wo 2017/100416 A1 [N I P00 OO O Y

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/100416 A1

15 June 2017 (15.06.2017) WIPO I PCT

(51) International Patent Classification: (74) Agent: STETINA BRUNDA GARRED & BRUCKER;
HO1L 21/762 (2006.01) G11C 11/401 (2006.01) Shunsuke S. Sumitani, 75 Enterprise, Suite 250, Aliso

GO6F 1/10 (2006.01) G11C 11/402 (2006.01) Viejo, California 92656 (US).
GIC 11/40 (2006.01) GIIC 11/404(2006.01) (81) Designated States (uniess otherwise indicated, for every
(21) International Application Number: kind of national protection available): AE, AG, AL, AM,
PCT/US2016/065552 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
. . BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
(22) International Filing Date: DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
8 December 2016 (08.12.2016) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
(25) Filing Language: English KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
(26) Publication Language: English NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
(30) Priority Data: RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
62/264,485 8 December 2015 (08.12.2015) US TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,

15/370,950 6 December 2016 (06.12.2016) US ZA,IM, ZW.

(71) Applicant: SKYWORKS SOLUTIONS, INC. [US/US], (84) Designated States (unless otherwise indicated, fO}" every
20 Sylvan Road, Woburn, Massachusetts 01801 (US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(72) Imventors: GORBACHOYV, Oleksandr; C/O Skyworks TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,

Solutions, Inc., 5221 California Avenue, Irvine, California
92617 (US). MARTIROSYAN, Ashot; C/O Skyworks
Solutions, Inc., 5221 California Avenue, Irvine, California
92617 (US). ZHANG, Lisette L.; C/O Skyworks Solu-
tions, Inc., 5221 California Avenue, Irvine, California
92617 (US). MUSIOL, Lothar; C/O Skyworks Solutions,
Inc., 5221 California Avenue, Irvine, California 92617
(US).

TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: LOW NOISE AMPLIFIER TRANSISTORS WITH DECREASED NOISE FIGURE AND LEAKAGE IN SILICON-ON-
INSULATOR TECHNOLOGY

38 s

(57) Abstract: A metal oxide semiconductor
field eftect transistor preferably fabricated
with a silicon-on-insulator process has a first
semiconductor region and a second semicon-
ductor region in a spaced relationship thereto
A body structure is defined by a channel seg-
ment between the first semiconductor region
and the second semiconductor region, and a

2604l san

FIG. 1

first extension segment structurally contigu-
ous with the channel segment. A shallow

< trench isolation structure surrounds the first

semiconductor region, the second semicon-
P ductor region, and the body structure, with a
first extension interface being defined
between the shallow trench isolation struc-
ture and the first extension segment of the
body structure to reduce leakage current
flowing from the second semiconductor re-
gion to the first semiconductor region
through a parasitic path of the body structure.




WO 2017/100416 A1 AT 00T 00 0 O O

Declarations under Rule 4.17:

—  before the expiration of the time limit for amending the

— as to applicant’s entitlement to apply for and be granted claims and to be republished in the event of receipt of
a patent (Rule 4.17(ii)) amendments (Rule 48.2(h))
Published:

—  with international search report (Art. 21(3))



WO 2017/100416 PCT/US2016/065552

10

15

20

25

30

1

LOW NOISE AMPLIFIER TRANSISTORS WITH DECREASED NOISE
FIGURE AND LEAKAGE IN SILICON-ON-INSULATOR TECHNOLOGY

CROSS-REFERENCE TO RELATED APPLICATIONS
The application relates to and claims the benefit under 35 U.S.C. § 119(e) to
U.S. Provisional Patent Application No. 62/264,485 filed December 8, 2015 and
entitled “LNA TRANSISTORS WITH DECREASED NOISE FIGURE AND
LEAKAGE IN SOI TECHNOLOGY,” the entire contents of which is wholly

incorporated by reference herein.

STATEMENT RE: FEDERALLY SPONSORED RESEARCH/DEVELOPMENT
Not Applicable

BACKGROUND

1. Technical Field

The present disclosure relates generally to semiconductor fabrication of
integrated circuits, including those utilized in radio frequency (RF) applications. More
particularly, the present disclosure relates to low noise amplifier transistors with
decreased noise figure and leakage in silicon-on-insulator (SOI) technology.

2. Related Art

Complex, multi-function electronic devices are comprised of many
interconnected modules and components, each of which serves a dedicated purpose.
For instance, wireless communication devices may be comprised of a transmit chain
and a receive chain, with the antenna and the transceiver being a part of both the
transmit chain and receive chain. The transmit chain may additionally include a power
amplifier for increasing the output power of the generated RF signal from the
transceiver, while the receive chain may include a low noise amplifier for boosting the
weak received RF signal so that information can be accurately and reliably extracted
therefrom. The transmit chain and the receive chain may be selectively interconnected
to the antenna with an RF switch, with the transmit chain components, receive chain
components, and the RF switch being collectively referred to as a front end module.
The front end module circuitry may be implemented as an integrated circuit that is

fabricated on a semiconductor die.
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Silicon-on-insulator (SOI) semiconductor technologies are widely used for
fabricating integrated circuit devices, particularly those for RF applications such as
front end modules, including the power amplifiers and low noise amplifiers thereof.
SOI refers to the use of a layered silicon-insulator-silicon substrate in place of a more
conventional bulk silicon substrate. On top of such semiconductor substrate, there is a
thin dielectric layer of silicon dioxide, referred to as the buried oxide (BOX) layer.
This layer may be created by flowing oxygen onto a plain silicon wafer and then
heating the wafer to oxidize the silicon, thereby creating a uniform buried layer of
silicon dioxide. An active region of silicon is formed on the BOX layer of the SOI
substrate. This active silicon layer includes the active circuit elements such as
transistors and diodes of the integrated circuit.

These active elements are physically separated and electrically isolated from
each other by shallow trench isolation (STI) structures, which are formed by etching a
trench between the active elements and filling the trench with a low-loss dielectric
material. The STI structures separate and isolate the various active components along
a horizontal plane. The BOX region electrically isolates the active elements from the
semiconductor substrate and effectively reduce coupling between the active elements
as well as the underlying silicon substrate.

The field effect transistor, and in particular the metal oxide semiconductor
field effect transistor (MOSFET), is widely employed in RF integrated circuits for
amplification and signal switching applications. The field effect transistor has a gate,
along with a drain and a source that each correspond to a semiconductor channel of
either n-type doping or p-type doping on a substrate, and a body. Those transistors
with n-type channel doping may be referred to as NMOS transistors, while those
transistors with p-type channel doping may be referred to as PMOS transistors

In RF applications in which devices such as power amplifiers, low noise
amplifiers, and RF switches are being fabricated, high-resistivity silicon substrates are
utilized. This increases quality-factor (Q-factor) of the passive components
implemented therewith including inductors, capacitors, and transmission lines.
Additionally, overall losses are decreased. The decreased coupling between different
parts of the circuit also results in increased efficiency and linearity in the performance

of the integrated circuit overall.
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Due to certain inherent properties of the SOI process technology, however,
positive fixed charges may exist at the STI-semiconductor interface. This is
understood to result in a parasitic NMOS transistor that is parallel with the main
transistor structure. Control of the fixed interface charge density is challenging, as it
may vary significantly from lot to lot of the semiconductor wafer, even within the
same wafer foundry. The interface charge can lead to increased leakage current at low
operating temperatures due to the decreased threshold voltage of the aforementioned
parasitic NMOS transistor. Furthermore, mobile negative-induced charges in the
vicinity of the main NMOS transistor channel is understood to add noise to the main
transistor under certain conditions, which can adversely impact the noise figure (NF)
of any low noise amplifier implemented with SOI technology. The aforementioned
leakage current can also be problematic at nominal operating temperatures.

Accordingly, there is a need in the art for minimizing fixed interface charges
in NMOS transistors implemented with SOI technology. There is also a need in the art
for reducing resultant leakage current that degrades the performance of NMOS

transistors, particularly in implementations of low noise amplifiers.

BRIEF SUMMARY

The present disclosure is directed to various embodiments of a field effect
transistor. According to one embodiment, the field effect transistor is manufactured
according to the silicon-on-insulator (SOI) process, and is a metal oxide
semiconductor type. The field effect transistor may include a first semiconductor
region, as well as a second semiconductor region that may be in a spaced relationship
to the first semiconductor region. Additionally, the field effect transistor may include
a body structure that is defined by a channel segment between the first semiconductor
region and the second semiconductor region. The body structure may also include a
first extension segment that is structurally contiguous with the channel segment. The
field effect transistor may also include a shallow trench isolation structure
surrounding the first semiconductor region, the second semiconductor region, and the
body structure. A first extension interface may be defined between the shallow trench
isolation structure and the first extension segment of the body structure, which is
contemplated to reduce leakage current flowing from the second semiconductor

region to the first semiconductor region through a parasitic path of the body structure.
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The present disclosure also contemplates a semiconductor die including at
least one field effect transistor fabricated in accordance with the various
embodiments, as well as a radio frequency communications module with a low noise
amplifier implemented with one or more embodiments of the field effect transistor.
The present disclosure will be best understood by reference to the following detailed

description when read in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the various embodiments disclosed
herein will be better understood with respect to the following description and
drawings, in which like numbers refer to like parts throughout, and in which:

FIG. 1 is a perspective view of a silicon-on-insulator (SOI) field effect
transistor with decreased noise figure and leakage according to a first embodiment;

FIG. 2A is a top plan view of the first embodiment of the SOI field effect
transistor shown in FIG.1 including various structural details thereof

FIG. 2B is a top plan view of the first embodiment of the SOI field effect
transistor depicting the positive fixed charge in a shallow trench isolation structure, a
negative mobile charge in a body structure, and leakage current resulting therefrom;

FIG. 3A is a top plan view of a second embodiment of the SOI field effect
transistor;

FIG. 3B is a top plan view of the second embodiment of the SOI field effect
transistor depicting the positive fixed charge in the shallow trench isolation structure,
the negative mobile charge in the body structure, and leakage current resulting
therefrom;

FIG. 4A is a top plan view of a third embodiment of the SOI field effect
transistor;

FIG. 4B is a top plan view of the third embodiment of the SOI field effect
transistor depicting the positive fixed charge in the shallow trench isolation structure,
the negative mobile charge in the body structure, and leakage current resulting
therefrom;

FIG. 5A is a top plan view of a fourth embodiment of the SOI field effect

transistor;
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FIG. 6 is a top plan view of an n-channel metal oxide semiconductor transistor
cell layout in accordance with an embodiment of the present disclosure;

FIG. 7 is a block diagram of an exemplary front end circuit that may be
implemented with various embodiments of the SOI field effect transistor;

FIG. 8 is a schematic diagram of a packaged amplifier module; and

FIG. 9 is a schematic diagram of a cross-section of the packaged amplifier

module shown in FIG. 8.

DETAILED DESCRIPTION

The detailed description set forth below in connection with the appended
drawings is intended as a description of the several presently contemplated
embodiments of a silicon-on-insulator (SOI) metal oxide semiconductor field effect
transistor (MOSFET), and are not intended to represent the only form in which the
disclosed transistors may be developed or utilized. The description sets forth the
functions and features in connection with the illustrated embodiments. It is to be
understood, however, that the same or equivalent functions may be accomplished by
different embodiments that are also intended to be encompassed within the scope of
the present disclosure. It is further understood that the use of relational terms such as
first and second and the like are used solely to distinguish one from another entity
without necessarily requiring or implying any actual such relationship or order
between such entities.

With reference to FIGS. 1 and 2A, a field effect transistor 10, and specifically
a first exemplary embodiment 10a thereof, is contemplated to be a complementary
metal oxide semiconductor (CMOS) type fabricated with a silicon-on-insulator (SOI)
process. However, the embodiments disclosed herein may be utilized in other silicon-
based semiconductor fabrication technologies. As will be appreciated by those having
ordinary skill in the art, SOI involves building MOSFETSs on thin layers of crystalline
silicon. Being a field effect transistor, there is understood to be a gate, a source, and a
drain, and is implemented on a semiconductor substrate (not shown), on which a
buried oxide (BOX) layer 12 is disposed. The BOX layer 12 is understood to isolate
elements the various active elements from the semiconductor substrate, and is
composed of silicon dioxide (Si02). However, any other suitable dielectric material

may be readily substituted.
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The field effect transistor 10 further includes a first semiconductor region 14,
as well as a second semiconductor region 16 that is in a spaced relationship to the first
semiconductor region. The first semiconductor region 14 and the second
semiconductor region 16 are understood to be doped with an n-type dopant. In this
regard, the field effect transistor 10 may be referred to as an n-type metal oxide
semiconductor field effect transistor (NMOS). The first semiconductor region 14 may
correspond to the aforementioned source of the field effect transistor 10, while the
second semiconductor region 16 may correspond to the drain.

The field effect transistor 10 also includes a body structure 18 that is generally
defined by a channel segment 20 and a first extension segment 22 that is structurally
contiguous with the channel segment 20. The first embodiment of the field effect
transistor 10a has a first variant of a body structure 18a, the details of which will be
described more fully below. The channel segment 20 is disposed between the first
semiconductor region 14 and the second semiconductor region 16, and is doped with a
p-type dopant.

As particularly illustrated in FIG. 2A, the body structure 18a together with the
first semiconductor region 14 and the second semiconductor region 16 has a generally
rectangular configuration defined by a length 1 and a width w, and further by a first
lateral end 24a and an opposed second lateral end 24b.

With additional reference to the perspective view of FIG. 1, the first lateral
end 24a of the channel segment 20 is a channel segment left sidewall 26a, while the
second lateral end 24b of the channel segment 20 is a channel segment right sidewall
26b. Furthermore, the first lateral end 24a of the first extension segment 22 is a first
extension segment left sidewall 28a, and the second lateral end 24b of the first
extension segment 22 is a first extension segment right sidewall 28b.

In addition to the lateral ends 24, the body structure 18a is defined by a front
end 30a and an opposed rear end 30b. The front end 30a is part of the channel
segment 20, and thus defines a front channel segment wall 32a that extends from the
channel segment left sidewall 26a to the channel segment right sidewall 26b. The rear
end 30b, on the other hand, is part of the first extension segment 22, and accordingly
defines a rear first extension segment wall 32b that extends from the first extension
segment left sidewall 28a to the first extension segment right sidewall 28b. The first

extension segment 22 also has a front facing portion/defined by the front end 30a,
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which corresponds to a left first extension segment front wall 34a and a right first
extension segment front wall 34b. The left first extension segment front wall 34a
extends between the channel segment left sidewall 26a and the first extension segment
left sidewall 28a, and the right first extension segment front wall 34b extends between
the channel segment right sidewall 26b and the first extension segment right sidewall
28b. As can be seen, the first extension segment 22 extends laterally beyond the
length of the channel segment 20 equally to the left and to the right.

The first semiconductor region 14 and the second semiconductor region 16
likewise have a generally rectangular configuration defined by lengths Ls and Ld,
respectively, and widths Ws and Wd, respectively. It is to be understood that the
terms length and width are referenced for purposes of convenience, and consistency
with the frame of reference of the other components described herein. Opposed
lengthwise parts of the first semiconductor region 14 correspond to an outer left
sidewall 36a and an inner right sidewall 36b. Along these lines, opposed lengthwise
parts of the second semiconductor region 16 correspond to an inner left sidewall 38a
and an outer right sidewall 38b. Opposed widthwise parts of the first semiconductor
region 14 correspond to an inner rear wall 40a and an outer front wall 40b, and
opposed widthwise parts of the second semiconductor region 16 similarly correspond
to an inner rear wall 42a and an outer front wall 42b.

The aforementioned features of the first semiconductor region 14, the second
semiconductor region 16, and the body structure 18 are arranged and oriented in the
first embodiment of the field effect transistor 10a as illustrated in FIGS. 1 and 2A.
Specifically, the first extension segment left sidewall 28a is coplanar with the outer
left sidewall 36a of the first semiconductor region 14. Further, the left first extension
segment front wall 34a is parallel to and abuts against the inner rear wall 40a of the
first semiconductor region 14. The channel segment left sidewall 26a of the body
structure 18 is parallel to and abuts against the inner right sidewall 36b of the first
semiconductor region 14. The outer front wall 40b of the first semiconductor region
14 is coplanar with the front channel segment wall 32a, as well as with the outer front
wall 42b of the second semiconductor region 16. Further, the first extension segment
right sidewall 28b is coplanar with the outer right sidewall 38b of the second
semiconductor region 16. Along the same lines as the structure of the first

semiconductor region 14, the inner rear wall 42a of the second semiconductor region
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16 is parallel to and abuts against the right first extension segment front wall 34b, and
the inner left sidewall 38a of the second semiconductor region 16 is parallel to and
abuts against the channel segment right sidewall 26b.

As shown in FIG. 1, the first semiconductor region 14, the second
semiconductor region 16, and the body structure 18 are understood to have a
substantially uniform thickness, that is, the various walls thereof as described above
have the same height. Moreover, these walls are depicted as true planar structures. It
will be appreciated that these are ideal representations only, and when actually
fabricated, there may be some deviations from the ideal structure. Notwithstanding
the structural imperfections, however, the field effect transistors 10 are understood to
function properly. These caveats are understood to be applicable to the remaining
embodiments of the field effect transistors 10 disclosed herein.

The first semiconductor region 14, the second semiconductor region 16, and
the body structure 18 are surrounded by a shallow trench isolation structure 48. That
is, the shallow trench isolation structure 48 is defined by opposed left and right inner
sidewalls 50a and 50b, as well as opposed front and rear inner walls 52a and 52b. The
shallow trench isolation structure 48 may be fabricated from an oxide material such as
silicon dioxide (Si02), and may have the same or different thickness as the first
semiconductor region 14, the second semiconductor region 16, and the body structure
18 that it surrounds.

The left inner sidewall 50a of the shallow trench isolation structure 48 is
parallel to and abuts against the first extension segment left sidewall 28a and the outer
left sidewall 36a of the first semiconductor region 14. Likewise, the right inner
sidewall 50b of the shallow trench isolation structure 48 is parallel to and abuts
against the first extension segment right sidewall 28b and the outer right sidewall 38b
of the second semiconductor region 16.

The front inner wall 52a is parallel to and abuts against the outer front wall
40b of the first semiconductor region 14, the front channel segment wall 32a of the
body structure 18, and the outer front wall 42b of the second semiconductor region
16. Additionally, the rear first extension segment wall 32b is parallel to and abuts
against the rear inner wall 52b of the shallow trench isolation structure 48.

Disposed above the body structure 18 in a substantially overlapping relation

thereto is a gate terminal 44. Interposed between the gate terminal 44 and the body
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structure 18 is a gate oxide layer 46. When the gate terminal 44 is energized, an
electrical conduction path (channel) is defined between the first semiconductor region
14 and the second semiconductor region 16.

With reference to FIG. 2B, the shallow trench isolation structure 48 is
understood to have a fixed positive charge as shown, and there is additionally a
mobile induced negative charge in the body structure 18 and the first and second
semiconductor regions 14, 16 as shown. The p-type material of the body structure 18
and the positive charge from the shallow trench isolation structure 48 define an
interface that results in a parasitic transistor that can cause the field effect transistor 10
to deviate from its expected/modeled performance, particularly as it relates to current-
voltage characteristics at different temperatures. Specifically, there is a channel
interface 54 defined between the front inner wall 52a of the shallow trench isolation
structure 48 and the front channel segment wall 32a of the body structure 18. The first
and second semiconductor regions 14, 16 are understood to be in direct contact with
the mobile negative charges at the channel interface 54, so even where the gate-source
voltage is zero, there may be a leakage current (I1) when the drain-source voltage is
greater than zero.

The various embodiments of the present disclosure, including the first
embodiment of the field effect transistor 10a, contemplate extending the length of the
interface of the shallow trench isolation structure 48 and the body structure 18,
thereby lengthening the path between the first semiconductor region 14 and the
second semiconductor region 16. It is understood that a shorter channel path may raise
leakage current for a given set of operating conditions.

As described above, the first extension segment 22 increases this length, and
additionally moves the interface between the shallow trench isolation structure 48 and
the body structure 18 to be away from the channel. There is a first extension interface
56 defined between the rear inner wall 52b of the shallow trench isolation structure 48
and rear first extension segment wall 32b. The first extension interface 56 is also
defined between the left inner sidewall 50a of the shallow trench isolation structure 48
and the first extension segment left sidewall 28a, and between the right inner sidewall
50b of the shallow trench isolation structure 48 and the first extension segment right
sidewall 28b. Rather than the shorter distance Lg across the channel segment 20, the

first extension interface 56 increases the length of the path of the leakage current 12
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from the second semiconductor region 16 to the first semiconductor region 14 to the
length B of the first extension segment right sidewall 28b, plus the length A of the
rear first extension segment wall 32b, and plus another length B of the first extension
segment left sidewall 28a, thereby decreasing the leakage current. The total leakage
current is understood to be sum of the leakage current I1 and the leakage current 12.
The first lateral end 24a of the first extension segment 22 further includes a body
contact 58 that is connected to the body structure 18, and to either ground or a highly
stable voltage source. In addition to the decreased leakage current, the noise
contribution of the parasitic transistor to the field effect transistor 10 is also reduced.

Referring now to FIG. 3A, a second embodiment of the field effect transistor
10b has a second variant of the body structure 18b. The second embodiment of the
field effect transistor 10b includes the first semiconductor region 14 and the second
semiconductor region 16 in a spaced relationship to the first semiconductor region 14.
The second variant of the body structure 18b likewise includes the first extension
segment 22 that is structurally contiguous with the channel segment 20. For the sake
of brevity, the commonalities relating to the various structural details of the first and
second semiconductor regions 14, 16 and the body structure 18 will be omitted.

In addition to the first extension segment 22, the second variant of the body
structure 18b includes a second extension segment 60 opposite the first extension
segment 22 across the channel segment 20. The first lateral end 24a of the second
extension segment 60 is a second extension segment left sidewall 62a, and the second
lateral end 24b of the second extension segment 60 is a second extension segment
right sidewall 62b.

In the second variant of the body structure 18b, the front end 30a thereof is
part of the second extension segment 60 rather than the channel segment 20 as in the
first variant of the body structure 18a. The front end 30a thus defines a front second
extension segment wall 64 that extends from the second extension segment left
sidewall 62a to the second extension segment right sidewall 62b. The second
extension segment 60 also has a rear facing portion that corresponds to a left second
extension segment rear wall 66a and a right second extension segment rear wall 66b.
The left second extension segment rear wall 66a extends between the channel segment
left sidewall 26a and the second extension segment left sidewall 62a, and the right

second extension segment rear wall 66b extends between the channel segment right
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sidewall 26b and the second extension segment right sidewall 62b. Like the first
extension segment 22, the second extension segment 60 extends laterally beyond the
length of the channel segment 20 equally to the left and to the right.

As shown in FIG. 3A, the first semiconductor region 14 and the second
semiconductor region 16 are disposed against the second extension segment 60, and
thus the outer front walls 40b, 42b thereof may no longer define the front end 30a of
the body structure 18b. Nevertheless, for the sake of consistency, the same
terminology will be used in relation thereto. It is to be understood that while
references are made to “front” walls, this is not intended to be limiting. The left
second extension segment rear wall 66a is understood to be parallel to and abut
against the outer front wall 40b of the first semiconductor region 14, and the right
second extension segment rear wall 66b is understood to be parallel to and abut
against the outer front wall 42b of the second semiconductor region 16.

The second extension segment left sidewall 62a is coplanar with the outer left
sidewall 36a of the first semiconductor region 14 as well as the first extension
segment left sidewall 28a. Along these lines, the second extension segment right
sidewall 62b is coplanar with the outer right sidewall 38b of the second
semiconductor region 16 and the first extension segment right sidewall 28b.

The second embodiment the field effect transistor 10b illustrated in FIG. 3A
also includes the shallow trench isolation structure 48, which surrounds the first
semiconductor region 14, the second semiconductor region 16, and the body structure
18. The left inner sidewall 50a of the shallow trench isolation structure 48 is parallel
to and abuts against the first extension segment left sidewall 28a, the outer left
sidewall 36a of the first semiconductor region, and the second extension segment left
sidewall 62a. The right inner sidewall 60b of the shallow trench isolation structure 48
is parallel to and abuts against the first extension segment right sidewall 28b, the outer
right sidewall 38b of the second semiconductor region 16, and the second extension
segment right sidewall 62b. The front inner wall 52a is parallel to and abuts against
the front second extension segment wall 64.

Referring to FIG. 3B, again, the shallow trench isolation structure 48 has a
fixed positive charge as shown, and there is additionally a mobile induced negative
charge in the body structure 18 and the first and second semiconductor regions 14, 16.

The p-type material of the body structure 18 and the positive charge from the shallow
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trench isolation structure 48 define interfaces that results in a parasitic transistor and
thus current leakage. The second embodiment of the field effect transistor 10b
incorporates both the first extension segment 22 and the second extension segment 60
to further reduce the leakage current by lengthening the distance between the first
semiconductor region 14 and the second semiconductor region 16.

The first extension segment 22 and the second extension segment 66 moves
the interface between the shallow trench isolation structure 48 and the body structure
18 away from the channel. As indicated above, the first extension interface 56 is
defined between the rear inner wall 52b of the shallow trench isolation structure 48
and the rear first extension segment wall 32b. Similarly, the front inner wall 52a of
the shallow trench isolation structure 48 and the front second extension segment wall
64 define a second extension interface 68. The second extension interface 68 is also
defined between the left inner sidewall 50a of the shallow trench isolation structure 48
and the second extension segment left sidewall 62a, and between the right inner
sidewall 50b of the shallow trench isolation structure 48 and the second extension
segment right sidewall 62b.

Like the first extension interface 56, the second extension interface 68
increases the path of the leakage current I1 from the second semiconductor region 16
to the first semiconductor region 14 to the length B’ of the second extension segment
right sidewall 62b, plus the length A’ of the front second extension segment wall 64,
plus another length B’ of the second extension segment left sidewall 62a. Thus, the
total leakage current is the combined I1 and 2, which is understood to be less than in
comparison to a shorter path as would be the case without the first extension segment
22 and the second extension segment 66. The first lateral end 24a of the second
extension segment 60 further includes a body contact 70 that is connected to the body
structure 18, and to either ground or a highly stable voltage source.

FIG. 4A illustrates a third embodiment of the field effect transistor 10c with a
third variant of the body structure 18c. Again, there is the first semiconductor region
14 and the second semiconductor region 16 in a spaced relationship to the first
semiconductor region 14. The third variant of the body structure 18c includes the first
extension segment 22, albeit in a modified form, denoted as a first extension segment
22-2. Like the second variant of the body structure 18b discussed above, the third

variant of the body structure 18c includes the second extension segment 60 opposite



WO 2017/100416 PCT/US2016/065552

10

15

20

25

30

13

the first extension segment 22-2 across the channel segment 20. For the sake of
brevity, the commonalities relating to the various structural details of the first and
second semiconductor regions 14, 16 and the body structure 18, including the second
extension segment 60 thereof, already discussed above will be omitted.

The first extension segment 22-2 is generally defined by a main portion 72
with the same first extension segment left sidewall 28a on the first lateral end 24a, and
the first extension segment right sidewall 28b on the opposite second lateral end 24b.
Furthermore, the main portion 72 has the left first extension segment front wall 34a
that abuts against the first semiconductor region 14, and the right first extension
segment front wall 34b that abuts against the second semiconductor region 16.
Extending outwardly from the rear end 30b of the body structure 18¢c, however, is a
protruding portion 74.

At a selected location along the rear first extension segment wall 32, there is a
first lateral protruding portion wall 76a that is substantially perpendicular thereto.
Additionally, there is a second lateral protruding portion wall 76b that is spaced apart
from the first lateral protruding portion wall 76a by a longitudinal protruding portion
wall 78 having a length D. The first and second lateral protruding portion walls 76a,
776b are understood to have the same length C. With the longitudinal protruding
portion wall 78, the rear first extension segment wall 32 is segregated into a first part
32b-1 and a second part 32b-2.

An alternative variant of the shallow trench isolation structure 48-2 includes a
recessed portion 80 specifically configured for accommodating the protruding portion
74 of the first extension segment 22-2. In this regard, the shallow trench isolation
structure 48 is in part defined by the rear inner wall 52b with a first part 52b-1 that
abuts against the first part 32b-1 of the rear first extension segment wall 32b, and a
second part 52b-2 that abuts against the second part 32b-2 of the rear first extension
segment wall 32b. The recessed portion 80 is defined by a first lateral recessed
portion wall 82a and an opposed second lateral recessed portion wall 82b spaced apart
from the first lateral recessed portion wall 80a. The recessed portion 80 is also defined
by a longitudinal recessed portion wall 84.

FIG. 4B shows the shallow trench isolation structure 48-2 with a fixed positive
charge, along with a mobile induced negative charge in the body structure 18 and the

first and second semiconductor regions 14, 16. The p-type material of the body
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structure 18 and the positive charge from the shallow trench isolation structure 48-2
define interfaces that results in a parasitic transistor. The first extension segment 22-2
is further lengthened from the other embodiments discussed above, and continues to
include the second extension segment 60, both of which together are contemplated to
reduce the leakage current

With the different configuration of the first extension segment 22-2, there is a
different first extension interface 56-2 defined between the shallow trench isolation
structure 48-2 and the body structure 18. In further detail, the first extension interface
56-2 is defined between the first extension segment left sidewall 28a and the left inner
sidewall 50a, between the first part 32b-1 of the rear first extension segment wall 32
and the first part 52b-1 of the rear inner wall 52b, between the first lateral protruding
portion wall 76a and the first lateral recessed portion wall 82a, between the
longitudinal protruding portion wall 78 and the longitudinal recessed portion wall 84,
between the second lateral protruding portion wall 76b and the second lateral recessed
portion wall 82b, between the second part 32b-2 of the rear first extension segment
wall 32 and the second part 52b-2 of the rear inner wall 52b, and between the first
extension segment right sidewall 28b and the right inner sidewall 50b. The second
extension segment 60 defines the second extension interface 68 as indicated above.

The alternatively defined first extension interface 56-2 further increases the
path of the leakage current I1 from the second semiconductor region 16 to the first
semiconductor region 14 to a length corresponding to a sum of the length A, plus the
length D of the longitudinal protruding portion wall 78/longitudinal recessed portion
wall 84, plus two times the length C to account for both the first and second lateral
protruding portion walls 76a, 76b/first and second lateral recessed portion walls 82a,
82b, and plus twice the length B for the first extension segment left sidewall 28a and
the first extension segment right sidewall 28b. The first lateral end 24a of both the
first and second extension segments 22-2 and 60 each includes a body contact 58, 70,
respectively, that are connected to the body structure 18b, and to either ground or a
highly stable voltage source. The length of the first extension interface 56-2 is
understood to be greater than the length of the second extension interface 68, though
it will be appreciated that the two interfaces can be configured with the same length.

The leakage current is understood to be a sum of the leakage current I1 and the

leakage current 12. Although a particular embodiment with the protruding portion 74



WO 2017/100416 PCT/US2016/065552

10

15

20

25

30

15

on the first extension segment 22 was presented, this is by way of example only and
not of limitation. Other physical structures that thus increase the length of the first
extension interface 56-2 and/or the second extension interface 68 may be substituted
without departing from the scope of the present disclosure.

FIG. 5 shows a fourth embodiment of the field effect transistor 10d with a
fourth variant of the body structure 18d. Like the other embodiments, there is the first
semiconductor region 14 and the second semiconductor region that is in a spaced
relationship to the first semiconductor region 14. In addition to the first extension
segment 22 and the second extension segment 60, this embodiment includes a first
side extension 86a on the first lateral end 24a and an opposed second side extension
86b on the second lateral end 24b. The first extension segment 22, the second
extension segment 60, the first side extension 86a, and the second side extension 86b,
together with the channel segment 20, define a contiguous, unitary structure of the
body structure 18d. Thus, the body structure 18d effectively enclose the first
semiconductor region 14 and the second semiconductor region 16 within the body
structure 18d, and the shallow trench isolation structure 48 surrounds the entirety of
the body structure 18d. That is, the first semiconductor region 14 and the second
semiconductor region 16 does not directly contact the shallow trench isolation
structure 48.

Highly resistive areas 88a, 88b are thus introduced within the first side
extension 86a and the second side extension 86b, respectively, that are adjacent to the
first semiconductor region 14 and the second semiconductor region 16, respectively.
The highly resistive areas 88 are understood to be formed because of the p-n junction
between the p-type body structure 18d and the n-type first and second semiconductor
regions 14, 16. As indicated above, the body structure 18d is unitary, and is
accordingly defined by a left sidewall 90a, and opposed right sidewall 90b, a front
wall 92a, and an opposed rear wall 92b. The shallow trench isolation structure 48 is
configured similarly as that of the first embodiment 48a, and is defined by the left
inner sidewall 50a, an opposed right inner sidewall 50b, a front inner wall 52a, and an
opposed rear inner wall 52b. A first interface 94 is thus defined between a part of the
left sidewall 90a and a part of the left inner sidewall 50a, the front wall 92a and the
front inner wall 52a, and a part of the right sidewall 90b and a part of the right inner

sidewall 50b. A further second interface 96 defined between a part of the left sidewall
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90a and a part of the left inner sidewall 50a, the rear wall 92b and the rear inner wall
52b, and a part of the right sidewall 90b and a part of the right inner sidewall 50b.

A leakage current flows from the second semiconductor region 16 to the first
semiconductor region 14 along the first interface 94 as I1, and along the second
interface 96 as 12, though such currents are reduced since they pass through the highly
resistive areas 88a, 88b. Again, it is contemplated that the total leakage current
between the drain and the source can be minimized, and the noise figure of the field
effect transistor 10d can be reduced.

FIG. 6 illustrates an exemplary layout of the field effect transistor 10 in
accordance with another embodiment of the present disclosure. A transistor cell 95,
which corresponds to the field effect transistor 10, includes the first semiconductor
region 14 and the second semiconductor region 16, with the first semiconductor
region 14 with an n+ type diffusion or implant. The first semiconductor region 14
corresponds to the source, and is accordingly connected to a source electrode 98. The
second semiconductor region 16 corresponds to the drain, and is accordingly
connected to a drain electrode 99 defined on a metal layer (M1) 100 via contacts
102a-102e. On the same co-planar metal layer (M1) 100, the source electrode 98 may
be implemented, and there are a set of contacts 104a-104e from the metal layer 100 to
the first semiconductor region 14. Alternatively, the source electrode 98 may be
implemented on different metal layers not shown herein.

On opposite ends of the first and second semiconductor regions 14, 16 are a
first p+ type diffusion or implant 106, with a contact 108 connecting the same to the
metal layer (M1) 100. Disposed laterally between the first semiconductor region 14
and the second semiconductor region 16 is a polysilicon layer 110 corresponding to
the gate, with a gate electrode 112 being implemented on the metal layer (M1) 100.
There is also a contact 114 interconnecting the gate electrode 112 to the polysilicon
layer 110. A p-well 115 underlies the components described above.

Various embodiments of the present disclosure additionally contemplate an n-
type polysilicon guard ring 116 surrounding the transistor cell 95. A negative voltage
at a predetermined level may be applied to the guard ring 116 via a guard ring
electrode 118 that is also implemented on the metal layer (M1) 100. There is a contact
120 interconnecting the guard ring electrode 118 to the guard ring 116. With the

negative voltage applied, it is contemplated that the guard ring 116 reduces mobile
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charge formation in the shallow trench isolation structure and body interface in the
vicinity of the transistor channel, so leakage current and the noise figure may be
reduced. Although a single transistor cell 95 is shown surrounded by the guard ring
116, this is by way of example, and any number of transistor cells 95 may be
aggregated within a single, common guard ring 116.

Referring now to the block diagram of FIG. 7, the field effect transistor 10 in
accordance with various embodiments of the present disclosure may be utilized in a
radio frequency (RF) front end module 121. In the illustrated example, only a low
noise amplifier circuit 122 is depicted, as the field effect transistor 10 is contemplated
to be useful for such an application. However, it will be appreciated that the field
effect transistor 10 may be utilized in any application where low leakage current and
improved noise figures are desirable. The low noise amplifier circuit 122 is comprised
of an amplification stage including the NMOS field effect transistor 10, with its input
being connected to an input matching network 124, and its output being connected to
an output matching network 126. An antenna 127 receives the broadcast RF signal,
and an RF switch 128 selectively connects the same to the input of the low noise
amplifier circuit 122. The RF switch 128 may also selectively connect an output from
a power amplifier (not shown) to the antenna 127. Once amplified, the received RF
signal is passed to a transceiver 129 for further processing. The RF front end module
121, in turn, may be used in a mobile communications device such as a cellular
phone, a tablet, or any other like device.

FIG. 8 is a schematic diagram of an embodiment of a packaged radio
frequency communications module 130, while FIG. 9 is a schematic diagram of a
cross-section of the packaged radio frequency communications module 130 taken
along axis A-A of FIG. 23. The packaged radio frequency communications module
130 includes an integrated circuit or die 132, surface mount components 134, wire
bonds 136, a package substrate 138, and an encapsulation structure 140. The package
substrate 138 includes pads 142 formed from conductors disposed therein.
Additionally, the die 132 includes pads 144, and the wire bonds 136 are used to
electrically connect the pads 144 of the die 132 to the pads 142 of the package
substrate 138.

The die 132 includes the low noise amplifier circuit 122 and the RF switch

128 implemented with the field effect transistor 10 of the present disclosure. These
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components on the die 202 are understood to be as described above. The die 132 is
mounted to the package substrate 138 as shown, though it may be configured to
receive a plurality of additional components such as the surface mount components
134. These components include additional integrated circuits as well as passive
components such as capacitors, inductors, and resistors.

As shown in FIG. 9, the packaged radio frequency communications module
130 is shown to include a plurality of contact pads 146 disposed on the side of the
packaged radio frequency communications module 130 opposite the side used to
mount the die 132. Configuring the packaged radio frequency communications
module 130 in this manner can aid in connecting the same to a circuit board of a
wireless communications device. The example contact pads 146 can be configured to
provide radio frequency signals, bias signals, power low voltage(s) and or power high
voltage(s) to the die 132 and/or the surface mount components 134. The electrical
connections between the contact pads 146 and the die 132 can be facilitated by
connections 148 through the package substrate 138. The connections 148 can
represent electrical paths formed through the package substrate 138, such as
connections associated with vias and conductors of a multilayer laminated package
substrate.

In some embodiments, the packaged radio frequency communications module
130 can also include or more packaging structures to, for example, provide protection
and/or to facilitate handling of the packaged radio frequency communications module
130. Such a packaging structure can include overmold or encapsulation structure 140
formed over the package substrate 138 and the components and die(s) disposed
thereon.

It will be understood that although the packaged radio frequency
communications module 130 is described in the context of electrical connections
based on wire bonds, one or more features of the present disclosure can also be
implemented in other packaging configurations, including, for example, flip-chip
configurations.

The particulars shown herein are by way of example and for purposes of
illustrative discussion of the embodiments of the field effect transistors, and are
presented in the cause of providing what is believed to be the most useful and readily

understood description of the principles and conceptual aspects. No attempt is made
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to show details with more particularity than is necessary, the description taken with
the drawings making apparent to those skilled in the art how the several forms of the

present disclosure may be embodied in practice.
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WHAT IS CLAIMED IS:

1. A field effect transistor, comprising:

a first semiconductor region;

a second semiconductor region in a spaced relationship to the first
semiconductor region;

a body structure defined by a channel segment between the first
semiconductor region and the second semiconductor region, and a first
extension segment structurally contiguous with the channel segment; and

a shallow trench isolation structure surrounding the first semiconductor
region, the second semiconductor region, and the body structure, a first
extension interface being defined between the shallow trench isolation
structure and the first extension segment of the body structure to reduce
leakage current flowing from the second semiconductor region to the first
semiconductor region through a parasitic path of the body structure.

2. The field effect transistor of claim 1 wherein the shallow trench
isolation structure and the channel segment of the body structure further defines a
channel interface, the first interface being longer than the channel interface.

3. The field effect transistor of claim 1 wherein the body structure further
defines a second extension segment structurally contiguous with the channel segment
and opposite the first extension segment.

4. The field effect transistor of claim 3 wherein the shallow trench
isolation structure and the second extension segment of the body structure defines a
second extension interface.

5. The field effect transistor of claim 4 wherein a length of the first
interface is substantially the same as a length of the second interface.

6. The field effect transistor of claim 4 wherein the length of the first
interface is longer than the length of the second interface.

7. The field effect transistor of claim 6 wherein the first extension
segment includes a protruding portion extending the length of the first interface
between the body structure and the shallow trench isolation structure relative to the

length of the second interface.
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8. The field effect transistor of claim 1 further comprising a transistor
gate disposed on a gate oxide layer disposed on a top surface of the body structure and
between the first semiconductor region and the second semiconductor region.

9. The field effect transistor of claim 1 wherein the body structure is
defined by a first lateral end and a second lateral end, the first semiconductor region
being disposed toward the first lateral end and the second semiconductor region being
disposed toward the second lateral end.

10. The field effect transistor of claim 9 wherein the first semiconductor
region and the second semiconductor region abut against respective interior sidewalls
of the shallow trench isolation structure.

11. The field effect transistor of claim 9 wherein the body structure
includes a first side extension interposed between the first semiconductor region and
the shallow trench isolation structure, and a second side extension interposed between
the second semiconductor region and the shallow trench isolation structure, the first
side extension and the second side extension being structurally contiguous with the
channel segment and the first extension segment.

12. The field effect transistor of claim 1 wherein the first semiconductor
region corresponds to a transistor source terminal.

13. The field effect transistor of claim 1 wherein the second semiconductor
region corresponds to a transistor drain terminal.

14. The field effect transistor of claim 1 wherein the first semiconductor
region and the second semiconductor region are doped with an n-type dopant.

15. The field effect transistor of claim 1 wherein the body structure is
doped with a p-type dopant.

16. The field effect transistor of claim 1 wherein the shallow trench
isolation structure is a silicon dioxide (SiO2) dielectric material.

17. The field effect transistor of claim 1 further comprising a buried oxide
layer disposed underneath the first and second semiconductor regions, the body
structure, and the shallow trench isolation structure.

18. The field effect transistor of claim 1 further comprising a polysilicon
guard ring surrounding the first and second semiconductor regions, and at least a
portion of the body structure, a negative voltage being applied to the polysilicon guard

ring to reduce mobile charge formation at the first extension interface.
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19. A semiconductor die comprising:

a semiconductor substrate;

a shallow trench isolation structure disposed on the semiconductor
substrate; and

a plurality of transistor elements disposed on the semiconductor
substrate and surrounded by the shallow trench isolation structure, each of the
transistor elements including a first semiconductor region, a second
semiconductor region in a spaced relationship to the first semiconductor
region, and a body structure contiguous with the semiconductor substrate and
defined by channel segment between the first semiconductor region and the
second semiconductor region, at least one of the transistor elements including

a first extension segment structurally contiguous with the channel segment, at

least one extension interface being defined between the shallow trench

isolation structure and the first extension segment of the body structure of the
at least one transistor element to reduce leakage current flowing from the

second semiconductor region to the first ssmiconductor region through a

parasitic path of the body structure.

20. The semiconductor die of claim 19 wherein the shallow trench
isolation structure and the channel segment of the body structure of each of the
transistor elements defines a channel interface, the first interface being longer than the
channel interface.

21. The semiconductor die of claim 19 wherein the body structure of the at
least one transistor element further defines a second extension segment structurally
contiguous with the channel segment and opposite the first extension segment.

22. The semiconductor die of claim 21 wherein the shallow trench
isolation structure and the second extension segment of the body structure of the at
least one transistor element defines a second extension interface.

23. The semiconductor die of claim 19 wherein the first extension segment
of the body structure of the at least one transistor element further includes a
protruding portion extending the length of the first interface between the body
structure and the shallow trench isolation structure relative to the length of the second

interface.
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24, The semiconductor die of claim 19 wherein the body structure of the at
least one transistor element includes a first spacer interposed between the first
semiconductor region and the shallow trench isolation structure, and a second spacer
interposed between the second semiconductor region and the shallow trench isolation
structure, the first spacer and the second spacer being structurally contiguous with the
channel segment and the first extension segment.

25. A radio frequency communications device comprising:

a transceiver configured to process radio frequency signals;

an antenna configured to facilitate transmission and reception of the
radio frequency signals; and

a low noise amplifier having an input connected to the antenna and an
output connected to the transceiver, the low noise amplifier being
implemented with at least one field effect transistor including a first
semiconductor region, a second semiconductor region in a spaced relationship
to the first semiconductor region, a body structure defined by a channel
segment between the first semiconductor region and the second semiconductor
region, and a first extension segment structurally contiguous with the channel
segment, and a shallow trench isolation structure surrounding the first
semiconductor region, the second semiconductor region, and the body
structure, a first extension interface being defined between the shallow trench
isolation structure and the first extension segment of the body structure to
reduce leakage current flowing from the second semiconductor region to the
first semiconductor region through a parasitic path of the body structure.

26. The radio frequency communications device of claim 25 wherein the
shallow trench isolation structure and the channel segment of the body structure of the
field effect transistor defines a channel interface, the first interface being longer than
the channel interface.

27. The radio frequency communications device of claim 25 wherein the
body structure of the field effect transistor further defines a second extension segment
structurally contiguous with the channel segment and opposite the first extension

segment.
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28. The radio frequency communications device of claim 27 wherein the
shallow trench isolation structure and the second extension segment of the body
structure of field effect transistor defines a second extension interface.

29. The radio frequency communications device of claim 25 wherein the
first extension segment of the body structure of the field effect transistor further
includes a protruding portion extending the length of the first interface between the
body structure and the shallow trench isolation structure relative to the length of the
second interface.

30. The radio frequency communications device of claim 25 wherein the
body structure of the field effect transsitor includes a first spacer interposed between
the first semiconductor region and the shallow trench isolation structure, and a second
spacer interposed between the second semiconductor region and the shallow trench
isolation structure, the first spacer and the second spacer being structurally contiguous

with the channel segment and the first extension segment.
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Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2015/0228714 A1 (RFAXIS, INC.) 13 August 2015 (13.08.2015) entire document 1-6, 8-22, 24
Y US 2009/0224335 A1 (CHANG et al) 10 September 2009 (10.09.2009) entire document 1-6, 8-22, 24
Y US 2007/0132035 A1 (KO et al) 14 June 2007 (14.06.2007) entire document 24
A US 2004/0079935 A1 (BRYANT et al) 29 April 2004 (29.04.2004) entire document

1-24

[:] Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

16 March 2017

Date of mailing of the international search report

04 APR 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: §71-272-7774
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INTERNATIONAL SEARCH REPORT International application No.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. [:I Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.: .

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See Extra Sheet(s)

I. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-24

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

EI The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SKARCH REPORT International application No.

PCT/US2016/065552

Continued from Box No. |Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-24, drawn to a semiconductor die.
Group |l, claims 1-18,25-30, drawn to a radio frequency communications device.

The inventions listed as Groups |-Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
I invention: a semiconductor substrate; a shallow trench isolation structure disposed on the semiconductor substrate; and a plurality of
transistor elements disposed on the semiconductor substrate and surrounded by the shallow trench isolation structure as claimed therein
is not present in the invention of Group II. The special technical feature of the Group Il invention: a transceiver configured to process
radio frequency signals; an antenna configured to facilitate transmission and reception of the radio frequency signals; and a low noise
amplifier having an input connected to the antenna and an output connected to the transceiver, the low noise amplifier being
implemented with at least one field effect transistor as claimed therein is not present in the invention of Group |.

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of a first
semiconductor region, a second semiconductor region in a spaced relationship to the first semiconductor region, and a body structure
contiguous with the semiconductor substrate and defined by channe! segment between the first semiconductor region and the second
semiconductor region, at least one of the transistor elements including a first extension segment structurally contiguous with the channel
segment, at least one extension interface being defined between the shallow trench isolation structure and the first extension segment of
the body structure of the at least one transistor element to reduce leakage current flowing from the second semiconductor region to the
first semiconductor region through a parasitic path of the body structure, this technical feature is not a special technical feature as it does
not make a contribution over the prior art.

Specifically, US 2015/0228714 A1 (RFAXIS, INC.) 13 August 2015 (13.08.2015) teaches a first semiconductor region, a second
semiconductor region in a spaced relationship to the first semiconductor region, and a body structure contiguous with the semiconductor
substrate and defined by channel segment between the first semiconductor region and the second semiconductor region (Paras. 40-44
and Fig. 1), at least one of the transistor elements including a first extension segment structurally contiguous with the channel segment,
at least one extension interface being defined between the shallow trench isolation structure and the first extension segment of the body
structure of the at least one transistor element to reduce leakage current flowing from the second semiconductor region to the first
semiconductor region through a parasitic path of the body structure (Paras. 43-45).

Since none of the special technical features of the Group | or Ii inventions are found in more than one of the inventions, unity of invention
is lacking.
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