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Semiconductor Device Fabrication

Technical Field
The present invention relates to a method for
fabricating a semiconductor device. The present invention

also relates to a semiconductor structure.

Background »
Transistor development-have accelerated significantly
in recent vyears particularly after the launching of

“GaNpowIR” by "International Rectifier" and “eGaN FET”

~devices by "Efficient Power Conversion (EPC)" in 2010.

These devices are particularlyfdeveloped so as to cater

for the low voltage market. These entities have developed

" highly efficient GaN highbpower transistor with breakdown

voitages of abqﬁt 600 V. M@re redently, Transphorm USA has
also developed a GOO V semiconductor device using gallium—b
nitride- (GaN) on silicon (Si).

Research efforts:'on the above devices have been
spurred by the lower cost of using GaN on larger silicon
substrates. As the silicon substrate plays an important
role for GaN growth, ongoing researchlefforté have been
focus on further reducing the cost of silicon compatible
processes for making such devices. From an application
point Qf‘ view, silicon compatibie pfocesses developed

pased on these _résearch. efforts. are not limited to low

voltage applications, ' but . may include high voltage

applications, radio frequency (RF), wireless and 1light
emitting diode applications. One such example relates to
the research on p-type high electron mobility transistors

(HEMT) which may lead to new generation of extraordinary

"high speed devices for various applications. In this

context, there 1is a need for developing compiementary

metal oxide semiconductor (CMOS) process technology which
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may be compatible and applicable for fabrication of GaN
based devices such as HEMT.‘However, several issues remain
outstanding.

Accordingly, CMOS compatible metal remains poor or
unsuitable contacts for GaN/AlGaN (aluminum—gallium—

nitride) system when compared to gold-based (Au-based)

processes. Yet, processes that utilize gold tend not to. be

cost-effective due to the use of gold material itself.

It is also known that CMOS compatible metal causes
high ohmic resistance at source and drain (S/D) and this
adversely affects devices performances.

‘Moreover, salicidation/germanidation 6f Si, Ge or
SiGe_materials may not be directly applied on GaN/AlGaN
layers unlike typical Si—teéhnology as self-aligning CMOS

compatible processes remain unavailable due to the nature

of  GaN/AlGaN/metal  systems which ~do not undergo

silicidation/germanidation easily. Conventional self-

aligned silicidation process requires metal deposition

after a gate and spacer formation. This metal layer

deposition is typicallyba blanket deposition. In such a
process, the gate source and drain may be electrically
shorted which is undesirable. After metal deposition, an
annealing step may usually be required for the formation

of a fused layer which tends to comprise a metal alloy. In

“the instance where GaN/AlGaN material is directly fused

with a CMOS compatible metal, the fused metal 1ayer tends
to form only an ultrathin Ga(Al)GaN metal ailoy layer at
the interface. However, such‘an ultrathin Ga(Al)GaN metal
alloy layer may be susceptible to removal by subsequent‘
etching steps since most etchants tend to’ be able to
remove the GaN thin .alloyed layer. Thus, the direct
élloying of metal in conventional self-aligning process,
when combined with subsequent etching to remove any

unreacted/non-fused metal, is not applicable for GaN/AlGaN
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based systems. In order to perform CMOS compatible
processes with suitable isolation schemes, there is a need
to develop a new device processing sequence.

Accordingly, there is a need to provide a method for
fabricating semiconductor devices which overcomes, or at
least ameliorates, one oOr more of the disadvantages
described above.

To overcome the abovementioned issues, there 1is a
need to develop an Au-free CMOS compatible self-aligning
method for fabricating transistors (e.g. MOSFETs) using
AlGaN/GaN HEMT based systems grown oI bulk Si or silicon
on insulator (SOI) substrates. Such a method may also be
applicable to GaN-based HEMT structure on sapphire
substrates or silicon carbide (SiC) substrate.

Particularly, there is a need to develop an
intermediate platform or layer to enhance the
compatibility of CMOS process technology on HEMT devices
while using selected metal layering that could improve

contact/ohmic resistance.

Summary

There is provided a method for fabricating a
semiconductor device comprising the steps of:

growing a first and a second nucleation layer on a
substrate;

depositing a binary layer over the first and second
nucleation layers; and

annealing the binary layer to form a first contact
area and a second contact area on the substrate, wherein
the annealed binary layer comprises a gJgroup 14 element
gselected from Si, Ge and their combination thereof, and
the annealed binary layer in the first and second contact
areas are capable of providing a lower contact resistance

for a current to flow in the device.
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areas are capable of providing a lower contact resistance
for a current to flow in the device.

Advantageously, this method provides a way for
integrating CMOS compatible process on GaN/AlGaN HEMT
structure. This method is also self-aligning in the sense

that multiple photo-resist steps may be circumvented or

" minimized in order to build the various structures such as

the S/D features, the gate electrode etc. This fabrication
method_aiso advantageously provides processing capability
of devices with symmetric high energy electron mobility
traﬁéisﬁor (HEMT) . This method is capable of reducing the
contact resistance to at least match or overcome the
perfbrmance of devices produced .using Au-based contact
technologies.

Advantageously, the deposition of - at 1least one"

'nucleationllayer_on the_éubstrate allows the quality of a

deposited GaN epitaxial layer to be fine-tuned via the

thickness of the nucleation laye}. The thickness may be

altered by growing or depositihg at least one layer of
aluminum nitride (ALN)."

Either of the first or second contact areas may serve
as the source .and drain. 1In one instance, the first
contact area may be the source while. the secbnd_contact
area may be thé drain or vice versa.

The methodvmay'further comprise before depositing the
binary layer, the steps of:

depositing a first epitaxial layer and a second

epitaxial layer over the first and second nucleation

layers to form a channel layer comprising portions of the
first and second epitaxial layers; -
depositing a third epitaxial layer on the second

epitaxial layer; and
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wherein the binary layer is deposited over the first,
second and third ‘epitaxial la?ers, and wherein the
annealing step éomprises:

annealing the binary layer with the first, éecond or
third epitaxial layer to form the first contact area and
the second contact area on the first, second or third
epitaxial layer.'-Thé -first, second and third epitaxial

layers deposited form the basic structure of a transistor,

.such as a HEMT transistor.

The method may further provide the flexibility of
forming a gate electrode between the first and second

contact areas before or after the annealing of the binary

'layer with the\first/ysecond or third epitaxial layer.

In the method defined above, the first epitaxial
layer deposited may be gallium nitride (GaN), the second
epitaxial layef déposited may be aluminum gallium nitride
(AlGaN) and the third epitaxial layer deposited may be
gallium nitride. By ﬁsing GaN and AlGaN as the first and
second epitaxial 1ayéfs,. respectively, .é channel layer
compriéing a two-dimensional electron gas (2DEG) layer may
be advantageously formed. This 2DEG layer confines.‘the
highly mobile electrons to a two dimensional movement
along the'interface'between the first and second epitéﬁial
layers. This 2DEG layers may also prevent electroﬁ leakage
in ‘a third direction. Alternatively,‘as long as the second
epitaxial layer has a wider band gap compared to the first
epitaxial_layer,‘a.ZDEG layer may be formed. This 2DEG
layer also allows electrons to move from sourcé to drain
more quickly as‘they face fewer obstacles which may be due
to impurities ‘caused by conventional implant or doping
steps at theksource and drain. - o

The method may include isolating the device via

‘shallow trench isolation, mesa isolation or deposition of

field oxides.
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In a gate first process, the method may comprise
depositing a dielectric layer on the third epitaxial 1ayer
before annealing the binary laYer with the first epitaxial

layer. Subsequently, a CMOS compatible metal layer may be

‘deposited. on the dielectric layer. A photo-resist layer

may be patterned on the CMOS compatible metal layer,
followed by etching of the photo-resist layer to form a
CMOS compatible ‘metal ‘gate structure. There may be a
subsequent stripping strip to remove any residual photo-
resist aftér etching in order to prevent embedded defects
from forming when subsequent processing steps are involved.

| ‘When forming the gate first, a thin spacer layer may
be formed via deposition and etching of the thin spacer
layer to lead to the formation of the thin spacer on both
sides of the_‘compatible metal gate structure. A thin
spacer may'-be formed via deposition ‘and étching of the
thin spacer to lead to the formation of the thin spacer

located between the binary layer and the third epitaxial

- layer. There may also be an over-etching step to remove a.

portion of the dielectric layer. This may also include
?artial removal of the second and third epitaxial layers
to expose the channel layer and to .form a gate strucfure
from the dielectric layer, the second'and third epitaxiai
layers. ‘ | '

A layer having a group 14 element selected from Si,

-Ge and their combination thereof may then be deposited at

400°C to 850°C to cover the gate structure formed from the

compatible metal,layer, the dielectric layer, the second
and third epitaxial layers. More particularly, the
deposition of this metal layer comprising'si/ Ge or their
éombination' thereof may . be at  400°C to 800°C.

Advantageously, this metal layer may serve as the

intermediate platform or layer for enhancing the

compatibility of CMOS process technology on HEMT devices
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so as to improve contact/ohmic resistance, particularly at
the S/D.

A thick spacer layer may then be deposited and etched
the thick spacer layer to form a thick spacer on both.
sides of the. gaté structure formed from the compatible
metal layer, the dielectric layer, the second and third
epitaxial layers for forming the gate electrode. »

Both the thin and thick spacers may comprise any
suitable insulating materials that are inert with the
metal during silicidation/germanidation. Advantageously, .
these spacers isolate the gate from the S/D so as to
prevent electrical short circuits between the gate and S/D.

As defined in the method for a gate first process, a
CMOS compatible metal selected from the group of Ta, TaN,
Ti, TiN, Ni, Co, Al, W, WN, any non-gold based metal and
their combination thereof, may be deposited on the metal
layer having a group 14 element selected from Si, Ge and
their combination thereof, to form the binary layer, and
the binary layer may. be annealed with the first epitaxial
layer to form the first and second contact areas with the
gate electrode disposed between the first: and second
contact areas on the first epitaxial layer.

The method may'aléo be used for a gate last process
which comprises the steps of pattefning'a photo-resist on

the third epitaxial layer and etching the photo-resist,

~the first, second and third epitaxial_layeré to form an

island. The photo-resist may be stripped and a silicon
nitride (Si:Ni), silicon oxide (Si0,), Silicon;bxynitride
(S1iON) or’A1203 layer which is capable of acting as a field
insulator 1ayér surrounding the island may be deposited.

It is also possible that the photo-resist may then be
stripped and a silicon nitride passivation/field insulator
layer may be deposited to achieve deviée isolation. This

device isolation scheme may be similar to shallow trench
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isolation. Ih this scheme the mesa isolation is achieved
by photolithography and dry etching. After etching, a
cleaning proceSs‘is needed to remove residue. A SiN layer
may be deposited and subsequently etched to form the
active island for HEMT fabrication.

‘Subsequently, a gate insulating layer selected from
Al,0s, Hfoz, ZrO,, TiO,, Ta,0s, Ta-doped Al,0;, HfAlO, La,0s,
Sis;N,, SiON, Y03, HfSiO,, SrTiO,, LaAlO; and Si0O, may be

deposited. The method may further comprise the steps of

patterning a photo-resist and etching the gate insulator
layer without 1leading to any ©recesses, or further
partially etching the second and/or third epitaxial'laYer
on the island to form at'least‘two recesses for the first
and second contact on the island. Alternatively, this
method may further comprise' the steps of patterning a
photo resist and etching the phbto—resist, the gate
insulator layer, the third and second epitaxial layers of
the island to form at least twé troughs/ recesses for the
first and second contact on the island.

The term "trough" or "recess" may be used
interchangeably. One of these two troughs/recesses may be
the ‘source while' another trough/recess may be the
complementing drain.

For.>the gate last process, the method..may further
comprise the Vstep of depositing a metal layer having a
group 14 element selected from Si, Ge and their
combination thereof, at a temperature in the rahge of 273
K to about 350 K, at about 300 K or room temperature, to
cover at the source/drain on the_island. This method may
also be used to cover the at least two recesses or the
second and/or third epitaxial layer that may be exposed
after etching the gate insulator 1layer on the island.

Advantageously, this metal layer may serve as the

intermediate platform or layer for enhancing the
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so as to improve contact/ohmic resistance, particularly at
the $/D.

A CMOS compatible metal selected from the group of Ta,
TaN, Ti, TiN, Ni, Co, Al, W, WN, any non-gold based metal
and their combination thereof, may then be deposited on
the metal layer having a group 14 element selected from Si,
Ge and their combination thereof, to form the binary layer
in the at least two troughs, and the gate electrode may be
formed on the island between the first and second contact
areas after the binary layer in the at least two troughs
is annealed with the second epitaxial layer to form the
first and second contact areas. The CMOS compatible metal
may also Dbe deposited on the metal layer to form the
binary layer OVer the exposed second and/or third
epitaxial layer while the gate electrode is formed on the
island between the £first and second contact areas after
the binary layer is annealed with the second and/or third
epitaxial layer to form the first and second contact areas.

In the present method, the annealing of the binary
layer with the first, second or third epitaxial layer to
form the first and second contact areas may occur at 400°C
to 800°C. The annealing may involve any of the first,
second or third epitaxial layer.

There is provided a semiconductor device having a
structure comprising:

a first and a second nucleation layer disposed on a
substrate;

a binary layer comprising a group 14 element selected
from Si, Ge and their combination thereof disposed over
the first and second nucleation layers; and

a first contact area and a second contact area
disposed over the substrate, wherein the first and second

contacts areas formed from annealing the binary layer with



10

15

20

25

30

the first, second or third epitaxial layer are capable of
providing a lower contact resistance for a current to flow
in the device.

Tn another aspect, there is provided a semiconductor
device having a structure comprising:

a first nucleation layer and a second nucleation
layer disposed on a substrate;

a first epitaxial layer and a second epitaxial layer
disposed over the first and second nucleation layers to
form a channel layer comprising portions of the first and
second epitaxial layers;

a third epitaxial layer disposed on the second
epitaxial layer;

a binary layer comprising a group 14 element selected
from Si, Ge and their combination thereof disposed over
the first and second nucleation layers;

a thin spacer located between the binary layer and
the third epitaxial layer; and

a first contact area and a second contact area
disposed over the cubstrate, wherein the first and second
contacts areas formed from annealing the binary layer with
the first, second or third epitaxial layer are capable of
providing a lower contact resistance for a current to flow
in the device.

The first and second nucleation layers may comprise a
first aluminum nitride nucleation layer followed by a
second thicker aluminum nitride nucleation layer. A
gallium nitride layer may be disposed over the first and
second nucleation layers followed by an ultrathin spacer
AIN layer, an AlGaN barrier layer, and a thin binary GaN
cap layer.

Advantageously, this structure provides a way for
integrating CMOS compatible process On GaN/AlGaN HEMT

structure. This structure may be produced via a self-
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aligning method in the sense that multiple photo-resist
steps may be circumvented or minimized in order to build
the various structures such as the g/D features, the gate
electrode etc. This structure ig capable of allowing the
contact resistance toO be reduced to at least match or
overcome the performance of devices produced using Au-
based contact technologies.

Advantageously, the structure comprises of a thickexr
aluminium nitride (AlN) layer grown over the first and
second nucleation layers on the substrate which allows the
quality of a deposited GaN epitaxial layer to be fine-
tuned via the thickness of poth the first and the second
AIN layers. The thickness may be altered by growing O
depositing at least one layer of aluminum nitride (ALN).
Hence, at least one AIN layer may be deposited. Each of
this at least one ALN layer may be deposited at different
temperatures OT pressures. The surface temperature during
the growth of the first AIN nucleation layer may be in the
range of about 950 ©°C to about 1000 °C. The pressure
during the growth of the first AIN nucleation layer may be

in the range of about 50 torr to about 100 torr. The

10a



10

15

20

25

30

WO 2015/057171 PCT/SG2014/000495

surface temperature during the growth of the second ALN
nucleation layer may be in the range of about 1050 °C to
about 1100 ¢°C. The pressufe during the growth of the
second AIN nucleation layer may be in the range of about
50 torr to about 75 torr. As mentioned above, either of
the first or second contact areas may serve as the source
and drain. In one instance, the first contact area may be
the source while the second eontact area may be the drain
or vice versa. _

The structure may further comprise, before the binary
layer is deposited, a structure having{

a first epitaxial layef and a second epitaxial layer
disposed over the first and second nucleation layers to
form a,channel layer'cemprising portions of the first and
second epitaxial layers;

a third ‘epitaxial layer -disposed on the second
epitaxial layer; and , ' | ‘

wherein the binary layer is disposed over the first,
second and third epitaxial layers, and

wherein the first and second contact areas formed
from anneaiing the binary layer with'the'first, second or
third epitaxial layer, are disposed on the first or third
epitaxial layer or partially embedded in the second and/or
third epitaxial layer.

The structure ailows a gate electrode to be flexibly
disposed between the first and second contact areas before
or after the annealing of the binary layer withvthe first,
second or third epitaxial layer. The annealing may also
involve any- of the epitaxial 1aYer. |

- The first and second nucleation layers may comprise
of aluminum nitride, and each of the first and second
nucleation layer may have a thickness of 0.5 nm to 3.0 nm.
The nucleation layer in the present structure may also be

built over the first GaN epitaxial layer. Such a
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nucleation layer on a GaN buffer layer may be an aluminum

nitride layer with a thickness of about 25 nm to about 30

- nm on GaN buffer. The second aluminum nitride nucleation

layer grown oVer the first nucleation layer on the
substrate may have a thickness of 200 nm to 400 nm.

The first epitaxial layer may be a GaN layer with a

thickness of 1.5 um to 3.0 um, or substantially 2.5 um.

The second epitaxial layer may be an AlGaN layer with
a thickness of 15 nm to 25 nm, or substantially 20 nm. The
second epitaxial layer may have an aluminum content of 20
to 25 wt%, or 22 to 23 wt%. |

- The third epitaxial layer may be a GaN layer possibly
having a thickness of 1.5 nm to 3.5 nm, or 2.0 nm to 3.0
nm. ‘

By incorporating GaN and AlGaN as the first and
second epitaxial layers in the ©present structure,
respectively; a channel layer comprising a two-dimensional
electron gas (2DEG) layer may be advantageously formed.
This twodimensiOhal electron gas heterostructure layer may
also be' treated as comprising the first epitaxial gallium
buffer layer, an ultrathin aluminum nitride spacer layer,
the second epitaxial AlGaN barrier layer, and a top third
epitaxial gallium nitride cap ilayer. This 2DEG . layer
confiﬁes the highly‘mobile eléctrons to a two dimensional
movement along the interface (heterojunction) between the
first and second epitaxial layers. This 2DEG layers may

also prevent electron leakage in a third direction.

_Aiternatively, as long as the second epitaxial laYer has a

wider band gap -compared to the first epitaxial layer, a
2DEG layer may be formed. This 2DEG layer also allows
electrons to move from source to drain more quickly as

they face 1less obstacles which may be due to impurities

‘caused by conventional implant or doping steps at the

source and drain.
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The present structure may further comprise shallow

isolated trenches,

oxide layers.

mesa isolated trenches or deposited

For a gate first structure, the present semiconductor

may have a gate electrode with a structure comprising the

second epitaxial layer, the third epitaxial layer,  a

dieletric layer comprising aluminum oxide (Al,0;), hafnium

oxide, or their combination thereof, and a CMOS compatible

metal selected from the group of Ta, TaN, Ti, TiN, Ni, Co,

Al, W, WN, any non-gold based metal and their combination

thereof; The gate electrode may further comprise two thin

spacer structures on both sides of the gate electrode,

wherein the two thin spacer structures are disposed on the

dielectric layer. The gate electrode may further comprise

two thick spacer structures on both sides of the gate

electrode; wherein the two thick spacer structures are

disposed on the first epitaxial layer. The two thin-and

~two thick spacers may be made up of aluminum nitride,

aluminum oxide, silicon nitride, silicon dioxide, silicon

oxynitride or their combination thereof. The two thick

spacers may have a width of 50 nm to 10 um, 50 nm to 150

nm, or 100 nm to 200 nm. The width of the two thick

spacers may also be substantially 10 um.

As for the gate first structure; the first»and the

second contact areas may be incorporated or formed from

annealing the first epitaxial layer, the binary 1layer

comprising a group 14 element selected from Si, Ge and

their combination thereof, and a CMOS compatible metal

selected from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W,

WN, any non-gold based metal and their combination thereof.

Regarding a gate last structure, the semiconductor

device may have a gate electrode comprising a single CMOS

compatible metal selected from the group of Ta, TaN, Ti,

TiN, Ni,

Co, Al, W, WN,

any non-gold based metal and their
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combination thereof, when the first and second contact
areas are -disposed on the third» epitaxiai layer or
partially embedded in the second and/or third epitaxial
layers.

The gate last structure may further comprise a field
insulator layer disposed on the island formed from thé
first, second and' third epitaxial layers in which the
first and second contact areas are disposed over the third
epitaxial layer or partially embeddéd in the second and/or

third epitaxial layers, and a gate insulating layer

‘disposed on the field insulator layer. The field insulator

~layer may be a silicon nitride, silicon oxide, silicon-

oxynitride (SiON). or Al,0; layer, and the gate insulating
layer may be a gate dielectric layer selected from Alﬁh,
HfO,, ZrO,, TiO;, Ta:0s, Ta-doped Al,0;, HfAlO, La,0s, SisNg,
SiON, - Y203, HfSiO4, SrTi02,>'LaAlO3,- Si0, and their
éombinatidn thereof.

In the gate 1last structure, the first and second
contact areas, which may be disposed over the ‘third

epitaxial layer or'partially embedded in the second and/or -

" third epitaxial layer, may be made up of an annealed layer

‘comprising the second and/or third epitaxial layer, and

the binary layer comprising a group 14 element selected

from Si, Ge and their combination thereof, and a CcMOS

compatible metal selected from the group of Ta, TaN, Ti,
TiN, Ni, Co, Al, W, WN, any non-gold based metal and their
combination thereof. ’

In the present gate first and gate Ilast structure,

the height of the gate electrode may be 100 nm to 300 nm,

or 150 nm to 250 nm.

In the pfesent method and semiconductor structure,
the substrate may be a sapphire substrate, a silicon
substrate, a -silicon-on-insulator substrate, or a silicon

carbide substrate. The present method may be used to
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fabricate a semiconductor device having the present
semiconductor structure. Such devices may be selected from
a group consisting of field effect transistors, high
electron mobility transistors, inverters, power switches,
power transistor devices, radio switches and radio-
frequency based devices.

There is provided a transistor produced by the method
as defined above.

Tn another aspect, there is provided a transistor

having the structure as defined above.

Definitions

The following words and terms used herein shall have
the meaning indicated:

The term “group 14 element” may be used
interchangeably with the term wgroup IV” element which
both refer to elements in the carbon group. GIroup 14 or
group IV elements may be selected from the gJgroup
consisting of carbon (Cc), silicon (si), germanium (Ge) ,
tin (Sn) and lead (PDb).

The word vgubstantially” does not exclude
“completely” e€.9. & composition which ig “substantially
free” from Y may be completely free from Y. Where
necessary, the word wgubstantially” may be omitted from
the definition of the invention.

Unless specified otherwise, the terms v"comprising"
and ‘“"comprise", and grammatical variants thereof, are
intended to represent "open'" oOr ninclusive" language such
that they include recited elements but also permit
inclusion of additional, unrecited elements.

As used herein, the term ngbout", in the context of
concentrations of components of the formulations,
typically means +/- 5% of the stated value, more typically
+/- 4% of the stated value, more typically +/- 3% of the
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stated value, more typically, +/- 2% of the stated value,
even more typically +/- 1% of the stated value, and even
more typically +/- 0.5% of the stated value.

~ Throughout this Adisclosure, certain embodiments may
be disclosed in a range format. It should be understood
that the description in range format 'is merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the disclosed
rahges, Accordingly, the description of a range should be
considered to have specifically disclosed all the possible

sub-ranges as well as individual numerical values within

that range. For example, description of a range such as

from 1 to 6 should be considered to have specifically

disclosed sub-ranges sﬁch as from 1 to 3, from 1 to 4,
from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc.,
as well as 1individual numbers within that range, for
example, 1, 2, 3, 4, 5, and 6. This applies regardless of
the breadth of the fange. A

Brief Description Of Drawings

The accompanying drawings illustrate disclosed
embodiments of the present invention and. serves to explain
the principles of the disclosed embodiments. It is to be
understood, however, that the drawings are designed for
purposes of illustration only, and not as a definition of
the limits of the invention.

Fig. 1 shows a process flow diagram for the gate
first process based on one of the embodiments disclosed
herein. - |

Fig. 2 shows a process scheme for the gate first
process based on one of the embodiments disclosed herein.

.Fig. 3. shows a process flow diagram for the gate last

process based on one of the embodiments disclosed herein.
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Fig. 4 Shows a procéss scheme fof the gate last
process based on one of the embodiménts disclosed herein.

Fig. 5 shows the Ips plotted against the Vpg for a HEMT
device comprising Ge in its annealed binary layer at
various Vgs.

‘ Fig. 6 shows the Ips and transconductance (G,) plotted
against the Vg for a HEMT device comprising Ge 1in its
annealed binary layer at various Vpg. |

Fig. 7 shows a structural stack (not drawn to‘sbale)'
for an AlGaN/GaN HEMT wafer.

Fig. 8 shows the contact resistance results of the
present device.

"Fig. 9 shows a masking and etching fabrication scheme

of a high powered device.

_ Detailed Disclosure

Exemplary, non-limiting embodiments of the pfesent
invention will now be disclosed.

The present disclosure is related to a method for
fabricating semiconductor device, which is compatible with
complimentary metal oxide semiconductor (CMOS) type
processing. This method may include self align/metal oxide
semiconductor field effect transistors (MOSFETs) Sr‘metal
oxide semiconductor high electron mobility transistors
(MOSHEMTs) device . fabrication using group III-nitride on
silicon,‘siliCOn_on insulator (SOI), sapphire or silicon
carbide substrate. This method may involve a Au-free CMOS
compatible self align processito fabricate MOSFETs using

AlGaN/GaN HEMT grown on bulk Si and SOI substrates. The

" method may also be applied to GaN-based HEMT structure on

sapphire substrates.
In this disclosure, there is provided a method for

fabricating a semiconductor device comprising the steps of:

17



WO 2015/057171 PCT/SG2014/000495

10

15

20 -

25

30

growing a first nucleation layef and a second
nucleation layer'on»a substrate;

depositing a binary layer over the first and second
nucleation layers;

annealing the binary layer to form a first contact
aréa and a second contact area on the substrate,>wherein
the annealed vbinafy layer comprisés a group 14 element
selected from Si, Ge and their combination thereof, and
the annealed binary laYer in the first and second contact
éreas'are capable of providing a lower contact resistance
for a current to flow in the device.

The method as défined above may further comprise,
before'depositing the binary layer, the steps of:
| | depositing a first epitaxial layer and a second
epitaxial 1ayer over the  first and second nucleation
layers to form a channel layer comprising portlons of the
first and second epitaxial layers;

depositing a third - epitaxial layer on the second
epitaxial layer; and '

wherein the binary layer is deposited over the first,

second and third epitaxial 1layers, and wherein the

ahnéalipg step comprises:

annealing the binary layer with the first epitaxial
layer, second or third epitaxial layer to form the first
contact area and the second contact area on the first,

second or third epitaxial layer. The annealing may also.

involve any of the epitaxial layers.

The method as defined above may comprlse the step of
dep051t1ng an ultrathin spacer 1layer between the first
epitaxial layer = and the second epitaxial layer.
Advantageously, ‘the ultrathin layer may be used for
electron mobility enhancement. The presence of the
ultrathin AlIN spacer layer may reduce contact resistance.

This is because AIN has a wider bandgap, hence its
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electrical conductivity is lower than AlGaN or GaN. This
enables, for example, for recess etching to be performed
to reduce resistance of Source/Drain metal stacks so that
better contacts can be created even if the ultrathin AlIN
spacer layer 1is present. That is, the Ge or SiGe layering
diffuses to the thin GaN cap/AlGaN barrier/AlN spacer and
helps to reduce the contact resistance by formation of
metal germanides/silicides/of germanosilicides. The
ultrathin A1lN gpacer layer may have a thickness 4in the

range of about 0.5 nm to about 3.5 nm or about 1 nm to

‘about 3.0 nm.

The first epitaxial layer may be formed from any
material as long as it has' a lower band gap than the
second epitaxial Iayer that is to be deposited on the
first epitaxial layer. One such material may be gallium
nitride (GaN). The second epitaxial layer may be formed
from aluminum gallium nitride (AlGaN) or any other
suitable material like indium aluminum nitride (InAIN) as
explained above. The second epitaxial layér may.also be
used as a barrier layer. The third epitaxial layer may be
formed from, for example but not‘ limited to, gallium
nitride (GaN). Advantageously, the third epitaxial layer
may be used’as a capping layer to protect the first and
second ’ epitaxial _uhderneath. it during subsequent
processing. The third epitaxial layer may also bé undoped
GaN, undoped AlGaN or thin AIN. The materials used for
forming the first, second and third epitaﬁial layers may
also be any materials that are cépable.of leading to the
formation of a HEMT structure.

‘The first and second nucleation layer"may' comprise
any material that is capable of énhancing the quality of_
the growth of any bne of the epitaxial layers that are
subseqﬁently deposited over Vit; .These nucleation layers

may comprise aluminum nitride (AIN). The second nucleation
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layer may be deposited as an underlying layer beneath the
first epitaxial layer or as an overlying layer over the
any of the first, second or third epitaxial layer. These
aluminum nit;ide layers may also enhance mbbility-where

defect density is reduced in overgrown GaN that 1is

‘deposited on such nucleation layers. The quality may

increase with increasing thickness up to a certain extent.
Either the firsf or second/alumingm nitride layer.may be
Used to improve the quality of the first epitaxial layer
comprising GaN. The first nucleation layer may be formed

by depositing at least one layer of AIN. This may be

‘followed by a much thicker aluminium nitride buffer layer.

Any deposition method capable of leading to the growth of
at least one nucleation layer on the substrate may be used.
The ultfathin'spacer layer may comprise AIN. The ultrathiﬁ

spacer may have a thickness in the range of about 1.0 nm

to about 3.0 nm.

Bésed ~on the .above,. the deposition of the binary
layer may occur over the first aluminum nitride nucleation
léyer, the sécond overgrowth aluminum nitride nucleation
layer, the first GaN epitaxial layer, the ultrathin AlN
spacer layer, the second‘AlGaN epitaxial barrier layer and
the third GaN epitaxial cap layer. Any of these epitaxial
layers may be used to form the binary layer as well.

In the method above, a gate electrode may be formed

between the first and second contact areas before or after

‘the annealing of the binary layer with the first, second

or third epitaxial layer. Either the first or. second
contact area  may serve as the source or drain. For
instance, if the first contact area serves as the source,
the second contact area shall éerve as the drain, or vice
versa. v

In the method defined above, a channel layer may be

formed between the second and the first épitaxial layers.

- 20



WO 2015/057171 PCT/SG2014/000495

10

15

20

25

30

Depending on the material used, there may be a significant

difference in the band gap between these two epitaxial

layers. As a result, a heterostructure/heterojunction may

be formed in this channel layer. This channel layer may
comprise a portion of the first and second epitaxial

layers. This channel layer may also exist at the interface

‘between the first and second epitaxial layers. This

channel layer may be a two-dimensional electron gas (2DEG)
layer. Such a 2DEG layer imparts high mobility to the
electrons in a two dimensional plane. This  2DEG

advantageously prevents the electrons from flowing‘ in a

third direction i.e. towards the substrate or the wafer

backside, which may happen during leakage.

The 2DEG heterostructure may also be made up of a

~gallium buffer layer, the first and second nucleation

layer comprising aluminum nitride, = a 'second epitaxial
AlGaN layer, and a top gallium nitride layer.»Notabiy, the
second epitaxial AlGaN layer may serve as a barrier layer.
The method may further comprise the step of isclating
the device. Isolation may include, but not limited to,

shallow trench isolation, mesa "isolation or deposition of

field oxides. Before this isolation step, the water may be

cleaned to prevent defects from accumulating in the under
layers when the device is isolated.

- Referring to Fig. :L'Which depicts the process flow
diagram for the method of a gate first process, the growth

of HEMT layers on a bare wafer substrate 100, the cleaning

of the wafer loz'before_isolation of the device 104 have

already been described above.

Optionally, the method for the gate first process may
proceed'with passivation 106 of the top HEMT layer, which
may be the third epitaxial layer. After passivation, the

wafer may be cleaned 108.
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The method may then further comprise the step 110 of
depositing a dielectric layer on the third epitaxial layer
before annealing the binary layer with the first epitaxial
layer. This dieleCtric layer may aléo form the gate
insulator layer. This dielectric/gate insulator layer may

be formed by any known deposition means. For instance,

 when Al,0; used (other high-K gate dielectrics such as hfoO,,

ZrO,, TiO,, Tax0s , Ta-doped Al,0;, HfAlO, Lay0i;, Si;N,, SiON,
Y,0;, HfSiO4, SrTiO,, LaAlO;, SiO, or their combination
thereof, etc. may also be used), atomic layer deposition

(ALD) using alternating pulses of Al(CH;); and H,0 as the

precursors may be utilized. The temperature for ALD may be

between 250°C to 350°C or any temperature falling within
this range. Depending on the application, the dielectric

may also be formed wusing hafnium oxide (HfO;) or a

- combination of HfO, and Al;0;. Any other deposition

temperature and préssure may be used as 1long as the
dielectric/gate insulator layer may be deposited over the
HEMT layers. The choice of the gate insulator material may

lead to variable electrical characteristics and threshold

‘voltages in devices.

In the gate first process, after depositing the gate

“insulator 110, a gate metal layer 112 may be deposited by

any suitable deposition means. This gate metal layer may
be a CMOS compatible metal layer. Such a CMOS compatible
metal may be selected from the group of Ta,_TaN,lTi,‘TiN,

Ni, Co, Al, W, WN, any non-gold based metal or any

combination thereof. For ’example, the 'gate metal (CMOS
compatible metal) layer may be formed from TaN or TiN

deposited after gate dielectric deposition 110 using a

~thsical vapor deposition (PVD) process.

To form the gate structure, known gate 1lithography
techniques 114, gate metal etch 116 and post etch clean
118 may be utilized. Hence, the gate first method may
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further comprise the steps of patterning .a photo-resist

114 layer on the CMOS compatible metal layer, etching the

photo—reéist layer to form a CMOS compatible metal gate

structure 116, and stripping any residual photo-resist
after etching 118. The gate stack/structure formed using
high-K gate dielectrics and metal gate formation on III-
nitride is capable of‘being a CMOS compatible process. The
metal gate etch process ended 1landing on high-K gate
dielectric. This forms part of the self aligning method as
the gate structure is formed automatically with a single
lithography procedure. ”

The method may further comprise the step 120 of
depositing a thiﬁ spacer layer via any. known spacer
deposition methods, such as chemical vapor deposition or

any other known deposition methods.. This may be followed

by etching 122 the thin spacer layer to form a thin spacer

on both sides of the compatible metal gate structure. A
thin spacer may be formed via deposition and etching of
the thin spacer to lead to the formation of the thin
spacef located. between the binary layer and the third
epitaxial layer.fThe thin spacer layer may be formed from
Al,0;, ..8i0,, Si;N,, any other suitable insulating materials

or their combination thereof. Dry etching this thin spacer

‘layer may’form a sidewall (see structure 216 in Fig. 2)

lining the gate structure. Advantageously, this side wall
gate spacer created by the dry-etch process 122 prevents
short circuits between the first and second contact areas
(8/D), which may comprise Si, Ge or SiGe, and the gate.
 There may  also be the step 124 of etching the
dielectric layer, the second and third epitaxial‘layers to
expose the channel'la?er'and td»form a gate structure in
the dielectric 1layer, the second and third epitaxial
layers. Such a step may be known as the thin spacer over-

etching step 124. This serves to allow subsequent Si, Ge
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or SiGe to be deposited over the epitaxial layers adjacent
to both sides of the gate structure. |

After over-etching, the method may comprise the step
126 of depositing a metal layer having a group 14 element
selected from Si, Ge and their éombination thereof, at
400¢°C to 1200°C (or 400°C to 850°C, 400°C to 800°C, 650°C
to 850°C .or any other temperature falling within these
ranges) to cover the gate structure formed from the
compatible metal layer, the dielectric layer, the second
and third epitaxial layers. This metal layer may serve as
the intermediate platform while using selected metal
layering that éould lower the contact resistance as
salicidation/germanidation scheme is not possible directly
on GaN ‘/AlGaN' materials, which, ‘on the other hand, 1is
possibie with typical Si-technology. Accordingly, this
method may be treated as a self align device fabrication

process by deposition of Si, Ge or SiGe after metal gate

-and thin spacer layer formation either using a low or high

temperature process.
The deposition of the metal layér comprising Si, Ge
or their combination thereof may occur at 400°C to 800°C.

- The method may further comprise the steps of
depoéiting 128 ‘a thick spacer layer and etching 130 the
thick spacer layer to form a thick spacer on both sides of
the gate structure formed from the compatible  metal layer,
the dielectric layer, the second and third epitaxial
layers for forming~the gate electrode. This thick spacers
wall deposited on té§ of Si, Ge or SiGe, may‘be required

for electrical isolation of the Si, Ge or SiGe metal layer

from the S/D and gate during salicidation/germanidation-

type process. In this 'way, the thick spacer prevents
electrical shorts between the binary and epitaxial layers
and the gate electrode when the earlier is being annealed.

These thick spacer’layer/Walls may. be formed from Al1,0;,

24



10

15

20

25

30

WO 2015/057171 PCT/SG2014/000495

SiON, Si0,, SisN, or any other suitable insulating

materials. At this stage, rapid thermal annealing may be
carried out to cause the Si, Ge or SiGe to diffuse into

the surface of first epitaxial layer, to enhance the first

‘and second contact areas. Rapid thermal annealing may also

be carried before a CMOS compatible metal is deposited on
top of the exposed Si, Ge or SiGe after the thick' spacer
has been etched to form the . thick 'spacerhgwalls. The
temperature range for anhealing Si, Ge and SiGe may be,
but not limited to, in a range of about 400 °C to about

1200 °C. A typical process for contact may be performed at

a temperature of up to about 900 °C. As such, a typical-\

temperature range for annealing may be in the range of
about 400 °C to about 850 °C. The thick spacer etch 130
also sexrves to open up the Si, Ge or SiGe for
silicidation/germanidation. ‘
‘Subsequently, the CMOS compatible metal selected from
the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W, WN, any non-
gold based metal and their combination thereof, may be
deposited 132 on thermetal layer having a gfoup 14 element
gselected from S8Si, Ge and their combination thereof, to
form the binary layer. The binary layer may be annealed

134 at this stage with the first epitaxial layer to form

‘the first and second contact areas with the gate electrode

disposed between the first and second contact areas on the.
first epitaxial layer. The CMOS compatible metal layer may
also be formed ffom alloys or a combination of materiéls
such as, but not limited to, Ti/TiN, Ti/TaN, Ti/Al/Ni/W,
Co/Ni/Ti/TiN, Ni/Ti or. any  other non—gold. based
combinations. The deposition of this CMOS compatiblé<metal
layer may lead to a self align silicided/germanided S/D
contact process. Optionally, rapid thermal annealing
may be carried out at this stage to fuse or activate the

CMOs compatible metal layer, the metal layer comprising Si,
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Ge or SiGe and the surface of the first epitaxial layer
possibly compfising GaN (see structure 222 of Fig. 2) This
may serve to lower the contact resistance of the first and
second contact areas (S/D). \

Subsequently, any unreacted metal may be etchéd 136
or the wafer backside may be etched to reduce device
thickness. Thereafter, steps 138 to steps 152 serves to

‘.fdrm up the remaining structure of the device to ensﬁre
ﬁhat the fabricated deviée is suiltable for use. These
steps may involve any suitable or standard processes known
in the industry or available in - foundries. The device is
then subjected to electrical testing 154. Steps 138 to 152
may include Standard CMOS ‘process steps used in device
foundries for completing device fabrication.

. Based on the same principles and similar to the above,
the present method may be used for a gate last process
(see Fig. 3 and_Fig; 4). In such a method as depicted in
Fig. 3, similar steps 300 to 306 as depicted in the gate
first process may be utilized for forming the underlying
basic device (e.g. HEMT) structure. Optionally, there may
be an active opening procedure. This active opening may be
an active area where the critical Struétﬁrevso the device
are constructed. Without the active opening, a device may
not be constructed as field nitride or oxide may tend to
cover the entire top surface of the wafer. Optionally, a
photo-resist may be patterned on the third epitaxial layer
and etching the photo-resist, the first, second and third
epitaxial layers to form an island (see structure 216 of
Fig. 4) may be carried out. The photo-resist may be
stripped and . a field insdlating layer surrounding the
island may be deposited by any known.meaﬁs. OptiQnally,
the photo-resist may not be stripped iﬁ a lift-off process
‘scheme. This field insulating layer may comprise silicon

nitride (Si:N,), silicon oxide (Si0O;), silicon-oxynitride
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(SiON) or Al;03. Due to possible issues caused by
downstream etching, it may be better to have a
nitride/oxide combined layer. Subsequently, a gate

insulating layer may ©be deposited 310. This gate
insulating layer may be a dielectric 1layer. This gate
insulating layer may comprise any material selected from
Al,0;, HEO,, .ZrOZ( TiO,, Ta,0s, Ta-doped Al,0;, HfAlO, La,0s;,
SisN,, SiON, Y,0;, HfSiOs, SrTiO;, LaAlO;, S8iO; and their

combination thereof.

Thereafter, the method may comprise the steps of

patterning 312 a photo-resist and optionally etching 314

‘the photo-resist, optionally etching the gate insulator

layer, optionally etching the field insulating layer,
optionally etching the third and/or second epitaxial layer
on the island to optionally form at least two
troughs/recesses for the first and second contact on the.
igsland (see structure 404 of Fig. 4). Based on the above,
it-isvpossiblé that only the gate insulator may be etched
so that no recesses are formed in the,epitaxial layers.
This may'be known as aann—recess etch scheme. It is also
possible that after etching the gate insulator layer oh
the island, further partial etching of the second and/or
third epitaxial layer may be carried ouf_so as to form at
least two troughs/reéesses[ This may be known as a recess
etch scheme. A metal layer having a._group 14 element
selected from Si, Ge and their combination thereof, may
then be deposited 318 at a température in the range 6f
about 273 K to about 350 K, -at about 300 K or at room
temperature, ovef 'thé exposedi second and/or third
epitaxial iayer or deposited 318 at a temperature in the
range of 273 K to about 350 K, at about 300K, or at room
temperature to cover the at least two troughs/recesses on
the island, depending on which etch scheme is used and

whether a lift-off process is used. If a lift-off process
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is used, the deposition of this group 14 metal layer may
occur at a temperature in the range of 273 K to about 350
K, at about 300 X, or at room temperature via any known
deposition means, éuch as but not limited to, PVD or CVD.
It should be noted that other methods of deposition may be
used 1if a  higher temperatUre is required for the
deposition. _

_ The Si, Ge or SiGe elemental semiconductors may be
used as the n type(dopants for III-V semiconductors and
thus used as n+ dopants at S/D for a 2DEG heterostructure
deviée. The device may be subjected to fﬁrther 1lift off
320. A 1lift-off process may include the following steps:
(a) ’UV sensitiVé photo-resist coating by spin coating
method (b) UV exposure through the ‘photo-mask, (c)
development of a patterned photo-resist in a developer

solution (in such a process, the resist may be removed

from locations where_Si,VGe, SiGe or any other metals that

need to be deposited) (d) Si, Ge or SiGe or any other
metal deposition by PVD, CVD or other evaporation-
technique, (d) dipping (soaking) in acetone or any other

suitable chemical solution to remove the resist. There may
be a need for further ultra-sonic treatment to clear any

residual chemicals or resists. By executing processes (a)

"to (d), the Si, Ge, SiGe or any other suitable metals may

be present only in the area as explained in step (c) and

the rest of the substrate surface may be cleared of any
undesired materials. |

At this stage, the Si, Ge or-SiGe metal layer méy be
optionally subjected to rapid thermal annealing 322 to
cause this metal layer to diffuserinto the surface of the

second and/or third epitaxial ’ layers in the

troughs/recesses. It should be noted that the RTA

condition may vary from 400°C to 1200°C.
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A CMOS compatible metal selected from the group of Ta,

‘TaN, Ti, TiN, Ni, Co, Al, W, WN, any non-gold based metal

and their combination thereof, may be deposited 326 on the
metal layer ﬂéving a group 14 element selected from Si, Ge
and their combination thereof, to form the binary layer in
the at least two troughs/recesses if the second and/or
third epitaxial‘layers have been partially etched, or ovér
the exposed second and/or third epitaxial layers if only
the gate insulator has been etched. The gate electrode may
be formed on the island between the first and second
contact areas after this binary’layer is annealed with the
second and/or third epitaxial layer to form the first and.
second contact areas (S/D). The CMOS compatible metal

layer may also be formed from alloys or ‘a combination of

‘materials such as, but not limited to, Ti/TiN, Ti/TaN,

Ti/Al/Ni/W, Co/Ni/Ti/TiN, Ni/Ti or any other non-gold
based metal combination. The deposition of' this CMOS
compatible metal layer may lead to a self align
silicided/germanided S/D contact = process. A gate
lithography 324 méy be inéluded to assist with the metal
deposition. '

Optionally , subsequent 1lifting off 328, post etch

cleaning 330 and nitride passivation 332 may be included

to finish the remainming built of the device. These

processes may involve any known suitable processes. This

device may then be subjected to an electrical test 334.

It should be noted that the method for the gate last

-process offers to control the bréakdown voltage power

devices of such GaN on silicon, SOI, sapphire or SiC
substrate HEMTs.

Regardless of a gate first or gate last process, it

"should be noted that the Si, Ge or SiGe are the n-type

dopant for the GaN layers. For steps without recess etch,

the dopant may advantageously diffuse into the GaN cap
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layer and distribute within AlGaN layer. For partial
recess etch of the AlGaN layer, the Si, Ge or SiGe may
diffuse ihto both the.GaN and AlGaN layér. The activated
dopant may be retained in the AlGaN layer. It 1is also
possible that both the AlGaN and GaN layers may be"
activated.

.In the. method defined above, the annealing of the
binary layer with the first, second or third epitaxial
layér‘to fbrm the first and second contact areas may occur
at 400°C to 1200°C. In the case of Si, a higher range of
temperature may be needed to form a better silicide -

contact at the S/D as compared to Ge or SiGe. This higher

temperature range may hinder the electrical performance of

the gate metal structure as the thermal stability of gate

matters a lot for breakdown, switching and leakage

parameters. .

When a thin layer of Ge or SiGe is used instead of
Si, this allows the lower temperature range to be used for
germanidatibn, diffusion of Ge or SiGe into the top
epitaxial layer, and subsequent doping to form n+ GaN for
better ohmic contacts. Ge or SiGe may also be a better_n—

type dopant in GaN systems compared to Si. Notably, these

materials may be - used for recess or non-recess etching

téchnologies used to form the S/D.

Based on the above methods (also see Fig. 2 and Fig.

4), there may be provided a semiconductor device having a

structure comprising:

a first and a second nucleation layer 202 disposed on
a substraté 200;

a binary layer comprising a group 14 element selected
from Si, Ge and their combination thereof disposed over

the first and second nucleation layers 202; anda first

~contact area and a second contact area disposed over the

substrate, ‘wherein the first and second contacts areas
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formed from annealing the binary layer with the first,
second or third epitaxial layer are capable of providing a
lower contact resistance for a current to flow in the
device. _ |

The structure may further comprise, before the binary
layer is depbsited:

a first epitaxial layer 204 and a second epitaxial
layer 208 disposed on the first and second nucleation
layers 202 to form a channel 1éyer 206 comprising portions
of Ehe first and second epitaxial layers;

a third epitaxial layer 210 disposed on the second
epitaxial layer 208; and

wherein the binary layer is disposed over the first,
second and/or third epitaxial layers, and

wherein the first and second contact areas formed
from annéaling the binary layer with the first, second or
third epitaxial layer, are disposed on the first epitaxial
layer 204, or disposed on the third epitaxial layer 210,
or partially embedded in the second and/or>third epitaxial
layers. As mentioned abdve, the annealing may involve.any
of the epitaxial layers. _

A gate electréde may be disposed between.the first
and second contact areas before or after the binary layer
is annealed with the first, second or third epitaxial
léyer.

In this structure, the first and second nucleation

_layers'may_be formed from an aluminum nitride layer. This

second nucleation layer may have a thickness of 200 nm to
400 nm. The first or second nucleation layer may also have
a thickness between 0.5 nm to 450 nm, 0.5 nm to 3.0 nm,
200 to 450 nm or any thicknesses falling within these
ranges. This second nucleation layer may also bé,disposed

over of any of thérepitaxial layers. The thickness of the
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AlN nucleation layer 202 may vary depending on whether a
200 mm or a 150 mm diameter substrate is used. ‘

The first epitaxial layer 204 may be GaN layer with a
thickness of 1.5 um to 3.0 um. The GaN layer may have a’
thickness of substantially 2.5 um.

- The second epitaxial layer 208 may be an AlGaN layer
with a thickness of‘15 nm to 25 nm. This AlGaN layer may
have a thickness of substantially 20 nm. The‘ aluminum
content of this layer may be 20 to 25 wt%. The aluminum
content. may also be 22 to 23 wt%. This second epitaxial
layer 208 may serve as the a barrier layer.

The third epitaxial layer 210 may be formed from GaN
having a thickness of 1.5 nm to 3.5 nm, 2.0 nm to 3.0 nm
or any thicknesses falling within these ranges.

As explained above, a channel layer 206 comprising a
two dimension electron gas (2DEG) layer 206 may be formed"

due to the difference in the band gap between the first

and second epitaxial layers. It may also be possible that

the 2DEG heterostructure is taken to comprise a gallium -
buffer layer, the first and second nucleation layer
comprising éluminum nitride,‘ a second epitaxial- AlGaN
layer, and a top gallium nitride layer. ’

It may also be vpossible that the above structure

comprises an aluminum nitride nucleation layer followed by

a thicker Gallium nitride layer disposed on a substrate,

followed by a thin AlIN spacer layer, AlGaN barrier layer,
and a thin binary GaN cap layer. : '

It -mayi also be possible that the_.binary layer
comprises a group III—V méterial (GaN),' a thin spacer
group III-V material (A1IN), a ternary barrier layer
(AlGaN), a group III-V thin binary layer (GaNfiand a group
14 element _selected from Si, Ge and their combination

thereof.
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Accordingly, it may also 'be possible for the
structure to be constructed by starting with a substrate,
or particularly a Si substrate, with at least one AILN
layer and the first epitaxial GaN layer may be grown as a
buffer layer. Then a thin 1 mm to 3 nm AlN ultrathin
spacer layer may be grown, then a AlGaN barrier>layer of
20 nm may be grown ahd then a thin GaN cap which may be
about 1 nm to 3 nm thick may be grown. The Si, Ge or SiGe
layer may then be deposited over these structures, which
may then be subjected to alloying with the metal contacts
that may be laid on top. |

The structure may further comprise shallow isolated

'trencheé, mesa isolated'trenches or deposited oxide layers
(not shown in Fig. 2 and Fig. 4). ,

‘Based on the above method described for the gate
first process aﬁd_referring'to Fig. 2, the gate electrode
may have a structure comprising the second epitéxial layer

- 208, the third'epitaxial layer 210, a dielectric layer 212
selééted from aluminum oxide, hafnium oxide, and their
combination thereof (other high-K gate dielectrics such as
hf0,, Zr0O,, TiO,, Ta,Os , Ta-doped Al,0;, HfAlO0, Lay03;, Si3Ng,
SiON, Y,0s, HESiOs;, SrTiO,, LaAlo;,  Si0; or their
combination thereof), and Ia CMOS compatible metal 214
selected from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W,
WN, any non-gold based metal and their combinatién thereof.
'The CMOS compatible metal iayer may also be formed. from \
alloys or a combination of materials such as, but not
limited to, Ti/TiN, Ti/TaN, Ti/Al/Ni/W, Co/Ni/Ti/TiN,
Ni/Ti or any other non-gold based metal combination. The

- deposition of this CMOS compatible metal layer 214 may
lead to a self align silicidéd/germanided S/D contact
process. |

As can be seen from arrow 1 in Fig. 2, a dielectric

layer 212 1is deposited on the third epitaxial layer 210.
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The CMOS compatible metal . layer 214 is deposited
subsequently via arrow 3 of Fig. 2. The above described
layers may be deposited any known means as discussed in
the above methods. The structure is then patterned 5 and
etched (as illustrated by arrows 7 and 9 in Fig. 2) td
form a preliminary gate structure. |

Two thin spacer structures 216 may be created 11 on
both sides of the gate electrode, wherein the two thin

spacer structures 216 are disposed on the dielectric layer

212. The method for creating these two thin spacer side

walls 216 have been described in the methéd above. An
over-etch may be included as discussed above to form the
gate structure after step 11.
After over-etching, sﬁbsequent steps 13 may be as
follow. v
A metal layer 218 haVing a group 14 element selected
from Si, Ge -and their combinationAthereof may be deposited

to cover the gate structure formed from the compatible

-metal layer-214, the dielectric layef 212, the second 208

and third epitaxial 210 layers. This metal layer 218 may
serve as the intermediate platfornl while wusing selected
metal layering that could lower the contact resistance as
salicidation/germanidation scheme may not possible

directly on GaN '/AlGaN materials which is ‘possible in

typical Si-technology. Accordingly, this structure may be -

treated as Dbeing formed from a self align device
fabrication proéess by deposition of Si, Ge or SiGe after
metal gate and thin spacér layer formation either using a
low or high temperature process.

,Stép 13 may result in the structure having two thick
spacer side walls 220, which may be formed from known
deposition means as described above. The thick spacer
layer may be etched to form é thick spacer 220 on both

sides of the gate structure formed from the compatible
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metal layer 214, the dielectric layer 212, the second 208
and third epitaxial 210 -layers for forming the gate
electrode. Hence, the structuré further comprises two
thick spacer structures 220 on both sides of the gaté_
electrode, wherein the two thick spacer structures 220'éré‘v
disposed on - the first epitaxial layer 204 and/or the
channel layer 206. The thick spacer etch also serves to
open up the Si, Ge or SiGe for silicidation/germanidation
This thick épacers wall 220 deposited on top of Si,
Ge or SiGe, may be required for electriéal isolation of
the Si, Ge or SiGe metal layer from the S/D and - gate
during salicidation/germanidatiohftype process. This thick
spacer 1ayer/walls'220 maybbe formed from Al,0;, SiOz, Si;N,

SiON or any other suitable insulating materials. The two

"thick spacers may have a width of'SO nm to 10 um, 50 nm to

150 nm, or a width of 100 nm tb 200 hm. The two thiék
spacers may have a width of substantially 10 um.

At this stage, rapid thermal annéaling may be'carried
out to caﬁse the Si, Ge or SiGe to diffuse into- the
surface of first epitaXial layer 204, to enhance thé first
and second contact areas. |

Rapid thermal annealing (RTA) may also be carried
before a CMOS compatible metal is deposited on top of the
exposed Si, Ge or SiGe after the thick spacer has been
etched tb form the thick spacer walls 220. The RTA
temperature may be in the range of 400°C to 1200°C. The RTA
temperature used may be 900°C in GaN devices. '

After forming the thick spacers walls 220, a CMOS

.compatible metal selected from the group of Ta, TaN, Ti,

TiN; Ni, Co, Al, W, WN, any non-gold based metal or any
combination thereof, may be deposited on the metal layer
218 having a dgroup 14 _eiement' selected from Si, Ge or
their combination thereocf, to form the binary layér. The

binary layer may be annealed at this stage (see arrow 15

35



10

15

120

25

30

WO 2015/057171 PCT/SG2014/000495

of Fig. 2) with the first epitaxial layer to form the
first and second contact areas 222 with the gate electrode
disposed between the first and second contact areas on the

first epitaxial layer. The CMOS compatible metal layer may

‘also be‘formed_from alloys or a‘combination of materials

such as, but‘hot limitedrto; Ti/TiN; Ti/TaN, Ti/Al/Ni/W[
Co/Ni/Ti/TiN, : Ni/Ti or —any' non-gold baséd metal
combination. The deposition of this CMOS cbmpatible metal
layer may lead to a self align silicided/germanided—S/D
contact process. Optionally, rapid thermal annealing may
be carried out at this stage to fuse or activate the CMOs
compatible metal layer, the metal layer comprising Si, Ge

or SiGe and the surface of the third epitaxial layer

possible comprising GaN (see StruCture 222 of Fig. 2) This

may serve to lower the contact resistance of the first and
second contact areas 222 (S/D).

It should be noted that the two thin 216 and two
thick spacers 220 may be made up of aluminum oxide,
silicon nitride,' silicon oxynitride, silicon dioxide or
their combination thereof. _

As depicted' in Fig.' 2, the first and the second
contact areas 222 are formed from annealing the first
epitaxial layer 204, the binary layer (not shown in Fig. 2)
comprising a group 14 element selected from Si, Ge or
their combination thereof, and a CMOS compatible metal
selected from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W,
WN, any non-gold based metal of any combination thereof.

Based on the above method described for the gate
first process and referring to Fig. 4, the gate electrode
410 may comprise a single CMOS compatible‘metal selected
from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W, WN, any.
non-gold based metal or any combination thereof, when the
first and secbnd contact areas 408 are partially embedded

in the second 208 and third epitaxial 210 layers. It is
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also possible that the first and second contact areas are
disposed over the second and/or third epitaxial layer. The
gate eleetrode may be formed on the island. In Fig, 4, the
island is formed byv patterning 10 a photonesiet and
~etching 12 the photo-resist, the first 204, second 208 and
third epitekial layers 210.

| JThe'etructure may further comprise'a‘field insulating
layer 400 disposed 14 on an island_formed from the first
204, second 208 and third epitaxial 210 ;ayers in Which
‘the first and second contact areas 408 are partially
embedded in the second and .third epitaxial layers, and a
gate insulating layer 402 disposed 16 on the field
insulating layer 400. Thefield insulator layer may be a
silicon nitride, silicon-oxynitride, 21,03 or silicon
oxide layer, and the gate insulating layer may be a gate
dielectric layer eelected from Al,0;, HfO,, ZrO,, TiO,, Ta,0s,
Ta-doped Al,0s, HfAlC, La,03, 8is3N;, SiON, Y,0;, HfSiO‘4,
SrTiO,, LaAlO;, SiO, and their combination thereof.
| As shown in the final structure of Fig. 4, the first
and second contact areas 408 partially embedded in the
second 208 and third epitaxial 210 layers may be made up
efvan annealed layer comprising the second epitaxial layer
208, the third epitaxial layer 210, and the binary layer
comprising a group 14 element selected from Si, Ge or
their combination thereof, and a CMOS compatible metal
;seiected from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W,
WN, any non-gold based'metal or any combination thereof.
It may also possible that the first and second.contact
areas are not partielly embedded in the second and/or
third epitaxial layer, and are disposed oVer’the seednd
and/or third epitaxial layer instead. Alternatively the
first and eecond contact areas may be disposed on the

third epitaxial layer if non-recess etch is utilized.
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The deposition of the various layers has been
described in»the gate last method as discussed above.

In gate first end gate last structures described
above, the_height of the gate electrode may be 100 nm to
300 nm or within 150 nm to 250 nm.

The substrate referred tc in this disclosure may be
any suitable sﬁbstrate such as, but not 1limited to a
sapphire substrate, silicon substrate, silicon on
insulator substrate or silicon carbide substrate.

The methods and structures described above may be
applied for semiconductor device selected from a group
consisting of field effect transistors, high electron
mobility | transistors, metal insulator semiconductor,
inverters, power switches, power transistor devices, radio
switches and radio-frequency based devices. It should be
noted that these methods or structures may be applled for
formlng a transistor.

A GaN-based HEMTs produced by the above methods or
having the above structures may be compatible with CMOS
technologies forvforming'S/D, and the gate electrode. The
HEMT underlying based structure may have systems selected

from GaN/AlGaN/AlN/GaN InAIN/AIN/GaN or InAlGaN/AlN/GaN

As with any HEMT dev1ce, - there may be a 2DEG

heterostructure formed w1th1n any of the 1ayers as long as

there is a sufficiently wide band gap. Accordlngly,,the
above method may be treated as a self aligned CMOS contact |

process using Si, Ge or alloyed SiGe intermediate

" salicidation schemes.

It is also possible that there may be self aligned
recess etch of S/D landing at the 2DEG layer after thin
spacer etch. This may help to lower S/D contact resistance
in HEMT on the substrate.

The process schemes or structures as described above

_advantageously reduces S/D contact resistance due to the
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deposition of Si, Ge or SiGe which may become a n-type
dopant for thin cap GaN/AlGaN layers via the diffusion of
such elemental semiconductors at appropriate annealing
tehperatures SO as to improve electrical properties. The
deposited Si, Ge, or SiGe may act like n+ implants in the
epitaxial layers after salicidation/germanidation
activation.at the S/D area, wherein the Si, Ge or SiGe may
be deposited by any known deposition process like
supportimgVOr electron beam evaporation, or by chemical
vapor deposition techniques. The thickness of the various
epitaxial layers may be varied so as to adjust the rate of
diffusion of the Si, Ge or 8iGe metal 1layer into the
epitaxial. This may also affect the rate of the
salicidation or germanidation process.

| It should be further noted that the HEMT stack as
defined above may comprise layers of Ti/TiN, Ni/Ti/TiN,
Co/Ti/TiN, Ni/Ti/Al/W for the formation of ohmic and
schottky contacts. '

Advantageously, the present methqu and structures
serveé prpvides a means for integrating CMOS compatible
process techonologiés on GaN/AlGaN HEMT structure.. They
also allow  the self  align siiicide/germanide
(salicidation/germaﬁidation) for GaN/AlGaN to be applied
by using intermediate elemental semiconductors 1like Si,
Ge, or FSqu with contact metal schemes to reduce the

contact resistance to match or even surpass Au-based

contact performances.

Advantageously, the present methods and structures
allows an implantation step at the S/D for high voltage n-
type device integfation to be by-passed. ‘

Advantageously,  the gilicide/germanide process
temperature may be tuned to allow the Si, Ge or SiGe at
the GaN/AlGaN interface to ségregate fér addressing

enhance-mode type device layouts.
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For the purpose of logic, both halo and lightly doped
drain (LDD) may be integrated into the ‘above methods.

After the formation of the gate and thin spacer, an angle

‘implant for ILDD and halo may be incorporated with

different dose. By tuning the epitaxial layer doping, it
becomes possible to form different types of transistors
using the present methods. '

For high power deVices, the spacer thickness may vary
up to 10.umL In such cases, the thick spacer thickness may
be implemented by adopting using one additional mask 911 .
and spacer dielectrics étching processing 9002 as shown in
Fig. 9. |

Generally, the thicknesses of the Si;N,/SiO, layers
affect the spacer thickness (which may also be called a

spacer width) after spacer etching. This thickness may be.

| applicable for RF type and moderate high voltage devices.

Based on the above principles, a general device stack

structure may be illustrated using Fig. 7 (not drawn to

scale), the device may be constructed by first depositing

a 3.4 um GaN layer 702 on a substrate 700 comprising AlN
layérs. Subsequently, a 20 nm AlGaN layér 704 and another
2 nm GaN layer 706 may be deposited over the first 3.4 um
thick GaN layer 702. Thereafter, a 10 nm Ge layer 708, a
20 nm Ti layer 710, a 120 nm Al layer.712,’a 20 nm Ni
layer 714 and 2 50 nm W layer 716 may be deposited. Other
device stack structure may be constructed based on the.
method or structure as disclosed above.

As for high powered devices, it is tb be noted that
the spacer thickness ‘may vary up to 10 um. In such
devices, the thick spacer thickness may be implemehted by
the sub—proceSs scheme as - shown in Fig. 9 where one
additional mésking may be adopted along With a spacer

dielectric etching. This sub-process scheme may Dbe
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suitably adapted into either of the gete first or gate
last method\as described above.

In Fig. 9, the basic gate structure 905, the thin
spacer walls 907 andvthe thick spacer layer 909, the Si,
Ge or SiGe metal 1layer 903 and a HEMT structure 901

- comprising GaN/AlGaN on a suitable substrate may be formed
by the method as deecribed above. Subsequently, masking
9001 of the thick spacer layer 909 may be applied so as to
produced a‘partially exposed photo-resist layer 911 on theb
thick spacer layer 909. Thereafter, etching 9002 of the
exposed thick spacer 1layer 909 may be carried out. By
doing so, the ekistence of a thicker spacer wall helps to
improve gate isolation and lower the risk of electrical
shorts between the gate and the S/D for high powered

~devices. |

It will be apparent that various other modifications |
and adaptations of the invention will be epparent to the
person skilled }in the art after reading the foregoing .
disclosure without departing from the spirit -and scope of
the invention and it is intended that all such
modifications and adaptations come within the scope of the

appended claims.

Examples

Non-limiting examples of the invention band
comparative examples will be further described in greater
detail by reference'to specific examples, which should not
be construed as in any way iimiting the scope of the
~invention. | '

The experimental results relating to the present
concept of CMOS compatible device processing for III-V

nitride on Si/SOI substrates are shown below.

HEMT Structure Fabrication
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The AlGaN/GaN HEMT epilayers were grown by a metal
organic chemical vapor deposition process. The epitaxy was
performed either on 200 mm diameter bulk Si substrate or
on 150 mm bulk Si/SOI substrate. A thin low-temperature
A1IN nucleation. layer was first grown followed by a thicker
high-temperature AIN layer. The thickness of the AlN
layers varied depending on whether a 20d,mm‘or a»lSOnmmv

diameter substrate is used. The substrate thickness for

8i/80I substrates for 200 mm wafer is about 0.75 mm to 1.2

mm. For 150 mm diameter substrate, the substrate thickness

is 600 um to 1000 um. AlGaN buffer layers of varying Al

. contents were overgrown on the second high-temperature AIN

nucleation layeri which 1is grown over the first AlN
nucléation layer, followed by  the growth of 2.5 um thick
GaN layer. The final HEMT active layers comprises of 1.0
nm . to 1.5 nm ultrathin AIN spacer layer, about 20 nm
Al,Ga,.xN bafrier (Al content: 22 to 23 wt%), with a 1.5 nm
to 3.nm thin GaN cap.

Series of samples‘grown-on such 200 mm diameter or.
150 mm diameter substrates demonstrated 2DEG
charécteristics which were confirmed by Hall effect
measurements. The average sheet resistance from diffefent'"
samples varies in the range of 350 to 450 ohm/sq, with an
average sheet carrier concentration of 9.0 x 10 cm™? to
1.1 x 10i3 cm™? in various samples. The HEMT structures were
then subjected to device fabrication stepsv as described

below.

_ Device Isolation
Shallow trench isolation, known mesa isolation or
deposited field oxide processes may be used for isolating

the device. The mesa isolations are defined by active area

patterns and inductively coupled plasma (ICP) or reactive

- ion etching (RIE) using Cl,/BCl; chemistry.
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Subsequently, two approaches for ’fabricating ’CMOS-
compatible self align process for AlGaN/GaN HEMTs have
been utilized in these examples although it is understood
that other approaches wutilizing the same principles as
taught herein may be possible. The contact schemes
employed in these examples are capable of being subjected
to a wide range of temperature for annealing depending on
the type of metal stacks selected. Other considerations
may also include the required thickness of dielectric
passivation and deposition conditions of various metal

layers.

- Fabrication Method For Gate First Process.

The method for gate first process is depicted in Fig.

1 and Fig. 2. After device isolation (device isolation may
include mesa etching and nitride/oxide deposition to cause
the device isolation to be similar to one isolated with
STI. It may also be any known deposited filled oxide
scheme), the gate stack comprising 7 nm Al,0; was deposited
at 300°C by atomic layer deposition (ALD) using alternaﬁing
pulses of Al(CH3;); and H,0 as the precursors. CMOS
compatible mefal TaN or TiN was deposited after gate
dielectric deposition using a physical vapor deposition
(PVD) process. The‘thickness of the metal gate can Vary
between about 150 nm to 250 nm. The gate pattern was
| defined by optical lithography followed by standard metal
etch process. Thin spacer layers comprising Al,0;/8i0,,
Si3N, or their combination thereof, were deposited using a
low pressure CVD process (LPCVD). The low pressure CVD may
be applicable for depoéiting spacers made from Al,0,/SiO;,
SisN; or their combination. Other deposition processes may
also include ALD, LPCVD, PECVD or PVD. After the thin
spaber etch, an over etch process  was performed to clear

the third GaN epitaxial cap layer and the second AlGaN
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epitaxial layer. Si, Ge or SiGe was deposited at varying
temperature 400°C to 800°C.

A thick spacer comprising Al,0;/S8i0O,, 8i3N; or their
combination thereof; was deposited using LPCVD process'and
rapid thermal annealing was carried out for Si, Ge or SiGe
activation/diffusion into the third epitaxial GaN layer at
the 2DEG area. ‘

Depending on the applications, HfO,, Al:x0; or. their
combination thereof, can”aleo be used for the dielectric
layers. After activation, spacer etching was carried out

using reactive ion etching (RIE) which offers etching

" capabilities that is selective to the underlying ultrathin

Si, Ge or SiGe layer. Silicon compatible silicide metal
Ti/TiN deposition, 'silicidation and unreacted metal etch
done for this self aiign process.

The above process steps may be euitably altered with

various deposition and annealing conditions.

Fabrication Method For Gate Last Process
After device "ieolation the S/D lithography was
followed by deposition of Si, Ge or SiGe ahd a CMOoS
compatible metal . (e.g. Ti/TiN, Ni/Ti/TiN, Ni/Ti/Al/W)

stack using ' electron beam evaporation and ' customized

'sputtering'techniques. The rapid thermal annealing (RTA)

of the 8/D metal for ohmic contact and dopant segregation
after the liftoff process. _ _
For the case of MISHEMT process, the gate last

options are highlighted below.

First process step wae the active island formation
followed by gate insulator deposition. In next step, the.
S/D litho, gate insulator etching, Ge, Si or SiGe followed
by CMOS metal stack deposition for S/D, lift off, and RTA
to form ohmic first and second contact areas (S/D). After

S/D formation, further lithography step may be necessary
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for gate formation by gate metal (Ni/W, Ni/Ti/W,
Ni/Ti/Al/W) deposition. The process flow and the schematic

device architecture built are shown in Fig. 3 and Fig. 4.

MISHEMT And MOSHEMT Fabrication

The above examples relate to CMOS compatible self align

“intermediate layers silicided/germanided on - GaN/AlGaN

IaYers, which are grown on either 200 mm or 150 mm
diaméter SOI, Si, sapphire, or SiC substrates. However,
these methods as described in the above examples are not
limited to GaN/AlGaN HEMT system. These methods are also
applicable for producing III-V MISHEMT fabrication and
could also be applicable to InAlN/AIN/GaN or InAlGaN/GaN
active layer systems. Accordingly[ MISHEMT fabricated
devices are also knowﬁ. as metal insulator semiconductor
HEMT.’In this instance, the insulator isva gate insulator.
Generally, gate insulators are gate dielectrics seleéted

from such as Alzog, HfO,, ZxO0,, TiO;, Tagos,_Ta—doped Al,0;3,

) HfAlO , La,y0s3, Si3N4 ; SiON, Y-,0,, HfSlO4 ’ SrTi02 , LaAlO3 . SiO;z

and their combination thereof.

'In metal oxide semiconductor HEMT (MOSHEMT), a photo
mask was designed- and taped out. for MOSHEMT fabrication.
GaN/AlGaN on Si, SOI substrates was used to fabricate
devices. The fabrication proceés is a multistep process
which includes, cleaning of the III-V semiconductors, gate
dielectric deposition, gate lithography, ‘gate metal
deposition, gate metal etch (or by 1lift off process).

. Likewise, thin spacer‘-layer deposition and etching
may be included, followed by mild recess ‘etch of S/D to
1and neaf the 2DEG layer. Si, Ge or SiGe deposition and
annealing are also needed. The temperétures used for
deposition énd annealing of the Si, Ge or SiGe, depend on

the material that is used.
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~Electrical Characterization
Fig. 5 shows the typical device characteristics using
a gate last process. The dC characteristics are

illustrated to showcase transistor prototypes. Although

‘comparable results were obtained with using standard Au-

based process steps, these results highlight the
applicability of the present method regarding the CMOS
compatible process schemes. The CMOS compatible process
step includes the use of Ge diffusion steps in S/D with a
follow up on . transistor characteristics. The Ips-Vps and
Ips-Vos and  transconductance (g,) characteristics of the

fabricated HEMT devices are shown in Fig. 6.

Depth Profiling and Structural analysis of Ge/Si .And The

Diffusion Characteristics

A device was fabricated and the contact processing
results were charaéterized. To further uhderstand the
contact processes and the chemistry of metal réaction on
nitride surface, experiments have been carried out ‘via
depth profiling and structural analysis of the Si/Ge,
particularly regarding the diffusion of Ge/Si. |

In this study, Ge has been chosen for the analysis
with following type of stack shown in Fig. 7 on a 200 mm
diameter AlGaN/GaN HEMT wafer. The schematié of the metal
stack for source]drain_is shown in Fig. 7. The substrate
labeled as 700'comprises AlN on silicon. Subsequently, 3.4
um of GaN labeled as 702, 20 nm of AlGaN labeled as 704, 2
nm of GaN labeied as 706 are deposited over the AlN layer.
The various metals layers,labeled as 708 to 716 comprising
Ge, Ti,'Al, Ni and W, respectively, are then férmed over
the HEMT base structure. TEM and EDX analysis are further
perfofmed to check the cross section of.the metal stack

and composition.
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Experimental results showed that.Ge diffuses until 50
nm. depth at GaN/AlGaN ahd is also present in the Ni. In
the Ni, it is the Ge rich Ni‘germanide which causes some
agglomeration. To avoid oxygen, it is necessary to perform .
annealing in a vacuum environment. However, due to tool
limitations, vacuum RTA was not available, and contact
resistance up to a value similar to Au-based contact
processing on such HEMTs are demonstrated. These results
are shown in table 1 below and Fig. 8. Table 1 lists the
contact resistance of wvarious HEMT using conventional
gold-based and non—gold based structures that are not the
same as the above methods ér structures disclosed.
Comparing the‘contact resistance of the present device as
shdwn in Fig.8, the present device obtained by the present
method exhibited a lower contact resistance. Notably,
all cOnventional goldeased technologiés as indicated in

table 1 had rough contact surfaces. Meanwhile, the contact

surfaces developed using conventional non-gold-based

technologies by MIT and Temasek/NTU had smooth surfaces.

At-present,_commercial foundry device (HEMT, LED etc.)f
makers using GaN on Si may not be‘readily availablé in the
market. Till now, non-Au based HEMTS may not readily

available in the market.
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Claims

1. A  semiconductor device having a structure
comprising:

a first nucleation layer and a second nucleation
layer disposed on a substrate;

a first epitaxial layer and a second epitaxial layer
disposed over the first and second nucleation layers to
form a channel layer comprising portions of the first and
second epitaxial layers;

a third epitaxial layer disposed on the second
epitaxial layer;

a binary layer comprising a group 14 element selected
from Si, Ge and their combination thereof disposed over
the first and second nucleation layers;

a thin spacer located between the binary layer and
the third epitaxial layer; and

a first contact area and a second contact area
disposed over the substrate, wherein the first and second
contacts areas formed from annealing the binary layer with
the first, second or third epitaxial layer are capable of
providing a lower contact resistance for a current to flow

in the device.

2. The semiconductor device of claim 1,

wherein the binary layer is disposed over the first,
second and third epitaxial layers, and

wherein the first and second contact areas formed
from annealing the binary layer with the first, second or
third epitaxial layer, are disposed on the first or third
epitaxial layer or partially embedded in the second and/or
third epitaxial layer,

preferably further comprising a gate electrode

disposed between the first and second contact areas before
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or after the binary layer 1is annealed with the first,
second or third epitaxial layer, and

preferably wherein the height of the gate electrode
is 100 nm to 300 nm, and

preferably wherein the first nucleation layer has a
thickness in the range of 25 nm to 30 nm, and

preferably wherein the second nucleation layer has a
thickness in the range of 200 nm to 400 nm, and

preferably wherein the first epitaxial layer 1is a
gallium nitride layer with a thickness of 1.5 um to 3.0 um,
and

preferably wherein the second epitaxial layer is an
aluminum gallium nitride layer with a thickness of 15 nm

to 25 nm.

3. The semiconductor device of claim 2, wherein the
second epitaxial layer has an aluminum content of 20 to 25
wt$%,

preferably wherein the second epitaxial layer has an

aluminum content of 22 to 23 wt%.

4. The semiconductor device of claim 2, wherein the
third epitaxial layer is a gallium nitride layer having a
thickness of 1.5 nm to 3.5 nm,

preferably wherein the gallium nitride layer has a

thickness of 1.5 nm to 3.0 nm.

5. The semiconductor device of claim 2, wherein the
channel layer is a two dimension electron gas (2DEG) layer,
optionally wherein the structure further comprises
shallow isolated +trenches, mesa 1isolated trenches or

deposited oxide layers.
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6. The semiconductor device of claim 2, wherein the
gate electrode has a structure comprising the second
epitaxial layer, the third epitaxial layer, a dieletric
layer comprising aluminum oxide, hafnium oxide, or their
combination thereof, and a CMOS compatible metal selected
from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W, WN, any
non-gold based metal and their combination thereof,

preferably wherein the first and the second contact
areas are formed from annealing the first epitaxial layer,
the binary layer comprising a group 14 element selected
from Si, Ge and their combination thereof, and a CMOS
compatible metal selected from the group of Ta, TaN, Ti,
TiN, Ni, Co, Al, W, WN, any non-gold based metal and their

combination thereof.

7. The semiconductor device of claim 6, wherein the
gate electrode further comprises two thin spacer
structures on both sides of the gate electrode, wherein
the +two thin spacer structures are disposed on the
dielectric layer,

preferably wherein the gate electrode further
comprises two thick spacer structures on both sides of the
gate electrode, wherein the two thick spacer structures
are disposed on the first epitaxial layer, and

preferably wherein the two thin and two thick spacers
are made up of aluminum oxide, silicon nitride, silicon
dioxide or their combination thereof, and

preferably wherein the two thick spacers have a width

of 50 nm to 10um.

8. The semiconductor device of claim 2, wherein the
gate electrode comprises a single CMOS compatible metal
selected from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W,

WN, any non—-gold based metal and their combination thereof,
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when the first and second contact areas are disposed over

the third

epitaxial layer or partially embedded in the

second and/or third epitaxial layer,

preferably wherein the structure further comprises a

field insulator layer disposed on an island formed from

the first,
first and

epitaxial

second and third epitaxial layers in which the
second contact areas are disposed over the third

layer or partially embedded in the second and/or

third epitaxial layers, and a gate insulating layer

disposed on the field insulator layer, and

preferably wherein the field insulator layer 1is a

silicon nitride, silicon oxide, silicon-oxynitride or Al,0;

layer, and the gate insulating layer 1is gate dielectric

layer selected from Al,05, HfO;, Zr0O,, TiO,, Tay0s, Ta-doped

Aleg, HfAlO, La203, Si3N4, SiON, YzOg, HfSiO4, SITiOZ, LaA103,

Si0, and their combination thereof, and

preferably wherein the first and second contact areas

disposed

over the third epitaxial 1layer or partially

embedded in the second and/or third epitaxial layer are

made up of an annealed layer comprising the second and/or

the third

a group

epitaxial layer, and the binary layer comprising

14 element selected from Si, Ge and their

combination thereof, and a CMOS compatible metal selected

from the group of Ta, TaN, Ti, TiN, Ni, Co, Al, W, WN, any

non-gold based metal and their combination thereof.

9.
height of

The semiconductor device of claim 2, wherein the

the gate electrode is 100 nm to 300 nm, and

optionally wherein the substrate 1is a sapphire

substrate,

substrate

10.

a silicon substrate, a silicon on insulator

or a silicon carbide substrate.

A transistor having the structure of claim 1.
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