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FORMATION OF A III-N SEMICONDUCTOR
STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a non-provisional patent
application claiming priority to European Patent Application
No. 18174617.3, filed on May 28, 2018, the contents of
which are hereby incorporated by reference.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates to a III-N semicon-
ductor structure. The disclosure further relates to a method
for forming a III-N semiconductor structure.

BACKGROUND

[0003] III-N semiconductors, such as gallium nitride
(GaN), are promising candidates for fabrication of advanced
semiconductor devices. III-N semiconductor devices are of
particular interest for use in high power and high frequency
applications. III-N based devices are typically grown by
hetero-epitaxy on foreign substrates, for instance Si, sap-
phire, and SiC. Example epitaxy processes include metal
organic vapor phase epitaxy (MOVPE) and molecular beam
epitaxy (MBE).

[0004] To manage the stress induced by lattice and thermal
mismatch between the substrate and the active I1I-N device
layer(s), and thus enable growth of active layers with
satisfactory material quality and electric properties, an inter-
mediate buffer structure including a superlattice of multiple
repetitions of bi-layers of AIN/Al Ga, N may be used. In
terms of leakage blocking capability between active layer
and substrate, it is generally beneficial to form a comparably
thick buffer. However, growing a thick buffer requires
careful attention to in situ curvature in order to avoid plastic
deformation of the substrate and also to compensate for
thermal mismatch introduced concave wafer bowing during
post-epitaxy cooling.

[0005] Currently, III-N based devices are commonly
formed on substrates of Si, sapphire or SiC. However, it
would be desirable to form III-N devices on semiconductor-
on-insulator (SOI) type of substrates. A SOI substrate
includes in a bottom-up direction, a bottom handling wafer
(for instance of Si, Mo, or AIN), a buried oxide (BOX) and
a top semiconductor layer (for instance Si, Ge, SiGe, or
SiC).

[0006] Compared with the traditional bulk substrates, one
special behavior of SOI substrates are their deformation
response to lattice- and thermal-mismatch induced stress.
Although still a subject of some debate, this phenomenon
may be explained by “the strain partition effect” from which
it follows that when the thickness of the semiconductor layer
of the SOl-substrate is comparable to or less than the
thickness of an epi-grown III-N layer or layer stack, a
relatively large and even a major part of the introduced stress
is accommodated by strain in the semiconductor layer of the
SOI-substrate.

SUMMARY

[0007] Common III-N superlattice based buffer structures
for growth on bulk substrates are typically designed to
continuously introduce compressive stress during the
growth and thus compensate for the thermal mismatch
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introduced tensile stress during post-epitaxy cooling. How-
ever, if such a buffer structure is grown on a SOI substrate
having a thin semiconductor layer (compared to the thick-
ness of the III-N layers), the much stronger wafer deforma-
tion during growth due to the strain partition effect may lead
to difficulties to control the final wafer warp/bow even for
ITI-N stacks with a comparably small thickness. Moreover,
providing a sufficient leakage blocking capability may be
more challenging since a thicker buffer structure may, due to
the strain partition effect, result in plastic deformation (bow-
ing) and cracking of the SOI substrate.

[0008] These challenges, at least partly, may be alleviated
by the forming of thicker III-N based devices on SOI
substrates.

[0009] According to an aspect of the present disclosure,
there is provided a III-N semiconductor structure compris-
ing: a semiconductor-on-insulator substrate; a buffer struc-
ture comprising a superlattice including at least a first
superlattice block and a second superlattice block formed on
the first superlattice block, the first superlattice block includ-
ing a repetitive sequence of first superlattice units, each first
superlattice unit including a stack of layers of AlGaN,
wherein adjacent layers of the stack have different aluminum
content, the second superlattice block including a repetitive
sequence of second superlattice units, each second superla-
ttice unit including a stack of layers of AlGaN, wherein
adjacent layers of the stack have different aluminum content,
wherein an average aluminum content of the second super-
lattice block is greater than an average aluminum content of
the first superlattice block; and a III-N semiconductor chan-
nel layer arranged on the buffer structure.

[0010] Accordingly, the superlattice includes a pair of
superlattice blocks formed by the first and the second
superlattice block. The second superlattice block has an
average aluminum content greater than an average alumi-
num content of the first superlattice block. This allows the
pair of superlattice blocks to be provided to the III-N
semiconductor structure during fabrication without intro-
ducing (further) compressive stress to the structure, or even
providing tensile stress to the structure. The pair of super-
lattice blocks may thus during the epitaxy act to at least
counteract further build-up of compressive stress, or even
reduce pre-existing compressive strain in the structure.
Hence the first and second superlattice blocks may be
referred to as a “non-compressive stress inducing pair” of
superlattice blocks.

[0011] This pair of superlattice blocks allows for the
controlling the stress introduced in the structure, in particu-
lar the stress induced in the semiconductor-on-insulator
substrate. This in turn allows the deformation of the semi-
conductor-on-insulator substrate during growth to be kept
within a range to avoid plastic deformation. Accordingly, it
becomes possible to grow a comparatively thick buffer
structure providing increased leakage blocking capability.
[0012] As used herein, the notation “AlGaN” or “(Al)
GaN” should be understood as referring to Al, Ga, N, where
O=x=l. Accordingly, a layer of AlGaN may be a semicon-
ductor alloy of AIN and GaN in various proportions. How-
ever, a layer of AlGaN may also be a compound semicon-
ductor of AIN (with no Ga-content) or GaN (with no
Al-content). If the AlGaN/(Al)GaN notation is used for
different layers, it should be understood that the different
layers may present different compositions, i.e. different
values of x.
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[0013] A “superlattice” is a composite layer structure
including a number of superlattice blocks, at least two
superlattice blocks however more such as three, four or more
is also possible.

[0014] A “superlattice block™ is a composite layer struc-
ture including a superlattice unit repeated a number of times,
at least two however more such as three, four or more is also
possible. The superlattice units of each respective superla-
ttice block may be identical to each other. L.e. the superla-
ttice units of the first superlattice block are identical to each
other and the superlattice units of the second superlattice
block are identical to each other.

[0015] A “superlattice unit” is a composite layer structure
including a stack or laminate of layers of AlGaN, wherein
each of the layers of the stack have an aluminum content, i.e.
a proportion of aluminum, which is different from an alu-
minum content of the adjacent layer(s) of the stack. Two
layers may be said to be adjacent if they have a common
interface.

[0016] By “average aluminum content” of a superlattice
block is herein meant the proportion of aluminum in the
superlattice block. Mathematically, an average aluminum
content ALL % of a superlattice block of two or more
superlattice units of j layers of AlGaN, each layer j having
a thickness D, and a composition of Al, Ga, ;N may be
expressed as

[0017] where the sums run over index j.

[0018] The semiconductor-on-insulator substrate may
include a bottom wafer, a top semiconductor layer and an
insulator layer intermediate the bottom wafer and the top
semiconductor layer. The top semiconductor layer may form
an active device layer. This may render the semiconductor
structure for use in logic and/or or radio frequency (RF)
circuitry. The buffer structure may be formed on the top
semiconductor layer, or more specifically on an upper sur-
face of the top semiconductor layer.

[0019] By alayer or block providing “compressive stress”
to the structure is hereby meant that the layer or block
experiences/is under compressive stress due to the lower
layers of the structure. Conversely, by a layer or block
providing “tensile stress” is hereby meant that the layer or
block experiences/is under tensile stress due to the lower
layers of the structure.

[0020] In the present disclosure, the term “curvature” of a
structure (such as the SOI substrate, a superlattice block or
a layer) will be used to refer the reciprocal of the radius of
the structure. “In situ” curvature refers to curvature during
the epitaxial growth of the III-N semiconductor structure.
“Ex situ” warp refers to the wafer warp after completion of
epitaxial growth and cooling of the III-N semiconductor
structure.

[0021] A positive or convex curvature implies that the
origin lies below the SOI substrate (as viewed in a layer
stacking direction on the SOI substrate, i.e. normal to the
SOI substrate). Conversely a negative or concave curvature
implies the origin lies above the SOI substrate.

[0022] When a statement of a character of the curvature
(e.g. convex/positive or concave/negative) is made, the
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curvature may exhibit this property in all positions along any
path extending in a direction along the surface.

[0023] The superlattice of the buffer structure may include
a plurality of superlattice blocks wherein the first and the
second superlattice blocks may form an adjacent pair of
superlattice blocks of the superlattice. Thus, the superlattice
may include three superlattice blocks or more, of which the
first and the second superlattice block form a pair or super-
lattice blocks formed in abutment with each other. A greater
number of superlattice blocks provides an increased degree
of freedom in tuning the buffer structure properties, among
others for the purpose of controlling in situ curvature and
post-epi wafer warp. Each superlattice block of the super-
lattice may include a repetitive sequence of superlattice
units, each unit including a stack of layers of AlGaN,
wherein adjacent layers of the stack have different aluminum
content.

[0024] In particular, the superlattice may include an upper
superlattice block formed above the second superlattice
block and having an average aluminum content which is less
than the average aluminum content of the second superlat-
tice block. The upper superlattice block may be formed
directly on top of the second superlattice block.

[0025] Alternatively or additionally, the superlattice may
include a lower superlattice block formed below the first
superlattice block and having an average aluminum content
which is greater than the average aluminum content of the
first superlattice block. The first superlattice block may be
formed directly on top of the lower superlattice block (if
present).

[0026] In the first case, the superlattice may include at
least one upper superlattice block with a smaller average
aluminum content than the second superlattice block. In the
second case, the superlattice may include at least one lower
superlattice block with a greater average aluminum content
than the first superlattice block.

[0027] In either case, by gradually reducing the average
aluminum content between at least two adjacent superlattice
blocks, compressive stress may be introduced above or
below the non-compressive stress inducing pair of first and
second superlattice blocks. Compressive strain allows to
compensate for tensile strain introduced post-epi due to
thermal mismatch between the III-N semiconductor and a
semiconductor layer of the SOI substrate.

[0028] According to one embodiment, the superlattice
includes a third superlattice block formed on the second
superlattice block and a fourth superlattice block formed on
the third superlattice block, wherein an average aluminum
content of the fourth superlattice block is greater than an
average aluminum content of the third superlattice block,
and wherein the average aluminum content of the third
superlattice block is smaller than the average aluminum
content of the second superlattice block. Hence, the super-
lattice may include superlattice blocks alternatingly intro-
ducing compressive and tensile stress to the structure. This
provides an even greater freedom to control in situ curvature
and post-epi wafer warp.

[0029] The average aluminum content of the fourth super-
lattice block may also be smaller than the average aluminum
content of the second superlattice block.

[0030] The semiconductor-on-insulator substrate may
include a bottom wafer, a top semiconductor layer and an
insulator layer intermediate the bottom wafer and the top
semiconductor layer, wherein a combined thickness of the
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buffer structure and the I1I-N semiconductor channel layer
may be greater than a thickness of top semiconductor layer.
Owing to the design of the superlattice of the buffer struc-
ture, a semiconductor structure with such a configuration
and without excessive in situ curvature and post-epi wafer
warp may be obtained.

[0031] Adjacent pairs of layers of one or more of the first
and the second superlattice blocks may be pseudomorphic
layers. By a pseudomorphic layer pair is hereby meant a pair
of a lower layer and an upper layer wherein the (in-plane)
lattice constant of the upper layer matches the (in-plane)
lattice constant of the lower layer.

[0032] It is also possible to form the superlattice such that
an at least partial strain relaxation is present in one or more
of the first and the second superlattice blocks, between at
least one adjacent pair of layers thereof.

[0033] The strain relaxation may be of any degree within
a range of partial to full strain relaxation. By strain relax-
ation is hereby meant relaxation of the in-plane strain.
Having an at least partial strain relaxation between two
mutually abutting layers enables the buffer structure to be
formed with a greater thickness: During growth of the buffer
structure compressive strain may accumulate and an in situ
curvature of the SOl-substrate may increase. If the in situ
curvature is increased beyond a critical amount (the precise
value being substrate specific) plastic deformation of the
SOI substrate may occur. By having an at least partial strain
relaxation in at least one superlattice block, the rate of
increase of the in situ curvature may be reduced such that a
thicker buffer layer structure may be formed without reach-
ing the limit for plastic deformation.

[0034] The channel layer may include one or more layers
of B,In Al Ga, N (0=x=<l, O<y=1; Osz<1, Oswsl, and x+y+
z+w=1). The channel layer may be formed directly on top of
the superlattice. However, if the buffer structure includes
further layers such as one or more upper transitions layer, the
channel layer may be formed directly on top of the upper
transition layer(s).

[0035] The buffer structure may include an AIN nucleation
layer formed on the semiconductor-on-insulator substrate.

[0036] The nucleation layer may form a bottom layer of
the buffer structure. An AIN nucleation layer may prevent an
eutectic reaction between a semiconductor layer of the SOI
and Ga which may lead to the so-called “melt etch back”
effect. The AIN nucleation layer may also facilitate epitaxial
growth of the further material layers of the buffer structure.

[0037] The buffer structure may further comprise a lower
transition layer of (Al)GaN, wherein the superlattice is
formed on the lower transition layer. The lower transition
layer may provide an additional flexibility in in situ wafer
curvature and wafer warp control and also provide a foun-
dation for higher material quality growth of the superlattice
on top. The lower transition layer may be a single layer with
a uniform composition or be a composite layer including
two or more sub-layers of (Al)GaN with different compo-
sitions.

[0038] The buffer structure may further comprises an
upper transition layer of (Al)GaN formed on the superlattice.
The upper transition layer may provide an additional flex-
ibility in in situ wafer curvature and wafer warp control and
also provide a foundation for higher material quality growth
of the channel layer on top. The upper transition layer may
be a single layer with a uniform composition or be a
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composite layer including two or more sub-layers of (Al)
GaN with different compositions.

[0039] According to a second aspect there is provided a
method for forming a III-N semiconductor structure, the
method comprising: forming, on a semiconductor-on-insu-
lator substrate, a buffer structure, wherein forming the buffer
structure comprises: forming a superlattice including at least
a first superlattice block and a second superlattice block on
the first superlattice block, wherein the first superlattice
block is formed by epitaxially growing a repetitive sequence
of first superlattice units, each first superlattice unit includ-
ing a stack of layers of AlGaN, wherein adjacent layers of
the stack have different aluminum content, wherein the
second superlattice block is formed by epitaxially growing
a repetitive sequence of second superlattice units, each
second superlattice unit including a stack of layers of
AlGaN, wherein adjacent layers of the stack have different
aluminum content, wherein an average aluminum content of
the second superlattice block is greater than an average
aluminum content of the first superlattice block; and epi-
taxially growing a III-N semiconductor channel layer on the
buffer structure.

[0040] The method generally presents the same or corre-
sponding benefits as the first aspect. Reference is therefore
made to the above discussion concerning merits of the first
aspect.

[0041] Moreover, forming the superlattice may include
forming a plurality of superlattice blocks and wherein the
first and the second superlattice blocks form an adjacent pair
of superlattice blocks of the superlattice. Each superlattice
block of the superlattice may include a repetitive sequence
of superlattice units, each unit including a stack of layers of
AlGaN, each layer of the stack having a different aluminum
concentration.

[0042] Forming the superlattice may include forming an
upper superlattice block above the second superlattice block
and having an average aluminum content which is less than
the average aluminum content of the second superlattice
block.

[0043] Forming the superlattice may include forming a
lower superlattice block below the first superlattice block
and having an average aluminum content which is greater
than the average aluminum content of the first superlattice
block.

[0044] Forming the superlattice may include forming a
third superlattice block on the second superlattice block and
a fourth superlattice block on the third superlattice block,
wherein an average aluminum content of the fourth super-
lattice block is greater than an average aluminum content of
the third superlattice block, and wherein the average alumi-
num content of the third superlattice block is smaller than
the average aluminum content of the second superlattice
block.

[0045] The semiconductor-on-insulator substrate may
include a bottom wafer, a top semiconductor layer and an
insulator layer intermediate the bottom wafer and the top
semiconductor layer, and wherein the buffer structure and
the III-N semiconductor channel layer are formed with a
combined thickness greater than a thickness of top semi-
conductor layer.

[0046] According to the method, the second superlattice
block may be formed such that a temporal rate of change of
an in situ curvature of the second superlattice block is less
than or equal to 0. The temporal rate of change (i.e. change
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over time) of the in situ curvature corresponds to a slope of
in situ curvature as a function of growth time (or equiva-
lently as a function of the thickness of the second superla-
ttice block).

[0047] The superlattice may be grown such that an at least
partial strain relaxation occurs between at least one adjacent
pair of layers of the superlattice.

[0048] The afore-mentioned embodiments of the second
aspect generally present the same or corresponding advan-
tages as the corresponding embodiments of the first aspect.
The further embodiments or variations of the first aspect are
also correspondingly applicable to the second aspect. Ref-
erence is therefore made to the above discussion.

BRIEF DESCRIPTION OF THE FIGURES

[0049] The above, as well as additional, features will be
better understood through the following illustrative and
non-limiting detailed description of example embodiments,
with reference to the appended drawings.

[0050] FIG. 1 schematically shows a III-N semiconductor
structure, according to an example embodiment.

[0051] FIG. 2 shows a composition of superlattice units,
accordingly to an example embodiment.

[0052] FIG. 3 is a flow chart of a method for forming a
III-N' semiconductor structure, according to an example
embodiment.

[0053] FIG. 4a is a ITI-N semiconductor structure, accord-
ing to an example embodiment.

[0054] FIG. 4b shows an in situ wafer curvature and a
post-epi wafer warp, according to an example embodiment.
[0055] FIG. 4c¢ shows the pre- and post-epi wafer warp
measured along two orthogonal directions along the wafer.
[0056] FIG. Sais a III-N semiconductor structure, accord-
ing to an example embodiment.

[0057] FIG. 56 shows an in situ wafer curvature, accord-
ing to an example embodiment.

[0058] FIG. 5¢ shows the pre- and post-epi wafer warp
measured along two orthogonal directions along the wafer.
[0059] FIG. 6a is a ITI-N semiconductor structure, accord-
ing to an example embodiment.

[0060] FIG. 65 shows an in situ wafer curvature, accord-
ing to an example embodiment.

[0061] FIG. 6c shows the pre- and post-epi wafer warp
measured along two orthogonal directions along the wafer.
[0062] FIG. 7ais a III-N semiconductor structure, accord-
ing to an example embodiment.

[0063] FIG. 76 shows an in situ wafer curvature, accord-
ing to an example embodiment.

[0064] FIG. 7¢ shows the pre- and post-epi wafer warp
measured along two orthogonal directions along the wafer.
[0065] All the figures are schematic, not necessarily to
scale, and generally only show parts which are necessary to
elucidate example embodiments, wherein other parts may be
omitted or merely suggested.

DETAILED DESCRIPTION

[0066] Example embodiments will now be described more
fully hereinafter with reference to the accompanying draw-
ings. That which is encompassed by the claims may, how-
ever, be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein;
rather, these embodiments are provided by way of example.
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Furthermore, like numbers refer to the same or similar
elements or components throughout.

[0067] A III-N semiconductor structure and a method of
forming a III-N semiconductor structure will now be
described with reference to FIGS. 1 through 3.

[0068] FIG. 1 shows in a schematic cross section a semi-
conductor structure comprising a stack of layers. The stack-
ing direction of the layers is indicated by “Z” and may in the
following also be referred to as a vertical direction, a
bottom-up direction, or a normal direction to the SOI
substrate. It should be noted that the relative dimensions of
the shown elements, in particular the relative thickness of
the layers, is merely schematic and may, for the purpose of
illustrational clarity, differ from a physical structure.
[0069] The semiconductor structure includes in the bot-
tom-up direction a semiconductor-on-insulator substrate 100
(hereinafter abbreviated SOI substrate 100), a buffer struc-
ture 200 and a III-N semiconductor channel layer 300.
[0070] The SOI substrate 100 includes a bottom wafer
110, a top semiconductor layer 130 and an insulator layer
120 intermediate the bottom wafer 110 and the top semi-
conductor layer 130. The SOI substrate 100 may be of any
conventional type such as a monocrystalline Si, Ge, SiGe or
SiC top layer 130 formed on an oxide insulator layer 120 and
supported by a bottom handling wafer 110 of for instance Si,
Mo or AIN. The top semiconductor layer 130 may present a
{111} plane as an upper main surface. The SOI substrate 100
may be fabricated in a conventional manner such as a layer
transfer process where a top semiconductor layer is bonded
to a bottom wafer 110 by a bonding oxide layer 120 and
subsequently cut or grinded to form the final thinned top
semiconductor layer 130

[0071] The buffer structure 200 is formed on the SOI
substrate 100. The buffer structure 200 includes in a bottom-
up direction an AIN nucleation layer 210, a lower transition
layer 220, a superlattice 230 and an upper transition layer
240. The lower transition layer 220 and the upper transition
layer 240 are both optional layers and may be omitted.
[0072] The AIN nucleation layer 210 (hereinafter “the
nucleation layer 210”) is formed on and in contact with the
upper surface of the SOI-substrate 100 (step 402 of the flow
chart 400 of FIG. 3). The nucleation layer 210 may be
epitaxially grown by vapor phase deposition, for instance
MOCVD using conventional Al precursors such as trimeth-
ylaluminum (TMALI). However, some other conventional
type of vapor deposition process suitable for epitaxial
growth of an AIN nucleation layer is also possible. The
nucleation layer 210 may be formed with a thickness of 250
nm or less, including at least 50 nm. The nucleation layer
210 may generally be formed with a thickness for reaching
a sufficient crystalline quality for the growth of following
layers. If a Si-based top semiconductor layer 130 is present,
the nucleation layer 210 may also be formed with a thickness
which is sufficient for counteracting diffusion of Ga to react
with the top semiconductor layer 130. The nucleation layer
210 may be formed to present a C-plane as an upper main
surface.

[0073] The lower transition layer 220 is formed on and in
contact with the upper main surface of the nucleation layer
210 (step 404 of FIG. 3). The lower transition layer 220 may
be formed as a single layer with a uniform composition. For
instance, the lower transition layer 220 may be an (Al)GaN
layer having an Al content in the range of 20% to 90%.
Alternatively, the lower transition layer 220 may be formed
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as a composite layer including two or more sub-layers of
(ADGaN with different compositions. The lower transition
layer 220 may be formed to present a C-plane as an upper
main surface.
[0074] The lower transition layer 220 may be epitaxially
grown by vapor phase deposition, for instance MOCVD
using conventional group III element precursors such as
trimethylgallium (TMGa), triethylgallium (TEGa), and
TMAL, or some other conventional type of vapor deposition
process suitable for epitaxial growth of (Al)GaN, such as
molecular beam epitaxy (MBE), physical vapor deposition
(PVD) or hydride vapor phase epitaxy (HVPE). The lower
transition layer 220 may be formed with a (total) thickness
of 200 nm or less.
[0075] A superlattice 230 is formed by a number of
superlattice blocks stacked on top of each other (step 406 of
FIG. 3). In FIG. 1 the superlattice blocks include a first
superlattice block 231 and second superlattice block 232
formed on top of the first superlattice block 231. As shown,
the superlattice 230 may include further superlattice blocks
such as at least one lower superlattice block 2301 and/or at
least one upper superlattice block 230U. Accordingly, form-
ing of the superlattice 230 may include forming at least the
first superlattice block 231 (step 406-1) and the second
superlattice block 232 (step 406-2), but may optionally
include forming further lower and/or upper superlattice
blocks (represented by step 406-L. and 406-U of FIG. 3).
[0076] Each superlattice block of the superlattice may be
formed by a repetition of identical and consecutively formed
superlattice units. As indicated in FIG. 1 for the first super-
lattice block 231, the superlattice block 231 consists of a
stack of a number m of superlattice units 231-1, 231-2, . . .
231-m, wherein m is 2 or greater. The second superlattice
block 232 is formed on the upper main surface of the first
superlattice block 231. The superlattice block 232 consists
of a stack of a number n of superlattice units 232-1, 232-2,
. . 232-p, wherein n is 2 or greater. The number of
superlattice units may be the same or different among the
superlattice blocks. For instance, the number n of superla-
ttice units of the second superlattice block 232 may be equal
to m or different from m.

[0077] As shown in FIG. 2, each superlattice unit of the
first superlattice 231 is formed of a stack or laminate of j
layers (wherein j is 2 or greater) of AlGaN, wherein each of
the layers of the stack have an aluminum content which is
different from an aluminum content of an adjacent layer of
the stack (i.e. x[i-1]=xi=x[i+1], for 2=i<j-1). Optionally,
each of the layers of the stack may have an aluminum
content which is different from an aluminum content of each
other layer of the stack (i.e. x1=x2= . . . Xj). The thicknesses
D1i of the i layers of each superlattice unit 231-1, 231-2,
..., 231-m may as indicated in FIG. 2 be identical. Thus,
the superlattice units 231-1, 231-2, . . ., 231-m may have an
identical/a same composition.

[0078] Each superlattice unit of the second superlattice
232 is formed of a stack or laminate of k layers (wherein k
is 2 or greater) of AlGaN, wherein each of the layers of the
stack have an aluminum content which is different from an
aluminum content of an adjacent layer of the stack (i.e.
y[i-1]=yi=y[i+1], for 2=<i<k-1). Optionally, each of the
layers of the stack may have an aluminum content which is
different from an aluminum content of each other layer of
the stack (i.e. yl=y2= . . . =yk). The thicknesses D2i of the
i layers of each superlattice unit 232-1, 232-2, . . ., 232-n
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may as shown in FIG. 2 be identical. Thus, the superlattice

units 232-1, 232-2, . . ., 232-r may have an identical/a same
composition.
[0079] Each layer of the superlattice units of the superla-

ttice blocks 231, 232 may be epitaxially grown using any of
the techniques discussed on connection with the lower
transition layer 220. Each layer of the superlattice units of
the superlattice blocks 231, 232 may be formed with a
thickness less than 100 nm.

[0080] The layers of the superlattice blocks 231, 232 may
be formed as pseudomorphic layers (i.e. by forming each
layer with a thickness less than the critical layer thickness).
However, the superlattice 230 may also be formed to include
one or more partially or fully strain relaxed layer (i.e. by
forming the layer with a thickness greater than the critical
layer thickness).

[0081] Within the above bounds, the compositions of the
first and the second superlattice blocks 231, 232 are such
that an average aluminum content of the second superlattice
block 232 is greater than an average aluminum content of the
first superlattice block 231. The average aluminum content
of the second superlattice block 232 may be at least 1%
greater than the average aluminum content of the first
superlattice block 231. In other words the AL % of the
second superlattice block 232 may be 1 percentage unit
greater than the AL % of the first superlattice block 231.
[0082] The one or more further superlattice blocks 230L,
230U of the superlattice 230 generally presents a corre-
sponding composition as the first and the second superlattice
blocks 231, 232. A lower superlattice block 230L (if present)
may present an average aluminum content which is greater
than the average aluminum content of the first superlattice
block 231. Meanwhile, an upper superlattice block 230U (if
present) may present an average aluminum content which is
less than the average aluminum content of the second
superlattice block 232.

[0083] According to a further variation, the superlattice
230 may include a third superlattice block formed on the
second superlattice block 232 and a fourth superlattice block
formed on the third superlattice block. The third and fourth
superlattice block may form a second “non-compressive
stress inducing pair”, on top of the first “non-compressive
stress inducing pair” formed by the first and the second
superlattice blocks 231, 232. Thus, the average aluminum
content of the fourth superlattice block may be greater than
the average aluminum content of the third superlattice block.
The average aluminum content of the third superlattice
block may be smaller than the average aluminum content of
the second superlattice block. The superlattice 230 may
include even further “non-compressive stress inducing
pairs”, such as a third pair. The third pair may include a fifth
superlattice block formed on the fourth superlattice block
and a sixth superlattice block formed on the fifth superlattice
block, wherein an average aluminum content of the sixth
superlattice block is greater than an average aluminum
content of the fifth superlattice block and wherein the
average aluminum content of the fifth superlattice block is
smaller than the average aluminum content of the fourth
superlattice block. It is contemplated that this scheme may
be even further extended to include four, five or more of
such “non-compressive stress inducing pairs”.

[0084] The upper transition layer 240 is formed on and in
contact with the upper main surface of the superlattice 230
(step 408 of FIG. 3). The upper transition layer 240 may be
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formed as a single layer with a uniform composition. For
instance, the upper transition layer 240 may be an (Al)GaN
layer having an Al content in the range of 0% to 20%.
Alternatively, the upper transition layer 240 may be formed
as a composite layer including two or more sub-layers of
(ADGaN with different compositions. The upper transition
layer 240 may also include one or more layers of (InAlGa)N.
The upper transition layer 240 may be formed with a (total)
thickness of 1500 nm or less. The upper transition layer 240
may be formed to present a C-plane as an upper main
surface. The upper transition layer 240 may be epitaxially
grown using any of the techniques discussed on connection
with the lower transition layer 220.

[0085] The III-N semiconductor channel layer 300 (here-
inafter “the channel layer 300) may as shown be formed
(step 410 of FIG. 3) on and in contact with the upper main
surface of the buffer structure 200 (formed either by the
upper main surface of the upper transition layer 240 or the
upper main surface of the superlattice 230).

[0086] The channel layer 300 may be formed of B, In Al-
,Ga, N (0=x=<1, O=y=l; O=z=<l, O=w=l, and x+y+z+w=1).
The channel layer 300 may be epitaxially grown by
MOCVD using conventional group III element precursors,
such as of TMIn and triethylboron (TEB), TMGa, TEGa,
and TMAL, or by other conventional vapor phase deposition
techniques. The channel layer may be grown to a total
thickness in the range of 0.1 to 1 pm.

[0087] Subsequent to forming the channel layer 300, fur-
ther layers and structures may be formed on the semicon-
ductor structure in order to form a complete device. For
instance, an B, In,Al Ga /N layer (0O=a<l, O=bsl, O=csl,
O=d=1 and a+b+c+d=1) electron supply layer may be
formed on the channel layer 300. An AIN spacer layer may
be formed between the channel layer 300 and the electron
supply layer. A cap layer, such as a GaN layer or Si;N, layer,
may be formed on top of the electron supply layer. The
spacer layer, the electron supply layer and the cap layer may
be formed using a same deposition technique as for the
channel layer 300. Source, drain and gate electrodes may be
formed on the electron supply layer (or the cap layer if
present) in a conventional manner.

[0088] In addition to the above discussion concerning
materials and composition of the layers of the buffer struc-
ture 200, it is possible to form the layers as layers doped by
impurity atoms. For example, one or more of the lower
transition layer 220, layers of the superlattice 230 and/or the
upper transition layer 220 may be doped to a concentration
of 1x10'® (atom/cm®) or greater. This may improve break-
down voltage of the buffer structure 200. The dopants/
impurity atoms may be one or more species selected from
the group consisting of C atoms, Fe atoms, Mn atoms, Mg
atoms, V atoms, Cr atoms, Be atoms and B atoms. Dopants
may be introduced by adding a source of the intended dopant
species to the growth chamber during the epitaxial growth of
the layer to be doped. For instance, carbon doping may be
achieved by adding a carbon-source to the growth chamber,
such as methane (CH,), ethylene (C,H,), acetylene (C,H,),
propane (C;Hy) or iso-butane (i-C,H, ).

[0089] FIG. 4a schematically shows a III-N semiconduc-
tor structure according to a first example. FIG. 45 shows the
in situ wafer curvature and the post-epi wafer warp. The
sharp spikes and short-range high frequency oscillations of
the curves are artefacts of the measurement system. FIG. 4¢
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shows the pre- and post-epi wafer warp measured along two
orthogonal directions along the wafer.

[0090] The structure comprises: a SOI substrate 100 of 1.5
pm thick Si {111} bonded to a 1071 pm thick Si {100}
handling wafer by a 1 um thick oxide layer, a 200 nm thick
AIN nucleation layer 210, a 50 nm Al, ,sGaN lower tran-
sition layer 220, a superlattice 230 of: a 1.65 pm thick first
superlattice block 231 formed by 50 repetitions of a super-
lattice unit of a [5 nm AIN/28 nm Al,, GaN] bilayer
(corresponding to an average aluminum content AL
%=28%), and a 1.5 um thick second superlattice block 232
formed by 40 repetitions of a superlattice unit of a [10 nm
AIN/28 nm Al ;GaN] bilayer (corresponding to an average
aluminum content AL %=48%), a 1 um thick carbon-doped
GaN upper transition layer 240, and a 300 nm GaN channel
layer 300.

[0091] As may be seen, by introducing a superlattice block
with a higher average aluminum content AL % on top of
another superlattice block, tensile stress can be introduced
which lowers down the in situ curvature as well as the ex situ
wafer warp (measured as peak-to-peak difference). As may
be seen in the chart, the second superlattice block 232 is
grown such that a temporal rate of change of the in situ
curvature is less than 0. This is due to the average aluminum
content of the second block 232 being greater than that of the
first block 231. The chart also schematically indicates the in
situ shape of the structure when the in situ curvature is
positive (convex shape) and when the in situ curvature is
negative (concave shape). The total buffer thickness is ~4.9
um. As will be shown in the following, it may otherwise in
alternative schemes be challenging to grow >4 um thickness
II1-N structures without reaching the substrate plastic defor-
mation limit.

[0092] FIG. 5a schematically shows a III-N semiconduc-
tor structure according to a second example. FIG. 556 shows
the in situ wafer curvature. FIG. 5¢ shows the pre- and
post-epi wafer warp measured along two orthogonal direc-
tions along the wafer. The structure comprises: a SOI
substrate 100 of 1.5 um thick Si {111} bonded to a 1071 pm
thick Si {100} handling wafer by a 1 um thick oxide layer,
a 200 nm thick AIN nucleation layer 210, a 50 nm Al, ,;GaN
lower transition layer 220, a superlattice 230 of: a 1.65 um
thick first superlattice block 231 formed by 50 repetitions of
a superlattice unit of a [5 nm AIN/28 nm Al, ,;GaN] bilayer
(corresponding to an average aluminum content AL
%=28%), and a 0.5 um thick second superlattice block 232
formed by 15 repetitions of a superlattice unit of a [7 nm
AIN/28 nm Al , ;GaN] bilayer (corresponding to an average
aluminum content AL %=32%), a 1.65 pm thick third
superlattice block 233 formed by 50 repetitions of a super-
lattice unit of a [4 nm AIN/30 nm Al, ,GaN] bilayer (cor-
responding to an average aluminum content AL %=20.6%),
a 0.5 um thick fourth superlattice block 234 formed by 15
repetitions of a superlattice unit of a [5 nm AIN/30 nm
Al, ;GaN] bilayer (corresponding to an average aluminum
content AL %=22.9%), a 1 um thick carbon-doped GaN
upper transition layer 240, and a 400 nm GaN channel layer
300.

[0093] Thus, there are in total 4 superlattice blocks in the
structure. By alternating the average aluminum content Al %
in each superlattice block both compressive strain and
tensile strain can be introduced which consequently increase
or decrease the in situ wafer curvature at a relatively low
value when growing a rather thick SL structure of ~4.3 um.
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The resulting max in situ curvature is then still below the
limit for wafer plastic deformation for this structure of ~6
um. The final wafer warp is at a much lower level compared
with reference 1 which is only ~3 um in thickness.

[0094] FIGS. 6a, 6b, and 6c show a first comparative
example of transferring a buffer that is designed for Si bulk
substrate directly onto SOI substrate. FIG. 6a schematically
shows a III-N semiconductor structure, FIG. 65 shows the in
situ wafer curvature, and FIG. 6c¢ shows the pre- and post-epi
wafer warp measured along two orthogonal directions along
the wafer. The SOI substrate 610 was of a same configura-
tion as in the previous examples. The structure further
comprised: a 200 nm AIN nucleation layer 620, a 40 nm
Al, ;GaN lower transition layer 630, a superlattice 640
formed by 50 repetitions of a superlattice unit of a [5S nm
AIN/28 nm Al ,GaN] bilayer, a 1 um carbon-doped GaN
channel layer 650, a 300 nm GaN layer 660, an 18 nm
Al ,,5GaN layer 670 and a 70 nm p-doped GaN layer 680.
[0095] As shown in FIGS. 6a, 65, and 6c the total stack is
~3.3 um. In situ wafer curvature and ex situ wafer warp are
summarized for 2 runs. In each run (“#1” and “#2”), one SOI
and one Si reference substrate were loaded into the reactor
at the same time. One can see that the in situ wafer curvature
of SOI substrates increase significantly compared with Si
reference substrate. It reached a very high value of ~80 km™
for SOI substrates when the substrate deformed plastically
(i.e. cracked). The ex situ wafer warp of SOI substrate is also
much higher compared to the Si substrates.

[0096] FIGS. 7a, 7b, and 7¢ show a second comparative
example indicating the challenges to grow thicker Epi layers
using a conventional buffer scheme. In this example, a
step-graded buffer of only ~2.8 um was grown on SOI and
Si substrates in the same run. FIG. 7a schematically shows
a III-N semiconductor structure, FIG. 7b shows the in situ
wafer curvature, and FIG. 7¢ shows the pre- and post-epi
wafer warp measured along two orthogonal directions along
the wafer. The SOI substrate 710 was of a same configura-
tion as in the previous examples. The structure further
comprised: a 200 nm AIN layer 720, a 300 nm Al ,,GaN
layer 730, a 2 um C-doped Al ,,GaN layer 740, a 300 nm
GaN layer 750, a 12.5 nm Al, ,sGaN layer 760, and a 70 nm
p-doped GaN layer 770. In the chart of FIG. 75, the pocket
denotes the position of the wafer on the carrier during the
epitaxial process. Again, the in-situ curvature of SOI sub-
strate is higher than the Si substrates. Following the same
buffer scheme but simply increasing the layer thickness, it
will soon inevitably reach the in situ curvature limit for
substrate plastic deformation. As the two standard (STD) Si
have very similar curves, the table only shows a single warp
value for STD Si.

[0097] In the above, the concepts have mainly been
described with reference to a limited number of examples.
However, as is readily appreciated by a person skilled in the
art, other examples than the ones disclosed above are equally
possible within the scope of the disclosure, as defined by the
appended claims.

[0098] While some embodiments have been illustrated
and described in detail in the appended drawings and the
foregoing description, such illustration and description are
to be considered illustrative and not restrictive. Other varia-
tions to the disclosed embodiments can be understood and
effected in practicing the claims, from a study of the
drawings, the disclosure, and the appended claims. The mere
fact that certain measures or features are recited in mutually
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different dependent claims does not indicate that a combi-
nation of these measures or features cannot be used. Any
reference signs in the claims should not be construed as
limiting the scope.

What is claimed is:

1. A TII-N semiconductor structure comprising:

a semiconductor-on-insulator substrate;

a buffer structure comprising a superlattice including at
least a first superlattice block and a second superlattice
block formed on the first superlattice block,

the first superlattice block including a repetitive sequence
of first superlattice units, each first superlattice unit
including a stack of layers of AlGaN, wherein adjacent
layers of the stack of layers have different aluminum
content,

the second superlattice block including a repetitive
sequence of second superlattice units, each second
superlattice unit including a stack of layers of AlGaN,
wherein adjacent layers of the stack of layers have
different aluminum content,

wherein an average aluminum content of the second
superlattice block is greater than an average aluminum
content of the first superlattice block; and

a III-N semiconductor channel layer arranged on the
buffer structure.

2. The semiconductor structure according to claim 1,
wherein the superlattice of the buffer structure includes a
plurality of superlattice blocks and wherein the first and the
second superlattice blocks form an adjacent pair of super-
lattice blocks of the superlattice.

3. The semiconductor structure according claim 1,
wherein the superlattice) includes an upper superlattice
block formed above the second superlattice block and hav-
ing an average aluminum content which is less than the
average aluminum content of the second superlattice block.

4. The semiconductor structure according to claim 1,
wherein the superlattice includes a lower superlattice block
formed below the first superlattice block and having an
average aluminum content which is greater than the average
aluminum content of the first superlattice block.

5. The semiconductor structure according to claim 1,
wherein the superlattice includes a third superlattice block
formed on the second superlattice block and a fourth super-
lattice block formed on the third superlattice block,

wherein an average aluminum content of the fourth super-
lattice block is greater than an average aluminum
content of the third superlattice block, and wherein the
average aluminum content of the third superlattice
block is smaller than the average aluminum content of
the second superlattice block.

6. The semiconductor structure according to claim 1,
wherein the semiconductor-on-insulator substrate includes a
bottom wafer, a top semiconductor layer and an insulator
layer intermediate the bottom wafer and the top semicon-
ductor layer, and wherein a combined thickness of the buffer
structure and the III-N semiconductor channel layer is
greater than a thickness of top semiconductor layer.

7. The semiconductor structure according to claim 1,
wherein the buffer structure includes an AIN nucleation
layer formed on the semiconductor-on-insulator substrate.

8. The semiconductor structure according to claim 7,
wherein the buffer structure further comprises a lower
transition layer of (Al)GaN, wherein the superlattice is
formed on the lower transition layer.
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9. The semiconductor structure according to claim 1,
wherein the buffer structure further comprises an upper
transition layer of (Al)GaN formed on the superlattice.

10. A method for forming a III-N semiconductor structure,
the method comprising:

forming, on a semiconductor-on-insulator substrate, a

buffer structure, wherein forming the buffer structure
comprises:

forming a superlattice including at least a first superlattice

block and a second superlattice block on the first
superlattice block,
wherein the first superlattice block is formed by epitaxi-
ally growing a repetitive sequence of first superlattice
units, each first superlattice unit including a stack of
layers of AlGaN, wherein adjacent layers of the stack
of layers have different aluminum content,
wherein the second superlattice block is formed by epi-
taxially growing a repetitive sequence of second super-
lattice units, each second superlattice unit including a
stack of layers of AlGaN, wherein adjacent layers of the
stack of layers have different aluminum content,

wherein an average aluminum content of the second
superlattice block is greater than an average aluminum
content of the first superlattice block; and

epitaxially growing a III-N semiconductor channel layer

on the buffer structure.
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11. The method according to claim 10, wherein forming
the superlattice includes forming a plurality of superlattice
blocks and wherein the first and the second superlattice
blocks form an adjacent pair of superlattice blocks of the
superlattice.

12. The method according to claim 10, wherein forming
the superlattice includes forming an upper superlattice block
above the second superlattice block and having an average
aluminum content which is less than the average aluminum
content of the second superlattice block.

13. The method according to claim 10, wherein the
semiconductor-on-insulator substrate includes a bottom
wafer, a top semiconductor layer and an insulator layer
intermediate the bottom wafer and the top semiconductor
layer, and wherein the buffer structure and the III-N semi-
conductor channel layer are formed with a combined thick-
ness greater than a thickness of top semiconductor layer.

14. The method according to claim 10, wherein the second
superlattice block is grown such that a temporal rate of
change of an in situ curvature of the second superlattice
block is less than or equal to 0.

15. The method according to claim 10, wherein the
superlattice is grown such that an at least partial strain
relaxation occurs between at least one adjacent pair of layers
of the superlattice.
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