling  Figure 19 - minority carrier lifetime in GaAs as 3
down is required, or to lower the growth function of threading dislocation dislocation density
temperature. (Andre et al.*%)
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Lattice mismatch combined with thermal mismatch leads to the formation of dislocatio ns in the IlI -
V material. Threading dislocations drastically reduce carrier mobility, as they act as recombination
centers. Thus, solar cell performances are strongly reduced by the presence of threading
dislocations. [Figure 19] (from Andre et al.?6) shows the minority carrier lifetime in GaAs as a
function of threading dislocation density (TDD) in n -type GaAs and ptype GaAs. It shows thatfor a
good solar cell operation, TDD should be kept below 106 cm-2. In case of ptype GaAs, TDD should
even be lower than 16 cm2 to ensure good minority carrier lifetime. Thus, reducing TDD is the
main challenge in integrating Il -V and Si. In the next section we will present the different pathways
to reduce TDD and enhance IlI-V material quality.

|.3. Integration approaches for Il -V on Si solar cells

The three main challenges in integrating Ill -V on Si have been presented. This section focuses on
the different approaches that have been studied in literature in the photovoltaic field, along with
their advantages and drawbacks. It will deal with the epitaxial approaches and the way to avoid the
above-mentioned difficulties , but also with alternative approaches for multi -juncti on solar cell using
wafer bonding. The best results obtained in the photovoltaic field will be presented.

1.3.1. Epitaxial approaches

For more than 30 years, researchers have attempted to combine Si and GaAs.Many paths have
been, and are still being investigated to reduce the formation of antiphase boundaries on a (100) Si
substrate, such as theinsertion of dislocation filter layer s?7, or the selective growth in trenches using
aspect ratio trapping (ART) 28, The issue of antiphaseboundaries has been successfully solved using
offcut Si substrates with an angle of 4-6° from the (100) plane 2429, However, the lattice and thermal
mismatches are more serious issues that resultin a high density of dislocations and a high stress,
especially at the typical growth temperatures of GaAs (above 600 °C by MOVPE) that give rise to
more cracking.

Direct hetero -epitaxy of GaAs on Si:

The earlier approach that was naturally experimented was to directly grow GaAs on top of Si
substrates. The large lattice mismatch between GaAs ad Si (4%) results in strain, and defects such
as lattice distortion, stacking faults, misfit dislocations, and threading dislocations, that extend in

the whole epitaxial layer. The direct growth of GaAs on Si commonly leads to threading dislocation

density (TDD) as high as 16-10° cm2. As an example,a TEM image of a GaAs grown on Si is
pictured in[Figure 110a. (from Luxmoore et al.®°), revealing the high density of dislocationss, visible

in darker lines spreading in the GaAs layer. The most efficient technigue to reduce this TDD is to

perform thermal cycle annealing (TCApPL GaAson-Si epitaxy has also been performed by using
thick GaAs buffer layers (Vernon et al.32). After a low temperature nucleation of GaAs at 400 °C, the
GaAs is grown by standard MOVPE at 700°C. They deposited a 7 pm thick buffer layer before

growing the structure of a single junction GaAs solar cell, with TDD of 8.10% cm-2. An efficiency of
17.6 % was obtained with such structure under one sufi3, and 21.3 % under 200 sung?. However,

this approach is not suitable in case of a tandem approach. The buffer layer being thick and
defective, the Si cannot serve as an activesubcell. Using Ino1Ga9sAs/GaAs strained layer super-

lattice (SLS9 in combination with TCA, Yamaguchi et al.3* reached a threading dislocation density

of 1x10%cm-2 for upper GaAs layer grown on (100) Si substrate with 2° offcut, demonstrating 20%

11
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Figure 110- TEM analysis of a) direct growth of GaAs on Si (Luxmoore P alb) SiGe graded layers (Andre et &)
(c) GaP buffer layer (Lang et &%)

efficiency under AM1.5G and 18.3% under AMO for a single GaAs solar cell grown on Si, the highest
efficiency reported up to now for a single GaAs junction grown on Si. To compete with lattice-

matched GaAs on GaAs solar ceB, further improvement in TDD (below 1 x10% cm-2) would be

required. In 1997, Sogaet al.3> grew an Al.22Gao.7sAs solar cell by MOVPE on top of an active Si
substrate. On Si (100) substrates with 2° offcut toward [110], they grew AlGaAs by MOVPE at 950 °C
using five TCA iterations. They managed to have a dual junction solar cell of Ab.15G&a.ssAs with Si

with 21.2% under AMO, which is up to now the best efficiency reported for 2J Il -V/Si solar cell

using direct hetero-epitaxy.

Growth using buffer layers:

To limit the effects of dislocations that appear
during direct growth of GaAs on Si, using buffer
layers with progressive change in lattice
parameter is a solution to accommodate the
mismatch strain. [Figure 111 shows the different
pathways to accommodate gradually from Si
lattice parameter to Il -V lattice parameter with
the right bandgap.

To pass from a Si substrate to the lattice
parameter of GaAs, a first way is to use a SiGe
graded buffer until Ge which has the same lattice
parameter as GaAs (Path a in[Figure 113. It
enables to realize low TDD relaxed Ge layers on Si
substrates. The realization of a Ge Vvirtual
substrate has been a topic of interest since the late
9 \Carlin et al.3¢ grew single junction InGaP by
MOVPE and MBE on a GaAs/SiGe/Si virtual
substrate using a thick graded buffer layer on top
of a 6° offcut Si substrate. A TDD slightly above

Figure 111 - Bandgap versus lattie constant for Si,
Ge, and IHV compounds. Arrows indicate the
possible pathways for integrating HV on Si.
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10° cm2 was reported in their GaAs. They measured an efficiency of 18&% under AMO conditions
and 15.5 % under AM1.5@". A cross sectional micrograph of their 1J GaAs solar cell grown on

Ge/SiGe/Si substrate is shown in|Figure 1.10|b.

However, even though SiGe graded buffer layers can be used t@roduce a virtual Ge substrate, their
bandgap is lower than the underlying Si, and thus not transparent to the subcell. This technique is
suitable for using a cheaper substrate for IlI-V solar cells, but is not adgpted in case ofthe use ofan
active Sisubcell because itlimits optical transparency. With an active Si subcell, the buffer layers
should be more transparent than Si. GaP, whose parameter isclose to that of Si path b),
can be a good candidate for graded buffergs. Its high bandgap of 2.26 eV ensures a good
transparency of the buffer layer. The lattice mismatch between GaP and Siis of only 0.37 %. The
addition of As enables tomove from GaP to GaAs by slowly decreasing the bandgap and increasing
the lattice parameter. [Figure 11]c. shows a cross sectional SEM image of a solar cell grown on Si
after GaP buffer and GaAsP gradedbuffers, from Lang et al.®® Their solar cell is made of GaAsPix
with a bandgap of 1.7eV,which is adapted for a tandem configuration with Si. They report ed aTDD
of 1x107 cm-2, which is higher than the TDD obtained when using SixGe.x graded layers, but wasthe
best reported for GaAsP buffer. An efficiency of 6.88% was disclosed, with a good V. of 1.2 eV,
exceeding the Wi (= Eg - Vo) Of the previous reported solar cells. Efforts are still being made to
reduce the threading dislocation density, and to minimize the issues during GaP nucleation, such as
antiphase domains (APDs), stacking faults and microtwins4°. The first GaAsP/Si tandem solar cell
revealed an efficiency of 10.65% under AM1.5G spectrum, with a limiting FF of 61 %. They attribute
this to the poor characteristics of their GaAso7sPo2s tunnel diode that induced losses at the
interconnection between the two subcells. In 2016, Yaung et al.** used MBE to further optimize
GaP/Si templates and minimize TDD. They reported TDD down to 4x10% cm-=2. Their best single
GaAsP sdar cell grown on a GaP/Si template reached 12% efficiency. Dimroth et al.*2 used GaAsP1.x
buffer layers on silicon to grow a GalnP/GaAs dual-junction. It yie Ided an efficiency of 16.4 %(while
the same dual-junction on GaAs exhibits a 27.1 % efficiency. The main limit comes from the still too
high TDD in the GaAs subcell reducing

carrier lifetime.

Among the different routes, the use of Ill-
V-N (dilute nitride) on Si is also being
explored43. shows the bandgap
versus lattice constant graph, that includes
this time the dilute nitride materials. The
main advantages are thatthey can belattice
matched with Si, and quaternary
compounds such as GaAgP..x.yNy or In,Gauw
«PyN1y are good options for lattice-matched
top-cells in 11l -V/Si tandem solar cells, but
also for 3 junction solar cells#445, The buffer
layer is transparent to the subcell
However, this technique is limited due to
the poor diffusion lengths in dilute nitride

materials, along with the difficult control of
the composition of the quaternary alloys. A 5.2% GaAs 10Po.ssNo0.04/Si tandem solar cell has been
reported using dilute nitride after a GaP nucleation 46. Lattice-mismatched InGaN on Si is also
explored, with its tunable direct bandgap rangin g from 0.65 eV to 3.4 eV.The main challenges are

Figure 112 - Bandgap versus lattice constant includin
dilute nitride materials
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Figure1.13 - Summary of epitaxial pathways for integrating GaAs on Si, their advantages and challenges,
the best solar celkfficienciesreported
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the poor structural quality for an N content above 30 %. However, a single InGaN junction grown on
Si has been reported with an efficiency of 7.12% under AM1.5@.

Several paths for growing 1l -V on top of Si have been presented. To summarize this section, the
advantages and drawbacks of each of these techniques arsummarized in[Figure 113 along with the
reported record solar cells using each technique.

1.3.2. Non epitaxial methods (bonding)

Even if direct growth would be the easiest technique to implement in industry , hetero-epitaxial
grown Si-based MJSC efficiencies are still limited by the defects in the IlI-V cells, along with the
degradation of the Si cell during high-temperature Ill -V epitaxy. Thus, non-epitaxial approaches are
DOVR LQYHVWLIJDWHGIU7TER QWGH QR "RUKEHDU V' W R aMidk-britBid-fivn @I DWW D F
V) to a substrate (Si). The first way of attaching them is to directly press the two surfaces, leading to
the creation of Van Der Waals bonds. This direct bonding requires perfect surfaces on both wafers:
no roughness, perfectly flat mirror polished surface s, and careful removal of surface contamination.
Another approach is WKH PHFKDQLFDO VWDFNLQJ ZXOXHK FRRONLWMR RDIMNV
coated with a film, then put into conta ct together, heated and pressed. This approach implies the
introduction of a gluing film between the two wafers, potentially introducing some electrical
resistance or some optical absorption. Recently, several records have been beaten in the field of Si
based multi -junction solar cells, by means of wafer bonding or mechanical stacking.Up to now, the
only tandem solar cells that reached 25 % were achieved byseparately manufacturing the two
subcells, and bonding them afterwards. A monolithic two -terminal trip le-junction of
GalnP/Al GaAs//Si solar cell was fabricated using surface-activated direct wafer bonding, leading to
a conversion efficiency of 30.1 % under one su#® (Figure 1.14]b). Also, a four-terminal junction
using mechanical stacking avoids the needfor a tunnel junction and reduces the requirements of
perfectly flat polished surfaces. It is also more tolerant to the slight bandgap variations, as there is
no need for current matching. In this configuration, a GalnP/Si dual-junction solar cell on a silicon
heterojunction has achieved an efficiency of 29.8% in 20164950 and more recently 32.8 % in August
2017 (Figure 114Ja). On the same Si heterojunction, they stacked a GalnP/GaAs dual junction

Figure 114 - a) Design of the fouterminal GalnP/GaAs//$triple junction solar cell with 35.9 % efficiency (Essig et i
50) b) Design and procesow of GalnP/AlGaAs//Si triple junction wafebonded solar cell with 30.1% efficienc
(Cariou et al47)
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leading to a 3-junction solar cell with a record efficiency of 35.9 %51 The structures of the record
triple junction solar cell using Si as a bottom cell are presented ipFigure 1.14

This section presented the different paths to integrate Ill -V and Si for tandem solar cells.On the one
hand, direct growth methods are the easiest to implement industrially, however the solar cells are
highly limited by a high threading dislocation density, which is inherent to the technique. If the anti -
phase boundary issues are yet controlled, the lattice mismatch, combined with the thermal
expansion mismatch are up to now the main challenging issues for this approach. On the other
hand, wafer bonding offers promising pathways to perform multi junction sola r cells based on Si. 4
terminal triple junctions using conductive glue have shown efficiencies upto 35.9%. However, these
techniques remain expansive and need further reduction in the production costs before considering
reaching their industrial deployment .

l.4. An innovative approach for Ill -V/Si integration

1.4.1. IMPETUS project: principle

Now that all the routes currently studied in the research labs have been presented with their
respective advantages and drawbacls, we propose here an innovative approach for combining Il -V
and Si. In LPICM lab, a very strong know-how has been developed for years crystalline silicon
homoepitaxy at low temperature (below 200°C) using conventional radio frequency-PECVD (RF
PECVD) reactors. It proved the possibility of growing good quality crystalline silicon by using

standard PECVD reactors usually used for amorphaus deposition. A detailed overview and
presentation of this technique for silicon epitaxy will be given in the next chapter. This thesis is led
within the framework of a n ANR project which has been initiated by several laboratories that allied
their know -how. The IMPETUS project (Innovative Multi -junction combining MOVPE and PECVD
Epitaxy at low-Temperature for Solar applications) gathers four partners: the LPICM (laboratory of
physics of interfaces and thin films from Ecole polytechnique), the Il -V Lab (joint laboratory
between Thales, Nokia Bell Labs and CEA Leti) Total (its PV reseach branch from Total Gas and
Power), and the GeePs Group of Electrical Engineering of Paris, from Centrale Supélec). The Il -V
lab has a strong knowledge in Il -V materials epitaxy and processing for optoelectronic and
photonic devices. The LPICM and especially its common team with Total Gas and Power, ha a
robust know-how in Si photovoltaics. The GeePs added its strong expertise in electrical
characterizations, as well assolar cell modelling .

The idea of the impetus project is to explore the path of using low temperature PECVD to grow
crystalline Si on GaAs. In this inverted metamorphic approach, the Si growth occurs at a
temperature below 200 °C. In this way, the growth of the group IV material on top of the polar 1l -V
material avoids the antiphase boundary issues presented above. Also, the hetereepitaxy occurring
at such low temperature drastically reduces the issues due to thermal expansion mismatchwhen
cooling down the bulk heteroepitaxial layer [Figure 115shows the principle of the IMPETUS project
and the targeted final device. It consists of a 2-terminal tandem solar cell. The material chosen for
the top cell is AlGaAs. AxGai.xAs bandgap can be tuned ranging from 1.42 eV (GaAs) to 2.12 eV
(AlAs) while staying lattice -matched with GaAs. In our inverse metamorphic approach, AlGaAs is
first grown above 540 °C by metal organic vapor phase epitaxy (MOVPE) on §100) GaAs substate.
Then, a tunnel junction is grown. Subsequently, the group IV cell (Si or SiGe) is obtained via
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heteroepitaxial deposition by low temperature plasma-enhanced chemical vapa deposition (LT -

PECVD), which occurs below 200°C. After the growth of both subcells, the tandem solar cell must

then be inverted, by transferring it to a low cost carrier. Following the removal of the GaAs
substrate, which would ideally be reclaimed, the device process is finished on thehost carrier

involving metal contacts deposition at the front. The back contact must also be taken, either at the
back of the host carrier if it is conductive, or from the front. An tireflection coating will be deposited,

and the cells will be separated via mesa etching

Figure 115 - Principle of the IMPETUS projecAlGaAs is grown on a GaAs substrate by MOVPE, followed &
tunnel junction and crystalline Si or SiGe grown by PECVD below 200 °C. The structure grown is then transfel
a low-cost carrier, the substrate removed, and the device is fabricated by staddclean room processes.

|.4.2. Realistic simulation sof IMPETUS tandem solar cell

The intended tandem solar cell has been presented but many obstacles will of course be faced. The
first challenge that had to be assessed and studied was the thickness of group 1V material that could
experimentally be grown. Indeed, in an epitaxial approach, it is highly time consuming to grow the
material, and it is hardly conceivable to grow absorbing Si as thick as 100 um. Thus, simulations
studies were performed within the frame of the IMPETUS project in order to adapt t he simulations
from[Figure 16]with the experimental reality of a thinner Si subcell, so as to determine the optimum
structure to grow. The main results of this study are presented here, but more information can be
found in Lachaume et al.5253

For the final tandem cell, the I1I-V cell needed would be made of AIGaAsAs the two subcells are
connected in series we have to carefully match the current of each individual cell. In standard
tandem configurations, the bottom cell is composed of a thick Si wafer, and it is considered that it
has a QE of 1In our specific case, the bottom cell will be a thin film, epitaxially grown by PECVD.
Consequently, the bottom cell made of Si will not be fully absorbing because of its small thickness.
The simulations state that thinning the bottom cell significantly modifies the optimum design of the
top cell. The simulated structure is shown in [Figure 116la. A Si subcell with variable thickness is
simulated using parameter extracted from previous experimental data on epi-Si material®254, It is
passivated by an amorphous ndoped layer and contacted with a flat aluminum mirror. It is worth
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noticing that at this stage, no particular | ight trapping scheme is considered in the simulation,
meaning that there is still room for improving this tandem cell.

Figure 116 - a) Details of the simulated tandem solar cell b) External Quantum Efficiency (EQE) of cumatiched
AlGaAs/Si tandem solar cell with thick Si (full symbols) and thin Si (open symbols).

The considered tunnel junction is a non-optimized GaAs/GaAs TJ doped at 210 cm-3. Then, the
AlGaAs subcell consists of an AlGaAs back surface field, base and emitter with variable Al content,
and a window layer with high bandgap. An antireflective coating is also considered on top of this
cell.[Figure 116]b. shows the external quantum effici ency (EQE) versus photon wavelength of two
current match ed AlGaAs/Si tandem solar cels. The filled symbols correspond to the EQE in case of
a full absorption of the Si subcell, while the open symbols represent the EQE if we consider a 5 um
thick Si bottom cell. As we can see, there is a huge drop in quantum efficiency of the Ssubcell
compared to a 500 um thick Si wafer. To get the optimum efficiency, the AlGaAs top cell must be

Figure 1.17 - Maps of tandemcell efficiencies simulated for different combinations of top base Aluminui
compositions and bottom base thicknessega) for a bottom cell in epiSi and (b) for a bottom cell in epi
Sb.63G& 27
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FXUUHQW PDWFKHG 7KH PD[LPXP HIILFLHQF\ DFKegt bDEHO/HARU WELC
which is lower than that of a single GaAssolar cell. We can thus wonder what could be the minimum
thickness of Si and the optimum Al composition to get a best realistic efficiency. Pictured in
[L17a. is the map of tandem cell efficiencies simulated for different combinations of top base
aluminum compositions an d bottom base thicknesses for an epiSi bottom cell. The AlGaAs top cell
thickness is fixed at 1 pm.We see that to get a minimum efficiency of 25%, we need to have at least
30 pum of epitaxial silicon. For the time being, growing such a thick layer by PECVD is not realistic.
But PECVD reactor also allowsgrowing crystalline Sii.xGe,, which opens up the path of integrating
Il -V with SiGe. The addition of Ge highly enhances the absorption of the subcell. SiGe bandgap will
be lower than Si, thus the Al composition for optimum current matching will be modified . In
b, similar simulations have been donereplacing the epi-Si bottom base by a SissGep2r layer.
The use of SiGeallows us to use much less thickness of PECVD grown material for the same
resulWLQJ HIILFLHQF\ 1DPHO\ HITLFLHQF\ FDQ VW-BixGekrandHD FKH
ZLWK Midreover, an optical model52 showed that the addition of a light -trapping scheme
would divide by a factor of 2 the required thickness for achieving the same efficiency. Thus, less than
10 pum of Sk.73Gen.27 material would be sufficient to reach >30 % efficiency.

This innovative approach suggests using the advantages of low temperature PECVD in order to
fabricate tandem solar cells. The promising theoretical analysis showsthat this approach could lead

to efficiencies above 30 %. This PhD has been an exploratory work, devoted to prove the

experimental feasibility of such approach and to pave the way towards the realization of tandem
solar cells using low-temperature PECVD.

|.5. Building blocks and outline of this PhD

This PhD thesis, at the interface between the two worlds of 11l -V and group IV materials, is divided
into 4 main chapters, after this introduction chapter. Many steps had to be developed and mastered
to lead to the final device. At the beginning of the project, a lot of choiceswere possible, and the
feasibility of several technological challengeshad to be proved. What is the maximum thickness of Si
that can be grown by PECVD? Can we growgood crystalline SiGe, and with which Ge content? Is
PECVD grown material suitable for good tandem solar cells? The IIl -V know-how in photovoltaics
had also to be developed.Can we grow a goodquality Il -V solar cell and process it with the right
design, ohmic contact etc..?Should we use a ntype base or a ptype base solar cell? Also, the tunnel
junction needs to be developed. Shouldit be made of Ill -V materials? of Si? or hybrid Il -V/Si
tunnel junction? The growth of Si on GaAs also has to be understood. How does epitaxy happen at
such low temperature? As this combination of processes and materials are not standard, we must
also wonder what the impact of the PECVD process on the underlying IlI-V layers is. Is there any
effect of PECVD on the structural or electrical properties of GaAs? And finally, how can we bond the
full tandem device to the host carrier? What are the technological requirements and issues? What is
the impact of the strain in the layers, when the substrate is removed? These are some of the
numerous questions that had to be assessed during this PhD.In this manuscript, we try to answer
gradually to most of these questons, in order to progressively make the right technological choices.
Each of the following chapters will successivelydeal with different building blocks necessary to
develop the whole final tandem device.
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Indeed, before trying to grow and process directly, it is of high importance to characterize separately
each material, and to understand at best the physics involved. The electrical properties of the
separated deviceswill be studied, so as to validate their right operation, or in some case, to bring to
light some unexpected effects due toour non-conventional approach. With this methodology, we
will be able to first assess and solve the essential challengesherent to our approach and second,to
reveal some compatibility issues, along with their solutions. This doctoral work is articulated so as to
focus on the constituting blocks and progressively lead to the final targeted device.|Figure 118
pictures the different building blocks of the tandem solar cell, corresponding to the different
chapters of this manuscript.

As the targeted tandem device includes the growth of thick Si(Ge) material by PECVD,Chapter 2
will deal with the epitaxial growth of Si and SiGe on Si substrates by PECVD. We will present the
main growth and characterization techniques used, as well as the different PECVD reactors available
in the lab: a homemade PECVD reactor (Arcam) anda large industrial reactor (Octopus) . In this
chapter, the study of the Si material properties, the ability to grow thick layers and its evolution with
annealing will be assessed. The growth of SixGex with increasing Ge content on top of Si will be
studied. The crystal quality, Ge content and layer relaxation will be assessed by means of XRD
measurements. Finally, Si and SiGeheterojunction solar cells will be fabricated and characterized on
a solar simulator, to validate the use of this material as an optical absorber in the tandem device.

Once the Sisubcell had been separately grown and characterized, we focus on the integration of
PECVD Si grown on GaAs by heteroepitaxy inChapter 3 . Structural studies of the early stages of
the growth will be performed in order to have a better insight on the growth mechanisms involved in
low temperature PECVD. To do so, weused X-Ray diffraction with synchrotron beam and studied
the strain in the Si layer. Also, the effect of PECVD (mainly the hydrogen plasma) on the electronic
properties of GaAs will be assessed.

Figure 118- Different building blocks of the tandem solar cell

In Chapter 4, we will study in details one essential part of our 2-terminal targeted tandem solar
cell: the tunnel junction. Theoretical explanations and our requirement s for the tandem device will
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be presented, along with the basics of MOVPE and clean room technologies used in this PhD. After
presenting our first tunnel junctions grown in the lab with conventional GaAs dopant, we will

present the further improvement of these tunnel junctions by developing Te-doped GaAs.Doping
level optimization of GaAs doped with Te will be discussed and we will measure tunnel junctions

with electrical characteristics highly suitable for our tandem solar cell. The development of
heteroepitaxial doped c-Si on GaAs will also be presented, to open the path toward hybrid tunnel

junctions.

Finally, Chapter 5 will focus on the process of single IlI-V sub-cells as well as the tandem device
after bonding. We will present the path to reach a state-of-the-art AlGaAs solar cell grown by
MOVPE that will serve as the tandem sub-cell. The realization of the IMPETUS tandem solar cell

also includes the bonding of the multi -junction . We will thus present the bonding and processing of
a full 2 inches inverted IIl -V solar cell in order to master this technique and validate the steps.

Finally, a Si on GaAs tandem solar cell will be bonded.
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Chapter 2

In this chapter, we present homoepitaxy by low temperature Plasma Enhanced Chemical Vapor
Deposition (LT -PECVD). We will first introduce PECVD growth of crystalline silicon, along with the
reactors used in this manuscript. After a brief introduction of material characterization tools, we will
present the growth of Si and SiGe materials on (100) Si substratesin the industrial reactor Octopus .
These layers will then be integrated in heterojunction solar cells whose electrical performances will
be characterized.

[1.1. PECVD and characterization tools

[1.1.1. Epitaxy using low -temperature PECVD

[1.1.1.1. PECVD: principle

Figure 21 - a) Schematics of a PECDV reactor b) Schematic of the potential distribution in a RF discharge whe
substrate is gounded and the RF vddige applied to the RF electrode

This part describes the technique used in this PhD to grow crystalline silicon and silicon-
germanium: plasma enhanced chemical vapor deposition. This technique was also used to deposit
amorphous layers to perform the stacks of an heterojunction solar cell, or to deposit SiO; on top of
lll -V materials. It is widely used in industry for various applications: surface treatment, thin film
deposition in microelectronics (SiO., SIN «). PECVD technique utilizes a plasma to provide energy
for the deposition reaction to take place. The presence of a plasma allows to deposit at lower
temperature s than in standard CVD techniques. The typical operating temperatures are between 150
°C and 400 °C. A detailed description of PECVD can be found in Liebermann et at®™. We will here
describe the basics principle. A plasma is a gasin which some atoms or molecules are ionized. In a
PECVD reactor, the plasma is creaéd by introducing gas between two electrodes that are supplied
by radio frequency (RF) power, at 13.56 MHz in our case. One of the electrodes is grounded, and the
other is connected to the RF power through a matching box, to ensure an optimized power couping
between the generator and the reactor. The grounded electrode often corresponds to the substrate
holder. The RF power gives the energy necessary to ionize the gas mixture, thus creating a plasma
containing positive and negative ions, electrons, but also neutral species such as radicals,
nanoparticles, neutral atoms and molecules. The potential profile is plotted as a red line in
b. The plasma bulk corresponds to the region where the potential is constant. In contrast, the
electron density strongly decreases in the sheath region. Electrons have a lower mass and therefore
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a higher mobility. Thus, they will be lost to the electrodes, leaving behind a region (the sheath) that
is not neutral anymore, containing positive io ns and radicals that can interact with the substrate.
Neutral and positive ions can take part in the deposition process, while negative ions are trapped
inside the bulk plasma by the repulsive forces arising from the sheath.

In a RF-PECVD, several paramaers are of high importance. First, the geometry of the plasma
chamber is of prior importance. The frequency of the plasma will also determine the behavior of the
electrons and ions. In our case, the frequency is 13.56 MHz. The power applied also influence the
deposition. Increasing the power of the excitation will enhance the dissociation and thus increase
the quantity of reactive species. The substrate temperature is also crucial when it comes to
controlling the reactions that occur on the substrate. A higher temperature will enhance surface
mobility and desorption of the impinging species. The pressure must be high enough to enable
reactions in gas phase, but not too high because it would favor the formation of powders by
nucleation in gas phase.

11.1.1.2. Presentation of the two reactors used

During this work, two PECVD reactors have been used. The first one is a homemade PECVD reactor

ARCAM shown in[Figure 2.2]a (from outside) and b (open). This reactor was designed and buit in

WKH HDUO\ MV $ ORW RI GHWDLOV U H gdnbesfou@d inRecH | Gabarrode® R W
et al®®. This reactor contains no load lock and consists of one single vessel kept at a constant
temperature, typically between 150°C and 250 °C. The plasmas are confined in the3 plasma boxes

that constitute the 3 different PECVD chambers, avoiding cross contamination. This reactor can be

therefore described as a multiplasma monochamber reactor. The samples are located in the same
SRYHQ" EXW SODFHG RQ D URWDWLQJ SODWH ZKLFK DOORZV SODFL
shown in[Figure 2.2]b. We can thus start the plasma on an empty position of the plate, stabilize the

pressure and optimize the 3SORD G~ FDé&hdthe WRXIQLQJ ™ Faf e pladmM& 1d minimize

reflected power, before turning the plate to place the sample (that lie s face down), above the plasma

box. The three chambers enable to process several type of matials in a single pump down process.

During this PhD we usually used one chamber to perform the in-situ SiF4 cleaning of samples, and

one chamber to perform the epitaxial growth of intrinsic silicon, or SiGe. The third one enables to

add another step such as the growth of doped c¢Si, or the deposition of doped aSi:H for the
passivation. The typical limit vacuum obtained is in the range of 10-6 or a few 107 mbar.

The second reactor has been acquired in summer 2016 during this PhD by IPVF (Institut
Photov ROWDWTXH Gf,0H GH )UDQFH (FIQupeQR.2cR YW HsGan Bnduskiak @actor

provided by IndeoTec®, that has a fully automated operation mode, along with an automatic plasma
match box. It can host up to 7 process modules, but is only equipped with two of them yet.
Dedicated to PECVD epitaxy of silicon, our two chambers can be used at temperatures rangng from

150 °C up to 400 °C, thus at higher temperature than in Arcam reactor . It exhibits a loadlock that

ensures very low base pressure in the chambers around 18 mbar, which results in less impurities

WKDQ LQ $UFDP UHDFWRU 2 & «ous,d&pokitv dnlAB0Y350 RifReheldng to

process at the same time up to six 4 inch wafers. In its design, the grounded electrode is the bottom
one, that also serves as substrate holder. The samples are thus placed right side up.
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Figure 22 - a) Picture of Arcam reactor, b) picture of the inside of Arcam reactor with the three separated plas
boxes. ¢) picture of the Octopus reactor from ladTec.

The ARCAM reactor has keen mostly used in the early stages of this PhD to perform some
optimizations of Si and SiGe growth on Si and GaAs(used in Chapter Ill) , along with the growth of

doped ¢-Si on GaAs as it will be presented inChapter 1V. This chapter presents the results dtained

on Si substrates in the new reactor Octopus, thanks to the strong work of process transfer and
optimization performed by Nicolas Vaissiére.

11.1.1.3. Low temperature epitaxy by PECVD: overview

Growth of crystalline silicon by epitaxy has been studied since the early 1950s, by means of several
deposition methods such as vaporphase, liquid-phase, solid-phase and molecular beam epitaxy
(MBE) *®. Those epitaxial growth techniques operate at high temperature process (above 500 °C) so
as to guarantee good epitaxial quality. However, high temperature has shown to induce diffusion of
species such as dopants and impurities into the layer, affecting the bulk electronic properties. In this
work, we are also interested in reducing as much as possible e thermal expansion mismatch
between Si and GaAs. Low temperature PECVD of Si below 400 °C has first been observed in 1987
by Nagamine et al.*®, with a growth rate around 1 A/s at 250 °C, using fluorine chemistries. They
reported the importance of the balance between competitive effects of H and F. In 1988 ®° was
reported some n-type Si, but achieved only 200 nm with a low deposition rate of 0.4 A/s. Then,
Xerox Company published results of PECVD eptSi without fluorine in the plasma, using standard
SiH4/H > chemistry®. They pointed out the importance of the balance between deposition and
etching by hydrogen to achieve whether amorphous, microcrystalline or epitaxial silicon. Doped
layers and selective epitaxy of Si on (100) Si substrates was then achieved at IMEC by Bae#t al. in
WKH HDUB®BT Md¥ recently, low-temperature epitaxy has then regained interest in the
photovoltaic field. Indeed, LT -PECVD is a wellestablished growth technique in PV industry to grow
microcrystalline and amorphous silicon for realization of heterojunction solar cells at large scale.
For these applications, having atomically sharp interface between ¢Si and aSi:H is highly critical.
However, researchers frequently observed urwanted epitaxial growth that was happening in the first
stages of aSi:H growth ®*®> It was thus important to understand the mechanisms and to know the
growth conditions to avoid such epitaxial growth by PECVD. It is now investigated in various
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laboratories, in order to integrate PECVD epi-Si in a silicon solar cell as anoptical absorber® or as a
doped emitter "%,

11.1.1.4. Epitaxy: standard growth mechanisms

While the growth mechanism of crystalline Si by LT-PECVD is still not fully understood (and will be
discussed in Chapter 3), the growth mechanisms using common epitaxy techniques are divided in 3
main modes that we present in this section. Epitaxy, from the greek epi (placed or resting upon) and
taxis (arrangement), is the extension of a single crystal on top of another crystal. We have already
introduced in Chapter 1 the two types of epitaxial growth that can be distinguished: homoepitaxial
growth, when the film is of the same material as the substrate, and heteroepitaxial growth, when the
film is different, with different lattice parameter. In this chapter, we will deal with both: the
homoepitaxy of Si on Si substrate and the heteroepitaxy of SiGe on Si, for different Ge contents. Up
to now, three main growth modes have been identified. They depends not only on the lattice
parameters, but also of the chemical potential of the surface.

Figure 23 - lllustration of the three main growth modesa) VolmerWeber mode (VW) b) Frankan der Merwe
mode (LayeiBy-Layer) c) StranskKrastanov (SK) d) Atomic Force Microscopy mapping of the surface of ars C
layer grown by MOVPE

The Volmer-Weber (VW) mode consists of the formation of islands, as represented ir[Figure 2.3]a.
The adatom-adatom interactions are stronger than the interactions between adatoms and the
substrate surface. Thus, they coalesce together forming three dimensional adatom clusters or
islands. This 3D growth mode is usually the dominant one at low temperature due to low surface
diffusion of adatoms. It usually results in rough surfaces, and the films present some grain
boundaries that appear when the clusters join each other.

The Frank-van der Merwe mode, represented in[Figure 2.3]b, is the layer-by-layer (LBL) growth
mode, in which the film grows, as its nhame suggests, layer by layer. Each adatom reaching the
substrate diffuses on its surface until reaching an atomic step. This 2D mode occurs usually at high
temperature, when surface diffusivity is rather high, and results in an atomically smooth surface. As
an illustration, [Figure 2.3]d shows an AFM image of the surface of one of our MOVPE grown GaAs
samples. We can distinguish the terraces, corresponding b the atomic steps of the grown layer.

The Stranski-Krastanov (SK) mode, or layer-plus-island growth mode, consists of a combination of
the two previous growth modes, as shown inFigure 2.3|c. In the SK mode, the growth happens first

27



Chapter 2

in a layer-by-layer configuration. Over a certain thickness, islands start to appear and the growth
continues in a 3D mode and follows its mechanism of nucleation and coalescence. The critical
thickness depends on several parameters including surface energies or laice parameters of the
substrate and the film grown. This growth mode happens when the interface energy increases
during the growth, for example when there is an increasing strain in the film due to lattice

mismatch, thus mainly in heteroepitaxy .

[1.1.2 Material characterization

Assessing the structural and chemical properties of the material is essential to understand and
optimize the effect of the growth parameters on the crystal quality. We present here most of the

material characterization techniques that have been used during this PhD: ellipsometry, mainly

used to assess the epBSi quality, and X-Ray diffraction (XRD), to get an insight on the strains in the

grown layers, along with the composition of Si.xGex alloys as well as IlI-V ternary alloys. Then, a list

of different characterization techniques that have been less systematically used will be drawn up.
Those techniques have been useful not only in this chapter dedicated to PECVD growth of Si and
SiGe on Si substrates, but also in the following dhapters.

11.1.2.1. Ellipsometry

To evaluate the crystalline quality of the films grown by PECVD, the first characterization tool used
is ellipsometry. While some of the reactors in the lab are equipped with in-situ ellipsometers,
unfortunately the two re actors used in this work (Arcam and Octopus) do not have in-situ
characterization. Thus, this technique was widely employed as exsitu characterization. Ellipsometry
is a non-destructive technique based on the polarization of light, and its interaction wit h the
material when reflecting on the sample. It enables to analyze the film properties, provides

Figure 24 - Ellipsometric spetra (imaginary part of the dielectric function) simulated with DeltaPsi2 by varying a
Si/a-Si fraction, b) €Si/p-Si fraction, ¢) native SiO2 thickness dpcthickress e) roughness or defectivity of interfact
between substrate ad eptlayer
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information on surface and give its optical constants, its roughness and thickness. In this work, we
used it mainly to have a quick estimation of the thickness of the Si film, and to assess its
crystallinity, by performing fits with the software DeltaPsi 2, provided by Horiba. [Figure 2.4]a. shows
the simulated ellipsometric spectrum (imaginary part of the pseudo dielectric function) as a function
of the photon energy. We see that epitaxial films show two characteristic peaks at E= 3.4 eV and &
= 4.2 eV. On the contrary, an amorphous film will present a large peak centered around 3.5 eV. For
decreasing crystalline quality, we see thatboth E: and Ez peak intensities are decreasing[Figure |
a shows the spectrum of a sample considered as a combination of crystalline silicon and
amorphous silicon, and [Figure 2.4]b. shows the simulated spectrum if we consider a mixture of
polycrystalline silicon with large grains. The intensity of the peaks drops from a value of 38 to
around 34 for E; and from 48 to 38 for E .. However, E; is not only sensitive to the crystal fraction of
the material. It is also widely sensitive to the surface state, especially when there is an oxide or some
surface roughness.|Figure 2.4|c. shows the influence of the surface oxide on the ellipsometric
spectrum for various SiO; thicknesses. Oxide drongly lowers E; intensity. Thus, the measurements
should be performed right after the deposition, so as to avoid the formation of native oxide that will
modify the peak intensity, or must be taken into account when the measurement is performed too
much time after deposition. The spectrum at low energies enables to have an insight on two
parameters: the thickness of the layer, and the interface roughness[Figure 2.4}1. is a zoom in the low
energy range for various simulated samples with decreasing thicknesses of epilayer. In this
simulation, we considered an interface layer with 10% of void with a thickness of 1 nm. The thinner
the layer, the larger is the period of oscillations. Also, the amplitude of the oscillations determines
the quality of the interface. Indeed, as shown in[Figure 24/ H DGGLQJ LQ WKH VLPXODWLF
or anything that would lower the refractive index (SiO 2, H) increasesthe amplitude of oscillations.
For a perfect interface, no oscillation can be distinguished®. Ellipsometry can also be used to
determine the Ge content in Si..xGe alloys, and also to assess the GaAs oxide thickness.

11.1.2.2. X-Ray diffraction

X-ray diffraction (XRD) is a highly powerful technique to get structural information on a crystalline
material. It is a non-destructive characterization technique that enables to measure the lattice
parameter of a crystal, its thickness, composition and strain. This technique has beenused as a
common routine to develop Il -V ternary materials. In this manuscr ipt, most XRD measurements
presented will concern the development of Si and Si(Ge) materials by PECVD, and the assessment of
the strain in the layer and its composition.

The XRD technique is based on elastic scattering of Xrays’>. The interaction between incident X-
rays and atoms must be considered. When an incident Xray with a wavelength Ereaches a crystal,
the rays are scattered by the atomic planes that are periodically arranged. Interferences between the

VFDWWHUHG ZDYHV ZLOO KDSSHQ IRUEDPX) B Mevifieti{FgreVZ K| tis tieU D J J TV

VFKHPDWLF UHSUHVHQWDWLRQ RI %UDJJTV ODZ

t@p O BEL JA Eq2.1

n is the order of diffraction, Qhe X-ray wavelength, 7the angle between diffractive planes and the
incident x-ray beam, and d the distance between those planes. Crystalline materials have a welt
defined lattice constant, thus interplanar distance. When 7satisfies the Bragg equation, the intensity
diffracted is maximum. In general, for a tetragonal lattice, the distance dn, is given b
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CEG_ H
@p I,Lf— E—— =422

where h, k and | are the Miller indices, a, is the in-plane parameter, identical in both x and y
direction, and a -, is the out-of-plane parameter, corresponding to the parameter along growth
direction, as schematized in[Figure 2.7]a or b. Along {004} planes, doos gives us directly an
information on a -, the out-of-plane parameter.

Figure 25-~ Z u 8] & % E « v3 3]}v }( & PP[* 0 A

In the case of an heteroepitaxial layer, two peaks will be distinguished, corresponding to the
substrate and the layer. O  @can along {004} allows to find the thickness of the film, that induces
oscillation, but also, the out-of-plane lattice parameter a-. As an example[Figure 2.6]a. shows
simulated O @cans along {004} planes for Sio9Gey 1 crystal grown on top of a Si Substrate. The
sharp peak around 69.15 ° corresponds to the Si substrate peak. The second peak corresponds to the
layer peak. For different epi-layer thickness, two effects can be seen: fist, for thinner layers, the
intensity of the peak is lower, because the diffracting volume is low as compared with the substrate
volume probed for a same measurement time integration. Second, the oscillations are linked to the
thickness. The thicker is the layer, the higher is the oscillation period.
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Figure 26 - Smulation with Leptos software of a) $iGe, 1 layer with various thicknessesn a (100) Si substrate: the
oscillation period and the peak intensity and FWHM are strongly dependent on the thicki®s€omparison of a
strained SpGe) ,layer with a strained Sp ¢Ge,;and a relaxed one : the pdais shiftedto the right when relaxed.

In case of a strained film, the position of the layer peak is directly linked to the composition of the
film. [Figure 2.6]b shows the simulation of a strained SiGe film on Si with different Ge compositions
(10 % and 20 % i.e. black and blue curves) The more Ge is incorporated, the higher is the lattice
parameter of the crystal, thus the angle decreases (i.e. shifts to the left). However, this diffraction
angle also depends on the stain of the layer. With only this scan, we do not have access to an
information: the strain or relaxation of the film. In  [Figure 2.7)is represented the reciprocal space of
an hetero-epitaxial stack. The purple dots correspond to the substrate and the pink ones to the layer,
in case of a layer with higher lattice parameter than the substrate (which is the case of SiGe as
compared with Si). {004} planes are framed in black. While performing an G Cscan along these
planes, we actually perform a scan along the vertical line]Figure 2.7|a. represents the case in which
the layer is relaxed, thus has its own lattice parameterorresponds to the strained case
(compressive strain), when the in-plane parameter follows the substrate lattice parameter, leading
to a deformation of the lattice with a higher out -of-plane parameter.

Thus, the strained case and the relaxed case will give diffdJHQW GLIIUDFWLRQC DQJO
configuration, as shown in[Figure 2.7]a and b. Consequently, with only one & Gscan along {004},

we will not be able to decorrelate the relaxation from the composition of the film. To do so, another

scan, or more particularly a mapping of the reciprocal space (RSM) is needed. RSMare a gathering

R1 O C VFDQstartidglwitH Wifferent Oangles. These mapings correspond to slices of the
reciprocal space presented in[Figure 2.7]a and b on the right. It typically requires much more time

than a single O Gcan. The asymmetric scan along{224} planes will be the most used because it

gives information about the strain in the epitaxial film. The position of the substrate peak on a{224}
asymmetric RSM will give us information on the state of the film: a fully strained film will present a

diffraction peak vertically aligned with the substrate as seen in[Figure 2.7]b, while a fully relaxed

layer will h ave a diffraction peak following the line given by the origin of the reciprocal space and the

substrate |Figure 2.7|a). Films that are partly relaxed will have peak position following the

relaxation line drawn in |Figure 2.7|c, with a relaxation rate R ranging from 0 (fully strained) to 1

(fully relaxed). An enlargement of the peak would be the proof of dispersion in film alignment,
FDOOHG :PRVDLFLW\" 7KH UHFLSURFDO VSDFdherRdticVoKthé& atBriiaV H U L D (
plane orientations is pictured in [Figure 2.7]d. Mapping along {004} planes also contain information

on the mosaicity of the sample. However, due to the long measurement timeof both RSM (from 4 h
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to 12 h depending on the precision required), only one RSM along {224} planes will usually be
performed, coupled with one simple & Cscan along {004} planes.

Figure 27 - Schematic of the reciprocal space of an hetegpitaxy considering a substrate with lower lattice
parameter than the layer. Rectangles show the area that corresponds tdapmcal space mapping (RSM) alon
{004} planes and 224. a) In the relaxed configuration, b) in the fully strained configuration. ¢) The arrow repres
the relaxation line for partly relaxed layer on along 224 planes. d) Reciprocal space schematicseiroteslaxed
layer with high mosaicity. (images: Bruker)

The XRD setup used at LPICM is a Bruker D8, composed of a Cu tube for Xxray generation using
WKHrad LDWLRQ E A). During this PhD, a rather new XRD equipment initially dedicated
to powder analyses had to be understood, and set up to match our requirements at best. After
optimization of the optics and finding compromises to suit for several appli cations in the lab, a fixed
optical configuration has been chosen. Thus, for most of the experiments performed in this chapter,
we used the following configuration for & Cmeasurements as well as reciprocal space mapping: the
primary beam optics (emission line) is composed of a Goebel mirror, a divergence slitset at 1.2 mm
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large, and a double reflection Ge(220) monochromator to have a monochromatic incident beam. No
back-monochromator was available in the lab. The detector isa linear detector of 14 mm, usually
closed below 1 mm, and the detection arm includes a 1 mm large analysis slit.

Theoretically, epitaxially grown Si on a Si substrate should have the same lattice parameter as the
substrate. We will see in this chapter that it is not always the case and that in the case of Si grown
with SiH 4/H > mixtures by low temperature PECVD, the epi-layer can have a slight different lattice

parameter than the substrate, depending on the deposition conditions. X-Ray Reflection has also
been also used to assess th density of our materials and determine the Ge content of Si.xGe;, but

will not be presented in this manuscript, thus we do not present the technique despite its high

interest in thin film characterization.

Thus, in this manuscript, & Cscans to assess the oubf-plane parameter of the material and alloys
grown are presented The realization of 224 reciprocal space mapping will give us an insight on the
relaxation of the layers. In Chapter 5, another configuration of XRD will be pres ented, that will allow
having a precise measurement of the inplane parameter: Grazing Incidence X-Ray Diffraction (Gl -
XRD). This configuration has been used on DiffAbs line of Synchrotron SOLEIL.

I1.1.2.4. Other characterizations mentioned in this manu  script

Atomic force microscopy (AFM) "3is a high-resolution scanning probe microscopy that enables
to measure surface topography, and thus surface roughness with a precision below 1 nm. This non
destructive characterization will be used to assess the surface roughness of the materials after irsitu
etching and after growth.

Scanning electron microscopy (SEM) " scans a sample surface with a focused beam of
electrons. The interaction between the electrons and the atoms of the surface provides information
about the sample surface topography and composition, with a resolution better than 1 nm. It is a
destructive characterization technique that needs a cleavage of the sample when we wantd
investigate a crosssection.

Transmission electron microscopy (TEM ) is a microscopy technique in which a focused
beam of electrons is transmitted through a thin sample (< 100 nm thick) than have been previously

prepared. It allows to have a precision at the atomic scale and to distinguish atom arrangements,
and the contrast can differentiate the different atom species.

Secondary -ion mass s pectrometry (SIMS)  ® allows analyzing the composition of a sample
along its depth by sputtering its surface with a focused ion beam. The ejected secondary ions are
collected and measured thanks to a mass spectrometer. This technique is essential when it comes to
analyze scarce atoms that do not constitute the crystal, such asO, H or C impurities, or dopant
atoms. The measurements presented in this PhD were performed at Prollon Analysis.

Electrochemical Capacitance -Voltage (ECV) s a profiling technique used to measure the

active carrier concentration profiles, thus the dopin g level. This technique will be presented more in
details in Chapter 4.
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Raman Spectroscopy '’ is a non-destructive characterization technique to get an insight on the
chemical and structural composition of a layer. A laser is sent to a sample, and its light will interact
with molecular vibrations, and phonons, resulting on a shift of the photon energies that are
scattered by the material compared to the incoming photon energy. This shift gives us information
about the vibrational modes in the system. For example it can assess easily the crystallinity of a Si
sample

Hall Effect measurements’ have been performed on some samples to assesthe doping level of a
film. It requires growing the doped film on an intrinsic substrate or a silicon -on-insulator (SOI)
substrate.

Profilometer  measures a surface's profile, in order to quantify its roughness. We used contact
profilometers, in which a probe is physically moving in contact with the surface to acquire its height.

This is done mechanically with a feedback loop that monitors the force from the sample pushing up
against the probe as it scans along the surface

Part 1l.1. has been dedicated to the presentation of the PECVD growth technique used in this

chapter as well as in Chapter Ill of this manuscript. We also presented the principle of the main

characterization tools used to characterize PECVD grown Si and SiGe materials. Some of these tis

are also used to characterize Ill-V materials as it will be seen in Chapters 4 and 5. We propose now
to get to the heart of the subject: the epitaxial growth of thick crystalline Si and SiGe materials by

LT-PECVD. We will study their structural propert ies (Chapter|ll.2. Low -Temperature Epitaxy of Si |
[and SiGe by PECVI). Later, the electrical properties of such layers will be assessed by fabricating
heterojunction solar cells (Chapter(ll.3. Solar cell).

II.2. Low-Temperature Epitaxy of Si and SiGe by PECVD

[1.2.1. Growth parameters

[1.2.1.1. Silane/hydrogen dilution

The optimum growth conditions for cry stalline silicon on (100) Si have already been carried out in
our laboratory in several reactors” (Philix, Arcam, Cluster tool). At high pressure and fixed
temperature (below 200 °C), the importance of silane dilution in H ;> has been shown to be the main
crucial parameter for epitaxial growth. For a fixed H » flow rate, with a low silane flux, the deposited
material was microcrystalline, and a high silane flux resulted in an amorphous material.
a. shows the calibrations made on Arcam reactor reported in the following paper’®: for a fixed H-
flow rate and other parameters (RF power, pressure, deposition temperature), SiH4 flow rate was
varied from 0 to 50 sccm. The graph shows the crystalline fraction as deduced from the modelling of
ellipsometric spectra. The right axis represents the deposition rate calculated for each SiH; flow
rate.[Figure 2.8]b. represents the results obtained in the new Octopus reactor by fixing the H. flow
rate at 500 sccm, for a growth temperature fixed at 200 °C, a RF power of 50 W and a pressure of 2
mbar. The same behavior can be observed in both reactors: the more SiH is introduced in the
plasma, the higher is the deposition rate, which is of course consistent with the fact that more Si
atoms are available to be incorporated on the layer. However, the layer is fully crystalline for a silane
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flow rate between 20 sccm and ~42 sccm. The optimum conditions are slightly different from one
reactor to another, but the trend remains similar. For most of the deposition presented in this

chapter, the silane flow rate will be fixed at 35 sccm. This value is far enough from the border of the
process window for which the growth is amorphous, but high enough to ensure a sufficient
deposition rate above 1.5A/s.

Figure 28 - Deposition rate and percentages of monocrystalline silicpnas deduced from spectroscopit
ellipsometry measurements, plotted as a function of the silankw rate. a) from Roca | Cabarrocas et4l.in
Arcam reactor, bjn Octopus reactor

11.2.1. 2. Surface cleaning of Si substrates

During this PhD, all the depositions have been performed on (100) oriented crystals (Si or GaAs).

Low temperature epitaxial growth is known to be more diffic ult on (111) oriented surface even if it

has recently been suggested that it was possible at very high power at 250 °C[HDOfV,WKHV LV
published]. The preferential growth on (100) can be explained by the surface state of the wafer: in a

(100) orientation, each Si atom has to form two covalent bonds with the underneath planes in order

to be incorporated in the lattice. On (111) surfaces, e impinging Si needs to form only one bond

with the underlying plane (and three with the upper planes), which give s more degrees of freedom

for an amorphous growth.

Wet cleaning

Surface preparation is crucial in order to have epitaxial growth. First, there is a native oxide that is
formed naturally on the c-Si substrate exposed toair, that is usually about 1.5 nm thick. This native
oxide also contains all sorts of impurities such as organic compounds, traces of metals, etc. This Si@
layer is not only an electrical barrier for carriers, but also prevents from low temperature epitaxial
growth as it is an amorphous layer. A review of the surface cleaing solutions can be found in a
paper from Kern®.For these deposition, surface treatment of Si wafers was performed by dipping
them into a 5% solution of HF right before loading the wafer into the PECVD reactor. The oxide
indeed quickly regrows after air exposure. Exposition to air for more than one hour will induce a too
high SiO, thickness. Consequently, the samples are loaded into the reactor inthe few minutes or
tens of minutes that follow the HF dipping.
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Dry cleaning

HF is extremely corrosive and risky to handle, thus requiring many precautions. For safety reasons,
but also for practical reasons (PhD students are not allowed to handle it by themselves), in-situ dry
cleaning has been proposed and developed in the lab. It wasproposed to use SiFs dry plasma to
clean the surface. Sik is commonly used in combination with Ar and H > in our reactors to grow
microcrystalline silicon %2 and more recently, crystalline Si®. This plasma has also been shown to
be efficient in cleaning Si surfaces for PECVD epitaxial gowth ®. In that work, the authors exposed
a wafer containing a native oxide to several Sik plasma conditions while monitorin g by in-situ
ellipsometry the second peak of crystalline silicon, which is linked with SiO ; thickness, as introduced
in[Figure 2.4]c. They showed a maximum amplitude of e, after a certain time (300 s, which depends
on the reactor used). An additional H > plasma of a few seconds (~30 s) is performed after the
cleaning in order to remove F atoms that may remain at the surface, to produce a H-terminated

surface. It was then shown that an epitaxial growth can occur on top of such a cleamed wafer®.

Figure 29 - a) Optimized cleaning and deposition conditions in Octopus reactor, b) ellipsometric spectra «
minutes growth Si after cleaning at various values of the RF power c) comparison of the Bestc&aning with HF
cleaning, along with the substrate reference

[Figure 2.9|a. shows theplasma condition used in Octopus reactor for in-situ SiF4 cleaning and Si
deposition. On seweral (100) Si substrates (with native oxide), a 5 mn plasma etching has been
performed on the Si substrate with various RF power values ranging from 75 W to 125 W, followed
by a 30 seconds H plasma, and a 5 mn growth of silicon in epitaxial conditions. Th e resulting
ellipsometric spectra are presented in[Figure 2.9]b. We see that epitaxial growth is happening for RF
power valuesranging from 75 W to 100 W. E; intensity are similar for each of these RF powers, and
the best value far E; is reported for a plasma power of 100 W. For 125 W, the film grown is fully
amorphous. Thus, the best cleaning conditions have been found to be: 5 mn of Sik plasma at 175 °C
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with a pressure of 0.8 mbar, 30 sccm of SiFs and a RF power of 100 W/[Figure 2.9]c compares for
similar growth time (~ 16 minutes), the ellipsometric spectra of epi-Si films grown on a HF cleaned
wafers and awafer cleaned with SiFsplasma 7KH VSHFWUXPoRERYKBLIRX®WVWUDWH
a native oxide) is plotted in dashed line. We notice that the crystalline quality , as judged by E>
intensity , is a bit higher for SiF4 cleaning. However, looking at the oscillations at low energies, the

SiF4 cleaning shows a wider amplitude. As introduced in[Figure 2.9]e, it suggests that the interface
between the substrate and the epitaxial layer is less smooth than that of HF cleaned sample.

Two main ways of cleaning the surface of Si substrates prior to epitaxial growth have been
presented: 1) by dipping the wafer into 5% diluted HF, or 2) by using SiF4 in-situ plasma cleaning
followed by a short H; exposure. In this chapter, all the samples grown in Octopus will be prepared
with HF (when the contrary is not specified). Also, in the next chapters, (especially Chapterlll ), in-
situ cleaning will turn out to be essential for GaAs surface preparation prior to the heteroepitaxial
growth of Si on GaAs. More details will be given in due time.

[1.2.2. Effect of annealing on a 1.5 pum thick epi -Si layer: structural analysis

We just presented experimental background on the growth of epitaxial silicon on (100) Si wafers,

and especially its transfer from the old Arcam reactor to the new industrial Octopus reactor: the

importance of SiH4 flux for th e film crystallinity. As the tandem solar cell targeted in this PhD

requires a thick Si layer, we aim at growing thick epi-Si on Si. This section is dedicated to the
material study of a layer of 1.5 um on (100) Si substrates, and the effect of annealing atifferent

temperatures on the structure of the epi-Si, in order to assess its stability over annealing Then,

thicker layers up to 10 um will be grown and their quality will be assessed. The best conditions for
growing epitaxial Si on (100) c-Si substrates in an industrial PECVD reactor Octopus have been used
(HF cleaning + epi-Si conditions of[Figure 2.9]a). Prior to each growth, the chamber is cleaned with

in-situ NF3 plasma, and a precoating of the chamber walls is performed wih a-Si:H for 5 minutes.

Thick intrinsic (non -intentionally doped) epi -Si films are grown on top of 525 um thick p-doped ¢Si

substrates at 200°C. Prior to epitaxial growth, the wafer native oxide was removed by dipping the
substrate into 5% diluted HF for 30 seconds. A 1.5 um thick Si layer has been deposited on several

Figure 210 - a) Ellipsometric spectra of of the samples-dsposited, and annealed at 250°C, 300 °C and 350
along with a zoom on the low energy oscillatis b) zoom on the characteristic peaks atdhd &
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identical 4 inch wafers, from the dissociation of an SiH 4/H » mixture, with a pressure of 2 mbar and a
RF power of 50 W, using 500 sccm of H, and 30 sccm of SiHs. The growth was performed at 200 °C.
Then, the substrates were cut, and 5 different samples have been studied. One is kept in the as
deposited state, and 4 others have undergone an annealing step, using a rapid thermal annealing of
3 minutes under forming gas, with temperatures ra nging from 200 °C to 350 °C. We present here
first the material studies in order to assess the structural impact of these annealing. The imaginary
part of the pseudo-dielectric function of the samples is shown in[Figure 2.10]a. It exhibits the two
characteristic peaks of crystalline silicon, with an E peak intensity above 45, and an & peak around
38. By looking closely to this peak[Figure 2.10]b, we see that increasing the annealing temperature
seems toslightly increase the E; value, thus the crystalline quality.

XRD analyses of the same samples were then performed to confirm these behaviors, and are
reported in [Figure 2.1]a. The first observation that can be made is that, ewen if we are having an
homoepitaxial growth of Si on Si, two different peaks can be distinguished. On the right at 69.15
degrees, is the diffraction peak due to the Si substrate, and on the left, a second peak corresponding
to the epitaxial layer can be distinguished. This difference in diffraction angle has already been
observed on PECVD epiSi materials: its intrinsic lattice parameter is slightly different from a bulk
substrate Si, and this difference is widely dependent on the growth conditions, mainly hydrogen
content #®’. Epi-Si has a bigger outof-plane lattice parameter than bulk-Si. The intensity of the
peak of the asdeposited sample and its FWHM (below 0.03 °) demonstrate very good quality of the
grown film.

For the as-deposited and annealed at 200°C samples, the diffractograms are similar. This result is
understandable, as annealing temperature is the same as growth temperature. No significant change
in the crystalline structure has occurred. On both curves, we can distinguish some finges that
correspond to a certain thickness. But the oscillations due to a 1.5pm thick layer would have a
periodicity so low that we could not distinguish it with our measurement set up (see[Figure 2.1]b).
Thus, we performed smulations with Leptos software, in order to understand the origin of these
oscillations. [Figure 2.1]d. shows on the same curve the diffractograms of the as-deposited sample
along with a simulation that fits with the peaks positi on and the oscillation periodicity. As expected,
the oscillations due to the 1.5um sample are very narrow. The wider oscillations have been fitted by
adding a second layer and changing its thickness. Actually, to really match the experimental results,
it revealed that the small peak in-between the substrate and the layer peak is not an oscillation but
an actual peak corresponding to a layer that has another lattice parameter[Figure 2.1]h. gathers the
main parameters of the fitte d layers: their peak position, the corresponding lattice parameters, the
FWHM and the layer thickness. While the epitaxial layer is found to have a lattice parameter of
5.443 A, the second layer that we can distinguish has a lattice parameter closer to tha of the
substrate, 5.436 A, and a thickness of 150 nm. XRD does not provide the possibility to know where
this layer is located. It can be located on top of the layer, or at the interface between the substrate
and the epitaxial layer corresponding to the first stages of growth.
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Figure 211 - Z2 TXRD scans of the samples before and after annealing at different temperatures a) in logaritt
scale, b) zoom on the film peak in a linear scale. c)lPpasition and FWHM for each sample, d) Leptos simulatit
of the asdeposited sample. Reciprocal space mappings of {224} planes on elepssample, f) 300°C anneale:
sample, g) 350 °C annealed sample. h) fit parameters obtained from simulation-oeaedted sample.
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After annealing, the film peak is widely impacted. To have a better insight on the effect on the film
peak shapesjFigure 2.11b. shows those peaks in a linear scale. The peak positions and peak FWHM
are gatheredc. First, we do not see the oscillations previously studied, nor the peak in
between. We may believe that this layer has been accommodated either the substrate lattice
parameter, or to the layer. It is also possible that the distribution in lattice parameter of this peak is
smoother, leading to a high FWHM that does not allow us to distinguish the peak nor the thickness
fringes. Contrary to what we could have deduced from ellipsometry, the XRD measurements show a
reduction in intensity of the layer peak, thus in film quality. At 250 °C, the intensity drops, and the
substrate peak is shifted. Thus, the quality has been affected, and the lattice parameter of the layer
has been slightly lowered. Then, for higher annealing temperature, the peak intensity keeps on
decreasing. The diffraction angle is back to its asdeposited value. We do not really explain why the
250 °C has shifted in lattice parameter whereas higher temperature does not change it. At 350 °C,
the XRD film peak is drastically decreased (red curve), with a large FWHM above 0.07 °. The peak
substrate also seems to be wider, this shape often corresponds to a relaxed layer.

Reciprocal space mapping (RSM) on {224} planes has been performed in order b have an insight on
the relaxation of the layers. We show infFigure 2.1]the {224} RSM of three samples: €) asdeposited,

f) annealed at 300 °C, g) annealed at 350°C. On each mapping, the intense substrate peak can be
seen on top, above a second peak. For aslep and 300 °C annealed samples, the film peak is
vertically aligned below the substrate peak, which means that the film is fully strained by the
substrate: the in-plane parameter a is equal to that of the substrate. The same behavior is found for
the 200 °C and 250 °C annealed samples, as well as the 300°C annealed sample, as seen in f).
However, as far as the 350 °C annealed sample is concerned, we see that the layer peak is shifted to
the left, resulting in a partly relaxe d film. Furthermore, the widening of the peak is characteristics to
the mosaicity of the layer following {224} planes, as introduced in the description part,[Figure 2.7|d.
Thus, the atomic planes of this layer are not fully aligned together nor with the substrate planes.
There is a slight dispersion in horizontal atomic planes orientations.

Microscope images of the surface of the samples are presented ifFigure 2.12| While the surface

seems to be smoothfor low temperature annealing and up to 300 °C, we notice that the 350 °C
DQQHDOHG VDPSOH SUHVHQWYV VRPH SEXEEOHV" 7KLV LV DWWULI
layer. Heating above 350 °C causes the formation of H molecules that accumulate at hydrogen

traps, mainly the interface between the epi-layer and the Si layer. This phenomenon is called

blistering ®8. This result is actually consistent with the behavior seen at low energies in the
ellipsometric spectrum. As seen in the inset of[Figure 2.1]a, the 350 °C annealed sample has much

Figure 212 - Optical microscope images of the sample surface for different annealing temperatures
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wider amplitude than the other samples. It is the proof that the interface between the substrate and

the epitaxial layer contains a low optical index material, such as SiQ,, a high roughness modelled by

D 3YRLG PDWHULDO RU PRVW SUREDEO\ LQ RXU RkDbubbles KIS& UR JH C
explains the mosaicity observed in RSM {224} measurements, because they wouldbe responsible

for local bending of the layer. Also, the formation of bubbles at the interface between the substrate

and the film lowers the strain induced by the substrate crystal lattice, hence the relaxation of the

grown film for the blistered sample.

Actually, the blistering of epi-Si also depends on the film thickness. We have observed on other
samples that thin epitaxial Si layer (below 500 nm) does not lead to such blistering after 350 °C
annealing. This may be due to the fact that hydrogen can mowe easily reach the surface and
exodiffuse out of the sample, while thicker layers contain more hydrogen, that have more probability
to meet another hydrogen in the layer before being exodiffused.

The material studies of the 1.5 pmthick epitaxial Si film grown by PECVD before and after
annealing showed that the crystalline quality of the film is very good for as-dep and 200°c annealed
samples, as proven by XRD measurements. For higher annealing temperatures, the ellipsometric
spectra show a higher amplitude of the peak at &, while X-ray diffraction shows a reduction in the
diffracting volume as temperature increases. These different trends may come from the fact that at
Ei = 3.4 eV, the photons are probing only the top part of the film, (the penetration de pth is in the
range of 10 nm), while XRD probes the whole volume. After a 350 °C annealing, two phenomena are
observed: the film is relaxed, and some H; blisters start to appear, leading a strong mosaicity of the
film, and its relaxation.

We will thus have to keep in mind that the thermal budget is crucial in keeping a high Si quality and
to prevent blistering of the layer. We will avoid as much as possible to anneal epitaxial Si films
deposited at 200 °C to temperatures above 300 °C.

[1.2.3. Towards thic k epi-Si layers

For the targeted tandem device, we are willing to grow thick layers of Si. We try here to assess the
guality and electrical properties of epi-Si. It has already been reported that a critical thickness is
often observed, above which epitaxy breaks down into amorphous or polycrystalline material *.
While the optimization of the growth conditions, mainly the SiH 4/H , ratio, has shown a strong
dependency of the crystal quality for low thicknesses. If the deposition parameters are slightly
different from the optimum value, an epi -breakdown can occur. Epitaxy breakdown has been
studied by Eagleshamet al®. using MBE below 500 °C, who reported an abrupt transition between
epitaxy and amorphous deposition and proposed several origins of such breakdown: 1) the defect
accumulation in epi-layer that continuously buildup lattice disorder in the epitaxial layer, 2) the
segregation of H or impurities that modifies surface coverage, 3) the roughening of the surface.
Indeed, low temperature epitaxy of Si often leads to a surface roughening that increases over
deposition time **°%, It appears that the lower the growth temperature is, the lower the critical
thickness for epi-breakdown. Thus, we may worry about the growth of thick epi-Si layers (> 10 pm).

Previous studies have already performed at LPICM using in-situ ellipsometry during growth, and

showed no epitaxy breakdown for the used conditions®?2. Actually, it even showed an increase in the
quality during the growth by probing the intensity of E » during the growth .
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Figure 213-a) Z2 TXRD scans of samples wittarious thicknessesl.5 um, 3.1 m and 6.4 um, b) zoom on the ep
layer peak in linear scale, c) lattice parameter, peak position and FWHM deduced from XRD data d) ellipsor
spectra of 1.5 um and 8.6 um samples, e) evolution of deposition rate as a function of the thickness ofrthe fil

With the same experimental conditions than in previous part, thicker absorbers were grown on top
of p++ Si wafers. The ellipsometric spectra of the thicker layer (8.5 pm) is plotted in [Figure 2.13d.,
together with the previous 1.5 um layer spectrum. We see that there is no epitaxy breakdown, and
that moreover the crystallinity seems to have improved, as judged by the higher intensity of both E;
and E, peaks. The low energy part does not provide enough information to determine the actual
thickness of the layers. Thus, the thickness has been assessed by performing SEM images. The
deposition rate (thickn ess/time) is actually not linear along deposition time. We plot on
2.13|e the deposition rate calculated as a function of the layer thickness. We see that the deposition
rate for a small thickness (below 100 nm) is around 1.55 A/s. For thicker layers, it increases up to 1.8
- 1.9 A/s. The possible explanation for such an increase in deposition rate could be the
thermalization of the substrate holder. The substrate may not had time to be at the stable
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temperature of 200 °C for the thin calibration sample (only 10 mn deposition), resulting in a lower
growth rate. However, for the thicker layer that we grew (8.5 um), the deposition rate has dropped
to 1.2 A/s. No in -situ characterization is available in the reactor, thus we cannot assess the evolution
of the deposition rate over time, and thus, we do not have more information on the possible
different stages in the growth.

XRD analyses of the different samples are gatheed in [Figure 2.13a. with a zoom on the peak in

Figure 2.13lb. We had troubles in measuring the 8.5 um thick sample because of alignment issues.
Figure 2.13|c. gathers the corresponding lattice parameter and FWHM. As expected, the intensty of

the layer peak increases with the thickness. The FWHM remains good (below 0.04°) but slightly
increases with thickness, showing a slight decrease in crystal quality or a bigger mosaicity. {224}
RSM (not presented here) have shown that the layers remain strained for each measured layer, but
that the layer peak is widened.

The SEM cross section images of each sample are gathered [Rigure 2.14)(a to d). The epitaxial layer

is easy to distinguish from the substrate, as it appears darker due to the presence of hydrogen. The
thickness measurements of the layer were done based on these images. While up to 6.5 um the layer
seems homogeneous, the 8.8 um one show a very inhomogeneous layer. Several contrasted layers
can be observed,probably due to several hydrogen contents in the layers. This is not consistent with
the fact that the 6.5 um growth happened homogeneously. We actually believe that there were issues
during the process, probably due to plasma instability or shut down.

Another interesting feature can be detected: the surface of the sample contains lots of defects as big
as the deposited layer, as seen ifFigure 2.14)e and f. Acetone cleaning under ultra-sounds did not
remove those defects that ae not volatile powders. The size of the defects, comparable to that of the
deposited layer thickness, as well as the fact that is seems to have some craters formed around the
defects lead us to one hypothesis: a deposition of thick particles has occurred dring the growth,
probably a peeling from the walls of the reactor. A more specific investigation of the surface has
been performed in order to know the nature of these defects. Raman spectroscopy has been
performed on several areas of the surface[Figure 2.14]g shows the microscope view of where the
Raman measurements have been performed. We investigated two spots: the defect (red spot) and
the surrounding material (blue spot). As seen in the Raman spectrum|Figure 2.14jh, the defect has a
signature of an amorphous layer, with a Raman shift around 490 cm-1, which may come from the
amorphous layer that is deposited in the meantime in the chamber walls. After a certain growth
time, the walls of the chamber acumulate some deposition of amorphous silicon, and start peeling
under its strain. In this reactor, the samples are not place upside down, but at the bottom. Thus,
when the reactor walls start peeling, parts of amorphous layers fall down on the wafer surface.
Meanwhile the PECVD growth keeps on happening around these amorphous defects, and the
material deposited stays crystalline, as it is revealed by its Raman signature of the blue spot, with
high intensity at 520 cm L
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Figure 214 - a)b)c)d) crossection SEM analysis of samples with thicknesses of 1.5 pm, 3.1 pym, ®.4856 pm,
along with thethickness measured thanks to this image. e)f) SEM images of the surface of the 8.5 um sagjiple
Raman spectroscopy spea of the material on different surface spots : a defect, and the smooth surface of the fi
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Conclusions and perspectives to grow thicker epi  -Si

The growth of thick Si layers with good crystalline quality up to 6. 5 um has been achieved, with a
deposition rate around 1.8 A/s. For higher thicknesses, it resulted in a material that is still
crystalline as judged by the ellipsometry and the Raman shift, but that seems inhomogeneous, and
especially that suffered from the peeling of the PECVD reactor walls. A possible solution for further
enhancement of the epiSi thickness is to unload the sample from the chamber after a certain
thickness (about 6 um), clean the chamber with in-situ NF; plasma, and perform a small precoating
of the chamber with another grounded electrode (the previous one is a sample holder). If the sample
is kept under vacuum in the load-lock, it can be reinserted in the clean deposition chamber so as so
pursue the growth. This solution has not been tested yet, but is one of the main perspectives to grow
Si layers thicker than 10 um. Also, an issue that remains is the low deposition rate, which is around
1.8 A/s under the present conditions. To grow this 8.5 um layer, the deposition lasted 20 hours,
which is way too much to be implemented in industry. Routes to improve this deposition rate are
under study, and a deposition rate of 8.3 A/s has already been achieved i our lab %, leading to a
highly hydrogenated crystalline silicon that contains amorphous cones. The use of Octopus with its
high purity vacuum and the possibility to grow at temperatures up to 400 °C opens the path to
growing good epi-Si at high growth rates.
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[1.2.4. SiGe: material calibration

To reduce the required thickness of the bottom cell, it has been shown in the introduction chapter
that we can alloy Si with Ge. Indeed, the absorption coefficient of SiGe increases with the addition of
Ge®. Thus, to obtain the same tandem efficiency, a much thinner SiGe would be required. We
propose in this part to study the growth of Si.xGe alloys by LT-PECVD on top of Si wafer. Si.xGe
has a unable bandgap whose value canchange from 1.12 eV (Si) to 0.67eV (Ge), depending on Ge
content and strain®. A complete presentation of SiGe growth can be found in the book from John D.
Cressler®. As already introduced in the first chapter, such SiGe material is already used in
photovoltaic s as a graded buffer layer to grow IlI-V on silicon. Ge and GaAs have the same lattice
parameter, thus using SiGe graded buffers helps reducingdislocation density when growing GaAs
on Si substrate. Moreover, SiGe, with its tunable bandgap, is also a good candidate as a bottom cell
for SiGe/lll -V tandem solar cells. For example, tandem solar cells of lattiee-matched GalnP on Sk
xG& have recently reached 18.9 % of efficiency, with x=82%, corresponding to a bandgap of 0.86 eV
that is current matched with their top cell %" Low temperature PECVD of Ge has already been
demonstrated in the lab on top of GaAs® substrate, and as Si/Ge multi layers on GaAs®. Also, ¢Ge
growth on Si has been demonstrated'® on top of Ge substrate and Si substrate. Furthermore, some
first results have been demonstrated on the Arcam reactor”, studying the growth of SiixGe on Si
substrate with various Ge content up to x=35 %. We propose here to hvestigate in the new reactor
Octopus the growth of Si.xGex with various Ge content, and various thicknesses.

We aim at growing thick SiGe layers up to 5 ym, and we aim at reaching Ge contents as high as
possible. The modelling work presented in Chapter 1 was focused on Si73Ge 272 In the new
Octopus reactor, we propose to develop the process conditions to grow crystalline SixGe, for
various X values, and to reach high thicknesses. The corresponding heterojunction solar cells will be
presented in section I1.3. But before depositing thick layers, we first developed the recipe for small
thicknesses to be sure to have epitaxial growth, and tocalibrate the amount of Ge incorporated in
the layer for a certain conditions. The depositions were made in Octopus reacor at 175 °Con (100)
Si wafers after an HF cleaning. The pressure was fixed a2 mbar and a RF power at 50 W. The
precursors used were SiHi, H2, and GeH, diluted at 1% into H2..The GeH./(SiH 4+GeH,) ratio has
been varied in order to incorporate different amounts of Ge. Most of the calibration samples have
been done with a short deposition time of 16 minutes.

To determine the percentage d germanium incorporated into the epi -Siv.xGey, the lab has commonly
used ellipsometry up to now. We propose to compare it to XRD measurements. We show here the
calibration of a few samples in order to compare the obtained values. As the GeH is diluted at 1% in
H2, we always keep the sum H+GeH, constant, in order to keep roughly the same amount of H; in
the plasma. The ellipsometric spectra of the two samples grown with different gas flow rates are
displayed in[Figure 2.15a, along with the references of ¢Si and ¢-Ge. We seea clear evolution of the
pseudo-dielectric function. The more Ge there is the gas mixture,the more the E; peak (around 3.4
eV) shifts towards lower energies and its amplitude decreases. It corresponds to a higher
incorporation of Ge in the crystal. By fitting the ellipsometric spectra with the simulated structure

represented on the right, the layer thickness and stoichiometry are deduced. The XRD
measurements on the same two samples are shown in |Figure 2.15b. When the ratio
GeH./(GeH 4+SiH4) increases, the diffraction peak shifts to the left, toward lower angles. Si.xGex

lattice parameter follows the following equation®*:
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It means that he more Ge is incorporated, the higher its lattice parameter, and thus the lower its
diffraction angles, which is consistent with the observations. The thicknesses and Ge contents
deduced by both XRD and ellipsometer fits are gathered in[Figure 2.15c. If we compare both fits,
the results for thickness and Ge content are very similar from one technique to another. Thus, in the
rest of this part, we will characterize the germanium content in our Sii.xGe grown layers only by
means of XRD. Reciprocal space mapping (RSM) along{224} planes will also give us information on
the strain or relaxation of the layers.

Figure 215 - a) and b): Z2T XRD scans and ellipsometric spectra of threq.,Sig samples with varios
GeH4/(SiH4=GeH4) grown in Octopus reactor. ¢) Comparison of Ge content deduced from ellipsometry an
fits for several H/SiH,/GeH, conditions.

It is worth noticing the big change in thickness from one sample to the other. For all the depositions

that have been done with various gas flow rates, we plotted the deposition rate as a function of the
Ge content in The growth rate of Si1«Ge, strongly decrease with the increase in Ge
content. A few samples grown in Arcam reactor are also plotted in this graph, and show the same
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trend. We also tried to deposit SkxGe; with x=70 %. The deposition was actually amorphous, but it

revealed a really low deposition rate, below 0.1 A/s. Actually, this behavior does not follow the usual

observation found in literature. For example, for SiGe grown by UHVCVD it has been reported that

the growth rate increases with Ge content. By low pressure CVD it has also beerbserved that the
more Ge is incorporated, the higher the growth rate % especially at low temperatures. Same trend
was observed with atmospheric CVD experiments®. In our case, we suspect that this diminution in

growth rate is due to the fact that we are limited by the mass flows. As already mentioned, the GeH
is diluted at 1% in H; and the flow rate is limited to 100 sccm. Thus, to incorporate enough Ge, we
have to drastically decrease the SiH flow rate in order to increase the GeHy/(SiH 4+GeH.) ratio.

Consequently, there are fewer precursors in the chamber that are available for the deposition, which
strongly decreases the deposition rate. In order to keep a constant deposition rate, it would require a
GeHa, bottle that is | ess diluted into H .

Figure 216 - Deposition rate as a function of Ge content for various casibon samples in Octopus reactor (squares
and Arcam reactor (triangle): Deposition rate strongly decreases with %Ge. Too highléa@sto amorphous growth.

11.2.5. Thick Si1xGex

We propose now to grow thick layers of SiGe with increasing Ge content. We aim at achieving the
highest %Ge with the highest thickness, in order to integrate it in a tandem solar cell configuration .

Taking into account the growth rate determined for small thicknesses, we targeted to grow 1 pm
thick Si..xGex layer with x = 7, 18, 28 and 32 %. The growths were performed with the following fixed

parameters: the chamber temperature is set at 175 °C, the pressure i®f 2 mbar, and we used a RF
power of 50 W.

The resulting XRD measurements of each sample are shown iffFigure 2.17a. The targeted %Ge
shown in[Figure 2.17b were deducedthe thin calibration layers deposited with the same process
parameters. We notice that the Ge content extracted from the XRD measurements slightly varies
from its nominal value for the sample with 28% of Ge which is now of 25.8%. We also notice on the
diffractograms IRU [» show saome secondary peaks on the left (double peak for 3.5 % and a
shouldering for 25.8 %) corresponding to thin layers with higher contents. For the 13.8% layer, two
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low peaks are visible around 67.9° and 67.4 °, corresponding to SixGe layers with x |26 % andx |34
%. The low intensity and the high FWHM of these layers reveal their low thickness, or some
relaxation. To have a better insight in the relaxation of these layers, {224} RSM of the sample with
13.8 %Geis displayed in[Figure 2.17c. The double peak close to the substrate corresponds to some
optical artifacts and must not be taken into account. In this mapping, we see that all the peaks are
vertically aligned with the substrate peak, showing that the layers are not relaxed. The three
different peaks are visible (indicated by white arrows). Thus, those 3 peaks correspond to three
actual SiGe layers with various Ge content. Thus, during the growth, the incorporation of Ge in the
film is not perfectly constant. It would be of inter est to understand better why this incorporation is
not constant, and when the change is occurring. Is it a graded layer? Is there more and more Ge
incorporated during the growth? It could be due to the conditioning of the reactor walls that contain
more Gethat also participates to the incorporation by memory effect?

Looking now at the 32% Ge layer, (red curve), the diffraction angle is higher than that of the 25.8 %
(pink curve), whereas it should be lower in a strained configuration , because the latticeparameter
follows Eg.2. We notice that the FWHM of the 32% peak is way higher than that of other samples

(0.27 °). Performing an RSM mapping along {224} planes [Figure 2.17d.) actually revealed that the
grown layer is partially relaxed. The relaxation rate deduced from the {224} RSM is of 0.45. Thus, it

is natural that the Z2 Tscan shows a peak shifted to the right. By taking into account this relaxation
value into the Leptos simulation, the calculated Ge content is found to be 32.5 %, which isvery close
to the expected content of 32 %.

In the table of[Figure 2.17)b, we also gve information on the thicknesses that were deduced from
cross-section SEM images, alongwith the new calculated deposition rate. The thickness targeted
was 1 um. We notice that the measured thickness is actually different from the expected one. For xd
13.8%, the deposition rate is higher than expected, and for x t 25.8%, the deposition rate was over

Figure 217 - Z2 TXRD scans of SiGeg, for various x values, aning at a thickness of 1 pnb) fitted parameters
deduced from XRD (diffraction angle, Ge content, FWHM) and SEM (thicki@s®SM otthe samples with x=13.8%
and x=32.5% samples: the latest is partly relaxed.
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estimated. It raises severalguestions about the growth: is there anyincubation time at the beginning

of the growth? Is there an impact of the thermal stabilization? Is the presence of additional layers

with higher content responsible for a non -uniformity of the deposition rate? Anyway, if we plot the
deposition rate as a function of the %Gefor the thick layers, we see that the deposition rate IRU 3
pMP” OD\HUV URXJKO\ IROORZV W K HvitivtbleHtQrderD callbidtdi samiee HheY H G
difference in deposition rate over thickness rate may not be that significant, as seen i b.

To conclude this section, we studied the effect of adding GéH, into the SiH4/H ; plasma, and made
the following observation s. First, the deposition rate strongly d ecreases with the Ge contentdue to a
decrease of SiH, flow rate. While pure Si is grown at a deposition rate of 1.8A/s, that of a Si.72Gev2s
layer is only 0.6 A/s. The deposition rate (which is calculated as the ratio of the film thickness over
deposition time) is not constant during growth , as judged by the thickness obtained after long
growth. The lack of in-situ characterization prevents us to have a better insight of the reasons of this
change. We also find that thick Si.xGe: layers contain some alditional layers with other lattice
parameters, thus Ge content. We also observed that for 32.7% of Ge, the epitaxial layer igartially
relaxed.

We propose to focus on one samplewith the growth conditions leading to 25.8% of Ge, and to vary
its thickne ss and growth temperature so asto have a better insight on the effect of these parameters
on the layer quality and its strain.

[1.2.6. Strain relaxation in  Sip.7sGey 25

In SiGe epitaxial growth, SiGe layers of a certain composition are fully strained to Si substrate only
under a certain critical th ickness (pseudomorphic growth). Indeed, the SiGe layer, whose lattice
parameter is mismatched with that of the Si substrate, is elasticly strained. However, it takes energy
to accommodate this strain, depending on the lattice mismatch (thus the Ge amount) and on the
thickness. It also requires energy to create a dislocation that will relieve the lattice mismatch strain.
Thus, if the layer thickness is kept small enough to maintain the elastic strain energy below the
energy of dislocation formation, the strained layer will be thermodynamically stable against
dislocation formation . Above a certain thickness, the energy necessary to accommodate the strain
becomes higher than that of dislocation formation. The straine d layer will thus relieve the strain and
become relaxed.Once the epitaxial layer reaches this critical thickness, the strain is relaxed, creating
threading dislocations in the SiGe layer, and mostly misfit dislocations at the interface . This critical
thickness is also dependent on the growth temperature. [Figure 2.19|b. adapted from Hull et al.**,
shows the reported critical thickness es as a function ofGe fraction for three growth temperatures:
550 °C, 750 °C and 900 °C.The more Ge is incorporated, the smaller is the critical thickness. At 550
°C, the critical thickness is one order of magnitude higher than that of a SiGe grown at 900 °C. At
lower growth temperatures, the critical thickness is higher due to kinetic restriction of the
relaxation.
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Figure 218 - Z2 TXRD scans of SiGe25.8 with increasihigknesses: 0.5 um, 0.9 prand 1.7 um b) Deposition rate
as a function of Ge content for the thin calibration layers (<200 nm) and the thick layg§, RSM 0f0.9 and 1.7um
samples: the latest is partly daxed.

In case of our low-temperature PECVD layers, we already observed on SiGe with 325 % of Ge that a
880 nm layer is relaxed, thus above the critical thickness of the layer. We propose here to grow with
the process conditions of SiGeys g different thicknesses: 500 nm, 900 nm and 1.7 um. The different
samples were grown with the same PECVD parameters (P= 50W, p=2 mbar, H,/SiH 4/GeH, =
400/100/5 ), only the deposition time has been varied. The thicknesses have been measured on SEM
images. The XRD analyses of the three samples are gathered {fFigure 2.18]a. For 500 nm and 900
nm, both peaks havesimilar shapes, however, it is slightly shifted. Simulations give us a Ge content
of 25.6 % for 500 nm. We consider that this shift is negligible. For the thinner layer (500 nm, black
curve), we notice that there is a visible large peak on the leftof the film peak (centered around 67 °)
that could be the proof of the presence of a thin layer of SiGe with x § The 900 nm layer is
fully strained as deduced from the vertical alignment of the two diffraction peaks of the {224} RSM
shown on[Figure 2.18Jc. In contrast, the 1.7 pm layer shows a partially relaxed layer, with a
relaxation rate of R=0.27. By implementing this value in the model to determine the Ge content in
the layer, we calculate x = 26.9 %

We also proposed to study theeffect of the substrate temperature on the properties of Si..xGex layers.
To do so, wekept the process conditions (P= 50W, p=2 mbar, H ,/SiH 4/GeH s = 400/100/5) and
grew several layers at 150 °C, 175 °C and 200 °CThe XRD and {224} RSM are not displayed here
but revealed an unexpected trend: the layer grown at 150 °C is relaxed with R=32 %, while the two
others are strained. Their Ge content and thicknessesdeduced from XRD are gathered in[Table 2.1]
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The Ge incorporation has actually changed with growth temperature. The higher the growth
temperature, the lower the Ge incorporation, which is actually consistent with the results found in
literature '°>'% While theoretically, at higher temperatures the critical thickness is higher, as seen in
[Figure 2.19|a, here, only the material grown at lower temperature (150 °C) is relaxed. This may not
be a direct effect of the temperature, but rather due to the fact that the Ge incorporation is different.
The layer grown at 150 °C exhibits the highest Ge content (27.7 %).

Table 21 - Relaxation, %Ge and thickness for, &6, materials grown at various temperatures for
(H,/SiH4/GeH,) = (400/5/100)

We report on[Figure 2.19a. some data points corresponding to our samples grown by LFPECVD at
175°C as compared with the critical thickness of Si.xGex from literature. The open symbols show the
layers that are fully strained, thus below the critical thickness. The full symbols correspond to the
three samples that are partly relaxed. We see that he low temperature of our process enables to
increase drastically the critical thickness of the Si.xGe layer as compared to more standard growth
techniques occurring above 500 °C. We will propose in the next section to fabricate heterojunction
solar cells and compare the performances and material quality of each of those SixGe layers.

As a conclusionon Si..xGe. materials grown by low-temperature PECVD, we gathered most of the
samples presented in this study in[Figure 2.19b. Each color means that they were grown with the
same H,/SiH 4/GeH 4 flow rates. Dashed lines are displayed as guide to the eyesWe see that the Ge
content is rather stable for fixed parameters, even if the XRD measurements have shown the
presence of some adlitional layers with higher Ge content. Some SiGe layers are partly relaxed: for a
Ge content above 27.7%, the layers are already relaxed for a 1 um thick layer, and a layer with 26.9 %
of Ge is relaxed for 1.7 um while it is not for 900 nm. We observed the impact of the growth
temperature on the Ge incorporation. At 200 ° C, the Ge content is much lower than at lower
temperatures (150 °C). We also showe that the deposition rate is not really constant over growth
time, even if it is negligible as compared to the change in growth rate caused by the increase in Ge
content. It has been attributed to the diminution of SiH 4 flow rate, which strongly reduces the
available Si atoms in the plasma to be incorporated into the grown layer. While 7% of Gegrows at
2.2 A /s, SiGe samples with 32 % Ge have a deposition rate below 0.4\/s. The high dilution of GeH 4
in H2 (1%) gave us less room for Ge content adaptation, as it is diluted at 1% in Kl It would require a
lower diminution of SiH 4 flow rate for the same Ge incomoration thus leading to a less low
deposition rate.. Also, a much more precise control of the Ge content, as well as the incorporate of
more than 35 % in the layer would be possible.
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Figure 219 - a) Critical thickness of SiGe reportefitom Hull et al. ' as a function of the growth temperature,

compared to our samples. Lowemperature PECVD has a higher critical thickness than other techniques b) Ge cor
as a function of thickness for various growth conditions.
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In section 1.2, we presented the growth of Si on Si substrates and the influence of annealing at
various temperatures on its structural properties. We also assessed the growth of Si with thicknesses
up to 6.5 pm, and proposed pathways to growth thicker layers while keeping good structural
properties. We also presented the growth of Si.xGex alloys, pointing out the influence of the Ge
content on the deposition rate, analyzed the strains in the grown layers and studied the influence of
growth temperature on the strain and composition. From all these layers grown, we proposenow to
assess their electrical properties by integrating them into heterojunction solar cells. In the following
section, solar cells will be fabricated from the Si and SiGe epitaxial layers, and their electrical
performances will be characterized.

[1.3. Solar cell fabrication

This section focuses on the heterojunction solar cells fabricated with the epitaxial layers presented
previously. We will first introduce the fabrication process and the characterization techniques used
to measure their efficiency. Then, the Si and Si.xGex heterojunction solar cells will be characterized
and the results will be discussed.

[1.3.1. Fabrication process and electrical characterization tools

11.3.1.1. Process

After epitaxy, several process steps are required in orderto have a full solar cell device that can be
measured. We present here the details of the structure of the heterojunction solar cells that will be
fabricated. Note that the process flow for Ill -V solar cells is different, and requires more advanced
clean room processing that will be the subject of Chapter4.

The structure of a typical solar cell is pictured in[Figure 2.20]a. On top of the epitaxial layer, a thin (5
nm) a-Si:H is deposited to form the heterojunction , followed by a n-type a-Si:H contact layer. On
top of it, Indium Tin Oxide (ITO) is deposited through a physical shadow mask. It acts as ananti-
reflective layer and ensures lateral conduction of the carriers. Then, a front contact is deposited
through another shadow mask, with a central busbar and perpendicular metallic fingers.

To deposit the metallic contacts, two main techniques are available: evaporation and sputtering.
Evaporation deposition is directional; however, it does not ensure a very good adhesion of the meal
on the wafer. The second deposition technique is the sputtering. Under vacuum, an Ar plasma is
created and directed towards a target. This target can be the metal (Al, Ag), or an alloy (ITQ. This
technique leads to a metal that has a better adhesion, however, the deposition is lessdirectional. For
the realization of the front grid, sputtering is not adapted, because we use a physical shaow mask
that is not perfectly in contact with to the wafer. When using sputtering, the metal would be
deposited below the borders of this mask, and will thus have wider patterns than expected,
introducing more shadowing. Thus, for the front contact, evaporation will be preferred. The same
process flow has been applied to all the materials studied earlier : 1.5 pm of @i-Si annealed at
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different tem peratures, thick epi-Si up to 10 pm, and Si(Ge). This work received great help from
PDVWHUNY VWXGHQW &OpPHQW /DXVHFNHU

Figure 220 - a) Structure of the heterojunction solar cell grown and processed, b)-togw picture of the device
after ITO deposition and metallization : one 2x2 émnd two 1x1 c cells can be distinguished.

11.3.1.2. Electrical characterizations

Two main characterization techniques are used to assess the etdrical prop erties of our solar cells:
the J-V characteristics under solar simulator give us the efficiency of the solar cell, and External
Quantum Efficiency (EQE) helps us to have a better insight on the carrier collection depending on
the wavelength. The principle of those two characterization techniques is presented here, along with
the information we can deduct from them.

When a photon reaches the semiconductor (SC), it is absorbed if its energy is above its bandgap,
and an electron-hole pair is created into the SC. The photogenerated carriers will recombine after a
certain time (carrier lifetime) . In order to collect these photogenerated carriers, the use of a pn
junction is required to spatially separate electrons and holes and prevent them from recombining. In
a p-n junction, electrons that are in high concentration in the n -type part diffuse towards the p-type
side, while hole flow from p-side to n-side. By diffusing, they leave behind some fixed charges on
dopant atom sites. Close to the junction, positive ions are left in the n side and negative ions in the p
side. This fixed-charged region is called the spacecharge region, in which an electric field is formed.
This electric field will be the one separating the photogenerated carriers, leading dectrons to the n-
side and holes to the p-side. If both sides are connected by a metal, the lightgenerated carriers will
flow through an external circuit, thus delivering a current.

In the dark, the current density J generated by a solar cell is describé by the following equation :
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Where V is the applied voltage, k the Boltzmann constant, T the temperature, Jo the saturation
current density and n the ideality factor of the diode . Measuring a solar cell in the dark already gives
important information, because J ¢ is linked with the carriers recombination in the device. A low J ¢
indicates a high quality p-n junction. Under illumination, a current density Jpn is photogenerated by
the solar cell, flowing in the opposite direction. Also, some resistance must be considered in the
eguation to take into account the series resistance Rs) that can be induced by the metalsemi-
conductor contact at the top or at the rear, and the shunt resistance that can arise from leakages of
current through the cell. The electrical model of a solar cell under illumination is described in the
following equation:

a8 F 4 8F .4 Eq 25
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J-V characteristics consist of measuring the current response of a solar cell to an applied voltage and
give much information on the device quality. The measurement can be performed under
illumination or in the dark. In the dark, we can dete rmine Jo and the ideality factor n. Under
illumination, the solar cell parameters (V oc, Jscand FF) can be determined. The set up used to have
J-V characteristics is a solar simulator. During this PhD we used an Oriel Sol3A solar simulator, that
reproduces AM1.5G spectrum and illuminates the solar cell with a calibrated power of 100 mW/cm 2,
with a spectral distribution that matches the solar spectrum. Before each solar cell characterization,
the spectrum is calibrated using a Si calibration solar cell furnished by the constructor. The
measurements are performed at fixed temperature of 25 °C. Note that the same solar simulator was
used to characterize the IlI-V solar cells.

The shape of a typical 3V curve of a solar cell under illumination is shown in |Figure 2.21la. Four
important parameters have to be considered: 1) the Jc, or short-circuit current, which corresponds
to the current measured with no applied voltage, 2) the open-circuit voltage Voc, measured when no

Figure 221 - JV characteristics of a solar cell under illumination.
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current flows, 3) the maximum power point (MPP) where the product current times voltage reaches
its maximum. From the values of Vmp, and Jmpp, We define the fill factor (FF) by|Eq 2.6

aaa Eq 2.6

(CL 118 v,

This parameter is the ratio between the areas of two rectangles: the one formed by the origin axis

DQG WKH PD[LPXP SRZHU SRLQW UHFWDQJOH 33$ythebDrgiGaidikhel L GHD
point with coordinated (V oc, Jsc UHFWDQJOH 3%" vaKieés fav §8dd FSDsola) rells are

between 80 and 85 %. For GaAs solar cells FF caneach up to 89 %.

Fill factor can be lowered mainly by the series resistances and tke shunt resistances. R is due to all
the resistive losses in the solar cell (such as contact resistance, resistivity of the layers) and should
be kept as low as possible. Shunt resistance (RB) is the shunt losses, often due to due to
manufacturing defects. It causes power losses in solar cells by providing an alternate current path
for the light -generated current, consequently reducing the amount of current flowing through the
solar cell junction. It also reduces the voltage from the solar cell. Rsn must be maximized. The series
resistance affects the slope at \4c and the shunt resistance affects the slopearound Jsc

Finally, the efficiency ( K of a solar cell is defined by the ratio of photogenerated electrical power
over the incident light power.

K L v, B v ( Eq2.7

25400x04c
External quantum efficiency measurements (EQE) can provide further information on the solar cell.
It is the probability that a photon with an energy E that reaches the solar cell results in an electron
collected by the external circuit. The value of the quantum efficiency is 1 at one particular
wavelength when all the photons of this wavelength are absorbed and the delivered electrons are all
collected. We must distinguish external quantum efficiency from internal quantum efficiency (IQE).
IQE only takes into account the photons that reach the semi-conductor without being neither
reflected nor transmitted, and thus can be absorbed by the solar cell. It is used to characterize tre
ability to collect charge carriers generated by different wavelengths of the sun spectrum. As the
MEOXH™ OLJKW LV DéavsRie BPH)G DWKHVKWHG ™ OLJKW LV PRUH DEVRUE
provides a depth resolution of the recombination processes. In[Figure 2.22]is represented a typical
EQE of a solar cell, along with the main causes of EQE reduction. The cut at high wavelength gives
the value of the bandgap of the absorbing material.
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Figure 222 - Measured quantumefficiency ofa AlGaAs solar celalong with the main contributiors responsible
for possibleEQEeductions.

[1.3.2. Siand SiGe heterojunction solar cells

Auatasa ""F..— " feeffZcoe%o ‘oSflayérw Je —Sc...e 1<

The solar cells were fabricated with the process steps presented in 11.3.1.1.: The eplayers previously
presented were dipped into HF to remove the native oxide, and the solar cell presented in[Figure |

2.20|was fabricated.

Actually, in these solar cells, we needed to add a layer of micreoxide on top of the (n+)-a-Si:H layer.
Indeed, after the first J-V measurements performed on these solar cells, the measted J-V curves
KDG V\VWH P DWLKD3adllushrated in[Figure 2.27](black curve). After several attempts on
finding the origin of such a shape, we realized it was due to the front ohmic contact that was not
good enough. The PH; gas cylinder, diluted at 0.1% into H, is not sufficient to dope enough the &
SitH layer and perform a good ohmic contact with the ITO. As microcrystalline conductivity is
higher than that of a-Si:H, we added this new layer in-between the a Si layer and the ITO. This time,
the red curve was obtained, that exhibits a typical shape of a solar cell 3V curve. The Voc is
LQFUHDVHG DV FRPSDUHG-XKWEHV KK BYH YDREVD:BVR WKH )) WKDW
Jsc has slightly decreased from 15.7to 15.4 A/lcm?2. This may be due to an additional absorption of
the 20 nm thick pc-SiOx:H that has been added. Once this issue of ohmic contact was solved, we
added this p-SiO; layer on top of each solar cell
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Figure 223 - JV characteristics of ageposited 1.5 um thick ep5i without the addition of uSiQ (black curve),
and with (red curve)

We now study and compare the heterojunction solar cells that had been annealed at different
temperatures prior to the deposition of a-Si:H. J-V measurements and external quantum efficiency
measurements (EQE) are presented ir[Figure 2.27]a.b.c, along with the values of \k, FF, efficiency
and the Jsc measured by |-V and by EQE.

The following general observations can be made on the EQE measurements: 1) the high wavelength
region is rather low for each sample because of the solar cell design. First, the low hickness of the
absorber is responsible for this reduction, and second, the collection of the carriers at the rear is
made at the back of a thick wafer. Thus, the photogenerated carriers need to travel through the
whole 550 um thick substrate, in which recombination may occur. 2) the rather low value of EQE at
400 nm is explained by a high absorption of our ITO at this wavelength. Simulations of the EQE of
similar heterojunction structures can be found in Cariou et al.'”, showing that these two
observations are inherent to our structure design, and not to the epitaxial absorber quality .

Interestingly, the J-V curves show a beter efficiency for the 200 °C annealed sample than the as
deposited one, due to an increasen Jsc. EQE also confirms the increase in kcfrom the as-deposited
sample to the annealed at 200 °C one. They exhibit similar Voc and FF, only the Jscis enhanced. The
increase in EQE occurs at low wavelength The short wavelength EQE is particularly sensitive to
surface passivation and emitter thickness. This may be due to a better epiSi/a-Si:H interface, or a
better passivation of the defects on the epilayer by hydrogen. An annealing at 200 °C could have
enabled hydrogen to move into the layer and to reach the defects so as to better passivate it.
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Figure 224 - a) 3V characteristics at lowemperature and b) external gantum efficiency of all the solar cells
processed after various annealing temperatures, c) Solarscefiaracteristics calculated fromV measurements
and EQE

The sample annealed at250 °C has a slightly better EQE than the asdeposited one; however, it
suffers from a strong Vo reduction that decreases from 0.57 V to 0.53 V, and a slight FF reduction.
The similar EQE shows there is no significant degradation in the front surface or back surface. The
lower Voc suggests a higher recombination rate in the epitaxial layer or at the epi-Si/Si substrate
interface, which may come from the movement of hydrogen in the layer. While hydrogen were
passivating the defects of the bulk in the asdep and 200 °C layers, at 250 °C the hydrogen starts to
migrate and exodiffuse, thus being less efficient in passivating bulk defects.

For even higher annealing temperatures, EQE is strongly reducedin the whole range above 500 nm.

As the high wavelength is sensitive to the rear surface recombination, we attribute this to the
defective interface between epiSi and the ¢Si substrate. This is consistent with the ellipsometric
spectra presented in the previous section [Figure 2.4), which showed increasing oscillation
amplitude upon temperature , thus a degradation in the interface quality for T anneaing ® f& $V
expected, the 350 °C annealed solar cell has the worst electrical characteristic, with a low current,
and a lower Vo.. The low EQE is mainly attributed to the very defective interface (containing H »
blisters). Furt hermore, the epi-Si relaxation has induced defects and mosaicity that induce
dislocations in the epi-layer and thus lower the Voc. Also, blisters provoke the detachment of the epi-
layer from the substrate, leading to interface recombinations.

From these measurements, we can conclude on the importance of keeping the thermal budget as low
as possible. Indeed, for a growth temperature of 200 °C, we reached an efficiency of 6.7 %, with ¥c
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as high as 0.57 V, which proves the high potential of such an epitaxiallayer for being used as an
absorber. A postgrowth annealing of the sample at 200°C seems to be beneficial for the solar cell
operation that reaches 7.0 %. Annealing above 300 °C leads to the formation of H; blisters that are
responsible for a strain in the epitaxial layer that relax from the substrate, and triggers high
interface recombination. This strongly reduces the collections of the carriers. Furthermore, the
hydrogen that was passivating the defects in the as-deposited state may have migrated or
exodiffused, thus leading to more recombination centers in the film.

11.3.4. Towards thicker absorbers

Solar cells have been fabricated with increasing epiSi absorber layer thicknesses: 1.5 pm, 3.1 um,
and 6.4 um, whose material characterizations have beenpresented in part 11.2.3. The resulting J-V

curves and characteristics are shown in[Figure 2.25]a. and c., and their EQE of three of these
samples are plot in[Figure 2.25[b. The first observation we can make is that, the thicker the absorber

is, the higher is its Jsc, which reaches 18.7 mA/cn? for the 6.4 um thick layer. The FF stays rather
constant. EQE show that the main gain in Jscis due to an increase in the red response, which is
consistent with the fact that the epi-Si absorber is thicker. The slight decrease in EQE at short

wavelength suggest a higher surface recombination, probably due to a slightly higher roughness of
the epi-Si surface, leading to a less sharp interface between epbi and aSi:H that forms the

heterojunction . Thus, increasing epi-Si thickness helps to have a higher dc, however, higher surface
or bulk recombination reduced the V oc.

Figure 225 - JV characteristics at lowtemperature and b) extenal quantum efficiency of all the solar cellsith
various epitaxial thicknesses, clar celk characteristics alculated from 3V measurements
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11.3.5. ¢-SiGe heterojunction solar cells

We now study the impact of Ge content on the characteistic s of a Sk.xGex solar cells. Heterojunction
Si.xGex solar cells have been already studied in literature using conventional epitaxial growths. A
non-exhaustive list of Si.xGe« heterojunctions is presented in The solar cell
performances, as well as their Ge content andtheir thicknessesare specified. The record solar cell is
held for a thick SiGe absorber of 15 um, with 10% of Ge by Saiat al.'®® It was grown by RP-CVD at
750 °C and revealed an efficiency of 10.3 % with a Yc of 559 mV, and a Jsc of 24.2 Alcm2. For
thinner crystalline absorbers, Oshima et al.'” reported a 1.8 % efficient Sbs1Gey.49 solar cell of 3 pm
grown by MBE. 2.9% was achiewed by Li et al.**°for a 2 pm heterojunction solar cell with 82 % of Ge,
and 4.3 % was achieved by Hadiet al.'*"'** Microcrystalline results are taken from the following
references : Matsui et al.'*®, Caoet al.™**, and Huang et al."*> Works in LPICM have already shown a
6.1 % efficiency Si7sGen27 heterojuncti on solar cell”*, grown by RF-PECVD at 175°C, for a 1.9 um
thick absorber in the Arcam reactor. The Voc obtained was 413 mV, for a kcof 18.8 mA/cm2and a
high FF of 77.5 %.

For a fixed layer thickness, the main effects of additioning Ge into Si are expected to be: 1) an
enhanced Jc, due to ahigher absorption coefficient of Sii.xGecwhen x increases, and 2) a lower \4c,
due to the diminution of the bandgap with increasing Ge content. The results from Oshima et al.’*®
reported in the table are consistent with this. However, their solar cells exhibit a strong reduction in
FF that they attribute to an un -optimized processing temperature, adding point defects during the
growth of their layers. PC1D simulations of SiGe heterojunctions with our device structure * are
presented in[Figure 2.26] For different Ge content, the Jscas a function of thickness is presented. It
shows that for x> 10% there is a gain in Jsc as compared with a pure Si heterojunction. The EQE
shows that most of the gain in Jscis due to a better absorption in the high wavelength range. Thus,
for our solar cells with increasing Ge content and a fixed thickness around 1 um, we would expect an
increase in Jsc with %Ge, and a higher absorption at high wavelengths. The \&c should decrease,
following the decrease in bandgap.

Figure 226 - Ideal $cas a function of SiGe thickness for various Ge comntdy) PC1D model of EQE variation with C
content for a (p++)€eSi/epi-SiGe/na-Si:H solar cell. From Cariou thesis p155.
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Figure 227 - Review of single SiGe heterojunction solar cells from literature. Pure Si cells arered, and the most
comparable cells in terms of absorber thickness and Ge content are in green.

The same heterojunction structures as presented before are fabricated from our SiGe epitaxial

layers: (p++)c-Si  wafer/epi-Sio73Geyo7/a-Si:H/(n)a -Si:H/u -SiO«. We  will compare their

characteristics to these of pure silicon equivalent devices. The epitaxial layers that had been

presented in 11.2.5 and 6 (Si.xGe absorbers with x=7, 13.8, 25.8 and 32.5) have then been dipped
into HF before depositing the amorphous stack. The J-V characteristics of SiGe solar cells as
compared with the previous Si solar cell are gathered in[Figure 2.28] along with their measured

characteristics. The thickness of each absorber is reported. We also calculated the difference
between the theoretical bandgap of the layer and the measured V¢, as an indication of

recombination losses.
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Figure 228 - a) 3V characteristics at lowwemperature and b) external quantum efficiency of all the solar cel
processed afte various annealing temperatures, c) sunary of the material and cell parameters obtained

Looking at the Jsc, we see thatthat of Sige3Ge o7 cell is slightly lower than that of pure Si. This is
consistent with the simulations, in addition to the fact that the Si is slightly thicker than the others
(1.5 um), consequently enhancing the kc Then, the Jscincreases with the Ge content, until x = 25.8
%. The sample with 32% of Ge was relaxed, leading to a lower crystallinity of the SiGe layer. Thus, its
absorption may be lower than that of a strained layer, explaining its rather low J sc

As expected, we find a slight decrease in ¥c with increasing %Ge. However the decrease in \c is
more significant than that of the bandgap, as deduced from the difference Bandgap-Voc. Especially
for the 25.6 and 32 % layers, the Voc has strongly dropped. The layer containing 32.5% of Ge is
partly relaxed, thus inducing defects that increase the recombination in the layer.

The more Ge we add, the lower theshort wavelength EQE, suggesting that thecollection at the
surface is lower. By looking at the SEM images of the SiGe layedisplayed in[Figure 2.29] we actually
notice another phenomenon: while SiGep o7 and SiGe 13 exhibit a flat surface and an homogeneous
layer, the surface of SiGess is covered by islands. By looking at the crosssection, we realize that
these islands result from the growth of a material with different density in the shape of a cone. This
behavior has already been observed in the case of a pure crystalline Si grown by PEVD®® with non -
optimized growth parameters. Those cones were amorphous silicon cones, responsible for the
epitaxy breakdown of a layer. An amorphous layer is initiated in the layer, and keeps on propagating
during the growth. Thus, our SiGeas g layer contains lots of cones that are made of amorphows SiGe.
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The presence of these cones can be responsible for e increase in shunt resistance observed on
the J-V curves (thus a lower FF), as the cones can balternative pathways for current to flow , 2) the

lower Voc because the islands prevent from a &arp interface with a-Si:H emitter and from a good

front contact passivation.

By comparing our result with the se from literature gathered in we can observe that our
Voc for Si heterojunction without Ge (0.57 eV) is higher than that of other heterojunction s reported

(Cariou, Oshima, highlighted in red). The Jscof our pure Si solar cell is higher than that of an MBE

grown Si absorber of 3 um while ours is only 1.5 um thick, leading to a record efficiency of 1.5 uym Si
of 6.7 %, which is also better than previously achieved in the lab (Cariou et. al*). For our SiGe solar
cells, we cannot compare directly the one with 7% and 13.6 % of Ge. But we notice that the SiGes

has performances below thesereported in literatures (highlighted in green), mainly due to our lower

Voc.

Figure 229 -SEM images of a)b) the crasection and surface of SiGg; c)d)e) the crossection for x = 7%, 13.5%
and 32.5%.

In order to have a better insight in this strong V oc reduction, we varied the thickness of SiGess
absorber from 500 nm to 1.7 um. We already observed from XRD that the best material quality was
observed for 500 nm. Also, at 900 nm, amorphous cones were visible in the layer by SEM. The
thicker layer appears to be relaxed. TheJ-V curves and characteristics of the different cells with
various absorber thicknesses are displayed ifFigure 2.30]a and ¢ (Black, purple and pink curves). It
appears that the best solar cell is the thinner one, which has an efficiency of 4.7 %. The \c of 0.43 V
is actually way more satisfying, and is comparable to that of literature (green lines in It
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may be explained by the fact that thereare no defective cones in the thinner layers that would higher
the shunt resistance, and lower the quality of the epi-SiGe/a-Si:H interface. The cell with higher
thickness (1.7 um) has very bad solar cell charactdstics. Not only the Voc and FF are low, but also
the Jscis almost divided by 2 (only 8.35 A/cm 2). This is not only explained by the relaxation of the
layer. The EQE in[Figure 2.30]b. confirms this huge drop in Jsc There is almost no collection
anymore at short wavelengths. It actually shows that the conditions that are used to grow SiGeys are
not optimized in order to grow thick SiGe layers.

We thus propose to change the growthtemperature, aiming at finding better growth conditions for
the realization of SiGe layers,with a thickness around 900 nm: while all the SiGe absorbers studied
up to now were performed at 175 °C, we studied the effect of a growth at 150 °C and 200 °C. Material
characterizations from Part 11.2.4. showed that the growth at 150 °C leads to a relaxed layer with
higher Ge content. The 200 °C grown layer has a shrink on Ge content (only 23.7 %) but exhibits a
higher XRD peak intensity. The resulting J-V curves (blue, purples and red in[Figure 2.30]a) show
that the layer grown at 200 °C exhibits the best electrical properties. The Voc reaches 0.4 V, and 4.6
% of conversion efficiency is measured, exceeding the efficiency of the comparable cell from Hadiet
al.'® The Jsc of this layer is 1 mA/cm? above those grown at lower temperatures. This is not
negligible, considering that the Ge content is lower (thus its Jsc should be lower). It shows that the
quality of the epitaxial layer is highly increased when grown at 200 °C. However, both Voc and FF
are still slightly lower than those of the thinner (500 nm) layer grown at 175 °G suggesting that
there is still needs for improvement in the growth conditions for thick Si 1.xGe layers.

To conclude, we showed here that we still do not have the optimal growth conditions for growing
thick Si..xGec at high Ge content. While SiGey; and SiGess cells show acceptable structural and
electrical properties, SiGexss is good for 500 nm thick absorber, but has strongly degraded
performances for higher thicknesses, due to the apparition of amorphous cones and the relaxation of
the layer. We showed that performing the growth at 200 °C can improve the crystalline quality, and
also its solar cell performances. From now on, in order to optimize the growth conditions of Si 1..Ge;,
we must play on the growth temperature, whose optimum seems to be higher than 175 °C. One this
optimum temperature found, we could gain in quality by playing on the two other tunable
parameters that had been kept constant: RF power and pressure. Those parameters had been
optimized for the growth of pure c-Si, but the optimum may be different for the growth of SiGe.
Further experiments need thus to be performed on SiGe growth in order to be able to grow layers
with thicknesses above 5 um
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Figue 2.30- a) JV characteristics at lowtemperature and b) external quantum efficiency of all the solar cells process
after various annealing temperatures, c) sunary of the parameters obtained
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lI.4. Conclusion and perspectives

To conclude on the results on epiSi layers, we actually have avery good heterojunction solar cell
with 1.5 pm of epi-Si that has been annealed at 200 °C. We reached 7% of conversion efficiency,
which is better than the previous results obtained in the lab for similar device structure and epi -
thickness> mainly thanks to a higher Voc value (0.57 V). It shows the high potential of such material
for the integration into a more complex device. The increase in epitaxial layer thickness led to an
improvement of the efficiency, but we face a higherrecombination that lowers the V oc. The study of
the effect of an annealing on the solar cell properties led to the conclusion that the epitaxial layer
should not undergo an annealing at a temperature above its deposition temperature, otherwise the
hydrogen may stop passivating the defects, and create blistering at theinterface with the substrate.

Introducing Ge into the layer has shown an increase in Jscand a decrease in \bc as compared with a
pure Si absorber. We showed that the more Ge is incorporated in our layer, the lower the growth
rate, which could be limiti ng as we aim at growing layers thicker than 5 um. The use of a less diluted
Ge gas cylinder could help tackling this issue. We also found that the growth at 175 °C in Octopus
with fixed pressure (2 mbar) and RF power (50 W) may not be the optimum growth co nditions for
Si.xGec layers. Indeed, if thin layers have good structural properties and lead to conversion
efficiencies up to 6.1 %, our solar cells with Si.xGe layers still have a lower efficiency than with c-Si
absorber. We faced issus by trying to grow thicker layers, due to the relaxation of the strain in SiGe,
but also to the apparition of epitaxy breakdown. A path worth exploring would be to grow SiGe at
higher temperature; we indeed showed that an absorber grown at 200 °C led to an increase in
mostly Voc, but also in Jscand FF, as compared with the same grown at 175 °C.

This chapter was dedicated to the growth of Si and SiGe on top of a (100) Si substrate by low
temperature PECVD. We proved the good properties of these materials by fabricating Si(Ge)
heterojunction solar cells, and proposed some paths towards the growth of better Si(Ge) layers with
higher thicknesses. However, these results are satisfying enough to move to the next step: trying to
grow crystalline c-Si and ¢SiGe on top of a GaAssubstrate and on top of a full epitaxially grown
Al Gauw.xAs solar cell. The next chapter will be dedicated tothe heteroepitaxy by PECVD of Si on GaAs
substrates.

68



Chapter

I11. PECVD heteroepitaxy of Si on GaAs

PECVD heteroepitaxy of
Si on GaAs

Content

[I11.1. GrOWEh OF ST ON GAAS ......cuviuiiiiiiiiiieiieiieie ettt en e eeeeenne 70
HI.1.1. SUDSLrate CIEANING.........uiiiiiiiiiiie e e e e e e e e et s e e e e e e e e e e e e e e e e naa e e e eeeaeas 70
[1.1.2. Si heteroepitaXy ON GaAAS .....uuueieei i it e ettt s e e e e e e e e e e e e e e e e e e e aararra s 71

[I11.2. Growth of Si on GaAs: study of the early Stages............c..ccoveiieoiiiiiicoiiiiececeecces 72
[11.2.1. Grazing Incidence X-ray DifffaClion ...........ccoooiiiiiiiiiiiiiiiii e 73
[11.2.2. The role Of NYAIOGEN .....cooiiiii e e e e e e e e e e e e aeeeeaaeas 76
[11.2.3. Effect of thermal expansion MISMAICN ...........ccuuiiiiiiiiii e 77|
[11.2.4. Discus sion on growth MEeChanISMS ........coeeiiiiii i e 80
[11.2.5. ConCluSIONS and PEISPECLIVES .......coiiiiiieieiiiiie i ee e e et e e e e e e e eereeeesbr b e eeeeas 81

[111.3. Effect of PECVD 0N dOPEU GAAS..........cciiuiiiiiiiiiiiiiaieeieteieteietetaeaitat ettt 82
1 700 Y/ T 1 1A= (o] PP 82
111.3.2. Doping level profiling: ECV MeaSUrEMENLS ............oooiiiiiiiiiiiiiiieeeeee e 83
[11.3.3. D oped GaAs exposed t0 H PlasSMa:.........ccuiiiiiiiiiiii et 84

[T, 4. CONCIUSION ...t 87

69



Chapter 3

In the previous chapter, we have presented the epitaxial growth of Si and SiGe on Si substrates, red
assessed their crystalline and electrical quality. This chapter is dedicated to the integration of Si
material with GaAs and their mutual effect on each other. We will introduce the heteroepitaxial

growth of Si on GaAs, and use XRD and GIXRD to assesshie structural properties of the Si layer
grown on GaAs, aiming at understanding the first stages of PECVD growth. Then, in order to
anticipate the integration of our process in the fabrication of a tandem solar cell, we will study the

effect of PECVD on the doping properties of the GaAs material.

[11.1. Growth of Si on GaAs

7KH OLWHUDWXUH DERXW WKH JURZWK RI 6L RQ *D$V LV TXLWH
mentioned the growth of crystalline Si on top of GaAs by Molecular Beam Epitaxy (MBE)117118,
However, they all report the growth of only a few Si monolayers. Actually, they found that the
critical thickness of Si on GaAs is of the order of 1.5 nm, and grew Si below this critical thickness,
mainly to form a contact layer on GaAs. Also, some Si/GaAs supperlattices have been sucasfully
grown119120, |n 1985, Zalm et al.12'tried to grow thicker Si (up to 500 nm) and showed that for MBE
with a growth temperature below 400 °C, the deposited films are amorphous, even after further
annealing at 600°C. They report the existence of a surface exchange between Ga and As atoms with
the arriving Si adatoms. Moreover, when the growth occurs at 600 °C, there is an important doping
of the Si layer by Ga and As atoms. The latticemismatch induced strain is accommodated by
disorder at the very interface, where the dislocations are located. However, since then, no study on
bulk Si can be found. Recently at LPICM, the first proof of monocrystalline silicon growth on top of
GaAs has been shown. It is extensively described in the paper from Cariouet al.122 We present here
some of the key parameters needed to obtain epitaxial growth of Si on GaAs by PECVD, that will be
taken into account in the realization of the layers presented in this chapter.

[11.1.1. Substrate cleaning

The first critical step to grow crystalline Si on GaAs is the GaAs substrate cleaning. In MOCVD, the
GaAs oxide is thermally removed during the process taking place around 68 °C. Our low process
temperature does not allow for such oxide removal. Literature reports some possible surface
preparation by annealing at 600 °C in hydrogen123, Also, native oxide can be chemically etched, but
it requires various steps into several chemical solutions 124125 Moreover the exposure to air between
the chemical cleaning and the loading into the reactor would not give a stable passivated surface.
Thus, etching the native oxide by an in-situ SiF4 plasma has been investigated. By modifying the
power, and especially the etching time, it was possible to successfully remove the GaAs oxide. As for
Si substrate cleaning (Chapter II.2.1.(p.), GaAs cleaning is made in 3 steps: at 175 °C, 30 sccm of
SiF4 are introduced in the reactor with a pressure of 90 mTorr with two steps: about 4 minutes with
35 W, and then to smooth the surface, a 2 minutes at lower RF power (10 W). Finaly, a 30 s step of
H, plasma is added in order to remove the possible fluorine present at the growth surface and
produce a better H-terminated surface. Not surprisingly, this step of SiF 4 plasma cleaning induces a
certain roughness on the substrate.
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For example, AFM measurements on the surface of an epitaxial GaAs layer grown by MOVPE are
shown in[Figure 3.1]before and after etching under the conditions given above. While the RMS (root

mean square) was of 0.24 nm before etching,and we could distinguish the typical steps of MOVPE

growth, after etching, the RMS increased to 0.4 nm and some spots with a height up to 5.8 nm can

be distinguished. Note that this cleaning process leaves a surface under a state far from the ideal one
used in a standard epitaxy.

Figure 31 - AFM images of the surface of the epitaxial GaAs layer before and after plasma cleaning u
optimized processonditions for Si heteroepitaxy

[11.1.2. Si heteroepitaxy on GaAs

As for the growth of Si on Si substrates, the silane/hydrogen dilution is a key parameter to obtain
crystalline Si on GaAs. By varying the SiH, flow rate with fixed H » flow rate (similarly to
of chapter Il), we found that the epitaxy window is smaller than on Si substrates. In the Octopus
reactor, it was found that the SiH4 flow rate can be varied from 15 to 40 sccm on Si substrate. The
same experiments on GaAssubstrates showed that the Si grown is crystalline only for SiH4 flow rate
ranging from 20 to 30 sccm, and 35 sccm leads to a fully amorphous layer.

shows the TEM analysis of a Si film grown on GaAs by PECVD. Detaild analysis of the
crystal quality can be found in Cariou et al.122 The sample consists of a 650 nm thick Si layer on top
of a GaAs wafer. The whole layer is visible ifiFigure 3.2]b. No threading dislocation is observable on
the image, despite the 4% lattice mismatch between the two materials. The defects must thus be
mainly misfits dislocations located at the interface. Moreover, a HRTEM analysis of the interface

shows an excellent atomic order in the epi-Si, and a very sharp interface. The weltldefined spots in

the electron diffraction patt ern in|Figure 3.2|c. indicate a fully mono-crystalline layer. Zooms on the
{004} and {440} planes (in |Figure 3.2|d. and e.) reveal two distinct spots, corresponding to both

GaAs and Si contributions, and indicating that the Si grown on GaAs is relaxed. Thus, it has been
shown that it is possible to grow thick Si layers on GaAs substrates, which is fully relaxed, and
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present no threading dislocations despite the 4 % lattice-mismatch. We will try in the next section to
understand how this growth can happen with so few dislocations, by studying the early stages of the
growth with X -ray diffraction.

Figure 32 - a) Crosssection HRTEMnrage of epiSi/GaAs interfaceb) Low magnification cross section picture of
6500m thick epiSi layer on GaA<) Diffraction pattern of PECVD eBi/GaAs interface: the double points visible
for each reflection (see zooms (d,e)) are the signature of both Si and GaAs latfces) Cariolet al®

[11.2. Growth of Si on GaAs: study of the early stages

In this study, we focus on the very first stages of the growth of Si on GaAs, in order to assess its
structural properties, relaxation, and stress in the lattice. In this way, we hope to better understand
how PECVD epitaxial growth can happen at such low temperature, and what are the growth
mechanisms involved. To do so, we studied Si layers grown on GaAs substrates with thicknesses
ranging from 7 nm to 1 um, and systematically measured the in-plane and out-of-plane lattice
parameters of the grown Si. The very thin layers cannot be easily characterized in our &boratory
diffractometer. Indeed, the diffracted volume is too small as compared to the substrate contribution,
and also our incident X-Ray flux is too low. Thus, we applied for a synchrotron beam shift at Soleil,
to have a flux high enough to determine the Bragg angles of the {004} diffraction planes. Also, with
their diffractometer (DiffAbs), we will be able to probe the {220} planes that give accurate
measurement of the in-plane parameter.
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[11.2.1. Grazing Incidence X -ray Diffraction

For the followi ng experiments, the beamline DiffAbs from SOLEIL synchrotron was used2, It is
dedicated to the study of the structural properties of a wide variety of materials. It offers the
possibility of doing X -ray diffraction combined with an oven that enables in -situ annealing. This line
uses radiation from a bending magnet, and a monochromatic beam of X-Rays can be chosen in the
spectral range from 3 to 23 keV. In our case we use®.5 eV. The experimental station consists of a
six-circle diffractometer. Four circles are used to orient the sample, and two circles are used for XRD
measurements in the vertical and horizontal plane.

The geometry of this diffractometer enables not only to probe the {004} planes in high angle Z2T
configuration, as already presented in Chapter 2, but alsoin 2 T ¥in-plane configuration
a.&c show the planes probed in a Z2 Tscan, and one of the scans performed with synchrdron
beam. The measured intensity is considerably higher (10 counts) than in our laboratory
diffractometer (<10 ¢ counts). Thus, there is enough flux to be able to detect the signal due to the
diffraction of the epitaxial layer, whose intensity is low as compared to that of the substrate. A

Figure 33 - Schematics of a sample and the plangbed in a) aZ2 Tconfiguration b) GIXRD configuration. ahd
d) corresponding scans c&100 rm thick eptSi sample on GaAs.
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second geometry could be used: Grazing Incidence XRay Diffraction (GIXRD). In this
configuration, performing 2 T nscansenablesto probe the {220} planes, which are perpendicular to
the (100) surface, giving information on the in -plane lattice parameters a, , as schema
[3-3]b. We consider that the parameter along both x and y directions are identical. [Figure 3.3|d.
shows a {220} scan. We observe that the layer peak intensity is now almost comparable to that of

the substrate. Actually, in this configuration, as it is at grazing incidence (0.2°), the beam probes a
high volume of diffracting planes, and does not penetrate that much in the substrate.

To perform this study, a batch of samples has been grown in ARCAM reactor on GaAs layers
previously grown by MOVPE. In order to have a better insight on what happens at the interface, in
the early stages of the growth, we started with a 7 nm layer. Then, layers with increasing thicknesses
were grown: 12 nm, 20 nm, 43 nm, 53 nm, 100 nm and 1 pm.

The {004} and {220} scans (i.e. out -of-plane and in-plane respectively) presented in|Figure 3.3|c
and d. correspond to a 100 nm epi layer on GaAs. We can distinguish two peaks: the sharper on the

left is that of the GaAs substrate, and on the right, the wider peak with lower intensity corres ponds

to the epi-layer. The fact that in the {220} scan, two distinct peaks can be seen means that the layer
is not strained by the substrate. Each material has its own in-plane parameter a,. In a strained

configuration, the epitaxial layer takes the a, value of the underlying substrate as shown in
b. When the substrate lattice constant is higher than that of the epitaxial layer (which is the case
for GaAs substrate compared to epiSi), the strain should be tensile, and a' should decrease. As
GIXRD scan shows that we are not in the strained case, the epiSi should be in the relaxed state
shown|Figure 3.4|a, meaning that the Si is cubic with its own bulk lattice parameter aosi.

Figure 34 - Schematics of an heteroepitaxy in case of a larger substrate lattice constam that of theepi-layer in
the a) relaxed configuration, b) strained configuration (tensile straia) shematics ofour epSi/GaAs according to
the lattice parameters deduced from XRD measurements

From both Z2Tand 2 T@Mscans, we use the following equations to determine the inplane
parameter a; and the out-of-plane parameter a- :
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Where 35664is the diffraction angle of the {220} planes (in the grazing incidence configuration) and
a**®the diffraction angle of {004} planes. Considering that the substrate lattice parameter a o,caas IS
unchanged, & and a' can be deduced from the following equations:
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We do not show all the scans here, but for each sample, the scans were similar to the or|€igure |
3.3|c and d. The thinner is the layer, the broader is the epitaxial peak. Even for our 7 nm layer, a
peak on the right of the substrate peak could be distinguished in the in-plane configuration,
meaning that the layer is relaxed even for this ultra-thin layer. For each sample, we calculated the a

and a' using|Eq 3.3,|and|Eq 3.4| The values as a function of the layer thickness are gathered in

|Figure 3.5|a.

The calculations of in-plane and out-of-plane lattice parameters revealed the following behavior:
first, we can notice that for each sample, a is higher than a, . As an indication, the theoretical lattice
parameter of bulk Si is drawn in gray. The precision on a; is around r0.004 A, while the precision
on a' varies with the film thickness. The values obtained for the 7 nm thick layer present such high
error bars that we preferred not to include it in [Figure 3.5]a. The FWHM of its peak is very high due
to its very low thickness, however, the center of its large peak leads to the same trend than the
presented result: not only a- is really higher than the theoretical value, but also a; happens to be
lower than the theoretical one. Thus the Si has a tetragonal lattice. A schematic of the atom
dispositions as deduced from the HRXRD measurements is shown in[Figure 3.4]c: the Si lattice is
not tensile strained by the GaAs lattice. On the contrary, it is compressively strained.

Figure 35 - a) evolution ofthe in-plane (g ) and outof-plane (a ) lattice parameters as a function of the layer thicknes:
b) elastic deformation as a function of the layer thickness.
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The deformations of the lattice are also calculated from the following equations:

=2 F Sa@au =k = gau

t|@€1l'b-—=4—l £q 35, t: @atlt—:4 Eq3.6
By using the theoretical ay of Si (a = 5.4307 A), the in-plane and out-of-plane elastic stain Hhas
been calculated for each sample and is plotted ifFigure 3.5]b. The in-plane deformation is rather
independent of the epitaxial layer th ickness, with a value around-0.3 %. Let us note that the 42 nm
layer was grown ona GaAslayer highly doped with carbon, which was compressively strained, while
all other samples are gown on intrinsic epi-GaAs. It could explain the slight discrepancy in the a;
value for this sample. On the other hand, the out-of-plane deformation is very high for the th inner
epi-layers, (higher than +1.4 % when the layer thickness is below 20 nm), and stabilizes for thicker
layers around a (still high) value of +0.6 %.

Thus, two main phenomena are observed: 1) the outof-plane parameter a' is really higher than the

theoretical one (0.6 %), and even higher for layers below 50 nm (~1.5%). 2) The inplane parameter
ay is smaller than that of bulk Si, with a deformation of -0.3%. These behaviors cannot be explained
by the standard strain considerations in heteroepitaxy. We will try to explain both of these

phenomena in the following discussion.

[11.2. 2. The role of hydrogen

The higher a' is a phenomenon that we have already observed in Chapterll.2.2 .(p when we
grew epi-Si on a Si substrate. The XRD peak was slightly shifted to the left as compared with that of
the substrate. The corresponding lattice parameter of the 1 um thick layer was calculated to be
5.4434 A (Figure 2.11h.). Actually, it seems to be inherent to the growth technique. Literature on

PECVD epitaxy on Si substrates using SiH/H > mixtures has already reported the importance of
hydrogen in the strain on a-, that leads to a slightly higher a' than that of the Si substrate!?’. For
example, Shahrjerdi et al.8” studied by Z2 Tscan the influence of the hydrogen content on the peak
position of their epi-Si grown by low temperature PECVD. They realized that the higher the H
content, the more the peak shifts towards low angles, meaning a higher a than that of the

substrate. Abeet al'28, also reported a similar behavior in the a -+, and calculated the lattice distortion

expected as a function of the H amount in the lattice. However, in all of these papers, the {224} RSM
revealed a strained layer, meaning an a identical to that of the substrate.

To confirm the role of hydrogen on the out-of-plane distortion, SIMS analyses have been performed
on one epi-Si layer grown on GaAs. The quantity of hydrogen measured in our layers is presented in
It confirms that the amount of hydrogen is high throug hout the full layer, (around 2 x102!
at/cm3). Also, interestingly, we notice that this amount is even higher over the first tens of
nanometers after the interface with the substrate (it reaches 4x10?! at/cm 3). This could explain why
our layers with thicknes ses below 50 nm exhibit a more important strain than that of thicker ones.
As XRD analysis probes the full volume, what happens in the first 50 nanometers of a thick layer is
hidden in the FWHM of the peak.
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Figure 36 - SIMS analysis of a 150 nthick epiSi layer on GaAs
Thus, we found a strong correlation between the strain that increases the out-of-plane parameter
and the high quantity of hydrogen in our layers, in accordance with what has already been reported
in literature on PECVD epitaxy on Si substrates. The first nanometers close to the interface exhibit a
higher concentration of hydrogen, which is consistent with the fact that the measured deformation
is even higher for thin layers.

[11.2.3. Effect of thermal expansion mismatch

Let us now focus on the in-plane parameter a;, which appears smaller than expeced. In order to

verify that our a; is indeed lower than that of the bulk Si, and not due to any measurement error or

artifact, we performed a {224} RSM on a 1 pm thick layer in our Bruker diffractometer. The

mapping is shown([Figure 3.7h. As an indication, we drew the lines alongwhich our epitaxial layer is

expected to stand in case of a strained Si (yellow arrow) and a relaxed Si (orange arrow).
Surprisingly , the position of the epitaxial film corresponds to none of these configurations. This
RSM confirms what have been observed by GIXRD measurements: the a, is smaller than that of

the substrate and the Si is in compressive strain (as already illustrated inFigure 3.4|c.).

Contrary to the out-of-plane deformation case, we do not think that hydrogen is responsible for such
in-plane deformation of the lattice. First, no obvious correlation was found between the hydrogen
content and the &, deformation. Indeed, as seen in[Figure 3.5] the deformation of a, is always
roughly the same, even for the thinner epi-layers that contains more hydrogen (except for the 42 nm
layer that was deposited on top of carbon doped GaAs instead of intrinsic GaAs) Second, if H had a
role in this lattic e deformation, we would have observed the same type of behavior in the RSM of
Chapter 2 when growing epi-Si under similar plasma conditions, on top of Si substrates.

Thus, we must consider another source of strain, which was not present in Chapter 2: the GaAs
substrate. Two main substrate-induced strains that can affect the a; of an epitaxial layer: the lattice
parameter mismatch, and the thermal expansion mismatch. The lattice-mismatch induced strain
should be tensile. {224} RSM and in-plane scans haveboth shown that the layer is not strained by
the GaAs substrate.

We should thus consider the thermal expansion mismatch of our materials. When a material is
alone, the lattice parameter evolution with temperature is defined by |Eq 3.7
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where a; (T) is the in-plane parameter at a considered temperature, a;(To) at a reference
temperature, and . is the thermal expansion coefficient (CTE) of the material. This coefficient is
also dependenton temperature, but in the considered range, we will assume that it is constant. GaAs
DQG 6L KDYH D GLHEHYH@WVIORKY DQ&=2.6x10% KL The thermal expansion
coefficients and bulk lattice parameters of Si and GaAs are gathered iffTable 3.1|

Table3.1: Theoretical bulk lattice parameter and thermal expansion coefficient of GaAs and Si

@300 K GaAs Si
a bulk (A) 5.6532 5.4307
(K-1) 5.76x106 2.7x10°6

In the case of an heteroepitaxy, the grown layer follows the substrate thermal expansion coefficient,
even if the layer is relaxed2%130 thus thermal expansion strain is compressive To verify if the epi-
layer indeed follows the substrate expansion, we performed in-situ grazing incidence XRD

Figure 37 - a) {224} reciprocal space mapping of a effi/GaAs sample, b) evolution of the lattiggarameter of an epi
Si while performing an annealing up to 400 °C, c) Schematics of the lattice of a relaxed Si laygy oha GaAs during
growth, and after cooling down to room temperature, considering that Si follows GaAs thermal expansion coefficie
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measurements during heating from room temperature to 400 °C. The a; deduced from GI-XRD are
reported in [Figure 3.7]b (red stars). As an indication, we drew the lattice constant evolution as a
function of temperature in the case if epi-Si was following Si thermal expansion (black slope) and if
epi-Si follows GaAs thermal expansion (blue slope). As expected, the a of the epi-Si follows the
thermal expansion of the GaAs substrate. Thus, during the cooling from growth temperature, the
epi-Si has also followed the GaAs TCE. To illustrate this, aschematics of the deformations induced
by the cooling of a relaxed layer is representedFigure 3.7]c, in the case of @ustate > Alayer ANd . substrate
> .ayer. The a; of the epi-Si shrinks due to the high thermal expansion of GaAs. The thermal
deformation induced by the difference in thermal expansion between Si and GaAs is defined b

£}
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Eq3.8
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coefficient of the epitaxial layer, that we assume identical to that of bulk silicon. Here, we calculate
the deformation induced by the cooling down from growth t emperature (175°C) to room
temperature. This calculation leads to a thermoelastic deformation t450.05 %. Thus, the thermal
strain should slightly lower the in -plane lattice constant of the epi-Si layer. However, at such low
growth temperature (175°C), the expected deformation is of 0.05%, i.e. much smaller than the 0.3%

reported in|Figure 3.5|b.

Let us calculate the a that should have our heteroepitaxial layer grown at 175 °C on a GaAs
substrate after being cooled down to 25 °C. As schematized ifFigure 3.8|the lattice parameter at 175

°C of the Si deposited is 5.4328 %blue circle), calculated from

Sa00erS YWY L Sa00enpstw?% UisEUYyUAG L wvury:sEtaasr? Uswr Eq3.9
Lwwutzo

Then, when cooling down from 175 °C to room temperature by following the GaAs thermal
expansion coefficient, the Si epitaxial layer parameter should follow the slope given by the red
dashed line, i.e. Uy g ..t room temperature, a; si should have slightly shrunk to the following value:

=actwi% L 530:5y W% U:sE Ugo A L Wvutz2:sFwyxisr’ UswrL wavtzs% Eq3.10

However, this value is still higher than the experimental one (as , epi-si = 5.4195 %or the 20 nm -thick
layer, blue star in[Figure 3.8). To explain this discrepancy, we can assume the following hypothesis:
locally, the crystallization temperature of Si on GaAs is not that of the chamber (175°C), but a higher
temperature. By resolving the following system of equations, we can deduce the supposed
temperature at which our epi-Si was actually crystallized on GaAs, and then cooled down:

SauoenkaaesOl Faooerptwi®% U:is EUyUAS; Eq3.11

J N < o
SoaiigeanalacdWOH L SauoerkbiaasgoUisF Uigod A6 Eq3.12
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We calculate A 6L 672 °C, thus Tgown | 700 °C. This temperature can easily be distinguished on
it corresponds to the intersection of the curve of theoretical ao si at a temperature T, and
the curve of experimental as; following U g..slope. Note that this calculation contains many
approximations: 1) we assume that the GaAs lattice itself is not affected by the epitaxial layer, 2) we
have an uncertainty on the experimental measurements of the lattice parameters (r0.004 % 3) we
considered that the thermal expansion coefficients were constant with temperature, and 4) we used
the theoretical bulk Si CTE for our epi-Si. Literature gives no insight on the thermal expansion
coefficient of hydrogenated ¢Si. However, it has been shown in aSi:H and p-Si:H that the thermal
expansion coefficient also slightly depends on the hydrogen content 131132, The higher the hydrogen
content, the lower isthe . W K X V-SRB daynot rigorously follow the black line.

Thus, we believe that the reduction of & is due to thermal strain induced by the substrate. This
reduction is so important that it may have been induced by a cooling down from a higher
temperature than the nominal one (175 °C).

Figure 38 - Evolution of a// of a bulk Si as a function of temperature (black) and exigecevolution of a// of epi-
Si layer that follows the GaAs substrate expansion.

[11.2.4. Discussion on growth mechanisms

The mechanism of epitaxial growth of silicon by PECVD is not really understood yet. If TEM studies
of the first stages show an island-growth in the first nanometers 133, the question of how epitaxy can
happen at temperatures as low as 200 °Chas to be raised. The observations and interpretations that
we just showed may be the experimental proof that there are local annealing happening during the
PECVD growth, at temperatures high enough to ensure the crystallization of silicon, despite the
process conditions that are commonly used to grow amorphous or polycrystalline silicon.
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As hydrogen dilution plays an important role in the epitaxial quality, it is likely that hydrogen plays
also arole in the crystalline growth, including the fact that i t can etch the weak SiSi bonds that
would be responsible for an amorphous growth34, Also, hydrogen can provide a local annealing in
the grown layer that could help the silicon atom arrangement!3s. This phenomenon is called
SFKHPQFDQQHDOLQJ” FRQVLGHUV WKH FKHPLFDO UHDFWLRQV
dangling bonds or Si-H) is exothermic, and allows reorganization of the Si lattice 136, Thus hydrogen
may particip ate to the crystallization of Si in PECVD growth.

Also, in epitaxial conditions, the pressure regime used corresponds to a regime where there silicon
clusters and nanoparticles are produced in the plasma, as it has been proved by several experimental
studies®8133, One growth model has been proposed byRoca et al.137 It suggests that the deposition
leads to a crystalline material thanks to the contribution o f these crystallized nanoparticles in the
plasma. Ab initio molecular dynamics simulations made by Le. et al.138 showed that depending on
the size of these nanoparticles and the inpinging power, there can be alocal temperature elevation
between 1000 and 3000 K, when they reach the substrate. This local heat happens for a short time
in the range of the picosecond, followed by a rapid cooling down to the deposition tem perature (175
°C in our case).This high temperature elevation can lead to a phase transition of the clusters. Dinda
et al.139 showed by simulations that hydrogenated silicon clusters can melt at temperatures around
1000 K, and then recrystallize in the same direction as the substrate. The presence of theg
crystalline nanopatrticles has been experimentally proven in several ways8140, however their role in
the epitaxial deposition is not easy to determine experimentally. If we consider that this growth
mode is the one taking place duing the growth of our epi-Si on GaAs, then the lattice deformation
schematized in [Figure 3.7]c. is happening very locally (the size of the nanoparticles is around 1- 3
nanometers).

The ion bombardment of the plasma can also induce substrate heating'4% However, if a temperature
elevation was applied to the whole substrate during the deposition, and the substrate was cooled
down after plasma shut down, we would have observed the formation of threading dislocations in

the thick bulk layers due to the thermal mismatch. Thus, the suppositions of local heating at the
growth surface due to hydrogen chemical annealing and/or nanoparticles impact are consistent with

our bulks free of threading dislocations.

[11.2.5. Conclusions and perspectives

As a conclusion of this XRD and GI-XRD study of the out-of-plane and in-plane parameters of epiSi
grown by PECVD on GaAs, we can make the following observationsand interpretations : first, we
found that the out -of-plane lattice parameter (a') is more than 1% higher than that of the bulk Si
lattice parameter. It has been attributed to the presence of hydrogen. The more hydrogen is present
in the layer, the more strained is the epitaxial layer along the growth direction.

Second, we found thatthe epitaxial layer has a small &, even smaller than that of the Si bulk. Our
epi-Si is compressively strained. This behavior is apparently not due to the lattice mismatch between
GaAs and Si, neither to the presence of hydrogen. We can attribute this attice deformation to
thermal -strain. However, this strain is higher than expected at the nominal growth temperature

(175°C). With no other satisfactory hypothesis, it is reasonable to assume that the shrink in & is due
to thermal mismatch considering a local elevation of crystallization temperature.
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Further investigations are required in order to confirm this hypothesis. For example, trying to grow
epi-Si on other substrates with different thermal expansion coefficients and probing the resulting a
would help understanding if the key to the PECVD growth of Si is indeed a local temperature
elevation. Actually, previous work in the lab® showed the growth of Si on Ge. Ge has a thermal
expansion coefficient similar to that of GaAs (5.9 106 K-1). GIXRD measurements showed that the
epi-Si grown on top of the Ge epitaxial film also exhibits, as in our case, a small a (5.4257 A) and a
high a* (5.444 A). This behavior was not discussed at that time, but can be explained by the same
lattice -mismatch deformation due to a high temperature local annealing. Performing the same kind
of experiments with similar process conditions on a Ge substrate (and thus a fixed hydrogen
content) would help us have a better insight on the effect of the substrate For example, InP has a
high (8%) lattice -mismatch with Si, and a CTE lower than that of GaAs and Ge (the values® are
gathered in[Table 3.2). We could thus decorrelate the effects of lattice mismatch and thermal
mismatch. More accurate calculations, along with more systematic studies on several substrates
would help confirm that the a, deformation is linked to the thermal expansion coefficients, and
thus, that the epitaxial growth by PECVD happens thanks to a local annealing

Table3.2: Theoretical values of lattice parameter and thermal expansion coefficient for several bulk semductors

@300 K GaAs Si Ge InP
a () 5.6532 5.4307 5.658 5.8687
6 K-1) 5.76 2.7 5.9 4.6

Understanding the growth mechanisms of such an unusual epitaxy method is really important and
could help us understanding better how to achieve the best material for the desired applications.
Moreover, the fact that the grown Si is compressively strained could open the path towards strain
engineering, in order to modify the properties of our Si. While the bandgap is not notably impacted

by the strain in Sil42 literature reports an elevation in carrier mobility in case of tensile strained

Sil43144 Also, the hole mobility has been found to be increased in compressive strained Si45 which
could be beneficial for a solar cell absorber.

111.3. Effect of PECVD on doped GaAs

[11.3.1. Motivations

In the final tandem d evice, as introduced in Chapter|, the silicon will be grown on top of the tunnel
junction ([Figure 118). In our device, this tunnel junction will end up with a highly doped GaAs layer.
This high doping level (>2 x10%° cm-3) is required for the good functioning of the tunnel junctions, as

it will be developpedin Chapter IV. The process steps to deposit Si on top of GaAs include a step of
hydrogen plasma exposure (after in-situ cleaning). Also, the deposition happens in an environment
that is mainly composed of hydrogen. Thus, we may wonder if this hydrogen has an impact on the
GaAs layer. Indeed, literature from the eighties reports that a H, plasma can neutralize the dopants
in doped GaAs*6147 For example, Rahbi et al.1*8 studied the acceptor passivation in p-type GaAs
doped with different atoms: Zn, C, Si and Ge. They exposed their samples to a hydrogen plasma at
temperatures ranging from 150 °C to 300 °C for long durations (up to 8 hours) and found a strong
decrease in the dping level determined by Hall E ffect measurements. Their GaAs:C layers became
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highly resistive after plasma exposure, and hydrogen had diffused into the p-type GaAs layers until a

depth of 1 um to 3 um. In our device, the last layer will be a ~30 nm highly p -doped layer. Thus,

even if our doped GaAs layer is exposed to a H plasma in the PECVD chamber for much shorter

time and lower temperature than reported in literature, we need to verify if our plasma process does

not affect this important layer. To assess the impact of hydrogen on the doping level of GaAs, we
exposed some GaAs layers doped with several dopants (STe, C) to a H plasma for 30 seconds, and
studied their doping level by Electro-chemical Capacitance Voltage measurements, before focusing
on carbon-doped GaAs (ptype) which will be the un derlying layer in the tandem configuration.

[11.3.2. Doping level profiling: ECV measurements

We will first present this characterization technique which will be extensively used in the last part of
this chapter, but also in the next one, dealing with the development of GaAs doped layers for tunnel
junctions. Electrochemical Capacitance-Voltage measurements (ECV) allow performing an in-depth
profiling of the doping level. We present here its principle, and also its limitations. Contrary to SIMS
analysis (Secondary lon Mass Spectroscopy) that gives the atomic content of aspecie in alayer, ECV
is employed to measure the active carrier concentration profiles. Those techniques are often coupled
in order to have an idea of the doping efficiency (ratio between carrier concentration and dopant
atom concentration). ECV uses an electrolyte semiconductor Schottky contact, so as to create a
depletion region where there are no free carriers, but contains ionized donors and electrically active
defects or traps. This depletion region behaves like a capacitor. Thus, the measurement of the
capacitance provides information of the doping and electrically active defect densities. From this
capacitance measurement, the instrument deduces the doping level based on the following
eguation14e;
o ~ S Eq 3.13

VA AREE L'@ % 8

Between each capacitance measurement, an electrolytic etching of the 1}V semiconductor is
performed with a solution of Ammonium tartrate and an applied voltage. By controlling thi s voltage,
we can tune the etching rate, and thus the spatial resolution of the measurement. We were thus able
to have a very good resolution, enabling to distinguish the doping levels with a depth resolution
below 5 nm. The electrochemical cell is pictured in[Figure 3.9]a: the wafer is inserted in contact with
a seal from which the Ammonium tartrate is inserted.

oL

Figure 39 - a) Picture of the electrochemical cell used in ECV. Inset down right: picture of the seal that cont
the wafer surface hpDepth profile of a typical crater after etching
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However, it is worth mentioning that the deeper we etch and measure, the less reliable becomes
the measurement, especally if we want to probe an interface between two layers. Indeed, the
etching does not occur in a perfectly uniform way. Typically, after an etching of 1 pum, we find an
uncertainty of about 150 nm in the depth of the crater, as shown in[Figure 3.9]b. This uncertainty is
reduced if the etch rate is drastically decreased, but the measurement would thus require hours. It is
thus important, first to control manually all the etching parameters, and second, to be very critical
when it comes to interpreting the data from deep layers, especially deep interfaces.

Thus, ECV is a powerful technique to determine the doping levels in a semiconductor. We
use it not only to calibrate a single layer, but also to probe the doping levels in full p-n devices
(tunnel junctions). Note that, in this work, we could use this technigue only for Il -V materials. It is
also theoretically possible to perform some ECV measurements on silicon, but it would have
required another type of electrolytic cell with a nother etching solution (based on HF chemicals) that
was not available inthe IIl -V Lab.

111.3.3. Doped GaAs exposed to H plasma:

To examine the impact of the hydrogen plasma on doped GaAs several samples were fabricated on
(100) GaAs substrates using Metallorganic Vapor Phase Epitaxy (MOVPE). This technique will be
presented in the next chapter. For each sample, first a 500 nm thick intrinsic buffer layer was
grown, followed by a 500 nm thick doped layer. We grew GaAs layers doped with Si, Te (Rtype),
and C (p-type) with various p -doping levels ranging from 1.3x107to 1x102° cm-3. The 5 samples are

gathered in[Table 3.3

Table3.3 - List of samples grown with their dopants and dopingvkds

Sample A B C D E

Type p p p n n

Dopant Carbon Carbon Carbon Silicon Tellurium
Doping level (cm -3)  1x10%° 2x1018 1.3x10v 1.2x10% 2x101°

Those sampleswere exposed to very short (30 seconddor samples A, B and C, and 15 s for samples
D and E) hydrogen plasmas in our PECVD reactor under the standard conditions of Si epitaxy. To
characterize the doping level, ECV measurements were performed before and aftethydrogenation.
[Figure 3.10Ja. shows the resulting carrier concentration profiles after H , plasma exposure for
GaAs:C samples The dashed lines show the nominal doping profile in each sample[Figure 3.10]b)
and c) are the ECV profiling before and after plasma exposure for GaAs:Si and GaAs:Te.

On each sample, we notice a strong effect on the doping level at the surface: The doping level has
drastically decreased. The doping level in Samples A and Bdecreases by one order of magnitudeat
the surface, despite the two orders of magnitude difference in their nominal doping level. For
sample A, initially doped at 1x102° cm-3, the 30 seconds hydrogen plasma exposure affected about
20 nm of the layer, while for sample B, initially doped at 2x10 18 cm-3, the doping level was reduced
over a thicker layer (about 100 nm). The thickness over which dopants are neutralized seems to be
inversely dependent on the initial dopant concentration. The neutralization of the dopants is
attributed to the fact that atomic hydrogen diffuses extremely fast in the GaAs layer and forms
complexes with the dopants (here, carbon, thus forming dopant-H complexes) and thus deactivates
it. Actually, the shape of the doping profile and the depth of dopant neutralization are quite similar
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Figure 310- a) Carrier concentration profilesmeasured by EQ) three p-GaAs:Gamples with differentinitial
doping levels, after hydrogen plasma exposure. Dashed lines shownitrainal carrier concentrations of each
sample.b)c) Carrier concentration profilesbefore and after plasma exposure for b) GaAs:Si, ¢) GaAs:Te

to what Chevallier et al.147 observedin a n-type GaAs doped with silicon. If we look at Sample B, the
passivated depth is higher than that of Sample A that is more doped.

[Table 3.4] summarizes the obtained nominal carrier concentration of the layer and the values
measured at the surface of the GaAs after plasma exposure, whereN° is the nominal carrier
concentration, NH2 is the carrier concentration at the surface after plasma exposure andd is the
depth to which the carrier concentration is modified . In the case of sample C, which has the lowest
carbon concentration, the decrease indoping level is smaller but happens over the whole 500 nm

thick layer.
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Table3.4 - Doping levels and penetration depthfter H, plasma exposure.

Sample A Sample B Sample C Sample D Sample E
Dopant C C C Si Te
H > exposure 30s 30s 15s 15s 15s
N° (cm -3) 1x10%0 2x1018 1.3x10v 1.2x101° 2x1019
NH2 (cm -3) 1.5x10%° 1x107 8.5x1016 3x108 9.5x1018
d (nm) 20 100 500 15 10

These measurements indicate that the hydrogen plasma that we perform prior to the growth of Si on
GaAs affects the doping level of the underlying doped GaAs. This will have to be taken into account
in the realization of the final tandem device.

Further experiments were designed to find out whether the electrical activity of acceptors can be
restored by heat treatment. We focused on the layers dopedwith carbon at 1x102° cm-3, which
correspond to the layers that will be at the top during the pro cess of the Si subcell.Thus, sample A
has been annealed for 3 minutes at different temperatures from 250 °C to 400 °C after plasma
exposure and ECV measurements were performed after each annealing stepThe results of this

study are presentedin|Figure 3.11a.

Figure 311 -ECV profiling of GaA€ before H exposure, after H exposure andafter a) 3minutes annealingat
various temperatures, b) annealing at 250 °C for various durations

Full symbols represent the active carrier concentration of the sample before (black squares) and
after (blue circles) hydrogen plasma treatment. The samples have been annealed at various
temperatures for 3 minutes. We noti ce that the higher the annealing temperature is, the better the
doping level can be recovered. After a 250 °C annealing, a slight recovery of the carrier
concentration is observed in the first ten nanometers, but the dopant passivation extends over a
deeper region. This suggests that hydrogen has migrated from carbon atoms located close to the
surface to deeper carbon atoms into the bulk. Annealing at 300 °C shows a better recovery of the
doping level at the surface, which reaches 6x10° cm-3. After a 350 °C annealing, the doping level at
the surface is almost fully restored. The same study have been performed on sample B (not shown
here), and a complete recovery of carrier concentration was also obtained after heating at 350 °C
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Thus, we have shown that exmsing doped GaAs to a H plasma in our process conditions
deactivates the dopants of this layer, and we showed that an annealing at 350 °C hgds recovering
from this effect.

However, in our tandem integration, we have shown in Chapter 2 that annealing our epi-Si at
temperatures higher than 300 °C for 3 minutes degrades the quality of the epitaxial layer, and can
even create blistering at the interface between the epitaxial Si layer and the underlying one, which
induces recombination Thus, we must avoid at best annealing our tandem device at temperatures
higher than 250 °C.[Figure 3.11b. shows the same sample that have been annealed at 250 °C for
longer annealing time. 30 minutes of annealing does not change the doping profile as mmpared to a
3 mn RTA at 250°C. However, by annealing for a much longer time (5 hours), the doped GaAs pass
from a doping level at the surface increase from of 1.5x10%° to 5109 cm-3. Actually, as this long
annealing time roughly corresponds to the annealing that will be necessary for the bonding of the
tandem solar cell, as it will be presented in ChapterV.2.2. (p[134).

I1l. 4. Conclusion

In this chapter dedicated to the PECVD / GaAs integration, we first studied the heteroepitaxial
growth by PECVD of Si on GaAs. By following the structural properties of thin Si layers, we managed
to show that the grown Si is tetragonal. Its out-of-plane lattice parameter (a') is higher than that of
bulk Si, and this increase is linked with the hydrogen content in the layer. Also, its in-plane lattice
parameter (a;) is smaller than that of bulk Si. We attribute this to the strain induced by the thermal
mismatch between the GaAs substrate and the grown SiBut this behavior can be explainedonly if
the surface temperature of the substrate is locally much higher than the nominal temperature of 175
°C. This observation could actually help understanding the growth mechanisms of low-temperature
PECVD, by suggesting that there is a local heating & the growth surface. This route is worth
exploring, by performing systematic experiments on various substrates (Ge, InP) to get on better
insight on the behavior of the a; of our epitaxial layers.

We found that hydrogen also plays a role in the underlying GaAs layer. We found that an short
exposure to aH, plasma decreases by almost one order of magnitude the active doping level of
GaAs, whatever is the dopant atom(C, Te, Si). This behavior can berecovered after short annealing
at 350°C. It will have to be taken into account in the realization of the final tandem device.
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Chapter 4

The realization of the IMPETUS tandem solar cell in a 2-terminal monolithic approach
requires the development of the electrical connection between the two subcells: the tunnel junction
(TJ). Before incorporating it into the final device, it must be characterized as a separated device, in
order to assess its performances and its impact on the tandem device. An important part o this PhD
was dedicated to the study of these structures. In this chapter, we will first introduce the principle of
these highly doped p-n- junctions which allow the carrier flows to from one subcell to the other by
tunnel effect, and discuss our requirements. Then, we present the facilities used for fabricating Il -V
compounds: MOVPE, and the clean room facilities. We afterwards realize Ill -V tunnel junctions
grown by MOVPE, p and n doped with C and Si respectively, and show that the TJ performances are
limited by the low n-doping of GaAs. We will then present the use and development of another
dopant element: tellurium, in order to reach higher n -doping levels into GaAs and GalnP, and thus
to enhance the TJ performances. The growth conditions, using the tellurium precursor Diisopropyl
Telluride (DIPTe) will be studied, and the electrical measurements of the resulting TJ will be
presented. Finally, the path towards hybrid tunnel junctions will be explored.

IV.1. Introduction

IV.1.1. Tunnel junctions: princ iple

In a 2-terminal monolithic approach of tandem solar cells, the two sub -cells are connected by means
of tunnel junctions (TJ). Connecting directly two solar cells together would form a reverse pn
junction in between and thus create a huge voltage drop Therefore, to let the carriers flow from one
cell to the other, a highly doped pn junction is added, enabling carriers to flow by tunneling effect.
First tunnel diodes have been reported in 1957 by Leo Esaki®®. He received in 1973the Nobel Prize
in Physics for discovering the dectron tunneling effect used in these diodes. For such degenerated
semi-conductors, the conduction band electron states on the n-side are aligned with valence band
hole states on the pside.[Figure 4.1h. shows the typical |-V characteristics of a tunnel junction .
[Figure 4.1]a-g details the evolution of the band diagram as a function of the applied voltage. Under
reverse bias(b), filled states on the p-side are aligned with empty states on the nside and electrons
tunnel from n side to p side. At 0 V (a), the states are under thermodynamic equilibrium. In low bias
region (c), the J-V curve presents a resistor like shape due to bandto-band tunneling: electrons
tunnel through the very narrow p #n junction b arrier. Electron states in the conduction band on the
n-side are aligned with empty valence band hole states on the pside of the p-n junction. This
behavior is limited by a maximum current density J peax (d) reached for a given voltage \eax. The low
bias region is the most important one in multi -junction solar cells, since the TJ operates in this part
of the J-V characteristics.
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Figure 41 - Evolution of the band diagram of a tunnel junctions as a function of the applied Voltage (a to g),
correspording +V characteristics (h)
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The value of the voltage at J = Jc will determine the voltage drop during solar cell operation.

Consequently, the is lower redstivity, the better is the TJ for MJSC. As voltage increases further,
these states become increasingly misaligned(e) leading to a current drop. In this region, the
resistance is negativebecauseless carriers can tunnel with increasing voltage. At higher voltage we
reach the valley (f), and the diode begins to operate as a normal diode(g), where electrons travel by
conduction across the p#n junction, and no longer by tunneling through the p #n junction barrier.

Tunnel junctions are usually characterized by two

figures of merit pictured in the Jpea,

and the resistivity at low bias R. Jpeak should be as

high as possible, at least higher than the J of the

considered operating solar cell. For example, the

Jsc Of a tandem solar cell is expected to be around

21 mA/cm?2. Thus, the Jeak Of the tunnel junction

needs to be above 21 mA/cr if it operates under 1

sun illumination. For solar cells working under

concentration, this Jpeac must be higher: if we

consider a tandem solar cell working under 1000

suns, the Jeak minimum value would be 21 A/cm 2,

The resistance at low bias has to be as low as Figure 42- Typical  curve of a tunnel junction,
possible, so as to lower \(jpean, that will be the and main parameters
voltage drop in the solar cell.

In standard band-to-band tunneling, Jpeak follows the subsequentbehavior:

L s Eq4.1
. %U . Cues 8CGus6

300 'F——. :with y ST —

ag o 15 ¥Coguu t OQ)UG_QUGG>QUGG

E, is the bandgap of the semiconductor that constitutes the TJ. We see that the higher the doping
level in both sides of the tunnel junction, the higher the N ¢« and consequently the higher the Jpeax.
However, both sides must be more or less doped the same way. There is no need to highly increase
one side if the other one remains with a low value. It will be thus important to dope both n and p
sides as high as possible. Literaturé®>*? also mentions another mechanism that could be
responsible for Jpeax enhancement in TJ: trap-assisted tunneling (TAT). While growing
semiconductor devices, crystalline defects can be involuntarily added, thus creating deep levels
inside the bandgap. These trap levels can strongly modify thecharacteristics of the device.

From an optical point of view, the TJ should be as transparent as possible, not to absorb too much
photons that are aimed to be absorbed by theunderlying sub-cell. Thus, increasing the bandgap is
necessary. However, as see in Jpeak €XpONnentially decreases with E;. Consequently, a trade
off between the optical properties and the Jpeax Will have to be found.
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IV.1.2. Literature overview

Best tunnel junctions in Il -V materials for

photovoltaic applications *** show a Jea

record of 10 kA/cm?, as reported in[Table |

This result has been obtained for an

AlGaAs/GaAs TJ where AlGaAs was p

doped with carbon and GaAs n-doped with

tellurium. The voltage drop for a current

density equivalent to the operation of the

multi -junction solar cell up to 10 000 suns

is below 5 mV. This so high J,eak Cannot be

explained only by band-to-band tunneling.

The authors suspect the effect of trap

assisted tunneling. This paper also reveals fjgyre 43- Peak tunnelling current as a function of the
GaAs/GaAs TJ with Jpeax Up to 8600  effective doping level for vatus TJ material combations.
Alcm2. Wheeldon et al.*®* published an  (Simulation and experimental, from Wheeldoet al. *)
interesting compari son study of different

Il -V TJs: GaAs/GaAs, AlGaAs/GaAs, AlGaAs/GalnP[Figure 4.3] shows simulation results along
with their experimental data of the peak tunneling current as a f unction of the effective doping level
for 4 different TJ configurations. It shows that AlGaAs/GaAs requires the least effective doping level
to reach a Jea suitable for 2000 suns, being thus the easiest tunnel junction to fabricate.
AlGaAs/GalnP TJ is the most transparent but requires an effective doping level above 2<10°cm-3.
[Table 4.1summarizes a few tunnel junctions reported in literature 52458 The material of each side of
the tunnel junction is reported, as well as its doping level (when mentioned in the article) and the
dopant used. We can notice that the dopant used in best TJ are carbon and Te.

Table 41 - Performancesf IV tunnel junctionsfrom literature, its doping level and itsheae( >>**%)
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Meanwhile, Si/Si tunnel junctions have been widely studied for microelectronic devices. There are
possible applications in high frequency and fast digital devices. In logic circuits, this structure with a
negative differential resistance helps reducing the circuit complexity and/or increasing the speed
and reduce the power consumption. MBE grown Si exhibits very high doping levels***®° together
with high J peax Up to 46kA/cm 2. SiGe tunnel junctions grown by MBE®* showed Jyeax Up to 8kA/cm 2.
The literature about tunnel junctions applied to the photovoltaic industry is scarcer, but has recently
found some interests. TJ formed by diffusion showed Jpeax 0f 100/cm 2 in 2003 **2. Recently, Fave et
al.*®®realized some Si/Si tunnel junctions for photovoltaics applications. The n part reached 1.5 16°
cm3 and the concentration of phosphorus is about 2x102° cm-3. Those doping levels are much higher
than the achievable doping levels in Il -V materials. Their tunnel diodes exhibited very good Js. of
270 Alcm 2, opening the path to realizing tunnel junctions for Ill -V/Si tandem solar cells as well as
DQ\ RWKHU W\SH RI WDQGHP VRODU FHOO ZLWK 6L SHURYVNLWH

In this chapter, we focus on the realization of 11l -V tunnel junctions, aiming at catching up the state -
of-the-art in our laboratory. However, we keep in mind the option of growing Si/Si TJ by low
temperature PECVD. Moreover, the possibility of growing hybrid Si/lll -V tunnel junction wi Il also
be discussed.

IV.2. MOVPE and clean room facilities

While epitaxy has already been introduced and strongly discussed in the previous chapters
using an uncommon growth technique, this part deals with a more standard technique, usedto grow
high quality monocrystalline materials: MOVPE (metalorganic vapor phase epitaxy). This is one of
the dominant techniques for production of semicond uctor. We used it during this PhD to grow lII -V
materials lattice-matched on GaAs substrates: mainly GaAs; AlGaAs; GalnP and AllInP. We present
here an overview of this growth technigue, that is not only used to grow the tunnel junctions
presented in this chapter, but also the Ill -V solar cells presented in next chapter. We also present
the main available clean room facilities that will be used in both chapters.

IV.2.1. Metalorganic vapor phase epitaxy

MOVPE, or metalorganic vapor phase epitaxy is sometime called MOCVD (metalorganic
chemical vapor deposition). MOCVD is the general term describing the growth process, that does
not imply whether the resultant layer is single crystalline, polycrystalline or amorphous. In this
work, we will only present the growth of crystalline material, thus referring to MOVPE. This
technijue haV EHHQ GHYHORSHG LQ WKH SinfpgorE%, ab @ DowHWdelWusBdiG
semiconductor industry to grow Il -V materials with abrupt interfaces and high purity materials, to
produce GaAs and InP with purity equaling or exceeding all other techniques'®. This technique uses
precursor gazes that are diuted in a carrier gas: H,. Unlike MBE (molecular beam epitaxy), the
pressure in the MOVPE reactor is relatively high (a few hundreds of milibars), which allows vapor
phase diffusion. During this PhD thesis, all lll -V layers were grown using an horizontal AIXTRON
AIX 200/4; as shown in[Figure 4.4] In this system, the group IIl atoms (Ga, Al, and In) are provided
by metalorganic precursors: trimethylgallium (Ga(CH3) 3, TMGa), and trimethylaluminium
(AI(CH 3)3, TMAI), and trimethylindium (In(CH 3)s, TMIn), respectively. Group V atoms (As and P)
come from hydride precursors: arsine (AsHz) and phosphine (PH3) respectively.
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IV. Tunnel junctions

Figure 44 - Principle of the AIX200 reactor

The metalorganic precursors are carried in H> and sent to the reactor together with the hydride
precursors. In the reactor, a rotating substrate is heated at temperatures around 600-700 °C by
infra-red lamps, as seen iffFigure 4.5] The rotation ensures a good uniformity up to 4 inches wafers.
The heat breaks the precursors, and the desired atoms are deposited on the wafer. The exust gas
and particles are then pumped and purified outside the reactor. By carefully varying the precursor
flow rates, the properties and composition of the crystal can be accurately chosen, in a reproducible
manner.

Figure 45 - MOVPE reactor with its glovebox while heatininset up right: reactoduring a process

Other precursors are used to dope the IlI-V materials. In this work, for p -doping we use Zn (from
DEZn) for moderated doping level (up to a few 108 cm-3), and C (from CBrs;) to dope above
1x10%m-3. To n-doped our materials, we use S (from H,S) for moderated doping level, Si (from
SipHg) to reach higher doping levels. To achieve n doping levels higher than 1.2x10° cm-3, we
installed a new precursor in our reactor: Dilsopropyl Telluride ( DIPTe). A picture of the reactor
used during this PhD at the Il -V lab is presented in[Figure 4.5 On the left, we see the glovebox
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under N3, in which the samples are prepared On the right, we see the horizontal reactor heated by
the infra-red lamps. The up-right inset shows a top view of the reactor.

IV.2.2.Clean room microfabrication

[l -V lab has a strong knowhow in processing Ill -V materials for diverse applications. We do
here a quick introduction of the main available techniques used in microfabrication. Those
techniques will be adapted to our requirements, not only for the fabrication of tunnel junction test
devices, but also in the fabrication of single AlGaAs sola cells and the final tandem device presented
in chapter 5.

Photolithography
Photolithography is a process used in microfabrication to pattern parts of a film or a substrate, and
to choose some areas that should be selectively etched, metallized, or implated. It has a resolution
of about 200 nm and an alignment precision of 500 nm. The principle is to coat a wafer by spin -
coating with a light-VHQVLWLYH FKHPLFDO SKRWRUHVLYVW-coRtRFPHRRBIO\ FDO(
of dispensing onto the wafer a viscous solution of resist, and to spin rapidly the wafer (typically
5000 rpm) for a certain time (30 to 50 seconds in our case). The spin-coated layer is uniform, with a
controlled thickness (around 3 um usually). The wafer with the resist is then exposed to a light
through a photolithographic mask, on which the desired patterns have been previously printed. The
exposure to light causes a chemical changen the resist, which allows some of the photoresist to be
removed by a VROXWLRQ FDOOHG 3a@rkl ¥d QyReS HfJ fesistsKPbkIthte photoresist
becomes soluble in the developer when exposed;while in negative photoresist, only unexposed
regions are soluble in the developer. Once a photoresist is no longer needed on the wafer it can be
removed either by dipping the wafer into acetone, or by using a plasma containing oxygen. Acetone
is also used to perform a lift-off, a process that will be presented below.

Lift -off
The lift -off process is a method to create patterning on top of a wafer using a sacriftial material. In
our case, we mainly need it to create metal patterning[Figure 4.6|details the lift -off of a metal: first,
we deposit a photo resist and open it by photolithography as described above. Then, the targeted
material (metal) is deposited on the whole surface of the wafer. Thus, the layer covers the remaining

Figure 46 - Detailed process of a metal pattern by Iififf technique
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resist as well as the semiconductor where the resist was removed. By dipping the wafer into
acetone, the resist is removed, eliminating the above metal simultaneously. Only the metal that was
not above the resist stays on the wafer.

Metal deposition
During the microfabrication of a 1ll -V device, metal deposition is required to form ohmic contacts.
There are two deposition techniques for metals: evaporation and sputtering. To form ohmic contact
on GaAs compounds, it is important to have a highly doped Il -V layer, (s- FDOOHG *FDS OD\HU
the p-type GaAs, we deposit a Pt/Au (150 nm of Pt, 250 nm of Au) after a short etch of the IlI-V
surface by an Ar plasma. It removes the oxide, and roughens the surface, helping to get a better
adhesion between the metal and the semiconductor. The n-type GaAs ohmic contact is less easy to
achieve, and requires a rapid thermal annealing at 400 °C to allow chemical intermixing and
interdiffusion between the metal and the GaAs. The best ohmic contacfor n-type is AuGe/Ni/Au **°,
that we deposit by evaporation. However, for practical reasons due to the availability of the
evaporator during my thesis, another contact is often used for the n-type part when it is the back
ohmic contact: Ti/Pt/Au, de posited by sputtering. The good resistivity of AuGe/Ni/Au is essential
when it comes to front contacts with small grid patterns, but is less crucial when it comes to a full
wafer back contact.

Etching

Process flows can require different steps of etching:we can need to etch material in some specific
zones: the -V material, a dielectric, or even a metal. There are several ways of etching such
materials: the chemical way (wet etch) and the plasma way (dry etch). Dry etching uses plasmas,
leading to physical and/or chemical phenomena. It is only physical when some ions of the plasma
directly bombard the surface of the wafer and removes material in an unprotected zone. This is the
case of the Ar bombardment used before metallization to etch the oxide. This tchnique can etch any
type of material: semiconductors, dielectrics, and metals. With high ion energies it is possible to etch
thick layers of Il -V or metals by ion beam etching (IBE)*". However this technique let damaged
surfaces and sidewalls, and is not selective. The chemical dry etie can be done by RIE (reactive ion
etching). It uses precursors that are chemically reactive to the material we want to etch. For
example, to remove SiQ materials, plasma of CHF4 is used. To etch deep IlIl-V materials, a specific
type of RIE will be used inductively coupled plasma (ICP) RIE. With ICP, very high plasma densities
can be achieved,leading to etch profile that tends to be more isotropic. The wet etch is a technique
in which we dip the wafer into a chemical mixture containing reactants that will etch the targeted
layer. Wet etchants are usually isotropic, which leads to large bias when etching thick films.
Depending on the chemistry chosen, the wet etching can be either selective, either non selective.

We just presented the standard techniques available in the Il -V Labs clean room. Those
techniques will be used in the realization of the Il -V tunnel junctions as well as the Il -V solar cells
in next chapters.

I\VV.3.1. Tunnel junctions: first studies

This part presents the first studies performed in the Il -V lab to grow and fabricate operating tunnel
junctions. We first calibrated the doping levels of the materials by using the dopants available in our
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MOVPE reactor: carbon for the p-doping and silicon for the n-doping. Then, we will present the first
Il -V TJ grown and processal, along with its electrical characteristics.

IV.3.1. GaAs/GaAs first tunnel junctions

We first calibrated the doping levels of GaAs by MOVPE with the available precursors. We used CBr
to p-dope with C, and SkHs to n-dope with Si. Both dopants are amphoteric, which means they can a
priori occupy group Ill or group V sites. With carbon we could reach p -type doping levels up to
1x1C%° cm-3, but with Si, we only reached a maximum n-type doping of 1.2 13°cm-3

Tunnel junctions were grown on (100) GaAs wafers. The typical structure of the TJs is presented in
fig 6.b. It consists of an doped GaAs buffer layer, followed by a heavily dopedn++ GaAs layer of 30
nm, with a nominal doping level of 1.2x101°cm-3, followed by 30 nm of p++ GaAs. The two samples
presented here differ in the p doping level: 43227 is doped at 3x101°cm-3, and 43449 is doped at
1x10° cm-3. Such low thicknesses have been chosen to ensure a low absorption in the tandem
device. A spacer was then grown on op of the TJ, followed by a 50 nm cap layer to unsure good

Figure 47- a) Picture of a tunnel junction after processing b) materialdadevice of the two considered tunnel junctions, ¢
picture of the 4 probe characterization tool, d) comparison betweefptbbe and 4probe measurement
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ohmic contact.

The process flow is then performed as followed: with a lithographic mask we define several diodes
with different sizes, with Pt/Au on the p -doped front side. [Figure 4.7]a. shows a picture of a quarter
of 2 inch. wafer after processing. We pattern some diodes with various sizes and etch chemically the
mesas between the diodes. As shown ifFigure 4.7]a., it presents diodes ranging from 500*500 pum 2
to 100*100 um2. Finally, the back contact in AuGe/Ni/Au is deposited, and a rapid thermal
annealing at 400°C is performed to ensure a ohmic back contact. Those structures were measured at
room temperature in a four probes |-V bench, with a Keithley 2450 sourcemeter limited to 1A. A
picture of the measurement set up is shown in[Figure 4.7|c. This setup was used at the GeePs
laboratory. Two front probes are placed on top of the diode, and the back contact is taken with two
conductive plates that are electrically separated. A 2probes measurement would have induced
higher resistances, thus distorting the R measurement. [Figure 4.7|d. shows the measurements of the
same TJ with 2 probes and 4 probes The peak position is shifted to higher voltage, and the
resistance is higher in case of a 2probe measurement. It is thus important to get rid of the probe
specific resistance.

[Figure 4.8]displays the room temperature current density versus applied voltage characteristics (J +
V) of the 2 above mentioned tunnel junctions. Both curves exhibit the expected J-V curve shape
with a peak current at low bias, followed by a negative region, and a classical diode characteristic.
The peak tunneling current measured is around 3 A/cm 2. The resistance at low bias is slightly lower
for the sample 43227 (Blue triangles) than 43449 (Black squares) whereas its pdoping level is
higher. We would have expected a better Jeax because its effective dopng level nett is equal to
1.07x10 cm while the other sample has n.s =8.57x108 cm-3. Anyway, the difference in resistivity

and Jpeak remains very small and not that relevant concerning the impact of the increasing doping

level in the p part of the tunnel junction. 4 A/cm 2 is lower than literature, but still good enough to

work under 1 sun illumination and up to 190 suns. The resistivity measured is of 1.04x102 : /cm?2.
At 1 sun, the voltage drop would be of 0.2 mV.

Figure 48 - a) 3V curves of GaAs/GaAs tunnel junctions, b) ECV meament of a pGaAs/nGaAs structure
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An ECV measurement of a structure
identical to sample 43449 is shown on
[Figure 4.8]b. The spacer and cap layer have
not been grown on this sample so as to
limit the problems caused by a non-
uniform etching. In this way, we have a
better = accuracy in the  doping
measurement. This measurement confirms
the high p-doping level above X102 cm-3
and a n-doping level slightly above 1x10°
cm-s.

In the meantime, we grew the reverse
tunnel junction: an n on p tunnel diode. As
presented in Chapter I, our device is Figure 49 - JV characteristics of n on p GaAs tunne
designed with a n-doped base, thus leading junction
to the growth of p on n growth of tunnel
junction, which exhibits the tunneling properties presented above. However, we want to give the
path to select the other polarity, and thus verify if the reverse polarity (n on p) a Iso works. The
reverse tunnel junction should, theoretically, exhibit the same characteristics, but the order of
deposition in the MOVPE could lead to some variations, such as a possible diffusion of dopants. We
thus grew and processed an n on p tunnel jurction. The process flow was carried out the same way,
outside from the metals that were interchanged: we deposited AuGe/Ni/Au on the n -part of the
junction, which is the front side this time, and Pt/Au for the p -contact, at the back of the p-doped
wafer. The resulting J-V curve is plot on[Figure 4.9] The Jueax is a bit lower than the p on n tunnel
diode, but still in the same order of magnitude.

IV.3.2. Transparent tunnel junctions

Growing tunnel junctions with wider bandgap mater ials would ensure a bettertansparency, thus
enabling more photons to reach the bottom cell. Therefore, we tried to perform AlGaAs/GaAs as
well as AlGaAs/GalnP tunnel junctions, with the same process flow. AlGaAs can easily be grown
with a p-type doping of 1x10?°cm-3 with carbon. However, lattice -matched GalnP is actually hard to
dope with the conventional dopants such as S or Si*®®**® This TJ was grown with GalnP doped with
S, whose highest doping level was of 9x1® cm-3. The structures and J-V curves of these tunnel
junctions are shown in AlGaAs/GaAs exhibits a slightly higher Jpea than the previous
GaAs/GaAs one. This confirms the predictions of54, but the Jpeax Only reaches 7 mA/cmz,
which is still very low compared to the values reported in literature (see[Table 4.1). For the
AlGaAs/GalnP tunnel junction, we actually see a standard diode characteristic. No tunneling is
DFKLHYHG ,QWHJUDW L Qdn Mtid tedndam X&yiQetHuader M 3uQ Wild induce a loss in
Voc above 50 mV. The reason for this behavior could come from the fact that GalnP is not doped
enough. SIMS analysis was performed on this sample in order to have a better insight on the
dopants.[Figure 4.1]shows the atom concentration of S (green) and C (red). The matricial elements
Ga (black), Al (blue) and In (red) are plotted to identify the AlGaAs and GalnP layers, and have an
idea of their thickness. By comparing the peak in indium that corresponds to the GalnP layer and
the peak in sulfur, we can easily notice, first that there is a very high incorporation of S in the layer
(almost 1022 atoms), and second, that it seems to have diffused, not only in the bulk, but ako in the
upper AlGaAs layer. In addition to the fact that the active n doping level in GalnP is low, S diffusion
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may have induced a compensation of active p dopant in the AlGaAs layer. Consequently, we think
that the n-dopants available in our lab (S, Si) are not adapted for GalnP growth for tunnel junction
applications. To tackle this problem, the use of another dopant element must be investigated in
order to achieve high n-doping levels.

We have shown that we are able to grow GaAs/GaAs and AlGaAs/GaAs tanel junctions with
JpeakS Up to 7 AlcmZ, in both p on n and n on p polarities. However, we could not produce good
AlGaAs/GalnP junctions that exhibit standard diode behavior. Even if the performances of the
working TJ are suitable for 1 sun application, we might want to improve these devices, for possible
use under concentration, and to have transparent AlGaAs/GalnP TJs. Another motivation for
improving these devices is the possible effect of the subsequent PECVD growth of Si on this tunnel
junction. Also, as it was observed in Chapteflll.3.3. Doped GaAs exposed to H, plasma:| the TJ
performances may be lowered by the hydrogen plasma that passivates the dopant atoms. Literature
results show that there is room for improvement, as best reported TJ up to now exhibits a Jpeax
above 10.000 A/cm?2. To catch-up state-of-the-art TJ, we propose to explore the use of Te doping.
This dopant was not available in the lab at the beginning of my PhD. We installed a new source on
the MOVPE system for that purpose. The two next parts of this chapter deal with the calibration of
the new precursor, the interpretations of the results to understand growth mechanisms, and the
electrical results on newly grown tunnel junctions using Te.

Figure 410- Structure and v characteristics of a) AlGaAs/GaAs tunnel junction and lg3a&As/GalnP
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Figure 411 - SIMS analysis of AlGaAs/GalnP tunnel junction.

I\VV.4. Calibratio n of n-doping with Te

Usual n-type dopants of GaAs material family by MOVPE are Si and S. Si is an amphoteric material
and thus self-compensates the doping level for freecarrier concentrations above 5x101 cm-3 *"°. The
highest doping level achieved in our lab with Si was 1.2x10°cm-3, as mentioned in the previous part.
The best TJ from literature report the use of another n-type dopant: Tellurium. It has strong
capacities to dope better the GaAs. Indeed, Te has a significantly lower diffusivity than Si and can
provide donors with lower activation energy. It also allows more abrupt doping profiles. Previous
papers report GaAs doping of 2x10%° cm3 by molecular beam epitaxy (MBE)** or liquid phase
epitaxy (LPE)*"?. Other studies showed doping levels up to 4. 1@° cm- by MOVPE using DETe
precursor***®, Thanks to the strong motivation of Jean Decobert in installing a new precursor and
the help of Nicolas Paillet, we show here a new type of precursor, the diisopropyl telluride (DIPTe),
and to optimize the doping level of the layers grown, aiming at integrating into a tunnel junction.
We will first present some parametric studies of the precursor, before pointing out the importance of
the nature of the underlying buffer layers. Discussions based on the surfactant effect of Te will be
proposed to explain this behavior.
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IV.4.1. A new precursor in the lab: DIPTe

Aiming at doping GaAs with Te, a new precursor has been installed in the MOVPE reactor:
Dilsopropyl Telluride (DIPTe). This precursor is an organometallic that is widely used in the growth

of 11 -VI materials such as HgCdTe. However, literature report the use of DETe (DiEthyl-Telluride)

rather than DIPTe in MOVPE for Il -V materials. ', 3 7 H $aturation vapour pressure is slightly
ORZHU WKDQ '",7HTV RQH ',37H SUHFXUVRU LV i® tdivete@ inibVda URRP
stainless steel bubbler with a fixed temperature of 17 °C. Its line has a fixed pressure of 1950 mbar,

leading to a molar fraction of DIPTe into H ; of 0.12 %.

IV.4.2. Parametric studies

A detailed analysis of the doping level as a furction of several growth parameters is
presented here. Our calibration samples usually consist of a thickintrinsic GaAs buffer layer of 300
nm grown on (100) GaAs substrates followed by a 100 nm doped layer of GaAs:Te, which is the
layer of interest. The stack is described on[Table 4.1] The doping level of the GaAsTe layers is
systematically characterized using Electrochemical Capacitance Voltage (ECV), whose principle has
been introduced in Chapter Il11.3.2. (p.. When necessary, secondary ion mass spectroscopy
(SIMS) is used to determine the concentration of Te atoms. We study here the influence of the
DIPTe/lll ratio, the V/lll ratio, and the growth temperature, aiming at reaching the highest possble
n-doping level into GaAs to integrate into a tunnel junction.

Table 41 - Typical stack of calibration samples

Layer Thickness
GaAs:Te 100 nm
GaAsBuffer 300 nm

GaAs Substrate -

Influence of V/III ratio

Te atoms are n dopants, thus they substitute As atoms. Wefirst study the influence of the
V/II ratio, by changing the AsH ; flow rate at fixed DIPTe flow rate. To do so, we fixed the growth
temperature at T = 580°C and the TMGa flow rate at 15 sccm, and DIPTe flow ate at 3 sccm and
varied AsHs flow rate. The resulting doping levels measured by ECV are shownin[Figure 4.12a. As
expected, the higheris the AsHj; flow rate (i.e. the lower V/IlI ratio) , the less Te is incorprated into
the layer. For the lowest V/III ratio used, we reached a doping level up to 3x10'° cm-3, which is
already asdesired: above the maximum 1.2x10°cm-3 achievable with Si dopant.
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Figure 412 - a) Carrier concentration as a function of IlI/V ratio with fixed growth conditions of T = 580 °C nor
undoped GaAs buffer. b) ECV measuremeiur three different DIPTe flow rate

Influence of the DIPTe flow rate

As we want to reach a doping level as high as pasible in GaAs, we now vary the DIPTe flow rate. The
100 nm layer of doped GaAs was grownat a fixed temperature of 580 °C, with a constant growth

rate of 22.9 nm/ mn and a constant V/III ratio of 22.6. Here, o nly the DIPTe flow rate was modified:

1scem, 3scem and 5 scem[Figure 4.12)b. shows the carrier concentration profile measured by ECV
for each dopant flow rate. The carrier concentration increases while increasing the dopantflow rate.

As seen irf|Figure 4.12|b, for 1 sccm of DIPTe, about 1.2x1&cm-3 is reached, and 2.7x10°cm-3 for 3

sccm. However at the highest flow rate, 5 sccm the dopant reaches a maximum value for which the
ECV measurement is wnstable. This result is consistent with the results found in literature ’* where
Te first increases with [DETe] mole fraction, then saturates. Neverthelesswith a DIPTe flow rate of

3 sccm, we maraged to have a stable measurement of a layer doped at 2x10%° cm-3. Thus, for the

following studies, the DIPTe flow rate was held constantat 3 sccmand we studied the influence of
other parameters.

Influence of the deposition temperature
Temperature is a key element for incorporation of dopants. It must be high enough to dissociate
the DIPTe precursor; however the lower temperature, the better Te can incorporate into the GaAs

latti ce. In this section, we study the effect of growth temperature upon dopant incorporation. The
growth temperature was varied from 530 °C to 680 °C.
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Figure 4.13 shows the Arrhenius plot of

the carrier concentration. In the range of

temperature that has been studied, the

doping level increases while the

temperature decreases At 530 °C, a

doping level up to 3.3x10cm-3 is reached.

Same behavior has been observed with

DETe precursor in GaAs™"’® At lower

temperatures we expect the incorporation

of dopants to be limited by the precursor

decomposition’™®. In the range of

temperature considered, the decrease in

carrier concentration with increasing

temperature can be explained by two

different mechanisms. First, at high  Figure 413 - Carrier concentration as a function of
temperatures, the number of arsenic temperature

vacancies reduces, thus dropping the

concentration of substitutional vacancies for Te atoms. Indeed, increasing the growth temperature
increases the degee of thermal cracking of AsHs, leading to an As overpressure.The second possible
mechanism could be the re-evaporation of the Te atoms from the growing surface. It is worth

noticing that the doping level drops from 3.3 10 to 2.5 10 cm-2 for temperatures dropping from

530 °C to 680 °C, whereasin literature, GaAs layers doped with DETe dropby about one order of
magnitude in the same range of temperatures'’**"> Thus, the incorporation of Te in GaAs layers
from DIPTe seems to be lesssensitive to temperature modification than DETe .

I\VV.4.3. Effect of the buffer deposition temperature

In this part, we propose to study the impact of the underlying layer. Up to now, an intrinsic
GaAs buffer layer was used. We now grow the highly doped GaAs:Te on top of a lowly Teloped
GaAs, because that is the buffer layer that will be integrated in the tunnel junction device. We also
propose to analyze the impact of the growth temperature of this buffer layer. Five different samples
have been grown with the structure shown in[Figure 4.14]b. The varied parameters are: the buffer
nature (intrinsic or Te doped) and the buffer growth temperature. The parameters of the upper
layers were maintained constant: fixed temperature of 580 °C, 3 sccm of DIPTe, growth time.
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Observations

Figure 414 - Carrier concentration of the havily doped GaAs:Te layer as a function of growth temperature of tl
previous buffer layer for three different buffers : Fdoped and intrinsic GaAs.

The Te-doped buffer was grown with a lower Te doping level of 2x10'8 cm-2 at three different
temperatures: 530 °C, 580 °C and 680 °C, and the intrinsi ¢ buffer was grown at580 °C and 680 °C.
The doping levels of the upper GaAs:Te layer are summarized in[Figure 4.14a. for different buffer
layers nature and growth temperatures. Note that the abscisetemperature corresponds the buffer
layer growth temperature (and not the doped layer growth temperature), while t he ordinate
corresponds to the carrier concentration of the 100 nm upper GaAs:Te doped layer We notice that
the temperature of the buffer seems to have a strong impact onthe Te-doped upper layer when the
buffer is already Te-doped. While, at 530 °C and 690 °C, the doping level remains around the same
order of magnitude than for an undoped buffer layer (2 x10%°cm-3), the doping level is surprisingly
much lower when the buffer has been grown at the same temperature than the upper layer (580 °C).
When the doped buffer is grown at a different temperature than the upper layer, the incorporation
of Te seems to be better and the ECV measurements are consistent with SIMS analysisthat have
also been performed on the same samples (not shown here) The most probable assumption is that
this behavior is due to the time break that happens between the growths of the two layers, which is
equivalent to an in-situ annealing. Indeed, as it is illustrated in [Figure 4.15a, when the temperature
between the buffer layer and the GaAs:Te layerdoes not change,the upper layer growth happens
directly after the buffer growth, with higher DIPTe flux, but no switch off. On th e contrary, when the
growth temperature changes, the reactor heating (or cooling) happens without TMGa nor DIPTe.
The temperature stabilization usually takes around 15 minutes, and during this time, only AsH 3
enters the reactor. This stabilization phase is similar to an in -situ annealing.

In order to verify that the doping level of the upper layer is increased thanks to an in-situ
annealing, the sample circled in[Figure 4.14was grown with the same GaAs:Te buffer grown at 580
°C, but this time with a 15 minutes break at 580 °C before growing the upper doped layer[Figure |
b. shows the doping profile of the sample grown with a break between the GaAs:Te buffer layer
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and the highly doped layers as comparal with the directly grown after the Te -doped buffer layer. We
see thatthe incorporation of Te in the upper layer is way more efficient with a break than without.
Here we reach a doping level above 310 cm=3. SIMS analysis have been performed on the same
samples and confirm the same behavior: there is indeed less Te atoms in the sample that has been
grown with a lightly doped GaAs:Te buffer layer without break before the upper doped layer.
Consequently, our hypothesis seems to be confirmed: an annealing & the Te-doped buffer layer
before the growth of the highly doped GaAs:Te seems to be necessary to reach high doping levels.

Figure 415 - a) Switching sequences of precursors in case of no tempaemtchange (left) andwith a temperature
change (rigth) b) Doping profile of the upper doped layer grown directly after the buffer layer (purple circles),
grown after an annealing (blue triagles)

This new experiment confirms that the difference in GaAs:Te doping level is due to a break
during the growth that leads to an in -situ annealing, rather than a temperature effect. However, as
seenin in the case of the undoped buffer layer, there is no significant change in the
doping level. We thus may think that the effect comes from the presence of Te in the buffer layer. Te
is known to have a memory effect’”>*"’and to keep on being incorporated in layers grown after a Te
doped layer. Thus, we would have naturally expected a higher doping level in the growth without in-
situ annealing, than in the growth where Te could have been desorbed. The following discussion
tries to interpret the behavior that has been brought out.

Discussion : Effect of sur factant on dopant incorporation

From the previous results, we have madethe following observation: performing an annealing
after the buffer layer growth and prior to the highly doped growth enables to have a better Te
incorporation in the layer. In this discussion, we try to understand the mechanism that could be
behind this observation. To do so, we must consider one particularity of Te atoms: they act as a
surfactant (surface activating agent). In vapor phase growth, surfactants typically refer to substances
that accumulate at the surface during growth and alter the surface properties. It has been widely
seen in literature that Te affects the GaAssurface structure during MOVPE growth *"#"% but its
effect on GaAs doping levelhas not been reported so far. Nevertheless, there are a few papers
dealing with the effect of other surfactants on the doping level of lll -V compounds. Theyshow that a
surfactant atom can modify the incorporation of dopants. Shurtleff et al."®! studied Zn-doped GaAs
grown by MOVPE using Sb as a surfactant specie. It revealed that Skslightly enhances the Zn
incorporation from 6x1018 atoms/cm 3 to 9x108 atoms/cm 3. However, in the same paper they show

107



Chapter 4

that the same Sb surfactant does not affect the Te incorporation. In a second pape¥, they reveal the
same behavior on other p-type dopants: Zn, Be, Mg and Cd proposing the use of Sb surfactant as a
way to enhance the p-doping level. The same teamalso showed that Sb and Bi surfactants decrease
the incorporation of C, Si and S'®. They attribute this behavior to a higher amount of hydrogen
present at the growth surface, which helps the formation of volatile SiH4 and H.S, that would both
desorb. A study on the incorporation of N into GaAs has been done byDimroth et. al **3 using Te as
surfactant. They report that the presence of Te reduces the incorporation of N, similarly to our case
where Te surfactant seems to decrease the incorporation of Te dopant. They suggst that the
surfactant atoms might block the N adsorption and thus, the incorporation of N into the solid.
Garcia et al.'® studied the surfactant effect of Te, but on GalnP: it reveals that Te and In react in the
gas phase awml on the growing surface. When there is more Te is in the gas phase, thee is more In
incorporated. They also show that the surfactant behavior of Te leads to a memory effect: an
undoped layer grown on a Teterminated surface would be Te-doped. However, there is no
discussion about the effect of the presence of Te on the surface on the Te incorporation in the upper
layers. Anyway, even if literature do not deal with the incorporation of Te dopant with a Te
surfactant, it showed that a surfactant can be regonsible for a decrease in the incorporation of an
atom. To understand the observations made in our sample, we suggest to study the growth
mechanisms of epitaxy using surfactant atoms, also called surfactant-mediated, so as to appreciate
how Te atoms from the buffer layer can have an effecton the upper layer doping level.

Surfactant mechanisms:

A surfactant is an atom that tends to segregate and steadily cover the surface. It has first been
demonstrated by Copel et al.'* in 1989 on Si an Ge.Later, Grandjean and Massies'®® distinguished
two types of surfactants: on the one hand, non
reactive surfactants, which are located on an
interstitial  sites. Their bonds with the
semiconductor are rather weak, and have the
effect to enhance the surface diffusion length. On
the other hand, reactive surfactants - including
Te - which are located in substitutional sites.
They exchangewith the growing adatoms.
shows the segregating process they
proposed. When a growing atom reaches the
surface covered by surfactants (i), it creates
bonds with the surfactant atoms (ii) . Then, the
segregation process imposes an exchange
reaction between the adatoms of the growing
layer and the surfactant atom, creating thus
bonds with the underlying layers (iii) . Reactive
surfactants are known to reduce the surface
diffusion length. The exchange between the
growing adatom and the surfactant leads to a
subsurface incorporation. The surfactant atom is
consequently back to the surface, ready to
exchange with the next growing adatom. At that
stage, it is harder for the new grown atom to
migrate because it would require to break their
existing bonds, explaining the reduction in

Figure 416 - Schematic representation of atomic
mechanisms with  reactive surfactant (from
Grandjeanet. al. l86)
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surface diffusion length.

These mechanisms are consistent if we consider group IV materials. However, when it comes to I+
V materials, a more complex mechanism has to be considered. The same authorg® studied the
VXUIDFWDQW HIIHFW RQ *D $tile EXGh@ng& pr& sk ldcguriVdalp Wher? As and Ga
atoms are both present on top of a Te occupied site¢ /DWHU FRPELQLQJ H[SKBENMdPHQWD
simulation, Consorte et al."®” determined a plausible exchange process for GaAs with Te surfactant.
They proposed a cluster model to explain the growth process: the 3D view as well as the top view of
their model is depicted in Both As and Ga adatoms should be present near the Te
surfactant. Te atoms and As atoms move towards together, forming an AsTe bond (steps 1 to 5). In
the meantime, a Ga adatom can form a bond with the underlying As atom (step 4). Then, the AsTe
complex can rotate so that the As forms a bond with the new Ga.At this new position, the Te atom is
in a similar configuration than prior to the layer growth, and is ready to repeat the exchange process
and to help grow the next layer.

Figure 417 - Exchange process between Te surfactant and GaAs (From Conataate™®”)

By considering the growth mechanism that has been proposed byConsorte et al.'®’, we can apply it
to our observations with Te surfactant; if the surface of the Tedoped buffer layer is covered by Te
adatoms. When increasing the DIPTe flow rate in order to highly dope the next layer, Te must
replace As atoms to ndope GaAs. It would mean that, to incorporate new Te atoms, at step 4 a Te
Te bond should be formed. However, it has also been reported thatdimerization of Te atoms is not
favorable %% Thus, this Te-Te bond is not likely to be formed and consequently than a As Te one.
Thus, an incorporation of Te instead of As is not favorable when a Te atom is already at the surface
of the layer, because TeAs bond is more likely to be formed than a Te-Te bond. The in-situ
annealing performed after the buffer layer growth may have helped the Te surfactants to desorb.
More experiments would be necessary in order to confirm this exchange process, by for example
performing the same experiment with buffer layers containing other type of surfactants (such as Sb
orBi*™ RU RQ EXIIHU OD\HUV GRSHG ZLWK RWKHU DWRPV 6 & 6L«
of doping level with the nature of the underlying layer.

This parametric study allowed us to find t he best growing conditions for having highly doped
GaAs. We showed the importance of the nature of the buffer layer, and especially its growth
temperature. We believe we understood that the presence of Te atoms at the surface of the buffer
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layer reduces the Te incorporation of the upper layer (the doping level has dropped from 2 to 1x10°
cm=3). Nevertheless, we showed that an insitu annealing of the buffer layer helps having the
expected doping level of 3x10°cm-3, probably because of the desorption of he Te atoms from the
surface. Thus, in the further realization of tunnel junctions, we will perform an annealing after the
growth of the lowly doped GaAs:Te buffer layer.

IV.4.4. Growth of ternary compounds

After mastering the growth conditions for GaAs, growth of transparent ternary compounds (GalnP
and AlGaAs) doped with Te has been studied in order to integrate into an AlGaAs/GalnP
transparent tunnel junction. Literature shows that it is rather easy to reach high doping level in
GalnP**1%%19 ayven f the addition of Te affects the amount of In incorporated. By using the same
conditions than in GaAs (DIPTe flow rate, V/III ratio, temperature), the conditions for our usual
lattice-matched intrinsic GalnP had to be adapted, because we are used to grow GalnP at 680°C
instead of 580°C. At lower temperatures, more In was incorporated into the crystal. After a few
iterations of depositions and XRD characterizations changing the TMIn flow rate, we could grow
lattice-matched GalnP doped at a satisfactory doping level 2.5 18 cm-3. The ECV measurement of
the calibration sample is shown iﬁ Figure 4.18|a. However, the doping of AlIGaAs was more difficult
to achieve. There are few papers™!*****reporting the study of Te doping in AlGaAs, but they do not
report high doping levels. After a few trials that led to the doping profile presented in|Figure 4.18b.,
with a maximum doping level of 5x10 18 cm-3., we decided not to further explore the n-doping of
AlGaAs.

Figure 418 - ECV measurements : best doping profiles obtained for a. GalnP doped with Te, b. AlGaAs dopec
Te.
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I\VV.5. Characterization of tunnel junctions doped with Te

IV.5.1. n on p tunnel junctions

With the growth parameters determined in the previous part, tunnel junctions were grown
on (100) p-GaAs wafess, and processedusing the same process flow than presented iffFigure 4.19
shows the ECV measurement ofa GaAs/GaAs tunnel junction grown with the best conditions, as
compared with the SIMS measurement of the two dopants: Te and C.We achieved 2 10°cm-3 in the
n-doped part. If we compare with the SIMS measurement, we see that not all the Te incorporated in
the layer is activated. There is close to k1020 cm-3 atoms of Te in GaAs. Nevertheless, an active
concentration of 2x101°cm-3 is high enough to ensure good tunneling properties. At the junction, the
ECV measurement is not reliable, and we trust the SIMS profile, which shows a ver sharp interface
between n- and p-layers. The p-doped layer seems to be less doped than expectedtife nominal
doping level was 1x1020 cm-3, but only 2.5x101° cm-3 was measured by ECY. This behavior is not
fully explained, but the sample has nevertheless been processed and measured, itsdoping levels
being sufficient to allow tunneling at the junction .

Figure 419 - ECV measurements (full symbols) as compared with SIMSyara (open symbols) of a n on |
GaAs/GaAs tunnel junction doped with Te and C.
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Figure 420 - a) Tunnel junction structures b) and\ charateristics

[Figure 4.20]a. shows thevarious TJ processed in comparison with the previous Si-doped one. The
three new samples are doped wih Te: GaAs/GaAs, GaAs/AlGaAs and GalnP/AlGaAs. Samples were
processedthe same way that the previous TJs We thus measured several diodes with different sizes.
For all Te-doped samples, measurements on big diodes (500 pm* 500 pm and 200 um * 200 pm)
were hard to perform, because our |-V bench was limited to 1 A, thus the current was saturating.
Though, on the smallest diodes (100 um * 100 um), we managed to have theJ-V curves. For the
GalnP/AlGaAs tunnel junction (green curve), we faced troubles measuring the J-V curves: the
GLRGHV ZHUH B(EXUQLQJ" GXULQJ WKH PHDYV KighHé&slstande
between the probes and the metal, leading to a local overheatThus, we only plot the measurements
on 200 pum squares diodes. The J-V characteristics of the considered tunnel junctions are presented
in [Figure 4.20]b. The black curve corresponds to the previous sample ndoped with Si as a

comparison. It has been plot in logarithmic scale, because the difference in Jeax is of several orders
of magnitude.

Table 42 - Performances of n on p tunnel junctions
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[Table 4.2 summarizes the Jpeak and Ryeax Of the four structures. First, for the GaAs/GaAs tunnel
junction, we reach a Jpeak of 250 A/cm 2 (blue curve), which is more than 100 times higher than th e
Si-doped one. By using GaAs/AlGaAs TJ (red curve), we still gain more than one order of
magnitude: we reach above 3000 A/cm2. This is consistent with the numerical simulations
presented in Wheeldon et al.** for a given effective doping level {Figure 4.3). We find a resistivity as
low as 6.29x10-5 :.cm? Regarding the GalnP/AlGaAs TJ, despite the measurement issues already
mentioned, we managed to measure the beginning of the curve, until the bench satuation at 2500
Alcm 2. However, theoretically, AlGaAs/GalnP tunnel junctions should not have as good
performances as our AlGaAs/GaAs tunnel junction, thus we can also wonder if this TJ is shunted. In
order to be able to measure this TJ, our perspectives are first, try other contacting probes. We are
using probes made of Tungsten (W), however we may hope to avoid burning the diodes by using
other type of probes such as Au or Be. Also, designing a new lithographic mask with intermediate
sizes (150*150 pum for example) could help understanding the behavior of this TJ, and would be
more adapted to high Jpeak tunnel junctions. Actually this mask has already been designed, on which
we also add of transmission line measurements (TLM) patterns in order to measure the contact
resistance. However it has been received at the end of this PhD and has not been used in this study.
Anyway, if this TJ is not shunted, its resistivity is in the same order of magnitude as the
GaAs/AlGaAs one (~3.x10% : .cm2), exceeding the required performances of our application.

Thus, these results prove that Te is a good candidate to achieve-doping levels for tunnel junctions
suitable not only for 1 sun application, but also for solar cells working under high concentration.

IV.5.2. p on n tunnel junctions : importance of ohmic contact

While most of the literature studies report n on p tunnel junctions, in our project the required
polarity is p on n. Thus we grew the similar structures on n substrate. Learning from our
observations of Chapter IV.4.3 (p after the growth of the n buffer layer, we performed an in -situ
annealing so as to maximize the ndoping level in the TJ. The diodes were then processed by
depositing Ti/Pt/Au on the full back wafer and Pt/Au in front. At first, no contact annealing had
been performed. The resulting J-V characteristics of a GaAs:C/GaAs:Te tunnel junction is shown in
[Figure 4.21]b. Interestingly, we measured an unusual shape. We first suspected a possite memory
effect of the Te, which would have lowered the p doping level, even if we tried to avoid this memory
effect by also performing an in-situ annealing prior to the p++ growth. Anyway, it may have still
reduced the p++ doping level. To verify the doping levels, we performed the ECV measurement on
this sample, shown in[Figure 4.21]c. We notice that the doping levels in both parts of the tunnel
junctions are similar to that of the previous working n on p diodes (see ECV in|Figure 4.19). The
interface is, as already explained, a measurement artefact, but Te diffusion into the p-part should
not be the reason for the lack of tunneling at low bias. Thus, this TJ should show a usual TJ 3V
curve. Looking at literature, we found one paper where the same behavior has been observed®.
They attribute this to a too low doping level of the cap layer that subsequently prevents from
forming a good ohmic front contact. Actually, we realized on the same ECV measurement, that no
highly doped cap layer was grown on this sample. The doping level of the top layer is close to 1x10
cm-3, which is probably too low to ensure good ohmic contact. Thus, we grew the same sample, but
this time with a doped cap layer. In the meantime, AlGaAs/GaAs and AlGaAs/GalnP tunnel
junctions were grown, also with the right cap layer. The details of the layers are presented i
.. The full device is similar to that of the previous studies (n-buffer layer on a n substrate below
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the TJ, and a spacer followed by a cap layer on top). Thel-V characteristics of all the new samples
are depicted in[Figure 4.21]d. All the characteristics display diode-like behavior. As a comparison,
the one n-doped with sulfur has also been plot (blue curve). We notice that the newly doped layers
have a pretty good resistivity at low bias (about 2x103 : .cm?2), even if they do not exhibit the typical
shape of a TJ with the negative region. This resistivity is even better than the first TJ grown in the
first part of this chapter . We thus think that there is actually tunneling occurring in this layer, but we
do not manage to measure the negative resistance. The fact that we do not see this negative region
could come from two reasons: either, the dislocation density in the layer is too high'*®, or the contact
resistance is too important'®®. We thus decided to perform an annealing of several processed
samples, hoping to obtain a better ohmic contact. After 1 mn of Rapid Thermal Annealing at 400 °C,
the samples we remeasured. The resulting J-V curves are plot in[Figure 4.22] cas compared with
the same TJs before annealing.

Figure 421 - a) structure of 4 tunnel junctions b)-V characteristics of a p on n GaAs/GaAs tunnel junction with low
doped cap layer. c) ECV measurement on the same GaAs/GaAs T, chatacteristics of 4 diffrent p on n tunnel
junctions with highly doped capayer

The result show, this time, the expected shape of a tinnel junction. Both AlGaAs/GaAs and
AlGaAs/GalnP TJ have similar properties with J peaksaround 1500 A/cm 2. This shows that the quality
of the ohmic contacts is essential in order to properly characterize a tunnel junction. The fact that
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Figure 422 - JV characteristics of AlGaAs/GalnP (black) and AlGaAs/GaAs (red) tunnel junctions before (
symbols) and after annealing (full symbols)

the two p on n TJ are similar comfort us on the fact that beginning of the curve of n on p
AlGaAs/GalnP that we could not properly measure in[Figure 4.20]is probably real, and not due to a
shunt. Thus, we showed that we were able to also fabricatevery good p/n tunnel junctions that are
fully suitable with the final IMPETUS tandem device. We also pointed out, despite the necessity of
enough doped layers for the TJ, the importance of the device grown, and especially its ohmic
contact. A TJ can be agood TJ, but with bad contacts, it is possible that we cannot detect it in the J-
V measurements. However, we proved with both n on p and p on n tunnel junctions that Tellurium
was the good candidate for high ntype doping of TJ structures.

I\VV. 6. Towards hybrid tunnel junctions

In the tandem device, the tunnel junction can be made as presented in the previous part, with Il -V
materials. On top of this Il -V TJ, the Si epitaxial layer will be grown, which may induce interface
defects between the GaAs and theSi, mainly with misfits dislocations. We do not have insight on the
electrical activities of theses defects, but there are likely to induce recombination at the interface
between Si and GaAs.In this part, we explore the possibility of taking advantage from these
interface defects, by placing them at the middle of the tunnel junction. These defects would possibly
enhance the tunneling via trap-assistedtunneling 151 In a recent paper, we presented numerical
simulations of such hybrid GaAs/Si tunnel junctions ', showing that even without defects at the
interface, both n-Si/p-GaAs and pSi/n-GaAs heterostructures @an tunnel if the layers have a
sufficient doping level (> 2x101° cm-3). Here, we present the developmentof the growth of doped Si
by PECVD on GaAs, aiming at having highly doped Si for hybrid tunnel junctions. Previous works at
the LPICM have shown the passibility of growing doped silicon on silicon (100) wafers °’. The main
challenge was to adapt the conditions to deposit these layers on doped GaAs grown by MOVPEThe
details of these PECVD growths are presentechere.
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IV.6.1. n-type c-Si with PH3

For each sample, the cleaning and the deposition were performed in two different chambers of the
Arcam reactor. One chamber was dedicated to the insitu SiF4 cleaning, and the other one to the
short H, plasma, followed by the deposition of doped Si, in order to avoid any contamination during
the crucial step of substrate cleaning. Before each new deposition, a precoating of the chamber walls
with intrinsic silicon was performed, in order to limit the contribution of the dopants present on the
walls of the reactor due to the previous deposition.

In this series of experiment, we present the growth of doped Si on top of GaAs. We first present the
deposition of phosphorus doped layers, in ARCAM reactor. The depositions were made at 175 °C
using the best epitaxy condition that was determined earlier. In this part, we propose to deposit the
layers not on GaAs wafers but on GaAs layers that have already been epitaxially grown by MOVPE.
The PHs bottle used was diluted at 0.01% into hydrogen. The depositions were made atl75 °C on p
doped GaAs:C samples grown by MOVPE. The cleaning of the GaAs substrate was done-situ with
the conditions gathered in

Table 43 - Cleaning and gwth conditions of doped Si layers on GaA8&rcam)

Four different samples were grown with PH 3 flow rates ranging from 0 to 10 sccm, which is the
maximum value of the mass flow controller. The ellipsometric spectra of the epitaxial layers are
presented in[Figure 4.23]a. We can see that the introduction of PH; decreases the crystalline fraction
of the c-Si layer, as compared with the intrinsic c-Si layer grown on the same epiGaAs wafer.
However, increasing the PHs flow rate from 3 to 10 sccm does not signficantly modifies the value of
E; or E>. The samples were cedeposited on anintrinsic GaAs wafer in order to perform Hall Effect
measurements. The resulting values obtained are gatheredin[Figure 4.23]b. As expected, the higher
is the PH; flow rate, the higher is the n-doping level. For 10 sccm, we could reach £102° cm-3. SIMS
analysis on the sample grown with 10 sccm also revealed 1x1® cm3 of PHs, thus a full activation of
the dopants. Those values are consistent with the results that have been obtained on Si substrates
using LT-PECVD®. Note that the phosphorus doping efficiency in c-Si is much higher than in a-
Si:H. Experimentally, we used a bottle of PH; diluted to at 0.01% in H 2, while to have similar doping
levels in an amorphous layer, we used phosphine diluted at 1% into H. In the Octopus reactor, as
mentioned in Chapter Il , the dilution of the phosphine was 0.1%. It is too diluted to ensure a good
doping of the amorphous layer (hence the need of addng a micro-oxide to ensure a good ohmic
contact in our heterojunction solar cells), but it is adapted to ensure a good control of the doping
level in crystalline Si.
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Figure 423 - Ellipsometric spectra of silicon thin films grown on efiaAs with various PHlow rates

IV.6.2. p-type c-Si with TMB

The growth of boron-doped epitaxial film has also been sudied. We use trimethylborane (TMB),
2%-diluted in H ,. As for PHs, we used the optimum cleaning and deposition parameters to grow
crystalline Si on GaAsi.e. the same parameters than reported in[Table 4.3] and added 0.5 sccm and
0.8 sccm of TMB. The growth was performed at 175 °C, andthe films were codeposited a ¢Si
substrate and an epitaxial film of n-type GaAs doped with Si. The ellipsometric spectra of the
deposition with the two flow rates of TMB are shown in [Figure 4.24]a, as compared with intrinsic
epi-Si. The squares correspond to the depositions made on Si substrats, while the simple lines are
deposited on epi-GaAs layers. We notice that the depositions of boronrdoped layers are crystalline
on Si substrates. For 0.5 sccm of TMB (blue curve), the crystallinity is already lower than that of (i) -
epi-Si as deduced from the intensity of the peaks at 3.4 eV and 4.2 eV. For 0.8 sccm, the crystalline
quality keeps on dropping, with an intensity at E; and E, around 28. On GaAs wafers, both boron
doped layers are found to be 100 % amorphous. We tried to increase the etching time in order to
have a better surface preparation (4mn15, 6mn, 8 mn and 10 mn), but all the results on GaAs were
amorphous. Then, we paformed the growth at lower temperature: 150 °C. The ellipsometric spectra
of this new deposition with 0.5 sccm of TMB on Si and GaAs are shownFigure 4.24|b, in blue, and
compared with the intrinsic growth at 175 °C (black) and the growth with 0.5 sccm of TMB at 175 °C
(red). This time, the film grown on GaAs wafer was epitaxial. We can even notice that the growth of
doped Si on GaAs at 150 °C has a better crystalline quality than that of the intrinsic layer grown at
175 °C on GaA, asjudged by the higher value at E=3.4 eV. Also, on Si substrate, for the same TMB
flux of 0.5 sccm, we see that the quality of the film grown at 150 °C (blue squares) is better than the
one grown at 175 °C (red squares).
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Previous studies in the lab have shown that the TMB is not really sensitive to the change insubstrate
WHPSHUDWXUHYV /D'E pLX). By ¢fowing EP¥Si With 0.8 sccm of TMB with temperature
ranging from 175 °C to 225 °C, no significant change in the ellipsometric spectrum was observed.

However, we cannot compare our resuts on Si substrateswith thei rs, considering that they cleaned
their Si substrates with ex-situ with HF dipping, while the in -situ cleaning that we used in these
experiment is not optimized for Si growth. Thus, it is possible that the quality of the epita xial growth
of p-doped Si on Si is better at 150 °C than 175 °C due to the fact the hsitu cleaning has been
performed at 150 °C instead of 175 °C. Actually, no study of the effect of the chamber temperature
during SiFs plasma has been performed yet, thus, we do not know exactly how the surface
preparation is affected by the in-situ cleaning. Nevertheless, we found that performing the in -situ
cleaning and the boron-doped Si deposition on a GaAs substrate led to an amorphous layer when
performed at 175 °C and to a crystalline one at 150 °C.

Figure 424 - a) Ellpisometric spectra of Si grown with TMB on Si substrate (squared) and oGaps (lines) with
various TMB flow rates, b) Ellipsometric spectra on Si and@piAs at various TMB flow rate and temperatures

Hall Effect measurements were also performed on the boron-doped Si layer grown, that was ce

deposited on a semiinsulating GaAs substrate. For 0.5 sccm of TMB, we measured an active doping
level of 3x101° cm-3. SIMS analysesshowed around 8x10° cm boron atoms in this epitaxial layer of

180 nm grown with 0.5 sccm of TMB. It means that boron is not fully activated. However, this

doping level should be high enough for hybrid tunnel junction integration.

IV.6.3. Characteristic s of hybrid tunnel junctions

Thus, we managed to grow both ntype and p-type silicon, with respective doping levels of 1x102°
cm-2 and 3x10'° cm-3 on GaAs epitaxial layers A n-Si on p-GaAs tunnel junction has thus been
fabricated using the previous deposition conditions. p -GaAs with 1x103° cm-2 was grown by MOVPE
and n-Si with 1x102° cm-3 by PECVD. The back contact was made with Pt/Au, and the front contact
in Ti/Au was deposited directly on the doped Si layer (~120 nm thick), without adding spacer n or

cap layers. The resulting J-V curve measured is presentedin [Figure 4.25|, as compared with the
synthesis of all our Ill -V tunnel junctions presented in [Figure 4.20|b. The hybrid junction
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characteristics before annealing show a diodelike behavior, without tunneling effect. The voltage
drop at a typical Jsc around 21 mA/cm 2 would be of 0.06 V if this junction was integrated in a
tandem solar cell. The main hypothesis for such a behavior comes from the dservation made in
Chapter 111.3 (p., the PECVD process has reduced the fmloping level in the GaAs at it surface;
because of the formation of GH complexes that deactivates the dopants. In an hybrid device, the
doping level at the surface of GaAs is even more crucial, as it corresponds to theunneling interface.
It is also possible that the contact performed on the Si side (Ti/Au) is not good enough, and thus
prevents from measuring the real J-V curve, as we have also obsefed in We performed
an annealing at 350 °C as suggested by the results fromChapter 111.3.3 (p. , in order to recover
from this doping level reduction. The J-V curve after annealing show a resistance of 9x104 :.cm?,
which is even better than our previous GaAs/GaAs TJ doped with Si (black line), and slightly lower
than that of the one doped with Te (in blue).

Figure 425 - Hybrid Si/GaAs junction as compared with-Wltunnel junctions before and after annealing

This is a very promising even though the measurements did not permit is to see the negative region
of the J-V curve, thus it is hard to conclude on the performances of this tunnel junction. Literature
has shown with modelling that in case of a material containing a too high defect density in the
tunnel junction doped layers, the negative region cannot be visible>. Considering that the doped Si
is more defective due to the high concentration of phosphorus, this may explain our results. But
other hypothesescan be raised, linked to the front contact: 1) either this contact exhibits a resistivity
close to the one measured 9x10* :.cm?2), and the tunnel resistivity is so low that it cannot be
distinguished, or, 2) the p-n junction is simply shunted, due to the metal diffusion during annealing.

Once again, we show that the tunnel junction performance does not only rely on the doping level of
the p- and n- layers, but also on the design and the process of the structure. The need to use
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appropriate ohmic contacts that do not risk diffusing in the laye r over annealing is primordial. A

U E D)8&Acharacteristic of a separated TJ device does no necessary means that the TJ itself is not
functioning. It could work o nce integrated in a tandem solar cell, away from anypoor ohmic contact
issue or metal diffusion. This study requires further experiments in order to assess whether or not a
hybrid tunnel junction is feasible. A new lithographic mask for tunnel junctions t hat includes TLM
(transmission line measurements'®®) patterns has been fabricaed. TLM measurements allow
assessing the specific resistance of a contact on a sentonductor. We will thus be able to verify the
resistance value after each metal deposition, and if it has diffused after a 3minutes annealing at
350°C.

IV.7. Conclusion

This chapter introduced one of the building blocks of the IMPETUS tandem solar cell: the tunnel

junction (TJ). This essential part of the device allows carriers to flow from one subcell to the other,

by tunneling effect. We developed Il -V/IIl -V TJ using standard dopants C and Si. They exhibit
good peak tunneling current of 7 Alcm?2, with a resistivity of ~1x102 :/cm2. These values are
sufficient for a tandem solar cell working under 1 sun. However, we could not grow efficient

transparent AlGaAs/GalnP tunnel junctions with those dopants. The development and
understanding of the growth of n-type GaAs with DIPTe precursor was undertaken. We first show
that Te incorporation with DIPTe is less sensitive to the growth temperature than with DETe, the

usual precursor used in literature. We found that the presence of Te in underlying layers reduces the
incorporation of Te in the upper highly doped laye r. We suggest that it is due tothe surfactant effect

of Te, and propose a mechanism to explain the lower incorporation of Te. We show that annealing
the underlying layer avoids this reduction in dopant incorporation. Using this dopant allowed t o

reach n-type doping levels above 27x10%cm-3,

The fabrication of both n on p and p on n tunnel junctions doped with Te led t o state-of-the-art
performances: peak tunneling currents up 3000 A/cm 2 along with resistivity of 6 X105 : /cm 2 have
been measured, which is way higher than required for our tandem solar cell. We also pointed out the
importance of the design of the test structure, and especially of the ohmic contacts.We explored the
possibility of doing hybrid Si/GaAs tunnel junctions, but could not conclude on their performances
due to too many uncertainties concerning the contacts. This path still remains to be further explored
for the integration in the tandem solar cell . Further development of the tandem cell in this thesis, we
will use Il1-V tunnel junctions doped with Te , whose good performances hae been proven.
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Chapter 5

This chapter deals with the process development of two main building blocks of the tandem device
that we aim to fabricate: the Ill -V sub-cell, and its bonding to a foreign substrate. We first present
the design of the structure and the realization of the device in clean room environments. The Il -V
lab has a strong expertise in 111-V materials for optoelectronic and photonic devices, but its expertise
had to be adapted to our application: photovoltaics. Combining the strong know-how in PV of
LPICM together with the techniques available in the Il -V Lab clean rooms was one of the
milestones of my PhD. While the classical techniques used in IlI-V industry (MOVPE and clean
room technologies) have been ntroduced in the previous chapter, we present here their application
to the growth and processing of an Alo22Gap.7sAs solar cell structure . Then, we assess the final step of
the realization of the tandem solar cell: the bonding, followed by the substrate etching and cell
processing. First on single inverted lll -V solar cells, then on an inverted Si/AlGaAs tandem solar
cell, we detail the numerous technological challenges that we have to overcome in order to
successfully complete the tandem device.

V.1. AlGaAs solar cells

V.1.1. AlGaAs solar cell structure

GaAs single solar cells have been developed for many years. Back in 1990, MOCVD grown GaAs
cells reached a 24.8 %under 1-sun AM1.51%, Indeed, the GaAs bandgap of 1.42 eV is closed to the
optimum bandgap for AM1.5G solar spectrum, as presented in Chapter | (Figure 11). Moreover,
unlike Si, it has a direct bandgap, thus requiring only a few microns of GaAs to absorb totally the
photons with energies above 1.42 eV. More recent workshave enabled to reach 28.8% conversion
efficiency under 1 surf®4. The detachment of the thin active layer from its substrate by a lift-off
process enables to add a metallic back reflector, which lowers the required active region thickness.
Furthermore, the substrate can be reuse, cutting down the costs.

However, for integration in a tandem device, a bandgap higher than 1.42 eV is needed. Simulations
show that the required bandgap to be in current matching condition with Si should be around 1.74

eV. This bandgap corresponds toAlxGa..xAs with x = 22 %. AlGaAs is chosen because it stays lattice
matched to GaAs while varying x, as introduced in[Figure 15] thus the bandgap can be easily tuned.
Extensive studies of AlGaAs with x>20% solar cells grown by MBE01#03 204or MOVPE205#07 have

Table 51 - GaAs and AlGaAserformancesreported from literature (°® 2% 2@ 20 207
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been carried out, leading to conversion efficiencies around 14% far MBE grown Al 9.20GaosoAs solar
cell and up to ~17% for MOVPE grown Alo20GansoAs. A summary of a few GaAs and AlGaAs record
solar cells are presented idTabIe 5.I| Also, the typical structures of the solar cells in case of a ptype
base and an-type base are shown inFigure 5.1 We developed AlGaAs solar cells with an Al content
of 0.22 %, by using a structure similar to that of|Figure 5.1|b. The various layers of our final tandem
solar cell is presented in[Figure 5.2]a., and corresponds to the structure that has been used for
simulation in Chapter 152. The main reason why we chose a rbased subcell is that, as deduced from
Chapter 11.2.2. (p. we must avoid performing annealing at temperatures higher than 250°C. As a
good ohmic contact on n-doped GaAs requires an annealing at 400 °C (ChapterlV.5.2 (p), ap
type contact should be preferably used, hence our polarity choice.We consequently realized the
structure detailed in|Figure 5.2|b. An AlxGauxAs solar cell with x=0.22 so has to be current-matched
with the Si subcell, that corresponds to a bandgap of ~1.74 eV.

Figure5.1 - a) Typical n on p structure (from Virshup et3) b) Typical n on p structure (from van Geelen et'4)

In addition to the thick base (2 um) and thin absorber (around 100 nm), the structure of Il -V
solar cells contains several additional layers. On the top, awindow layer is added in order to
reduce recombination losses by reflecting the minority carriers. It consists of a high bandgap
material, usually in Al xGaw.xAs with x> 0.6 % or GalnP. In n-type base structures, the use of AllnP
window has also been studied®. As AlGaAs is known to be rapidly oxidized, a oxidation-barrier
must be added when used as a window layer Also, on top of the window layer, a soc FD O @apG 3
layjer ©~ LV DGGHG ,W LV Wiatke d¢f B Qigklp dopedCEaAsi layer that will help forming
good ohmic contact with the metal. This contact layer often serves asan oxidation barrier. It is
etched a the end of the process, before depositing the antireclective coating, as schematized in
[Figure 5.1]b. However, to avoid the oxidation of the underlying AlGaAs window, those two steps
must be performed successively. In our casewe added a thin (10 nm) transparent GalnP layer, in
case the two steps cannot be done at the same timeas it has been previously experimented in the
lab%. At the back of the solar cell is added aback surface field layer (BSF), which, as the window
layer, is inserted in order to reflect the minority carriers at the back and thus avoid their
recombination in the thick GaAs substrate.
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Figure 52 - a) Complete structure of the tandem solar cell b) Al0.22Ga0.78#larscell structure grown by MOVPE ol
GaAs substrate

V.1.2. Grid design

Designing a metallic grid for a Ill -V cell wasanother step of the process flow elaboration. Using
the same mask as for Si cells was not conceivable, for two reasons : first because we are notorking
on quarters of 4 inches wafers anymore but on 2 inches, and second because the density and
disposition of the fingers have to be changed. Indeed, carrier diffusion length in GaAs is much
smaller than in Si. In order to collect these carriers, the fingers must be placed closer. We thus had
to define a new design, and fabricate a dedicated lithographic mask.Grid designs found in literature
of Il -V solar cells?98.209 gre composed of two thick busbars connected with thin fingers, asshown in
Several parameters can be varied: the cell designated area (B), the finger pitch py, the
finger width ws, and the busbar width wy. The most relevant parameter is the density of metallic
fingers, linked to pr and w;. On the one hand, we need a high contacdensity because it reduces the
impact of the surface sheet resistance and thus allows more current to flow. On the other hand, as
the metal is not transparent, the shading will be more important and fewer photons will reach the
semiconductor and be absorbed. Therefore, a trade-off had to be found between a low sheet
resistance and a low shading.

According to Steiner et. al.2, the choice and optimization of the grid for solar cells working at
low concentration is not as crucial as in high concentration applications. As our project is focuses on
low concentration applications, the need of optimization is not that critical, but we took care of
choosing relevant parameters. We converged on 6 diferent designs. We chose to design square cells,
with two different cell areas: 1x1cn? and 0.5x0.5 cm2. For each size, the fingers were separated by a
pitch of 100 pm, 200 pym and 300 pm, resulting on shading factors of 10%, 5% and 3.3%,
respectively. Tables in[Figure 5.3[sum up the parameters of each 3 pattern. The busbar width was
fixed in order to be thick enough to ensure an easy manipulation of the probes while doing the
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measurements. We picked w, = 600 um. The finger width wa s fixed at 10 um, and we varied the
finger pitch, linked to the shading factor.

Figure 53- a) 3 different patterns with various busbars and finger dimensions of the tested cells.-&jit. screenshot of
the grid disposition on a 3 inch. wafer. Thec®nfigurations are tested on 1x1 cm2 and 0.5x0.5arells.

Consequently, we chose 3 design patterns named A, B and C (fFigure 5.3]a., each one used on
large cells (1x1 cnd) and small cells (0.5x0.5 cm?), resulting in 6 different designs. Using L -edit
software to design the lithographic mask, we distributed these 6 designs on a 3 inch. wafer. We
decided to define a zone of 5 mm around the wafer without any cell, so as to avoid uncertainties due
to edge effects (spin-FRDWLQJ LQKRPRJHQHLW\ FODPSV KROGLQJ WKH zDI
We also tried to arrange it so as to have as many cells as possible on a 2 inch. wafer. Indeed, we
anticipate the fact that this mask could be used by other users in thelab, working on other materials
on 2 inch. wafers. Each design has been repeated and placed in different zones of the wafer (center,
ERUGHU« 7KLV HQVXUHV VLIQLILFDQW VWDWLVWLFV WR FKHFN L
also took care of makingthe mask as symmetrical as possible, to anticipate eventual cleavage of the
wafer during the process flow. The final distribution is shown in [Figure 5.3]b.: the large cells (1x1
cm?) are repeated 4 times each, and the small ones @.5x0.5 cm?) between 8 and 9 times each,
resulting in 40 different cells to be tested on the wafer.

Figure 54 - Crosssection schematic of the targeted device after process
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In this part, we chose to test 6 different designs: 2 cell sizes along with 3 different shading
factors. We disposed it on a full 3 inches wafer so as to b able to measure all the cells separately on
the same full wafer, facilitating the handling during J-V measurements. The next section will gives
more details on the process flow and the 2 masks designed for the required lithographic steps.

V.1.3.Photomask set design

The design of the masks requires not only the design of the grid patterns, but also a design of a
full set of masks that could lead from the structure grown to the targeted device[Figure |
shows a crosssection schematic of the required final devices on a wafer, where two neighbor
solar cells are represented. In order to avoid some heavy steps of cleavage and wire bonding of the
40 cells, we decide to maintain all the cdls on the same wafer. We thus need to separate them
electrically. To do so, a step of mesa etching will be needed, thus requiring a specific lithographic
mask. This mask consists of squares of the same size than the cell, protecting the whole cell.

Also, an anti-reflective coating (ARC) needs to be

deposited on top of the semiconductor. However,

we must protect the busbars from this deposition, to

be able to contact the probes for the IV

measurements. Depositing the ARC at the end of the

process would require a third lithographic step to

protect the busbars. Here we think of another way to

avoid this lithographic step, and use the grid

definition mask for both patterning the metal and

the ARC.To do so, instead of patterning the metal by

lift -off technique, we propose to use ion beam

etching (IBE) of the metal, and deposit the ARC on

top of the protecting resist after the metal etching.

Thus, only two lithographic masks are designed. Figure 55 - Picture of the lithographic mask usec
2QH WKDW ZH FDOO 3JULG" Gt to define the mesa etching pattern
fingers, and one, pictured in called

SPHVD GHILQHVY WKH VHSDUDWH

V.1.4.Fabrication

Here we describe thedetails of the process flow of our AlGaAssolar cell. Note that in the next
section that deals with the processing after bonding (V.2.), this process flow will be simplified in
order to avoid some critical steps. Two main lithographic steps are performed: we used a first mask
to deposit the metal and etch by ICP the 1lI-V between the separated cells. The second one deals
with the definition of the busbars and fingers previously designed. The crosssection representations
of the first 11 steps of the process flow are presented i[Figure 5.6] Step (1) is the epitaxial growth of
the AlGaAs solar cell. The detailed structure grown by MOVPE was presented earlier ifFigure 5.2|b.
To simplify the schematics, we only represent one block for the solar cell, and one layer
corresponding to the cap layer. During step (2), the front contact metallization: Pt (150 nm) /Au
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(250 nm) is deposited on the whole surface of the wafer by sputtering. A 2 minutes sputtering with
Ar plasma was performed in-situ before the metal deposition to remove the oxide and help adhesion
of the metal on the semi-conductor. Step (3) is the deposition of 700 nm of SiO; on the full wafer.
This SiO, will act as a mask for further ICP etching of the mesa (i.e. about 3 pm of AlGaAs and GaAs
family compounds). Then, this SiO, mask needs to be patterned. To do so, a lithogaphic step is
needed. Step (4) is the spincoating of the positive resist, (5) the insolation of the resist th rough the
PDVN OHY H,GndR&) th® dpening of the resist where it has been insolated. Then, the SiQ
mask is etched by RIE during step (7), using fluorine compounds in the plasma. SiO- is etched
where it is not protected by the resist. In-situ reflectometry is used to monitor the etching of the
SiO; layer. Step (8) consists of removing the metal by lon Beam Etching (IBE) with Ar plasma. This
technique is not selective, we should thus control the etch rate.

Figure 56 - Cross section schematics of the solar cell process flow detailing the 11 first steps required for the 1
etching
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Figure 57 - Cross section schmatics of the solar cell process flow: grid definition and ARC deposition

A slight under -etch at this stage is not that critical, because the underlying Ill -V layer is also aimed
to be etched by ICP. During step (9) we remove the resist. The Si@is now protecting the semk
conductor from ICP etching in the area that must not be etched. Step (10) is the ICP plasma etching.
The plasma is composed of chlorine compounds and will etch all the Ill -V materials. In-situ
reflectometry is used again to know when all the layers are etched andstop the plasma when we
reach the substrate.

Now that the cells are electrically separated, we need to define the bubars and fingers into the

metal, etch the cap layer and deposit thean anti-reflective coating. To do so, a new lithagraphic step
is required (12, 13, 14) in order to protect the metal where the busbars and fingers must remain. To
simplify the schematics, only the two busbars are represented on[Figure 5.7| The metal is then

etched by IBE (15). This time, the selectivity is more crucial. The cap layer is only 50 nm thick. We

can etch a few nanometers of the cap layer, but must absolutely not reach the underlying GalnP
layer that is only 10 nm thick.

The next step is the cap layer etching. This 50 nm thick layer is etched chemically. As the
underlying layer is the 10 nm GalnP oxidation barrier , we use a selective mixture that etches GaAs
and not GalnP. Phosphoride compounds can only be etched by mixtures containing HCFC. Thus, we
used in this case a mixture of H.O/H 3PO4/H 20, that attacks the GaAs but dees not affect the
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underlying GalnP. The next step (17) is to depositan anti-reflective coating. We deposit SiG/ TiO-
on top of the cell, and on top of the resist. Deepingthe whole wafer into acetone enables the lift-off
of the resist together with the ARC on top of the metal grids (18). Finally, the back contact
metallization with AuGe/Ni/Au is performed (19) followed by a 400 °C Rapid Thermal Annealing

for 1 mn.

V.1.5. Solar cell characteristics

Figure 59 - a) Picture of the wafer after processing, b) picture of the measurement under AM1.5G spectrum

The Alo22Gay7sAs solar cells have been fabricated in clean rooms using the process flow
described in the previous part. The resulting wafer containing the 40 different cells and a few test

diodes is pictured in|Figure 5.9(a. Keeping all the cells on the same wafer facilitated the handling
and the measurement of each cell. A picture of the solarcell during the measurement under solar

simulator is shown on|Figure 5.9|b. The two front probes are placed on the two opposite busbars of
each cell. The back contact is taken on the back conductive plate, and all the cells can be measured

Figure 58 - a) 3V characteristics of the Al0.22Ga0.78As solar cell, b) detailed characteristics of the same ¢
compared with results from Headmannet al. 207
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by just moving the front probes from one cell to another.

The J-V curve under 1 sun illumination of the best AlGaAs solar cell is shown onFigure 5.5.a.
The device exhibits a good i of 1.24 V, consistent with the bandgap of the solar cell (~1.74eV). We
measured a Jc of 17.33 mA/cm? and a fill factor of 81.75%, leading to conversion efficiency unde
AMGL1.5 of 17.62 %. Heckelmannet al.?2°” deeply studied the performances of AlGaAs solar cell
grown by MOVPE, and showed the influence of Al content. They reported the best AlGaAs solar cells
in literature (see [Table 5.J). Their structure consists of a 2.5 um p-type base in AlxGauxAs with x
ranging from 0 to 37 %. They used an AlInP window layer. Even if our structures differ in their
polarity , it is relevant to compare our results with theirs . Figure 5.5.b. summarizes the performances
of their solar cells as a function of the Al content, as compared to the AlGaAs cell of this work with
22% of Al. Our solar cell exhibits a better overall efficiency according to the amount of Al that we
have. This is mainly explained by a much better . than them: we find a Jsc of 17.33 A/lcm? instead of
15.8 A/lcm? for their Al 0.20Ga0.sAs solar cell. This is explained by the fact that their solar cells do not
comprise an anti-reflective coating, whereas we added a Si@TiO  ARC to enhance the current.
However our solar cells havea fill factor of 81.75 % whereas theirsare above 85 %. Also, our \sc is
slightly lower for the considering bandgap. It can be attributed to the non-optimized window,
especially to the GalnP layer that could induce more recombination in this layer.

Figure 510 - Solar cell parameters as a function of the finggpacing. Blackauares correspond to the largeells
(1x1 cnf) and red triangles to the small ones (0.5x0.5 %)m
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We can nevertheless conclude that the AlGaAs solar cell grown by MOVPE and processed in our
clean rooms exhibits very good performances. We reached a conversion efficiency of 17.62 % for the
best solar cell, corresponding to a 1x1 cracell with a shading factor of 3.3 %. Now, if we consider all
the different cells measured on the same wafer, the efficienges range from 15 % to 17.6 %. The
overall parameters of the cells are summarized infFigure 5.10] We plot the efficiency, Js, Voc and FF
as a function of the finger spacing. Black squares correspond to the big cells (1x1 cA) and red
triangles to the small ones (0.5x0.5 cm?2). We notice that the Jsc is strongly impacted by the
distribution of fingers. The smaller the shading factor (i.e. the more spaced are the fingers), the
higher Jsc. This is obviously explained by the fact that more photons reach the semiconductor and
can consequently be absorbed. We notice that the FF is slightly impacted. It decreases while
increasing the finger spacing. This is attributed to the increasing series resistances. The . remains
not impacted by the variation of the shading factor. The overall performances show that the best
efficiencies are achieved for finger spacing of 300 um, corresponding to a shading factor of 3.3 %.

To conclude this part, the mask designed especially for solar cell applicaion has been used to
perform the process flow on the Alg22Ga7sAs structure that we grew by MOVPE. The solar cells
exhibited excellent performances with record efficiency of 17.6%. This result validates not only the
good quality of the material grown, but also the numerous steps of the process flowthat have been
realized. Further optimization of the grid pattern and of the window layer could be done in o rder to
enhance the efficiency. We could also further reduce the shading factor by increasing the finger
spacing. However, we can settle for this result that already meets the requirements to have a
working Si(Ge)/AlGaAs tandem solar cell. We thus acquired the basic expertise to procesggood Il -
V solar cells, and can now confidently move on to the last technological challenge: the bonding of
the tandem solar cell.

V.2. Bonding of a lll -V solar cell

V.2.1. Bonding requirements

There are numerous bonding technigues that are used in order to bond two materials?!L |n
this part, we do not pretend to find the best bonding technique for the processing of our tandem
solar cell, but we need to find a technique that could be available in our clean rooms, without a full
development of a new field, in order to do a proof of concept of the tandem device. The bonding that
is required is only a mechanical bonding in order to handle physically the tandem cell after GaAs
substrate removal. As our active layer thickness will not exceed 15 um, it requires a host carrier to
handle the wafer during the further processing of the solar cells. However, it must meet some
expectations specific to our tandem device, and be compatible with all the following technological
steps required to complete WKH WDQGHP VRODU FHOO PHWDOOL]DWLRQ PHVI

As it was introduced in Chapter 1.4.2. (p the addition of a light -trapping scheme on the bottom Si
cell would highly enhance the absorption for a fixed Si thickness®2. The feasibility of such light-
trapping has already been studied on the PECVD epitaxial SP*?2213 and must be considered for
further improvement of the tandem solar cell. Thus, the bonding technique should not require a flat
surface with crucial surface preparation (it is the case for surface-activated direct wafer bonding *8),
so as to be compatible with the possibility of texturing the epitaxial silicon surface. Also, the
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previous chapters helped us to anticipate a few technological
issues: first, the tandem solar cell should not be heated at
temperatures higher than 300 °C, to avoid the blistering of the Si
that has been observedin Chapter 11.2.2 (p. . It was also
important that the bonding could be compatible with the process
flow. Indeed, it should be resistant to the numerous process steps
including the chemical etching, the aceton lift -off, and possibly
the PECVD SiQ deposition at 250 °C, and the dry etch steps. Also,
(and most importantly), it should not add any contamination to
the process tools of the clean rooms, that are also used for
production matters. Any unknown contamination could be very
critical for the good functioning of the process clean rooms for
other applications.

To account for these requirements, we chose a silicon
substrate as a host. Using a glass or cheap flexible substrate could
be feasible; however, for our proof-of-concept it was easier to
settle and to test in our process reactors with a Si substrate. After
several discussions with the process experts from Ill -V Lab, and
bonding experts from partner laboratories Thales Research &
Technology, CNRSC;N and CEA-Leti, we could gather several
considered bonding techniques that are shown in[Table 52| with
their advantages and drawbacks.

Actually, most of the possible bonding techniques were not
available, nor easy to settle in the clean rooms. Some techniques
could have been outsourced by suppliers, however many questions
were remaining, such as the possible diffusion of the metal used. The sucture of the tandem device
that we want to bond is presented in Figure 5.11 Literature report a technigue to reuse GaAs
substrate by epitaxial lift -off214#16 |t uses a sacrificial layer in AlAs, which is sdectively etched by
HF. The development of such substrate reuse was not the purpose of this work. Thus, for a proof of
concept, we chose to simplify the process, and to etch totally the GaAs substrate. Consequently, we
inserted a etch-stop in GalnP in the structure, so as to enable a selective chemical etching of the
GaAs substrate.

Figure 511 - Structure of the
tandem device before bonding

Table 52 - Review d a few possible bonding techniques with its advantages and drawbacks
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V.2.2. Bonding with BCB

The bonding technique that has been chosensatisfies the temperature requirements of our device,
and is also compatible with the use of all the cleanroom process tools needed for the following
process flow. We used a bonding with a polymer: the cycloten 302246 (commercialized by DOW
Chemicals), which is a part of the polymer family called BCB (Benzocyclobuteng). The process had
been developed internally in Thales teams, and the details can be found in the following theseg17.218

| therefore would like to thank Gaélle Lehoucq and Raphaél Aubry for giving me the opportunity to
access to their know-how and equipment in this field. The process steps of the bonding are shown in
(a) After cleaning the substrate surface with aceton and rinsing it with propanol to
remove any possible remaining dust, the BCB is spincoated on both GaAs and Si substrates after
the use of an adhesion promoter. Then, the two substrates are placed in a vacuum chamber during 5
minutes in order to eliminate the bubbles that could have been created in the BCB during the spin
coating step. Afterwards (b), the two substrates are contacted bgether. This step is performed
manually, thus needs a particular attention to align the two substrates. Finally, the two wafers are
bonded under a mechanical press and placed on a heating plate in order to anneal the BCB so as to
crystallize it. This is achieved in two stages: a first stage at 180°C during 5 hours, and a second one
around 275 °C during 45 minutes, used to crystallize BCB. After this step, the remaining BCB must
be removedby RIE (c). Indeed, it may have flown around and above the wafers dwe to the press.

Figure 512- Schematics of the main technological steps of bonding with BCB

Then, the GaAs substrate is removed, in order to reveal the -V sub-cell. To do so, we used
chemical etching. A selective mixture over GalnP is used: H0/H »0./H »SO4. The etch rate is about 5
pm/mn, and the substrate can be removed in about 1 hour of etching. One of the main issues of this
step is to achieve an homogeneous etching on the whole wafer. Indeed, the selectivity with GalnP is
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high21® (about 150:1), but the etch-stop layer is found to be affected by the chemicals when exposed
too long, as it will be shown in the next experimental part. The end of the substrate etching is
determined visually. Indeed, the back surface of the wafer in non-polished. As soon at the etchstop
layer is reached, the surface become mirrorlike. This will be illustrated later in[Figure 5.15a: at the
center of the sample, the etch stop is reached (thus the substrate removed), and at the surrounding,
it is still rough, which means that the substrate is not totally removed. Afterward, the GalnP etch-
stop is etched with a good selectivity on GaAs° using HCI:H 3POs.

$V WKH ERQGLQJ SUHVV ZDV RQO\ GHVLJQHG IRU LQFK” ZDIHUV
adapted for 2 inches, using the same patterns as pesented in part V.1.3. (p., but we only kept

the smaller cells (0.5x0.5 cm?). Also, the very first bonding tries made us realize that the process

flow should be simplified. Indeed, as it will be detailed, we faced issuesat each plasma process, each
lithographic step, and resist lift -off. Thus, we decided to use a less optimized process flow, which

would induce less critical material issues. In particular , we did not deposit the anti-reflective

coating, and performed a wet mesa etching instead of ICP.

V.2.2. Bonding of an inverted GaAs solar cell

This part presents several experimental steps performed to prove the feasibility of bonding full 2
inches wafer. Many issues have been faced, and by several iteridns we found ways of avoiding
them. Before bonding a tandem solar cell with both Si and AlGaAs cells, wedecided to test the
bonding process with a single GaAs solar cell, inversely grown The structure is presented in
[5.13a. It is actually the same as in[Figure 5.2]b, but grown invertly with an additional GalnP etch -
stop. Because ofsome unexpected issues due to an empty TMAI bubbler, the base and emitter of
these cellsare made of GaAs instead of AlGaAs (theBSF and window layers remain in AlGaAs). The
structure after processing is presented in[Figure 5.13b. We decided not to add any antireflective
layer in order to simplify the process. Instead of defining the grid metal by ion be am etching, we
defined it by using a lift -off process, and performed a chemical mesa etching instead of a dry one,
which suppresses the steps that were dedicated to the deposition of the Si@ hard mask. Thus, the
simplified solar cell process including the bonding is presented ifFigure 5.13c. and is designed for
single but also tandem solar cells. After the epitaxy of the inverted solar cell(s) (1), we deposited the
metal (2) (here, Ti/Pt/Au on top of the n -doped GaAs, and ITO+Alin case of the tandem cell). Note
that no annealing has been performed. Then, the cell was bonded to a Si substrate using BCB, and
the BCB that had overflowed on the wafers was removed by RIE ¢tep 3, that was detailed in
. After, the GaAs substrate and the etchstop are removed (4-5). At this stage, the solar cell is
like a standard upright solar cell. A first lithography step is performed to open the grid design (6)
followed by the front contact metallization of Pt/A u on p-GaAs cap layer (7) and the metal liftoff
(8). Then, a second lithographic step defines the mesa (9) that is etched chemically (10). The
remaining resist is then removed in acetone (11), and finally the cap layer is chemically etched.
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Figure 513 - Structure of a single GaAs)(@efore and (b) after bonding an processing. c) Cresstion schematics
of the process flow of inverted single or tandem solar cells

135



Chapter 5

V.2.2.1. Process flow: issues and suggested improvements

Several inverted 2 inch wafers have been bonded, and we could finish the process untilobtaining
functioning solar cels. In this part we will present separately some of the crucial steps, explaining
the issuesthat have been faced during the severabonding attempts, and the pathways to avoid it.

Steps 3 and 4: BCB removal and substrate removal

During the first attempts o f bonding GaAs on a Si wafer, we pointed out the importance of
performing properly the rem oval of the BCB that have overflowed on the wafer during the bonding
and annealing process|[Figure 5.14a. a ¥s GaAs wafer bonded on top of a ¥ 3 inch. Si wafer, right
after the step of GaAs substrate removal The material we can doserve on the borders (on top and on
the right) is BCB that is present in the wafer side walls. The surrounded part corresponds to
somewhere where the BCB was remaining on top of the GaAs wafer. We see that it actually has acted
as a hard mask for the subgrate removal. This must be totally avoided because, not only we lose
some part of the semiconductor, but also it could prevent us from performing the following process
steps. Indeed, with this zone that contains a material that is more than 250 um high th an the rest of
the sample, it is not possible anymore to perform a lithographic step, that needs to contact the wafer
surface with the lithographic mask and create a vacuum. This would prevent the vacuum from being
made, and will probably scratch our mask or break the wafer. Another unwanted feature that can be
observed isthe formation of long cracks on the GaAs stack

Figure 514 - a) Picture a wafer #1 after substrate removal with some remaining BCBpibjure of wafer #2 after
substrate removal followed by a RIE

Those are due to the presence of bubbles that have initiated strain in the layers. Tls strain has been
relaxed during the thick GaAs substrate removal. As an indication, on the bottom left side of the
images, we gave a number to the wafer that is processed and discussed. Thus, for the next attempt
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(wafer #2), we performed the RIE cleaning step, but prior to it, we made an aceton cleaning that
helped removing the bigger parts of BCB on top of the GaAs wafer. After this step, the substrate
removal happened without cracks nor BCB masking. However, we did not remove the BCB on the Si
part, and it revealed to be an issue in the next step: thisback relief prevented to make the vacuum in
the lithographic tool. Thus, we performed afterwards the RIE plasma with the Si substrate on top.
After this step, the Il -V film was found as seen in the picture on[Figure 5.14/b, where one cansee a
detachment of the film in some part of the substrate. Thus, the step of BCB removal after the
bonding is primordial, and is required on both GaAs and Si sides.

Substrate removal + etch-stop removal

During the substrate removal, the wafer was placed vertically into a beaker, under magnetic stirring,
aiming at having homogeneous etching of the substrate[Figure 5.15a and b show pictures of the
wafers (2 inches bonded on 2 inches)after 40 and 50 minutes in the chemical solution. After 40
minutes, there is a mirror like area that is appearing in the center of the 2 inch. wafer. It
corresponds to the area where the wafer has been fully etched, and the etching has stopped at the
surface of the GalnP layer. After 10 more minutes, the mirror -like area has extended. However,
there are still some areas at the surrounding where the substrate is not fully etched. For this sample
(wafer #3), we waited until 1h10mn of etching to be sure that the whole substrate is etched.
However, we could observe that for such long etching time, the GalnP layer had started to react.
Some pink and green fringes appeared (hard to distinguish on[Figure 5.1 inside the circle). After
the etching of GalnP layer with HCI/H >,SO4 chemical mixture the surface had become rough,
especially in the area that was the first fully etched. Microscope images of two areas are presented in
[Figure 5.15c and d, which correspond to the two yellow crosses in b. Thosecharacterizations have
been done further in the process (after metallization and mesa etching). It revealed that the surface
contains big defects. The density and size of these defectddrger than 20 um) are more important in
the center (area c) than at the edge of the wafer (area d).Becausethese defects are bigger than the
size of the metallic fingers, we expect to have strong series resistance on the resulting solar cells.
Moreover, as these defects appear where the wafer has been ovestched, we would expect to have a
hollow. However, profilometer analyses showed it was hills. To have a better insight on the origin of
these defects, SEM analyses are presented iffFigure 5.15e. On the left, the mesa has been etched
and we reached the back metallization. On the right, we see the IlI-V layers and the front metal. The
defects appear to be hills. We also see that it has acted as a mask for mesa etching in the left part.

Thus, we suppose that, during the substrate etching, some mateial present in the chemical
mixture (probably GaAs substrate flakes), have been redeposited on top of the GalnP. To minimize
these effects, itwas proposed to change the chemical solution as soon as the etching reaches the
GalnP layer. We tested it on wafkr #4, and dipped the wafer into a new and clean etching solution
with a slightly lower etch rate. It revealed a clean surface without any defects after etchstop
removal. However, for other issues, this inverted solar cell could not be fully processed untl a
measurable device.
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Figure 515 - a) Picture of wafer #3 after 40 mn of wafer etching, bitex 51 mn. ¢) and d) microsc@images of the
surface in area c and d, e) SEM image in area c.

Lithography

After lithographic steps, we observed the apparition of cracks on the layer (sedFigure 5.16a), in the
middle of the wafer. We found out that the chuck used during spincoating was applying a too high
vacuum, only in the middl e of the wafer, which induced an excessivdocal strain. It was visible to the
eye that the substrate was curved by the local vacuum. Thus, it is not surprising that this strong
mechanical strain on the wafer had induced cracks in the thin Il -V layer. Other chucks for 2 inches
wafers were available, applying less strain, and not curving the wafer. This chuck will be preferred
for the future processes, so as to reduce de risks of cracks at this stage. Also, during the splgting
metallization process, we noticed that the previous crack has extended, and a perpendicular crack

appeared, as shown inFigure 5.16(b.
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Figure 516 - Wafer #3 a) after resist deposition, b) after front metal deposition

Lift -off

The lift -off of a metal is a step during which we dip the wafer into acetone for a long time - at least
30 mn. During this step, we realized that the cracks already present in the previous steps were
actually enlarging. The effect on the layer that had been partially detached (#2, in[Figure 5.17a.)
revealed that the BCB actually reacts with the acetone. During the long dipping of the wafer into
DFHWRQH WKHUHRLIV IO WK |Bper3 Dhisl 8vhphasizesthe fact that it is important to
avoid those cracks in the last steps (spirrcoating). Also, another suggestion would be to deposit the
metal by using evaporation instead of sputtering. Indeed, the deposition being less conformal, we
can expectthe resist to be easily been lifted.

Figure 517 - a) Wafer #2 aftermetal lift-off: the active layer has been removed where the previous bubles we
present. b) Wafer #3 after metal lifoff: the previous cracks have been enlarged.
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V.2.2.2. Electrical characteristics

We present here the electical characteristics of the solar cells obtained on the full 2 inch. wafer #3,
that has been processedaccording to the process flow presented ir]Figure 5.1§|c. Due to the cracks
issues, only a few of the 0.5x0.5 cni solar cell over the full wafer were working .[Figure 5.18Ja. shows
the spatial repartition of the solar cells of wafer #3. On the few solar cells that were not shunted are
reported the corresponding conversion efficiencies. The J-V curves of some of them are represented
on[Figure 5.18|b. Several observations can be made. First, the measured ¥ (below 0.8 V) is lower
than expected. Indeed, for a GaAs solar cell, we expected to reach around 1.0 V (s¢€able 5.1).
Series resistances arereally high, as we could have expected from the previous observations of
defects on the metallic fingers. The black curve shows a partly shunted solar cell. Interestingly, we
do not see any effect of Rnwnt On the other cells, meaning that they are not shunted at all and do not
present any pinholes.|Figure 5.18|c and d gather the solar cells parameters of all the functioning
cells. We plot all these characteristics as a function of the finger spacing of the designed cell. Once
again, Jscincreases (from 16.5 to 18.5 A/cn?) when the finger spacing is wider, which is consistent
with the fact that there is less shadowing, enabling more photons to reach the solar cell. The other
parameters havea dispersion that is too high to conclude on any trend.

Figure 518 - a) Spatial repartition of the different cells that araot shunted with their efficiency. b) ¥/ curve of 4 of
these functioning cells ¢) 34 ks FF and efficiency as a function of the finger spacing, d) Results on each functic
cell
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The overall shape of the J-V curves remind us of what has already been observed in our epiSi
heterojunction solar cells in Chapter 2 (Figure 2.23): it exhibits a S-shape. In that previous part, we
found that this was due to a poor ohmic contact, due to an insufficient doping of the contacting cap
layer. Here, we have a cap layer that is doped enough on the front side, and we also carefully added a
back cap layer. Thus, theproblem should not come from insufficient doping of the cap layer.

To have a better insight on the origin of this problem, we grew an identical GaAs solar cell right side
up, and performed the exact same process flow (i.e. steps 6 to 12 froffFigure 5.13. After step 12, the
back contact was performed in Ti/Pt/Au at the back of the GaAs substrate. The resulting J-V curve is
displayed in[Figure 5.19|(purple circles), as compared with the reported cell #3. The Jsc, as well as
the Voc are higher than that of the bonded one. We also deduce from the slope below ¥c that the
series resistances are lowered. This is certainly due to the fact that this new upright cell does not
have the defects induced by the subgrate etching presented in[Figure 5.15 However, the FF remains
rather low (below 70 %), while GaAs solar cells usually exhibit FF between 80 and 85 %. More
LPSRUWDQWO\ ZH QRWKLFSH W KD W W\LIOHR: &érif ixhisEI@1d is Akcohtact issue
coming from our process. Pt/Au, deposited on p-GaAs, should form a ohmic contact without
performing annealing (~ 2x10° :.cm?2). However, the Ti/Pt/Au contact on n-doped GaAs ismore
difficult to achieve, and results in a shottky contact when not annealed 221, We already faced the
same contact issuein Chapter IV.5.2. (p, and showed that performing a rapid thermal annealing
helps getting the expected low resistivity. Thus, a RTA at 400 °C for 1 minute has been performed on
the upright solar cell. The resulting J-V curve (red squares) shows that the issue was indeed resolved
by performing an annealing on the device. Note that the purple and red curves correspond to the
exact same cell before and after annealing, whose parameters are gathered {fFigure 5.19c. We see
that the annealing only affected the FF. The \oc is not changed, and the Xcis slightly lowered. We
also reported the mean Voc Jscand FF values of all cells after annealing.

Figure 519 -a) JV curves of a bondddverted solar cell (blue), and an uprigth solar cell before (purple) and aft
annealing (red) b) characteristics of the uptight solar cells after annealing as a function of the finger spacir
Details of the solar cell chracteristics
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This behavior is the same on all the 4 different cell s of the wafer: the Jsc slightly reduces after
annealing, the Voc stays rather the same, and the big improvement lies in the FF. More than +10%
absolute fill factor increaseis obtained, and the resulting FF is close to 80 %. This fill factor could be
furt her enhanced by using a better ohmic contact such as AuGe/Ni/Au alloy.

The characteristics of the 40 different cells over the wafer are gathered in[Figure 5.19b, sorted by
finger spacing. There is a large dispers$on in the results. The final conversion efficiencies range from
12 % to 18.7 %.Jsc increases with the finger spacing while there is no noticeable trend upon the
other parameters. Jsc remains below the values from literature (record Jsc values are above 2
mA/cm 2). Note that this could be enhanced by optimizing the grid design (a higher finger spacing
may further increase the Jsg). Also, we did not add any anti-reflective coating, thus the Jscis reduced
due to reflection losses. The \bcobtained is consistent with the bandgap of GaAs, and really close to
state-of-the art presented in|Table 5.1

Thus, studying the upright solar cell helped us to find the origin of the S-shape, and the low FF, and
gave us insight an how to improve the performance of the bonded solar cell. The main and easy
improvement can be done by performing an annealing of the n-type contact. However, this
annealing must be performed before the bonding (right after step 2 from [Figure 5.13c). Indeed, we
tried to anneal at 400 °C the bonded cell #3, but we observed a detachment of the layer, and every
cell was then shunted. To improve the n-side contact, we could also use another cap layer. Up to
now, the cap layer was macd with Si-doped GaAs. Now that we master heavier doping level with Te
thanks to the studies presented in Chapter 4, we can use such layer as the contact layer. With a
better ohmic contact, we expect a fill factor approaching 80 % instead of 52 %, to reacha 11%
efficiency inverted solar cell. Also, the Voc and Jsc are both lower than that of the upright cell,
probably due to more recombination especially at the surface that is very defective due to the issues
during substrate and etch-stop layer removal. This issue can also be solved, by changing the
chemical bath when reaching the etch-stop.

V.3. Bonding of Si/ GaAsstacks

V3.1. Observations

This part deals with the bonding of full tandem solar cells. We faced agin new technological
challenge. We consider the 5 first steps of the process flow presented iffFigure 5.13|c. The structure
that we bond is the one presented inFigure 5.17 an AiGaAs solar cell grown by MOVPE on a GaAs
wafer with a GalnP etch-stop, followed by a Il -V tunnel junction. On top of it is grown the epitaxial
Si layer, followed by the amorphous stack to ensure passivation and contact, as presented irChapter
11.3.1. (p. . On top of the c-Si/a-Si:H stack is deposited ITO, followed by Ag or Al. In these
experiments, the thickness of the Si epitaxial layer is maintained in the range of 1 pm.

During the first trial, after substrate removal, the metal was Ag, and it was deposited by evaporation.

After substrate removal, we observed a detachment of the film at the interface between ITO and Ag
that was deposited by evaporation, as seen iffFigure 5.20]a. Evaporation does not provide good

enough adhesion. Also, Ag is usually lessadhesive with ITO than Al. Thus, we decided to deposit Al

by sputtering instead of Ag by evaporation.
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After a few other trials, we were facing the same issue: as soon as the etclstop is reached, some
cracks appear at the surface. They keep on propagating on thevafer after several hours. Also, our
first trials were performed on samples grown on 750 um thick GaAs substrates (#1 and #2 in[Figure |

5.20[a and b.)

Interestingly , same bonding using a tandem solar cell grown on a 350 um thick sibstrate led to
fewer cracks, as seen ififigure 5.20]c. (the half wafer on the right it completely free of cracks). On
the left part, the cracks seem to be initiated from the cleavage edge, where the wafer has been
weaken (this wafer had unfortunately been broken in two pieces before the bonding). This result was
really encouraging, and we could thus pursue the process to the next step: the GalnP etckstop

Figure 520 - a) Picture of layer detachment between Ag and ITO, b) picture of a tandem solar cell (#2) after
pum-thick GaAs substrate removal, c) picture of a tandem solar cell (#3) after 350 thitk substrate removal d)
#3 after GnP etchstop etching

etching. Regrettably, we did not anticipate by changing the metal from Ag to Al, the reaction of Al
with the chemicals involved in the process flow. Indeed, GalnP can be etched selectively only with
chemicals containing HCI, which also strongly reacts with Al. By dipping the wafer into HCI, the
semiconducting layer was removed, ard at some point even lifted-off. Even if the Al is buried under
the semiconductor layers, the HCI could have access to Alia the trenches due to the cracks, but also
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from the borders of the wafer (segFigure 5.20]d, right part). As a pathway to overcome this issuewe
could change the metal and try to use Aginstead of Al, but deposited by sputtering this time, and not
by evaporation so as to ensure a better adhesion However, we must consider a feature in this
tandem solar cell, which is that the Si epitaxial layer is strained. In the next part, we try to
understand the origin of the cracks observed during substrate removal, which seems to be a
recurrent issue during the bonding of the tandem solar cells.

V.3.2. Strain induced by Si

V.3.2.1. Reciprocal Space Mapping

Let us take a closer look at the cracks induced during GaAs substrate removal. Those cracks are
certainly due to the release of mechanical stress induced in the layer. To have a better insight on this
stress, we compred the {224} reciprocal space mapping (RSM) of one sample right after Si
deposition, and after bonding and GaAs substrate etching (the X-ray beam was placed on an area of
about 5Smm*5mm that did not contain any crack). Before bonding, we could see a weldefined peak
for the GaAs substrate and the lattice matched AlGaAs solar cell, and a wide peak corresponding to
the relaxed crystalline silicon. After substrate etching, only the Si layer and the AlGaAs stack
remains. We notice that the peaks of the AlGaAsand epi-Si layers remain at the samecoordinates in
the reciprocal space. However, we see a large widening of the peak corresponding to the AlGaAs
stack, revealing a huge mosaicity in the layer |Figure 2.7). While the GaAs substrate was in contact
with the AlGaAs stack, the stress induced by the Si wassupported by the thick GaAs substrate.
However, when the substrate is removed, the AlGaAs film needed to relieve the strain. The AlGaAs
stack probably reached its elastic-plastic transition, leading to the numerous cracks observed
experimentally. It is worth noticing that the width of the epi -Si signature has not changed, thus the
mosaicity concerns only the 1l -V layer. In other words, Si structure has not changed, only the
AlGaAs dack is affected.
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Figure 521 - {224} reciprocal space mapping of a tandem stack before and after bonding and substrate removal.

V.3.22. Curvature measurements:

To have an insight on the strain in the wafer, we did some curvature measurements with a
mechanical profilometer. Indeed, curvature measurement are often used to assessthe strain in

heteroepitaxial lay ers 222, We thus measured the bowing of the substrate before and after epitaxy of
Si on GaAs. From the bowing, we can deduce the radius of curvature of the substrate with Eq5.1. An

illustration of this equation is shown in [Figure 5.22]a.

=6 E 6 Eg5.1

4 L =
tu,

With a 800 nm thick epi -Si, the radius of curvature was found to be ~4.5 m, while before it was in
the range of 20m. Thus, the Siinduced a bending of the substrate, as illustrated in|Figure 5.22(b.

Then, from this value, it is possible to deduce the stress in the epitaxial layer by using Stoney
eguation223;
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hsub,caas @nd hepi.si are the respective thicknesses of the GaAs substrate and the epitaxial Si layer.
Esub,caasiS the Young modulus of GaAs substrate and Qus.caasits Poisson coefficient.

All the theoretical values2?4 for GaAs and bulk Si are reported in Table 5.3. We also reported the
measured radius of curvatures and the thicknesses of the wafer and the epitaxial layer.

Table 53: Theoretical Young moduli and Poisson coefficients of GaAs and Si, aretiexgntal values of R, &and h

Young Modulus E Poisson R R with epi-Si  h

(GPa) coefficient Q (m) (m) (um)
GaAs 85.5 0.31 20 r3 350
Si 179 0.22 45 rl 0.8

The calculation using Eq 5.2 and the values in Table 1 lead to a stress in Si layer of
Waan L Fravy 2=

The stress is negative, thus the strain is compressive. The relation between the stress and the strain
in a linear regime is given by the following equation:

Vo az1 0 Oks F @ a1 0 Egs.3

'@a1 U
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By approximating the values of Eepi.si and Quisi with the values found in literature for bulk Si
reported in table 1 we calculate a strain in the epitaxial Si of :

tga& - 0.30% r0.04
If we now look back in Chapter lll, figu re 3.5.b, at the values of the inplain strain in the
epitaxial layer, we are glad to see that these results areconsistent with the values obtained by the

GIXRD measurements, confirming once again that the epitaxial layer is compressively strained in
the plane.

Figure 522 - a) schematics of the radius of curvatur@s a function of the bowing, b) schematics of the tandel
solar cell before bonding, c) schematics of the tandem solar cell after bonding during substrate removal

146



V. lll -V Cells processing and bonding: towards inverted metamorphic tandem solar cells

Now, let us try to estimate what happens when we bond this strained system and remove the
substrate, in order to understand the cracks observed experimentally. After the bonding, the system
consists R D WKLFN 3VXEVWUDWH" @&ilbeded B Q& BB tRd hdéishbsttate,
WKH 3$0*D$V VWDFN" ZKLFK FRUUH V-¥RuDdsIVand/ tRe B/atnR etcsop-IslyeR | W K H

as it was presentedin(Figure 5.2

While accurate calculations have to be performed, we will try here to explain roughly the tendencies
by doing some assumptions. We suppose that the new system is as presented fRigure 5.22]c.
The following assumptions were made:
1) We suppose hat the radius of curvature after bonding is the opposite of that of before
bonding
2) We took the same value of R than for the GaAs substrate
3) We used the mechanical constants of bulk Si from literature
49) H FRQVLGHUHG RQO\ RQH 3*D$V" PDWHULDO QRW D VWDFN R
Il -V stack.
5) We also considered that the system of host Si+BCB+epiSi was equivalent one thick 350 um
Si substrate with Si mechanical properties

In this new configuration, we consider the stress in the GaAs layer during the thinning of the
substrate. The goney equation in this new configuration becomes:

o ) e 1S S Eq5.4
DJéaek;La U UaaelgiJU-44 F 4
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Intuitively, we deduce that the thinner will become the Il -V layer (low hgaas), the higher will be the
strain. We plot in |Figure 5.23fhe stress as a function of the GaAs thickness The right axis
corresponds to the strain calculated by adapting Eq5.3 to GaAs.

Figure 523: Stress and strain in the ¥ stack during Gag\substrate removal

More literature research remainsto be done in order to know the critical stress in GaAs that leads to
a plastic relaxation. We found that this value depends, not only on the temperature??>, as well as
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other parameters, such as the doping level in the laye#?s. For a rought estimation, we found in this
paper?? that the critical stress is in the order of magnitude of 120 MPa for an elastic plastic
transition in undoped GaAs (at 280 °C, which is their lowest temperature reported). In our black
curve, 120 MPa corresponda in our curve to a GaAs thickness around pm.

Thus, these estimations show that, considering the strain in the epitaxial silicon layer, it was
predictible, that the reduction of the GaAs thickness would lead to the plastic relaxation of the Il -V
subcell with thicknesses lower than 8 um, and thus to the cracks in the semi-conductor.

However, there are some routes to limit those issues. Indeed, it is possible to do some strain
compensation by adding on top of the Si a material which is tensile strained. For example, SiN is
often used for such drain compensations2?’. In this way, the radius of curvature can be
compensated, and the GaAs substrate removal would not induce toohigh stress in the Il -V subcell.

Thicker epi  -Si layers

To have an efficient tandem solar cell, thick epitaxial Si layers are required in order to ensure
enough light absorption. We propose now to calculate the stress that would be induced on the IIFV
subcell during GaAs substrate removal.

Let us suppose that we growthicker Si layers (5 um and 10 pm). The radius of curvature obtained by
using Eq 5.3, with VSi=0.57 GPa are: R(5 um) = 1.6 m and R(10um)= 0.87 m. By plotting Eg5.4 as
a function of the GaAs stack thickness, the red and blue curves are obtained for 5 um and 10 pm of Si
respectively.

Following the same reasonningas earlier, we calculated the stress induced in the GaAs stack during
substrate removal and reported it in|Figure 5.24(We see that for thicker layers, the stress induced is
even higher in the GaAs stack.

Figure 524 - Stress and strain in the W stack during GaAs substrate removal fc
various epiSi thicknesses
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Qualitatively, for a 10 um-thick strained epitaxial Si layer, if we consider that the critical stress is of
120 MPa, the substrate would crackfor a thickness around 50 pm.

If we try to grow even thicker Si layers, we can even expect to see the cracking of the substrate
during the epitaxial step. The crack of a substrate during heteroepitaxy has already been observed in
case of compressive strined GaN heteroepitaxy on sapphire228,

Thus, this part tried to assess qualitatively the effect of the strain in the epitaxial Si layer on the Il -V
layer during substrate removal after bonding. We could link the stress measured by curvature
analysis with the strain measured in Chapter Il by G IXRD analysis. Even though these calculations
include some assumptions that need more accurate determinations, we can anyway conclude that
the crack in the Il -V layer is somehow unavoidable, especially if we grow thick Si layes (above 10
pm). To prevent this effect, we can consider the addition of a strain compensation layer on top of Si
However, the most promising solution to avoid such a stress in the group IV layer would be to use
SiGe on GaAs instead of Si. Vith a lattice parameter closer to that of the GaAs, SiGe is expected to
have a lower in-plane strain. This assumption needs of course to be verified, given the fact that our
PECVD grown epitaxial materials do not seem to behave as expected in terms of strain.

V.4. Conclusion & perspectives

In this chapter, we successfully grew and fully processed stateof-the-art AlGaAs solar cells adapted
for integration in a tandem solar cell. With our design, we achieved conversion efficiencies up to 17.6
%, with fill factors between 80 and 85 %. If further improvements of the design can be considered,
such as the reduction in the shading due to the metal fingers, this result meets the requirements for
integration in a tandem solar cell. Then, we simplified the process in order to bond some inverted
GaAs sola cells. To do so, we used BCB, and faced several technological issues that have mostly
been solved, but the fill factor was rather poor (FF |50 %). For the next trials, we expect a significant
enhancement of the FF with a better ohmic contact. Finally, we bonded an inverted tandem solar
cell on a host substrate and removed the substrate. We observed the apparition of cracks during the
GaAs substrate removal, which are most certainly due to the strain in the epitaxial silicon layer. We
will anyway try to pr ocess tandem solar cells with thin epi-Si layers (below 800 nm) in order to be
able to measure electrically the device and have an insight on the quality of the interface between Si
and GaAs, but the future perspectives for this work are to grow SiGe on G#&s and assess the strain
in the SiGe layer. This way, SiGe will not only help to solve the strain issues emphasized in this
chapter, but also enhance the absorption in the bottom cell, thus requiring a much thinner SiGe
layer for similar tandem solar cell efficiency.
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General conclusions and perspectives

Combining Il -V and silicon represents a promising pathway to fabricate tandem solar cells that
would overcome the ~29% efficiency limit of a single c-Si solar cell. In this manuscript, we presented
an innovative approach to grow such tandem solar cell: by performing an inverted metamorphic

growth of crystalline silicon and SiGe on GaAs thanks to a low temperature (below 200 °C) PECVD
process.

Conclusions

We first studied the epitaxy of Si and SiGe ®mpounds on Si substrates, and fabricated
heterojunction solar cells. We reached a conversion efficiency of 6.7 % for a 1.5 um -Si absorber
with a Voc of 0.57 V, showing that our epitaxial films are electrically suitable for integration in a
solar cell. A 3 minutes annealing at 200 °C showed an increase in the device performance up to 7%.
However, in our epitaxial conditions, annealing above 300 °C leads to the degradation of the
interface between the substrate and the epilayer. This is probably due to the accumulation of
hydrogen at the interface leading to blistering, thus its detachment from the substrate. The addition
of Ge to Si (from 7 to 32 %) induced an increase in $cfor comparable epitaxial thicknesses due the
stronger absorption in SiGe, along with a reduction in V oc due to a lower bandgap. We observed that
the performances of SiGe heterojunction solar cells are highly deteriorated when the SiGe layer is
relaxed. The relaxation happens above a critical thickness (> 1um) of the heteroepitaxial layer, that
depends on Ge content: the higher the Ge content, the lower the critical thickness. In our case, 32%
of Ge was relaxed for a thickness of 1 um. We found that the critical thickness values for our PECVD
growth at 175 °C are higher than that of other epitaxial techniques happening at higher
temperatures (for which SiGes; layers relax below 100 nm). Thus with PECVD we can grow thicker
SiGe layers on Si while keeping the layer strained. We also found that SiGe solar cells exhibit better
efficiencies when grown at 200 °C instead of 175 °C.

Then, the heteroepitaxy of silicon on gallium arsenide has been studied. We successfully grew
monocrystalline silicon with thicknesses of 1 um. The strain has beenfully relaxed at the interface,
leading to thick epitaxial layers of monocrystalline silicon with no threading dislocations. Using
XRD analysis of both out-of-plane and in-plane lattice parameters, we observed two interesting
phenomena on the epiSi layers. Onthe one hand, we found that the out-of-plane parameter (a p) is
1% higher than that of the theoretical bulk Si. We correlate this behavior to the presence of hydrogen
that induces strain in the growth direction. On the other hand, the in -plane parameter (a;) is lower
than that of the bulk. As the latti ce parameter of the bulk GaAs is 4% higher than that of Si, we
would have expected a tensile strain, but we found here a compressive strain. In order to explain this
unexpected result, we must consider the role of the thermal strain of the GaAs substrate hat has a
higher thermal expansion coefficient than Si. But this behavior can be explained only if the surface
temperature of the substrate is locally much higher than the 175 °C set point of the reactor. This
observation could actually help understanding the growth mechanisms of low-temperature PECVD,
and be an experimental proof that the growth surface during the growth is locally at really higher
temperatures. This would explain how a full monocrystal can be obtained at such low reactor
temperature.
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The development of the tandem solar cell does not only lie on the growth of Si on GaAs. To
manufacture a working tandem device, a large nhumber of steps and building blocks had also to be
achieved. While the Il -V lab has a strong expertise in MOVPE growth andprocessing for various

other applications (photonics, optoelectronics « SKRWRYROWDLF ZDV D QHZ WRSLF
the know-how to our application. Thus, we developed the materials necessary to grow the IlI-V
subcell with Alo22Gao.78As, designedto be current-matched with Si. The full process in clean rooms,

along with the design of the grid geometry had to be developed, in order to realize measurable IlI-V

solar cells. With our design, we achieved conversion efficiencies up to 17.6 % with fill fators
between 80 and 85 %, reaching stateof-the-art for Al xGaw.xAs solar cells with a bandgap adapted for
integration into a tandem solar cell with Si.

Also, heavily doped ntype and p-type lll -V layers (GaAs, AlGaAs and GalnP) have been developed
in order to fabricate tunnel junctions (TJ), which is another essential part of our targeted device.
Indeed, in a two terminal configuration, a TJ is essential to allow the carrier to flow from the top -cell
to the bottom by tunnel effect. We could reach good pe& tunneling current (J peak ~10 mA/cm 2) with
standard dopants used in MOVPE (C for p-type and Si for n-type). However, as n-doping level is
limited to 1.2x10'9cm3 due to Si amphoteric behavior, optimization of p -type doping level did not
enhance the Jeax. Thus, to further increase the performances of our TJs, we developed the doping of
GaAs with tellurium, using DIPTe precursor. We finally could reach doping levels higher than
2.7x10% cm=3, and found that our precursor is less sensitive to the growth temperature than the
other common precursor (DE Te). We also found that the nature of the underlying layer can decrease
Te incorporation, but it can be solved by performing an in -situ annealing between the growths of the
two layers. With such a n-doped layer, we reached stateof-the-art tunnel junctions with peak
tunneling currents as high as 3000 A/cm 2. These TJs are not only suitable for our application, but
can also be integrated in multi-junction solar cells working under high concentration. We also
explored the possibility of doing Si/GaAs hybrid tunnel junctions aiming at taking advantage from
the defects located at the interface of the heteroepitaxy to enhance the TJ performancs. This would
also avoid having this interface elsewhere, where the recombinaion due to these defects could be
critical for tandem solar cell performances. We successfully grew heavily doped crystalline Si layers
on top of GaAs, but issues in the device measurements did not allow us to conclude on its
performances.

We must however keep in mind that the dopants of the tunnel junction can be partly passivated due
to the further exposition to a H, plasma during PECVD heteroepitaxy. Indeed, we showed that
hydrogen plasma can deactivate the dopants in GaAs (Te, C, Si), in a nomegligible way: at the
surface of the Il -V material, the doping level can be reduced by up to one order of magnitude. This
passivation is due to the diffusion of hydrogen in the layer that forms complexes with the dopant
atoms. Luckily, this behavior can be recowvered by performing a thermal annealing.

Once all of these steps were mastered, we could thus grow the inverted metamorphic solar cell,

which is composed of the inverted Il -V solar cell followed by the Il -V tunnel junction and finally

the epitaxial growth of Si layer. For a working tandem solar cell, one last crucial step was missing:

the bonding of the stack on a mechanical holder so as to etch the GaAs substrate and handle the 5 to

10 pm-thick remaining active layer for the following solar cell process flow. With the available
techniques in our clean room environment, we chose to bond our stack with a polymer (BCB). The

process was simplified as compared to the upright solar cell, because, each additional process step
(substrate etching, spin coating, lift-RIl« FDQ LQGXFH FULWLFDO GHWHULRUDWLI
several iterations, we learnt how to avoid these process issues and succeeded in bonding full 2
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inches wafers with functioning solar cells designed with a 5x5 mmz2 area. Once relatively confident
on these steps, we finally bonded a full stack of IlI-V/TJ/epi -Si with 1 um of epi-Si. The substrate
removal was found to be even more critical than for the Il -V inverted cell. Indeed, as we have
observed earlier by studying the structure of the epi-layer, our Si is in tensile strain. When removing

a 750 um substrate, we actually observed that the AlGaAs layer was relaxing the strain and inducing
cracks all over the wafer. We could reduce these issues by using a thinner GaAs substrate (350 pm
thick), and we are thus close to finally fabricate and measure our first tandem solar cell made by
inverted metamorphic growth of ¢ -Si on GaAs by low temperature PECVD.

Perspectives

During this work, various aspects of the fabrication of a tandem solar cell have been explored. This
has led to the achievements presented above and had also raised numerous questions. These are
worth exploring in order, not only to further improve the building blocks of the tandem solar cell,

and obviously, of the final tandem solar cell itself, but also to understand more fundamental
physical phenomena.

The development of SiGe on GaAs is the next step towards the fabrication of tandem solar cells with
our approach. Indeed, the bandgap combination between AlGaAs and SiGe with the right
compositions can also lead to high efficiency tandem solar cells, and it would reduce the required
thickness of epitaxial SiGe due to the higher absorption coefficient of SiGe. Also, as Ge lattice
constant is close to that of GaAs, high Ge content ould be achievable without relaxation of the SiGe
layer. It would also be interesting to explore the growth of c-Si by PECVD at higher temperature
(from 300 to 400 °C) to reduce the amount of hydrogen incorporated in the epitaxial layer, and thus
increasethe thermal stability of the layers upon annealing.

In this manuscript, the interpretation of the small in -plane lattice parameter of our epi-Si on GaAs
leads to the following possible conclusion: the growth of epitaxial Si may happen thanks to a local
high temperature at the growing surface. Our hypothesis is that this smaller in-plane lattice

parameter is due to the thermal strain induced by the GaAs substrate. It seems that the growth
surface is at higher temperature than the reactor temperature. If this assumption remains
gualitative and with lots of approximations, the trend seems to be confirmed by the values already

obtained in the lab on Si/GaAs heteroepitaxy as well as Si on Ge. It is definitely a route to explore, by
performing systematic studies on the in-plane parameter of heteroepitaxial Si layers grown on
various (100) substrates (GaAs, Ge, InP) with fixed deposition conditions. This way, we would get a
better insight on the origin of the observed compressive strain, by decorrelating the thermal strain

from the lattice strain and the hydrogen content.

For fabricating tandem solar cells, the main challenge is now to remove the substrate without
inducing cracks in the layers. Also, if we may succeed with 1 um thick epilayer, detailed
investigation must be done on the strain induced by the epiSi layer on the eptlll -V stack once the
GaAs substrate is removed. Indeed, to obtain reasonable conversion efficiencies we need to grow
thick epi-Si(Ge) layers. With thicker Si layer, is expected a higher higher strain in the Il -V subcell.
While we can consider the addition of a strain compensation layer on top of Si, the most efficient
solution would be to use SiGe on GaAs instead of Si. Indeed, with a lattice parameter closer to that
of the GaAs, SiGe ixpected to induce a lower strain on the GaAs layer after substrate removal. This
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assumption needs of course to be verified, given the fact that our PECVD grown epitaxial material
does not seem to behave as expected in terms of strain.

Even if we are notat this stage of the development of our tandem solar cell, further improvements of
the tandem solar cell can be anticipated. First, concerning the AlGaAs solar cell, further
optimization of the absorber thickness and the Al content will be needed in order to have a current-
match with the SiGe layer that we would be able to grow on GaAs. Also, the addition of a back light
trapping scheme would have to be considered, in order to further reduce the required epitaxial
thickness of Si(Ge).

Finally, this PhD enabled to build-up expertise on several domains, nourishing each lab from their
different knowledge. Being at the crossroads between the wolds of crystalline Il -V materials (Il -V
Lab), and of silicon-basedphotovoltaic s (PECVD materials at LPICM-Total, modelling and electrical
characterization at GeeP9, enabled to build-up new expertise in those different worlds, and to open
the path to new research topics and applications. Photovoltaic can now be counted asa new field of
expertise at the Il -V Lab, providing opportunities for other projects dealing with multi -junction
solar cells. Moreover, the tunnel junctions fabricated can be used not only in multijunction solar
cells but also in various other lll -V devices. Furthermore, the building of a new know-how on
characterization of crystalline materials by means of X-Ray diffracti on givesto LPICM a new tool to
understand the crystalline growth by PECVD. Finally, by performing heteroepitaxy on Il -V
compounds, we may have found a key to understand the physics behind low-temperature PECVD
epitaxy.
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