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MANUFACTURING AND REUSE OF SEMICONDUCTOR SUBSTRATES

BACKGROUND

{0001] Wafer costs for semiconductor devices grown on a silicon carbide wafer / base
material tends o be high, where ‘silicon carbide wafer / base material’ refers to the growth
substrate onto which epitaxial semiconductor layers ars grown. In contrast, ‘substrate’ may
be or may include a wafer and, optionally, spitaxial layers and metallization layers. Such
semiconductor devices may be basad on silicon carbide (8iC) or on gther materials that can
be grown on SiC {e.g., GaN, GaAs, etg.).

{0002] Wafer costs make up a significant ratio of the overall production costs of
semiconductor devicas grown on SIiC. Therefore, reducing these cosis results in a compelitive
advaniage. One way to reduce wafer costs is to reduce maierial losses of the wafer material
during manufacturing, for example, by using a standard wafer several times and/or by reducing

sses during wafs nufacturing.
losses during wafer manufact

SUMBMARY

{6003} According to an embodiment of a method of processing a semiconductor waler,
the method comprises: forming one or more epitaxial layers over a first main surface of the
semiconductor wafer; forming one or more porous layers in the ssmiconductor wafer or in the
one or more epitaxial layers, wherein the semiconductor wafer, the one or more epitaxial
layers and the one or more porous layers collectively form a substrate; forming doped regions
of a semiconductor davice in the ong or more epitaxial layers; and afier forming the dopead
regions of the semiconductor device, separating a non-porous part of the semiconducior wafer
from a remainder of the substrate along the one or more porous layers.

{0004] Those skilled in the art will recognize additional features and advantages upon

reading the iollowing detailed description, and upon viewing the accompanying drawings.
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BRIEF DESCRIPTION OF THE FIGURES
{0005] The slements of the drawings are not necessarily to scale relative to each other.
Like reference numerals designate corresponding similar parts. The features of the various
llustrated embodiments can be combined unless they exclude each other. Embodimenis are
depicted in the drawings and are detailaed in the description which foliows.
[0006] FiG. 1 iliustrates a schematic diagram of an smbodiment of a method for re-use of
a semiconductor wafer.
{0007 FIG. 2 illustrates a simplified block diagram of the method of FIG 1.
{0008} FiG. 3 illustrates a block diagram of ancther embodiment of a method for re-use of
a semiconductor wafer.
{6009} FIG. 4 fllustrates a block diagram of another embodiment of a msthod for re-use of
a semiconductor wafer.
[0010] FIG. 5 iliustrates a partial cross-sectional view of an embodiment of a porosified
layer for exfoliation / separation of a semiconductor wafer.
{0011 FIG. 6 ilustrates a partial cross-sectional view of another embodiment of a
porosified layer for exioliation / separation of a semiconductor wafer.
[0012] FIG. 7 ilustrates respective partial cross-sectional views of different embodiments
of forming a homogeneous porous laver for exfoliation / separation of a semicanductor wafer.
f0013] FiG. 8 illustrates a partial cross-sectional view of an embodiment of a porous
multilayer stack for exfoliation / separation of a semiconductor wafer.
{0014] FIG. 9 Hllustrates a partial cross-secticnal view of an embodiment of a device

substrate attached to a froniside carrier.

DETAILED DESCRIPTION
{0015] The embodiments described herein provide a method for re-use of a
semiconductor wafer multiple times, using a porous semiconductor layer for epitaxy and for

splitting. Device structures are produced on a pre-processed semiconductor wafer with a

[AS]
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porous surface layer. After device manufacturing, the semiconductor wafer is {(exfoliated)
separated from the remainder of the substrate at the porous layer and re-used.

{0016} FIG. 1 Hllustrates an embodiment of the method. The methed inciudes providing
{a) a semiconductor wafer 100 that is ready for subseguent epitaxy. One or more porous
layers 102 are formed () at and below a first main surface 104 of the semiconductor waler
100. Ons or mors epitaxial layers 108 are grown (¢} on the first main surface 104 {s.g., the
frontside) of the semiconductor wafer 100. Frontside procsssing (6) is then performed up to
a certain point, e.g., front-side metallization and/or passivation, to create a substrate 108 that
includes a nen-porous part 110 of the wafer 100, the gne or more porous layers 102, and
device structures 111, The device structurss 111 may include drain regions, buffer layers,
body zones, source zones, emitter zones, gates, current spread layers, ete. formedin the one
or more epitaxial layers 108, and frontside metallization, passivation, etc. formed over the one
or more epitaxial layers 106.

{07) The method in FIG. 1 further includes attaching (e} a femporary or permanent
carrier 112 to the frontside of the substrate 108 {o stabilize the substrale 108. The
semiconductor wafer 100 is exfoliated {f) by using the one or more porous layers 102 as a
separation layer. That is, the non-porous part 110 of the semiconductor wafer 100 is
separated from the remainder 108’ of the substrate 108 along the one or more porous layers
102. The excliation or separation process results in a reclaim wafer 114 and a device
substrate 116 which constitutes the remainder 108’ of the substrate 108 upon separation.
{0018] For the reclaim wafer 114, the reclaim wafer 114 may be refurbished (g) and,
gptionally, further processed, e.g., 10 increase the wafer thickness, as explained lale herein.
The refurbished reclaim wafer 114 may be used again {a -> f) to form ancther device substrate.
For the device subsirale 118, further processing steps may be carried out such as conditioning
{h} the surface 118 of the device substrate 116 defined by the sseparating from the non-porcus
part 110 of the semiconductor wafer 100, forming (i) metailization and/or Ohmic contacts 120
at the conditioned backside 118 of the device substrate 1186, attaching (i) a carrier 122 to the

metallized backside 118 of the device substrate 118, removing (k) the carrier 112 from the

o
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frontside side 124 of the device substrate 116, testing (1) the device substrate 116, singulating
{m) the device substrate 118 inio individual dies (chips) 126 and removing the backside carrier
122, and further backend ‘BE' assembly (n) such as plating, stc., e.g., as described in more
detail later herein.

{0019] FiG. 2 lustrates the same method illustrated in FIG. 1, but with less detail. The
lettering (a} through (n) used in the figures o denote the different processing steps doses not
necassarily imply or suggest a required procsssing order, unless otherwise explicitly stated.
{0020] FIG. 3 illustrates ancther embodiment of the method illustrated in FIG. 1, with the
same level of detail used in FIG. 2. In FIG. 3, testing (I} of the device substraie 116 is
performed earlier in the process. Particularly, the device subsirate 118 is tested {I) before
exfoliating / separating {f) the non-porous part 110 of the semiconductor wafer 100 from the
remainder 108’ of the substrate 108,

{0021} FIG. 4 lllustrates ancther embodiment of the method illusirated in FIG. 1, with the
same level of detall used in FIG. 2. Like FIG. 3, the device substrate 116 is tested (I} in FIG.
4 betore exioliating / separating {f) the non-porous part 110 of the semiconductor wafer 100
from the remainder 108 of the substrate 108. In FIG. 4, singulating (m) of the device substrate
118 into individual dies {chips) 128 is also performed before exioliating / separating (f) of the
non-poerous part 110 of the semiconductor wafer 100 from the remainder 108 of the substrate
108.

{0022} The embodiments illustrated in FIGE. 8 and 4 perform device testing before the
frontside carrier 112 is attached {0 the substrate 108. Furthermore, no testing is required after
axfoliating / separating {f) of the non-porous part 110 of the semiconductor wafer 100 from the
remaindsr 108 of the substrate 108,

{6023} in each of the embodiments lllusirated in FIGS. 2 through 4, further die testing may
be performed after singulation but prior to other post die fabrrication processes. For example,
the individual dies {chips) 126 may be tested after singulation but prior {o pick-and-place,

molding, packaging, assembly, stc.
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{0024] The steps (a) through (0} shown in FIGS. 1 through 4 are described in more detail
beiow.

Step (a): Waler Preparation

{0025] The semiconductor wafer 100 may be crystalline, e.g., monocrystaliing or at least
partially monocrystalline, e.g., at the frontside surface 104 onto which gpitaxy is performed,
such that one or more epitaxial iayers 106 can be grown with low enough crystal defect density
to suppoert device manufaciuring. The semiconductor wafer 100 may bs a SIC wafer (e, may
comprise gr may consist of SiC), for example, off-axis or on-axis 4H-SiC, 3C-8iC, 8H-SIC, sic.
Howsver, the reuss method is not limited 1o SIC as a wafar material but may also be used for
other wafer materials, such as Si, GaN, GaAs, Ga203, etc. or for a subsirate comprised of
fwo or more layers of different materials. In a top plan view, ths semiconducter wafer 100 may
have a circular, an elliplical or a polygonal {e.q., rectangular or hexagoenal) shape, optionally
with a so-called flat or noich. The diameter of the semiconductor wafer 10 may be 100mm,
150mm, 200mm or even larger.

{00286] The semiconductor water 100 may have a standard thickness. The standard
thickness may vary depending on the waler diameter. Typically, 100mm and 150mm wafers
(initially) have a thickness of 350 ym (with an accuracy of, .g., at most £ 40 ym or at most
+25 um}. However, the starting wafer 100 may have a thickness below the standard thickness
{e.g., 200 wm for 100mm or 150mm wafers). For larger wafer diameters, the standard
thickness may be higher to snable mechanical stability of the semiconductor wafer 100 during
processing. The semiconductor wafer 100 may, as an alternative, have a smaller thickness
or a larger thickness than a standard thickness. For example, the reuse method may begin
with a thicker first wafer {&.g., above standard thickness or with standard thickness) and the
thickness may be reduced in each cycle of the reclaim steps (a) through {g). That is to say,
the reclaim wafer 114 may have a smaller thicknass than the initial wafer 100, In the case
where the one or more porous layers 102 are formed in the one or more epitaxial layers 106
insiead of in the initial waler 100, the entire semiconductor wafer 100 is non-porous and

available for reuse after the exfoliation / separation step (f).
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{0027} The semiconductor water 100 may already be pre-treated to allow for epitaxial
growth. However, I may also be possible that preparing the semiconductor wafer 100 for
epitaxial growth is required even for the first process cycle.  in general, preparing the
semiconductor wafer 100 for epitaxial growth may involve at least one of the following
processes. A combination of the processes identified below is possible, and some of the
processes may fall in two or more of the mentioned categories. The wafer preparing
processes are as follows: cleaning; mechanical grinding {polishing); treatment with a jet with
fing material (2.g., sand blasting or dry-ice blasting}; chemical mechanical polishing (CMPY;
plasma treatment with chamical and/or machanical process component such as, e.g., reactive
ion-etching, wet etching, 8.g., with hot KOH, KMnO;, efc., dry etching, or ion-implantation with
subsequent wet siching, e.¢., HFEHNQO;; laser assisted surface treatment; temperature
freatment such as bake in gas aimosphere, e.q., hydrogen or a mix of varicus gas species or
repeated thermal oxidation at about 1200°C with subsequent oxide removal, e.g., at least a
few nanometers (nm) may he removed; and thermal reaction with other materials, a.q., like
metals.

Step (b): Porosification

{0028] The porous layer(s) 102 are created by porosifying semiconductor material of the
semiconductor wafer 100 or of the one or more epitaxial layers 106. The porcsification
process may be influenced by the doping concentration of the semiconductor material to be
porosified.  For example, higher doping concentration may rssult in higher porosity. The
desired doping concentration may be providad by at isast one of the initial substrate doping
and by implantation steps with a subseguent temperature irsatment. For exampls, the doping
conceniration of the semiconductor material {o be porosified may be medified by adiusting one
or more of implantation energiss, implantation angles, and channeling implanis. In another
approach, the doping concentration of the semiconductor material 1o be porosified is modified
by varying a vertical doping concentration and/or a lateral doping concentration of the

semiconductor material to be porosified.
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{0029] Porosity is a combination of the pore density in the semiconductor material and the
pore size (e.g., pore diameter). A larger porosity may result from a lower pore density in
combination with a larger pore size or from a higher pore density in combination with a lower
pore size, or even both: a combination of a higher pore density and a larger pore size. The
semiconductor wafer 100 may be porosified before epitaxial growth or the epitaxial layer(s)
106 may be grown on the wafer 100 and one or mors these layers are then porosified.
{06030] The porosified layer(s) 102 may have varying doping concentrations in a (vertical)
direction perpendicular o the first main surface 104 of the semiconductor wafer 100 and/or in
a {lateral} direction parallel to the first main surface 104 of the semiconductor wafer 100. This
allows for creating a stack of multiple porosified layers 102 with different pore size, e.g., as
shown in FIG. 6. Such a varying doping concentration can be created, 8.g., by tuning the
doping concentration during the epitaxial growth process. Allernatively or additionally, the
varying doping concentration can be created by implanting dopanis inio the semiconductor
wafer 100 and/or the spitaxial layer(s) 106.

{0031} The semiconductor material may be porgsified, e.g., by an ancdic porosification
process. Typically, anodic porosification takes place in slecirolytic solution which may, e.g.,
comprise acidic, alkaline or salls components, and which may optionally comprise further
additives, 8.q., surfactants such as IPA, ethanol, stc. For example, the electrolytic sciution
may be or may comprise a flucrine-based chemistry {8.g., aqueous HF sclution) or an alkaline
gich chemistry {e.g.,, TMAH, KOH). The anodic porosification process can be driven by
axposure to UV {ultraviolet} radiation. The porosification can also be performed in a so-called
‘breakdown’ region, where charge cairiers ars induced via high enough slectric fisld. Other
additives in the etch chemistry influence steh rate and porosity.

{6032} The pores constitute voids i the semiconductor material. The porosily can vary
with dapth depending on poresification conditions.  For example, porosity may be varied by
varying a current and/or a voltage of the elecirochemical process and/or a composition of the
slectrolytic soiution. The semiconductor material is weakened by the pores {voids) such that

sufficient siress can be generated for splitting the substraie 108 at the weakened (porosifiad)
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part. The porosity (e.g., densily and size of pores), however, should be sufficiently low that all
subsequent process steps can be performed without initiating local or full delamination of the
porous layer(s) 102 before the exigliation / separation step (f). That is to say, the porosity of
the porous layer(s) 102 shouid be high enough to ensure good exfoliation properties but low
enough to avoid flaking-off of the porous layer(s) 102. For example, the porcus layer(s} 102
usad for exfaliation should have a high porosity {e.g., the highest porosity in the stack). In
addition or as an alternative, the porous layer 102 used for exfoliation may have a pore
structurs {(e.g., pore arrangament or distribution) such that the porous layer 102 is the weakest
porous layer in the stack. For example, in this porgus layer 102, the pores combined may
occupy at least the same amount of space or more space than the non-porous regions
surrounding the pores {e.Q., on average, the distance bebtweasn the pores is smaller than the
diameier of the pores). Depending on the arrangements of the pores, for larger pores, a lower
pore density may be sufficient, while smaller pores might require a high pore density.

{0033]) in one embodiment, one or more semiconductor layers 106 are epitaxially grown
on the porous layer(s) after the porosification step (b}, The surface of the uppermost porous
layer 102 therefore should aliow for a high quality of the epitaxial layer(s) 108. For this, the
uppermost porous laver 102 should have a high crysial quality. This can be ensured by
making use of a so-called skin layer. Such a skin layer ccours during perosification and is a
very thin surface layer with very iow pore density compared to the porosified layer underneath.
The skin layer may have the following properties: monocrystalline; low surfacs roughness;
small pore diamster {(praferably below 200nm, e.g. below 100nm, e.g. below 70nm; 8.¢.
~50nm); small pore density. For example, in the case of pors density, the distance between
pores on average may be larger than the diameter of the pores such that the pores {(voids)
gecupy less space than non-porous regions. Regarding porosity, the pores may cccupy less
than 50% of the space of ths non-porous regions). A naturally sccurring skin layer is very thin
{8.g., 20-50nm} and can be inhomogeneous. The thickness and homogeneily of the skin layer

may be influenced as explained in the following.
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{0034] FIG. 5 iliustrates an embaodiment according to a porosified layer 200 for exioliation
/ separation is formed on or in the semiconducior water 100 and a skin layer 202 is formed on
the porosified exioliation / separation layer 200, The thickness of the skin layer 202 may be
in the range of 100nm to 500nm, for example. The thickness of the porosified exfoliation /
separation layer 200 may be in the range of 1um to 10um, for example. Such a layer stack
may be resalized by forming layers with different average doping concentrations, since
porosification by electrochemical etching is greatly accelerated with increasing doping
concentration.  Accordingly, the skin layer 202 may have a higher average doping
concentration than ths non-porous part 100 of the semiconductor wafer 100 and the porosified
exfoliation / separation layer 200 may have a higher average doping conceniration than the
skin layer 202. For example, the non-porous part 100 of the semiconductar water 100 may
have an average doping concentration of about 5ei18cm®, the porosified exfoliation /
separation layer 200 may have an average doping concentration of about 1620cm™, and the
skin layer 202 may have an average doping concentration of about 1e17cm™,

{6035 The areas with different doping shown in FIG. 5 may be siructured or may have a
varying thickness over the semiconductor wafer 100, as required by an individual application.
The different doping regions may be provided via implantation and/or during epitaxy. For
axample, different doping regions may be provided by: (i) locally compensating n-doping in
the surface layer 202 by acceptor implantation or by implanting impuritiss with deep energy
levels such as vanadium and/or titanium impurities; (it} increasing n-doping in the layer 200 to
e porosified by donor implant; and/or (i) implantation and electrically directed diffusion.
§0036] in addition or ag an alternative, FIG. 8 illustrates an embodiment according to which
a patterned mask 300 is used on a low-doped (e.g., about 1e17om™®) semiconducior layer 302
The mask 300 may, e.g., bs a nitride mask (which is preserved longer) or a resist mask (which
is ramoved beafors finishing the entire poresification step). The mask 300 may have epenings
304 having a width or diameter d1i in the range of 100nm and a distance d2 between the
gpenings 304 in the micron (um) range. Applying an electric field accelerates vertical

porosification in regions 308 where the dopants were implanted. In low-doped regions 308
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shielded by the mask 300, porosity is applied along the field lines and in this case, field peaks
and the surface should not undergo further porosification whereas an underlying layer 310
which is doped more heavily (e.g., about 1e20cm™) also has a higher porosification. By a
suitable choice of the doping concentrations and the spacing d2 and width d1 of the mask
openings 304, the thickness of the skin layer 302 and thus stability may be specifically
controlled.

{06037] Electrochemical formation of pores in semiconductor material strongly depends on
the applied current. To generats a homogenous porous layer over the whols substrate wafer,
the current flowing through the material should be homogenous. For this reason, the pore
morphology and depth highly depend on the doping uniformily within the semiconductor
material to be porosifisd. Hence, the poresification of semiconductor material is a process
which highly depends on the doping uniformity of the semiconductor material.

{0038]) Porositication may make use of this dependency on the doping in two ways: (i)
creation of a stack of multiple layers with different porosity; and (i) use of a (low-doped) wafer
or a low-conducting layer as an etch stop during pore formation.

{0039) Regarding an etch stop, a low conducting epitaxial layer; or a low conducting wafer
region; or a low conducting buried wafer region induced by implantation of suitable dopanis
which result in counterdoping. A well (highly) conducting layer with higher doping
concentration may be epitaxiaily grown on top of the iow conducting portion or may be
produced via implaniing.  The well conducting layer enables formation of a homogenous
porous layer. Epitecal material shows isss doping variation than the base matserial, which
might open the possibility of achieving homogenepusly porgus structures by adding a
homogsneously doped layer on top of the base material.

{0040] FIG. 7 illustrates different embodiments of forming a homogeneous porous layer.
The embodiments shown in FIG. 7 are illusirated using a base SIiC wafer 400, Howsver, as
previously explained, the reuse mathods described herein are not limited to SIC as the waler
material but may also be used for other wafer materials, such as 8i, GaN, GaAs, Ga203, stc.

or for a subsirate comprised of two or more layers of different materials. According to the

10
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embodiments shown in FIG. 7, a thickness variation of the resulting porous layer 102 15 << £
1um and a homogeneous pore marphology is achieved over the base SiC wafer 400,

{0041} in one embodiment, a homogenously doped epitaxial (EP layer 402 is grown on
the base SIC water 400. An upper part of the homogenously doped epitaxial laver 402 is
porosified to form a homogenous porous iayer 404, A lower part of the homogenously doped
epitaxial layer 402 remains non-porous and acts as an etch stop 406.

{0042] in another embodiment, a low conducting epitaxial iayer, a low conducting wafer
region, or a low conducting buried wafer region 408 is formed by induced implantation of
dopants which provide counter-doping. A higher conducting layer 410 is formed on the low
conducting epitaxial layer, low conducting wafer region, or iow conducting buried wafer region
408. The higher conducting layer 410 has a higher average doping concentration than the
low conducting epitaxial layer, low conducting wafer region, or low conducting buried wafer
region 408. A homogenous porous layer 404 is then formed in the higher conducting layer
410, in one embodiment, a lower part 412 of the higher conducting layer 410 remains non-
porous below the homogenous porous layer 404, in another smbodiment, the entire higher
conducting layer 410 is converted to the homogenous porous layer 404, In sither case, the
fow conducting epitaxial layer, low conducting waler region, or low conducting buried wafer
region 408 acts as an etch stop.

{0043} Regarding a porous multilayer stack, to further control the homogeneily of pore
formation, a highly doped semiconductor layer may be epitadally grown on top of an
underlying low doped portion (e.g., layer or waler). The porosification step (b) is applied to
both deped semiconductor layers.

{0044} FIG. 8 illusirates an embodiment of a porous muitilayer stack. A first porous layer
500 has an average pore densily that is greater than the average pore densily of the non-
porous part 110 of the semiconductor wafer 100, A second porous layer 502 abovs the first
porous layer 500 has an average pare density that is greater than the average pore density of
the non-porous part 110 of the semiconductor wafer 100 and less than the average pors

density of the first porous layer 500. In one embodiment, the second porous layer 502 is a
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skin layer as described herein. An additional porous layer 504 may be formed below the first
porous layer 500 and have an average pore density that is grealer than the average pore
density of the non-porous part 110 of the semiconductor wafer 100 and less than the average
pore density of the first porous layer 500. Separately or in combination, an additional porous
layer 506 may be formed between the first porous layer 500 and the second porous layer 502
and having an average pore densily that is greater than the average pore density of the sscond
porous layer 502 and less than the average pore density of the first porous layer 500.

{0045] in addition or ag an alternative to the porosification smbodiments described above,
a lateral variation of the doping may be performad in the layer 120 to be porosifisd adiacent
to the surface of that layer 102 by means of a masked implantation. For example, an incraased
doping may be generated in the region of the mask openings 304 shown in FIG. 8 o accelerate
the vertical poresification rale in the exposed regions 306, The mask openings 304 may, e.g.,
have a siripe or hole shape, whereby the spacing d2 and widih d1 of the openings 304 may
be selacted such that largely defect-irse epitaxial overgrowth of the porosified layer surface is
possible.

Sten {g): Epitaxy

[6046] Epitaxial growth may be performed on the skin layer of a new wafer or reclaim
wafer. Skin laver surface preparation for epi growth compatibility may be either achisved in-
situ by a pre-growth etch under the gas flow of one or more different gas speciss {(e.g.,
hydrogen), or may be achieved through other methods as described above in connection with
the wafer preparation step (a). Accordingly, etch removal depth may be limited in a way that
part of the skin layer remains an the reclaim wafer throughout its surface area.

{0047] The epi process may be tuned such that overgrowth of the porss in the skin layer
is provided. Afier a few layers {e.q., thickness at least twice or at least three times or al lsast
10 times of the pore size in the skin layer, &.g., below 500nm or below 300nm or below 200nm
for a pore diameter of around 50nm), the epi process conditions may be changed from lateral

overgrowth.
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{0048] The first part of the epi for overgrowing the pores, optionally together with the skin
layer and some of the porous layers, may be part of the final device structure, e.g., part of the
drain layer, the emitter layer, buffer layer, as described in more detail later herein. The first
part of the epi may have varying dopant concentration, e.g., in a lateral direction, which may
be seen in the final device. For example, the pore distribution may reflect on the dopant
distribution within the first part of the epi. Buring overgrowth, the dopants may deposit
differently in the regions of the pores than cutside of the pores. The first part of the epl may
also result in a reduction of defects that might, 8.¢., result in so-calied basal plane dislocations
in the later epitaxial layers.

{0048] The ept layer stack may includs the devics epi, e.g., including a highly doped drain
layer or emitter layer, a buffer layer on the highly doped drain laver or emitier layer, and a drift
layer on the buffer layer, efc. The drainfemitter layer, the buffer layer, and the drift layer may
each have constant doping concentration levels throughout their respective depths or have
doping concentration gradients within their respective layer thicknesses.

{0050] The epi may also include a multistack structure, where the first epitaxial layer is
followed by the device epi with or without a drain/emitter or buffer layer separating the two
layers. The first layers of the epi, including the first part that overgrows the pores, have a high
doping level and act as structural support after the exfoliation / separation step (f).

{0051} Epitaxy might also be performed on the new or reclaim wafer 100 prior to substrate
poresification.  In this case, the porosification process is not applisd 10 the semiconducior
wafer 100 but rather to the epitaxial layers 106. Epi growth hereby might start with or without
a low doped layer, acting as porosification stop layer, followed by a layer with high doping
conceniration. The epi can also include a multilayer stack with strongly varying doping levels
and/or doping species as well as with vertical doping concentration gradients o induce depth
of various degrae of porgsification in the subssguent porosification process.  Applving the
porosification process o the epitaxial layer(s) 108 has at least the following advantages: (i)
the porosification can be conirolied via different dopant concentrations within the epitaxial

layers 108; and (i} a part of the semiconductor water 100 is not transformed, that is to say,
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after exioliation / separation, the water 100 continues to have the same initial thickness and
may be reused infinite times without any wafer re-thickening.

Step (d): Frontside Processing

{0052] Device preparation follows the epitaxial growth. The required doping regions of
the device may be produced by impiantation in the epitaxial layers 106 and/or by doping during
the epitaxial process. The device structures 111 may be structures of 8 semiconductor devics,
e.g., a diode such as an MPS {(Mergsad p-i-n/Schottky} diode or a Schottky dicds, or a power
transistor device such as a MOSFET {metal-oxide-semiconductor field-sffect transistor), JFET
{junction field-affect transistor), IGBT ({insulated gaie bipolar transistor), FINFET (fin field-
effect fransistor), efc., or even a combination thereof. If the device structures 111 comprise a
Schottky contact, a frontside metallization may comprise a Schottky contact mstal. In addition
or as an alternative, and in the case of no Schotiky contact, the frontside melallization may
comprise an Ohmic contact metal.

{0053} For example, the first deposited epitaxial layer 106 may be an n-doped drain or
emitter layer with a thickness in a range of 10um to 50um for power-MOSFETs or power
dindas or a p-doped smitter layer in the cass of IGBTs. A second epitaxially deposited layer
108 may be a buffer layer, which prevents punch-through of the space charge layer towards
the backside emitter or drain laysr. Thes thickness of the buffer layer may be in a range of 2um
tc 30 um. An n-type drift zone layer 106 may be deposited by epitaxial technigues on the
Buffer layer or on the n-doped drain or emitter layer if the buffer layer is omitted. The thickness
of the drift zone laysr depends on the targeted breakdown voitage. For 1200 V devices, the
thickness of the drift zone layer may be in a range of 12 ym.  For 3.3. kV devices, the
thickness of the driff zone layer may bs in arange of 35 um. The doping level of the drift zone
layer may be adjusted according to the desired breakdown voltage. For 1200 V devices, the
doping level of the drift zone layer may be in a range of about 1018 em®. For 3.3 kV devices,
the doping level of the drift zone layer may be in a range of a few times 10x15 cm®. Further
front-side structures 111 such as p-body regions and n-type source regions for power

MOSFETs or IGBTs, or p-emitter for power diodes, may be realized by masked ion
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implantation with subsequent annealing sieps at high temperatures, e.g., above 1500°C. For
switchabie devices, a gate structure may be realized additionally which may be planar or
trench-based.

{0054] The individual epitaxial layers 106 described above may be grown in a single
epitaxial growth process, opticnally with adaption of the epitaxial conditions throughout the
process, or in several epitaxial processes with other intermediate processing steps. The
device structures 111 may be processed until a frontside metallization and/or passivation
layers are applied. Accordingly, after the frontside processing step (d), the substrate 108 has
a fronisids with the device structures 111 and possibly froniside metallization and/or
passivation layers. The backside of the substrate 108 corresponds 1o the backside of the
semiconductor wafer 100, Aftsr frontside device preparation, the eniire substrate 108
comprises the semiconductor wafer 100 with the porous laver(s) 102, the epitaxial layer(s)
106 including the device structures 111, and optionally frontside metallization and/or
passivation siructures.

[0055] Before the frontside carrier 112 is attached or even before frontside metallization
is deposited, dicing strests may be porosified, e.g., by forming a vertical porous layer in the
course ¢of the frontside device processing, e.q., before the exfoliation / separation step () to
reduce side wali damage and Kerf-loss which are generated in conventional separation
techniques (e.g., laser, mechanical) which come along with unwanted effects.

Step (e): Frontside Carrier

{0056] FIG. 8 illustrates an embodiment of the substrate 108 before the exfoliation /
separation step (f). Acarrigr 112 is attached o the frontside of the substrate 108. The carrier
112 mechanically stabilizes the subsirate 108 during and after the exfoliation / separation step
{f}. The carrier 112 may be atlached to a froniside metlallization 800, Malerials options and
dimensions of the carrier 112 are described in more detall later herein.

{0057] A further embodiment includes performing the singulation (chip separation) siep
{m) prior to both the exfoliation / separation step {f) and the backside conditioning and

metaliization steps (h), {i} on already separaled diss 126 supported by the frontside carrier
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112, e.g., as shown in FIG. 4. According io this embodiment, a permanent or temporary
backside carrier or supporting structure 122 may be omitted.

Step (h: Exfoliation / Separation

{0058] After device preparation, the non-porous part 110 of the semiconductor wafer 100
is exfoliated /separated from the remainder 108 of the wafer 100, The porous layei(s) 102
act as a separation start point where one or more cracks are induced. Accordingly, no
additional crack induction, e.g., with laser radiation is required. However, such additional
means may still be used in the final process, e.g., pulsaed laser radiation may be focused 1o
the position of the porous layer(s) 102, whers the laser radiation is absorbed in a linear or non-
linear absorption process and results in modifications in the semiconductor material.
Optionally, the laser absorption within the porous layer{s} 102 may be enhanced by a high
doping level within the porous layer{(s) 102. For exampile, typical acceplor or donor dopants
can be chosen or also dopants with a deep energy level such as vanadium (V) and/or titanium
(i) and/or by the creation of carbon or graphenic layers on pore sidewalls within the porous
layer{s) 102 by an adequate thermal treatment of the porous layer{s) 102. Further measures
may be used to facilitate the exfoliation / separation step (f} such as a proton or helium
implantation into the porous layer(s) 102 to enhance pore density and/or the stress in a certain
depth of the porous layer{s} 102.

{0059 if there is g vertical variaticn of pore density, e.g., by varying pore size and pore
distance, the split / separaticn takes place in the region where the porosified layer(s) 102 is
ipast stable, e.g., where pore density is highast or where the pore structure allows for easiest
splitting, ©.Q., is weakest. For the case that the least stable porous laysr 102 is located in
deeper regions of the porous layer stack, which can be heipful for a defect-free apitaxial SIC-
growth on the skin layer, the gplitting / separation occurs overwhelmingly in the region of the
weakest porous layer 102 so that a certain part of the porous layer 102 may remain on the
backside of the wafer 100 after splitting / separation. Further backside conditioning may be

required, e.q., as described in more detail later hergin.
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{0060] Typically, separation starts at the porous layer 102 or the Isast stable porous layer
and one or more cracks are guided through the semiconductor material, preferably along the
porous layer 102 or the least stable porous layer 102, The crack(s), howsever, could also leave
the porous laver 102 or least siable porous layer 102 and enter the neighboring semiconducior
material. If the crack(s) leaves in the direction of the underlying semiconductor wafer 100, the
damage may be removed in a later refurbish process step. The crack(s} could alsc leave in
the direction of the device laysrs . In this case, a further crack-siop laysr might be
advantageous, where the crack-stop layer may be positioned between the porous layer(s) 102
and the device layers . Such a crack-stop layer may, for example, be produced by anodic
oxidation of a part of the porous layer 102 next to the device layers after the device layers
have besen produced. Such a crack-stop layer may in addition or as an alternative, be located
at the wafer side of the porous layer(s) 102, Allernatively, the semiconductor layers (porous
or non-porous) between the porgus layer(s) 102 and the device layers may be chosen thick
enough 1o prevent that the crack(s) from exiending into the device layers.

{0061 For separating the non-porous part 110 of the semicenductor waler 100 from the
remainder 108" of the substrate 109, an external force may be applied to the substrate 108 to
induce at least one crack along the porous layer(s) 102. Several methods may be used alone
or in combination for applying the external force.

{0062] in one embodiment, the external force is applied by thermo-assisted spiitting. A
layer, sither organic bassd, inorganic based or a combination, with different thermal expansion
coefficient (CTE) than the substrats 108 or wafer malerial, in particular the porous
semticonductor material, is applied to the wafer 100 / substrate 108. The layer may be a
polymer, matal, hvbrid polymer, ceramic {&.g., in particular polymer). The laver may bs
attached fo the backside or froniside or even both sides of the subsirate 108, Dspending on
the choice of layer, sither cooling or haaling may be usad o ganerate a stress over/on the
waler/substrate 100/108 to separate the non-porous part 110 of the semiconductor wafer 100

from the rermainder 108" of the subsirate 108.
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{0063] in another embadiment, the exiernal force is applied by a thermal gradient. One
side of the substrate 108 may be cooled. Optionally, the other side of the substrate 108 may
be heated. The thermal gradient resulls in stress in the material which fractures along the
porous layer(s) 102, which is different than the thermo-assisted splitting embodiment where
stress is generated due to CTE mismatch.

{0064} in another embodiment, the external force is applied by a watsr and/or air jet. Fluid
driven separation is implemented by either water (e.g., similar as ELTRAN® from Canon} or
with a gas. The fluid (s.g., water/gas) is applied preferably to the porous layer(s) 102, at an
sdge of the substrate 108.

{0065] in ancther embodiment, the exiernal force is applied by laser cutling at least
partially from the edge of the substrate 108. A laser may be focussed from the edge of the
substrate 108 at the porous layer(s) 102 such that the focal point is at the porous layer{s) 102.
The laser wavelength may be chosen such that absorption is maximum at the porous layer(s)
102. The laser processing may be combined with the absorption enhancement in the porous
layer(s) previously described herein. For example, the doping concentration of the one or
more porous layers 102 may be modified such that a maximum absorption of the laser light
oceurs within the one or more porous layers 102,

{0066] in another embaodiment, the external force is applied by pressure. Simiilar to a nut
opening machine but the wafer 100 must be held. For example, both sidss of the substrate
108 may be fixed in a chamber and high pressurs is applied to the chamber environment.
Abrupt (very fast) pressure release resuits in one or more cracks forming at the weakest layer
which is the one or more porous layers 102,

{0087} in another embodiment, the exiernal force is applied by stching. The porous
layer{s} 102 may be removed with an etchant, for example a liguid efchant. The etchant may
be chosen such that the sichant etches the porous semiconductor material faster {e.g., atleast
10 times faster) than the non-porous semiconductor material 110. Possible etchants may be

atkaline {e.g., KOH, TMAH) or fluoring based (NHF, HF, HBF,). Alternate between efching
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and water rinse may be implemented to efch only the porous layer(s), &.g., siching —rinsing —
drying - etching — rinsing, stc.

{0068} in ancther embodiment, the exiernal force is applied by immersion in fiuid and
cooling. The substrate 108 may be immersed in fluid having a higher volume at lower
temperatures {e.g., in frozen aggregate state} than at higher temperatwes {(e.g., liquid
aggregate state). For example, the fluid may be water. The fiuid penetrates the porss at the
open adge of the substrats 108. The fluid may be cooled down such that the fluid expands
and results in damage of the porous layer{s) 102, The process works for puler parts such that
repstition of the process is carried out, 8.g., immersion — cooling — immersion - cooling, sic.
and/or combination with other processes.

{0069] in another smbodiment, the exiernal force is applied by oxidation. Via a routine
oxidizing of the porous laver(s) 102 and etching and rinsing in a closed loop until the surface
is completely removed, e.q., oxidizing — stching — rinsing — drying — oxidizing — eiching ....eic.
After the porosilication, an oxidation process including a CMP treaiment afterwards may be
performed to expose the skin layer for the epi growth,

{0070] in ancther embodiment, the external force is applied by ultrasonic vibrations. For
example, sound waves may be applied to the substrate 108. The waves may have a frequency
in the kHz regime, e.g., at least 20 kHz and at most 60 kHz, e.g., 33-50 kHz, e.g., 35-45 kHz.
To apply the ultrasonic waves, the substrate 108 may be kept in a container filled with a fluid,
&.g., pure water. Ths ultrasonic gensrator for applying ths ultrasonic waves may be a device
similar to an ultrasonic cleaning apparatus, for example.

{0071} in ancther embodiment, the external force is applied by a torsional stress. While
the substrate 108 is secursd in place, a torsional force is applied (o the one or more porous
layers 102. For sxample, the substrate 108 may be atlached o a chuck holder, e.q., with
adhesive forces. The substraie 108 is then twisted to induce siress via the chuck hoider with
respect to the wafer 100.

{0072} in another smbodiment, the external force is applied by mechanical lift-off. Whils

the substrate 108 is secured in place, a sheer force is appiied to the one or more porous layers

18



WO 2023/067386 PCT/1B2022/000607

102. For example, the substrate 108 may be attached {0 a rigid carrier and a leverage force
is used 1o exfoliate / separate the non-porous part 110 of the waler 100 from the remainder
108 of the substrate 108.

{0073] in another embodiment, the external force is applied by a pulling force. While the
substrate 108 is secursd in place, a tensile force is applied to the one or more porous layers
102. For example, a chuck hoider (or similar structure) may be attached to the substrate 108
with a strong adhesive. A tensile force is applisd to the chuck holder and at the substrate 108
Instsad of a chuck holder, a tape could be used, e.g., on only one side, e.g., in combination
with the chuck, or on both sides.

{0074] in another embodiment, the external force is applisd by electromagnetic {pulling)
forces. The substrate 108 may be attached {8.g., adhesivaly) to an electrode {negative or
positive} where the wafer 100 has some doping level, which makes it atfractive 10 a polential.
A further electrode is positioned above the wafer 100 and high voltage is applied between the
two electrodes, thus atiracting the substraie 108 to the upper electrods. The upper part of the
substraie 108 is torn from the lower part of the substirate 108 by these forces, wherein the
porous layer{s) 102 acts as a weak point. The subsirate 108 may be positioned such that the
backside is face up or the frontside is face up, depending on if the device substrate 116 should
he drawn to the upper elecitrode or if the reciaim wafer 114 should be drawn o the uppsr
slectrode. Two electrostatic chucks may be used to generate the fracture in betwsen of the
poreus layer{s} 102.

Step (o) Refurbish of Reclaim Wafser

{0075] After the exfoliation / separation process {f), the reclaim wafer 114 may bs
refurbished, e.g., as described above in connection with the wafer preparation step (a). For
gxample, the reclaim wafer 114 may require conditioning for epitaxial growth (refurbish).
Conditioning of the device subsirate 116 is described in further detail later herein. An epi-
ready wafer may require a surface roughness with a rms {root-mean-square) value below

50nm, e.g., below 30 nm, e.g., below 10nm, e.g., or even below Snm or 1nm.
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{00786] After the extoliation / separation process {f), remaining paris (e.g., remainders,
residues, residual porous parts, et} of the porous layer(s) 102 may be present at the
separation surface of the reclaim wafer 114 and at the separation surface of the device
substrate 116, Also, the surfaces may be rough due 1o the exfoliation / separation process.
in addition or as an alternative 1o the general ireatment options described above in connection
with the wafer preparation step (a}, the following optional steps may be used.

{00771 At isast part of the residual porous parts of the porous laysr{s} 102 may be
removed, e.g., with one of the methods described above in connection with the wafer
preparation step (a). The porous material may be eiched ssiectively compared to the non-
porous material because the porgus material has a roughly 1000x larger surface area due o
the porous structurs and the siching rate is correlated to the surfacs area. The paramsters of
the porosification can be chosen in-situ such that the porous layer(s) 102 is unstable and
flakes off, or can be pesled off mechanically. Thermal oxidation at about 1200°C of the porcus
layer(s} 102, e.g., 10-20nm is sufficient for complete oxidation followed by removal of the
formed oxide. The porous layer(s) 102 can also be removed by grinding/polishing.  In this
case, cost savings are the main consideration, since the porous layer{s) 102 is much more
unstable. Damage implaniation and subseguent wet chemical eiching, e.g., with HF/HNG;
may be used. This method is particularly suitable for layer thicknesses in the range of 1um.
With the help of the deposition of a metal layer, e.g., Ti, Ni, Mo and a temperaiure siep,
silicidation takes place and in the subsequent step, the formed carbon and metal silicide can
be removed. Typically, the porous layer(s) is first removed with at lsast one of the above
methods and the surface is smoothed/prepared afterwards, e.g., with CMP or some gther
surface preparation method. The thickness of the reclaim wafer 114 may also be increassd
by either depositing a menocrystalline, e.g., SiC laver onio the wafer frontside surface or by
depositing a monocrysialline, 8.q., SIC layver, a polycrystalline, e.g., SIiC layer, or a combination
of mono- and polycrysialline, s.g., SIC layers onto the wafer backside, e.g., as previously

described herein in connection with epitaxy step (¢). Depending on the exfoliation / separation
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method, bevel reshaping may be required, e.g., grinding, sawing, plasma eiching, laser
ablation, EDM/ECDM (slectrical [chemical] discharge machining), eic.

{0078] After the extoliation / separation step (§), the device substrate 116 comprises the
epitaxial layer(s}) 108 including the device structures 111 and {(optionally) the ironiside
metaliization and/or passivation structures. The device substrate 1186 still may be atiached to
the frontside carrier 112, 8.g., as shown in FIG. 9. Optionally, at the backside, the dsvice
substrate 116 may comprise portions of the porous layer(s) 102 and/or the wafer 100.

{00791 A thickness of the device substrate 118 after exfoliation / separation may be at
least Bum and at most 100um, Tor example. After backside conditioning, the thickness of the
device substrate 116 may be decreased even further by at least 500 nm, depending on the
thickness of any remaining porous layer 102. Handling of such an extremely thin device
substraie is very challenging in the following process steps.

Step () Backside Conditioning

{0080] The backside ¢f the device substrate 116, ie., the side where exicliation /
separation took place, may comprise residual porous parts of the porous layer(s} 102 and/or
residual parts of the wafer 100. The backside of the device substrate 116 may further have
damages similar to the damages of the reclaim wafer 114, e.g., higher surface roughness.

{6081} The residual porous parts of the porous layer(s) 102 and possibly residual parts of
the wafer 100 may be removed, or at least parts of the porous layer(s) 102 may remain at the
backside of the device substrate 116. In some embodiments, processing of the device
substrate 116 starts with a damage removal at the backsids 1o remove the residual porous
parts of the porous {ayer{(s) 102 and possibly residual parts of the wafer 100. Damage removal
may, .g., comprise mechanical grinding and/or chemical mechanical polishing {CMP} and/or
giching or other mechanical methods, &.g., sand blasting, water jsiting, elc. Al least some of
the general treatment options described above in connection with the waler preparation step
{a) may be used for conditioning the backside of the device substrate 116, The final roughness
of the backside surface may have an rms value of below 2 um, e.g., between 1nm and 100nm

or even below 50nm.



WO 2023/067386 PCT/1B2022/000607

{6082] Additionally or as an alternative, residual porous parts of the porous layeris) 102
and possibly residual parts of the wafer 100 may remain at the backside of the device substrate
116. The backside of the device substrate 116 may be porosified again o create a backside
porous layer. This additional porosification may be performed either with the residual porous
paris of the porous layer{s) 102 and possibly residual paris of the wafer 100 stili being present
at the backside or after removal of such residual parts. This may result in a roughened
backside, e.g., rms valug above 50 nm or above 100 nm or above 500 nm. A roughened
backside may, additionally or alternatively, be created by other means than a backsids porous
layer, e.g., by mechanical and/or chamical treatment. A rough backside surface structure may
be helpful to achisve a bstter cohmic contact and/or a better adhesion between the
{subseguently formed) backside metaliization and the samiconductor matsrial of the device
subsstraie 116,

Step () Backside Metallization

{0083} After backside conditioning, an chmic backside contact may be deposited and the
required contact structures at the backside of the device substrate 118 may be finalized.
Ohmic contacts may be formed by application of at least one of: implantation; annealing; and
metallization of the device subsirate backside. All equipment used may be capable of either
processing wafers attached to the frontside carrier 121 or other options described pravicusly
herein in connection with the frontside processing {(d).

Steps (). (K and {): Backside Carrier Attachment, Froniside Carrier Removal, and Testing

{0084] Possibilities for further ultra-thin wafer processing in the backend-of-line process
{after metallization) includes continuing with the frontside carrier 112 and only remove the
frontside carrier 112 after the device substrate 116 is attached 1o a sawing fape. In this case,
slectrical testing () occurs prior to the attachment of the frontside carrier 112 or only at the dis
level in back-end, e.g., as lllustrated in FIG. 3. The frontside carrier 112 instsad may be
exchanged with a permanent supporting structure on the backside of the device substrate 116
i accordance with the device geomelry, 4., a backside carrier 112, extensive (thick)

backside metallization, a glass ring, e.¢., as illustrated in FIGS. 1 and 2.
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{0085] Depending on the process flow, a carrier 122 may be attached to the backside of
the device substrate 116. The backside carrier 122 may be removed after the testing step ().
In this case, the backside carrier 1122 is a temporary carrier. Alternatively, at least poriions
of the carrier 122 may remain at the backside of the device substrate 116 during further
processing steps ar even in the final product. In this case, the backside carrier 122 is a
permanent carrier.

{64886] Depending on the cheice of frontside carrier 112, the frontside carrier 112 may be
fully removed from the device substrate 116 before or after the testing step (1), or at least a
portion of the frontside carrier 112 may remain at the device substraie 118. This may, e.q.,
be the case if the remaining portion of the fromiside camier 112 does not fully cover the
frontside surface f the device subsirate 116 and leaves eleciric contacts of the device
structures 111 accessible for the electrical testing siep (1), For exampie, if the frontside carrier
112 comprises or s & grid, the electric contacts of the device structures 111 may be accessible
through openings of the grid and the testing step (I} may be performed even with the grid of
the frontside carrier 112 attached to the device substrale 118, The same is true for a frontside
carrier 112 that foliows the shape of a ring. In such a case, where a portion of the frontside
carrier 112 remains at the device substraie 118, the frontside carrier 112 or at least a portion
of the frontside carrisr 112 may be removed after the testing step () or may even remain at
the device substrate 116 during the singulating step (m} and residues of the frontside carrier
112 may be present in the final device. For example, the singulating step (m) be performead
through the frontside carrier 112, After all frontside and backside processing steps are carrisd
gul, the devices may undergo the slactrical testing step (). However, the testing step (i) may
be performed eartier as shown in FIG. 4.

Stens (M) and (n): Singulating and Further Backend Assembly

{0087} After the iesting step (), the device substrate 116 is diced into individual dies
{chips) 126 along a so-called kerf region of the device subsirate 116. Each dis 128 may
comprise, e.g., at least one fransistor and/or dicde cell. Dicing may be performed by using a

mechanical saw, ultrasonic dicing, laser dicing, scribe and break, reactive ion eiching, etc.
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{60s8] For porosification, the waler edge (bevel) may or may not be excluded from
processing. Prior {o the exfoliation / separation step {f), a proper edge connection — lateral
access o the porous layer(s) 102 — should be assured by bevel treatment, &.g., mechanical,
chemical, iaser or fiuid assisied bevel treatment. After the exfoliation / separation step {f), and
when processing ultrathin wafers, special precaution should be taken on the wafer edge
geometry and the embedding of the sensitive wafer edge (wafer bsvel} throughout the
processing.

Carrier Embodiments

{6089} Each of the carriers described in the following may be a single pisce of material or
may be a carrier system that comprises multiple layers and/or complex structures. The
frontside andVor backside carrier 112, 122 provides mechanical stabilization 1o the whole
substraie 108 during and/or after processing.  The shape of the carrier 112, 122 may be
sirnifar or even identical 1o the shape of the substrate 108, In some embodiments, the carrier
112, 122 may have a larger diameter than the substrate 108, e.g., at least 0.1% larger. For
example, in such embodiments, the carrier 112, 122 may protect the bevel of the wafer 100,
In other embodiments, the carrier 112, 122 may have a diameter that is at most, e.q., 80% of
or 90% of or 100% of the diameter of the substrate 108. For example, the carrier 112, 122 in
this case may be or may comprise a thick metal on the back side of the substrate 108. The
diameter of the carrier 112, 122 may, e.¢., be the largest diameter, e.g., for non-symmetrical
and/or non-circular carriers.

{0080] The carrisr 112, 122, e.g., sither the mechanically stabilizing part of the carrier 112,
122 and/or an optional fixing layer of a carrier system, may either fully cover the substrate 108,
&.4g., the frontside or the backside, or the carrigr 112, 122 may divide the covered surfacs into
sections aiong the surface of the substrale 108, In the latier case, the mechanically stabilizing
part and/or the optional fixing layer of the carrier 112, 122 may havs the shape of a ring, a
grid, and/or may only be present in peripheral regions of the substrate 108, e.g., anintersecied
ring at the outer part of the substrate 108. The carrier 112, 122 may be either reversibie or

permanently joined to the substrate.
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{009t} Areversible carrier system may be: an adhesive tape (thermo releass, UV release,
solvent release); an adhesive (organic or inorganic compaosition) layer in combination with a
rigid suppert (e.g. transparent substrate, non-transparent subsirate, polymer film}; a fixed or
mobiie electrostatic chuck; a fixed or mobile vacuum chuck; a mobile vacuum carrier; a
magnetic based carrigr.

{0092} A permanent carrier system may be attached, e.g., via organic and/or inorganic
adhesive {glass frit may be organic bsforg burning and inorganic after burning), cther
attachment options described below. For a glass carrier, e.¢. glass grid/ring, the permanent
carrier system may be attached via solder glass or laser wsiding process which may require
an additional absorption laver between the glass carrisr and the subsirate 108 to aliow for
absorbing the laser light. The permanent carrier system may be attachsad via aerobic and or
anaerchic adhesives, diffusion soldering layer(s), etc. Materials for the permanent carrier
system may be include giass, .¢., hot embossed glass such as in the form of a glass grid, a
glass ring eic., semiconductor, 2.g., Si, polysilicon, SIC |, poly SIC, efe., metal, insulator, e.g.
giass, etc. The shape of the permanent carrier system may be a structured supporting system,
atigned with the Kerf region of the front side. Alignment with the kerf region results in alignment
with some of the frontside structures 11, so that later processing, e.g., dicing can be done with
the carrier attached. This is, e.g., the cass for a grid-like structure where the grid lines are
aligned with the kerf region of the substrate [chips]); glass grid as one option. The permanent
carrier system may have the shape of a glass grid and/or ring.

{0083] The frontside carrier 112 providas mechanical stabilization to the whole substrate
108 during exfoliation /separation and to the device substrate 118 after exfoliation / separation.
The froniside carrier 112 also protecis the devics structures 111 at the front side.  Possible
materials for the froniside carrier 112 may be 8i, SIC, glass, poly SIC, ceramics, magnelic
materials, polymer films. Polymer films may have a thickness of up to a few 10pm or gven a
few 100um. The fopography of the device structures 111 may be embedded, e.g., by means
of a potting material and/or an adhesive layer and/or a non-adhesive layer between the carrier

112 and the substrate 108 or in openings of the carrier 112, .¢., in openings of a grid-shaped
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carrier or a ring-shaped carrier. | a (e.g., glass) grid or a {s.g., glass) ring is used as the
frontside carrier 112, and If thermo-assisied splitting is used for exioliation / separation, the
exfoliation / separation may comprise applying a layer at the backside of the subsirate 108
and additionally at an ouwter side of the carrier 112 that faces away from the substrate 108,
e.g., similar t0 a sandwich.

{0094] The backside carrier 122 mechanically stabilizes the device substrate 116 during
the testing step () and during subsequent process steps. The backside carrier 122 may
include electric structures, 8.g., cottact pads to aliow for electric tasting. After the testing step
{1}, the backside carrier 122 may be removed from the backside of the subsirate 108/116 or
may remain at the substrate 108/116. f the backside carrier 122 is removed from the substrate
108/118, the foliowing carriers may be used: ring on the periphsral area; mobile vacuum
chuck; mobile slectrostatic chuck; mobile GelPak chuck; conductive fapes. If the backside
carrier 122 remains at the subsirate 108/118, the following carriers may be used: the carrier
122 may comprise conductive portions, £.g., made from a metal that are aligned with the
devices at the front side. In between the conductive portions, the carrier 122 may comprise a
material that can be singulated and that is aligned with the so-called kerf of the device
substraie 118, through which singulation, e.g., dicing, breaking, lasering, ste. is performed.
Ths backside carrier 122, e.g., the conductive portions of the carrier 122, may be soidered to
the backside metallization 120, After singulation, the conductive portions are still in contact
with the device structures 111,

{0085] A combination of the embodiments described above for the front and backside
carriers supporiing solutions might also be used, sither on both sides or on ong sids, e.g., very
thick backside metal in combination with ring structure or glass grid on ths frontside, or glass
grid may be provided at the backsids and the openings may be filled with the conductive
material.

{0098] Varigus embodimenis of the non-ablative multi beam splitting technique, the

subcritical crack technigue, and the shape change compensation technique are described
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herein. Each of these embaodiments may be used in conjunction with any of the other
embodiments, unless expressiy stated otherwise.

{0097} Although the present disclosure is not so limited, the following numberad examples
demonstraie one or more aspects of the disclosurs.

{0098} Example 1. A method of processing a semiconductor wafer, the method
comprising: forming one or more epitaxial layers over a first main surface of the semiconductor
wafer; forming one or more porgus layers in the semiconductor wafer or in the one or more
epitaddal layers, wherein the semiconductor wafer, the one or more epitenial layers and the
one or more porous layers collectively form a substrate; forming doped regions of a
semiconductor device in the one or more epiaxial layers; and after forming the doped regions
of the semiconductor device, separating a non-porous part of the semiconductor wafer from a
remainder of the substrate along the one or more porous layers.

{0099] Example 2. The method of example 1, wherein forming the one or more porous
layers comprises: porosifying semiconductor material of the semiconductor wafer or of the one
or more gpitaxial layers.

{0100] Example 3. The method of example 2, wherein the porosifying comprises an
electrochemical process that uses an elecirgiviic solution.

{0101 Example 4. The method of example 3, wherein the electrolytic solution comprises
a fluorine-based chemistry or an alkaline etch chemistry.

{0102} Exampie 8. The method of example 3 or 4, whersin the electrochemical process
is an anodic porosification process driven by ultraviolet radiation.

{0103] Example 8. The method of any of examples 3 through 5, further comprising:
varying a current and/or a voliage of the slectrochemical process and/or a composition of the
slectrolviic solution, such that a porosity of the one or morg porous layers varies in a direction
perpendicular to the first main surface of the semiconductor wafer.

{0104] Example 7. The method of any of examples 2 through 8, wherein the porosifying

comprises inducing charge carriers within the semiconductor material via an electric fisld.
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{0105] Example 8. The method of any of examples 2 through 7, further comprising: prior
to the porosifying, modifying a doping concentration of the semicanductor material to be
porosified.

{0106] Example 9. The method of example 8, wherein modifying the doping concentration
of the semiconductor material to be porosified comprises increasing the doping concentration
of the semiconducter material to be porosified.

{0107] Example 10. The method of example 8 08, wherein modifying the doping
concentration of the semiconductor material 1o be porosified comprises adjusting one or more
of a plurality of implantation energiss, a plurality of implantation angles, and a plurality of
channeling implants.

{0108] Example 11. The method of any of exampies 8 through 10, whersin modifying the
doping concentration of the semiconductor maierial o be porosified comprises varying a
vertical doping concentration and/or a lateral doping concentration of the semiconductor
material to be porositfied.

{0109] Example 12. The methed of any of examples 1 through 11, whersin the gne or
more porous layers are formed in the semiconductor wafer such that the semiconductor wafer
has a porous part that includes the one or more porous layers and the non-porous part which
axcludes the one or mors porous layers.

{0110] Example 13. The method of example 12, further comprising: after separating the
non-perpus part semiconductor wafer from the one or more epitaxial layers along the one or
more porous layers, reusing the non-perous part of the semiconductor wafer.

{0111 Example 14. The method of any of examples 1 through 11, wherein the one or
more porous layers arve formed in the ons or more epitaxial layers, and wherein the entire
semiconductor wafer is non-porous and separated from the ons or more epitaxial lavers along
the one or more porous layers.

{0112] Example 15, The method of example 14, further comprising: afier separating the
entire semiconductor wafer from the one or more epitaxial layers, reusing the entire

semiconductor wafer.
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{0113] Example 18. The method of example 14 or 15, further comprising: varying a
porosification rate within the one or more porous layers by varying a dopant concentration
within the one or more epitaxial layers.

{0114] Example 17. The method of any of examples 1 through 16, wherein forming the
one or maore porous layers comprises forming a stack of porous layers with different pore sizes
in the semiconductor wafer or in the one or more epitaxial layers.

{0115] Example 18. The mesthod of exampie 17, wherein forming the stack of porous
layers with different pore sizes comprises vertically and/or laterally varying a doping
concentration of semiconductor material to be poresified.

{0118] Example 18. The method of any of examples 1 through 18, further comprising:
varying a porosity of the gne or more porous layers in a direction perpendicular to the first
main surface of the semiconductor waler.

LR Example 20. The method of any of examples 1 through 19, wherein forming the
one or more porous layers comprises: forming a first porous layer having a first average pore
density; and forming a second porous layer above the first porous layer, the second porous
layer having a second average pore density that is less than the first average pore density.
{6118} Example 21. The method of exampie 20, wherein forming the one or more gpitaxial
layers comprises forming the one or more spitaxial layers on the second porous layer.
{0119 Example 22. The method of example 21, wherein the second porous layer is
monocrystalline, has an average pore diameter below 200nm, and has a thickness in a rangs
of 20nm to 500nm.

{0120} Example 23. The method of example 21 or 22, whereln the first porous layer has
a thickness in a range of 1um to 10um.

{0121] Example 24. The method of any of examples 20 through 23, wherein the second
average pore density is such that an average distance beiween pores of the second porous

layer is larger than an average diametsr of the pores.
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{0122} Example 25, The methed of any of examples 20 through 24, wherein the
separating comprises separaling the non-porous part of the semiconductor water from the
remainder of the substrate along the first porous layer.

{0123] Example 28. The method of any of examples 20 through 25, wherein an averags
doping concentration of the first porous layer is greater than an average doping concentration
of the second porous iayer, and whersin the average doping conceniration of the sscond
porpus layer is greatsr than an average doping concentration of the semiconductor wafer.
{0124] Example 27. The msthod of any of sxamples 20 through 26, wherein the first
porous layer and the second porous layer ars structured and/or have a varying thickness.
{0125] Example 28. The method of any of examples 20 through 27, further comprising:
compensating n-type doping in the second porous layer by accspior implantation or by
implanting vanadium and/or titanium impuritiss.

{0126} Example 28, The method of any of examples 20 through 28, wherein forming the
second porous fayer above the first porous layer comprises: forming a low-doped epitaxial
layer on the first porous layer; forming a mask on the low-doped epitaxial layer; and implanting
dopants into the low-doped epitaxial layer through openings in the mask and at an electric
field strength that induces pore formation in regions of the low-doped epitaxial layer aligned
with the openings in the mask.

{0127} Example 30. The method of any of examples 20 through 29, wherein forming the
one or more porous layers further comprises: forming an additional porous layer below the
first porous layer and having an average pore density that is less than the first average pore
density.

{0128} Example 31. The method of any of examples 20 through 30, whersin forming the
one or more porous layers further comprises: forming an additional porous layer between the
first porous layer and the sscond porous layer and having an avarage pore density that is less
than the first average pore density and greater than the second average pore density.

{0129] Example 32. The methed of any of examples 1 through 31, wherein forming the

gne or more porous layers comprises: forming a low conducting epitaxial layer, a low
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conducting waler region, or a low conducting buried wafer region induced by implantation of
a dopanis which provide counier-doping; forming a higher conducting layer on the low
conducting epitaxial layer, low conducting wafer region, or low conducting buried wafer region,
the higher conducting layer having a higher average doping concentration than the low
conducting epitaxial layer, low conducting wafer region, or low conducting buried wafer region;
and forming a homoganous porous laver in the highsr conducting layer.

{8130] Example 33. The method of sxampls 32, wherain a thickness variation of the
homogenous porous layer is isss than £ tunm.

{0131} Example 34. The method of any of examples 1 through 33, wherain forming the
one or more porous layers comprises: forming a mask on an epitaxial layer or on the first main
surface of the semiconducior wafer; implanting dopants through openings in the mask; and
applying an slectric field that accelerates vertical porosification in regions where the dopants
were implanied.

{0132] Example 35. The method of any of examples 1 through 34, wherein forming the
one of more epitaxial layers comprises: forming a first epilaxial fayer by epitaxial lateral
overgrowth of pores in an uppermost oneg of the one or more porous layers.

{0133] Example 38. The method of example 35, wherein the first epitaxial layer has a
lateral dopant concentration that variss basad on pore location in the uppermost one of the
one or more porous layers.

{0134] Example 37. The mathod of example 35 or 38, wherein forming the doped regions
of the semiconductor device in the one or more epitaxial layers comprises: forming a drain or
amitter layer above the first epitaxial layer; forming a buffer layer on the drain or emitter layer;
and forming a drift layer on the buffer laysr.

{6135] Example 38. The method of example 37, wherein the drain or emitter layer has a
thickness in a range of 10um to 50um, wherein the buffer layer has a thickness in a rangs of
2um to 30um, and wherein the drifl layer has a thickness in a range of 12um to 35um.

{0136] Example 39. The method of any of examples 1 through 38, wherein the

semiconductor device is a power transistor device.
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{0137} Example 40. The method of any of examples 1 through 39, further comprising:
orming a metallization and/or passivation over the one or more epitaxial layers.

{0138] Example 41, The method of any of examples 1 through 40, further comprising:
singuiating the substrate into a plurality of dies.

{0135 Example 42. The method of example 41, wherein the singulating is performed after
the separating.

{0140] Example 43. The method of sxampls 41 or 42, further comprising: before the
sgparating, attaching a carrier to a side of the sulbistrate opposite the non-porous part of the
semiconductor wafer, wherain the carrier remains attached fo the substrate during the
separating.

{0141} Example 44. The method of example 43, whersin the singulating is performed
before both the separating and the attaching of the carrier.

{0142} Example 45, The method of example 43 or 44, further comprising: before the
attaching of the carrier, testing the semiconducior device at the side of the subsiraie opposite
the non-porous part of the semiconductor wafer.

{0143]) Example 46. The method of any of examples 41 through 48, further comprising:
before the separating, forming a first metallization on a first side of the substrate opposite the
non-perous part of the semiconductor wafer; after the separating, forming a second
metaliization on a second side of the subsirate sexposed by the separating and which is
opposite the first side.

{0144] Example 47. The method of any of examples 40 through 46, further comprising:
befors the singulating, porosifiving dicing streets along which the substrate is 1o be singulated.
{0145] Exampls 48. The method of example 47, wherein the poresifiving of the dicing
streets is performed before the separating.

{0146] Exampls 48. The method of any of sxamples 40 through 48, further comprising:
before the separating, atiaching a first carrier to a first side of the substrate opposite the non-
porous part of the semiconductor wafer; after the separating, forming a metallization on a

second side of the substrate exposed by the separating and which is opposite the first side;
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attaching a second carrier to the metallization; and after the altaching of the second carrier,
removing the first carrier.

{0147} Example 50. The method of any of examples 1 through 49, further comprising:
inducing one or more cracks that extend at least partly in the one or more porous layers, 1o
aid in the separating.

{0148} Example 51. The method of exampis 50, wherein the inducing of the one or more
cracks comprises irradiating the one or more porous layers with laser light.

{8149} Example 52. The method of example 50 or 51, wherein the inducing of the cne or
more cracks comprises applying an aexternal force.

{0150] Example 53. The mathod of example 52, wherein the applying of the external force
comprises: applying a layer to the substrats, the layer having a different thermal expansion
cosfficient than the one or mere porous layers; and cooling or heating the layer.

{0151} Example 54. The method of example 53, wherein the layer is a polymer, metal,
hybrid polymer, or ceramic.

{0152} Example 85, The method of any of exampies 52 through 54, wherein the applying
of the external force comprises: applying a thermal gradient across the substrate.

{6153} Example 88. The method of any of exampies 52 through 55, wherein the applying
of the external force comprises: applying a fluid to the one or more porous layers from a side
of the substrate.

{0154} Exampie 57. The method of any of examples 52 through 56, wherein the applying
of the extarnal force comprises: applying laser light to the ons ¢or more porous lavers from a
side of the subsirate.

{0155] Exampls 58. The method of example 57, further comprising: modifying a doping
conceniration of the one or more porous layers such that a maximum absorption of the laser
light oocurs within the one or more porous layers.

{0156] Example 59. The method of any of examples 52 through 58, wherein the applying

of the external force comprises: fixing, in a chamber, the substrate at opposite sides of the
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substrate; and while the substrate is fixed in the chamber, applying pressure to the chamber
environment.

{0157] Example 80. The method of any of examples 52 through 59, wherein the applying
of the external force comprises: efching the one or more porous layers,

{0158] Example 81. The method of example 80, wherein the etching is performed with an
etchant that siches the one or more porous layers at ieast 10 times faster than the non-porous
part of the semiconductor wafer.

{0158] Example 82. The method of example 61, wherein the sichant is alkaling or fluorine
based.

{0160] Example 83. The method of any of examples 52 through 82, wherein the applying
of the external force comprises: alternating between etching and rinsing of the one or more
porous layers.

{0161 Example 84. The method of any of exampies 52 through 83, wherein the applying
of the external force comprises: immersing the substrate in a fluid that has a higher volume at
lower temperatures and a lower volume at higher temperatures, the fluid penetrating pores in
the one or mare porous layer at an edge of the substrate; cooling the fluid such that the fluid
expands and damages the one or more porous layers in a region of the edge of the substrate;
and repeating the immersing and the coaling unti! the non-porous part of the semiconductor
wafer is removed from the remainder of the substrate.

{0162] Example 85. The method of any of exampiss 52 through 64, wherein the applying
of the external force comprises: oxidizing part of the one or more porous layers; siching the
oxidized part of the one or more porous layers; rinsing the etched part of the one or mors
porous fayers; and repeating the oxidizing, the siching, and ths rinsing uniit the non-porous
part of the semiconductor wafer is removed from the remainder of the substrate.

{86163} Example 86. The method of any of examples 52 through 65, wherein the applying
of the external force comprises: applying ultrasonic vibrations to the one or more porous

layers.
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{0164 Example 87. The methoed of example 66, wherein the substrate is in a container
filled with a liquid during the applying of the ultrasonic vibrations.,

{0185] Example 88. The methoed of example 66 or 67, wherein the ultrasonic vibrations
are applied in a frequency range of 20 kHz to 60 kHz.

{0188] Example 89, The method of any of exampies 52 through 88, wherein the applying
of the external force comprises: while the substrate is secuwred in place, applying a torsional
force to the ons or more porous iayers.

{0167} Example 70. The method of any of examples 52 through 88, wherein the applying
of the external force comprises: whils the substrate is secured in place, applving a shaer force
to the one or more porous layers.

{0168] Example 71. The method of any of exampies 52 through 70, wherein the applying
of the exiernal force comprises: while the substrate is secured in place, applying a tensiie
force to the one or more porous layers.

{0169] Example 72. The method of any of examples 52 through 71, whersin the applying
of the exdernal force comprises: applying an electromagnstic force to the substrate.

{0170] Example 73. The method of example 72, wherein the electromagnstic force is
applied to the substrate by a first electrostatic chuck positioned adjacent a first side of the
substrate and a second electrostatic chuck positioned adjacent a second side of the substrate
opposite the first side.

{0171 Example 74. The method of any of examples 1 through 73, further comprising:
before the separating, forming one or more carbon and/or graphenic layers on pore sidewalls
within the one or mors porous layers.

{0172] Exampls 75. The method of example 74, wherein forming the one or more carbon
and/or graphenic lavers comprises thermally treating the one or more porous layers.

{0173] Exampls 76. The method of any of examples 1 through 75, further comprising:

betore the separating, implanting proton and/or helium into the one or more porous layers.
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{0174} Example 77. The method of any of examples 1 through 78, further comprising:
before the separating, forming a crack stop layer between the one or more porous layers and
a device layer of the one or more epitaxial layers.

{0175] Example 78. The method of example 77, whersin forming the crack stop layer
comprises: after forming the device fayer, performing anodic oxidation of the porous layer
closest to the device layer.

{0178] Example 78. The method of any of examples 1 through 78, further comprising:
before the separating, forming a crack stop layer betwesn the one or more porous layers and
the non-porous part of the semiconductor wafer.

{8177} Example 80. The method of example 79, whergin the forming of the crack stop
layer comprises: performing angdic oxidation of the porgus laver closest to the ssmiconductor
wafer.

{0178} Example 81. The method of any of examples 1 through 80, wherein a thickness of
the remainder of the subsirate after the separating is in a range of Sum to 100um.

[0179) Example 82, The method of any of examples 1 through 81, further comprising:
after the separating, removing residual porous parts from the remaindsr of the substrate.
{6180} Example 83. The method of example 82, wherein the removing of residual porous
parts from the remainder of the substrate comprises: mechanical grinding and/or chemical
mechanical polishing and/or etching and/or sand blasting and/or water jetting a surface of the
remaindsr of the substrate defined by the separating from the non-porous part of the
semicaonductor wafer.

{0181} Example 84. The method of example 82 or 83, whergin a surface of the remainder
of the substrate defined by the separating from the non-porous part of the semiconductor wafer
has a rms {rool-mean-square) surface roughness below 2um afier the remuoving of residual
porous parts from the ramaindesr of the subsirate.

{0182] Example 85. The method of example 84, wherein the rms surface roughness is in

arange of 1nmio 100nm.
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{0183] Example 86. The methoed of any of sxamples 82 through 85, further comprising:
porosifying a side of the remainder of the substrate from which the residual porous parts were
previously removed.

{0184] Example 87. The method of example 88, further comprising: forming metallization
on the porosified side of the remainder of the substrate.

{0185] Example 88. The msthod of any of examples 1 through 87, further comprising:
after the separating, porosifying a side of the remainder of the substrate defined by the
sgparating from the non-porous part of the semiconductor wafer.

{0186] Example 83, The method of example 88, further comprising: forming metallization
on the porosified side of the remainder of the substrate.

{86187} Terms such as “first”, "second”, and the like, are used to describe various elemants,
regions, sections, etc. and are alsg not infendsad to be limiting. Like terms refer {o like elements
throughout the description.

{0188] As used herein, the terms “having”, “containing”, “including”, "comprising” and the
like are open ended terms that indicate the presence of stated slements or fealures, but do
not preclude additional elemenis or features. The articles "a", “an” and "the” are intended to
include the plural as well as the singuiar, uniess the context clearly indicates otherwise.
{0189 Although specific embodiments have been illustrated and described herain, it will
be appreciated by those of ordinary skill in the art that a variety of allernate and/or equivaient
implemeniations may be substituted for the specific embodiments shown and describaed
without departing from the scope of the present invention. This application is intended to cover
any adaptations or variations of the specific embediments discussed herein. Therefore, it is

intended that this invention be limited only by the claims and the equivalents tharecf.
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CLAIMS

Whatis claimed is:

1. A method of processing a semiconductor wafer, the method comprising:
forming one ar more epitaxial layers cver a first main surface of the semiconductor
wafer;
forming one or more porous layers in the semiconductor wafer or in the one or more
epitaxial layers, whearsin the semiconductor wafer, the one or more epitaxial
fayers and the one or more porous layers collectively form a substrate;
forming doped regions of a semiconductor devics in the one or more epitaxial lavers;
and
after forming the doped regions of the semiconductor device, separating a non-porous
part of the semiconductor waler from a remainder of the substrate along the
One or More Porous layers.
2. The method of claim 1, wherein forming the one or more porous layers comprises
poresifying semiconductor material of the semiconductor wafer or of the one or more epitaxial
layers, wherein the porosifying comprises an electrochemical process that uses an slectrolytic
solution, the method further comprising:
varying a current and/or a voliage of the electrochemical process and/or a composition
of the electrolytic solution, such that a porosity of the one or mgre porous layers
varies in a direction perpsndicular fo the first main surface of the semiconducior

wafer.

3. The method of claim 1, wherein farming the one or more porous layers comprises
porosifying semiconducior material of the semiconductor wafer or of the one or more epitaxial

layers, the method further comprising:
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prior to the porosifying, modilying a doping concentration of the semiconducior

material {o be porosified.

4, The method of claim 3, wherein modifying the doping concentration of the
semiconductor material to be porosilied comprises increasing the doping concentration of the

semiconductor material 1o be porosifisd.

5. The method of claim 1, whersin the cne or more porous layers arg formed in the
samiconductor wafer such that the semiconductor wafar has a porous part that includes the
one gr more porous layers and the non-porous part which excludes the one or more porous

layers.

8. The method of claim &, further comprising:
after separating the non-porous part semiconductor wafer from the one or more
epitaxial layers along the one or moreg porous layers, reusing the non-porous

part of the sericonducior wafer.

7. The method of claim 1, wherein the one ¢r more porous layers are formed in the ons
or more epitaxial fayers, and wherein the entire semiconductor wafer is non-porous and

separated from the one or more epitaxial layers along the one or more porous layers.

8. The method of claim 7, further comprising:
after separating the entirs semiconductor wafer from the one or more epitaxial layers,

reusing the entire semiconductor wafer.

3. The method of claim 1, wherein farming the one or more porous layers comprises
forming a stack of porous layers with different pore sizes in the semiconductor wafer or in the

gne or more epitaxial layers.
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10.

11.

12

The method of claim 1, wherein forming the one or more porous layers comprises:

forming a first porous layer having a first average pore density; and

forming a second porous layer above the first poraus layer, the second porous layer
having a second average pore density that is less than the first average pore
density,

whersin the first porous layer and the second porous layer are structured and/or have

a varying thickness.

The method of claim 1, wherein forming the one or more porous layers comprises:

forming a low conducting spitaxial layer, a low conducting wafer region, or a low
conducting buried wafer region induced by implantation of a dopants which
provide counter-doping;

forming a higher conducting layer on the low conducting epitaxial layer, low conducting
wafer region, or low conducting buried wafer region, the higher conducting layer
having a higher average doping concentration than the low conducting epitaxial
fayer, low conducting waler regicn, or iow conducting buried wafer region; and

forming a homogenous porous layer in the higher conducting layer.

The method of claim 1, wherein forming the one or more porous laysrs comprises:

forming a mask on an spitaxial layer or on the first main surface of the semiconducior
wafer;

implanting dopants through openings in the mask; and

applying an eleciric field that accsleratss vertical porosification in regions where the

dopanis were implantad.

The method of claim 1, wherein forming the one or more epitaxial layers comprises:
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forming a first epitaxial layer by epitaxial lateral overgrowth of pores in an uppermost

one of the one or more porous layers.

14, The method of claim 13, wherein the first epitaxial layer has a iateral dopant
concentration that varies based on pore location in the uppermost cne of the one or more

porous layers.

15. The method of claim 1, further comprising:
singulating the substrate into a plurality of dies,

whersin the singulating is performed after the separating.

16. The method of claim 1, further comprising:
singulating the substrate into a pluraiity of dies; and
before the separating, attaching a carrier 1o a side of the substrate opposite the non-
porous part of the semiconductor wafer,

whersin the carrier remains attached to the substrate during the separating.

17. The method of ciaim 16, whersin the singulating is performed before both the

separating and the attaching of the carrier.

18. The method of claim 1, further comprising:
singulating the substrate into a plurality of diss;
bafore the separating, forming a first metallization on a first side of the substrate
oppuosite the non-perous part of the semiconductor wafer;
after the separaiing, forming a second metallization on a second side of the substrate

exposed by the separating and which is opposite the first sids.

19, The method of claim 1, turther comprising:

s
3]
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inducing one or more cracks that extend at least partly in the one or more porous
layers, to aid in the separating,
wherein the inducing of the one or more cracks comprises irradiating the one or more

porous layers with laser light.

20. The method of claim 1, further comprising:
inducing ong or morg cracks that extend at least partly in the one or more porous
fayers, to aid in the separating,

whersin the inducing of the one o more cracks comprises applying an external force.

21. The method of claim 20, wherein the applying of the exiernal force comprises:
applying a layer to the substrate, the layer having a different thermal expansion
coefficient than the one or more porous layers; and

cooling or heating the layer.

22. The method of claim 20, wherein the applying of the external force comprises:

applying a thermal gradient across the substrate.

23. The method of claim 20, wherein the applying of the external force comprises:

applying laser light to the one or more porous layers from a side of the substrate.

24. The method of claim 23, further comprising:
modifying a doping concentration of the one or muore porous layers such thal a
maximum absorption of the laser light occurs within the one or mors porous

fayars.

25. The method of claim 20, wheregin the applying of the external force comprises:

applying ultrasenic vibrations to the one or more porous layers.
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26. The method of claim 25, wherein the substrate is in a container filled with a liquid during

the applying of the ultrasonic vibrations.

27. The method of claim 1, further comprising:
after the separating, removing residual porous parts from the remainder of the

subsirate.

28. The method of claim 27, wherein the remuoving of residual porous parts from the

remainder of the substrate comprises:
mechanical grinding and/or chemical mechanical polishing and/or etching and/or sand
blasting and/or water jetting a surfacs of the ramainder of the substrate defined

by the separating from the non-porous part of the semiconductor wafer.

N
[<a]

The method of claim 27, further comprising:
porosifying a side of the remainder of the substrate from which the residual porous

parts were previously removed.

30, The method of claim 29, further comprising:

forming metaliization on the porosified side of the remainder of the substrate.



