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SELECTIVE EPITAXIALLY GROWN I1I-V MATERIALS BASED DEVICES

Technical Field
[0001] Embodiments as described herein relate to the field of electronic device

manufacturing, and in particular, to manufacturing of Ill-V materials based devices.

Background Art
[0002] A selective area epitaxy may be used to form HI-V MOS devices on a

silicon (Si) substrate. Generally, selective area epitaxy refers to the local growth of
an epitaxial layer through a patterned dielectric mask that is deposited on a
semiconductor substrate. However, defects are generated when the [lI-V materials
are grown on the Si substrate. The defects are due to lattice mismatch between the
[lI-V materials and the Si, as well as the non-polar to polar transition moving from the Si
material to the llI-V materials. These defects can reduce the mobility of carriers (e.g.,
electrons, holes, or both) in the IlI-V materials. Due to the defects, integration of Ili-
V materials based devices, germanium based devices, or other lattice mismatched
materials based devices onto a Si substrate for Complementary Metal-Oxide

Semiconductor (“CMOS") systems is difficult.

Brief Description of the Drawings

[0003] Figure 1 shows a cross-sectional view of an electronic device structure

according to one embodiment.

[0004] Figure 2 is a cross-sectional view similar to Figure 1, after a first buffer

layer is deposited on a substrate according to one embodiment.

[0005] Figure 3 is a cross-sectional view similar to Figure 2, after a second buffer

layer is deposited onto the first buffer layer according to one embodiment.

[0006] Figure 4 is a cross-sectional view similar to Figure 3, after a device layer is

deposited onto the second buffer layer according to one embodiment.

[0007] Figure 5 is a cross-sectional view similar to Figure 4, after a thin cap layer
is optionally grown on the device layer according to one embodiment.
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[0008] Figure 6 is a cross-sectional view similar to Figure 5, after a heavily doped

layer is deposited over the device layer according to one embodiment.

[0009] Figure 7 is a cross-sectional view similar to Figure 6, after a heavily doped
source/drain layer is removed from a gate region of the device according to one

embodiment.

[0010] Figure 8 is a cross-sectional view similar to Figure 7, after a device fin is

formed according to one embodiment.

[0011] Figure 9 is a cross-sectional view similar to Figure 8, after an insulating
layer is deposited onto another insulating layer that is adjacent to the sidewalls of

the portion of the first buffer layer according to one embodiment.

[0012] Figure 10 is a cross-sectional view similar to Figure 9, after a gate dielectric
layer and a gate electrode layer are deposited over the fin according to one

embodiment.

[0013] Figure 11 is a perspective view of the multilayer stack as depicted in Figure
6 according to one embodiment.

[O0i4] Figure iZ is a perspeciive view of a poriion of a iri-gate transisior as
depicted in Figure 10 according to one embodiment.

[0015] Figure 13 is an exemplary graph showing a Hall mobility of carriers versus

InGaAs channel thickness according to one embodiment.

[0016] Figure 14 is an exemplary graph showing an effective electron mass (mg)

versus In content (%) according to one embodiment.

[0017] Figure 15 is an exemplary graph showing an indium content in InGaAs

versus a lattice constant according to one embodiment.

[0018] Figure 16 illustrates a computing device 1600 in accordance with one

embodiment.

[0019] Figure 17 includes band alignment and lattice constant information for

materials used in embodiments of the invention.
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[0020] Figure 18 includes cross-sectional views of |[I-V materials based devices in

twn embadiments of the invention.

[0021] Figure 19 includes an image of a portion of a IlI-V material device in an

embodiment of the invention.

[0022] Figure 20 includes a method of making a device in an embodiment of the

invention.

Description of the Embodiments

[0023] In the following description, numerous specific details, such as specific
materials, dimensions of the elements, etc. are set forth in order to provide a
thorough understanding of one or more of the embodiments as described herein. It
will be apparent, however, to one of ordinary skill in the art that the one or more
embodiments as described herein may be practiced without these specific details.
In other instances, semiconductor fabrication processes, techniques, materials,
equipment, etc., have not been described in great detail to avoid unnecessary
obscuring of this description. While certain exemplary embodiments are described
and shown in the accompanying drawings, it is to be understood that such
embodiments are merely illustrative and not restrictive, and that the embodiments
are not restricted to the specific constructions and arrangements shown and
described because modifications may occur to those ordinarily skilled in the art.
Reference throughout the specification to “one embodiment’, *another
embodiment”, or “an embodiment” means that a particular feature, structure, or
characteristic described in connection with the embodiment is included in at least
one embodiment. Thus, the appearance of the phrases, such as “one embodiment”
and “an embodiment” in various places throughout the specification are not
necessarily all referring to the same embodiment. Furthermore, the particular
features, structures, or characteristics may be combined in any suitable manner in
one or more embodiments. Moreover, inventive aspects lie in less than all the
features of a single disclosed embodiment. Thus, the claims following the Detailed
Description are hereby expressly incorporated into this Detailed Description, with
each claim standing on its own as a separate embodiment. While the exemplary
embodiments have been described herein, those skilled in the art will recognize that
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these exemplary embodiments can be practiced with modification and alteration as
described herein. The description is thus to be regarded as illustrative rather than

limiting.

[0024] Methods and apparatuses to manufacture selective epitaxally grown IlI-V
materials based devices are described herein. A first buffer layer is deposited into a
trench in an insulating layer on a substrate. A second buffer layer is deposited onto
the first buffer layer. A device layer is deposited on the second buffer layer. In an
embodiment, the second buffer layer has a lattice parameter that matches the
lattice parameter of the device channel layer. In an embodiment the second buffer
layer may vary the lattice parameter, even exceeding the target buffer layer lattice
parameter (i.e., the lattice parameter of the second buffer may be graded and may
include portions less than, equal to, or greater than lattice parameters of the device
layer and/or the first buffer layer), to quickly annihilate defects. In an embodiment,
the first buffer layer has a lattice parameter between the lattice parameter of the
substrate and the device channel layer. The first buffer layer may have a lattice
parameter substantially equal to the lattice parameter of the second buffer

layer and/or the lattice parameter of the channel layer. In an embodiment, at
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-V material based layer, and the substrate is a Si substrate. In an embodiment, a
cap layer is deposited on the device layer. In an embodiment, a fin comprising the
device layer is formed. In an embodiment, a gate dielectric is deposited over the fin
and source and drain regions are formed in the fin. In an embodiment, the device

layer includes a channel layer.

[0025] It at least some embodiments, a multilayer stack comprises a first [lI-V
material based buffer layer on a Si substrate. A second [lI-V material based buffer
layer is deposited onto the first I1I-V material based buffer layer. The multilayer
stack, comprising the second HI-V material based buffer layer on the first llI-V
materials based buffer layer, is deposited in a trench in an insulating layer on the Si
substrate. The multilayer stack allows Ill-V material integration on Si using a
selective epitaxy approach. Selective epitaxial growth involves growing the muilti-

layer stack in the trench in the insulating layer on the Si substrate. The trench in the
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insulating layer on the substrate has an aspect ratio (depth to width (D/W)) such
that the defects originating from the lattice mismatch growth are captured within the
buffer layers deposited in the trench (and largely excluded from the channel or device

layer). This concerns a form of aspect-ratio-trapping (ART).

[0026] Buffer layers grown selectively between the substrate and a device layer
provide an advantage of capturing dislocation defects within the bottom buffer
layers thereby reducing the defects that propagate to the device layers. The layer
stack combination(s) as described herein provide an advantage of accommodating
greater lattice mismatch between a Si substrate and a 1lI-V device layer while also
providing isolation between the channel and substrate due to band offset. In an
embodiment, the IlI-V device layer is InGaAs with high indium (“In”) composition
(e.g., at least 53%). As used herein, “63%" is a common means by which persons of
ordinary skill in the art concerning llI-V materials refer to these films. This
nomenclature indicates 53% of the Group lll elements present in the InGaAs
material are In, and the balance (47%) is Ga. This nomenclature is to be interpreted
in light of a more scientifically accurate rendering which would refer to the “53%”

composition as Inzs5Gazs sASse.

[0027] Embodiments of a layer stack comprising multiple buffer layers as
described herein accommodates lattice mismatch between Si substrate and the 1lI-
V device channel layer. The hetero-integrated solution described herein can be
utilized to make various device architectures (e.g., trigate device, nanowire,

nanoribbon, and the like).

[0028] Figure 1 shows a cross-sectional view 100 of a IlI-V materials based
electronic device structure according to one embodiment. A trench 103 is formed in

an insulating layer 102 to expose a substrate 101.

[0029] In one embodiment, the substrate 101 includes a semiconductor material
(e.g., monocrystalline Si, germanium (“Ge”), silicon germanium (“SiGe”), a lll-V
materials based material (e.g., gallium arsenide (“GaAs”)), or any combination
thereof). In one embodiment, the structure 100 includes metallization interconnect

layers for integrated circuits. In at least some embodiments, the structure 100
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includes electronic devices (e.g., transistors, memories, capacitors, resistors,
optoelectronic devices, switches, and any other active and passive electronic
devices that are separated by an electrically insulating layer, such as an interayer
dielectric, a trench insulation layer, or any other insulating layer known to one of
ordinary skill in the art of the electronic device manufacturing). In at least some
embodiments, the structure 100 (or in layers above the structure 100) includes

interconnects (e.g., vias) configured to connect the metallization layers.

[0030] In an embodiment, substrate 101 is a semiconductor-on-isclator (SOI)
substrate including a bulk lower substrate, a middle insulation layer, and a top
monocrystalline layer. The top monocrystalline layer may comprise any material
listed above (e.g., Si).

[0031] Insulating layer 102 can be any material suitable to insulate adjacent
devices and prevent current leakage. In one embodiment, electrically insulating
layer 102 is an oxide layer (e.g., silicon dioxide), or any other electrically insulating
layer. In one embodiment, insulating layer 102 comprises an interlayer dielectric
(ILD), such as silicon dioxide. In one embodiment, insulating layer 102 may
include polyimide, epoxy, photodefinable materials (e.g., benzocyclobutene (BCB)),
WPR-series materials, and/or spin-on-glass. In one embodiment, insulating layer
102 is a low permittivity (low-k) ILD layer. Typically, low-k refers to the dielectrics
having a dielectric constant (permittivity k) lower than the permittivity of silicon
dioxide.

[0032] In one embodiment, insulating layer 102 is a shallow trench isolation (STI)
layer that provides field isolation regions that isolate one fin from other fins on
substrate 101. In one embodiment, the thickness of the layer 102 is in the
approximate range of 500 angstroms (A) to 10,000 A. The insulating layer 102 can
be blanket deposited using any of the techniques known to one of ordinary skill in
the art, such as but not limited to chemical vapor deposition (CVD) and physical
vapor deposition (PVP).

[0033] In an embodiment, the insulating layer 102 is patterned and etched to form

trenches, such as trench 103 using one of the patterning and etching techniques
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known to one of ordinary skill in the art. Trench 103 has a depth D 121 and a width
W 122. An aspect ratio of the trench 103 (D/W) determines the thickness of the
buffer layers deposited through that trench in some embodiments. The higher the
D/W ratio of the trench, the thicker the buffer layers are in some embodiments. In an
embodiment, the buffer layers deposited through the trench onto the substrate are
thick enough so that most of the defects originated from the Iattice mismatch are
trapped within that buffer layers and are prevented from propagating into a device
layer formed on the buffer layers. In an embodiment, the aspect ratio of the trench
(D/W) is at least 1.5, and more specifically, at least 3. Other embodiments
include a higher aspect ratio, such as 10:1 or 20:1 or even higher to provide
better transistor performance. In an embodiment, the width of the trench is
determined by the width of the electronic device. The electronic device can be for
example a tri-gate device, a nanowire based device, a nanoribbon based device, or
any other electronic device. For example, the width of the trench 103 for a tri-gate
transistor can be from about 5 nm to about 80 nm. For example, the width of the
trench 103 for a nanotube device or a nanowire device can be from about 5 nm to
about 80 nm. In an embodiment, the depth of the trench is at least three times
greater than the width of the trench. For example, for a tri-gate transistor the depth
of the trench 103 can be from about 250 nm to about 600 nm, and more specifically,

from about 300 nm to about 400 nm.

[0034] The trench 103 in the insulating layer 102 can have a square, rectangular,
round, oval, or any other shape to expose the underlying substrate 101. In at least
some embodiments, the width of the trench is from about 20 nm to about 300 nm.
In at least some embodiments, the depth of the trench is from about 60 nm to about
600 nm.

[0035] Figure 2 is a cross-sectional view 200 similar to Figure 1, after a first buffer
layer is deposited on a substrate according to one embodiment. A first buffer layer
104 is selectively deposited through trench 103 onto the exposed portion of
substrate 101. In an embodiment, buffer layer 104 has a lattice parameter between
the lattice parameter of the substrate 101 and a device layer which will be formed

thereon. Generally, a lattice constant is a lattice parameter that is typically referred
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to as a distance between unit cells in a crystal lattice. Lattice parameter is a
measure of the structural compatibility between different materials. In another
embodiment the lattice constant of buffer 104 will be generally equal to the channel

later eventually formed thereon.

[0036] Material for the buffer layer 104 is chosen such that the lattice constant of
the first buffer layer 104 (“*LC1") is in between the lattice constant of Si (“LCsi") and
a device channel layer (“LCdc”). In another embodiment material for the buffer
layer 104 is chosen such that the lattice constant of the first buffer layer 104 is
generally equal to the lattice constant of a device channel layer. In an
embodiment, substrate 101 is a Si substrate, and buffer layer 104 comprises a llI-V
material. Generally, the [lI-V material refers to a compound semiconductor material
that comprises at least one group Il element of the periodic table (e.g., aluminum
("Al"), gallium (“Ga”), and/or indium (“In”)) and at least one of group V element of the
periodic table (e.g., nitrogen (“N”), phosphorus (“P”), arsenic (“As”), and/or
antimony (“Sb”)). In an embodiment, buffer layer 104 is InP, GaAs, InAlAs,
GaAsSbh, another Hll-V material, or any combination thereof. In an embodiment, the
lattice constant of the first buffer layer 104 is such that a ratio R= (LC1- LCsi)/ LCsi

IS from about 4% 10 about 5%.

[0037] In an embodiment, the thickness of the first buffer layer 104 is at least

about 5 nm, and more specifically, at least about 50 nm.

[0038] In an embodiment, buffer layer 104 is deposited through trench 103 onto
the exposed portion of substrate 101 using a selective area epitaxy. As shown in
Figure 2, epitaxial buffer layer 104 is locally grown on the exposed portion of
semiconductor substrate 101 through trench 103. Epitaxial buffer layer 104 can be
selectively deposited through trench 103 onto the exposed portion of substrate 101
using one of the epitaxial techniques known to one of ordinary skill in the art of
electronic device manufacturing (e.g., CVD, metallo organic chemical vapor
deposition (“MOCVD"), atomic layer deposition (“ALD"), or other epitaxial growth
technique known to one of ordinary skill in the art of electronic device
manufacturing). In an embodiment, the first epitaxial buffer layer of InP is deposited
through trench 103 onto the exposed portion of substrate 101 by a MOCVD
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technique at a temperature from about 300°C to about 450°C, and more

specifically, at about 3759C. In another embodiment layer 104 includes
GaAs49Shbsq. In another embodiment layer 104 includes GaAs3sSbes. In another

embodiment layer 104 includes GaAs.

[0039] Figure 3 is a cross-sectional view 300 similar to Figure 2, after a second
buffer layer is deposited onto the first buffer layer according to one embodiment. A
second buffer layer 105 is selectively deposited through trench 103 onto buffer
layer 104. In an embodiment, second buffer layer 105 comprises a lI-V material. In
an embodiment, second buffer layer 105 is indium aluminum arsenide (“InxAl1-
xAs”), indium gallium arsenide antimonide (“InxGa1-xAsSb”), AsSb combined
with another [11-V material, AlIAsSb, AlAss54Sbase, AlAS42Sbss, AlAsSSb1.y,
another [lI-V material, or any combination thereof. In an embodiment, second buffer
layer 105 is deposited onto the first buffer layer 104 of another |1I-V material. In an
embodiment, second llI-V material based buffer layer 105 has a lattice parameter
that matches the lattice parameter of a IlI-V material based device channel layer. in
an embodiment, second IlI-V material based buffer layer 105 has a lattice
parameter that matches the lattice parameter of the device layer of the IlI-V material
that has high indium content (e.g., where In is at least 53% of the group Il atoms),
(e.g., In,Al_As, In,Ga,xAs, where x is at least 0.53). In an embodiment, second
buffer layer 105 has a lattice parameter that matches the lattice parameter of the
device layer of the [II-V material that has at least 70% atom fraction of indium

content (e.g., In,Al, As, In,Ga;.,As, where x is at least 0.7).

[0040] In an embodiment, the device channel layer is indium gallium arsenide
(“InGaAs”), and buffer layer 105 is In,Al;_As, In,Ga;xAsSbh, AlAS54Sbys,
AlAs4,Sbsg, AlAs,Sb1.«, or any combination thereof. In an embodiment, the choice
of second buffer material that has a bottom interface with the first buffer layer and a
top interface with the device channel layer is such that the lattice constant of the
second buffer layer matches the lattice constant of the channel layer. In an
embodiment, the thickness of the second buffer layer 105 is at least about 200 nm.
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[0041] In an embodiment, buffer layer 105 is deposited through trench 103 onto
the buffer layer 104 using a selective area epitaxy. As shown in Figure 2, epitaxial
buffer layer 105 is locally grown on the first buffer layer 104 through trench 103.
Epitaxial buffer layer 105 can be selectively deposited through trench 103 onto the
first buffer layer 104 using one of epitaxial techniques known to one of ordinary skill
in the art of electronic device manufacturing (e.g., CVD, MOCVD, ALD, or other
epitaxial growth technique known to one of ordinary skill in the art of electronic
device manufacturing). In an embodiment, the second epitaxial buffer layer is
deposited through trench 103 onto the first buffer layer 104 by a MOCVD technique

at a temperature from about 425°C to about 650°C, and more specifically, from

about 520°C to about 580°C. In an embodiment metalorganic vapour phase
epitaxy (MOVPE) may be used to deposit the second epitaxial layer at a temperature

from about 425°C to about 650°C, and more specifically, from about 520°C to

about 580°C .

[0042] Figure 4 is a cross-sectional view 400 similar to Figure 3, after a device
layer is deposited onto the second buffer layer according to one embodiment. A

OO PR R I T e S U ot oo P e e o) ol el T ol
layer 105. In an embodiment, device layer 106 comprises a device channel layer.
The second buffer layer 105 has a lattice parameter that matches the lattice
parameter of device layer 106. In an embodiment the first buffer layer 104 has a
lattice parameter that matches the lattice parameter of device layer 106. In an
embodiment, device layer 106 comprises a IlI-V material, for example, InGaAs,
and/or InGaAsSb that has high indium content (e.g., indium is at least 53% of the
group lll atoms (e.g., InxGa1-xAs, InxGa1-xAsSb, where x is at least 0.53)). In an
embodiment, device layer 105 comprises InGaAs, and/or InGaAsSb that contains
at least 70% of indium (atomic ratio of Group lll atoms) (e.g., InxGa1-xAs, InxGa1-

xAsSb, where x is at least 0.7).

[0043] In an embodiment, the device channel layer 106 is InGaAs and the second
buffer layer105 is InAlAs, InGaAsSb, AIAsSb, GaAsSb or any combination
thereof. In an embodiment, the lattice constant of the 1ll-V material of the second
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buffer layer matches the lattice constant of the IlI-V material of the device layer 106,
as described above. The thickness of the device layer 106 is determined by a
device design. In an embodiment, the thickness of the device layer 106 is from
about 1 nm to about 100 nm.

[0044] In an embodiment, device layer 106 is deposited through trench 103 onto
the buffer layer 105 using a selective area epitaxy. As shown in Figure 4, device
layer 106 is locally grown on the buffer layer 105 through trench 103. Epitaxial
device layer 106 can be selectively deposited through trench 103 onto the buffer
layer 105 using one of epitaxial techniques known to one of ordinary skill in the art
of electronic device manufacturing (e.g., CVD, MOCVD, ALD, or other epitaxial
growth technique known to one of ordinary skill in the art of electronic device
manufacturing). In an embodiment, the device layer of InGaAs is deposited through
trench 103 onto the buffer layer 105 by a MOCVD technique at temperature from

about 400° C to about 650° C, and more specifically, from about 520° C to about

580° C.

[0045] Figure 5 is a cross-sectional view 500 similar to Figure 4, after a thin cap
layer is optionally grown on the device layer according to one embodiment. A thin
cap layer can be optionally deposited onto the device layer 106 as an interface with
high-k gate dielectrics (e.g., TaSiOx), to improve the control of the gate. A thin cap
layer 107 can be selectively deposited through trench 103 onto device layer 106. In
an embodiment, cap fayer 107 comprises a |-V material. In an embodiment, cap
layer 107 is InP. In an embodiment, the thickness of the cap layer 107 is from about

0.5 nm to about 3 nm.

[0046] In an embodiment, cap layer 107 is deposited through trench 103 onto the
device layer 106 using a selective area epitaxy. As shown in Figure 5, cap layer
107 is locally grown on the device layer 107 through trench 103. Cap layer 107 can
be selectively deposited through trench 103 onto the device layer 106 using CVD,
MOCVD, ALD, or other epitaxial growth technique known to one of ordinary skill in

the art of electronic device manufacturing.
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[0047] Figure 6 is a cross-sectional view 600 similar to Figure 5, after a heavily
doped layer is deposited over the device layer according to one embodiment.

[0048] In an embodiment, heavily doped layer 108 is deposited over the device
layer to provide a source (S) and a drain (D) for a transistor device. As shown in
Figure 6, a multilayer stack is selectively grown in the trench 103 and on substrate
101. The stack comprises a heavily doped layer 108 on cap layer 107, which is on
device layer 106, which is on second buffer layer 105, which is on first buffer layer
104, which is on substrate 101. In an embodiment, heavily doped source/drain
layer 108 is removed from the gate region later in a process and left in source/drain
regions during transistor fabrication. In an embodiment the cap layer 107 is
deposited further along in the flow (e.g., after patterning has occurred which reveals
only the gate portion of the device). In an embodiment the heavily doped layer 108
is deposited further along in the flow (e.g., after patterning has occurred which

reveals only the source and drain portions of the device).

[0049] In an embodiment, heavily doped source/drain layer 108 comprises a HI-V
material. In an embodiment, heavily doped layer 108 has a concentration of

3 and comprises a |-V material

dopants between 1 x 1019 and 1 x 1021 atoms/cm
that is similar to the IlI-V material of the device layer 107. In an embodiment, the
thickness of the source/drain layer 108 is determined by a device design. In an
embodiment, the thickness of the source/drain layer 108 is from about 10 nm to
about 100 nm. In a more specific embodiment, the thickness of the source/drain
layer 108 is about 40 nm. In an embodiment, source/drain layer 108 is deposited
through trench 103 onto the cap layer 107 using a selective area epitaxy.
Source/drain layer 108 can be selectively deposited through trench 103 onto the
cap layer 107 using CVD, MOCVD, ALD, or other epitaxial growth technique known
to one of ordinary skill in the art of electronic device manufacturing. In an
embodiment the highly doped layer 108 is deposited after formation of a trigate fin,

directly onto the channel material 106.

[0050] Figure 11 is a perspective view 1100 of the multilayer stack as depicted in
Figure 6 according to one embodiment. A multilayer stack comprises a first buffer

layer 204 in a trench formed in an insulating layer 202 on a substrate 201. A
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second buffer layer 205 is deposited on the first buffer layer 204 and a device
channel layer 206 on the second buffer layer. The second buffer layer 205 has a
lattice parameter that matches the lattice parameter of the device channel layer 206.
The first buffer layer 204 has a lattice parameter between the lattice parameter of
the substrate 201 and the device channel layer 206, as described above. The first
buffer layer may have the same lattice constant as the second buffer layer in an
embodiment. The first buffer layer may have the same lattice constant as the
channel layer in an embodiment. The first buffer layer may have the same lattice
constant as the channel layer and the second buffer layer in an embodiment. In an
embodiment the lattice constant of layer 205 may vary along the height of the trench
203 to bridge the lattice constant delta/difference between layers 204 and 206.

[0051] In an embodiment, each of the first buffer layer 204, second buffer layer
205, and device channel layer 206 is a [lI-V material based layer, and the substrate
201 is a Si substrate, as described above. A cap layer 207 is optionally deposited
on the device channel layer 206, as described above. In an embodiment, each of
the first buffer layer 204, the second buffer layer 205, the device channel layer 206,
and the cap layer 207 is deposited by CVD.

[0052] Typically, when lattice mismatched films are incorporated together, defects
are formed. These defects once formed, propagate up the lattice at an angle. An
embodiment of the muiltilayer stack comprises a first buffer layer 204 in a trench
203 in an insulating layer 202 on a substrate 201, a second buffer layer 205 on the
first buffer layer 204; and a device channel layer 206 on the second buffer layer
205, wherein the second buffer layer 205 has a lattice parameter that matches the
lattice parameter of the device channel layer 206, and wherein the first buffer layer
204 has a lattice parameter between the lattice parameter of the substrate 201 and
the device channel layer 206 allows (or equal to the lattice constant of the
second buffer layer and/or channel layer) to move a defect terminated interface
well below the actual device channel layer 206 such that device performance is not

affected.

[0053] Figure 7 is a cross-sectional view 700 similar to Figure 6, after the heavily

doped source/drain layer is removed from a gate region 123 of the device
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according to one embodiment. Heavily doped source/drain layer 108 is left intact on

source/drain regions (not shown) of the device layer 106.

[0054] Figure 8 is a cross-sectional view 800 similar to Figure 7, after a device fin
is formed according to one embodiment. As shown in Figure 8, a device fin 109
comprises a portion of the optional cap layer 112 on a portion of the device layer
111 on a portion of the second buffer layer 110. Some, none, or a significant
portion of layer 105 may be etched in other embodiments. As shown in Figure
8, fin 108 has a top surface 124, and opposing sidewalls 125 and 126. In an
embodiment, forming fin 109 involves depositing a patterned hard mask onto cap
layer 107 and then recessing insulating layer 102 down to a depth determined by a
device design as known to one of ordinary skill in the art of electronic device
manufacturing. In one embodiment, insulating layer 102 is recessed by a selective
etching technique while leaving the fin 109 intact. For example, insulating layer 102
can be recessed using a selective etching technique known to one of ordinary skill
in the art of electronic device manufacturing, such as but not limited to wet etching
and/or dry etching with a chemistry having substantially high selectivity to the fin on
the substrate 101. This means that the chemistry predominantly etches the

twmms bl e laciime AN vnble e Llame Llan L AL Ll —-—L n i - o omm e ATl 1
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ratio of the etching rates of the insulating layer 102 to the fin is at least 10:1.

[0055] As shown in Figure 8, the patterned hard mask is removed from the fin
109. The patterned hard mask layer can be removed from the top of the fin 109 by
a polishing process (e.g., CMP) as known to one of ordinary skill in the art of
electronic device manufacturing. As shown in Figure 8, insulating layer 102 is
recessed down to a predetermined depth that defines the height of the device fin
109 relative to a top surface of the insulation layer 102. The height and the width of
the fin 109 are typically determined as a design choice. In an embodiment, the
height of the fin 109 is from about 10 nm to about 100 nm and the width of the fin
109 is from about 5 nm to about 20 nm. In an embodiment the original trench

dimensions dictate the fin dimensions (e.g., width of fin).

[0056] Figure 9 is a cross-sectional view 900 similar to Figure 8, after an insulating

layer 113 is deposited onto insulating layer 102 adjacent to the sidewalls of the
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portion of the first buffer layer 110 according to one embodiment. In an
embodiment, insulating layer 113 can be any material suitable to insulate adjacent
devices and prevent leakage from the fins. In one embodiment, electrically
insulating layer 113 is an oxide layer (e.g., silicon dioxide, or any other electrically
insulating layer determined by a design). In one embodiment, insulating layer 113 is
a STl layer to provide field isolation regions that isolate one fin from other fins on
substrate 101. In one embodiment, the thickness of the insulating layer 113
corresponds to the thickness of the portion of the second buffer layer 110 that is
determined by a fin device design. In an embodiment, the thickness of the
insulating layer 113 is in the approximate range of 1 nm to about 30 nm. The
insulating layer 113 can be blanket deposited using any of techniques known to one
of ordinary skill in the art of electronic device manufacturing, such as but not limited
to CVD, PVP, and the like.

[0057] Figure 10 is a cross-sectional view of a device 1000 similar to Figure 9,
after a gate dielectric layer and a gate electrode layer are deposited over the fin
according to one embodiment. A gate dielectric layer 114 is formed on and around
three sides of the semiconductor fin 109. As shown in Figure 10, gate dielectric
layer 114 is formed on or adjacent to top surface 124, on or adjacent to sidewall
125, and on or adjacent to sidewall 126 of fin 109. Gate dielectric layer 114 can be

any well-known gate dielectric layer.

[0058] In one embodiment, gate dielectric layer 114 is a high-k dielectric material
having a dielectric constant greater than the dielectric constant of silicon dioxide. In
one embodiment, electrically insulating layer 114 comprises a high-k dielectric
material, such as a metal oxide dielectric. For example, gate dielectric layer 114
can be, without limitation, tantalum silicon oxide (TaSiOx), pentaoxide (Ta205),
titantium oxide (TiO2), zirconium oxide (ZrO2), hafnium oxide (HfO2), lanthanum
oxide (La204), lead zirconium titanate (PZT), and/or other high-k dielectric
material, or a combination thereof. In an embodiment, the gate dielectric layer 114
is a silicon dioxide (SiO2), silicon oxynitride (SiOxNy) or a silicon nitride (Si3N4)

dielectric layer. In an embodiment, the thickness of the gate dielectric layer 114 is in
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the approximate range between about 1 nm to about 20 nm, and more specifically,
between about 5 nm to about 10 nm.

[0059] As shown in Figure 10, a gate electrode layer 115 is deposited on the gate
dielectric layer 114 on the fin 109. Gate electrode 115 is formed on and around the
gate dielectric layer 114 as shown in Figure 10. Gate electrode 115 is formed on or
adjacent to gate dielectric 114 on sidewall 125 of semiconductor fin 109, is formed
on gate dielectric 114 on the top surface 124 of semiconductor fin 109, and is
formed adjacent to or on gate dielectric layer 114 on sidewall 126 of semiconductor
fin 109.

[0060] As shown in Figure 10, gate electrode 115 has a top 130 and a pair of
laterally opposite sidewalls, such as a sidewall 127 and a sidewall 128 separated by
a distance which defines the length of the channel of the fin device. Gate electrode
115 can be formed of any suitable gate electrode material. In an embodiment, the
gate electrode 115 is a metal gate electrode, such as but not limited to, tungsten,
tantalum, titanium, and their nitrides and ruthenium, rhodium and platinum. It is to be
appreciated that the gate electrode 115 needs not necessarily be a single material
and can be a composite stack of thin films, such as but not limited to a
polycrystalline Si/metal electrode or a metal/polycrystalline Si electrode. In an
embodiment, gate electrode 115 comprises of polycrystalline Si doped to a

19 3 20
concentration density between 1x10 atoms/cm to 1x10 atoms/cm®.

[0061] Figure 12 is a perspective view 1200 of a portion of a tri-gate transistor as
depicted in Figure 10 according to one embodiment. As shown in Figure 12, a tri-
gate transistor includes an electrically insulating layer 302 on a substrate 301
adjacent to a fin 309. In one embodiment, the tri-gate transistor is coupled to one or
more layers of metallization (not shown). The one or more metallization layers can
be separated from adjacent metallization layers by dielectric material (e.g., ILD (not
shown)). The adjacent metallization layers may be electrically interconnected by

vias (not shown).

[0062] As shown in Figure 12, a fin 309 protrudes from a top surface of insulating
layer 302. Fin 309 comprises an optional llI-V material based cap layer 308 on a lll-
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V material based device channel layer 307 on a portion 306 of a lll-V material
bascd sccond buffer layer 305 on a 1lI-V material based first buffer layer 304. A
gate electrode 311 is formed on and around the gate dielectric 310.

[0063] The fin 309 comprising an optional -V material based cap layer 308 (e.g.,
cap layer 308 may wrap around the top and two sidewalls of a trigate fin in
some embodiments that use the cap layer) on a Ill-V material based device
channel layer 307 on a portion 306 of a Ill-V material based second buffer layer 305
on a llI-V material based first buffer layer 304, wherein the second buffer layer has
a lattice parameter that matches the lattice parameter of the device channel layer,
and wherein the first buffer layer has a lattice parameter between the lattice
parameter of the substrate and the device layer (or equal to the second buffer layer
and/or equal to the channel layer) provides accommodation of the lattice mismatch
between the substrate 301 and the device channel layer 307 such that defects can
be captured within the thickness of the buffer layers 304 and/or 305.

[0064] As shown in Figure 12, fin 309 has a pair of opposing sidewalls separated
by a distance which defines a semiconductor fin width. In one embodiment, the fin
width is in an approximate range from about 5 nm to about 50 nm. In one
embodiment, the length of the fins is greater than the width and is determined by
design choices. In one embodiment, the length of the fins is from about 50 nm to
hundreds of microns. In an embodiment, the fin height above the top surface of the

insulating layer 302 is in an approximate range from about § nm to about 500 nm.

[0065] As shown in Figure 12, a gate electrode 311 is deposited on the gate
dielectric 310 on the fin 309. Gate electrode 311 is formed on and around the gate
dielectric 310. A source region and a drain region are formed at opposite sides of
the gate electrode 311 in a device layer portion 313 of the fin 309. One of
source/drain electrodes 312 is formed on the source/drain region at one side of
gate electrode 311, and another one of source/drain electrodes (not shown) is
formed on the source/drain region at an opposite side of gate electrode 311 using
one of technigues known to one of ordinary skill in the art of electronic device

manufacturing.
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[0066] The source and drain regions are formed of the same conductivity type
such as N-type or P-type conductivity. In an embodiment, the source and drain
regions have a doping concentration of between 1 x 10™, and 1 x 10%" atoms/cm®.
The source and drain regions can be formed of uniform concentration or can
include sub-regions of different concentrations or doping profiles such as tip regions
(e.g., source/drain extensions). In an embodiment, the source and drain regions
have the same doping concentration and profile. In an embodiment, the doping
concentration and profile of the source and drain regions can vary in order to obtain
a particular electrical characteristic. The portion of the fin 309 located between the

source region and drain regions, defines a channel region 314 of the transistor.

[0067] The channel region 314 can also be defined as the area of the
semiconductor fin 309 surrounded by the gate electrode 311. At times however, the
source/drain region may extend slightly beneath the gate electrode through, for
example, diffusion to define a channel region slightly smaller than the gate
electrode length (Lg). In an embodiment, channel region 314 is intrinsic or undoped.
In an embodiment, channel region 314 is doped, for example to a conductivity level
of between 1x10™ to 1x10"® atoms/cm®. In an embodiment, when the channel
6gi0iT i5 JOPEd it 15 typiCally dOped 10 the Opposiie Gondudivily type of the
source/drain region. For example, when the source and drain regions are N type
conductivity the channel region would be doped to P type conductivity. Similarly,
when the source and drain regions are P type conductivity the channel region would
be N type conductivity. In this manner a tri-gate transistor 100 can be formed into

either a NMOS transistor or a PMOS transistor.

[0068] Channel regions, such as channel region 314 can be uniformly doped or
can be doped non-uniformly or with differing concentrations to provide particular
electrical and performance characteristics. For example, channel regions, such as
channel region 314, can include well-known halo regions, if desired. As shown in
Figure 12, the tri-gate transistor has a dielectric 310 and a gate electrode 311
surrounding the semiconductor fin 309 on three sides that provides three channels
on the fin 309, one channel extends between the source and drain regions on one

sidewall of the fin, such as sidewall 315, a second channel extends between the
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source and drain regions on the top surface of the fin, such as surface 317, and the
third channcl extends between the source and drain regions on the other sidewall of
the fin, such as sidewall 316. However, other embodiments are not so limited and

may include an intrinsic channel.

[0069] In an embodiment, the source regions of the transistor 1200 are electrically
coupled to higher levels of metallization (e.g., metal 1, metal 2, metal 3, and so on)
to electrically interconnect various transistors of the array into functional circuits. In
one embodiment, the drain regions of the transistor 1200 are coupled to higher
levels of metallization (e.g., metal 1, metal 2, metal 3, and so on) to electrically
interconnect various transistors of the array together into functional circuits. In an
embodiment in the source/drain layer cap layer 308 may be removed or never

formed.

[0070] Figure 13 is an exemplary graph 1300 showing a Hall mobility of carriers
(e.g., electrons, holes) 1301 versus InGaAs channel thickness 1302 according to
one embodiment. InGaAs material with high (e.g., at least 70%) indium composition,
such as In0.7Ga0.3As has high carrier mobility that makes it an attractive channel
material option for a llI-V device. Using InGaAs with high (e.g., at least 70%) indium
composition, such as InQ.7Ga0.3As as a device channel layer increases

performance of the device and increases device gain. Data 1303 shows that Hall

mobility is maintained high at about 10,000 cm?/ (V-s) down to a thin device body

of 5 nm. There is no impact of surface roughness to mobility of carriers.

[0071] Figure 14 is an exemplary graph 1400 showing an effective electron mass
(mg) 1401 versus In content (%) 1402 according to one embodiment. Data 1403
indicate that m, decreases with higher indium content (%). With a reference to
Figure 12, to increase the height of the fin (“Hsi") in the tri-gate device made using
InGaAs having high (e.g., 70%) indium content (e.g., In0.7Ga0.3As), the lattice
mismatch between the channel (e.g., layer 307) and the buffer adjacent to the
channel (e.g., buffer layer 305) needs to be minimized in some embodiments. If the
lattice mismatch is large, to prevent new defects generation, the thickness of the
In0.7Ga0.3As (and hence HSi) needs to be limited to a critical layer thickness. As a
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result, the buffer layer adjacent to In0.7Ga0.3As device channel layer has a lattice
constant substantially the same (or close to) as the In0.7Ga0.3As channel in an
embodiment. Similar lattice constants of the device channel layer, such as device
channel layer 307, and the underlying portion of buffer layer, such as portion 306 of
second buffer layer 305, allow (1) trigate Hg; to be unlimited (i.e., limiting factor of
critical layer is diminished or eliminated), (2) prevents any new defects to be
generated at the channel/adjacent bottom buffer interface, and (3) allows all defects
that are created at an interface between the second buffer layer and the first buffer
layer, such as between buffer layer 305 and buffer layer 303, and all defects that
are created at an interface between first buffer layer and Si substrate, such as
between buffer layer 303 and substrate 301 in the trench (e.g., trench 303), to be

captured well before the device channel layer, such as device channel layer 307.

[0072] Figure 15 is an exemplary graph 1500 showing an indium content in
InGaAs 1501 versus a lattice constant 1502 according to one embodiment. As
shown in Figure 15 higher indium concentration in the InGaAs device allows easier
to achieve gate all around (“GAA”") Si architecture. Increasing indium content
increases a lattice constant of InGaAs. As shown in Figure 15, a trigate device 1503
needs a new obutrer for In0.7Gal.3As due 10 a cnitical layer thickness. A nanowire
device 1504 has a thickness t less than a critical tayer thickness tc (t<tc). Data 1505
show that manufacturing a IlI-V material based device channel layer on a llI-V
material based second buffer layer on a IlI-V material based first buffer layer,
wherein the second buffer layer has a lattice parameter that matches the lattice
parameter of the device channel layer, and wherein the first buffer layer has a
lattice parameter between the lattice parameter of the substrate and the device
layer (e.g., a trigate on a buffer device 1503, a nanowire on a buffer device

1504 )(or equal to lattice parameter of the channel) increase the device performance.

[0073] As indicated above, integration of Ill-V materials on large scale Si substrates
is difficult. This difficulty has been one of the key issues preventing use of lI-V
materials and transistors in high-performance logic. Buffer approaches have
traditionally been proposed but they prevent use of multiple materials on the same

chip. Instead, ART has been proposed to allow selective deposition of |ll-V materials
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in trenches. Still, these ART based methods have failed to isolate the channel and

prevent fin current leakage.

[0074] However, as shown herein, various embodiments address the problem of
device isolation in such ART trenches. Embodiments address these problems by
extending band engineering and heterostructure into the ART trench space while
addressing different lattice constants and materials relevant for logic implementation

in fin architecture.

[0075] There are several conventional ways to address use of llI-V materials on Si
substrates. For example, a method uses a uniform channel material (e.g., InGaAs)
to fill a trench. However, this is limited by critical layer values of the channel material
and may also fail to prevent defects from existing in the channel. Another
conventional method includes using a GaAs seed layer between the Si substrate and
the IlI-V material channel. However, this may help isolate the channel material from
the substrate but it fails to provide a good lattice constant matching to the channel
(which can lead to defects in the channel). Another conventional method includes
using an InP seed layer, which does not help isolation between the substrate and
channel when the seed layer is undoped. Further, the InP seed layer is only lattice
matched to a specific InGaAs channel composition and thus lacks versatility to
prevent lattice mismatch and defects in the channel (which degrades device

performance).

[0076] In contrast, as shown above, several embodiments provide flexibility for
various processes and materials that can be combined to provide: (1) correct device
isolation between the channel and substrate (e.g., to prevent leakage current from a
fin), and (2) proper lattice constant matching for a variety of channel material
compositions (e.g., to isolate defects from the channel). Also, since traditional ART
trenches may not provide enough (vertical) dimension to reduce defects, the
increased band offsets between buffer layers and the channel found in various
embodiments provide additional device isolations (to limit power loss) compared to

lattice matched defect free solutions commonly used.
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[0077] More specifically, an embodiment utilizes a large band-gap (large band
offset) between the channel and a buffer (located between the channel and the
substrate). Further, the buffer may be a barrier lattice matched to a llI-V transistor
channel to improve device isolation and reduce sub-fin leakage. The materials that
can be used for the buffer layers and channel are diverse and not limited to any one
combination. The material selection is driven by band-gap and lattice matching

considerations.

[0078] Regarding materials selection, various embodiments include channel
materials having InAs and high In% InGaAs. These embodiments may couple these
channels with buffers/barriers including materials such as InP and InAlAs. For
example, embodiments may include several different bottom barriers depending on

specific lattice constant matching to a channel of the device requirement.

[0079] Figure 17 shows a series of materials. GaAs has a 4.1% lattice mismatch
with a Si substrate and AlAs has a 4.2% lattice mismatch with a Si substrate. Both
GaAs and AlAs have a lattice constant less than that of InP. InP, Ins;GaszAs, and
AlAsssSbyg all have an 8.1% lattice mismatch with a Si substrate. GaSb has a 12.2%
lattice mismatch with a Si substrate and AISb has a 13% lattice mismatch with a Si
substrate, both of which are higher than the lattice mismatch of InP. AlAs has a
large conductance band offset (CBO) 1703 with Ins3GaszAs (which could be used as
a channel) but also has a large lattice mismatch (8.1% - 4.2% = 3.9%) with
Ins3GasrAs and therefore may be a less than ideal buffer selection to directly contact
the channel (because it may generate defects into the channel). The same is true
for, as an example, AlSb which may have a large CBO 1704 with Ins3GaszAs (which
could be used as a channel) but also has a large lattice mismatch (13% - 8.1% =
4.9%) with Ins3GasrAs and therefore may be a less than ideal buffer selection to
directly contact the channel. To further illustrate the point, an embodiment may
include an InGaAs channel with an InP bottom barrier. As shown in Figure 17, both
InP and InssGaszAs have an 8.1% lattice mismatch as compared to a Si substrate.
While InP and InssGaszAs are lattice matched (which is good for lessening defect
generation) this may not be ideal for device isolation due to low conduction band
offset 1701 between InP and InGaAs.
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[0080] As a result, an embodiment uses AsSb based materials, such as
NAsssSbas, because AsSb based materials (a) are lattice matched to any InGaAs
composition (including desired In-rich InGaAs compositions such as In7¢GasAs)
considering both have 8.1% lattice mismatch with a Si substrate. Further, AsSb
based materials, such as AlAsssSba4, (b) have a larger (better) CBO 1702 to InGaAs
as compared to InP (offset 1701) or InAlAs. This may make for an ideal match (a
proper balancing of lattice matching and CBO between buffer and channel) for an N
carrier device wherein the Source (s) and Drain (d) are negatively doped. Thus,
AsSb based materials, such as AlAsssSbas, may be used for buffer 305 of Figure 12

and In7;oGazpAs may be used for channel 307.

[0081] While many potential combinations are within the scope of the invention,
embodiments include channels 1802, 1802’ having Ins3GaszAs (Figure 18a) and
In7oGaseAs (Figure 18b), located within a trench formed within insulation layer 1801,
1801'. The trench may have a portion that is triangular (see portion including sides
1806, 1807 and 1806’, 1807’). Both of these examples start with a lower lattice
matched GaAsSb compound buffer layer 1804, 1804’ (i.e., lattice matched to the
channel). The Al containing layer stops or limits Si from diffusing from the substrate
into the channel layer. Both examples then switch growth to lattice matched AlAsSb
buffers 1803 (AlAss4Sbas), 1803’ (AlAs42Sbss) (i.e., lattice matched to InssGaszAs and
In;oGasoAs channels 1802, 1802’). The examples of Figures 18a and 18b maximize
CBO between the upper buffer 1803, 1803’ and the channels 1802, 1802’ while
matching lattice constants between buffers 1803, 1803" and 53% (Figure 18a) and
70% (Figure 18b) Indium in InGaAs channels 1802, 1802’. The Al based material
buffers 1803, 1803’ set the proper barrier to prevent sub-fin leakage from channels
1802, 1802'.

[0082] Figure 19 shows a Sb containing compound (e.g., GaAsSb) 1904 in an ART
trench, formed within an insulation layer 1901 and Si substrate 1905. This image
shows the point in the manufacturing method after the lower buffer 1904 has been
formed but before any upper buffer (e.g., AIAsSb) or channel (e.g., Ins3GaszAs and

In7¢GaspAs) has been formed.
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[0083] Embodiments such as the embodiments of Figures 18a and 18b enable
integration of novel IlI-V materials on Si substrates and allow scaling of devices to
smaller dimensions (e.g., because the need for tall ART trenches is reduced) while
maintaining performance (e.g., by controlling or limiting leakage current from the

channel and fin).

[0084] Figure 16 illustrates a computing device 1600 in accordance with one
embodiment. The computing device 1600 houses a board 1602. The board 1602
may include a number of components, including but not limited to a processor 1601
and at least one communication chip 1604. The processor 1601 is physically and
electrically coupled to the board 1602. In some implementations at least one
communication chip is also physically and electrically coupled to the board 1602. In
further implementations, at least one communication chip 1604 is part of the

processor 1601.

[0085] Depending on its application, computing device 1600 may include other
components that may or may not be physically and electrically coupled to the board
1602. These other components include, but are not limited to, a memory, such as a
volatile memory 1608 (e.g., a DRAM), a non-volatile memory 1610 (e.g., ROM), a
flash memory, a graphics processor 1612, a digital signal processor (not shown), a
crypto processor (not shown), a chipset 1606, an antenna 1616, a display (e.g., a
touchscreen display 1617), a display controller (e.g., a touchscreen controller 1611),
a battery 1618, an audio codec (not shown), a video codec (not shown), an
amplifier (e.g., a power amplifier 1609), a global positioning system (GPS) device
1613, a compass 1614, an accelerometer (not shown), a gyroscope (not shown), a
speaker 1615, a camera 1603, and a mass storage device (such as hard disk drive,
compact disk (CD), digital versatile disk (DVD), and so forth) (not shown).

[0086] A communication chip (e.g., communication chip 1604) enables wireless
communications for the transfer of data to and from the computing device 1600.
The term “wireless” and its derivatives may be used to describe circuits, devices,
systems, methods, techniques, communications channels, etc., that may
communicate data through the use of modulated electromagnetic radiation through

a non-solid medium. The term does not imply that the associated devices do not
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contain any wires, although in some embodiments they might not. The
communication chip 1604 may implement any of a number of wireless standards or
protocols, including but not limited to Wi-Fi (IEEE 802.11 family), WiMAX (IEEE
802.16 family), IEEE 802.20, long term evolution (LTE), Ev-DO, HSPA+, HSDPA+,
HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth, derivatives
thereof, as well as any other wireless protocols that are designated as 3G, 4G, 5G,
and beyond. The computing device 1600 may include a plurality of communication
chips. For instance, a communication chip 1604 may be dedicated to shorter range
wireless communications such as Wi-Fi and Bluetooth and a communication chip
1636 may be dedicated to longer range wireless communications such as GPS,
EDGE, GPRS, CDMA, WiMAX, LTE, Ev-DO, and others.

[0087] In at least some embodiments, at least some of the components of the
computing device 1600 (e.g., processor 1601, communication chip 1604, graphic
CPU 1612) include a multilayer stack comprising a first llI-V material based buffer
layer in a trench in an insulating layer on a Si substrate, a second Ill-V material
based buffer layer on the first I[I-V material based buffer layer; and a llI-V material
based device layer on the second buffer layer, wherein the second IH-V material
based buffer layer has a lattice parameter that matches the lattice parameter of the
[1I-V material based device channel layer, and wherein the first IlI-V material based
buffer layer has a lattice parameter between the lattice parameter of the Si
substrate and the Ill-V material based device layer (or equal to the buffer contacting

the device layer), as described herein.

[0088] An integrated circuit die of at least some components of the computing
device 1600 (e.g., processor 1601, graphic CPU 1612) include one or more {lI-V
materials based devices, such as tri-gate transistors, nanowires, and/or
nanoribbons manufactured using methods as described herein. The term
“processor’” may refer to any device or portion of a device that processes electronic
data from registers and/or memory to transform that electronic data into other

electronic data that may be stored in registers and/or memory.

[0089] The communication chip 1604 also can include a multilayer stack

comprising a first llI-V material based buffer layer in a trench in an insulating layer



WO 2015/147858 PCT/US2014/032149

26

on a Si substrate, a second IlI-V material based buffer layer on the first lI-V
material based buffer layer; and a IlI-V material based device layer on the second
buffer layer, wherein the second IlI-V material based buffer layer has a lattice
parameter that matches the lattice parameter of the Ill-V material based device
channel layer, and wherein the first I1l-V material based buffer layer has a lattice
parameter between the lattice parameter of the Si substrate and the Ili-V material
based device layer (or equal to the device layer or buffer layer contacting the device

layer), according to the embodiments described herein.

[0090] In various implementations, the computing device 1600 may be a laptop, a
netbook, a notebook, an ultrabook, a smartphone, a tablet, a personal digital
assistant (PDA), an ultra-mobile PC, a mobile phone, a wearable computing
node (e.g., eyeglasses, wristwatch), a desktop computer, a server, a printer, a
scanner, a monitor, a set-top box, an entertainment control unit, a digital camera, a
portable music player, or a digital video recorder. In further implementations, the

computing device 1600 may be any other electronic device that processes data.

[0091] Figure 20 includes a method of making a device in an embodiment of the
invention. The method includes block 2001 (Form a trench in an insulating layer on
a substrate), Block 2002 (Deposit a first IlI-VV material based buffer layer on the Si
substrate), Block 2003 (Deposit a second I1I-V material based buffer layer onto the
first [1-V material based buffer layer, the second IlI-V material including aluminum),
and Block 2004 (Deposit a IlI-V material based device channel layer on the second
[1I-V material based buffer layer).

[0092] Various embodiments include a semiconductive substrate. Such a substrate
may be a bulk semiconductive material this is part of a wafer. In an embodiment, the
semiconductive substrate is a bulk semiconductive material as part of a chip that has
been singulated from a wafer. In an embodiment, the semiconductive substrate is a
semiconductive material that is formed above an insulator such as a semiconductor
on insulator (SOI) substrate. In an embodiment, the semiconductive substrate is a

prominent structure such as a fin that extends above a bulk semiconductive material.

[0093] The following examples pertain to further embodiments.



WO 2015/147858 PCT/US2014/032149

27

[0094] Example 1 includes a llI-V material based device, comprising: a first llI-V
material based buffer layer on a Si substrate; a second IlI-V matcrial bascd buffer
layer on the first I1-V material based buffer layer, the second IlI-V material including
aluminum; and a |lI-V material based device channel layer on the second IlI-V
material based buffer layer. For example, the first buffer layer may be layer 104 of
Figure 10, the second buffer layer may be layer 105, and the channel may be layer
111. By having a “first [ll-V material based buffer layer’ the buffer layer includes
materials from groups Il and V of the periodic table. In an embodiment @ minimum
CBO of 0.3 eV exists between the channel layer (e.g., layer 111) and the buffer layer
directly beneath it (e.g., layer 105), with the buffer layer being of sufficient thickness
to set up a band gap. However, other embodiments may have a CBO of 4, .5, .6, .7
eV or more. In an embodiment the first and second buffer layers are undoped In an
embodiment with two buffer layers under the channel the upper buffer layer may be
doped (but not necessarily the bottom buffer layer, although the bottom buffer layer
may be doped in some embodiments). An embodiment includes a CBO of 0.3eV
(between the channel layer and buffer layer immediately below the channel layer)
and a P-doped upper buffer layer directly under the channel. Embodiments reduce
the amount of doping needed by increasing the CBO (or reduce the CBO by
increasing the doping). Some embodiments reduce the doping of the upper buffer
layer to zero by having a large CBO. In an embodiment a “Si substrate” may include

Si, SiGe (and various compositions thereof) or other compositions that include Si.

[0095] While many embodiments described herein include two buffer layers other
embodiments are not so limited and may include 1, 3, 4, 5, 6, 7, 8 or more buffer
layers below the channel layer. For example, a single doped layer of GaAsSb
serves as the only buffer layer in some embodiments. Other embodiments may
have more than two layers at various steps in the manufacturing of the device (e.g.,
including high and low temperature steps such as steps related to low temperature
GaAs, high temperature GaAs, low temperature InP, high temperature InP, high

temperature InAlAs, high temperature InGaAs).

[0096] In example 2 the subject matter of the Example 1 can optionally include

wherein the second IlI-VV material based buffer layer has a lattice parameter that



WO 2015/147858 PCT/US2014/032149

28

matches the lattice parameter of the IlI-V material based device channel layer. In
another version of example 2 the subject matter of the Example 1 can optionally
include wherein the second llI-V material based buffer layer has a lattice parameter
that generally matches the lattice parameter of the [1I-V material based device
channel layer. By “generally match” or “match” the match need not be 100% perfect
and may deviate a slight amount as to be understood by those of ordinary skill in the
art (e.g., lattice constants must be close enough to each other so no substantive
defects (as seen using typical resolution imaging by those of ordinary skill in the art)
are created during the deposition of the channel layer). Also, while saying the lattice
parameters “match” the materials used to create this match may or may not be the
same. For example, the second buffer layer and the channel layer may have equal

lattice parameters but may include differing materials such as AlAsSb and InGaAs.

[0097] In example 3 the subject matter of the Examples 1-2 can optionally include
wherein the IlI-V material based device channel layer includes InGaAs. For example,
the InGaAs may include In,Ga,_As, Ins3Ga,;As, In;oGasAs, and the like. Other
embodiments are not so limited and may include, for example, InAs but not Ga. The
InAs may be included with other materials, other than Ga, in the channel layer.
Embodimentis with inGaAs channei iayers may inciude various in compositions
including In compositions in the 50-80% range (e.g., 50, 55, 60, 65, 70, 75, 80%).

[0098] In example 4 the subject matter of the Examples 1-3 can optionally include
wherein the firsl [[I-V malerial based buffer layer has a lattice parameter equal to the
[1-V material based device channel layer. For example, the first buffer layer may
include InP, the second buffer layer may include some form of AlAsSb, and the
channel may include some form of InGaAs. The InP and InGaAs may be lattice
matched.

[0099] In example 5 the subject matter of the Examples 1-4 can optionally include
wherein the first |-V material based buffer layer has a lattice parameter between the
lattice parameter of the Si substrate and the lil-V material based device channel

layer.
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[0100] In example 6 the subject matter of the Examples 1-5 can optionally include
whaerein the first [1I-V material based buffer layer has a lattice parameter equal to the

llI-V material based device channel layer.

[0101] In example 7 the subject matter of the Examples 1-6 can optionally include
wherein at least a portion of the first lII-V material based buffer layer has a triangular
cross-sectional profile. For example, the 1806, 1807 elements in Figures 18a and
18b define two parts of the triangular profile. Further, any of the embodiments of
Figures 1-12 may include a triangular cross-sectional profile similar to the triangular

cross-sectional profile shown in Figures 18a and 18b

[0102] In example 8 the subject matter of the Examples 1-7 can optionally include
wherein the second Ill-V material based buffer layer includes AlAsSb. For example,
the second buffer layer may include AlAsSb, AlAss54Sbas. AlAS42Sbss, AlASxSb1«.

[0103] In example 9 the subject matter of the Examples 1-8 can optionally include
wherein a cap layer is deposited on the IlI-V material based device channel layer.

[0104] In example 10 the subject matter of the Examples 1-9 can optionally include
wherein the first and second llI-V materials and the [l[-V material based device
channel layer are all included in a trench having an aspect ratio (depth to width) of at
least 2:1, the trench being formed in an insulating layer. Other ratios are included in
other embodiments including 3:1, 4:1, 5:1, 6:1 and the like.

[0105] In example 11 the subject matter of the Examples 1-10 can optionally
include wherein a fin is formed from the I1l-V material based device channel layer
and at least one of the first and second |lI-V material based buffer layers. For
example, Figure 10 shows a fin formed from at least one of the first and second

buffer layers.

[0106] In example 13 the subject matter of the Examples 1-12 can optionally
include wherein concentration of indium in the lil-V material based device channel

layer is at least 53%.

[0107] In another version of example 13 the subject matter of the Examples 1-12

can optionally include wherein the first I11-V material based buffer layer
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includes AsSb and a third material and the second Il1-V material based
buffer layer includes AsSb and a fourth material that is unequal tot the
third material. For example, Al may be used in the second buffer. For
example, Ga may be used in the first buffer. For example, Al may be used
in the second buffer and Ga may be used in the first buffer. The use of
AsSb (and another material) in either or both of the first and second buffer
layers provides for CBO with the channel layer as well as lattice matching
with the channel layer. For example, either of the buffer layers may include
In,Ga,.xAsSb. Another embodiment may include InP or InszGas7As in the
channel layer, GaAs4gSbs in the first buffer layer, and AlAsSb in the second buffer
layer. An embodiment may include InP or InssGaszAs in the channel layer,
GaAs49Sbs, in the second buffer layer, and AsSb and another element in the first
buffer layer. An embodiment may include In;;GaseAs in the channel layer with
GaAs3Sbes in the first buffer layer and AIAsSD in the second buffer layer. An
embodiment may include InzgGagpAs in the channel layer with GaAszsSbes in the
second buffer layer and AsSb and another element in the first buffer layer. Other
embodiments include AlGaAsSb in one of the buffer layers and AsSb and another

element in another of the buffer layers.

[0108] Example 14 includes a IlI-V material based device, comprising: a first llI-V
material based buffer layer on a Si substrate; a second Ill-V material based buffer
layer on the first [[l-V material based buffer layer, the second IlI-V material including
AlAsSb; and a IlI-V material based device channel layer on the second IlI-V
material based buffer layer, the III-V material based device channel layer including
InGaAs. However, in some embodiments the upper buffer layer does not necessarily
require or include Al. For example, an embodiment may include a 0.3eV CBO
between the channel layer and the upper buffer layer (although other embodiments
may include .4, .5., 6, .7, .8 eV CBO or more between the channel and upper buffer
layers). In such a scenario Al may not be needed to provide desired isolation to the

channel layer.

[0109] In example 15 the subject matter of the Example 14 can optionally include
wherein the second IlI-V material based buffer layer has a lattice parameter that
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matches the lattice parameter of the Ill-V material based device channel layer and

directly contacts the |1I-V material based device channel layer.

[0110] In example 16 the subject matter of the Examples 14-15 can optionally
include wherein the first lll-V material based buffer layer includes Ga and

directly contacts the second lil-V material based buffer layer.

[0111] In example 17 the subject matter of the Examples 14-16 can optionally
include wherein the second IlI-V material based buffer layer includes AlAsSb.«.

[0112] In example 18 the subject matter of the Examples 14-17 can optionally
include wherein the first and second llI-V materials are included in a trench having

an aspect ratio (depth to width) of at least 2:1.

[0113] Example 19 includes a semiconductor processing method comprising A
method to manufacture a llI-V material based device, comprising: depositing a first
I1I-V material based buffer layer on a Si substrate; depositing a second IlI-V
material based buffer layer onto the first Ill-V material based buffer layer, the
second lII-V material including aluminum; and depositing a Ill-V material based
device channel layer on the second llI-V material based buffer layer.

[0114] In example 20 the subject matter of the Example 19 can optionally include,
wherein the second llI-V material based buffer layer has a lattice parameter that

matches the lattice parameter of the [ll-V material based device channel layer.

[0115] In example 21 the subject matter of the Examples 19-20 can optionally
include forming a trench in an insulating layer on the substrate, and including the

first and second IlI-V material based buffer layers in the trench.

[0116] In example 22 the subject matter of the Examples 19-21 can optionally
include wherein the second lI-V material based buffer layer includes AsSb, the first
II-V material based buffer layer includes Ga, and the [lI-V material based device
channel layer includes InGaAs. Thus, not all embodiments require Al in the second
buffer layer or InGaAs in the channel layer.

[0117] The foregoing description of the embodiments of the invention has been

presented for the purposes of illustration and description. It is not intended to be
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exhaustive or to limit the invention to the precise forms disclosed. This description
and the claims following include terms, such as left, right, top, bottom, over, under,
upper, lower, first, second, etc. that are used for descriptive purposes only and are
not to be construed as limiting. For example, terms designating relative vertical
position refer to a situation where a device side (or active surface) of a substrate or
integrated circuit is the "top" surface of that substrate; the substrate may actually be
in any orientation so that a "top” side of a substrate may be lower than the "bottom"
side in a standard terrestrial frame of reference and still fall within the meaning of the
term "top.” The term "on" as used herein (including in the claims) does not indicate
that a first layer "on" a second layer is directly on and in immediate contact with the
second layer unless such is specifically stated; there may be a third layer or other
structure between the first layer and the second layer on the first layer. The
embodiments of a device or article described herein can be manufactured, used, or
shipped in a number of positions and orientations. Persons skilled in the relevant art
can appreciate that many modifications and variations are possible in light of the
above teaching. Persons skilled in the art will recognize various equivalent
combinations and substitutions for various components shown in the Figures. Itis
therefore intended that the scope of the invention be limited not by this detailed

description, but rather by the claims appended hereto.
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What is claimed is:

1. A lll-V material based device, comprising: a first llI-V material based buffer layer on a
silicon substrate; a second IlI-V material based buffer layer on the first Ill-V material based
buffer layer, the second Ill-V material including aluminum; a IlI-V material based device
channel layer on the second IlI-V material based buffer layer; and a fin that comprises the llI-
V material based device channel layer and at least one of the first and second IlI-V material

based buffer layers.

2. The lli-V material based device of claim 1, wherein the second IlI-V material based buffer
layer has a lattice parameter that matches the lattice parameter of the IiI-V material based

device channel layer.

3. The llI-V material based device of claim 2, wherein the |lI-V material based device

channel layer includes InGaAs.

4. The llI-V material based device of claim 3, wherein the first llI-VV material based buffer

layer has a lattice parameter equal to the IlI-V material based device channel layer.

5. The llI-V material based device of claim 2, wherein the first |lI-V material based buffer
layer has a lattice parameter between the lattice parameter of the silicon substrate and the

IlI-V material based device channel layer.

6. The llI-V material based device of claim 2, wherein the first IlI-V material based buffer

layer has a lattice parameter equal to the |ll-V material based device channel layer.

7. The 1lI-V material based device of claim 2, wherein at least a portion of the first llI-V

material based buffer layer has a triangular cross-sectional profile.

8. The IlI-V material based device of claim 2, wherein the second 1lI-V material based buffer

layer includes AlAsSb.

9. The Ill-V material based device of claim 2, wherein a cap layer is deposited on the IlI-V

material based device channel layer.
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10. The llI-V material based device of claim 2, wherein the first and second IlI-V material
based buffer layers and the lll-V material based device channel layer are all included in a
trench having an aspect ratio (depth to width) of at least 2:1, the trench being formed in an

insulating layer.

11. The lll-V material based device of claim 2, further comprising a negatively doped IlI-V
material based source adjacent a channel that is included in the Ill-V material based channel

device layer.

12. The lllI-V material based device of claim 2, wherein a concentration of indium in the IlI-V

material based device channel layer is at least 53%.

13. The Ili-V material based device of claim 1, wherein the first l1I-VV material based buffer
layer includes AsSb and a third material and the second Ill-V material based buffer layer

includes AsSb and a fourth material that is unequal to the third material.

14. A 1ll-V material based device, comprising: a first llI-V material based buffer layer on a
silicon substrate; a second Ill-V material based buffer layer on the first Ill-V material based
buffer layer, the second IlI-V material including AlAsSb; and a Ill-V material based device
channel layer on the second lll-V material based buffer layer, the IlI-V material based device
channel layer including InGaAs; wherein the first lll-V material based buffer layer includes
GaAsSb and directly contacts the second Illl-V material based buffer layer.

15. The device of claim 14, wherein the second Ill-V material based buffer layer has a lattice
parameter that matches the lattice parameter of the Ill-V material based device channel
layer and directly contacts the IlI-V material based device channel layer.

16. The device of claim 15, wherein the second IlI-V material based buffer layer includes
AlAs,Sb,.,.

17. The device of claim 16, wherein the first and second IlI-V material based buffer layers

are included in a trench having an aspect ratio (depth to width) of at least 2:1.

18. A method to manufacture a IlI-V material based device, comprising: forming a trench in
an insulating layer on a silicon substrate; depositing a first IlI-V material based buffer layer
on the silicon substrate and in the trench; depositing a second [lI-V material based buffer
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layer onto the first IlI-V material based buffer layer and in the trench, the second IlI-V
material including aluminum; and depositing a Ill-V material based device channel layer on

the second IlI-V material based buffer layer.

19. The method of claim 18, wherein the second Ill-V material based buffer layer has a
lattice parameter that matches the lattice parameter of the 1lI-V material based device

channel layer.

20. The method of claim 19, wherein the second IlI-V material based buffer layer includes
AsSb, the first IlI-V material based buffer layer includes Ga, and the llI-V material based

device channel layer includes In.

21. A llI-V material based device, comprising: a first Ill-V material based buffer layer on a
silicon substrate; a second IlI-V material based buffer layer on the first IlI-V material based
buffer layer, the second Ill-V material including aluminum; and a llI-V material based device
channel layer on the second IlI-V material based buffer layer; wherein the first and second
[lI-V material based buffer layers and the IlI-V material based device channel layer are all

included in a trench.

22. The device of claim 21 wherein the trench has an aspect ratio (depth to width) of at least

2:1 and is included in an insulating layer.

23. The device of claim 21 wherein a concentration of indium in the 1ll-V material based

device channel layer is at least 53%.



