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NON-VOLATILE MEMORY DEVICE

FIELD OF THE INVENTION

The present invention relates to a device for non-volatile memory applications.
Also, the present invention relates to a method for manufacturing such a device. Moreover,
the present invention relates to a memory array comprising such a device for non-volatile
memory applications, and also to a semiconductor device comprising such a device for non-

volatile memory applications.

BACKGROUND OF THE INVENTION

Charge trapping non-volatile memory devices (NVM devices) such as SONOS
(silicon dioxide - silicon nitride - silicon dioxide — silicon) and SHINOS (silicon — high K —
silicon nitride — silicon dioxide - silicon) memory devices are considered suitable candidates
to enable flash memory devices in CMOS generation devices of the 45 nm node and smaller.
SONOS and SHINOS memory devices exhibit relatively reduced program and erase
voltages. Moreover, these devices are relatively easy to integrate with CMOS logic in case of
embedded NVM devices.

Planar NVM devices, typically based on MOSFET devices, are hardly
scaleable beyond the 45 nm node due to short channel effects. As known in the art, an
improvement of device characteristics can be obtained by application of a finFET structure.

In a finFET, on top of an insulating layer a (relatively narrow) silicon line (a
fin) is created between a source region and a drain region to serve as a channel. Next a line-
shaped control gate is created which crosses the fin. Separated by a thin gate oxide film from
the fin, the control gate surrounds (in cross-section) both the sidewalls and the top of the fin,
which allows a relatively large field effect by the gate on the fin channel.

A finFET-based NVM device could comprise either a charge trapping stack
such as for example either an ONO layer stack (silicon oxide — silicon nitride — silicon oxide)
or a charge trapping layer stack of a high K material, a layer of silicon nitride and a layer of
silicon dioxide. In such a charge trapping stack the silicon nitride layer is arranged for

controllably holding electric charge.
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Typically, the charge trapping stack could cover both the side walls and the
top of the silicon fin.

The quality of SONOS non-volatile memory and generally, non-volatile
memory based on charge trapping stacks is sensitive to the thickness of the bottom oxide
layer adjacent to the channel region. The bottom oxide is usually a grown oxide which may
have a superior quality over oxide layers that are formed by deposition. Typically, grown
oxide has a lower density of defects, for example, pin holes.

Nevertheless, a small variation of the oxide thickness affects the tunneling of
electrons through the bottom oxide significantly. The tunneling current of various tunneling
mechanisms (e.g. direct tunneling, Fowler-Nordheim, modified Fowler-Nordheim) is known
to exhibit an exponential dependency on the thickness of the bottom oxide. A small variation
in the bottom oxide results in a significant variation of the charge injected into the nitride
layer and hence in a variation of the threshold voltage (for programming or erasing).

Since charge can be localized in a nitride layer, a variation of bottom oxide
thickness within a non-volatile memory cell can lead to local variations of trapped charge and
to local variations of threshold voltage. When the bottom oxide thickness is not uniform over
the channel region, this may result in a partly programmed cell area with a higher threshold
voltage and a remaining (not programmed) cell area with a lower threshold voltage.

Clearly, this has undesirable effects on the characteristics of a finFET SONOS
memory device, where the bottom oxide is grown after the formation of the fin and the fin
has a number of crystal faces with edges (transition zones) that have different
crystallographic orientations. This results in a programmed channel region with locally
different threshold voltages; it may degrade the sub-threshold characteristics of a
programmed non-volatile memory device, and makes the (electronic) programming window

subject to significant variations.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a finFET non-volatile
memory device in which variations of the electronic characteristics are reduced.

The object is achieved by a finFET-based non-volatile memory device as
defined in claim 1.

Advantageously, as a result of the shape of the fin, a corner-free shape,
virtually no distinct crystal surface layers on the fin are present. Basically, as a result of the

adapted geometry, no discontinuous structures such as edges or transition zones between
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crystallographic planes occur. Thus, due to the absence of these transitional regions, any
dependency of the growth rate of the bottom oxide on crystallographic orientation has been
removed. The growth rate of the bottom oxide is therefore substantially uniform over the
surface of the fin. As a consequence, the bottom oxide may exhibit less variation of its
thickness (if any) and a charge trapping stack may therefore have more uniform tunneling
characteristics.

In one aspect of the invention, the fin body is arranged on a silicon dioxide
layer, and a surface of the silicon dioxide layer adjacent to the fin body is recessed to a recess
level. Accordingly, by recessing the surface adjacent to the fin, a more complete coverage of
the fin body by the charge trapping layer can be achieved.

In a further aspect of the invention, the recess level is either equal to or larger
than the thickness of the charge trapping layer and the top insulator layer. Advantageously,
the programming capability of the non-volatile memory device is improved, due to the fact
that the gate can fully cover the charge trapping stack around the fin body.

The present invention also relates to a method for manufacturing a finFET
non-volatile memory device as defined in claim 7.

In one aspect of the invention, the shaping of the fin body comprises annealing
in hydrogen ambient at an elevated temperature between about 850 and about 1000 °C. The
annealing process advantageously achieves a reconstruction of the surface, yielding the
corner-free shape of the fin body: the reconstructed (adapted) shape of the fin lacks distinct
crystal faces and transition zones in between these crystal faces.

In a further aspect of the invention, the method provides an etching that is
extended to a level where the insulating layer under the fin body is completely removed.
Advantageously, a free-hanging fin body is obtained which can be fully encapsulated by the
charge trapping stack material providing a maximal coverage. In this embodiment the charge
trapping stack can be fully encapsulated by a control gate, consequently a substantially
maximum coupling between control gate and charge trapping stack can be obtained.

Accordingly, a finFET non-volatile memory device is provided in which the
fin body is free-standing.

Advantageously, this embodiment provides a maximal coverage of the channel
region by the charge trapping stack.

Also, this embodiment allows to create a maximal coupling between the

charge trapping stack and the gate, since the gate surrounds the charge trapping stack.
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The present invention also relates to a memory array comprising at least one
finFET non-volatile memory device as described above.
Furthermore, the present invention relates to a semiconductor device which

comprises at least one finFET non-volatile memory device as described above.

BRIEF DESCRIPTION OF DRAWINGS

Embodiments of the invention will now be described, by way of example only,
with reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

Fig. 1 shows a perspective layout of a finFET-based non-volatile memory
device;

Fig. 2 shows a cross-sectional view of a prior art gate portion of the finFET-
based non-volatile memory device of Fig. 1; In Fig. 2 gate 5 is not a continuous line in
direction A-A’, as it will be in case of a memory (the word line). This is also the case for
Figs. 1, 5,6, 7.

Fig. 3 shows a cross-sectional view of a gate portion of a finFET-based non-
volatile memory device in accordance with the present invention, after a first manufacturing
step;

Fig. 4 shows a cross-sectional view of the finFET-based non-volatile memory
device of Fig. 3, after a next manufacturing step;

Fig. 5 shows a cross-sectional view of the finFET-based non-volatile memory
device of Fig. 4, after a further manufacturing step;

Fig. 6 shows a cross-sectional view of the finFET-based non-volatile memory
device of Fig. 5 in an enhanced embodiment;

Fig. 7 shows a cross-sectional view of a second embodiment of the finFET-
based non-volatile memory device;

Fig. 8 shows a second cross-sectional view of the finFET-based non-volatile
memory device according to the second embodiment;

Fig. 9 shows a third cross-sectional view of the finFET-based non-volatile
memory device according to the second embodiment;

Fig. 10 shows a cross-sectional view of a third embodiment of the finFET-
based non-volatile memory device;

Fig. 11 shows a second cross-sectional view of the finFET-based non-volatile

memory device according to the third embodiment;
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Fig. 12 shows a third cross-sectional view of the finFET-based non-volatile
memory device according to the third embodiment;

Figs. 13a, 13b, 13c show the finFET-based non-volatile memory device
according to the third embodiment after a first manufacturing step;

Figs. 14a, 14b, 14c show the finFET-based non-volatile memory device
according to the third embodiment after a next manufacturing step;

Figs. 15a, 15b, 15¢ show the finFET-based non-volatile memory device
according to the third embodiment after a subsequent manufacturing step;

Figs. 16a, 16b, 16¢ show the finFET-based non-volatile memory device
according to the third embodiment after a further manufacturing step;

Figs. 17a, 17b, 17¢ show the finFET-based non-volatile memory device
according to the third embodiment after yet a further manufacturing step;

Figs. 18a, 18b, 18c show the finFET-based non-volatile memory device
according to the third embodiment after a further subsequent processing step in the first,

second and third cross-sectional view, respectively.

DESCRIPTION OF EMBODIMENTS

Fig. 1 shows a perspective layout of an embodiment of a finFET-based non-
volatile memory device.

A finFET structure F is located in a monocrystalline silicon layer 1 on an
insulating layer 2, for example a silicon dioxide layer or a BOX (buried oxide) layer of a SOI
wafer (SOI: silicon on insulator).

The finFET structure F comprises source and drain regions 3, S, D and a
(relatively narrow) line or fin 4 which is located between the source and drain regions and
connects them. Source, drain and fin regions 3, S, D, 4 consist of silicon semiconductor
material. The fin region 4 has a substantially rectangular cross-section with sidewall portions
and a top portion.

A gate 5 is positioned on the insulating layer 2 between the source and drain
regions 3 and extends over the fin 4 in the Y direction, substantially perpendicular to the
length direction X of the fin 4. The gate 5 is separated from the fin 4 by a charge trapping
stack (not shown) which can act as a memory element.

The gate 5 can be created by a deposition process in which a suitable mask is

defined by lithography.
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The gate material can be any suitable material such as doped poly-silicon or a
metal.

A first cross-section is defined by line A-A, which is perpendicular to the
linear direction X of the fin 4 (perpendicular to the first direction) and crosses the area of the
charge trapping stack below the gate 5. A second cross-section is defined by line B-B, which
is perpendicular to the linear direction X of the fin 4 and crosses the areca of one source/drain
region S.

A third cross-section is defined by line C-C which is parallel to the linear
direction X of the fin 4 and extends across the area of one source/drain region S, the fin 4 and
the other source/drain region D.

Typically, the length of the fin 4 under the gate 5 is between 30 and 50 nm, the
width of the fin 4 is typically equal to or less than its length.

In this example the gate 5 is shown as a thin-layer line-shaped object, but it
may be plate—shaped, depending on its height (direction Z) in comparison to the height of the
fin 4. The gate is not a continuous line in the direction along line A-A. It is merely arranged
to function in combination with a single fin 4.

Fig. 2 shows a cross-sectional view of a prior art gate portion of the finFET-
based non-volatile memory device of Fig. 1 at the location of the gate.

The fin 4 is covered by the charge trapping stack comprising a bottom oxide
layer 6, a charge holding silicon nitride layer 7 and a top insulating layer 8.

The charge trapping stack 6, 7, 8 is covered by the gate layer 5.

Typically, the first or bottom oxide layer 6 is grown on the surface of the fin 4,
by an oxidation process. The silicon nitride layer 7 and the top insulating layer are deposited
in subsequent steps.

The fin 4 has a substantially rectangular cross-section with relatively sharp
edges and corners. Typically for a silicon fin, the top surface will be crystal faces which have
a {100} orientation and the side wall surfaces which have a {110} orientation, whereas the
corners of the fin (which extend as edges in the longitudinal direction of the fin 4) are
substantially undefined as transitions between two adjacent crystal faces.

Due to a growth rate dependency of the bottom oxide layer 6 on the
crystallographic orientation of the silicon surface of the fin, when a bottom oxide layer is
grown on the fin, a different oxide thickness will be grown on the top and side-wall surfaces
and hence a variation of the thickness of the bottom oxide layer 6 will occur on the corners of

the fin 4.
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As described above, a variation of the thickness of the bottom oxide layer may
result in local variation of the tunneling probability and of charge injected into the nitride
layer and hence in a variation of the threshold voltage (for programming or erasing).

Fig. 3 shows a cross-sectional view of a gate portion of a finFET-based non-
volatile memory device in accordance with the present invention, after a first manufacturing
step.

A fin 4 is created on an SOI (semiconductor-on-insulator) wafer. In a similar
way to the prior art, a substantially rectangular fin 4 is formed on the buried oxide 2 of the
SOI wafer.

The height of the rectangular fin 4 may be between about 50 and about 100
nm. The width of the rectangular fin 4 is between about 10 nm and 30 nm.

It is noted that due to an overetching the buried oxide 2 may be recessed with
respect to the fin 4 (the recess level is indicated by arrow d).

Fig. 4 shows a cross-sectional view of the finFET-based non-volatile memory
device according to the present invention, after a next manufacturing step.

To overcome the adverse effects of variations of the bottom oxide thickness,
the present invention provides a fin body 9 of which the shape is corner-free, that is, the
shape is adapted in such a way that at least at the fin body 9 distinct crystal faces (appearing
as surface layers) and transition zones in between them are virtually lacking.

Due to a reconstruction of the surface, the adapted shape of the fin lacks
distinct crystal faces and transition zones in between these crystal faces.

Basically, such an adapted shape has a rounded geometry, in which no
discontinuities such as edges and corners between crystallographic planes occur.

In the cross-section perpendicular to the linear direction X of the fin 4, the
rounded fin body 9 may have a substantially circular or elliptical shape.

Reconstructing the surface of the block-shaped or rectangular fin 4 into the
adapted fin body 9 (i.e. rounding off the corners and edges of the fin 4 to form the rounded
fin body 9) can be carried out by an annealing step in hydrogen ambient at elevated
temperature (of about 850 — 1000 °C). For example, the gas ambient may be 100 % hydrogen
or may be a mixture of hydrogen with an inert carrier gas such as nitrogen or argon. A
pressure between 5 and 500 torr (667 — 66700 Pa) may be used. Annealing time may be
between 10 and 600 s.

During the annealing process the silicon atoms of the rectangular fin 4 are

redistributed to form the rounded shape of the fin body 9.



10

15

20

25

30

WO 2007/122567 PCT/IB2007/051417
8

In practice, the corner-free shape extends for at least about 2/3 of the
circumference of the fin body, depending on the size of the rectangular fin 4. (For a fin 4 with
square cross-section, the corner-free shape extends for about 3/4th of the circumference.)

It is noted that the annealing steps can be done without masking, so also
source and drain areas will be rounded. Since the source/drain regions have a thickness
substantially equal or comparable to the height of the fin, the radius of the rounding of the
source/drain regions will be similar to that of the fin. However, as the source/drain regions
have a larger horizontal width than the fin, the main area of the source and drain regions
remain flat. The rounding does not affect whatsoever the provision of contacts to these
source/drain regions.

Fig. 5 shows a cross-sectional view of the finFET-based non-volatile memory
device 10 according to the present invention, after a further manufacturing step.

In a next step, a bottom oxide 6 is grown on the fin body 9. Due to the absence
of discontinuous regions, such as edges and corners, any dependency on the growth rate of
the bottom oxide 6 as a function of crystallographic orientation of the fin body 9 has been
removed. The growth rate of the bottom oxide 6 is therefore substantially uniform over the
surface of the fin body 9. In consequence, the bottom oxide may exhibit less variation of its
thickness (if any).

Next, the charge holding layer 7 (typically silicon nitride) and the top
insulating layer 8 are deposited over the rounded fin body 9.

The top insulating layer 8 may either be a silicon dioxide layer or layer of
high-K material.

Thus, the charge trapping stack 6, 7, 8 comprises a bottom oxide layer 6, a
charge holding silicon nitride layer 7 and a top insulator layer 8, the top insulator layer being
at least one of a silicon dioxide layer and a high-K material layer.

A high-K material may comprise Hafnium-oxide HfO,, Hafnium-silicate
HfS1; <O, (0<x<1), Hafnium-silicate-nitride HfSiON, Aluminum-oxide Al,O; or Zirconium-
oxide ZrO; material.

Moreover, the silicon nitride layer may be replaced by a high-K trapping
material, e.g. a layer of silicon nano-crystals or a suitable high-K material layer.

Optionally, instead of the bottom oxide a different bottom insulating layer may
be used such as a deposited layer like Hf,Si; O, with high silicon content.

The first or bottom oxide 6 has a thickness of about 2 nm. The silicon nitride

layer 7 has a thickness of about 6 nm and a second or top insulating layer 8§ has a thickness of
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about 8 nm. Subsequently, a gate 5 is formed on top of the charge trapping stack 6, 7, 8. The
gate 5 typically comprises a poly-Si layer and is typically arranged to enclose the charge
trapping stack 6, 7, 8.

The width of the gate (in the direction X) is about equal to the channel length.
The thickness of the gate layer 5 is between about 10 and about 100 nm.

Fig. 6 shows a cross-sectional view of the finFET-based non-volatile memory
device according to the present invention, in an enhanced embodiment.

It is noted that the finFET-based non-volatile memory device 10 as shown in
Fig. 5 may show a sub-optimal programming capability due to the fact that the gate 5 does
not sufficiently cover the charge trapping stack 6, 7, 8 near the surface of the buried oxide
layer 2. Programming at this location near the surface of the buried oxide layer 2 may be
effected by a fringing electric field, which can cause a localized relatively lower threshold
voltage. As a result, leakage may occur at this location.

To overcome such a leakage, the finFET-based non-volatile memory device 10
is modified in that the recess level d is extended by extending the overetching during the
formation of the rectangular fin 4.

Alternatively, after formation of the rectangular fin 4, an additional dry
etching process can be carried out to etch the buried oxide 2 in order to extend the recess
level d.

As appreciated by the skilled person, overetching may be limited depending
on the anisotropy and/or the selectivity of the etching process.

By extending the recess level d to a height of substantially the thickness of the
silicon nitride layer 7 and the second or top oxide layer 8 or more (say about 12 nm or more),
the gate 5 can enclose the rounded fin body 9 and the charge trapping stack 6, 7, 8 more
completely. Advantageously, the programming capability is improved due to the fact that the
gate 5 fully covers the charge trapping stack 6, 7, 8 around the fin body 9.

Fig. 7 shows a cross-sectional view of a second embodiment of the finFET-
based non-volatile memory device according to the present invention.

In Fig. 7 entities having the same reference number refer to identical entities
as shown in the preceding Figures.

The cross-section of Fig. 7 is taken along a same line as line A-A, across the
gate portion of the finFET-based memory device.

In this second embodiment, the finFET-based memory device is arranged on a

monocrystalline surface layer of an SOI substrate.
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The rounded fin body 9 is free-standing. That is, the circumference of the
rounded fin body is not in direct contact with the insulator layer 2. Thus, the rounded fin
body 9 can be completely surrounded by the charge trapping stack 6, 7, 8. The full
circumference of the rounded fin body 9 is encompassed by the charge trapping stack 6, 7, 8.
The charge trapping stack 6, 7, 8, itself is encompassed by the gate 5.

It is noted that the free hanging fin shown in Fig. 7 can be obtained by largely
following the method as discussed above with regard to the first embodiment. Then, when the
recess level d is extended (see Fig. 6), the etching is continued to a level where the silicon
dioxide under the silicon fin is completely removed, allowing the fin to be free-hanging.

This extended etching process can be achieved by combining a first step of
anisotropic dry etching to partly recess the oxide adjacent to the fin with a second step of
isotropic dry etching, which removes the oxide below the fin. Alternatively, the second step
may be a wet oxide etching process (e.g. with a HF solution).

To prevent release of the free hanging Si fin from the substrate, a same
construction may be used as is explained below with regard to a finFET-based non-volatile
memory device according to a third embodiment.

According to the first and second embodiments the finFET-based non-volatile
memory device is formed on an SOI wafer, while in a third embodiment the finFET-based
memory device is formed on a monocrystalline silicon substrate with a buried SiGe layer.
Moreover, in accordance with the third embodiment, the fin is free-hanging as shown in Fig.
7. The method of forming the finFET-based non-volatile memory device according to the
third embodiment will be illustrated below.

Fig. 8 shows a second cross-sectional view of the finFET-based non-volatile
memory device according to the second embodiment.

The cross-section of Fig. 8§ is taken along a same line as line B-B, across the
source/drain region 3, S, D of the finFET-based memory device.

The source/drain regions 3, S, D are formed in the monocrystalline silicon
surface layer of the SOI substrate, which regions are block-shaped and relatively wider (W2
> W) than the width of the rounded fin body 9 at the location of the gate 5.

Below the source/drain regions 3, S, D, the insulating layer 2 shows a recessed
portion 2a. The recessed portion 2a is created due to the (partial) isotropy of the extended
etching process as discussed with reference to Fig. 7.

Fig. 9 shows a third cross-sectional view of the finFET-based non-volatile

memory device according to the second embodiment.
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The cross-section of Fig. 9 is taken along a same line as line C-C, extending
from one source/drain region S to the other source/drain region D.

The rounded fin body 9 connects the source/drain regions S, D with each
other. Outside the region where the gate 5 and the charge trapping stack 6, 7, 8 are located,
the rounded fin body 9 is separated from the surface of the insulating layer 2 by gap regions
24.

Fig. 10 shows a cross-sectional view of a third embodiment of the finFET-
based non-volatile memory device according to the present invention.

In Fig. 10 entities with the same reference number refer to identical entities as
shown in the preceding Figures.

The cross-section of Fig. 10 is taken along a same line as line A-A, across the
gate portion of the finFET-based memory device.

In this third embodiment, the finFET-based memory device is arranged on a
monocrystalline surface layer of a semiconductor substrate 20.

The rounded fin body 9 is free-standing. That is, the circumference of the
rounded fin body is not in direct contact with the substrate 20. Thus, the rounded fin body 9
can be completely surrounded by the charge trapping stack 6, 7, 8. The full circumference of
the rounded fin body 9 is encompassed by the charge trapping stack 6, 7, 8. The charge
trapping stack 6, 7, 8, itself is encompassed by the gate 5.

Between the gate 5 and the substrate 20, a second charge trapping stack 6, 7, 8
is present. In the silicon surface layer of the substrate 20, a block-shaped channel region 21 is
defined.

The channel region 21 is arranged in between isolation regions 22.

The rounded fin body 9 and the block-shaped channel region 21 have
substantially the same width W.

Fig. 11 shows a second cross-sectional view of the finFET-based non-volatile
memory device according to the third embodiment.

The cross-section of Fig. 11 is taken along a same line as line B-B, across the
source/drain region 3, S, D of the finFET-based memory device.

On the monocrystalline silicon surface layer of the semiconductor substrate
20, which is block-shaped and relatively wider (W2 > W) than the channel region 21 at the
location of the gate 5 and the charge trapping stack 6, 7, 8 (cross-section A-A), residual
epitaxial SiGe layers 23 are located (SiGe: silicon-germanium) in the source/drain regions 3,

S, D.
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The epitaxial SiGe layer 23 may have a thickness of about 50 nm.

The source/drain regions 3 are located on top of the residual epitaxial SiGe
layers 23. The source/drain regions 3 are epitaxial with respect to the residual epitaxial SiGe
layers 23 and the monocrystalline silicon surface layer of the semiconductor substrate 20.

At the cross-section B-B, the width W2 of the epitaxial source/drain region 3
is substantially larger than the width of the rounded fin body 4 at the location of the cross-
section A-A.

Fig. 12 shows a third cross-sectional view of the finFET-based non-volatile
memory device according to the third embodiment.

The cross-section of Fig. 9 is taken along a same line as line C-C, extending
from one source/drain region S to the other source/drain region D.

The rounded fin body 9 connects the source/drain regions S, D with each
other. Outside the region where the gate 5 and the charge trapping stack 6, 7, 8 are located,
the rounded fin body 9 is separated from the surface layer of the substrate 20 by gap regions
24.

Below, a manufacturing process associated with this third embodiment is
illustrated in more detail.

In the remaining Figs. 13a, 13b, 13¢c — 17a, 17b, 17¢, all Figures denoted by a
reference character ‘a’ relate to the first cross-section A-A, all Figures denoted by a reference
character ‘b’ relate to the second cross-section B-B and all Figures denoted by a reference
character ‘c’ relate to the third cross-section C-C.

In the second embodiment, the substrate 20 is typically a monocrystalline
silicon wafer on which an epitaxial Si-Ge layer 23 is deposited. An epitaxial Si layer 25,
which is covered by a capping layer 26 is formed on top of the SiGe layer 23. The capping
layer 26 is typically a silicon nitride layer.

The capping layer 26 may typically have a thickness of about 20-30 nm to
about 100 nm.

Figs. 13a, 13b, 13c show the finFET-based non-volatile memory device
according to the third embodiment after a first manufacturing step.

A mask (not shown) is provided so as to define a fin-shaped structure having a
width W. The fin-shaped structure comprises the silicon surface layer 21, the epitaxial SiGe

layer 23, the epitaxial silicon layer 25 and the capping layer 26.
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Subsequently, the fin-shaped structure is created by etching recesses R
flanking the fin-shaped structure. The recesses R extend into the semiconductor substrate 20
below the silicon surface layer 21.

Figs. 14a, 14b, 14c show the finFET-based non-volatile memory device
according to the third embodiment after a next manufacturing step.

In this processing step, silicon dioxide is deposited on the semiconductor
substrate 20 to fill the recesses R as field oxide 27. Next, a chemical-mechanical polishing
(CMP) step is carried out to level the silicon dioxide with the capping layer 26 that acts as
stopping layer for the CMP step.

Figs. 15a, 15b, 15¢ show the finFET-based non-volatile memory device
according to the third embodiment after a subsequent manufacturing step.

In this manufacturing step, an etch-back of the field oxide 27 is carried out.
The amount of silicon dioxide that is removed by the etch-back is such that the surface level
of an etched field oxide 22 is below the level of the silicon surface layer 21. Subsequently,
the capping layer 26 is removed by a selective etch.

Next, the epitaxial Si-Ge layer 23 is removed by a highly selective etching
process. The etching process may be a dry etching process or a wet etching process.

The etching process is to be controlled so as to avoid overetching. The etching
should only remove the epitaxial SiGe layer over an etch distance substantially equal to the
width W of the fin-shaped structure defined earlier. By this process the epitaxial SiGe layer
23 below the epitaxial Si layer 25 acts as a sacrificial layer and is completely removed as
shown in the cross-section A-A of Fig. 15a. At this stage, the beam-shaped epitaxial Si layer
25 in this cross-section is free-standing. The beam-shaped epitaxial Si layer 25 is separated
from the silicon surface layer 21 by a gap region 24.

The control of the etching process is arranged to ensure that residual epitaxial
SiGe layers 23 remain in the source/drain regions 3, S, D.

As shown in cross-section B-B of Fig. 15b, controlling the etching of the
epitaxial Si-Ge layer 23 in this processing step allows that a residual epitaxial SiGe layer 23
remains below the epitaxial Si layer 3 in the source/drain region, since the width W2 of the
source/drain region is larger than the width W of the epitaxial Si layer 25 at the location of
cross-section A-A as described above.

Also, as shown in cross-section C-C of Fig. 15c¢, a residual epitaxial SiGe

layer 23 remains below the epitaxial Si layer in the source/drain regions 3, since the width of
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the source/drain region 3 is larger than the width W of the epitaxial Si layer 25 at the location
of cross-section A-A as described above.

It is noted that typically, a dry etching process for removal of SiGe comprises
a fluorine-based chemistry.

Figs. 16a, 16b, 16¢ show the finFET-based non-volatile memory device
according to the third embodiment after a further manufacturing step.

In this manufacturing step, the free standing beam-shaped epitaxial Si layer 25
is rounded by means of an annealing step in hydrogen ambient at elevated temperature (of
about 850 — 1000 °C). During this annealing process the silicon atoms of the free standing
beam-shaped epitaxial Si layer 25 redistribute themselves to form the rounded shape of the
fin body 9. In principle also the edges of the silicon S/D areas in Fig. 13 b are rounded.

After the annealing step to provide the rounded fin body 9, the charge trapping
stack 6, 7, 8 is formed by subsequently growing a first or bottom oxide 6, then depositing a
silicon nitride layer 7 and finally depositing a second or top oxide layer 8.

The first or bottom oxide layer 6 is grown thermally. The silicon nitride layer
7 and the second oxide layer 8 are formed by means of a respective chemical vapor
deposition process.

It is noted that a second charge trapping stack is formed on the silicon surface
layer 21 below the rounded fin body. Also, the surface of the epitaxial Si layer 25 at the
location of the source/drain regions 3, is covered by the charge trapping stack 6, 7, 8.

Likewise, the surfaces of the residual epitaxial SiGe layer 23 that were
exposed during the formation of the charge trapping stack 6, 7, 8, are covered by the charge
trapping stack 6, 7, 8.

Figs. 17a, 17b, 17¢ show the finFET-based non-volatile memory device
according to the third embodiment after yet a further manufacturing step.

In this manufacturing step, a polysilicon layer 5 is deposited by chemical
vapor deposition (CVD).

It is observed that chemical vapor deposition allows a conformal growth of the
poly-Si layer 5. Filing of horizontal gaps such as gap regions 24 is achievable by CVD of
poly-Si.

Figs. 18a, 18b, 18c show the finFET-based non-volatile memory device after a
further subsequent processing step in the first, second and third cross-sectional view,

respectively.
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A mask M1 is provided in the gate region to cover the polysilicon layer 5 at
this location. Next, an etching process is applied to pattern the poly-Si layer 5 in such a way
that the poly-Si layer 5 in the gate region remains intact. At the source and drain regions 3, S,
D the poly Si layer 5 is removed by means of the etching process. Note that at the
source/drain regions also the ONO stack 8 is removed by the poly-Si etching process.

It is further noted that in the space between the rounded fin body 9 and the
monocrystalline silicon surface layer 21, i.e., outside the gate region as defined by the mask
M1, the poly-Si layer 5 and the charge trapping stack 6, 7, 8 are removed from the gap
regions 24.

After etching of the poly-Si layer, the (remainder of the) mask M1 may be
removed.

The second and third embodiments provide a free-hanging rounded fin body
which is covered by an ONO stack 6, 7, 8 with virtually uniform thickness and a virtually
optimal coupling of the ONO stack and the rounded fin body 9.

Advantageously, the method to form the second embodiment is a relatively
simple process of having a completely covered fin, simpler than the method of the third
embodiment applied to a sacrificial SiGe layer 23.

By contrast, the third method may have the advantageous substrates with a
buried SiGe layer which have lower cost than the SOI substrates that are used in the second
embodiment.

Further, as known to persons skilled in the art, for each of the first, second and
third embodiments, some additional processing steps can be carried out. The electronic
properties of the source/drain regions 3 can be tuned by changing the dopant level of these
regions by means of an implantation process. During back-end processing, a passivation layer
may be deposited to cover the finFET structure; contacts to source/drain regions 3 and to the
gate 5 may be created, and interconnect wiring may be provided by some metallization
process(es).

It will be apparent to persons skilled in the art that other embodiments of the
invention can be conceived and reduced to practice without departing form the true spirit of
the invention, the scope of the invention being limited only by the appended claims as finally

granted. The description is not intended to limit the invention.
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CLAIMS:

1. A finFET-based non-volatile memory device on a semiconductor substrate
comprising source and drain regions (3, S, D), a fin body (4), a charge trapping stack (6, 7, 8)
and a gate (5); the fin body extending between the source region and the drain region, the fin
connecting the source region and the drain region; the charge trapping stack being arranged
to cover at least a portion of the fin body; the gate being arranged to cover the charge

trapping stack at the location of the fin body, and the fin body (9) having a corner-free shape.

2. A finFET-based non-volatile memory device according to claim 1, wherein the

corner-free shape of the fin body (9) is a rounded shape.

3. A finFET-based non-volatile memory device according to claim 1 or 2,

wherein the fin body (9) has at least a circular shape of an elliptical shape.

4. A finFET-based non-volatile memory device according to claim 1, wherein the
fin body (9) is arranged on a silicon dioxide layer (2), and a surface of the silicon dioxide

layer (2) adjacent to the fin body (9) is recessed to a recess level (d).

5. A finFET-based non-volatile memory device according to claim 4, wherein the
recess level (d) is either equal to, or larger than, the thickness of the charge trapping layer (7)
and the top insulator layer (8).

6. A finFET-based non-volatile memory device according to claim 1, wherein the

fin body (9) is free-standing.

7. A method for manufacturing a finFET-based non-volatile memory device on a
semiconductor substrate comprising source and drain regions (3, S, D), a fin body (4), a
charge trapping stack (6, 7, 8) and a gate (5); the fin body extending between the source
region and the drain region, the fin connecting the source region and the drain region; the

charge trapping stack being arranged to cover at least a portion of the fin body; the gate being



10

15

20

25

30

WO 2007/122567 PCT/IB2007/051417
17

arranged to cover the charge trapping stack at the location of the fin body, the method

comprising:

- shaping the fin body in such a way that the fin body (9) has a corner-free
shape.

8. A method for manufacturing a finFET-based non-volatile memory device

according to claim 7, wherein the shaping of the fin body comprises annealing in hydrogen

ambient at an elevated temperature between about 850 and about 1000 °C.

9. A method for manufacturing a finFET-based non-volatile memory device
according to claim 7, wherein the substrate (SOI) comprises an insulating layer (2), which is
covered by a monocrystalline silicon layer (1); the source and drain regions (3, S, D) and the
fin body (4) being arranged in the monocrystalline silicon layer (1), the insulating layer (2)

adjacent to the source and drain regions and the fin body being recessed to a recess level (d).

10. A method for manufacturing a finFET-based non-volatile memory device
according to claim 9, wherein the method comprises an etching to provide a recess level that
is either equal to, or larger than, the thickness of the charge trapping layer (7) and the top

insulator layer (8).

11. A method for manufacturing a finFET-based non-volatile memory device
according to claim 10, wherein the etching is extended to a level that the insulating layer (2)

under the fin body (4) is completely removed.

12. A method for manufacturing a finFET-based non-volatile memory device
according to claim 11, wherein the etching is achieved by combining a first anisotropic dry
etching for partly recessing the insulating layer under the fin body with a second isotropic

oxide etching for removing the insulating layer below the fin body.

13. A method for manufacturing a finFET-based non-volatile memory device
according to claim 7, wherein the method comprises:
- providing a gap region between a surface of the substrate and the fin body in

such a way that the fin body is free-standing.
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14. A method for manufacturing a finFET-based non-volatile memory device
according to claim 13, wherein the substrate comprises a monocrystalline silicon wafer which
is covered by an epitaxial Si-Ge layer (23), the SiGe layer (23) being covered by an epitaxial
Si layer (25); the source and drain regions (3, S, D) and the fin body (4) being arranged in the
epitaxial Si layer (25) and wherein the provision of the gap regions comprises the removal of

the epitaxial SiGe layer below the fin body.

15. Memory array comprising at least one finFET-based non-volatile memory

device in accordance with claim 1.

16. Semiconductor device comprising at least one finFET-based non-volatile

memory device in accordance with claim 1.
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