1 Method for Fabricating a Semiconductor Substrate and Semiconductor
Substrate The invention relates to a mgthod for fabricating a semiconductor
substrate comprising the steps of: providing a semiconductor on insulator
type substrate with a base, an insulating layer and a first semiconductor
layer with a first dopant concentration and providing a second semiconductor
layer, in particular of the same material as the first semiconductor layer, with
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semiconductor layer. The role of the highly doped layer is to passivate the
SUBREASce between the semiconductor layer and the buried oxide to limit the
dark current generated by interface defects. The second semiconductor
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electrons. With the above-described substrates, an unsatisfying

POERAGIRIR SRBIFESMARRSGH SHRSENES, k%é@&maﬁﬁeﬁaﬁ%\y@?@ﬁamThe image
seregicf@gedilue tghicenageolbser@el. sotatiiag Hrerefrmierréddsdleietdibiseate to

ex‘BBk%Ch%f R Sé%ttﬂlé’%@HQE‘réot&rt%'%Srﬁ‘ medhng E?&Jalﬁ”[ﬁ@“%%? It has been

above-described kind of semiconductor substrate with an improved

pr%ﬁ%[@lé’éﬁ@b@ﬁ@%ﬁ%ﬁﬁ:@mph a buried oxide (BOX) is provided on a base,

as the BOX can be used as an etch-stop.

In these devices, a thin highly doped p++ (or n++) first semiconductor layer is directly
provided on the buried oxide and a second semiconductor layer with a lower dopant
concentration (p-/n- layer) is then directly provided on the first semiconductor layer. The role
of the highly doped layer is to passivate the interface between the semiconductor layer and
the buried oxide to limit the dark current generated by interface defects. The second
semiconductor layer corresponds to the region in which the photons are converted into

electrons.

With the above-described substrates, an unsatisfying photon/electron conversion efficiency,
in particular in short wave length region e.g. of blue light, was observed. Starting therefrom,
it is therefore the object of the present invention to provide a method for fabricating the
above-described kind of semiconductor substrate with an improved photon/electron

conversion efficiency.



2 This object is achieved with the method of claim 1. Accordingly, the
method comprises the steps of: a) proyding a semiconductor on insulator
type (SOI) substrate, in particular a silicon on insulator substrate, comprising
a base, an insulating layer and a first semiconductor layer with a first dopant
concentration, b) providing a diffusion barrier layer, and c) providing a
second semiconductar layer, in particular of the same material as the first
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con iH’on X = ay, with ﬁ <a<11. ThF indicates thatt one Pﬁ]s to aqd a, in
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layers and which might lead to the generation of crystal defects, can be suppressed.

Advantageously, the diffusion barrier layer can be a Si;x.,GexCy layer with 0 = x <1 and 0 <
y < 0,04, preferably 0,03 <y < 0,04, in particular when the first and second dopants are one
of boron and phosphorus. In particular, in the case of silicon as first and/or second
semiconductor layer, the insertion of carbon into silicon or silicon germanium leads to a
reduced diffusion coefficient in particular with respect to the dopants boron and phosphorus.
Preferably, the species of the first and the second dopants are the same to facilitate the

process.

Preferably, the composition of the diffusion barrier layer satisfies the condition x = ay, with 8
< a < 11. This indicates that one has to add a, in particular 9, atoms of germanium in case
one adds one atom of carbon into the silicon crystalline structure. In this case, the lattice
parameter of the first semiconductor layer and the diffusion barrier layer are matched (in the

case of a=9) or at least nearly matched.



one adds one atom of carbon into the silicon crystalline structure. In this
case, the lattice parameter of the first semiconductor layer and the diffusion
barrier layer are matched (in the case of a=9) or at least nearly matched. 3
Preferably, the diffusion barrier layer can have a thickness of 0,5 pm or less,
preferably less, in particular 10 to 500 nm, more in particular 20 to 50 nm. In
particular, in combination with a lattice matched diffusion barrier layer with its
reduced risk concerning strain occurring in the substrate during subsequent
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those two semiconductor layers, it thus becomes possible to form substrates

which can be used in the opto-electronic device fabrication and having
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layer.

Advantageously, the doping of the first and/or second semiconductor layer is obtained by in
situ doping (ISD). In situ doping is a process characterized by flowing a dopant precursor
over a heated substrate without deposition. In case of Si the temperature is typically up to
1000 or more, in case of Ge rather up to 800C or more. In situ doping is advantageous
as compared to ion implantation as doping method in case that a further epitaxy step is

needed.

Advantageously, the doping of the first and second semiconductor layers can be carried out
in the same fabrication device, in particular in an epi-reactor. Using the epi-reactor, which is
used to epitaxially grow the second semiconductor layer, furthermore facilitates the
production line due to the fact that no additional step of implanting and an additional thermal
treatment to activate the dopants is necessary. Furthermore it is also not necessary to

provide an additional tool, such as a diffusion chamber for the doping.



needed. Advantageously, the doping of the first and second semiconductor

layers can be carried out in the same fgbrication device, in particular in an

epi-reactor. Using the epi-reactor, which is used to epitaxially grow the

second semiconductor layer, furthermore facilitates the production line due

to the fact that no additional step of implanting and an additional thermal

treatment to activate the dopants is necessary. Furthermore it is also not

necessary to provide an additional tool, such as a diffusion chamber for the
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ickness in a range of up to 10°'m, and/or the insulating layer can have a
thickness of 10 nm to 1500 nm, in particular 100 nm to 400 nm. With the
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Preferably, step a) can comprise the steps of: al) providing a donor substrate, a2) providing
a insulting layer on the donor substrate, a3) creating a predetermined splitting area inside
the donor substrate, a4) bonding the donor substrate to the base substrate, detaching the
remainder of the donor substrate from the bonded donor base substrate at the
predetermined splitting area to thereby form the SOI substrate and doping of at least a part
of the transferred semiconductor layer. With this so-called Smart Cut™ technology, high
quality SOl wafers can be achieved and which can serve in the above described

advantageous method.

Advantageously, the growth of the first layer, the growth of the diffusion barrier layer and the
growth of the second semiconductor layer can be carried out in the same epi-reactor, which
further optimizes the process. It is even further preferred to also carry out the in-situ doping

in the same reactor.



predetermined splitting area to thereby form the SOI substrate and doping of

at least a part of the transferred semicgnductor layer. With this so-called

Smart CutTM technology, high quality SOI wafers can be achieved and

which can serve in the above described advantageous method.

Advantageously, the growth of the first layer, the growth of the diffusion

barrier layer and the growth of the second semiconductor layer can be _
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material” as the first semiconductor layer, with a second dopant concentration
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efficiency of the photon to electron conversion can be kept high as the

smearing effect between different dopant concentrations can be reduced.
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comparable to the one of the silicon semiconductor layer. Therefore, the
thickness of diffusion barrier layer is not limited to the thickness of plastic

AQ@QM%MC%Q?WV&E&“ carbon content satisfy the following relation: x = ay,

with 8 < a < 11. In this case, the lattice constant of the silicon germanium carbon layer is
comparable to the one of the silicon semiconductor layer. Therefore, the thickness of
diffusion barrier layer is not limited to the thickness of plastic relaxation thickness or crystal
defect generation thickness commonly named critical layer thickness. Thus thicknesses in a
range of up to several um can be provided. It is although true that in cost point of view the
thickness of the diffusion barrier has to be very close to its minimal thickness to prevent
diffusion of B or P in order to have maximum epitaxy throughput and therefore minimum

epitaxy cost.

The invention also relates to opto-electronic sensors, in particular an image sensor,
comprising the semiconductor substrate fabricated as described above. As already
mentioned, the inventive method allows to create a superior substrate which in turn will also

improve the qualities of the final product, thus the image sensor which uses the substrate.



defect generation thickness commonly named critical layer thickness. Thus
thicknesses in a range of up to severalppm can be provided. It is although
true that in cost point of view the thickness of the diffusion barrier has to be
very close to its minimal thickness to prevent diffusion of B or P in order to
have maximum epitaxy throughput and therefore minimum epitaxy cost. The
invention also relates to opto-electronic sensors, in particular an image
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thalbaueeé\s already mentioned, the inventive method allows to create a
superior substrate which in turn will also improve the qualities of the final
product, thus the image sensor which uses the substrate. 6 Advantageous
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to the inventive method for fabricating a semiconductor substrate, and Figure
2 illustrates a typical dopant concentration profile in a semiconductor
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ackarr ety icatiegrasamiconductor substrate according to the inventive method.
According to step a) of claim 1 of the inventive method, a semiconductor on
insulator type substrate 1 is provided. In this embodiment, the semiconductor
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and/or on a base substrate, like a silicon wafer, and creating a
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trevispatee deRaadedent’® glass or quartz, providing an insulator layer on the donor
substrate (e.g. using the natural oxide layer) and/or on a base substrate, like a silicon wafer,
and creating a predetermined splitting area inside the donor substrate. The predetermined
splitting area can be provided by implanting atomic species or ions such as helium or
hydrogen into the donor substrate. In the next step, the donor substrate is bonded to the
base substrate, such that the insulating layer is sandwiched between the base substrate and
the donor substrate. Subsequently, the remainder of the donor substrate is detached from
the bonded donor base substrate at the predetermined splitting area following a thermal
and/or mechanical treatment upon the predetermined splitting area. As a result, a
semiconductor on insulator (SOI) substrate, like illustrated in Figure la, is obtained. With
this method, the insulating layer finds itself between the semiconductor layer, in the
described example a silicon layer, transferred from the donor substrate and the base

substrate. The insulating layer forms the so called buried oxide layer (BOX).

Thus, the SOI type substrate 1 illustrated in Figure 1la comprises a base 3, typically silicon.
However, depending on the application, also other materials are suitable, like for example
transparent materials, such as glass or quartz, which find their application in opto-electronic

devices.



base substrate, such that the insulating layer is sandwiched between the

base substrate and the donor substrate. Subsequently, the remainder of the

donor substrate is detached from the bonded donor base substrate at the

predetermined splitting area following a thermal and/or mechanical treatment

upon the predetermined splitting area. As a result, a semiconductor on

insulator (SOI) substrate, like illustrated in Figure 1a, is obtained. With this

method, the insulating layer finds itself between the semiconductor layer, in
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also other materials are suitable, like for example transparent materials,
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also form the insulating layer 5. a first semiconductor layer 7 is provided over

the insulating layer 5. As already mentioned above, in this embodiment, the
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semiconductor layer 7 typically has a thickness of 50nm to 800nm,
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carried out in the diffusion chamber using boron or phosphorus atoms to
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phosphorus atoms to obtain n-type or p-type kinds of doping in a flow of hydrogen with
temperatures of about 900 - 1200C, preferably 1050 - 1160 for a time duration of 10 sec

to 4 min.

Subsequently, a diffusion barrier layer 9 is provided on the first semiconductor layer 7 of the
semiconductor on insulator substrate 1. In this embodiment, the diffusion barrier layer is a
Si1xyGexCy layer with 0 < x <1 and 0 <y < 0,04, preferably 0,03 <y < 0,04. Preferably, the
diffusion barrier layer is epitaxially grown onto the first semiconductor layer. By introducing
carbon into a silicon or silicon germanium crystal, the diffusion coefficient of the dopant can
be greatly reduced. This is in particular the case for boron and phosphorus. In addition, by
growing the diffusion barrier layer 9 such that carbon and germanium satisfy the relation x =
X = ay, with 8 < a < 11, the diffusion barrier layer 9 and the first semiconductor layer 7 have

essentially the same lattice parameter.

The Si1..,Ge,Cy layer can be obtained by a CVD process using organo-metallic precursors,
like for example SiHs;CHz; and/or GeH3;CH3; and/or SiH, and/or GeHa.



temperatures of about 900 - 1200C, preferably 1050 - 1160C for a time
duration of 10 sec to4min. Subsequently, a diffusion barrier layer 9 is
provided on the first semiconductor layer 7 of the semiconductor on insulator
substrate 1. In this embodiment, the diffusion barrier layer is a
Sil x yGexCy layerwith0<_x<_land 0<y<_ 0,04, preferably 0,03 <_y
<_0,04. Preferably, the diffusion barrier layer is epitaxially grown onto the
first semiconductor layer. By introducing carbon into a silicon or silicon
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and the first semiconductor layer 7 have essentially the same lattice
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can still be achieved, but to reduce the impact of different lattice constants,

the thickness of the diffusion barrier layer shall not exceed the critical layer
Theigkhsfdegisiotyescaudiealesmedr et dffesipHrBEbrier differecanayerfotmém a
m@vlk9baspiwaiity of different layers to form a multilayer structure.

In case of a Ge first semiconductor layer 7, the diffusion barrier layer can also be a Sij«-
yGexCy layer, in particular a stressed layer which can for example be provided by a layer
transfer method, e.g. like a Smart cut™ type process. Siy.x,GexCy can be transferred with a
Ge layer, that is typically highly doped before the transfer, because the top Si;..,GexCy
transferred layer would otherwise prevent dopants to diffuse to the Ge layer during an

hypothetical in situ doping step in this specific case.

Subsequently, as illustrated in Figure 1c, a second semiconductor layer 11 is provided on
the diffusion barrier layer 9. In this embodiment, the second semiconductor layer 11 is
expitaxially grown in an epi-reactor. For a silicon layer, the used precursor gases can be
TCS, DCS or silane and for doping the layer in situ, again boron or phosphorus p-type or n-
type dopants are used. The growth typically takes place at a temperature of 1000 - 1200C
and a layer with a thickness of up to 8 um can be achieved. The dopant concentration is
lower than in the first semiconductor layer 7 and is of the order of 1 x 10 to 5 x 10'°
atoms/cm?®. Figure 1c also illustrates the final result which is the semiconductor substrate 13

according to the invention.



In case of a Ge first semiconductor layer 7, the diffusion barrier layer can also

be a Sil_x_ yGexCy layer, in particulaga stressed layer which can for

example be provided by a layer transfer method, e.g. like a Smart CutTM

type process. Sil_x_yGexCy can be transferred with a Ge layer, that is

typically highly doped before the transfer, because the top Sil_x_yGexCy

transferred layer would otherwise prevent dopants to diffuse to the Ge layer

during an hypothetical in situ doping step in this specific case. Subsequently,
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layer 11 is expitaxially grown in an epi-reactor. For a silicon layer, the used
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The invention is not limited to the above-described embodiments as the method can be

carried out according to other variants. It is, for example, possible that the doping of layers
7 and 11 can be carried out in the same chamber, namely the epi-reactor used to grow both

the diffusion barrier layer 9 and the second semiconductor layer 11.

With the inventive method, the inventive substrate having an improved dopant concentration
profile, also improves opto-electronic devices with a high photon to electron conversion

efficiency and low dark currents can be achieved.



dopant concentration is 1019 atm/cm3 whereas in the second semiconductor
layer the dopant concentration is 1014,gtm/cm3. The transition region is
actually defined as the thickness of the region between 90% of the
concentration in layer 7 to 110% of the concentration in layer 11 which, in
this case, may correspond to the thickness of the diffusion barrier layer 9
thus with a thickness of 0,5 pm or less. The invention is not limited to the
above-described embodiments as the method can be carried out according
to other variants. It is, for example, pG&sibke that the doping of layers 7 and
11 can be carried out in the same chamber, namely the epi-reactor used to
grow both the diffusion barrier layer 9 and the second semiconductor layer
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to the first dopant concentration, over, in particular on, the diffusion barrier
layer. 2. Method according to claim 1, wherein the diffusion barrier layer and

2.theMrEtodenseAtictist 185N have'Beseintidy AEWaene hattice iyeimaner. e first

Medbnfitasaatdingyertiala dsssrtiamheresaihe stitesipirabasider layer is a
Sil x YGe.C layerwith0O<_x<_land0<y<_ 0,04, preferably 0,03 <_vy

<_ 0,04, in particular when the first and second dopants are one of boron or
3.ph(ﬁgghgm@,<_:cording to claim 1 or 2, wherein the diffusion barrier layer is a Siix.,Ge,Cy

layer with 0 < x <1 and 0 <y < 0,04, preferably 0,03 <y < 0,04, in particular when the

first and second dopants are one of boron or phosphorus.
4. Method according to claim 3, wherein x = ay, with 8 < a < 11, preferably x=9y.

5. Method according to one of claims 1 to 4, wherein the diffusion barrier layer has a

thickness of 10 to 500 nm, in particular 20 to 50 nm.

6. Method according to one of claims 1 to 5, wherein after doping, the first semiconductor
concentration leads to a highly doped n++ or p++ semiconductor layer and the second
dopant concentration of the second semiconductor layer (13) leads to a n- or p-

semiconductor layer.

7. Method according to one of claims 1 to 6, wherein the doping of the first and/or second

semiconductor layer is obtained by in situ doping.



4. Method according to claim 3, wherein x = ay, with 8 < a < 11, preferably
x=9y. 5. Method according to one of clgins 1 to 4, wherein the diffusion
barrier layer has a thickness of 10 to 500 nm, in particular 20 to 50 nm. 6.
Method according to one of claims 1 to 5, wherein after doping, the first
semiconductor concentration leads to a highly doped n++ or p++
semiconductor layer and the second dopant concentration of the second
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structure comprising at least two layers. 11. Method according to one of
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done, satepticiethtifaig S 8iaiEs a thickness of 10 nm to 1500nm, in particular
100 nm to 400 nm.

12. Method according to one of claims 1 to 11, wherein step a) comprises:

al) providing a donor substrate,

a2) providing an insulating layer on the donor substrate or a base substrate,

a3) creating a predetermined splitting area inside the donor substrate,

a4) bonding the donor substrate to the base substrate,

ab) detaching a remainder of the donor substrate from the bonded donor-base
substrate at the predetermined splitting area to thereby transfer a layer of the
donor substrate including the insulating layer onto the base substrate to form the
SOl substrate, and

a6) doping of at least a part of the transferred semiconductor layer.

13. Method according to one of claims 1 to 12, wherein the doping of the first
semiconductor layer, the growth of the diffusion barrier layer and the growth of the

second semiconductor layer are carried out in the same epi-reactor.

14. Semiconductor substrate comprising
a) abase (3),

b) aninsulating layer (5),



a5) detaching a remainder of the donor substrate from the bonded

donor-base substrate at the predetermjged splitting area to thereby transfer

a layer of the donor substrate including the insulating layer onto the base
substrate to form the SOI substrate, and a6) doping of at least a part of the
transferred semiconductor layer. 13. Method according to one of claims 1 to

12, wherein the doping of the first semiconductor layer, the growth of the
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13, wherein the diffusion barrier layer (9) and the first semiconductor layer
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too

17. Semiconductor substrate according to claim 15, wherein x = ay, with 8 < a < 11,

preferably x = 9y.

18. Opto-electronic sensor, in particular image sensor, comprising the semiconductor

substrate fabricated according to one of claims 1 to 12.



