WO 02/090625 A1l

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

14 November 2002 (14.11.2002) PCT

(10) International Publication Number

WO 02/090625 Al

(51) International Patent Classification”: C30B 25/02,
25/20, 23/02, HO1L 21/205

(21) International Application Number: PCT/GB02/01980
(22) International Filing Date: 30 April 2002 (30.04.2002)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
0111207.7 8 May 2001 (08.05.2001) GB

(71) Applicant (for all designated States except US): BTG IN-
TERNATIONAL LIMITED [GB/GB]; 10 Fleet Place,
Limeburner Lane, London EC4M 7SB (GB).

(72)
(75)

(74

81)

84

Inventor; and
Inventor/Applicant (for US only): SEIFERT, Werner
[DE/SE]; Magle Lilla Kyrkogata 5, S-223 51 Lund (SE).

Agent: KIDD, Piers, Burgess; Btg International Lim-
ited, 10 Fleet Place, Limeburner Lane, London EC4M 7SB
(GB).

Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, 1.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ,NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG,
SL SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,
VN, YU, ZA, ZM, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),

[Continued on next page]

(54) Title: A METHOD TO PRODUCE GERMANIUM LAYERS

(57) Abstract: A method of producing a very large area germanium layer on a

A. silicon substrate, comprises forming an initial layer of germanium on the silicon
Step 1: Self-assembling Ge dots in UHV-CVD substrate such that rounded S-K protuberances are produced by lattice mismatch.
Ge Oxidation produces silicon dioxide between the protuberances, and a subsequent

7 S, i 74 N /S Jonp e ved
k \N reduction step exposes the tops of the protuberances. Since the top regions are
e almost perfectly relaxed and free of stress, these form nucleation sites for the
Si subsequent growth of a final layer of germanium, formed as single crystals each

extending from a nucleation site.
B.

Step 2: Surface oxidation by inserting HoO

Step 4: Epitaxial lateral overgrowth (ELO) by Ge

S&




w0 02/090625 A1 NI 00000 O 0

Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR,
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent
(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR,
NE, SN, TD, TG).

For two-letter codes and other abbreviations, refer to the "Guid-
Published: ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

—  before the expiration of the time limit for amending the

claims and to be republished in the event of receipt of
amendments

—  with international search report



10

15

20

25

30

WO 02/090625 PCT/GB02/01980

A Method to Produce Germanium Layers

The present invention relates to a method of producing layers of germanium

and other materials, principally on silicon substrates.

Whereas the pioneering work in microelectronics was Germanium-based (see
the first transistor in 1947) the advantages of Silicon (low cost, native isolating
oxide, technology development) led to the dominating position of silicon in modern
microelectronics. There are today only a few applications for germanium substrates,
for example high efficiency solar cells of the type GaInP/GaAs/Ge. It is the high cost
of germanium substrates which prevents the use of such solar cells for terrestrial
applications (Compound Semiconductor 1999, 5 (9), page 40 and 2001, 7(1), page
82).

Nevertheless there are a few advantages of germanium, too, especially the
higher carrier mobility in comparison to silicon. T herefore, there has been
considerable research in improving silicon substrates for electronic devices, by
applying on the substrate surface a SiGe alloy layer, having the form Si(;..yGey. There
is a 4.2% difference in the lattice constants 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 in a first step these
misfit dislocations can be concentrated within this gradient layer. The further growth
of a constant composition GeSi layer in the second step can then be continued with
lower concentrations of dislocations. In general, this method needs depositions of
gradient SiGe and constant SiGe in the order of pm thickness. Methods of depositing
Ge on Si substrates are disclosed for example in US-A-5,286,334 and US-A-
6,117,750.

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

dislocation-free heteroepitaxy. The proposed method involves forming on an Si
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substrate a layer of a material with a different lattice constant. This creates bumps in
the layer, known as Stranski-Krastanov islands, arising from buckling of the layer
under strain. Dislocations around the bumps are removed, allowing further defect-free
growth of the islands, eventually to form a continuous layer. This is essentially a
theoretical analysis, and there is no evidence that the method has been, or could be,
implemented in practice, since the resultant structure has an interface between two
materials of different lattice constant. This would result in immense strains set up at

the interface, with no means of relieving the strains.

Summary of the Invention

It is an object of the invention to provide an improved method for producing

germanium or other layers of large area.

In a first aspect, the present invention provides a method of producing a layer

of a desired material, the method comprising:

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

b) filling the areas between the protuberances with a non-crystalline material;
and 4

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

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

In a second aspect, the invention provides a semiconductor structure
comprising a substrate of silicon, protuberances of a desired material formed
on the substrate surface, said protuberances having a rounded shape, and the
desired material having a different lattice constant from that of silicon, a layer

of non-crystalline material being formed between the protuberances, and a
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layer of said desired material being formed on top of, and in contact with, the

rounded protuberances.

The layer of material is essentially formed in step c) as single crystals
extending from each protuberance. Depending on the intended application, the
crystals may extend to form a more or less continuous layer; alternatively the growth

may continue to form a layer of uniform thickness.

The protuberances may be formed on the substrate in any desired way. For
example the substrate may be prepared to define sites on which the desired material
may be deposited, by lithography or other methods (for example, that described in our
copending applicationWO 01/84238). However it is preferred to grow an initial layer
of the material uniformly on the substrate, and this creates in known manner, once the
layer exceeds a certain thickness, Stranski Krastanov (SK) pyramidal shaped bumps
caused by buckling of the layer under strain. In accordance with the invention, these
pyramidal-shaped bumps are increased in size until they become rounded in shape, in
the form of a dome. In accordance with the invention the growth of the initial layer is
carried out in steps of pre-determined duration, as described in more detail below, so
that only rounded bumps remain and substantially all the pyramidal shaped bumps no
longer exists. The advantage of using larger rounded bumps is that the lattice spacing
at the top of the bump is substantially that of the desired material, since the lattice

structure at the top of the bump is substantially relaxed.

In accordance with the invention, the material preferably comprises
germanium. Alternatively, the germanium may be replaced by a suitable alloy of

germanium and silicon, Ge,Si ..
The substrate on which the germanium layer is formed is silicon, since silicon

is a very cheap material and can be produced in wafers approaching 12 inches wide.

In a modification of the invention, substrates other than silicon may be employed.
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Thus it is possible in accordance with the invention to produce a very large
area layer of germanium, as wide as that of a silicon wafer, and hence the costs of
producing electronic devices on the germanium layer are correspondingly reduced.
Thus the present invention is very suitable for use as a compound solar cell
comprising Ge/GaAs/GalnP. Solar cells do not require a single crystal formation in
the layer of germanium, i.e. pure epitaxial growth of the germanium layer. Solar cells
will function perfectly adequately with polycrystalline growth, i.e. a layer in which
the current flow laterally over the length of the germanium layer is interrupted.
Nevertheless, it is possible in accordance with the invention to achieve epitaxial
growth of the germanium layer. In order to do this, it is necessary to prevent, as more
fully described below, contamination of the surfaces of said protuberances are free
from contamination from substances such as silicon, which would otherwise prevent

epitaxial growth from the individual protuberances.
Brief Description of the Drawings

Preferred 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
germanium layer in accordance with a first embodiment of the invention; and

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

Figures 5 and 6 are views in crossection of a germanium layer formed on a
silicon substrate by the process of Figure 1;

Figure 7 1s an enlarged view of a germanium protuberance with epitaxial
growth of a layer of germanium thereon; and

Figure 8 shows four sequential steps diagrammatically in the production of a

germanium layer in accordance with a second embodiment of the invention.
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Description of the Preferred Embodiments

In at least the preferred embodiment self-assembled Ge-dots are produced on
Si(001) substrates in UHV-CVD, a stable oxide mask (SiO,) will be created in the
area between the dots, the GeO; on top of the Ge-dots will be reduced by H, and
finally, the Ge-dots are used as the seeds for epitaxial lateral overgrowth of the SiO,
with Ge. The whole process is based on self-organisation, i.e. no special processing
steps will be necessary. The result will be a structure of Ge (or GeySix) on Si. The
formed Ge-layer can be thin and can be a base for further deposition of, for instance,

GaAs/GalnP on top of it.

Referring now to Figures 1 and 2 a thin layer of germanium is formed on a
silicon substrate having a face on the <001> plane under ultrahigh vacuum conditions
by a chemical vapour deposition process. Under these conditions, self-assembled SK
pyramidal-shaped dots 14 are formed in the germanium layer, between 4 and 6
nanometers high. Upon continued growth, these dots have a rounded form and are
between 12 and 20 nanometers high, and between 60 and 100 nanometers wide. A
unimodal dome-shaped island population is achieved for the self-assembled
Ge/S1(001) dots grown by ultra-high vacuum chemical vapour deposition (UHV-
CVD) at T=620 °C. A step-wise growth mode is applied, consisting of two Ge
deposition steps with a shqrt growth interruption in between. In the first step a “base
structure” with pyramids and domes is grown while in the second one an additional
Ge amount at reduced pressure is supplied. Selective “feeding” of only the pyramids

and their conversion into domes occurs

In the SK effect, there are three distinct island shapes that are named “pyramids”,
“domes” and “superdomes” (S. A. Chaparro, Y. Zhang, J. Drucker, D. Chandrasekhar,
and D. J. Smith, J. Appl. Phys. 87, (2000) 2245; G. Medeiros-Ribeiro, T. I. Kamins,
D. A. A. Ohlberg, and R. S. Williams, Phys. Rev. B 58 (1998) 3533). Pyramids are

small volume islands that are bounded by four equal {105} facets forming a contact

-5-
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angle of 11° with the Si(001) substrate. Domes, larger volume islands, are
multifaceted structures bounded by steeper {113} facets and other various facets with
contact angle near 25°. Both, pyramids and domes are coherent (i.e. dislocation free)
islands. Superdomes are the largest, no longer coherent islands, that have {111} facets
and other facets in addition at the boundary with the substrate. As growth proceeds,
searching for minimization of the free energy of the system, the islands go through
shape transitions from pyramids to domes or domes to superdomes. Over a wide range
of growth conditions the spontaneously formed 3-dimensional (3D) islands show a
bimodal size distribution, containing pyramids and domes coexisting even for long
times of annealing. In the SK effect, 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, the strain in the germanium lattice gradually relaxes so that at the
top of the dots, the lattice constant approaches that of germanium. Thus when a
subsequent layer of germanium is formed on the top of the dots, the lattice dimensions
of the top layer are equal to that of the natural lattice constant of germanium without

strain. Therefore no dislocations are produced.

As shown in Figure 2, the protuberances have a bimodal size distribution, with
smaller protuberances having a generally pyramid profile and growing to a height of
up to 6 nanometers. The rounded protuberances grow to a greater height. It is desired
to ensure that all the pyramid-shape protuberances are removed. In accordance with a
preferred method, the pyramid protuberances are enlarged in a second step of
germanium deposition wherein germanium is deposited for a short time period of 57
seconds at a pressure of 2 X 10™mbar, then followed by deposition at 1.1 X 10™mbar
for a time period of 8 seconds. Figure 3 is a further view of the bimodal distribution,

with a lower density of pyramids.
This step-wise method of growth of protuberances is effective in eliminating,

for practical purposes, the small pyramid-shaped projections. Figure 4 is a view of

the protuberances, with the pyramids essentially removed.

-6-
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Referring to Figure 1B, in step 2 the substrate and germanium layer are
oxidised by applying a nitrogen gas saturated with water at a temperature of 500°C for
0.5 hours. This oxidises the germanium layer to produce germanium dioxide, and
also oxidises the underlying silicon substrate in the regions between the protuberances
to produce silicon dioxide. Since the silicon dioxide expands, the resultant structure
as shown in Figure 1 has regions 20 full of silicon dioxide between the dots 14 and an
overlying layer of germanium dioxide 22. The oxidation effect of germanium is small
since germanium forms a wetting layer at the surface with a thickness of only a few

monolayers

In step 3, a reduction process is carried out wherein the germanium dioxide is
reduced by application of hydrogen. The result as shown in Figure 1C is to produce
germanium dots or protuberances 14 surrounded by islands of amorphous silicon
dioxide 30. Reduction by hydrogen at temperatures below 800°C does not attack the
silicon dioxide layer because of the higher thermo chemical stability of silicon
dioxide. Since these amorphous regions 30 do not provide a lattice construction to
which germanium will register, a further deposition process of germanium by
MOCVD, as shown in Figure 1D, step 4, will produce germanium nucleating on the
germanium protuberances 14 and extending between protuberances to produce a layer

of germanium 40 of perfect crystallinity.

Although this preferred embodiment has been described with reference to the
production of germanium, the method is also applicable to producing compound

layers of silicon and germanium.

A specific example of the process of Figure 1 will now be given:

EXAMPLE

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

Ge-islands on Si(001) according to figure 1A, step 1, was performed by a two-step

-7-
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growth procedure using ultra-high-vacuum chemical vapor deposition (UHV-CVD).
Silane (SiH4) and germane (GeHa, 10% diluted in H,) were used as source materials.
We used substrates cleaved from (001) oriented n-doped Si wafers. First the samples
were cleaned in organic solvents and sonicated in ultrasound bath. After Piranha
etching in a 3:1 H,SO4/H,0, mixture for 5 min, the substrates were treated in a
solution of diluted HF (5%) for 45s to remove 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 buffer layer was grown during ramping up to the Ge deposition temperature of
620°C. After a growth interruption of 15 s the first Ge amount was deposited during a
time of 72 sec at a GeHy pressure of 2x107° mbar. Atomic force microscopy (AFM)
measurements show for samples grown with only one deposition steﬁ the typical
bimodal size distribution of Ge-dots with smaller pyramids and larger domes (figure
2).

In order to selectively convert all the pyramids into domes, without creating
new nucleation sites, we have used a two-step growth process, where in the second
step, after a period of 1 minute of growth interruption, for 14 sec a controlled
additional amount of Ge is supplied at a lower GeHj pressure of 2x10 mbar (lower
supersaturation) to selectively “feed” the pyramids and to suppress the formation of
new 3-D islands. The results of the step-wise growth are shown in figure 3. Typically
almost all the pyramids can be converted into dome-shaped islands. Samples of this
morphology were then used for the further oxidation/reduction and overgrowth
experiments according to steps 2, 3 and 4 in figure 1. A

Step 2, surface oxidation: This step (figure 1B) is to perform under very
gentle conditions . The best results were obtained by taking off the sample from the
reactor cell, exposing it to air at room-temperature for 60 min and putting it back to
the reactor. The native oxide which grows under such conditions on the surface is
about 2 nm thick. It covers also the Ge-dots, whereby due to the incorporation of Si as
an impurity into the dots the formed oxide is a mixture of GeOy and SiOy.

Step 3, selective reduction: This step (step 3 in figure 1C) was done in the

UHV-reactor cell at a temperature of 600 °C by filling the cell with H; over a time of

-8-
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60 min. The reduction process started with a Hy-pressure of 0 and was then linearily
ramped up to 600 Torr at the end of the reduction process. Subsequently, the H, was
pumped away.

Step 4, epitaxial lateral overgrowth: This step (step 4 in figure 1) was done
immediately after step 3 had finished and the H, was pumped out of the reactorcell
down to a pressure of <1x108 mbar. After this the GeH, was switched on and the
nucleation of Ge on top of the former Ge-dots started. In order to restrict the Ge-
nucleation to only areas where single-crystalline Ge phases can act as the seeds the
GeH,-pressure for the first 10 min of deposition was kept on a low value of 2x10°
mbar. In order to deposit thicker layers the GeHy-pressure was finally increased to
6.8x10™* mbar for further 50 min of deposition. Under these conditions about 400 nm
of Ge could be deposited as a layer, as shown in Figures 5 and 6. Fig. 5 is a Scanning
Electron Micrograph (SEM) image of the cleavage plane. The bright layer 50 is Ge.
Fig. 6 is a Transmission Electron Micrograph (TEM) image of a similar area. The
dark layer 60 is Ge. The dark stripe 62 close to the Si-surface (about 45 nm away
from the Ge) is caused by some Ge incorporation at the beginning of deposition (a
memory effect from previous runs).

Figure 7 shows. a single-crystalline deposition 70 of Ge on top of an
oxidized/reduced/overgrown Ge-dot 72. The nucleation started in the area marked
with a circle 74. Starting from this point lateral overgrowth of the oxide 76 occurs.
The oxide comes from the contamination of Ge-dots with Si, i.e. it is mainly SiOx
which does not reduce in the H2-atmosphere. Thus the epitaxial information between
the former Ge-dot and the deposited Ge is transferred close to the top of the former
dot. Here the lattice planes of the single-crystalline Ge-rich material 70 penetrate the

oxide layer 76.

Referring now to figure 8 there is shown a second embodiment of the

invention wherein steps 1, 2 and 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
epitaxial lateral overgrowth. The area of deposited germanium extending from each
dome site forms a single crystal. Since the intended application of the germanium
layer is for a solar cell, only vertical movement of the electrons in the germanium
layer is of interest between 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 properly.
Therefore in this embodiment 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.
Figure SE shows a schematic view of a completed solar cell incorporating the second

embodiment.

-10-
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A method of producing a layer of a desired material, the method comprising:

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

b) filling the areas between the protuberances with a non-crystalline material;

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

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

A method as claimed in claim 1, the method comprising:
in step a), depositing a layer of said material on the substrate wherein the
material layer is grown sufficiently that rounded shaped protuberances are

produced in the layer.

A method according to claim 2 wherein said layer of said material is deposited
in such a way that only rounded shaped protuberances are produced, and

pyramidal-shaped protuberances are suppressed.

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

so that the protuberances produced are of a uniform size distribution.

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

desired material.

-11 -
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10.

11.

A method according to any preceding claim wherein in step (b) areas of
amorphous silicon dioxide are produced between the protuberances by

oxidation.

A method according to claim 6, wherein the oxidation proces is carried out

under atmospheric conditions, and at room temperature.

A method according to claim 6 or 7, wherein the desired material is reduced
by application of hydrogen at an elevated temperature, whereby to expose the

top of the rounded protuberances separated by areas of silicon dioxide.

A method according to claim 4, wherein said desired material is deposited by a
chemical vapour deposition process, wherein in a first stage one or more of the
constituent materials is supplied at a predetermined pressure, and, after a
period of growth interruption, in a second stage the pressure of said

constituent materials is decreased.
A method according to claim 9, wherein the consituents of the chemical vapor
deposition process are Silane and Germane, and the pressure of Germane is

reduced in the second stage.

A method according to claim 9 or 10, wherein the temperature of the process

is roughly 600°C, the period of the first stage is roughly one minute, the period of

growth interruption is roughly one minute, and the period of the second stage is

roughly one quarter of a minute.

12.

A method according to any preceding claim, wherein said desired material

comprises germanium.

-12-
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13.

14.

15.

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

the substrate.

A method 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 method according to any preceding claim to produce a germanium

substrate in a solar cell.

17.

18.

19.

A semiconductor structure comprising a substrate of silicon, protuberances of
a desired material formed on the substrate surface, said protuberances having a
rounded shape, and the desired material having a different lattice constant
from 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 contact with, the rounded protuberances.
A structure according to claim 17, wherein the desired material is germanium.
A structure according to claim 17 or 18, wherein said layer of desired material

is epitaxially formed from each, or at least the greater part of, the

protuberances.

-13-
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