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1
STRUCTURE FOR III-V DEVICES ON
SILICON

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of U.S. Provisional Patent
Application Ser. No. 61/830,856, filed Jun. 4, 2013, wherein
is herein incorporated by reference. This application is also
related to U.S. Provisional Patent Application Ser. No.
61/822,541, filed May 13, 2013.

FIELD

Embodiments described herein generally relate to het-
eroepitaxial growth of materials that have high lattice mis-
match to silicon (Si) for microelectronic applications. More
specifically, embodiments described herein relate to a struc-
ture for Group III-V (III-V) devices on Si.

BACKGROUND

III-V elements may be advantageous in certain applica-
tions for silicon-based devices, for example, channel materi-
als due to high electron mobility and source/drain materials
due to low contact resistance and the ability to function as a
stressor for mobility enhancement in silicon-based devices.
As such, research has been undertaken concerning the depo-
sition of I1I-V materials on III-V substrates. However, given
the expense of III-V substrates, these applications are often
associated with lacking cost effectiveness. Defects during
heteroepitaxy of [II-V elements on silicon arise from material
incompatibilities such as large lattice mismatch (>4%),
valency difference, thermal property differences, and con-
ductivity differences. The defects may include dislocations,
anti-phase boundaries, and stacking faults for III-V layers.
1I1-V features are frequently formed in trenches or blanketed
on substrates. Although beneficial with smaller device size
requirements, II1I-V element growth inside high aspect ratio
(depth vs. opening width) trenches becomes increasingly dif-
ficult.

1II-V element channels are generally formed in an array of
nanometer scale planar or vertical structures with critical
dimensions of about 5-15 nm and depths of about 20-100 nm.
High quality III-V element channels have minimal defects
(<10%/cm?), consistent and controlled composition and mor-
phology, and no parallel conduction of carriers other than in
the active device region of the channel structures. Minimal
current leakage and charge accumulation within the channels
are desired to improve performance of the microelectronic
device. Current buffer structures using GaAs/InP or GaAs/
InAlAs are generally too thick (>1 um) to be cost effective
and do not provide adequate current leakage control. Given
the inherent difficulties associated with forming I1I-V layers
on silicon, achieving high quality III-V element channels
presents a substantial challenge.

Thus, what is needed in the art is a structure for I1I-V
materials on silicon that provides desirable characteristics
and improved performance over current I1I-V structures.

SUMMARY

In one embodiment, a method of forming a device structure
on a substrate is provided. The method includes depositing a
first 11I-V buffer layer on a Group IV substrate. An AlAs
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buffer layer may be deposited over the first III-V buffer layer
and a III-V device layer may be deposited over the AlAs
buffer layer.

In another embodiment, a method of forming a device
structure on a substrate is provided. The method includes
depositing a first I1I-V buffer layer on a Group IV substrate,
wherein the first [II-V buffer layer comprises a superlattice
structure. An AlAs buffer layer may be deposited over the first
II1-V buffer layer and a I1I-V device layer may be deposited
over the AlAs buffer layer.

In yet another embodiment, a method of forming a device
structure on a substrate is provided. The method includes
depositing a first I1I-V buffer layer comprising GaAs having
a thickness of between about 10 nm and about 20 nm on a
Group IV substrate. An AlAs buffer layer having a thickness
between about 50 nm and about 800 nm may be deposited
over the first [1I-V buffer layer. A III-V device layer compris-
ing InAs or InGaAs having a thickness between about 5 nm
and about 15 nm may be deposited over the AlAs buffer layer.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of
the present disclosure can be understood in detail, a more
particular description of the disclosure, briefly summarized
above, may be had by reference to embodiments, some of
which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this disclosure and are therefore not
to be considered limiting of its scope, for the disclosure may
admit to other equally effective embodiments.

FIG. 1 depicts a method of forming a device structure
comprising I1I-V elements on a substrate according to certain
embodiments described herein.

FIG. 2A depicts a structure formed according to the
method of FIG. 1 according to certain embodiments
described herein.

FIG. 2B depicts a structure formed according to the method
of FIG. 1 according to certain embodiments described herein.

FIG. 3 depicts a schematic diagram of an apparatus for
depositing a layer on a substrate according to certain embodi-
ments described herein.

To facilitate understanding, identical reference numerals
have been used, where possible, to designate identical ele-
ments that are common to the figures. It is contemplated that
elements disclosed in one embodiment may be beneficially
utilized on other embodiments without specific recitation.

DETAILED DESCRIPTION

Embodiments described herein relate to a structure for
1I1-V devices on silicon. A Group IV substrate is provided and
a [1I-V structure may be formed thereon. The II1I-V structure
generally comprises one or more buffer layers and a channel
layer disposed on the one or more buffer layers. The one or
more buffer layers may be selected to provide optimal micro-
electronic device properties, such as minimal defects,
reduced charge accumulation, and reduced current leakage.

FIG. 1 depicts a method 100 of forming a device structure
comprising I1I-V elements on a substrate according to certain
embodiments described herein. The method 100 is described
below in accordance with III-V structures 200/250 as illus-
trated in FIGS. 2A-2B. In general, the method 100 may be
used to form III-V device structures 200/250 on blanket
(MOSFETS) or patterned (FinFETs) substrates by various
deposition processes, such as metal organic chemical vapor
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deposition (MOCVD), molecular beam epitaxy (MBE),
hydride vapor phase epitaxy (HVPE), physical vapor deposi-
tion (PVD), and the like.

FIG. 2A depicts a structure formed according to the
method of FIG. 1 according to certain embodiments
described herein. The method at operation 110 provides a
substrate 202. The substrate 202 may comprise a Group [V
material, such as silicon (Si), silicon-germanium (SiGe), ger-
manium (Ge), germanium-tin (GeSn), silicon-germanium-tin
(SiGeSn), and the like. In one embodiment, the substrate 202
comprises Si. In certain embodiments, a surface of the sub-
strate 202 may have a <001> oriented surface or a <111>
oriented surface. The orientation of the substrate 202 surface
may help control defect relaxation or termination as the struc-
ture 200 is grown on the substrate 202. In certain embodi-
ments, the substrate 202 may also be a blanket substrate. The
substrate 202 may have pre-patterned features, such as
trenches, holes, vias and the like. In these embodiments,
Group IV materials may be exposed at designated areas and
adjacent portions of the Group IV materials may be covered
by dielectric materials, such as oxides and nitrides.

At operation 120, one or more buffer layers 204/206 may
be deposited on the substrate 202. In one embodiment, a first
buffer layer 204 may be deposited on the substrate 202 and a
second buffer layer 206 may be deposited on the first buffer
layer 204. The first buffer layer 204 may contact the substrate
202 and the second buffer layer 206 may contact the first
bufferlayer 204. In one embodiment, the first buffer layer 204
may be deposited to a thickness between about 5 nm and
about 50 nm, such as between about 10 nm and about 20 nm.
It is believed that the small thickness of the first buffer layer
204 may prevent relaxation of defects within the first buffer
layer 204 which may ultimately produce a substantially
defect free I1I-V structure with the addition of the second
bufferlayer 206. In certain embodiments, the first buffer layer
204 may be optional.

The first buffer layer 204 may comprise a I1I-V material,
such as gallium arsenide (GaAs). GaAs, having a lattice con-
stant of about 5.65 A at 300 K, has a low lattice mismatch
(approximately 4%) with Si, which has a lattice constant of
about 5.43 A at 300 K. The low lattice mismatch results in a
reduction in defects within the III-V structure 200. In addition
to the low lattice mismatch, the coefficient of thermal expan-
sion of GaAs is similar to Si, which may also be important to
reduce defects in the III-V structure due to temperature
cycling in III-V material deposition processes. In another
embodiment, the first buffer layer 204 may comprise alumi-
num arsenide (AlAs). In this embodiment, oxygen present at
the Si surface may be eliminated to prevent oxidation of the
AlAs layer. In certain embodiments, the AlAs buffer layer
may be metamorphic.

Continuing at operation 120, the second buffer layer 206
may be deposited over the first buffer layer 204, for example,
contacting the first buffer layer 204. The second buffer layer
206 may comprise aluminum arsenide (AlAs), which has a
lattice constant of about 5.66 A at 300 K. The second buffer
layer 206 may be deposited having a thickness of between
about 50 nm and about 800 nm, such as between about 200 nm
and about 600 nm, such as about 500 nm. The thickness of the
second buffer layer 206 may also allow defects created due to
the lattice mismatch between Si and the first buffer layer 204
to relax within the second buffer layer 206. Allowing the
defects to relax within the second buffer layer 206 allows the
AlAs to assume its natural lattice size prior to deposition of
subsequent layers. However, the thickness of the second
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buffer layer 206 may also be selected to maintain the AlAs
material in a strained state so long as the quality of the AlAs
material is acceptable.

The second buffer layer 206 may be selected with relation
to the band gap the second buffer layer 206 material exhibits.
It is desirable that the second buffer layer 206 have a larger
band gap than the first bufter layer 204. In one embodiment,
the second buffer layer 206 comprising AlAs has a larger band
gap (2.15 eV) than the first buffer layer 204, GaAs (1.42 eV).
Moreover, AlAs is an indirect band gap material. The band
gap properties of AlAs allow AlAs to provide improved
charge isolation and prevent leakage between adjacent gate
structures when utilized in combination with a GaAs first
buffer layer 204.

The method 100 at operation 130 deposits a device layer
208 on the one or more buffer layers 204/206. In certain
embodiments, the device layer 208 may comprise one or
more layers of [II-V material. In one embodiment, the device
layer 208 may comprise indium aluminum arsenide (In-
AlAs), indium gallium arsenide (InGaAs), or a combination
thereof. The device layer 208 may have a thickness of
between about 2 nm and about 20 nm, such as between about
5 nm and about 15 nm. In one embodiment, the device layer
208 comprises an InAlAs layer deposited over the second
buffer layer 206 and an InGaAs layer deposited over the
InAlAs layer. In another embodiment, the device layer 208
comprises an InGaAs (In,Ga,_,As, x=0.5 to 1) layer depos-
ited on the second buffer layer 206. In embodiments, using
multiple layers of I1I-V material for the device layer 208, the
layers may be selected to further eliminate defects present
within the material and to improve charge isolation and pre-
vent charge accumulation and leakage. After the device layer
208 has been deposited over the second buffer layer 206, the
device layer 208 may be planarized, such as by chemical
mechanical polishing or isotropic etching, prior to further
processes being performed on the device structure 200.

FIG. 2B depicts a structure 250 formed according to the
method 100 of FIG. 1 according to certain embodiments
described herein. Identical features of the structure 250
described with regard to the structure 200 of FIG. 1A will not
be further discussed for the sake of brevity. The substrate 202
is provided at operation 110. At operation 120, one or more
buffer layers 210/206 are deposited on the substrate 202. In
one embodiment, a superlattice buffer layer 210 comprises a
superlattice structure. A superlattice structure may be defined
as a structure having one or more layers of different material
deposited in an alternating and repeating manner. Similar to
the first buffer layer 204 in FIG. 2A, the superlattice buffer
layer 210 may have a thickness between about 5 nm and about
50 nm, such as between about 10 nm and about 20 nm.

In one embodiment, the superlattice buffer layer 210 may
have one or more superlattice layers 212/214/216. A first
superlattice layer 212 deposited on the substrate 202 may
comprise GaAs and be selected due to the low lattice mis-
match between GaAs and Si. A second superlattice layer 214
deposited on the first superlattice layer 212 may comprise
AlAs. In various other embodiments, the second superlattice
layer 214 may comprise In Ga,  As (x<0.3), ALGA,  As
(x>0.5), In Al, L As (x<0.7), or indium phosphide (InP). A
third superlattice layer 216 may comprise the same material
as the first superlattice layer 212 or another material different
from the material used in the first superlattice layer 212 and
the second superlattice layer 214. In one embodiment, the
third superlattice layer 216 may comprise GaAs. The super-
lattice buffer layer 210 allows for a smoother transition
between the substrate 202 crystal lattice structure and the
second buffer layer 206 crystal lattice structure. The super-
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lattice structure of the superlattice buffer layer 210 may also
reduce defects present in the second buffer layer 206.

In embodiments where the second superlattice layer 214
comprises AlAs, charge isolation and leakage prevention may
be further improved due to the larger, indirect band gap of
AlAs as compared to GaAs. Still further, AlAs has a relatively
smaller coefficient of thermal expansion than GaAs which
may provide additional reduction in defects in the second
buffer layer 206.

FIG. 3 depicts a schematic diagram of an apparatus 300 for
depositing a layer on a substrate according to certain embodi-
ments described herein. More specifically, the apparatus 300
may be used to deposit a Group III-V layer on a silicon
substrate. The apparatus 300, such as the Centura® Epi™ 300
mm chamber or 300 mm xGen™ chamber, both available
from Applied Materials, Inc., Santa Clara, Calif., may be
adapted to make and use embodiments described herein.
Other chambers available from Applied Materials, Inc. or
other manufacturers may also be modified or used in accor-
dance with the teachings provided herein.

In certain embodiments, a processing chamber 302 may
have a substrate support 308, which may be a rotating sub-
strate support, disposed therein. The substrate support 308
may also be a plate heated by embedded heating elements, or
a ring or support pins. A heat source 306 may be disposed
facing one side of the substrate support 308. In one embodi-
ment, a heat source may be embedded in the substrate support
308 or, in another embodiment, a plurality of lamps (not
shown) may be adapted to heat the chamber 302 and a sub-
strate being processed therein. The processing chamber 302
may comprise a showerhead 304 for gas entry into the cham-
ber 302. Alternatively, or in combination, gas may be pro-
vided to the processing chamber 302 via a side entry 320
coupled to a side wall 360 of the chamber 302.

A feed system 328, which may include a gas delivery
system 310 and a liquid or solid precursor contact chamber
312, may be coupled to the chamber 302 through a plurality of
conduits. A first conduit 322 and a second conduit 324 may
couple the feed system 328 to the optional showerhead 304.
The showerhead 304 may be a dual-pathway showerhead to
prevent mixing of the precursors prior to entry into the cham-
ber 302. In certain embodiments, cross-flow gas injection
may be practiced by providing first and second cross-flow
conduits 316 and 318 to the side entry 320. The apparatus 300
may contain either a showerhead configuration or a cross-
flow injection configuration, or both.

The gas delivery system 310 and contact chamber 312 may
deliver Group III precursors or Group V precursors, or both
Group III and Group V precursors simultaneously or sequen-
tially. Examples of precursors used to deposit II1I-V materials
include tertiarybutylarsine (TBAs), tertiarybutylphosphine
(TBP), arsine (AsH;), phospine (PH;), trimethylgallium
(TMGa), triethylgallium (TEGa), trimethylaluminum
(TMALI), trimethylindium (TMIn), and the like. In certain
embodiments, carrier gases, such as nitrogen (N,) and or
hydrogen (H,), may be flowed with the Group III or Group V
precursors to the chamber 302. The gas delivery system 310
may also deliver deposition or selectivity control species to
the chamber 302. The feed system 328 may include liquid or
gaseous sources and controls (not shown), which may be
configured in an enclosed cabinet.

The contact chamber 312 may be coupled to either the side
entry point 320 or the showerhead 304 by a conduit 314
adapted to carry a liquid or solid precursor to the chamber
302. Conduits 314, 316, and 322 may be heated to a tempera-
ture between about 50° C. and about 200° C. to control or
prevent condensation of the precursor being transferred
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therein. The contact chamber 312 may contain a liquid orga-
nometallic, a bed of solid metal, or metal halide crystals. The
aforementioned materials may be sublimed into a carrier gas
provided through one or both of gas feed conduits 362 and
364. In one embodiment, a halogen gas source may be pro-
vided through a first gas feed conduit 362 while a carrier gas
may be provided through a second gas feed conduit 364. The
gases, either for subliming or reacting, may be flowed through
a liquid organometallic, powdered metal, or metal halide
fluidized bed to enhance contacting. A mesh strainer or filter
may be used to prevent entrainment of particles into the
chamber 302. In another embodiment, the gases may flow
across a fixed solid metal or metal halide bed.

An exhaust system 330 may be coupled to the chamber
302. The exhaust system 330 may be coupled to the chamber
302 at any convenient location, which may be dependent
upon the location of the gas entry into the chamber 302. In
embodiments where gas entry is provided through the show-
erhead 304, the exhaust system 330 may be coupled to a
bottom wall of the chamber 302 around the heat source 306 by
one or more portals or through an annular opening. In certain
embodiments, an annular manifold (not shown) may be dis-
posed near an edge of the substrate support 308 and may be
coupled to the exhaust system 330. In embodiments utilizing
cross-flow, the exhaust system 330 may be coupled to a side-
wall of the chamber opposite the side entry 320.

An exhaust conduit 340 may couple an exhaust cap 332 to
avacuum pump 352 through a throttle valve 366. A jacket 368
may encompass the exhaust conduit 340 and throttle valve
366 from the exhaust cap 332 to an inlet 350 of the vacuum
pump 352. The jacket 368 enables thermal control of the
exhaust conduit 340 to prevent condensation of exhaust spe-
cies. A heating medium, such as steam, hot air, water, or other
hot fluid, may be used to maintain the exhaust conduit 340 at
atemperature above a dew point of the exhaust gas. In certain
embodiments, the jacket 368 may include resistive heating
elements, for example, an electric blanket. A condensation
trap 336 may be coupled to the exhaust conduit 340 by a valve
338, if desired, to further enhance trapping of any conden-
sates in the exhaust system 330. The vacuum pump 352 may
provide exhaust species to an abatement system 356 through
an abatement conduit 354 and cleaned gas exhaust 358. To
further reduce wetting or nucleation in the exhaust conduit
340, the exhaust conduit 340 may be coated with quartz or
with an inert polymer material.

Plasma or ultraviolet activated cleaning agents may be
coupled into the exhaust system 330 by an active source 334,
which may be coupled to a microwave or RF chamber for
generating cleaning species. A cleaning gas line 326 may
provide cleaning gases from the gas delivery system 310 to
the exhaust conduit 340, proceeding through the active source
334, if desired. Use of active species for cleaning may provide
for cleaning to proceed at reduced temperatures.

A controller 370 may be provided and may be coupled to
various components of the apparatus 300 to control the opera-
tion thereof. The controller 370 may include a central pro-
cessing unit (CPU) 372, a memory 374, and support circuits
376. The controller 370 may control the apparatus 300
directly, or via computers (or controllers) associated with
particular process chamber and/or support system compo-
nents. The controller 370 may be one of any form of general
purpose computer processors that can be used in an industrial
setting for controlling various chambers and sub-processors.
The memory 374, or computer readable medium, of the con-
troller 370 may be one or more of readily available memory
such as random access memory (RAM), read only memory
(ROM), floppy disk, hard disk, optical storage media, flash
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drive, or any other form of digital storage, local or remote.
The support circuits 376 may be coupled to the CPU 372 for
supporting the processor in a conventional manner. The sup-
port circuits 376 may include, cache, power supplies, clock
circuits, input/output circuitry and subsystems, and the like.
Methods described herein may be stored in the memory 374
as a software routine that may be executed or invoked to
control the operation of the process chamber 302 in the man-
ner described herein. The software routine may also be stored
and/or executed by a second CPU (not shown) that may be
remotely located from the hardware being controlled by the
CPU 372.

While the foregoing is directed to embodiments of the
present disclosure, other and further embodiments of the dis-
closure may be devised without departing from the basic
scope thereof, and the scope thereof is determined by the
claims that follow.

The invention claimed is:

1. A method of forming a device structure on a substrate,
comprising:

depositing a first I1I-V buffer layer on a Group IV substrate,

wherein the first III-V buffer layer has a thickness
between about 10 nm and about 20 nm;

depositing an AlAs buffer layer over the first III-V buffer

layer; and

depositing a [II-V device layer over the AlAs buffer layer.

2. The method of claim 1, wherein the Group IV substrate
is silicon.

3. The method of claim 1, wherein the first 11I-V buffer
layer comprises GaAs.

4. The method of claim 3 wherein the III-V device layer
comprises InAs or InGaAs.

5. The method of claim 1, wherein the AlAs buffer layer has
a thickness between about 50 nm and about 800 nm.

6. The method of claim 5, wherein the I1I-V device layer
has a thickness between about 5 nm and about 15 nm.

7. The method of claim 1, wherein the device structure is
formed on a blanket Group IV substrate or a patterned Group
1V substrate.

8. The method of claim 1, wherein the first 11I-V buffer
layer, the AlAs bufter layer, and the III-V device layer are
deposited by an MOCVD process, an MBE process, or an
HVPE process.

9. A method of forming a device structure on a substrate,
comprising:
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depositing a first [1I-V buffer layer on a Group IV substrate,
wherein the first [1I-V buffer layer comprises a superlat-
tice structure, and wherein the first I1I-V buffer layer has
a thickness between about 10 nm and about 20 nm;

depositing an AlAs bufter layer over the first I1I-V buffer
layer; and
depositing a I1I-V device layer over the AlAs buffer layer.
10. The method of claim 9, wherein the first I1I-V buffer
layer comprises a superlattice structure comprising GaAs and
AlAs.
11. The method of claim 9, wherein the first I1I-V buffer
layer comprises a superlattice structure comprising GaAs and
InGaAs.
12. The method of claim 9, wherein the first I1I-V buffer
layer is a superlattice structure comprising GaAs and
AlGaAs.
13. The method of claim 9, wherein the first I1I-V buffer
layer is a superlattice structure comprising GaAs and InAlAs.
14. The method of claim 9, wherein the first I1I-V buffer
layer is a superlattice structure comprising GaAs and InP.
15. The method of claim 9, wherein the AlAs buffer layer
has a thickness between about 50 nm and about 800 nm.
16. The method of claim 9, wherein the Group IV substrate
is silicon.
17. The method of claim 6, wherein the device structure is
formed on a blanket Group IV substrate or a patterned Group
1V substrate.
18. The method of claim 9, wherein the first I1I-V buffer
layer, the AlAs bufter layer, and the III-V device layer are
deposited by an MOCVD process, an MBE process, or an
HVPE process.
19. A method of forming a device structure on a substrate,
comprising:
depositing a first I1I-V buffer layer comprising GaAs hav-
ing athickness between about 10 nm and about 20 nm on
a Group IV substrate;

depositing an AlAs buffer layer having a thickness between
about 50 nm and about 800 nm over the first III-V buffer
layer; and

depositing a I11-V device layer comprising InAs or InGaAs

having a thickness between about 5 nm and about 15 nm
over the AlAs buffer layer.

#* #* #* #* #*
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