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RELATED APPLICATIONS

[0001] This application is related to U.S. Application No. 12/201,807, filed August
29, 2008, and titled “Two-Step Hardmask Fabrication Methodology for Silicon

Waveguides” which is herein incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates to semiconductors, and more particularly, to a
methodology for fabricating semiconductors including structures and devices of

varying thickness.

BACKGROUND OF THE INVENTION

[0003] There are number of waveguide structures that can be used to realize an optical
waveguide in silicon, such as ridge and channel waveguides. In such structures, light is
typically guided in a high refractive index material (typically referred to as the waveguide
core) that is surrounded by a lower index material (typically referred to as the waveguide

cladding).

[0004] A channel waveguide is usually formed by depositing a high refractive index
core material on a low refractive index bottom cladding material. Excess of the high
refractive index material to either side of the channel is removed down to the underlying

oxide using standard lithography processing (i.e., mask and etch). Once the channel is
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formed, a low refractive index upper cladding is deposited around the channel. The
mismatch in refractive index between the core and the cladding effectively operates to

contain radiation within the channel of the waveguide.

[0005] A ridge waveguide is a variation on the channel waveguide, wherein the high
refractive index core material is only partially etched back to the underlying oxide,
leaving a so-called slab to either side of the ridge. This lowers the in-plane refractive
index contrast, which generally decreases scattering loss. In some applications, both

ridge and channel type waveguide structures are used.

[0006] Currently, semiconductors including both CMOS circuitry and silicon
waveguides are fabricated so that the CMOS circuitry and waveguides essentially have
the same silicon thickness. Such conventional techniques are associated with a number
of disadvantages, including that they do not allow for fully depleted SOI devices. Nor
do they allow for the ability to modify waveguide thickness independently of the
CMOS devices. |

[0007] What is needed, therefore, are techniques that facilitate the fabrication of
silicon-based circuitry including CMOS and waveguide structures. In a more general
sense, there is a need for more efficient techniques for fabricating semiconductors

including structures and devices of varying thickness.

SUMMARY OF THE INVENTION

[0008] One embodiment of the present invention provides a semiconductor device.
The device includes a semiconductor wafer defining a thin region and a thick region.
The device further includes one or more photonic devices and/or partially depleted
electronic devices formed on the thick region, and one or more fully depleted electronic

devices formed on the thin region. The device may further include an isolation area
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formed between the thin region and the thick region. 'fhe wafer may be, for example, a
silicon-on-insulator (SOI) wafer having epitaxial silicon on a thick buried oxide. The
partially depleted electronic devices may be, for example, partially depleted CMOS
devices, and photonic devices may be, for example, waveguides and/or ring
modulators. Note, however, that any number or combination of thin region devices and

thick region devices can be used.

[0009] Another embodiment of the present invention is a method for fabricating a
semiconductor device. The method includes thinning a region of a semiconductor
wafer upon which the device is to be formed, thereby defining a thin region and a thick
region of the wafer. The method continues with forming on the thick region one or
more photonic devices and/or partially depleted electronic devices, and forming on the
thin region one or more fully depleted electronic devices. The method may further
include forming an isolation area between the thin region and the thick region. The
wafer may be, for example, a silicon-on-insulator (SOI) wafer having epitaxial silicon
on a thick buried oxide. In some cases, thinning a region of a semiconductor wafer
includes the use of thermal oxidation. The method may include the preliminary steps
of depositing onto the wafer a two-layer hardmask including a bottom layer of oxide
and a top layer of nitride, and then depositing resist over the thick region, thereby
leaving the two-layer mask over the thin region exposed. Here, the method further
includes etching the wafer to remove the exposed two-layer hardmask over the thin
region. In one such specific example case, thinning a region of a semiconductor wafer
includes implanting oxygen into an epitaxial silicon layer of the wafer, cleaning the
wafer, and then annealing to convert the implanted oxygen regions into oxide. In
another suéh specific example case, thinning a region of a semiconductor wafer

includes partially dry etching an epitaxial silicon layer of the wafer, cleaning the wafer,

(V5 )
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and then carrying out a thermal oxidation process to consume damaged epitaxial silicon
resulting from the partial dry etching. In another such specific example case, thinning a
region of a semiconductor wafer includes cleaning the wafer, and carrying but a
thermal oxidation growth process to consume underlying epitaxial silicon of the wafer.
In any such cases, once the epitaxial silicon of the wafer is thinned, the method may
further include stripping the two-layer hardmask (including any remaining resist on that
two-layer hardmask). In some cases, forming on the thick region and forming on the
thin region includes depositing onto the wafer a two-layer hardmask including a bottom
layer of oxide and a top layer of nitride, selectively depositing resist on a hardmask area
over the thick region (thereby providing an initial pattern for photonics and/or any
electronics in the thick region), and selectively depositing resist on a hardmask area
over the thin region (thereby providing a pattern for fully depleted electronics in the
thin region). Here, forming on the thick region and forming on the thin region may
further include performing an initial etch to remove unmasked portions of the hardmask
nitride and epitaxial silicon of the wafer, and stripping the selectively deposited resist.
In such cases, the initial etch associated with the thick region is partial in that a portion
of unmasked epitaxial silicon remains after the initial etch, and the initial etch
associated with the thin region is a full etch in that all unmasked epitaxial silicon in the
thin region is removed thereby exposing a buried oxide layer of the wafer. In some
such specific cases, forming on the thick region and forming on the thin region may
further include selectively depositing resist over the thick region including the portion
of unmasked epitaxial silicon remaining after the initial etch (thereby providing a
pattern for a slab for photonics in the thick region), performing a remainder of the
initial etch to remove unmasked portions of the remaining epitéxial silicon of the thick

region, thereby defining a slab for photonics, and then stripping the resist deposited
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over the thick and thin regions. In one such specific case, forming on the thick region '
and forming on the thin region further include performing liner oxidation so that
remaining epitaxial silicon is provided with an oxide layer. In another such specific
case, forming on the thick region further includes carrying out a slab implant process.
In another such specific case, forming on the thick region and forming on the thin
region further include performing an oxide fill process to fill one or more shallow
trench isolation regions, patterning an oxide thinning mask (thereby protecting the thick
region and exposing the thin region), and then performing an oxide etch to remove a
bulk of oxide above the thin region and any unprotected isolation region. Here,
forming on the thick region and forming on the thin region may further include
performing a chemical mechanical polish (CMP) process so as to polish all oxide down
_to the underlying top layer of nitride, and then removing remaining nitride. In one such
case, forming on the thick region and forming on the thin region further include
performing CMOS processing, such as sacrificial oxide growth, body implants, gate
‘oxide growth, polysilicon gate deposition and patterning, dielectric spacer deposition

and etch back, and/or source / drain implants.

[0010] The features and advantages described herein are not all-inclusive and, in
particular, many additional features and advantages will be apparent to one of ordinary
skill in the art in view of the drawings, spec.iﬁcation, and claims. Moreover, it should
be noted that the language used in the specification has been principally selected for
readability and instructional purposes, and not to limit the scope of the inventive

subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]) Figures 1-14 show a series of cross-sectional side-views that illustrate a

method for fabricating a semiconductor having structures and devices of varying

5



WO 2010/065831 PCT/US2009/066734

thickness, as well as the resulting semiconductor itself, in accordance with an
embodiment of the present invention. Note that the figures are not drawn to scale;
rather, they are drawn to facilitate explanation. Details such as layer thicknesses and
actual section or feature locations will be apparent from the corresponding detailed

description.

DETAILED DESCRIPTION OF THE INVENTION

[0012] Techniques are disclosed that facilitate the fabrication of semiconductors
including structures and devices of varying thickness. For instance, the techniques can
be used to fabricate silicon eircuitry that includes fully depleted silicon-on-insulator
(SOI) devices (e.g., around 500A Si thickness), photonic waveguides (e.g., around
2300A Si thickness), and/or ring modulators (e.g., which may have slab thickness values
around 500 to 800A). Likewise, the techniques can be used to fabricate silicon-based
circuitry that includes both channel and ridge waveguide structures. Semiconductor
circuitry fabricated with materials other than silicon (e.g., gallium arsenide, indium
phosphate, and quartz, sapphire) can equally benefit from the techniques, and numerous
circuit configurations will be apparent in light of this disclosure. The techniques are
not intended to be limited to particular semiconductor materials or specific types of
circuitry/structures; rather, any semiconductor materials that can be configured with
circuitry/structures of varying thickness may benefit.
General Overview

[0013] As previously explained, semiconductors including both CMOS circuitry and
silicon waveguides are currently fabricated so that the CMOS circuitry and waveguides
essentially have the same silicon thickness. Such conventional techniques are

associated with a number of disadvantages, including that they do not allow for fully
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depleted SOI devices. Nor do they allow for the ability to modify waveguide thickness

independently of the CMOS devices.

[0014] One embodiment of the present invention provides a method for fabricating
SOI CMOS devices and silicon high index contrast (HIC) silicon waveguides and
photonic devices on the same substrate, where at least one of the CMOS devices has a
silicon thickness that is significantly thinner than the silicon thickness for the silicon
waveguides. In some specific such embodiments, the method may be used for
integration of fully depleted CMOS devices with silicon HIC waveguides having

channel and ridge type configurations.

[0015] The method may employ a substrate having epitaxial silicon on buried oxide,
although other suitable substrate materials and configurations can be used, as will be
apparent in light of this disclosure. The method of this example embodiment generally
includes thinning the silicon in the fully depleted CMOS region before beginning the
patterning and formation of the silicon waveguides, and before creating isolation
regions in the fully depleted CMOS regions. The silicon in the fully depleted CMOS
region can be thinned, for instance, by completing pad oxidation, pad nitride
deposition, photolithography to block (protect) the photonic regions, and patterning a
nitride/oxide stack (also referred to as pad oxide and pad nitride layers, or collectively

as a two-layer hardmask) to expose the silicon regions to be thinned.

[0016] Once the nitride/oxide stack is patterned as desired, one option is to implant
oxygen into the silicon using the resist/nitride/oxide stack as a mask, and then strip the
resist (note that resist can be stripped before or after implant process), wafer clean, and
anneal to form oxide in the implanted regions. A second option is to dry etch the
silicon to a desired depth, strip the resist (note that resist can be stripped before or after
dry etcﬁ process), and complete a short oxidation to remove dry etch damage. A third

7
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option is to strip the resist, wafer clean, and then complete a thermal oxide growth to
consume underlying silicon.

[0017] With any of these options, the next step of this example embodiment is to strip
the nitride and oxide layers (or what remains thereof), which can be done, for example,
using hot phosphoric acid and hydroﬂudric acid, respectively. At this point, the
waveguides can be formed while simultaneously patterning the thinned silicon region.
One example process that can be used in forming waveguide structures including
channel and ridge configurations is described in the previously incorporated U.S.
Application No. 12/201,807. Any waveguide slab regions may be implanted as needed.
The trenches or spaces between silicon regions can then be filled, for example, with an

oxide. In such cases, the resulting oxide layer is then planarized.

[0018] Note that the planarization is different than typically associated with standard
CMOS processing, because of the extra oxide layer over the thinned silicon regions. At
this point, a mask and dry etch can be used to thin the oxide over the thinned silicon
regions, which reduces the polish load in the thinned silicon regions. The oxide can be
planarized, for instahce, using chemical mechanical polish (CMP) with the pad nitride
as a polish stop. The nitride can be removed using hot phosphoric acid, and then the
device is ready for integration into standard CMOS processing (e.g., sacrificial

oxidation, body implants, and poly gate formation).

[0019] The silicon regions that are not thinned may be used, for example, for partially
depleted CMOS devices (e.g., transistors) and/or photonic devices (e.g., modulators,
ridge, and/or channel waveguides), thereby allowing for photonics devices to be
integrated with fully depleted and partially depleted SOI on the same wafer. In
addition, the method can be used to remove or bury residuals in transition regions
between fully depleted CMOS and photonics regions. Thus, disclosed techniques

8
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provide both a semiconductor device that includes a wafer defining both a thin region
and a thick region (thereby enabling a combination of diverse thickness

" circuitries/structures), as well as methodologies for making same.

Fabrication Methodology

[0020] Figures 1-14 show a series of cross-sectional side-views that illustrate a
method for fabricating a semiconductor having structures and devices of varying
thickness, in accordance with an embodiment of the present invention. In addition, the
resulting semiconductor device according to one example embodiment is provided.

Each of the figures will now be referred to in turn.

[0021] Figure 1 shows a SOI wafer having epitaxial silicon on a thick buried oxide
(or other suitable insulator material layer). A two-layer hardmask of oxide (pad oxide)
and nitride (pad nitride) is deposited onto the SOI wafer. As can be further seen, the
device being constructed has a number of sections, including a thin CMOS active area,
an isolation area, a ring modulator or thick CMOS active area, and a waveguide or
thick CMOS area. Resist is deposited over the device’s region designated for photonics
or thick CMOS, while the region designated for fully depleted CMOS is left

unprotected to allow for thinning of the epitaxial silicon.

[0022] In other embodiments, a grown film of amorphous-silicon, polysilicon or
nanosilicon can be used in place of the SOI wafer. In general, growing on the flattest
possible surface, with the highest quality underlying oxide, is beneficial. In some
embodiments, a high density plasma, chemical vapor deposited (HDP-CVD) silicon
dioxide is employed for this purpose. The HDP-CVD approach provides a high degree
of control over the uniformity of the oxide cladding. The underlying substrate below
the insulator and silicon layers can be, for example, silicon, although other suitable

substrate materials can be used, such as gallium arsenide, indium phosphate, and

9
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quartz, sapphire, depending on the materials being deposited and giving consideration

to factors such as thermal coefficients of expansion.

{0023] In this examﬁle embodiment, the buried oxide is about 3 micrometers thick
and can be, for example, silicon dioxide. The layer of epitaxial silicon is about 2500
angstroms thick, prior to any thinning. The pad oxide layer of the hardmask is about 90
angstroms and the nitride pad layer is about 1190 angstroms. In some embodiments,
the pad oxide layer of the hardmask is the same material as the buried oxide (e.g.,
silicon dioxide). The resist deposited over the region for photonics or thick CMOS is
about 3000 angstroms. These layer thicknesses are not intended to limit the present
invention, and are only provided as an example embodiment. Numerous other

configurations and layer thickness schemes will be apparent in light of this disclosure.

[0024] Deposition of the hardmask onto the epitaxial silicon in this example case
involves the deposition of an oxide/nitride hardmask, wherein a bottom layer of oxide
is deposited followed by a top layer of nitride. The two-layer hardmask allows
_ integration within a CMP based process. In more detail, and in accordance with one
particular embodiment, a top nitride layer acts as the hardmask and polish stop layer for
CMP. The bottom oxide layer acts as a stop for a subsequent removal of the top nitride
layer, thereby preserving circuit (e.g., CMOS and waveguide structures) qualities not

only across the wafer, but from wafer to wafer.

[0025] Figure 2 shows patterning of the two-layer hardmask, where portions of the
hardmask not covered by resist are removed. The hardmask patterning can be carried
out, for example, using standard photolithography techniques, thereby protecting (with
resist) the region for photonics / thick CMOS and exposing the region designated fully
depleted CMOS (or other circuitry/structure that requires a thinned region). A dry etch
can be used to remove the pad nitride and pad oxide in the exposed region.

10
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[0026] Thinning of the epitaxial silicon at the region for fully depleted CMOS can be
carried out in a number of ways using thermal oxidation. Figures 3a, 3b, and 3¢
illustrate three example such techniques that can be used. The first option of Figure 3a
comprises implanting oxygen into the epitaxial silicon layer. In such a case, the resist
(shown in Figure 1), as. well as the pad nitride and pad oxide of the two layer hardmask
can be used as an implant mask, to protect the region for photonics and/or thick CMOS
from the implantation process. The resist is then stripped, and a wafer clean is
performed (e.g., Huang clean). Then, an annealing process is carried out to convert the
implanted oxygen regions into oxide. Generally, the annealing is carried out at a
temperature and duration sufficient to convert the implanted oxygen regions into silicon
dioxide. The annealing can be carried out, for example, at a temperature in the range of
about 600°C to about 1,500°C for a duration in the range of about 1 minute to about 8
hours. Variations on the implant mask will be apparent in light of this disclosure. For
instance, in some embodiments, the resist used to pattern the hardmask can be removed,
and only the two-layer hardmask is used as the implant mask (i.e., strip resist, implant
oxygen, clean, and anneal). Furthermore, note that resist used for the implant mask can
be the same as the resist used to- pattern the hardmask. Alternativeély, a separate resist

can be used for each of the hardmask patterning and implant mask steps, if so desired.

[0027]) The second option of Figure 3b comprises partially dry etching the epitaxial
silicon, stripping the resist, and then performing a wafer clean (e.g., Huang clean). A
suitable variation hére comprises stripping the resist, partially dry etching the epitaxial
silicon (using the two layer oxide-nitride stack as a hardmask), and then performing a
wafer clean (e.g., Huang clean). Then, a thermal oxidation process is carried out to
consume the damaged epitaxial silicon (resultirfg from the dry etch process). This

option requires a very uniform silicon etch rate across the wafer as well as from wafer
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to wafer. The third option of Figure 3c comprises stripping the resist and performing a
wafer clean (e.g., Huang clean). Then, a thermal oxidation growth process is carried
out to consume the underlying epitaxial silicon. This option avoids the need for a

uniform silicon etch rate across the wafer as well as from wafer to wafer.

[0028] Once the epitaxial silicon is thinned in the region for the fully depleted
CMOS, the method continues as shown in Figure 4. Here, the pad nitride is stripped
off (e.g., using a hot phosphoric dip). Similarly, all oxide can be removed (e.g., using a
hydrofluoric acid). As can be seen, the resulting structure includes a thinned region of
silicon for fully depleted CMOS, and a thicker region of silicon for photonics and/or
. partially depleted CMOS.
[0029] The method continues as shown in Figure 5, wherein a new two-layer
hardmask is deposited as explained before using pad oxidation (for lower oxide layer)
and pad nitride deposition (for upper nitride layer). The thicknesses for each of the
oxide and nitride layers as well as the specific materials themselves can be, for
example, the same as the previous hardmask. The initial pattern for the waveguides
and any active areas for thick CMOS region is then applied to the two-layer hardmask,
where photoresist (resist) is applied to areas that are to be preserved. As is known, an
“active area” is a semiconductor term which defines the areas where electronic
components (e.g., MOSFETs or other such gate-level components and modulators,
salicide structures, etc) will be located. This standard electronics layer is combined
into the photonics layer, and both layers are processed as one in an efficient manner
that avoids etching non-uniformities associated with conventional techniques. Note
that in other embodiments, two masks could bé used to define the electronics (e.g.,
CMOS) and photonics (e.g., channel and ridge waveguides) separately. Further note

that a resist mask could be used over the step region if so desired, but this may likely

12



WO 2010/065831 PCT/US2009/066734

cause subsequent particle issues. Other such variations will be apparent in light of this
disclosure.

[0030] The method continues as shown in Figure 6, wherein an initial etch is
performed on the patterned hardmask to remove unmasked pad nitride and pad oxide
layers, as well as portions of the epitaxial silicon layer. The amount removed of the
epitaxial silicon layer depends on the region being etched. In more detail, this initial
etch is a partial etch of the silicon region for photonics and thick CMOS, and leaves a
prescribed amount of silicon on top of the buried oxide, so that the remaining epitaxial
silicon can be used for the slab region of forthcoming modulators. As can be seen, the
hardmask remains on top of the waveguide structures (which in this example
embodiment happen to include a channel waveguide, and a ridge waveguide included
in the ring modulator), and acts as an etch mask again during subsequent etching steps
(e.g., waveguide slab mask etch). In contrast, this initial etch is a full etch of the thinner
silicon region for fully depleted CMOS, where the etch of that region reaches the
buried oxide layer. At point A shown in Figure 6, note that there may be silicon
undercut due to relatively long overetch. In addition, at point B, note that there may be
an nitride/oxide rail at the transition point (step region), depending on etch selectivity.
Once this initial etch. of both the thin region (full etch) and thick region (partial etch) is

completed, the resist is then stripped.

[0031) The method continues as shown in Figure 7, where the region for photonics
(or thick CMOS) is patterned to have slabs (for the ring modulator), and body contacts
(for partially depleted CMOS). The resist is deposited as shown. Note that point C can
also be protected with resist, or point C can be left exposed for more
nitride/oxide/silicon etching if necessary. The method continues as shown in Figure 8,

where the second part of the initial etch (discussed with reference to Figure 6) is

13
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performed to completely pattern the epitaxial silicon in the region for photonic and
thick CMOS. The resist is then stripped. Note the resulting slab portions of the ring
modulator. Again, at point B there may be an nitride/oxide rail at the transition point
(step region), depending on etch selectivity. Standard photolithography (including
suitable resist materials) can be used for the slab patterning and etching depicted in

Figures 7 and 8.

[0032] The method continues as shown in Figure 9, where a wafer clean (e.g., Huang
clean) is performed. Alternatively, this clean step may be replaced with a resist mask
and hydrofluoric acid dip to undercut the pad oxide in CMOS regions. Undercutting
the pad oxide leads to increased rounding (larger radius curve) at the top corners of
active areas, which can be seen after subsequent oxidations. Typically for CMOS, the
increased rounding is desired. A resist mask may be used to block the hydrotluoric
acid exposure to photonic devices, if desired. Then, liner oxidation is carried out so
that the remaining epitaxial silicon is provided with an oxide layer as shown. Liner
oxidation minimizes dry etch damage on the top and sides of CMOS active areas and
the sides of the waveguides. The liner oxide can be, for example, the same as the pad
oxide and/or buried oxide. In addition, any desired slab implants (e.g. for ring
modulator) can be completed using a photolithography (e.g., resist and etch), implant,
and resist strip sequence. Again, at point B, there may be a nitride/oxide rail at the
transition point (step region proximate the isolation region), depending on etch
selectivity. |

[0033] The method continues as shown in Figure 10, where an oxide fill process is
performed (i.e., the shallow trench isolation regions are filled). The oxide used for the
fill can be, for example, the same as the pad oxide and/or buried oxide. In one

particular embodiment, an HDP-CVD oxide is used for the oxide fill process. The
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patterning of the oxide thinning mask can be carried out, for example, as previously
discussed with reference to Figure 1, using standard photolithography techniques,
thereby protecting (with resist) the region for photonics / thick CMOS and exposing the
region designated fully depleted CMOS (or other circuitry/structure that requires a
thinned region). Note that the dimensions of the oxide thinning mask (i.e., resist) can
be varied to modify the transition region as desired. At point D, note that the transition
region can be left exposed or protected with resist, depending on desired attributes of
transition region.

[0034] As can be seen with reference to Figure 11, the method continpes with an
oxide etch (e.g., dry etch) to remove the bulk of oxide above the fully depleted CMOS
active region and any unprotected isolation region. This etch process can be used to
reduce polish load on the CMOS side. The method continues with stripping the resist.
In other embodiments, note that the oxide etch could be eliminated by substituting a
selective CMP process. In such case, a CMP dish-out process may be used to thin the
oxide in the fully depleted CMOS regions. Whether etching or polishing is used
depends on factors such as desired polish load or etch load, CMP and/or dish-out
capability, desired processing time, etc.

[0035] As can be seen with reference to Figure 12, the method continues with a
chemical mechanical polish (CMP) process, so as to polish all oxide down to the
underlying pad nitride. Note the dish-out technique discussed in the previous section
actually polishes down to the pad nitride, so the methodology can be implemented with
either dry etch + CMP or simply CMP with intentional dishing. The pad nitride is
resistant to the CMP action, and can therefore be used as a polish stop. The method
continues as shown in Figure 13, with removing the remaining pad nitride using, for

example, a hot phosphoric dip or other suitable nitride removal scheme. As can be seen
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with reference to Figure 14, the method may continue with integration into standard
CMOS processing, which may include, for example, sacrificial oxide growth, body
implants, gate oxide (dielectric) growth, polysilicon gate deposition and patterning,
dielectric spacer deposition and etch back, and source / drain implants. Thus, and in
accordance with one example embodiment, and starting at the pad nitride strip, standard

CMOS processing may be used to form fully and partially depleted CMOS FETs.
Multi-thickness Semiconductor

[0036] Figure 14 shows one example of a multi-thickness semiconductor configured
in accordance with an embodiment of the present invention. As can ‘be seen, the
semiconductor includes a fully depleted FET (left side of figure in the region for fully
depleted CMOS), where the thinned silicon structure is used as the active area of a fully
depleted FET. Both N and P-channel FETs may be made. The transistors are made by
completing the required body implants into the thinned ;ilicon region, forming a gate
dielectric, depositing and patterning a gate conductor material, and completing the
required source/drain implants. Additionally, spacers may be used to offset any
implants as desired. Similar processing may be used to form partially depleted devices,
if so desired. For instance, the channel and ridge waveguide configurations at the right
of the semiconductor device of Figure 14 can be replaced with partially depleted
CMOS FETs, thereby providing a multi-thickness semiconductor having Bqth fully and
partially depleted devices.

[0037] The difference between fully and partially depleted devices is that for fully
depleted devices, the silicon active regions are so thin that the source / drain doped
regions encompass the full silicon thickness, whereas for partially depleted devices the
silicon active regions are sufficiently thick that the source / drain doped regions do not
extend to the bottom of the silicon active region. Thus, fully depleted devices only

16
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have lateral source / drain p-n junctions, whereas partially depleted devices also have
vertical p-n junctions at the bottom of the source / drain regions. Partially depleted
FETs may be produced by starting with silicon blocks built in the same way as the
channel waveguides as discussed herein, as well as the previously incorporated U.S.

Application No. 12/201,807.

[0038] Thus, the techniques described herein can ’be used to integrate, for example,
channel waveguides, ridge waveguides, partially depleted CMOS FETS, and fully
depleted CMOS FETs. As will be appreciated in light of this disclosure, the process
may also encompass integration with other photonic and electronic devices, such as
ring modulators and photodetectors.  Likewise, semiconductor materials other than

silicon can be used, such as germanium, gallium arsenide, etc.

[0039] The foregoing description of the embodiments of the invention has been
presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications
and variations are possible in light of this disclosure. It is intended that the scope of the
invention be limited not by this detailed description, but rather by the claims appended

hereto.
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CLAIMS

What is claimed is:
1 l. A method for fabricating a semiconductor device, comprising:
2 thinning a region of a semiconductor wafer upon which the device is to be formed,
3 théreby defining a thin region and a thick region of the wafer;
4 forming on the thick region one or more photonic devices and/or partially depleted
5 electronic devices; and
6 forming on the thin region one or more fully depleted electronic devices.
1 2. The method of claim 1 further comprising:
2 forming an isolation area between the thin region and the thick region.
1 3. The method of claim 1 wherein the wafer is a silicon-on-insulator (SOI)

2 wafer having epitaxial silicon on a thick buried oxide.

1 4, The method of claim 1 wherein thinning a region of a semiconductor wafer

2 includes the use of thermal oxidation.

1 5. The method of claim 1 further comprising the preliminary steps of:

2 depositing onto the wafer a two-layer hardmask including a bottom layer of oxide
3 and a top layer of nitride;

4 depositing resist over the thick region, thereby leaving the two-layer mask over the
5 thin region exposed; and

6 etching the wafer to remove the exposed two-layer hardmask over the thin region.

| 6. The method of claim S wherein thinning a region of a semiconductor wafer

2 comprises:

3 implanting oxygen into an epitaxial silicon layer of the wafer;
4 cleaning the wafer; and
5 annealing to convert the implanted oxygen regions into oxide.
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1 7. The method of claim 5 wherein thinning a region of a semiconductor wafer

2 comprises:

3 partially dry etching an epitaxial silicon layer of the wafer;

4 : cleaning the wafer; and

5 carrying out a thermal oxidation process to consume damaged epitaxial silicon
6 resulting from the partial dry etching.

1 8. The method of claim 5 wherein thinning a region of a semiconductor wafer

2 comprises:

3 cleaning the wafer; and

4 carrying out a thermal oxidation growth process to consume underlying epitaxial
5 silicon of the wafer.

1 9. The method of claim 5 wherein once the epitaxial silicon of the wafer is

2 thinned, the method further comprises:

3 stripping the two-layer hardmask.

1 10.  The method of claim 1 wherein forming on the thick region and forming on

2 the thin region comprise:

3 depositing onto the wafer a two-layer hardmask including a bottom layer of oxide
4 and a top layer of nitride;

5 selectively depositing resist on a hardmask area over the thick region, thereby
6 providing an initial pattern for photonics and/or any electronics in the thick
7 region; and

8 selectively depositing resist on a hardmask area over the thin region, thereby
9 providing a pattern for fully depleted electronics in the thin region.

1 11, The method of claim 10 wherein forming on the thick region and forming

2 . on the thin region further comprise:
3 performing an initial etch to remove unmasked portions of the hardmask nitride and

4 epitaxial silicon of the wafer; and
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5 stripping the selectively deposited resist;

6 wherein the initial etch associated with the thick region is partial in that a portion of
7 unmasked epitaxial silicon remains after the initial etch; and

8 wherein the initial etch associated with the thin region is a full etch in that all
9 unmasked epitaxial silicon in the thin region is removed thereby exposing a
10 buried oxide layer of the wafer.

1 12.  The method of claim 11 wherein forming on the thick region and forming
2 on the thin region further comprise:

3 selectively depositing resist over the thick region including the portion of
4 unmasked epitaxial silicon remaining after the initial etch, thereby
5 providing a pattern for a slab for photonics in the thick region;

6 performing a remainder of the initial etch to remove unmasked portions of the
7 remaining epitaxial silicon of the thick region, theréby defining a slab for
8 photonics; and

9 stripping the resist deposited over the thick and thin regions.

1 13.  The method of claim 12 wherein forming on the thick region and forming
2 on the thin region further comprise:

3 performing liner oxidation so that remaining epitaxial silicon is provided with an
4 oxide layer.

1 14. The method of claim 12 wherein forming on the thick region further
2 comprises:

3 carrying out a slab implant process.

1 15.  The method of claim 12 wherein forming on the thick region and forming
2 on the thin region further comprise:

3 performing an oxide fill process to fill one or more shallow trench isolation
4 regions;
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5 patterning an oxide thinning mask, thereby protecting the thick region and exposing
6 the thin region; and

7 performing an oxide etch to remove a bulk of oxide above the thin region and any
8 unprotected isolation region.

16.  The method of claim 15 wherein forming on the thick region and forming

2 on the thin region further comprise:

3 performing a chemical mechanical polish (CMP) process, so as to polish all oxide
4 down to the underlying top layer of nitride; and
5 removing remaining nitride.

17.  The method of claim 16 wherein forming on the thick region and forming

2 on the thin region further comprise:

3 performing CMOS processing, including at least one of sacrificial oxide growth,

4 body implants, gate oxide growth, polysilicon gate deposition and
s patterning, dielectric spacer deposition and etch back, and source / drain
6 implants.

18. A semiconductor device, comprising:

2 a semiconductor wafer defining a thin region and a thick region;

3 one or more photonic devices and/or partially depleted electronic devices formed
4 on the thick region; and

5 one or more fully depleted electronic devices formed on the thin region.

19.  The device of claim 18 further comprising:

2 an isolation area formed between the thin region and the thick region.

20. The device of claim 18 wherein the wafer is a silicon-on-insulator (SOT)

2 wafer having epitaxial silicon on a thick buried oxide.

21. A semiconductor device, comprising:
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2 a semiconductor wafer defining a thin region and a thick region, wherein the wafer
3 is a silicon-on-insulator (SOI) wafér having epitaxial silicon on a thick
4 buried oxide;

5 one or more photonic devices and/or partially depleted CMOS devices formed on
6 the thick region;

7 one or more fully depleted CMOS devices formed on the thin region; and

8 an isolation area formed between the thin region and the thick region.
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