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Layered semiconductor substrate and method for manufacturing it

The invention is related to a layered semiconductor substrate
on the basis of silicon which can be used as a substrate for
the deposition of a group III nitride layer as well as to a

method for manufacturing the substrate.

There are several fundamental issues for gallium nitride (GaN)
layers epitaxially deposited on silicon (Si) substrates (GaN-
on-Si layer structures) arising from the material mismatch
between GaN and Si(111). For example, the thermal expansion
coefficient (TEC) of GaN is larger than that of silicon. The
same holds for the nitrides of the other elements of group 3 of
the periodic table. This difference in thermal expansion
coefficient causes extensive concave bowing of the wafer during
cool-down from the deposition temperature of the group III
nitride layer to room temperature. The amount of bow increases
with increasing thickness of the group III nitride layer. If
bow of the wafer is too high, further processing is not

possible. Therefore bow has to be kept low.

Several solutions have been proposed. State-of-the-art is the
deposition of intermediate layers within the GaN layer stack
that generate compressive stress, e.g. aluminium nitride (ALN)
intermediate layers deposited at low temperature.
US2003/0136333A1, for example, discloses the deposition of
several AIN intermediate layers within the stack of GaN layers
on a silicon substrate. AIN has a smaller lattice constant than
GaN. Therefore, a GaN layer grown on AIN is in compression
during growth. This compression compensates the tensile stress
that occurs during cooling. This allows thick and crack-free

GaN layers to be grown on a silicon substrate.

The AIN layer has to be deposited at a low temperature which

results in a low growth rate. Therefore, the deposition of the
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AIN layer is very time-consuming. Furthermore, the deposition
of the GaN layer, which takes place at a relatively high
temperature of about 1100 °C, has to be interrupted. The
temperature decreases and increases between the GaN and AIN
deposition steps take additional time. A further disadvantage
is the additional stress created in the GaN layer by the AIN
intermediate layers, which causes an increase of the defect

density in the GaN layer.

Alternatively, one or more layers can be deposited on the back
side of the wafer that generate bow opposing the bow
contribution from the GaN layer on the wafer front side.
US4830984 teaches to deposit a layer of a metal (e.g. tungsten)
silicide on the back side of a silicon substrate wafer and
annealing it so as to form a warped structure having a convex
front surface. Thereafter, a gallium arsenide (GaAs) layer is
deposited on the front side of the silicon substrate wafer.
When cooling the structure down to room temperature, both
layers, the GaAs layer on the front side and the metal silicide
layer on the back side exert tensioning forces on their
respective sides of the silicon substrate wafer, resulting in
an approximately planar surface of the GaAs layer. The
deposition of a stressed backside layer requires the addition
of several process steps (deposition of backside layer
(potentially flipping the wafer), etching of edge and front
side to remove deposits, additional polishing of the front
side) which adds to complexity and cost of the manufacturing.
In addition, non-Si backsides are a source of contamination for

all further processing steps.

The problem to be solved by the invention is therefore to
provide a high-quality group III nitride layer having a small
bow, the production of which is less time-consuming than the

known structures.
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The problem is solved by a layered semiconductor substrate

comprising

- a monocrystalline first layer 1 containing at least 80 %
silicon and having a first thickness and a first lattice
constant a;, the first lattice constant a; being determined by
a first dopant element and a first dopant concentration and

- a monocrystalline second layer 2 containing at least 80 %
silicon and having a second thickness and a second lattice
constant a;, the second lattice constant a; being determined
by a second dopant element and a second dopant concentration,
the second layer 2 being in direct contact with the first
layer, and

- a monocrystalline third layer 4 comprising a group III
nitride, such that the second layer is located between the
first layer and the third laver,

wherein the second lattice constant a; is larger than the first

lattice constant a;, wherein the crystal lattice of the first

layer 1 and the second layer 2 are lattice-matched and wherein

the bow of the layered semiconductor substrate is in the range

from -50 pm to 50 um.

Contrary to the prior art, the present invention uses a
completely silicon-based stack of layers to generate stress in
order to compensate the stress exerted by the group III nitride

layers which are to be deposited on the substrate.

According to the present invention, the composition of the
second layer of the substrate is modified with regard to the
first layer by adding at least one element to at least one of
the layers that creates a lattice mismatch between the second
and the first layer. The dopant elements and their
concentrations are selected in a way that the lattice constant
of the second layer is bigger than the lattice constant of the
first layer. In this specification, the term “lattice constant”

is understood to be the lattice constant of the material when
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its crystal lattice is relaxed. If the material forms a
strained heterocepitaxial layer as in case of the second layer 2
deposited on the first layer 1, its actual in-plane lattice
constant deviates from the lattice constant of the material in
a relaxed state. By adjusting the dopant elements, the
concentrations of the dopant elements (hereafter referred to as
“dopant concentrations”) and the thickness of the first and
second layer, a certain amount of stress is generated resulting
in a convex bowing of the wafer. The amount of stress that is
generated in the substrate is enough to counterbalance the
stress resulting from the group III nitride layer which is

deposited on or above the second layer of the substrate.

The invention can also be combined with other techniques to
reduce bow, e.g. the prior-art techniques described above or

the use of a preferential bow on the substrate.

The advantages of the present invention are an improved quality
of the group III nitride layer deposited on the second layer
and less processing time (i.e. lower cost) because the need to
include stress compensating layers into the epitaxial
deposition of GaN is removed and the growth of the (Al)GaN

buffer layer is simplified.

The higher quality results from the lack of stress-generating
layers within the group III nitride layer. This reduces the

defect density in the group III nitride layer. The first layer
or the second layer can easily be deposited epitaxially on the
other layer with standard Si epitaxy processes which result in

high crystal quality of the layers.

Compared to the deposition of stress compensating layers in the
(Al)GaN buffer layer the deposition of a doped Si layer has a
higher throughput (lower cost). As a consequence the overall

process is simplified and manufacturing cost is lower.
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The present invention is described in detail with reference to

three figures.

Fig. 1 diagrammatically depicts a group III nitride layer
deposited on a silicon substrate (not according to the present

invention) .

Fig. 2 diagrammatically depicts an intermediate product of the
layered semiconductor substrate according to the present
invention prior to the deposition of the group III nitride

layer.

Fig. 3 diagrammatically depicts a layered semiconductor
substrate according to the present invention, comprising a
first and a second silicon-based layer, an intermediate layer

and a group III nitride layer.

The layered semiconductor substrate according to the present
invention consists of at least three layers:

The monocrystalline first layer 1 contains at least 80 % and
preferably at least 90 % silicon. (All compositions of the
layers are given in atom percent in this specification.) The
first layer 1 has a first thickness and a first lattice
constant a;. The first lattice constant a; is determined by a
first dopant element and the concentration of this first dopant
element (referred to as “first dopant concentration” in this
specification). The crystal lattice orientation is preferably

(111) .

The monocrystalline second layer 2 also contains at least 80 %
and preferably at least 90 % silicon. It has a second thickness
and a second lattice constant a;. The second lattice constant a;

is determined by a second dopant element and the concentration
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of this second dopant element (referred to as “second dopant

concentration” in this specification).

The second layer 2 is in direct contact with the first layer.
There are no further layers between the first layer 1 and the
second layer 2. The second layer 2 is deposited in a way to
form a strained heteroepitaxial layer with the actual in-plane
lattice constant of the second layer 2 matching the in-plane
lattice constant of the first layer 1. Because the second
lattice constant a; is larger than the first lattice constant
a:, the second layer 2 is compressively strained with regard to
the first layer 1. This causes a convex bow (with regard to the
surface of the second layer 2 which is opposite to the first
layer 1) prior to the deposition of the third layer 4. This

state is shown in Fig. 2.

The monocrystalline third layer 4 (Fig. 3) consists of a
nitride of an element of group III of the periodic table
(referred to as “group III nitride” in this specification). Of
these group III nitrides, aluminium nitride (AIN), gallium
nitride (GaN) and indium nitride (InN) and mixtures thereof are
of particular importance. Typically, the layered semiconductor
substrate comprises more than one group III nitride layers
(referred to as “third layer 4”). Preferably, the stack of
group III nitride layers starts with an AIN layer in order to
chemically isolate the silicon-based substrate, prepare the
two-dimensional layer growth and adjust the lattice constant
from the lattice constant a; of the second layer 2 to the
lattice constant of the topmost group III nitride layer. Most
preferably, the topmost group III nitride consist of GaN.

In the layered semiconductor substrate according to the present
invention, the second layer 2 is located between the first
layer 1 and the third layer 4. The third layer 4 can be in

direct contact to the second layer 2. However, it is also



10

15

20

25

30

35

WO 2013/000636 PCT/EP2012/059581

possible to place one or more intermediate layers 3 between the

second layer 2 and the third layer 3.

The layered semiconductor structure according to the present

invention preferably has the shape of a circular wafer.

Due to the mutual compensation of the strains of the first,
second and third layers, the bow of the layered semiconductor
substrate is in the range from -50 um to 50 um as being defined
by ASTM F534 3.1.2 and SEMI MF534. As explained above, the
thermal expansion coefficient (TEC) of group III nitrides is
larger than that of silicon. Therefore, when a group III
nitride layer 4 (Fig. 1) is epitaxially deposited on a silicon
substrate 5 at a high temperature and afterwards cooled down to
room temperature, the GaN layer 4 contracts more than the
silicon substrate 5. This results in a structure having a
considerable concave bow as shown in Fig. 1. According to the
present invention, this bow (created by the tensile strain of
the cooled-down GaN layer) is compensated by a reverse strain
in the silicon-based substrate. The structure of the silicon-
based substrate is shown in Fig. 2. The silicon-based substrate
comprises a first layer 1 having a first lattice constant and a
second layer 2, which is in direct contact with the first lavyer
1 and which has a larger lattice constant than the first layer

1.

In a first embodiment of the present invention, the first and
second dopant elements are identical and only the first and

second dopant concentrations are different.

In the first embodiment, if the dopant element has a smaller
covalent atomic radius than silicon, the first dopant
concentration is selected higher than the second dopant
concentration. Thus, the first lattice constant a; becomes

smaller than the second lattice constant a;. Boron (B) is a
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typical dopant element having a smaller covalent atomic radius
than silicon and is preferably used in this case. The second
dopant concentration may be as low as zero, but the first

dopant concentration has to be larger than zero in this case.

In the first embodiment, if the dopant element has a larger
covalent atomic radius, the second dopant concentration is
selected higher than the first dopant concentration. Thus, the
first lattice constant a; again becomes smaller than the second
lattice constant a;. Germanium (Ge) or antimony (Sb) are
typical dopant elements having a larger covalent atomic radius
than silicon and are preferably used in this case. The first
dopant concentration may be as low as zero, but the second

dopant concentration has to be larger than zero in this case.

In a second embodiment of the invention, the first and second
dopant elements are different elements. In this case, the first
dopant element has a smaller covalent atomic radius than
silicon and the second dopant element has a larger covalent
atomic radius than silicon. Preferably, the first dopant
element is boron and the second dopant element is germanium or

antimony.

The required amount of strain (resulting in a convex bow of the
silicon-based substrate, i.e. the stack of the first layer 1
and second layer 2) is determined by the amount of strain
(resulting in a concave bow) caused by the intermediate layer 3
(if any) and by the third layer 4. This amount of concave bow
is in turn determined by the thickness, the lattice constant
and TEC (and thus by the composition) of the layers 3 and 4.
Similarly, the amount of convex bow of the stack of the first
layer 1 and second layer 2 depends on the thickness and lattice
constant (and thus on the composition) of the layers 1 and 2.
Therefore, the thickness and lattice constants (and thus the

compositions) of the first layer 1 and second layer 2 are
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selected such that the required amount of strain is induced in
the stack of the first and second layer. Suitable combinations
of these parameters can be determined by simple
experimentation. By a suitable selection of these parameters,
it is possible to obtain a layered semiconductor substrate
having a very small bow of -50 pm to 50 pm, preferably of -10
pm to 10 pm.

An upper limit in creating a stressed layer stack of first
layer 1 and second layer 2 is reached when the thickness
exceeds the critical thickness at a given difference in lattice
constant as first predicted by Frank and van der Merve (F.C.
Frank and J.H. van der Merve, Proc. Roy. Soc., Al98, 216
(1949) . For the Si(111) layer structures the critical thickness
is not well established and the upper limit has to be tested
experimentally, e.g. by measuring bow of the layer stack. Below
the critical thickness the bow change can be fitted to the
Stoney and Freund equations (see L.B. Freund et al. Appl. Phys.
Lett. 74, 1987 (1999)) in order to facilitate the optimization

of the final layer structure.

The layered semiconductor substrate according to the present

invention can be manufactured by a method comprising the steps

of

- growing a single crystal containing at least 80 % silicon and
a first dopant element having the first dopant concentration,
the single crystal having a first lattice constant,

- glicing at least one wafer from the single crystal,

- reducing the thickness of the wafer to the first thickness,
the wafer constituting the first layer 1,

- epitaxially depositing the second layer 2 on one of the
surfaces of the wafer, and

- epitaxially depositing the third layer 4 comprising the group
ITIT nitride.
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In the first step of the method, a single crystal containing at
least 80 % silicon and preferably at least 90 % silicon is
grown. Preferably, the crystal is grown using the well known
Czochralski method. If the first dopant concentration is larger
than zero, the silicon melt is doped with the first dopant
element at a concentration suitable to incorporate the first
dopant concentration into the growing silicon single crystal.
The grown single crystal has a first lattice constant which
depends on the first dopant element and the first dopant

concentration. With the Czochralski method, silicon single

crystals with a diameter up to 450 mm can be grown at present.

In the second step, at least one wafer is sliced from the
single crystal. The method of slicing is not particularly
limited according to the present invention. For economic
reasons, it is preferred to use a multi-wire saw (MWS) in order
to simultaneously slice the single crystal into a multiplicity

of wafers.

In the third step, the surface layers of the monocrystalline
wafer which were damaged by the slicing step are removed and
the thickness of the wafer is reduced to a value egqual to the
desired first thickness. This is accomplished by a combination
of mechanical, chemical and chemo-mechanical treatment steps.
Mechanical treatment steps are for example lapping or grinding.
Chemical treatment may be liquid-phase etching or gas-phase
etching. Polishing is a widely used chemo-mechanical treatment.
The resulting wafer constitutes the first layer 1 of the

layered semiconductor substrate to be formed.

In the fourth step, the second layer 2 consisting of at least
80 % and preferably of at 90 % silicon is epitaxially deposited
on one of the surfaces of the first layer 1. Preferably,
chemical vapour deposition (CVD) is used to deposit the

epitaxial second layer. The silicon source gas is preferably



10

15

20

25

30

WO 2013/000636 PCT/EP2012/059581

11

trichlorosilane. If the second dopant concentration is larger
than zero, an additional source gas for the dopant element has
to be provided at a concentration suitable to incorporate the
second dopant concentration into the growing epitaxial layer.
In case the second dopant element is germanium, germanium
tetrachloride (GeCl,) or germane (GeH,) is preferably used as

additional source gas.

If necessary, one or more intermediate layers 3 can be

epitaxially deposited on the surface of the second layer 2.

In the last step of the method, the third layer 4 consisting of
a group III nitride, e.g. AIN, GaN or InN or mixtures thereof
is epitaxially deposited on the surface of the second layer 2
(or on the surface of the additional layer 3, if existing). It
is also possible (and preferred) to sequentially grow more than
one group IITI nitride layers. Preferably, an AlIN seed layer
will be grown first using trimethylaluminium (Al (CHs)3)) and
ammonia (NHs) as precursors. Afterwards a graded AlGaN layer
with increasing Ga concentration can be used as a transition
layer before growing a GaN layer. Typically, trimethylgallium
(Ga(CH3)3)) is used as precursor and the deposition is done
using standard MOCVD reactors at growth temperatures between
700 °C and 1200 °cC.

By means of a suitable selection of the first and second dopant
element, first and second dopant concentration and first and
second thickness, it is possible to produce a layered
semiconductor substrate comprising a group III nitride layer,
which has a bow with an absolute wvalue of 50 pm or less or even

10 pm or less.

Tt is possible to include further steps into the described

manufacturing method, e.g. one or more steps for shaping the
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edge of the wafer (edge rounding, edge polishing), cleaning

steps, inspection steps and packaging steps.

The layered semiconductor substrate according to the invention
can be used as a substrate for manufacturing electronic devices
(e.g. power devices) or optoelectronic devices like light-

emitting diodes (LEDs).
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Claims

1. A layered semiconductor substrate comprising

- a monocrystalline first layer (1) containing at least 80 %
silicon and having a first thickness and a first lattice
constant (a;), the first lattice constant (a:;) being
determined by a first dopant element and a first dopant
concentration and

- a monocrystalline second layer (2) containing at least 80 %
silicon and having a second thickness and a second lattice
constant (ay), the second lattice constant (az) being
determined by a second dopant element and a second dopant
concentration, the second layer (2) being in direct contact
with the first layer, and

- a monocrystalline third layer (4) consisting of a group III
nitride, such that the second layer is located between the
first layer and the third laver,

wherein the second lattice constant (az) is larger than the

first lattice constant (a:), wherein the crystal lattice of the

first layer (1) and the second layer (2) are lattice-matched

and wherein the bow of the layered semiconductor substrate is

in the range from -50 pm to 50 pum.

2. The layered semiconductor substrate of claim 1, wherein the

first and second dopant elements are identical.

3. The layered semiconductor substrate of claim 2, wherein the
first and second dopant element is an element having a smaller
covalent atomic radius than silicon and wherein the first
dopant concentration is higher than the second dopant

concentration.

4., The layered semiconductor substrate of claim 3, wherein the

first and second dopant element is boron.
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5. The layered semiconductor substrate of claim 3 or 4, wherein

the second dopant concentration is zero.

6. The layered semiconductor substrate of claim 2, wherein the
first and second dopant element is an element having a larger
covalent atomic radius than silicon and wherein the second
dopant concentration is higher than the first dopant

concentration.

7. The layered semiconductor substrate of claim 6, wherein the

first and second dopant element is germanium or antimony.

8. The layered semiconductor substrate of claim 6 or 7, wherein

the first dopant concentration is zero.

9. The layered semiconductor substrate of claim 1, wherein the
first dopant element has a smaller covalent atomic radius than
silicon and wherein the second dopant element has a larger

covalent atomic radius than silicon.

10. The layered semiconductor substrate of claim 9, wherein the
first dopant element is boron and the second dopant element is

germanium or antimony.

11. A method for manufacturing a layered semiconductor

substrate according to claim 1, comprising the steps of

- growing a single crystal containing at least 80 % silicon and
a first dopant element having the first dopant concentration,
the single crystal having a first lattice constant,

- glicing at least one wafer from the single crystal,

- reducing the thickness of the wafer to the first thickness,
the wafer constituting the first layer (1),

- epitaxially depositing the second layer (2) on one of the

surfaces of the wafer, and
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- epitaxially depositing the third layer (4) consisting of
the group III nitride.



