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A Method te Prodace Germanium Layers

‘ihe present invention relates to 2 method of producing layers of germanium

and other materials, principally on silicon substrates.

Whereas the pioncering work in microelestronics was Gennanium-based (see
the first transistor in 1947) the advantages of Silicon {low cost, native isolaling
oxide, techmology developiment) led to the dominating position of silicon jo modem
microelectronics. There are today only a few applications fer germanium suhsirates,
for cxample high ctficiency solar ceils of the type (GalnP/GaAs/Ge. Ttis the high cost
of germanium substrates which prevents the use of such solar cells for temestrial
applications {Compound Semiconductor 1999, 5 (%), page 40 and 2001, 7(1), page
82).

Neveriheless (here ure o few advantages of germanium, too, especially the
higher carrier mobility in comparison io silicon. Therefore, there has been
considerable wssearch in lngroving silicon subslraws lor electronic devices, by
applyving on the substrale surluce o $iGe ulloy layer, having (he form Sig.Gee There
is a 4.2% difference In the latiice comstanls of silicon and germanium, Hence if
thicker layers of SiGe on silicon substrates are desired strain-induced dislocations
are unavoidable. By growing a gradient layer with increasing Ge 1n a first step these
misfit dislocations can be concentrated within this pradient layer. The further growth
of a constant composilion GeSi laver in lhe second step can then be continued with
lower convenlmtions of dislocations. In general, this method necds depositions of
gradient SiGe and constant SiGe in the order of pm thickness. Methods of depositing
Ge on 51 substrates are disclosed for example in UUS-A-5,286,334 and US-A-
6,117,750,

WO-A-99/19456 discloses theorotical investigations for growing threading

dislocation-free heteroepitaxy.  The proposed method involves forming on an Si

JP 2004-531889 A 2004.10.14
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substrale a layer of a material with a gifferent [attice constant. This crcates bumps in
the layer, known as Stranski-Krastanov islands, arsing from buckling of the layer
under strain. Dislocstions around the bumps are removed, allowing furtaer defect-free
growth of the islands, eventually to form a continuous layer. This is essentially a
(heoretical analysis, and there is no evidence that the mothed has heen, or could be,
implemented in practice, since the resultant struciure has an interface belween (wo
materinls of different Inttice constant. This would result in inunense strains set up at

ihe interface, with no means of relieving the strains.

Summayy of the loveotion

It is @b object of the vention o provide an improved method for producing

germaninm or other layers ol large area.

In a first aspeet, the present invention provides a method of producing a ayer

of a desired material, the maothed comprising:

a) providing a substrate of silican, having a different lattice constags [rom
said desired material, and depositing said desired material on the subsiraie
such that rounded protuberances are produced;

b

[illing the sreus betwoen the protuberances with a non-erystalline material;
and

¢) dopositing again said desired material, the rounded protuberances serving

as growih sitcs wherehy to produce a luyer of said material.

In a second aspeci, the invention provides a semiconductor structurc
comprising a substrate of silicon, protberances of a desived material formed
on the subsirate surface, said proluberances having 2 rounded shape, and the
desired materis? having 4 different lallive constant from that of silicon, a laycr

of non-crystalline material being formed between the protuberances, and a

JP 2004-531889 A 2004.10.14
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layer of said desired material being formed on 10p of. and in contact with, the

rounded protuberances.

The layer of material is cssentially formed in slep ¢} as single crystals
extending from each protuberance. Depending on the intended application, the
crystals may extend to form a mare or less sontinuous laver; alternatively the growth

may centinue to form a layer of uniform thickness.

The protuberances may be formed en the substrate in any desired way, For
example the subsirate may be prepared to define sites on which the desired material
may be deposited, by lithography or other methods (for example, that deseribed in our
copending applicationW G 01/84238). However it is preforred to grow an initial layer
of the material uniformly on the substrate, and this ereates in known manncr, onee the
layer exceeds a certain thickness, Stranski Krastanov (SK) pyramidal shaped bumps
caused by buckling of the luyer under strain. In accordance with the invention, these
pyramidal-shaped bumps are increased in size vntil they become rounded in shape, in
the form of 2 dome. In accordance with ihe invention the growlh of the initial layer is
carried out i steps of pre-deteramed duration, s described in more detail below, so
that enly rounded humps remain and substantially all the pyramidal shaped bunps no
longer exists. The advantage of using arger rovnded bumps Is that the latlice spacing
at the top of the bump iz substantially that of the desired material, 2nce the lattice

structure at the top of the buunp is substantially reiaxed.

In accordance with the inveation, the malcrial preferably comprises
gormunium.  Alternatively, the germanium may be replaced by a suilable alloy of

senmaniam and silicon, Ge,S) ;.

“I'he substrate on which the germanium layer is formed is silicon, since silicon
is & very cheap material and can be produced in wafers approaching 12 inches wide.

In a modification of the invention, subsirates other thun silicon may be cmployed.

JP 2004-531889 A 2004.10.14
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Thus it is possible in accordance with the invention to produce a very large
aren layer of permanium, as wide as that of a silicon water, and hence the costs of
producing eiectronic devices on the germanium layer arc correspondingly reducerd.
Thus the present invention s very suitable for usc as a compound solar <ell
comprising (re/(taAs/GalnP. Solar cells do not require a single crysial formalion in
the layer of germanium, i.c. pure epifaxial growth of the germanium layer. Solar cells
will function perfectly adequately with polyerystalline growth, i.c. a layer in which
the current ﬂow_ laterally over the length of the germaniem laycr is intcrrupted.
Nevertheless, it is possible in accordance with the invention fo achieve epitaxial
growih of the germanivm layer. In order to do this, it is noccssary to provent, as morc
fully described below, contamination of the surfaces of said protwberances are free
from conlamination from subsiances such as silicon, which would otherwise prevent

epufaxial growth from the individual protuberances.
Brief Dexcription of the Lrawings

Dreferred embodiments of the invention will now be described with reference
to the accompanying drawings wherein:-

Figure 1 shows four sequential steps diagrammatically in the production of a
rermanium layer in accordance with a first embodiment of the invention; and

Figures 2, 3 and 4 are views of the rounded protubcrances formed in step 1 of
Figure 1;

Figures 5 and G are views In crossection of a gemnaniun luyer formed on a
silicon substrate by the process of Figurc I;

Figure 7 13 an enlarped view of a germanium protubcrance with cpitaxial
growth of a Jayer of germaniwmn thereon; and

Figure 8 shows [our sequentiai steps diagramematically in the production of a

germanium layer in accordance with a second embediment of the invention.

JP 2004-531889 A 2004.10.14
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Deseription of the Preferred Embodiments

Tn at leasr the preforred cmbodiment self-assembled Ge-dots are produced
Si(001} substrates in UHV-CVD, a stable oxide mask (Si0y) will be ercated in the
ared between the dots, the GeQ, on top of the Ge-dots will be reduced by Hs and
finally, the Ge-dots are used as the seeds for epitaxial lateral overgrowth of the Si0;
with Ge. The whole process is based on self-organisation, ie. no special processing
steps will be necessary, The result will be a sirusturs of Ge {or Ge, St} on Si. The
formed Ge-layer can be thin and can be & base for further deposition of, for instance,
CaAs/GalnF on fop of it

Referring now tv Figures 1 and 2 a thin Jayer of germanium is formed on a
silicon suhstrate having « face on the <001 plane under ultraligh vacuum conditions
by a chemical vapour deposition process. Under these conditions, self-assembled SK
pyramidal-shaped dots 14 are formed i the germanium layer, between 4 and 6
nanometers high, Upen continugd grawth, these dots have a rounded fomm und are
between 12 and 20 nanometers high, and between 60 and 100 nanomciors wide. A
unimodal dome-shaped island population is achieved for the sclf-assembled
Ge/Su001) dots grown by ultra-high vacuum chemical vapour deposition (UTIV-
CVD) a1 T-620 °C. A step-wisc growll mode is applied, consisting of twa Ge
deposition steps with u short growth interrmuption in between. In the first step a “basc
structure” with pyramids and domcs is grown while in the second one an additional
Gre amouni 2t reduced  pressurs s supplied. Selective “focding” of onty the pyramids

and their conversion into domes oceurs

In the SK effect, there are three distinet island shapes that are named “pyramids”,
“domes™ and “superdomes” (S. A. Chaparro, Y. Zhany, T, Drucker. ). Chandrasckhar,
and 0. J. Smith, J. Appl. Phys. 87, {2000) 2243; G. Medeiros-Ribeiro, T. I. Kamins,
D. A A. Ohlberg, and R. 8. Williams, Phys. Rev. B 58 (1998) 3533). Pyrumids are

small volame isfands that are bounded by four equal {105} facets forming a contact

_5-
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angle of 11° with the S5i{001} substrate. Domes, larger volume islands, are
multitaceted structures bounded by stesper {113} facets and other varicus facets with
contact angle near 25°. Both, pyramids and domes are coherent (ie. dislocation free)
islands. Superdomes are the largest, no longer coherent islands, that have {1113 facets
and other facets in addition at the boundary with the substrate. As growth proceeds,
searching for minimization of the free energy of the svsiem. the islands go through
shape transitions from pyramids to domes or domes to superdomes. Over a wide range
of growth conditions the sponfancously formed 3-dimensional (31} islands show a
himodal size distribution, containing pyramids and domes coexisting even for long
times of ammealing, In the SK etiect, the dots produced have a lattice constant at the
silicon substrate corresponding to that of silicon, but as the germanium extends away
from the substrate, (he strain it the zermamum lalice gradoally relaxes so thal al the
top of the dots, the lattice constant appreaches that of germanivm, Thus when 2
subsequen! layer of germanivm is fonned on the top of the duis, the Luttice dimensions
of the top layer are equal to that of the natural lattice constant of germanium without

strain. Therefore no dislocations are produced.

Ag shawn in Figire 2, the protubcrances have a bimodal size distibution, with
smaller protuberances having a gencrally pyramid prefile and growing to a height of
up 10 G nanometers. The rounded protuberances grow to a greater height. It is desired
to ensure that all the pyramid-shape proluberances sre removed. In ascordance with a
prelerred method, the pyranud protuberances are enlarged in a second slep of
germanium deposition whercin germanium i3 deposited for a short time period of 57
sceniiis 2t a pressure of 2 X 10 mhar, then followed by deposition at 1.1 X 10" mbar
for a timce period of § scconds. Figure 3 is a finther view of the himodal distribution,

with a lower density of pyramids.
This step-wise method of growth of protuberances is effective in eliminating,
for practical putposes, the smali pyramid-shaped projections.  Figure 4 is a view of

the protuberances, with the pyramids esseotially removed.

_6-
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Referring to Fipure 1B, in step 2 the substrale and germaniura layer are
oxidised by applying a nitrogen gas saturated with water at a temperature of 500°C for
(.5 hours. This oxidises the gennanimn layer to produce genmanium dioxide, and
also oxidises the underlying silicon substrale i the regions between the protubcrances
to produce silicon dioxide, Since he silicon dicxide expands, the resultant structure
a3 shown 1 Figure 1 has regions 20 full of silicon dioxide between the dots 14 and an
averlying layer of germanium dioxide 22. The oxidation effecl of germanium ig small
since germaninm forms a welting layer at the surface with a thickness of only a fow

monolaycrs

in step 3, a reduction process is carried out wherein the germanivn dioxide is
reduced by application of hydrogen. The result as shown in Figute 1C is to produce
germanium dots or protuberances 14 surrounded by islands of amorphous silicen
dioxide 30. Reduction by hydrogen at temperatures below 8004C does not attack the
silicon dioxide fayer because of the higher thermo chemical stability of silicon
dioxide. Since these amorphous regions 30 do nol provide a lattice construetion to
which germanivm will register, a further deposition process of permanfum by
MOCVD, as shown in Figure 17, step 4, will produce germanivm nucleating on the
gennanivem protaberanees 14 and extending betwesn protuberances (o produce a layer

of armanium 44 of perfeet erystallinity.

Adthough this preferred smbodiment has been described with reference to the
production of gepuasium, the method is also applicable te producing compound

lavers of stlicon and gennanium.

A gpecific example of the provess of Figure T will now be given:

EXAMPLE

Step 1, self-assembling Ge-dote: The growth of almost uniform dome-shaped

Ge-islands on Si{001) according 1o figure 1A, step 1, was performed by a lwo-step

S
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growih procedure using ultra-high-vacuum chemical vapor deposition (UITV-CVD),
Silane (SiHL) and germane {Cekls, 10% diluted in H;) were used as source materials.
We used substrates cleaved from (001) oriented n-doped 5i wafers. First the samples
were cleaned in organic solvents and sonicated in ultrasound bath. Afier Piranha
etching in a 3:1 H>SO./H;0; mixture for 5 min, the substrates were treated in a
solution of diluted HF (5% for 455 to renove the native oxide and hydrogen-passivate
the surface. The wafers were then inserted into the reactor at 450°C and a 45 nm thick
Si buftor layer was grown during ramping up to the Ge deposition tenperature of
620°C. After a growth interrupiion of 15 s the first Ge amount was depesited during a
time of 72 sec at 2 GeH. pressure of 2x107° mbar. Atomic foroe micrascopy {AFM)
measurements show for samples grown with only one deposition step the typical
bimodal size disinbulion of Ge-dels with smaller pyramids and larger domes (figure
2}

In erder Lo selestively convert zll the pyramids into domes, without creating
new nucleation sites, we have used a two-step growth process, where m the second
step, afler a period of 1 minute of growth interruption, for 14 sec a controlled
additional mmount of Ge is supplicd at a Tower GeH, pressuwre of 2x10°® mbar (lower
supersaturation) fo seleetively “feed” the pyramids and to suppress the formation of
new 3-I islands. The results of the siep-wisc growth arc shown in figurc 3. Fypically
almost all the pyramids can be converted imo dome-shaped islands. Samples of this
morphology were then used for the further oxidation/reduction and overgrowth
experiments according W steps 2, 3 and 4 in figure 1.

Step 2, surface oxidatien: This step (figurc 1B) 18 to perform under very
wentle condilions . The best results were obiained by taking off the sample from the
reactor cell, exposing it to air at ronm-temperature for 60 min and putling il back
the reactor. The native oxide which grows under such conditions on the surface is
about 2 nim thick. It covers also the Ge-dots, whereby due to the incorporation of Si as
un unpurily into the dots the formed oxide is a mixture of GeO, and 510,

Step 3, seleclive reduction; This step (step 3 in figure 1) was done in the

UHV-reactor cell at a temperatuce of 600 °C by filling the call with H, over a time off

-§-
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60 min. The reduction process started with a Hy-pressure of O and was then lineavily
ramped up to 600 Torr at the end of the reduction process. Snbsequently, the Hy was
puniped away.

Step 4, epitaxial lateral avergrowth: This step (step 4 in figure 1) was done
immediately after step 3 had finished and the H: was pumped out of the reactorgell
down to a pressure of <1x10® mbar. After this the GeH: was awitched on and the
nucleation of Ge on top of the former Ge-dots started. Tn arder to restrict {he Ge-
nucleation to only arcas where single-orystalline Ge phascs can act as the seeds the
GeHy-pressure for the first 10 min of deposition was kept on a low value of 2x10°
mbar. In order to depoesit thicker layers the GeFl-prossure was finally increascd to
6.5x10™ mbar for furlber 50 min of deposition. Under these conditiens about 400 nin
of Ge vould be deposited as & layer, us shown i Figures 5 and 6. Fig. 5 {s 2 Scanning
Electron Micrograph (SEM) image of the ¢leavage plane. The bright iayer 50 is Ge.
Fig. 6 is a T'rensmission Lleciron Micrograph (TEM) image of & similar area. The
dark layer 60 1s Ge. The dark strape 62 close to the Si-surface (about 45 nm away
from the Ge) is cansed by some Ge incurporation at the beginning of deposition {a
menory effect from previous rans).

Figure 7 shows. a single-crystalline deposition 70 of Ge on top of an
oxidized/reduced/overgrown (le-dot 72. The nucleation started in the arsa marked
with a cirele 74. Starting from this point lateral overgrowth of the oxide 70 ooours.
The oxide comes from the contamination of Ge-dots with §i, i.c. {t is nuinly Si0Ox
which does not reduce in the H2-almosphere. Thus the epitaxial information between
the former Ge-dot and the deposited Ge is transferred close to the top of the former
dot. ITere the latiice planes of the single-crystalline Ge-rich material 70 penetrate the

oxide Jayer 76.

Referring now 1o figue § there is shown a second cmbodiment of the

invention wherein steps 1, 2 #nd 3 are essentially the same as that for figure 1.
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In step 4 however, germanium is grown on the tops of the rounded domes by
epilaxial lateral overgrowth, The wrea of deposited germuaniom extending from each
dome site forms a single crystal. Since the intended application of the germanium
Tayer 1s for a solar cell, enly veriival movement of the electrons in the genmanivm
layer is of interest betwaen the various layers other solar cell. Therefore it is not
necessary for the single crystals extending from each dome site to coalesce with
adjacent crystals from adjacent dome sites in order for the solar cell to work properiy.
Therefore in this embodimen! the upper layer of germanium comprises regions of
single cells which more or less cover the entire area of the substrate and form a layer.
Fipure 5B shows a schemaiic view of 4 sompleted salar cell incorporating the second

embodiment.

10 -
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CLAIMS

A method of producing a layer of a desired material, the method comprising:

) providing a substrate of silicon, having a different lattice constant fiom said
desired material, and depositing said desired material on the substrate such
that rounded protuberances are produced,

h) filling the areas betwaen the promberances with 8 non-crystalline material;

c} depositing again said desired material, the rounded protuberances serving

as growth sites whereby to produce a layer of said matcrial.

A methad as elaimed in elaim 1, the methed comprising:
in step a), depesiting a layer of said materlal on the subsirate wherein the
material Jayer is grown sulficiently that rounded shaped protuberances arc

produced 1n the layer.

A method according to ciaim 2 wherein said laver of said materjal is deposited
in such a way that only tounded shaped protuberances are produced, and

pyramidal-shaped protubcranees aro suppressed.

A method according te claim 3, wherein said layer of said material is produced
on the substrate by a series of step deposilions by chemical vapour deposition,

30 that the protuberances produced are of a unifonm size distrbotion.

A method according to claim 2, 3 or 4, wherein the protuberances have at their
base a lattice constant comrcsponding te that of the underlying subsirate
material, snd at their tops, a lattice constant corresponding to that of the

desired material.

-11-
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10.

11.

A method according {o any preceding claim whereln in step (b) areas of
amorphous silicon dioxide are produced between the proluberances by

oxidation.

A method according to claim 6, whercin the oxidation proces is carricd out

under atmospheric conditions, and at room temperature.

A method according to claim 6 or 7, wherein the desired maledal is reduced
by application of hydrogen at an clevated temperature, wherchy 1o expose the

top of the reunded protuberances separated by areus of silicon dioxide.

A methed according to claim 4, wherein said desired material is deposited by a
chemical vapour deposition process, wherein in a first stage onc or more of the
conslituent materials is supplied at a predetermined presswre, and, afier a
period of growih interruption, in a second stage the pressure of said

constituent maderials s decreased.
A mothod according to claim 9, wherein the consituentz of the chemical vapor
deposition process are Silanc and C(icrmane, and the pressure of Germane is

reduced in the second stage.

A method according o claim 2 or 10, wherein the temperature of the process

is renghly 800°C, the perind of the fivst stage is roughly ene minute, the period of

grawth interruption is roughly one minute, and the period of the sscond stage is

roughly onc quarter of a mimuote.

12.

A method nceording to any preceding claini, whepein sald desired muterial

COIMPLises germanium,

-12-
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14,

15.

A method according to any proceding claim, wherein the layer of desired
material formed on said protuberances extends from each protuberance by
epitaxial prowth as a single crystal, to form a continuous layer extending over

the substrate.

A methed according to any of claims 1 to 13, wherein the growth of the layer

on the protuberances is continued to form a layer of uniform thickness.

A method according to any preceding claim, modified in that a substrate of a

material other than silicon is employed.

16.

Use of a mathod sccorling lo any preceding claim @ produce 2 germanivm

substrate in a solar cell.

17.

A semicenductor struciure comprising a subsirate of silicon, protuberances of
a desired material formed uu Lhe substraia surface, safd protuberances having a
rounded shaps, and the desired material having a diffcrent latticc constant
fram that of silicon, a layer of non-crystalline material being formed between
the protuberances, and a layer of said desired material being formed on top of,

and in contaet with, the roundad protuberances.
A structure according to claim 17, wherein (he desired material is germanium.
A structure according e claim 17 or 18, wherein said layer of desired muterial

is epitaxially formed from cach, or at least the greater part of. Lhe

pratubcrances.

- 13-
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Fig.1A.

Step 1: Self-assembiing Ge dots in UHV-CVD
G

), i, 07, W U/ 8

N l N

L8

Fig.1B.

Step 2: Surface oxidation by inserting HaO

Fig.1C.

Step 3: Reduction G802 +Hg --

RS= R

Fig.1D.

Step 4: Epitaxial lateral overgrowth (ELC) by Ge
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