IN THE UNITED STATES DISTRICT COURT
FOR THE DISTRICT OF DELAWARE

GREENTHREAD, LLC
Plaintiff, Civil Action No.
Vs,
MONOLITHIC POWER SYSTEMS, INC. JURY TRIAL DEMANDED
Defendant.

ORIGINAL COMPLAINT FOR PATENT INFRINGEMENT
Plaintiff Greenthread, LLC (“Greenthread” or “Plaintiff”) files this Original Complaint

against Monolithic Power Systems, Inc. (“MPS” or “Defendant”) and hereby alleges as follows:

THE NATURE OF THE ACTION

l. Greenthread owns a family of patents related to transistors and other components
of integrated semiconductor devices. Greenthread’s patented inventions describe semiconductor
devices that employ graded dopants and well regions for creating electric fields for aiding and/or
limiting the movement of carriers to (or from) the semiconductor surface to (or from) the
semiconductor substrate. These inventions improve semiconductor devices by (1) creating faster,
more efficient, and more reliable mixed-signal circuits and sensor devices, power management
integrated circuits, junction field effect transistors, processors, logic devices, DRAM and NAND
flash, and image sensors and (2) allowing manufacturers to scale down the feature size of their
semiconductor products.

2. Defendant has infringed and continues to infringe six Greenthread patents: U.S.
Patent Nos. 8,421,195 (“the "195 Patent”), 9,190,502 (“the *502 Patent™), 10,510,842 (“the *842

Patent”), 10,734,481 (“the 481 Patent”), 11,121,222 (“the *222 Patent”), and 11,316,014 (“the
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014 Patent”), (collectively “the Greenthread Patents”), copies of which are attached hereto as
Exhibits 1-6, respectively. Defendant has infringed and continues to infringe the Greenthread
Patents by: making, using, selling, offering for sale, and/or importing into the United States,
semiconductor devices with infringing graded dopant regions and/or electronic products

containing the same; and inducing others to do the same.

THE PARTIES

3. Greenthread is a limited liability company organized and existing under the laws of
Texas, having its principal place of business at 7424 Mason Dells Drive, Dallas, Texas 75230-
3244,

4. MPS is a corporation organized and existing under the laws of Delaware with its
headquarters at 5808 Lake Washington Blvd., Kirkland, Washington 98033.

5. “MPS Accused Products” are products accused of meeting the claim limitations of
a Greenthread Patent in this suit. MPS designs and manufactures semiconductor devices
containing transistors and other structures that infringe the Greenthread Patents in the United
States. The infringing structures within semiconductor devices have application in many types of
devices designed and manufactured by MPS, including switching converters and controllers,
multi-phase controllers, power management integrated circuits, USB switches, load switches,
MOFSET drivers, isolated gate drivers, digital isolators, isolated DC/DC converters, power
modules, battery chargers and monitors, fuel gauges, stepper motor drivers, brushless DC pre-
drivers, brushless DC motor controllers, brushed DC drivers, fan drivers, backlight drivers, audio
drivers, analog-to-digital converters, angular position sensors, curtent sensors, and other products
containing transistors.

6. Exhibit 8, demonstrating how exemplary MPS Accused Products meet the claim
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limitations of Greenthread Patents, is incorporated herein by reference,
7. MPS sells MPS Accused Products directly and indirectly.’

Customers, Sales and Marketing

We sell our products through third-party distributors, value-added resellers and directly to original
equipment manufactorers (“OEMs”), oniginal design manufacturers (*ODMs”), electronic manufacturing
service (“EMS™) providers and other end customers. Qur third-party distributors are subject to distribution
agreements with us, which allow the disiributors to sell our products 1o end customers and other resellers,
including OEMs, ODMs or EMS providers. Our value-added resellers may second source our products and
provide other services to customers. ODMs typically design and manufacture electronic products on behalf
of OEMs, and EMS providers typically provide manufacturing services for OEMs and other clectronic
product suppliers.

8. For example, MPS allows customers to purchase MPS Accused Products directly

through its website.”

! MPS. Form 10-K (Dec. 31. 2022).
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fielated Teols  Design Resources Tachnical Forum Quality

Products » EV Hits and EV Board » EVHT-MP2451

EVKT-MP2651

MP2451 Evatuation Kit

Description

The EVKT-MF245% 15 an evaluaticn kit designed far the MP2&51 11
demonstrates the capabsliies of the MP2451, a buck-boost charger IC
designed for baltery packs with 1 cel to 4 cells in serias

The device can accet a wide 4V 1o 22V input voltage [V u] range (o charge
the battery. it also supplies a vade 3V to 21V voltage range at the IN pinin
source mode. This funclion 1s cempliant with USHE power dedwery |PD)
specifications

Product Evaluated

-Controlled, USB PD SA Buck-Boost Charger with
MP2651GVT U 16/Source Mode for 1-Cell to 4-Cell Series Battery
Applications

1. MPS maintains sales offices in the United States to sell MPS Accused Products and
MPS assists its customers with the design of customer products to integrate MPS Accused Products

into MPS customer products, including in the United States.’

We have sales offices in China, India, Japan, South Korea, Singapore, Taiwan, the United States and
throughout Europe. Our products typically require a highly technical sales and applications enginecring
cffort where we assist our customers in the design and usc of our products in their application. We maintain
a stafl of applications cngincers who work directly with our customers’ cngincers in the development of
their systems’ clectronics containing our products.

12, For example, MPS makes sales of MPS Accused Products through offices in

Michigan, Washington, and California.® On information and belief, MPS sales and marketing

* MPS. Form 10-K (Dec. 31.2022).
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13. MPS performs quality assurance in the United States, which on information and
belief, involves use of MPS Accused Products in the United States.” Quality control use in the

United States is important to MPS design wins.

SUBJECT MATTER JURISDICTION
14. This court has subject matter jurisdiction over the patent infringement claims

asserted in this case under 28 U.S.C. §§ 1331 and 1338(a).

PERSONAL JURISDICTION, VENUE, AND JOINDER

15. This Court has personal jurisdiction over Defendant MPS as a citizen/resident of
Delaware. On information and belief, the Court further has personal jurisdiction over MPS,
because MPS has regularly conducted and continue to conduct business in the United States, in
the State of Delaware, and in this judicial district. On information and belief, MPS has committed
infringing activities in Delaware and in this judicial district by making, using, offering for sale,
and/or selling in the United States and/or importing into the United States, products and systems

that infringe upon the Greenthread Patents, or by placing such infringing products and systems

"MPS, Job Listings, https://www.monolithicpower.com/en/about-mps/careers/job-listings.html
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into the stream of commerce with the awareness, knowledge, and intent that they would be used,
offered for sale, or sold by others in this judicial district and/or purchased by consumers in this
district.

16.  Venue is proper as to MPS pursuant to 28 U.S.C. §§ 1391(b) and 1400(b) because
it is a citizen/resident of Delaware and has committed, and continues to commit, acts of

infringement in this District.

THE GREENTHREAD PATENTS

7. On April 16, 2013, the U.S. Patent and Trademark Office duly and legally issued
U.S. Patent No. 8,421,195 (“the '195 Patent”), entitled “Semiconductor Devices with Graded
Dopant Regions,” listing Dr. Mohan Rao as the inventor, from a patent application filed January
12, 2007. The *195 Patent claims priority from U.S. Patent Application No. 10/934,515.% filed on
September 3, 2004. A true and correct copy of the *195 Patent is attached hereto as Exhibit | and
incorporated herein by reference.

18.  On November 17, 2015, the U.S. Patent and Trademark Office duly and legally
issued U.S. Patent No. 9,190,502 (“the 502 Patent™), entitled “Semiconductor Devices with
Graded Dopant Regions,” listing Dr. Mohan Rao as the inventor, from a patent application filed
October 16, 2014. The *502 Patent claims priority from U.S. Patent Application No. 10/934,915,°
filed on September 3, 2004. A true and cotrect copy of the *502 Patent is attached hereto as Exhibit
2 and incorporated herein by reference.

19.  On December 17, 2019, the U.S. Patent and Trademark Office duly and legally

issued U.S. Patent No. 10,510,842 (“the *842 Patent™), entitled “Semiconductor Devices with

# Pub. No. US 2006/0049464,
% Pub. No. US 2006/0049464.
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Graded Dopant Regions,” listing Dr. Mohan Rao as the inventor, from a patent application filed
on May 9, 2017. The *842 Patent claims priority from U.S. Patent Application No. 10/934.915,0
filed on September 3, 2004. A true and correct copy of the *842 Patent is attached hereto as Exhibit
3 and incorporated herein by reference.

20.  On August 4, 2020, the U.S. Patent and Trademark Office duly and legally issued
U.S. Patent No. 10,734,481 (“the 481 Patent™), entitled “Semiconductor Devices with Graded
Dopant Regions,” listing Dr. Mohan Rao as the inventor, from a patent application filed on
December 17, 2019. The ’481 Patent claims priotity from U.S. Patent Application No.
10/934,915,"! filed on September 3, 2004. A true and correct copy of the 481 Patent is attached
hereto as Exhibit 4 and incorporated herein by reference.

21.  On September 14, 2021, the U.S. Patent and Trademark Office duly and legally
issued U.S. Patent No. 11,121,222 (*the '222 Patent™), entitled “Semiconductor Devices with
Graded Dopant Regions,” listing Dr. Mohan Rao as the inventor, from a patent application filed
on July 27, 2020. The 222 Patent claims priority from U.S. Patent Application No. 10/934,915,'2
filed on September 3, 2004. A true and correct copy of the *222 Patent is attached hereto as Exhibit
5 and incorporated herein by reference.

22. On April 26, 2022, the U.S. Patent and Trademark Office duly and legally issued
U.S. Patent No. 11,316,014 (“the ‘014 Patent™), entitled “Semiconductor Devices with Graded
Dopant Regions,” listing Dr. Mohan Rao as the inventor, from a patent application filed on July 9,

2021. The '014 Patent claims priority from U.S. Patent Application No. 10/934,915," filed on

'0 Pub. No. US 2006/0049464.
1 Pub. No. US 2006/0049464.
12 Pub. No. US 2006/0049464.
'3 Pub. No. US 2006/0049464.
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September 3, 2004. A true and correct copy of the *014 Patent is attached hereto as Exhibit 6 and
incorporated herein by reference.

23. The *195, *502, *842, 481, 222, and *014 Patents are collectively referred to as
the “Greenthread Patents.”

24. Greenthread exclusively owns all rights, title, and interest in the Greenthread
Patents necessary to bring this action, including the right to recover past and future damages.
Certain of the Greenthread Patents were previously owned by Dr. G.R. Mohan Rao (“Dr. Rao”).
On April 27, 2015, Dr. Rao assigned to Greenthread the then-issued Greenthread Patents and all
related “continuations, continuations-in-part and extensions of said Applications and Patents and
any pending applications or issued patents that directly claim or are amended to claim priority to
any of the Applications or Patents.” Dr. Rao’s assignment was recorded with the U.S. Patent and
Trademark Office on May 13, 2015, and again on July 22, 2021, and is attached hereto as Exhibit
7. Greenthread has therefore owned all rights to the Greenthread Patents necessary to bring this
action throughout the period of MPS’s infringement and still owns those rights to the Greenthread
Patents.

25. MPS is not currently licensed to practice the Greenthread Patents.

26.  The Greenthread Patents are valid and enforceable.

FACTUAL BACKGROUND

27. Dr. G.R. Mchan Rao (“Dr. Rao™), the sole inventor of the Greenthread Patents, has
been an innovator in the semiconductor industry since the 1960s. He is a named inventor on more
than 100 Patents worldwide and authored numerous technical publications over the last 30 years.

28.  In September 1968, Dr. Rao received a Ph.D. in physics with a specialization in
electronics from Andhra University in Waltair, India. He then traveled to the United States to

attend a graduate program in physics at the University of Cincinnati.
10
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29. After learning of an opportunity to work with Professor William Carr of S outhern
Methodist University (“SMU™), Dr. Rao transferred to SMU where he earned a Ph.D in Electrical
Engineering. While there, he worked in the SMU laboratory with Jack Kilby of Texas Instruments
(a pioneering electrical engineer who would later receive a Nobel Prize for his work), on metal-
oxide-silicon transistors (“MOS devices™), which are used for switching and amplifying electronic
signals in electronic devices. MOS devices form the basis of modern electronics and are the most
widely used semiconductor devices in the world. The U.S. Patent and Trademark Office has called
this device a “groundbreaking invention that transformed life and culture around the world.™'* Dr.
Rao built these devices from scratch while a graduate student at SMU.

30. Through his mentor, Jack Kilby, Dr. Rao interviewed with—and was ultimately
hired by—Texas Instruments to continue his work on MOS devices in 1972. Dr. Rao worked at
Texas Instruments for the next twenty-two years, rising from an engineer to a Senior Fellow. At
that time, Texas Instruments had only 12 Senior Fellows out of approximately 20,000 engineers.
Eventually, Dr. Rao moved into a management position at Texas Instruments, ultimately becoming
a Senior Vice President in 1985.

31. At Texas Instruments, Dr. Rao received his first patent while working in a process
and product engineering capacity to solve a production problem with Texas Instruments’ 4-kilobit
RAM product. That patent was merely the beginning of Dr. Rao’s long inventive career. Indeed,
from the late 1970s through the mid-1980s, Dr. Rao worked on or managed projects relating to
Texas Instruments® 64kb RAM, 256Kb RAM, 1Mb RAM, 4 Mb RAM, EEPROM, SRAM, and

microcontrollers. For that work, Dr. Rao received numerous additional U.S. Patents.

\4 Remarks bv Director Tancu af the 2019 htornatinnal Intollastunl Dennn. s Fimbneninns (June
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32. The USPTO was not the only organization to recognize Dr. Rao’s achievements.
Some of Dr. Rao’s work at Texas Instruments was so remarkable that it has been credited in
multiple exhibits in the National Museum of American History at the Smithsonian Institution. '’
For example, the Smithsonian has displayed Texas Instruments’ experimental |-megabit CMOS
DRAM, produced in April 1985 under Dr. Rao’s leadership, and credited Dr. Rao for the

achievement.'®

33.  In 1994, Dr. Rao left Texas Instruments for Cirrus Logic. During his two-year

tenure at Cirrus Logic, he received more U.S. Patents relating to his work on integrated graphics

15 Tavac Inctrumente Collertion Summarv Comments Provided by Texas Instruments Staff,

16 Tavae Inctrimente Callection Wafer Disolay. TI number: G00200 (1985),

12
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controllers and memory.

34.  in 1996, Dr. Rao started a company called Silicon Aquarius. Through a relationship
between Silicon Aquarius and Matsushita, Dr. Rao led a design team in working on a 256Mb
DRAM chip. After Silicon Aquarius ceased operations, Dr. Rao did consulting work for a number
of different consulting companies and devoted much of his free time to thinking about various
challenges and problems with which the semiconductor industry had struggled for years.

35.  In 2003, Dr. Rao and Philip John founded Greenthread to continue Dr. Rao’s
pioneering work. A focal point of Dr. Rao’s research was poor refresh time and the related
problem of how to deal with and control the movement of both wanted and unwanted carriers in
semiconductor devices, including memory and logic devices. Dr. Rao realized that graded dopants
could be used to create a “drift layer” and other structures to facilitate the movement—in an
upward or downward direction, as appropriate—of carriers from the semiconductor surfaces down
into the substrate and vice versa. It was Dr. Rao’s work on this problem that culminated in the

Greenthread Patents,

MPS’S INFRINGEMENT
36.  MPS has directly and indirectly infringed, and continues to infringe, one or more
claims of each of the Greenthread Patents through making, using, offering to sell, selling within
the United States, and/or importing into the United States semiconductor products that practice the
claimed inventions {i.e., the MPS Accused Products).
37.  Further, in concert with its authorized distributors and customers, MPS causes or
induces infringing accused products to be made, used, offered to be sold, sold within the United

States, and/or imported into the United States.
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38.  Specifically, MPS has designed and/or incorporated into other products
semiconductor devices for use in analog, digital, and mixed-signal integrated circuits. The MPS
Accused Products include switching converters and controlters, multi-phase controllers, power
management integrated circuits, USB switches, load switches, MOFSET drivers, isolated gate
drivers, digital isolators, isolated DC/DC converters, power modules, battery chargers and
monitors, fuel gauges, stepper motor drivers, brushless DC pre-drivers, brushless DC motor
controllers, brushed DC drivers, fan drivers, backlight drivers, audio drivers, analog-to-digital
converters, angular position sensors, current sensors, and other products containing transistors, and
are further identified in Exhibit 8.

39.  MPS had knowledge of Greenthread Patents at least through the USPTO’s citation
of U.S. Patent Pub. 2007/0158790 (U.S. Patent Application No.11/622,496 issued as U.S. Patent
No. 8,421,195) during prosecution of MPS’s U.S. Patent No. 8,598,637, titled “High voltage
junction field effect transistor with spiral field plate.” Accordingly MPS has had knowledge of
the Greenthread Patents since before 2013, the date of the MPS patent.

40.  MPS has knowledge of the Greenthread Patents at least as of the filing of this
complaint.

41.  MPS’s infringement is willful.

42. As shown in Exhibit 8, the exemplary MPS MP86905 monolithic half-bridge meets
each and every element of at least one claim of the Greenthread Patents.

43,  The infringing structures within semiconductor devices identified in Exhibit 8 have
application, not only in the product identified in Exhibit 8, but in many types of devices designed
and manufactured by MPS, for example to improve switching speed of MPS Accused Products.

44, Upon information and belief, MPS designs and contracts fabrication for

14
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semiconductor devices using similar designs according to a limited number of processes, many or
all of which utilize substantially similar process steps, including process steps for creating regions
with graded dopant concentrations.

45.  Upon information and belief, the MPS semiconductor devices are in relevant part
substantially similar to the exemplary MPS MP86905 monolithic half-bridge shown in Exhibit 8,
particularly with regard to the manner in which the exemplary MPS MP86905 monolithic half-
bridge includes and utilizes regions with graded dopant concentrations. Exhibit 8 is thus illustrative
of the manner in which the MPS Accused Products meet the claim limitations of the Greenthread

Patents.

COUNT I: INFRINGEMENT OF U.S. PATENT NO. 8,421,195

46.  Greenthread incorporates by reference and re-alleges all of the foregoing
paragraphs of this Complaint and exhibits attached hereto as if fully set forth herein.

47.  The following allegations are based on publicly available information and a
reasonable investigation of the structure and operation of the MPS Accused Products. Greenthread
reserves the right to modify this description, including, for example, on the basis of information
about the MPS Accused Products that it obtains during discovery.

48.  MPS’s infringement has damaged and continues to damage Greenthread in an
amount yet to be determined, of at least a reasonable royalty.

49,  As alleged above and in Exhibit 8, the products analyzed in Exhibit 8 meet each
and every one of the claim limitations of at least one claim of the "195 Patent.

50.  As alleged above, the products analyzed in Exhibit 8 are exemplary of the MPS
Accused Products.

51.  Asalleged above, MPS has and continues to infringe at least one claim of the *195

15
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Patent by making, using, offering to sell, selling within the United States, and/or importing into
the United States MPS Accused Products. Defendant’s infringement is and continues to be willful.
52.  Asalleged above, Defendant induces infringement of at least one claim of the *195
Patent by designing and marketing infringing products for sale, use, and importation into the
United States.
53.  MPS’s infringement has damaged and continues to damage Greenthread in an

amount yet to be determined, of at least a reasonable royalty.

COUNT II: INFRINGEMENT OF U.S. PATENT NO. 9,190,502

54.  Greenthread incorporates by reference and re-alleges all of the foregoing
paragraphs of this Complaint and exhibits attached hereto as if fully set forth herein.

55. The following allegations are based on publicly available information and a
reasonable investigation of the structure and operation of the MPS Accused Products. Greenthread
reserves the right to modify this description, including, for example, on the basis of information
about the MPS Accused Products that it obtains during discovery.

56.  MPS’s infringement has damaged and continues to damage Greenthread in an
amount yet to be determined, of at least a reasonable royalty.

57.  As alleged above and in Exhibit 8, the products analyzed in Exhibit 8 meet each
and every one of the claim limitations of at least one claim of the *502 Patent.

58.  As alleged above, the products analyzed in Exhibit 8 are exemplary of the MPS
Accused Products.

59.  Asalleged above, MPS has and continues to infringe at least one claim of the *502
Patent by making, using, offering to sell, selling within the United States, and/or importing into

the United States MPS Accused Products. Defendant’s infringement is and continues to be willful.
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60.  As alleged above, Defendant induces infringement of at least one claim of the *502
Patent by designing and marketing infringing products for sale, use, and importation into the
United States.

61. MPS’s infringement has damaged and continues to damage Greenthread in an

amount yet to be determined, of at least a reasonable royalty.

COUNT I1I: INFRINGEMENT OF U.S. PATENT NO. 10,510,842

62.  Greenthread incorporates by reference and re-alleges all of the foregoing
paragraphs of this Complaint and exhibits attached hereto as if fully set forth herein.

63.  The following allegations are based on publicly available information and a
reasonable investigation of the structure and operation of the MPS Accused Products. Greenthread
reserves the right to modify this description, including, for example, on the basis of information
about the MPS Accused Products that it obtains during discovery.

64. MPS’s infringement has damaged and continues to damage Greenthread in an
amount yet to be determined, of at least a reasonable royalty.

65.  As alleged above and in Exhibit 8, the products analyzed in Exhibit 8 meet each
and every one of the claim limitations of at least one claim of the "842 Patent.

66.  As alleged above, the products analyzed in Exhibit 8 are exemplary of the MPS
Accused Products.

67.  Asalleged above, MPS has and continues to infringe at least one claim of the *842
Patent by making, using, offering to sell, selling within the United States, and/or importing into

the United States MPS Accused Products. Defendant’s infringement is and continues to be willful.
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68. As alleged above, Defendant induces infringement of at least one claim of the *842
Patent by designing and marketing infringing products for sale, use, and importation into the
United States.

69.  MPS’s infringement has damaged and continues to damage Greenthread in an

amount yet to be determined, of at least a reasonable royalty.

COUNT IV: INFRINGEMENT OF U.S. PATENT NO. 10,734.481

70.  Greenthread incorporates by reference and re-alleges all of the foregoing
paragraphs of this Complaint and exhibits attached hereto as if fully set forth herein.

71.  The following allegations are based on publicly available information and a
reasonable investigation of the structure and operation of the MPS Accused Products. Greenthread
reserves the right to modify this description, including, for example, on the basis of information
about the MPS Accused Products that it obtains during discovery.

72. MPS’s infringement has damaged and continues to damage Greenthread in an
amount yet to be determined, of at least a reasonable royalty.

73.  As alleged above and in Exhibit 8, the products analyzed in Exhibit 8 meet each
and every one of the claim limitations of at least one claim of the "481 Patent.

74, As alleged above, the products analyzed in Exhibit 8 are exemplary of the MPS
Accused Products.

75. As alleged above, MPS has and continues to infringe at least one claim of the "481
Patent by making, using, offering to sell, selling within the United States, and/or importing into
the United States MPS Accused Products. Defendant’s infringement is and continues to be willful.

76.  Asalleged above, Defendant induces infringement of at least one claim of the *481

Patent by designing and marketing infringing products for sale, use, and importation into the

18
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United States.
77.  MPS’s infringement has damaged and continues to damage Greenthread in an

amount yet to be determined, of at least a reasonable royalty.

COUNT V: INFRINGEMENT OF U.S. PATENT NO. 11,121,222

78.  Greenthread incorporates by reference and re-alleges all of the foregoing
paragraphs of this Complaint and exhibits attached hereto as if fully set forth herein.

79.  The following allegations are based on publicly available information and a
reasonable investigation of the structure and operation of the MPS Accused Products. Greenthread
reserves the right to modify this description, including, for example, on the basis of information
about the MPS Accused Products that it obtains during discovery.

80.  MPS’s infringement has damaged and continues to damage Greenthread in an
amount yet to be determined, of at least a reasonable royalty.

81.  As alleged above and in Exhibit 8, the products analyzed in Exhibit 8 meet each
and every one of the claim limitations of at least one claim of the 222 Patent.

82.  As alleged above, the products analyzed in Exhibit 8 are exemplary of the MPS
Accused Products.

83.  Asalleged above, MPS has and continues to infringe at least one claim of the *222
Patent by making, using, offering to sell, selling within the United States, and/or importing into
the United States MPS Accused Products. Defendant’s infringement is and continues to be willful.

84.  Asalleged above, Defendant induces infringement of at least one claim of the *222
Patent by designing and marketing infringing products for sale, use, and importation into the

United States.
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85.  MPS’s infringement has damaged and continues to damage Greenthread in an

amount yet to be determined, of at least a reasonable royalty.

COUNT VI: INFRINGEMENT OF U.S. PATENT NO. 11,316,014

86.  Greenthread incorporates by reference and re-alleges all of the foregoing
paragraphs of this Complaint and exhibits attached hereto as if fully set forth herein.

87.  The following allegations are based on publicly available information and a
reasonable investigation of the structure and operation of the MPS Accused Products. Greenthread
reserves the right to modify this description, including, for example, on the basis of information
about the MPS Accused Products that it obtains during discovery.

88.  MPS’s infringement has damaged and continues to damage Greenthread in an
amount yet to be determined, of at least a reasonable royalty.

89.  Asalleged above and in Exhibits 8, the products analyzed in Exhibit 8 meet each
and every one of the claim limitations of at least one claim of the 014 Patent.

90.  As alleged above, the products analyzed in Exhibit 8 ate exemplary of the MPS
Accused Products.

91.  Asalleged above, MPS has and continues to infringe at least one claim of the *014
Patent by making, using, offering to sell, selling within the United States, and/or importing into
the United States MPS Accused Products. Defendant’s infringement is and continues to be willful.

92.  Asalleged above, Defendant induces infringement of at least one claim of the 014
Patent by designing and marketing infringing products for sale, use, and importation into the
United States.

93.  MPS’s infringement has damaged and continues to damage Greenthread in an

amount yet to be determined, of at least a reasonable royalty.

20

Greenthread Ex. 2026, p. 20 of 260
MPS v. Greenthread
IPR2024-00552



DAMAGES

94.  Asaresult of MPS’s acts of infringement, Greenthread has suffered and continues
to suffer actual and consequential damages. However, Greenthread does not yet know the full
extent of the infringement and the amount of damages cannot be ascertained except through
discovery and special accounting. To the fullest extent permitted by law, Greenthread secks
recovery of damages at least for reasonable royalties, unjust enrichment, and benefits recejved by
MPS as a result of using the patented technology. Greenthread further seeks any other damages to
which Greenthread is entitled under law or in equity, including enhanced damages for MPS’s

willful infringement.

DEMAND FOR JURY TRIAL

95.  Greenthread hereby demands a jury trial for all issues so triable.

PRAYER FOR RELIEF

WHEREFORE, Greenthread respectfully requests that this Court enter judgment in its
favor as follows:

A. That Judgment be entered that Defendant has infringed one or more claims of the
Greenthread Patents, literally and under the doctrine of equivalents;

B. That, in accordance with 35 U.S.C. § 283, Defendant and all its affiliates,
employees, agents, officers, directors, attorneys, successors, and assigns and all those acting on
behalf of or in active concert or participation with any of them, be preliminarily and permanently
enjoined from (1) infringing the Greenthread Patents and (2) making, using, selling, and offering
for sale, or importing into the United States, the MPS Accused Products;

C. An award of damages sufficient to compensate Greenthread for Defendant's

infringement and enhanced damages under 35 U.S.C. § 284;
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D. That the case be found exceptional under 35 U.S.C. § 285 and that Greenthread be

awarded its reasonable attorneys” fees;

E. Costs and expenses in this action;

F. Damages for pre-issuance infringement under 35 U.S.C. § 154(d);

G. An award of prejudgment and post-judgment interest; and

H. Such other and further relief as the Court may deem just and proper.

Dated: May 26, 2023
OF COUNSEL:

Alan L. Whitehurst
awhitehurst@mckoolsmith.com
Nicholas J. Matich
nmatich@mckoolsmith.com
Arvind Jairam
ajairam@mckoolsmith.com
MCKOOL SMITH, P.C.
1999 K Street NW
Washington, DC 20006
Telephone: 202-370-8300
Telecopier: 202-370-8344

John B. Campbell
jeampbeli@mckoolsmith.com
MCKOOL SMITH, P.C.

303 Colorado Street, Suite 2100
Austin, Texas 78701
Telephone: 512-692-8700
Telecopier: 512-692-8744

Archis “Neil” Ozarkar
nozarkar@mckoolsmith.com
MCKOOL SMITH, P.C.
600 Travis Street, Suite 7000
Houston, Texas 77002
Telephone: 713-485-7300
Telecopier: 713-485-7344

Emily Tate

Respectfully submitted,
FARNAN LLP

/s/ Brian E. Farnan

Brian E. Farnan {(Bar No. 4089)
Michael J. Farnan (Bar No. 5165)
919 North Market Street, 12th Floor
Wilmington, DE 19801

Telephone: 302-777-0300
Telecopier: 302-777-0301
bfarnan@farnanlaw.com
mfarnan(@farnanlaw.com
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1
SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPL ICATION

This application is a Divisional of U.S. application Ser. No.
10/934,915, filed on Sep. 3, 2004, now abandoned which
application is incorporated herein by reference.

FIELD OF INVENTION

This present invention relates to all semiconductor devices
and systems. Particularly it applics to diffused diodes. ava-
lanche diodes, Schottky devices, power MOS transistors,
JFET's. RF bipolar iransistors. IGBTSs (Insulated Gate Bipo-
lar Transistors), varactors. digital VLS, mixed signal circuits
and sensor devices including camera ICs employing CCD
{Charge Coupled Device) as well as CMOS technologies.

BACKGROUND OF INVENTION

13ipolar Junction transistors {13J1) are minority carrier
devices as the principle device conduction mechanisi. How-
ever, majority cariers also a small vet finite role in modulat-
ing the conductivity in BITs. Consequently. both carricrs
(electrons and holes) play a role in the swilching performance
of BITs. The maximum frequency of operation in BITs is
limited by the base transit time as well as the quick recombi-
nation ol the majority carriers when the device is switched off
{prior to beginning the nex! c¢ycle). The dominant carrier
mechanism in BJTs is carrier diflusion. Carrier drifi current
component is fairly sinall, especially in uniformiy doped base
BJTs. Efforts have been made in graded base transistors to
create an “aiding drift field’, to enhance the ditfusing minority
carnier’s speed from emitter to cellector. However, most
semiconductor devices, including various power MOSL TS
{traditional, DMOS. lateral, verticul and a host of other con-
figurations), IGBT"s (Insulated Gated Base Transistors). still
use a unilormly doped drilt epitaxial region in the base. F1G.
1 shows the relative doping concentraticn versus distance in a
RIT. FIG. 2 shows the unitormly doped epi region’ ina IGBT.
In contrast to BJTs. MOS devices are majority carrier devices
for conducticn. The conduction is channel dominated. The
channel can be a surface in vne plane in planar devives. The
surfacc can also be on the sidewalls in a ventical device. Other
device architectures to combine planar and vertical conduc-
tions are also possible. The maximum [requency of operation
is dictated primarily by source-drain separation distance.
Most MOS devices use a uniformly doped substrate {ora well
region). When a MOSFET is optimally integrated witba BJT
in a monolithic fashion, an IGBT results. The IGBT inherits
the advamages of both MOSFET and BJT. It also brings new
challenges because the requiired characteristics (electron tran-
sit and hole recombination as fast as possible in the case of an
n-channel 1(H3T) require different dopant gradients either in
the same layer at different positions, ot at the interfaces of
similar or dissimuilar layers.

‘Retrograde” wells have been attempted, with little success,
1o help improve soft error immunity in SRAM’s and visual
quality in imaging circuits. FIG. 3(o) shows a typical CMOS
VLS1device employing a twin well substrate. on which active
devices are subsequently fabricated. FIGS. Mb), 3(c). and
3(d) illustrate device cross sections. as practiced today. “Ret-
rograde” and ‘halo® wells have also been aticmpted to improve
refresh time in DRAM's (dynamic random access memo-
ries). as well as, reducing dark current (backgronnd noise)
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and enhance RGB (Red. Green, Blue) color resolution in
digital camera [cs. Most of these techniques either divert the
minority carriers away form the active regions of critical
charge storage nodes at the surface, or, increase minarity
carricr density locally as the particular application requires.

BRIEF DESCRIPTION OF DRAWINGS

For a more coniplete understanding of the present inven-
tion. and the advantages thercof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

F1G. 1 illustrates the relative doping profiles of emitter,
base, and collector, for the two most popular bipolar junction
transistors: namely, &  uniform base, and B graded base;

FIG. 2 illustrates the cross section of a commercial IGBT
with a uniform cpitaxial drft region (base):

FIGS. Mu), 3(b), Hc), 3(<) illustrate cross sections com-
monly used CMOS silicon substrate with two wells (one
n-well in which p-channel imnsistors are subsequently tabri-
cated, and, one p-well in which n-channel transistors are
subsequently fabricated)-—1ypical IC, EEPROM using tunnel
insulator, DRAM and NAND fAash;

FIG. 4 illustrates the cross section of a IGBT, using one

5 embuodiment of the invention described here, where the

dopant is optimally graded in the eptaxial drift region; and

F1GS. 5(a). 5(B), 5(c) illustrate the cross sections of' a MOS
silicon substrate with two wells, and, an underlying layer
using erubodiments of the invention to improve performance
ineachapplication VLS logic, DR AM/image IC, nonvula-
tile memory IC.

DETAILED DESCRIPTION OF THE INVENTION

The relative doping concentrations of emitter aud collector
regions varies from 10* 10 10*%/em®, where as the base region
is 10" 1o 10! */er® depending on the desired characteristics of
the BJT. In graded base p-n-p transistors, the donar dopant
concentration may be 1010 100x af the emitter-base junction,
relative to the base-collector junction (1x). The gradient can
be linear, quasi linear. exponential or complimentary error
function. The selative slope of the donor concentration
throughout the base, creates a suitable aiding drifi electric
field. to help the holes (p-n-p transistor) transverse from emit-
ter to collector. Since the aiding drifi field helps hole conduc-
tion. the current gain et a given frequency is enhaneed. rela-
tive to a uniformly-doped-(base) BJT. The improvement in
cut-ofl frequency (or. frequency at unity gain, f;) can be as
large as 2x-5%.Similar perfonnance improvements are also
applicable to n-p-n transistors.

As illustrated in FIG. 4, in one embodiment according to
the: inventivn, u denor gradient is established from the emit-
ter-drift epitaxial basc region junction of the punch-through
IGBT, to ihe dnft cpitaxial base region - n buffer layer

s boundary (electronsin this case are accelerated in their transit

[rom emitter to collector). The “average’ hase resistance is
optimized, so that conductivity modulation and lifetime (for
minority carriers) in base region are not compromised. By
sweeping the carriers towards the n' buffer region two advan-
tages are obtained  the [requency of operation (combination
oft,, and 1, as is known in the [GBT commercial nomencla-
nire) can be enhanced. More imponantly, during t, holes can
be recombined much quicker at the n’ buffer layer, compared
1o a uniformly doped n-epitaxial drift region by establishing
a different dopant gradient near the n+buffer layer. It should
be noted that the doR region can also be a non-epitaxial
silicon substrate. Epitaxy enhances lifetime, but, epitaxy is
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not mandatory. Different layers of dopan regions can be (rans-
terred through wafer to wafer bonding (or other similar trans-
[er mechanisms) for eventual device fabrication. The “reverse
recovery ime™ for an IGBT is significanily improved due to
the optimiced graded dopant in the so called “drift region” as
well as at the interfaces of the drifi region. Graded dopaants
can also be implemented inthe n+ bufler layer as well as other
regions adjacent to the respective layers. Two important per-
formance enhancements are the result of dopant gradients.
For example, in an n-channel IGBT, electrons can be swept
from source 10 drain rapidly, while at the same time holes can
be recombined closer to the n+ buffer layer. This can improve
t{on} and t{off) in the same device.

As illustrated in FIGS. S(), 5(b), 5(c), denor gradient is
also of benefit to very large scale integrated circuits (VLS1)-
V5! logic, DRAM, nonvolatile memory like NANI) flash.
Spurious minority carriers can be generated by clock switch-
ing in digital VL3I logic and mentory 1C’S. These unwanted
carriers can discharge dynamically-held ‘actively held high'
nodes. Statically held nodes (with V..,) can not be affected, in
mast cases, Degradation of refresh tine in DRAM's is one of
the results, because the capacitor holds charge dynamically.
Similarly, degradation of CMQS digital images, in digital
imaping IC’s is another result of the havac caused by minority
carriers, Pixel and color resolution can be significantly
enhanced in imaging IC's with the embodiments described
here. Creating *Sub Terrain’ recombination centers under-
neath the wells (gold doping, platinum doping) as is done in
some high-voltage diodes is not practical for VLSI circuits.
Hence. a novel technique has been described here by creating
adrift field to sweep these unwanted minority carriers into the
substrate as quickly as possible, from the active circuitry at
the surface. Ina preferred embodiment, the subterrain n-layer
has a graded donor concentration to sweep the minority car-
riers deep inlo the substrate. One or more of such layers can
also be implemented through wafer to wafer bondingor simi-
lar “transfer” mechanisms. This n-layer can be a deeply-
implanted layer. It can also be an epitaxial layer, The n-well
and p-well also can be graded or retrograded in dopants, as
desired. to sweep those carriers away from the surface as well.
The graded dopant can also be implemented in surface ¢han-
nel MOS devices to accelerate majority carriers towards the
drain. In nonvolatile memory devices, 1o decrease program-
ming time, carriers should be aceelerated towards the surdface
when progremming of memory cells is executed. The graded
dopant can also be used to fabnicatc superior Junction ficld-
effect transistors where the “channel pinchofl is conirolled
by a graded channel instead of a uniformly doped channel (as
practiced in prior art).

One of ordinary skill and familiarity in the art will recog-
nize that the concepts taught hercin can be customized and
tailored 10 a particular application in many advantageous
ways. For instance, minority carriers can be channeled to the
surface, to aid programming in nonvolatile memaory devices
(NOR, NAND, multivalued-cell). Moreaver, single well, as
well triple-well MO fabrication techniques can also he
optimized to incorporate these embodiments, individually
and collectively. Any modifications of such embodiments
(described here) fail within the spitit and scope of the inven-
tion, Hence, they fall within the scope of the claims described
below

Although the invention has been described with reference
to specific embodiments. these deseriptions are not meant to
be construed in a limiting sense. Various modifications of the
discloscd embodiments, as well as altemative embodiments
of the invention will become apparent to persons skilled in the
arl upon reference to the description of the invention. It
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should be appreciated by those skilled in the art thai the
conception and the specilic embodiment disclosed may be
readily utilized as a basis for modifying or designing; other
structures for carrying out the same purposes of the > resent
invention, It should also be realized by those skilled in the ani
that such cquivalent constructions do not depant from the
spirit and scope of the invention as set forth in the appended
claims.

Itis therefore, contemplated that the claims will cover any
such modifications or embodiments that fall within the true
scope of the invention.

What is claimed is:

1. A CMOS Semiconductor device comprising:

a surface layer,

a substrate;

anactive region including a source and a drain, dispo sed on
one surface of said surface layer;

a single drift layer disposed between the other surtace of
said surlace layer and said substrule, said drifl layer
having a graded concentration of dopants extending
between said surface layer and said substrate, said drift
layer further having a first static unidirectional electric
drift Feld to aid the movement of minornity cariers from
said surface layer to said substrate; and

at least one well region disposed in said single drift layer,
said well region having a graded concentration of
dopants and a second static unidirectional electric drift
field to aid the movement of minorily carriers trorn said
surface layer o said substrate.

2. The CMOS Semiconductor device of claim 1, wherein

the said drift layer is a deeply-implanted layer.

3. The CMOS Semiconductor device of claim 1, wherein
said drift Jayer is an epitaxial layer.

4. The CMOS Semiconductor device of claim 1, wherein
said praded concentration follows a linear gradient.

5. The CMOS Semiconductor device of claim 1, wherein
said graded concentration follows a quasi-linear gradient.

6. The CMOS Semiconductor device of claim 1, wherein
said graded concentration follows an exponential gradient.

7. The CMOS Semiconductor device of claim 1, wherein
said graded concentration follows a complimentary error
tunction gradient.

8. A CMOS Semiconductor device comprising:

a surface layer,;

a substrate;

anactive region including a source and a drain, disposed on
one surface of said surface layer.

a single drift layer disposed between the other surface of
said surface layer and said substrate, said drifi layer
having a praded ccncentration of dopants extending
between said surface layer and said substrate, said drift
layer further having a first static unidirectional electric
drift field to aid the movement of minority carriers from
said substrate to said surface layer; and

at least one well region disposed in said single drift layer,
said well region having a graded concentration of
dopants and a second static unidirectional electric drift
field to aid the movement of minority carriers from said
substrate TO SAID SURFACE LAYER.

9. The CMOS Semiconductor device of claim 8, wherein

said drift layer is deeply-implanted layer.

10. The CMOS Semiconductor device of claim 8, wherein
said drift layer is an epitaxial layer.

11. The CMOS Semiconductor device of claim 8, wherein
said graded concentration follows a lincar gradient.

12. The CMOS Semiconductor device of claim 8, wherein
said graded concentration follows a quasi-linear gradient.
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13. The CMOS Semiconductor device of claim 8, wherein
said graded concentration follows a exponential gradient.

14, The CMOS Semiconductor device of claim 8, wherein
said graded concentration follows a complimentary error
funciion gradient. 5
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concentration. the performunce in vanous semiconductor

now Pat. No. 8421195, which is a division of  devices can besignificantly improved. Performance improve-
application No. 10/934,915, filed on Sep. 3. 2004, now ments can be obtained in application specific areas like
abandoned. increasc in [requency of operation for digital logic, varions
pawer MOSTT and IGIYT [CS. improvement in refresh time
Int. CL for DRAM’s, decrease in programming lime for nonvolatile
HOLL 21702 (2006.01) mentory, betler visual quality including pixel resolution and
i1l 297739 {(2006.01) color sensilivity for imaging ICs, better sensitivily [or varac-
HOIL 27115 (2006.01) tors in tunable filters, higher drive capabilities lor JFET's, and
HOIL 29/36 {2006.01) a host of other applications.
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1
SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPLICATION

This continuation application claims priority to and the
benelit of U.S. applicution Ser. No. 13/854.319, {iled vn Apr.
1, 2013, which is a continuation of U.S. application Ser, No.
11/622 496, filed Jan. 12. 2007, now U.S, Pat. No. 8,421,195,
which is a divisional ofU.S. application Ser. No. 1 (¥934,915,
filed on Sep. 3, 2004, now abandoned, all of which are incor-
porated by reference.

FIELD OF INVENTION

This prescnt invention relates to all semiconductor deviees
and systems. Panicularly it applies to diffused diodes, ava-
lanche diodes, Schottky devices, power MOS transistors,
JFET's. RF bipolar transistors, [GBTs (Insulated Gate Bipo-
lar Transistors), varactors. digital VLS, mixed signal circuits
and sensor devices including camera ICs employing CCD
{Charge Coupled Device) as well as CMOS technologies.

BACKGROUND OF INVENTION

Bipolar Junction transistors {BIT) are minority carrier
devices as the principle device conduction mechanism. How-
aver, majority carriers also a small vet finite role in modulat-
ing the conductivity in BJTs. Consequently, both carrers
(electrons and holes) play a role in the switching performance
of BJTs. The maximum {requency of aperation in BJTs is
linited by the base transit time as well as the quick recombi-
nation of the majority carriers when the device is switched ofl
(prior to beginning the next cycle). The dominant carrier
mechanism in BJTs is carrfier diffusion. Carrier drifi current
component is fairly small, especially inuniformly doped base
BITs. Elforts have been made in graded base transistors (o
creatc an “aiding drift field", to cnhance the diffusing minority
carrier’s speed from emitter to collector. However, most
semiconductor devices, including various power MOSFETSs
(traditional, DMQOS, lateral, vertical and a host of other con-
figurations), IGBT’s (Insulated Gated Base Transistors). still
use a uniformly doped drift epitaxial region in the base. '1G.
1 shows the relative doping concentration versus distance in a
BIT. FIG. 2 shows the “uniformly doped ¢pi region’ in a
IGBT. In contrast to BJTs, MOS devices are majority carrier
devices for conduction. The conduction is channel domi-
nated. ‘I'he channel can be a surface in one plane in planar
devices. The surface can also be ¢n the sidewalls in a vertical
device. Other device architectures to combine planar and
vertical conductions are also possible. The maximum fre-
quency of operation is dictated primarily by source-drain
separation distance. Most MOS devices use a uniformly
doped substrate {or a well region). When a MOSFET is opti-
mally integrated with a BIT ina monolithic fashion, an 1GIT
resulis. The IGBT inherits the advantages of both MOSFET
and BIT. It also brings new challenges because the required
charactenstics {electron transit and hole recombination as
fost as possible in the case of an n-channel IGBT) require
ditferent dopant gradients either in the same layer at different
positions, or at the interfaces of similar or dissimilar layers.

‘Retrograde’ wells have been attempted, with little success,
to help improve soft error immunity in SRAM’s and visual
quality in imaging circuits. FIG. 3(2) shows a typical CMOS
VLSIdevice employing atwin well substrate. on which active
devices are suhsequently fabricated. FIGS, 3(6), 3(c). and
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3}{d) illustrate device cross sections, as practiced today. ‘Ret-
rograde’ and ‘halo’ wells have also been attempted to imiprove
refresh time in DRAM’s (dynamic random access memo-
ries), as well as. reducing dark current (background noise)
and enhance RGI (Red, Green, BBlue) color resolution in
digital camera Ics. Most of these techniques either divert the
minority carriers away form the active regions of Critical
charge storage nodes a1 the surface, or, increase minority
carrier density locally as the particular application requires,

BRIEF DESCRIPTION OF DRAWINGS

For a more complete understanding of the present inven-
tion. and the advantages thereof, reference is now made tc the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIG, 1 illustrates the relative doping profiles of cmitter,
base, and collector, for the two most popular bipolar junction
transistors: namely, A uniform base, and B graded base;

FIG. 2 illustrates the cross section of a commercial 1IGBT
with a uniform epitaxial drift region {base):

FIGS. 3(a), 3(b), 3(c), Hd) illustrate cross sections com-
monly used CMOS silicon substrate with two wells {one
n-well in which p-channel transistors are subsequently fabri-
cated, and, one p-well in which u-channel transistors are
subsequently fabricated)}—typical IC, EEPROM using tunnel
insulator, DRAM and NAND Hash:;

FIG. 4 illustrates the cross section of a IGBT, using one
embodiment of the invention described here, where the
dopant is oplimually graded in the epluxial drift region; and

FIGS. 5(a), 5{(b), 5(c) illustraie the cross sections of a MOS
silicon substrate with two wells, and, an underlying layer
using embodiments of the invention to improve performance
in each application  VI1.8!logic, DRAM/image 1¢’, nonvola-
tile memory 1C.

DETAILED DESCRIFEION OF THE INVENTION

The relative doping concentrations of emitter and collector
regions varies from 10'® to 102%cm?, where as the base region
is 10** to 10'%/cm® depending on the desired characteristics of
the BIT. In graded base p-n-p transistors, the donor dopant
concentration may be 10 to 100x at the emitter-base junction,
relative to the base-collector junction (1x). The gradient can
be linear, quasi lineur, exponential or complimentary ernor
function. The relative slope of the donor concertration
throughout the base, creates a suitable aiding drift electric
field, to help the holes {p-n-p transistor) transverse from emit-
ter to callector. Since the aiding drift field helps hole conduc-
tion. the current gain at a given frequency is etthanced. rela-
tive to a uniformly-doped-(base) BJT. The improvement in
cul-ofT requency (or, frequency at unity gain, ) can be as
large as 2x-5x. Similar performance improvements are also
applicable to n-p-n transistors.

As illustrated in FIG. 4, in one embodiment according 1o
the invention, a donor gradient is established [rom the emit-
ter-drift epitaxial base region junction of the punch-through
IGBT, to the drift epitaxial base region —n° bufler layer
boundary (electrons in this case are accelerated in their transit
from emitter to ¢ollector), The ‘average” base resistance is
optimized, so that conductivity modulation and lifetime (for
minority carriers) in base region are not compromised. By
sweeping the carmers towards the n' bufTer region two advan-
tages are obtained —the frequency of operation (combination
of'1,, and t,z0s is known in the IGBT commereial nomencla-
ture) can be enhanced. More importantly, during 1, holes can
be recombined much quicker at the n’ buffer layer, compared
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1o a uniformly doped n~ epitaxial drift region by establishing
a differemt dopant gradient near the o+ buffer layer. It should
be noted that the drift region can also be a non-cpitaxial
silicon substrate, Epitaxy enhances lifetime, but, epitaxy is
not mandatory. Different layers of dopan regions can be trans-
ferred through wafer to wafer bonding (or other similar trans-
fer mechanisms) for eventual device fabrication, The “reverse
recovery time” for an IGBT is significantly improved due to
the optimized graded dopant in the so called “drift region” as
wcll as at the interfaces of the drifi region. Graded dopants
can also be implemented in the n+ buffer layer as well as other
regions adjacent to the respective layers. Two imporiant per-
formance enhancements are the result of dopant gradients.
TFor example, in an n-channel 1GBT, electrons can be swept
from source to drain rapidly, while at the same time holes can
be recombined ¢loser to the n+ bulter layer. This can improve
t(on) and t(off) in the same device.

The following paragraph, beginning on page 5, line 6, and

Ly

4

{described here) fall within the spirit and scope of the inven-
tion. Hence, they fall within the scope of the claims described
below

Although the invention has been described with reference
o specific embodiments, these descriptions arc not meant to
be construed in a limiling sense. Various modifications of the
disclosed embodiments, as well as altemative embodiments
ofthe invention will become apparent to persons skilled inthe
art upon reference 1o the description of the invention. It
should be appreciated by those skilled in the art that the
coneeption and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structurcs for carrying out the same purposes of the present
invention. It should also be realized by those skilled in the art
that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims.

It is therefore. contemplaled that the claims will cover any
such modifications or embodiments that fall within the true

ending on page 11, line 28. is amended as indicaied in the 20
marked up version below: scope of the jnvention.

As illustrated in FIGS. 5{(a), 5(). 5(c), donor gradient is
also of benefit 10 very large scale integrated circuits (VLSI)— What is claimed is:
VLSI logic. DRAM, nonvolatile memory like NAND flash. 1. A semiconductor device comprising:
Spurious minority carriers can be generated by clock switch- 23 a surface layer;
ing in digital VLS| logic and memory 1C’S. These unwanted @ substrate; ) o
carriers can discharge dynamically-held ‘actively held high* anactive reglon glclpdmg asource anda drain, disposed on
nodes. Statically held nodes (with V) can not be affected, in one surface of said surlace layer,
most cases. Degradation of refresh time in DRAM’s is one of a single daifl layer disposed between the other surface of
the results, because the capacitor holds chuarge dynamically. 0 Sa’d. surface layer and salc! substrale. said drjﬁ !ayer
Similarly, degradation of CMOS digital images, in digital Iﬁuwmg 2 gmd?d. eoneentration gf doPan!s gencrating a
D g L rst static unidirectional electric drifl field 10 aid the
imaging 1C’s is another result of the havoc caused by minority S . -

; . ; T movement of inority carriers from said substrate to
carriers. Pixel and color resolution can be signilicantly - .
L L . . said surface layer: and

crithanced in m1f1gmg IC s'“."nh the er}lbgdnments described 35 at least one well region disposed in said single drift layer,
here. Creating “Sub Terrfuu reccl)mbmalm.n ccnlgrs uude.r- said well region having a graded concemtration of
neath ll}e wells (gold doping, platmlmf doping) as is qﬂﬂe_ n dopants generating a second static unidirectional elec-
some high-voliage diodes is not practical for VLSI circuits. tric drift Geld 1w aid the nwvement of minority carriers
Hence. a novel technigue has been described here by creating from said substrate 1o said surface layer.
adrifl field to sweep these unwanted minority carriersintathe 30 2, The semiconducior device of claim 1 wherein said first
substrale as quickly as possible, [rom the active circuitry at and second static unidirectional electric fields are adapted to
the surface. In a preferred embodiment, the subterrin n-layer respective grading of dopants to aid movements of carriers in
has a graded donor concentration to sweep the minority car- respeclive active regions.
riers decp into the substrate. One or more of such layers can 3. 'The semiconducior device of claim 1 wherein the semi-
also be implemented through waler to waler bonding or simi- 45 conductor device is a central processing unit (CPU).
lar “transfer™ mechanisms. This n-layer can be a deeply- 4. The semiconductor device of ¢laim 1 wherein the semi-
implanted layer. It can also be an epitaxial layer. The n-well conductor device is a DRAM device.
and p-well alse can be graded or retrograded in dopants, as 5. The semiconductor device of elain 1 wherein the semi-
desired. to sweep those carriersaway from the surface as well. conductor device is a flash memory device.
The graded dopant can also be implemented in surfzce chan- 50 6. The semiconductor device of claim 1 wherein the semi-
nel MOS devices to accelerate majority camiers towards the conductor device 15 an image sensor device,
drain. In nonvolatile memory devices, to decrease program- 7. A semiconduetor device comprising:
ming time, carriers should be accelerated towards the surface a surface layer:
when programming of memory cells is executed. The graded a substrate;
dopant can also be used to fabricate superor Junction field- 35 anactive region including a source and a drain, disposed on
effect transistors where the “channel pinchoff” is controlled one surface of said surface layer,
by a gradex! channel instead of a uniformly doped channel (as a single drift layer disposed between the other surface of
practiced in prior art), said surface layer and said substrate, said drifi layer

One of ordinary skill and familiarity in the art will recog- having a graded concentration of dopants geverating a
nize that the concepts taught herein can be customized and 0 first static unidirectional electric drift field to aid the
tailored to & particular application in many advantageous moevement of minority carriers trom said surface layer to
ways. For instance, minority carriers can be channeled to the said substrate; and
surface. to aid programming in nonvolatile memory devices at least one well region disposed in said single drift layer,
(NOR, NAND, multivalued-cell). Moreover, single well, as said well region having a graded concentration of
well triple-well CMOS fabrication techniques can also be 65 dopants generating a second static unidirectional elee-

optimized to incorporate these embodiments, individually
and collectively. Any modifications of snch embodimnents

tric drift field to aid the movement of minority carriers
from said surface layer to said substrate.
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8. The semiconductor device of claim 7 wherein said first
and second static unidirectional electric fields are adapted to
respeclive grading of dopants to aid movements o[ carriers in
respective active regions.

% The semiconductor device of claim 7 wherein the semi-
conductor device is a central processing unit (CPL).

10. The semiconductor device of ¢laim 7 wherein the semi-
conductor device is a DRAM device.

11. The semicanductor device of claim 7 wherein the semi-
conductor device is a flash memory device,

12. The semiconductor device of claim 7 wherein the semi-
conductur device is an image sensor device,

* * * * *

1
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1
SEMICONDUCTOR DEVICES WITII
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPI ICATIONS

This application is a Continuation of U.8. patemt appli-
cation Ser. No. 14/931,636, filed Nov. 3, 2015, published on
Jun. 18, 2016 as U.S. Publication No. 2016-0172447. now
U.S. Pat. No. 9.647,070, issued on May 9, 2017. Application
Ser. No. 14/931,636 is a continuation of U.5. patent appli-
cation Ser. No. 14/515,584, filed Oct. 16. 2014, published on
Feb. 5, 2015, as 1.3, Publication No, 2015-0035004, now
U.S. Pat. No. 9,190,502, issued on Nov. 17, 2015. Applica-
tion Ser. No. 14/515,584 is a Continuation of U.S. patent
application Ser. No. 13/854,319 filed Apr. 1, 2013, published
on Aug. 29, 2013, as U.S. Publication No. 2013-0221488.
Application Ser. No. 13/854,319 is a Continuation of Ser.
No. 11/622,496, filed Jan. 12, 2007, published on Jul. 12,
2007, as Publication No. 2007-01 58790, now U.S. Pat. No,
8,421,195, issued on Apr. 16, 2013, Application Ser. No.
11/622,496. is a Division of U.S. patent application Ser. No.
10/934,915, filed Sep. 3, 2004. published on Mar. 9, 2006,
as U.S. Publication No. 2006-0049464. US. Pat. Nos.
9,647,070, 9,190,502. and 8,421,195, and Patent Application
Publication Nos. 2016-0172447, 2015-0035004, 2013-
0221488, 20070158790, and 2005-0049464, are incorpo-
rated herein by reference in their entirety.

TECHNICAL FIELD

This present invention relates to all semiconductor
devices and systems. Particularly it applies to diffused
diodes, avalanche diodes, Schottky devices, power MOS
transistors, JFET’s, RI bipolar transistors, IGBTs (Insulated
Gate Bipolar Transistors), varactors. digital VLS], mixed
signal circuits and sensor devices including camera ICs
emplaying CCD (Charge Coupled Device) as well as CMOS
technologies.

BACKGROUND

Bipolar Junction Transistors (BJT) are classified as minor-
ily cartier devices because minorily carriers are the principle
device conduction mechanism. However, majority carriers
also play a small but finite role in modulating the conduc-
tivity in BITs. Consequently, both carriers {(electrons and
holes) play a role in the switching performance of BITs. The
maximum frequency of operation in BJTs is limited by the
base transit time as well as the quick recomhination of the
majorty carriers when the device is switched off (prior to
beginning the next cycle). The dominant carrier mechanism
in BITs is carrier diflusion. The carrier drift current com-
ponent is fairly small, especially in uniformly doped base
BITs. Efforts have been made in graded base transistors to
create an aiding drift field to enhance the diffusing minority
carrier*s specd from cmitier to collector, However, most
semiconductor devices. including variovs power MOS['ETs
(traditional, DMOS. lateral. vertical and a host of other
configurations), IGBT’s (Insulated Gated Base Trausistors),
still use a uniformly doped “drilt epitaxial’ region in the
base. FIG. 1 shows the relative doping concentration versus
distance in a BJT. FIG. 2 shows the uniformly doped epi
region in an IGBT. In contrast to BITs, MOS devices are
majority carricr deviees for conduction. The conduction is
channel dominated. The channel can be a surface in one
plane in planar devices. The surface can also be on the
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sidewalls in a vertical devive. Other device architectures to
cumbine plapar and venica! conduclions are also povssible,
The maximum frequency of operation is dictated primmarily
by source-drain separation distance. Maost MOS devices vse
a uniformly doped substrate (or a well region). When a
MOSFET is optimally integrated with a BIT in a monolithic
fashion, an IGBT results. The IGBT inherits the advantages
of both MOSFET and BJT. It also brings new challenges
because the required characteristics (electron transit and
hole recombination as fast as possible in n-channel 1GBT)
necessitate different dopant pradicnts cither in the sanie
layer at different positions, or at the interfaces of similar or
dissimilar layers.

Retroprade wells have been attempted, with little suaccess,
10 help improve soft error immunity in SRAMs and visual
quality in imaging circuits. FIG. 3A shows a typical CMOS
VLSI device employing a twin well substrate. on which
active devices are subsequently fabricated. FIGS. 3B, 3C,
and 3D illustrate device cross sections. as practiced today.
Retrograde and halo wells have also been attempted to
improve refresh time in DRAMs (dynamic random-access
memories), as well as, reducing dark current (backg round
noise) and enhance RGB (Red, Green, Blue) color resolution
in digital camera ICs. Most of these techniques either divett
the minority carriers away from the active regions ol critical
charge storage nodes at the surface, or, increase minority
carrier density locally as the particular application requires.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to
the following descripiions taken in conjunction with the
accompanying drawings, in which:

FIG. 1 illustrates the relative doping profiles of emitter,
base and collector lor the two most popular bipolar junction
transistors: namely, uniform base {*A”) and graded base
("B")

FIG. 2 illustrates the cross section of a commercial IGRT
with a uniform epitaxial drift region (base);

FIGS. 3A, 3B, 3C, and 3D illustrate cross sections of
commonly used prior art CMOS silicon substrates; FI(:. A
showing a typical prior art IC with two wells (one n~well in
which p-channel transistors are subsequently fabricated and
one p~well in which n-channel transistors are subsequently
fabricated); FIG. 3B showing a prior art EEPROM (Elce-
tronically Erasable Irogrammable Read-Only Memory)
memory cell having a tunnel insulator; FIG, 3C showing a
prior art DRAM memory cell; and F1G. 3D showing a prior
art NAND [lash memory cell;

FIG. 4 illustrates the cross section of an IGBT, using one
embodiment of the invention described here, where the
dopant is optirally graded in the epitaxial drifi region; and

FIGS. 5A, 5B. and 5C illustrate the cross sections of a
CMOS silicon substrate with two wells and an underlying
layer using embodiments of the invention to improve per-
formance in each application VLSI logic, DRAM/image
IC, nonvolatile memory IC.

DETAILED DESCRIPTION

The relative doping concentrations of emitter and collec-
tor regions varies from 10'® to 10?%em?, whereas the base
region is 10" to 10"%cm® depending on the desired char-
acteristics of the BIT. In graded basc p-n-p transistors, the
donor dopant concentration may be 10 to 100x at the
emitter-base junction, relative to the base-collector junction
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(1x). The gradient can be finear, quasi linear, exponential or
complimentary error function. The relative slope of the
donor concentrativn throughout the base creates 4 suilable
aiding drilt electric field, to help the holes (p-n-p transistor)
transverse from emitter to collector. Since the aiding drift
electrc field helps hole conduction, the cumrent pain at a
given frequency is enhanced, relative to a wniformly-doped
(base) BJSl. The improvement in cut-off frequency (or,
frequency at unity gain. ) can be as large as 2x-5x. Similar
performance improvements are also applicable to n-p-n
lransislors.

As illustrated in FIG. 4, in one embodiment according to
the invenlion. a donor gradient is established from the
emitter-drift epitaxial base region junction of the punch-
through IGBT, to the drift epitaxial base region n* buffer
layer boundary (clectrons in this case arc accelerated in their
transit from emitter to collector). The “average™ base resis-
tance is optimized so that conductivity modulation and
lifetime (for minority carriers) in the base region are not
comproniised. By sweeping the camriers towards the n*
buifer region a number of advantages are obtained. First, the
frequency of operation (combination of t,, and t,, as is
known in the IGBT commercial nomenclature) can be
cnhanced. Second, and maybe more importantly, during t,.
holes can be recombined much quicker at the n* bufter layer,
compared to the uniformly doped n™epitaxial drift region by
cstablishing a different dopant gradient near the n* buffer
layer. It should be noted that the dnli region can also be a
non-epitaxial silicon substrate. Although epitaxy enhances
lifetime, it is not mandatory. Dillerent layers of dopant
regions can be transferred through wafer to wafer bonding
(or other similar transier mechanisms) for eventual device
fabrication. lhe “reverse recovery fime” for an IGBT is
significantly improved duc to the optimized graded dopant
in the so called “drift region™ as well as a1 the interfaces of
the drfl region. Graded dopanls van also be implemented in
the n* bufter layer as well as other regions adjacent 1o the
respective layers. Two important performance enhance-
ments are the result of dopant gradients. For example, in an
n-channel IGBT, electrons can be swept from source to drain
rapidly, while at the same time holes can be recombined
closer to the n* bulfer layer. This can improve t,,, and {,,in
the same device.

As illustrated in FIGS. 84, 5B, and 5C. donor gradient is
also of benefit to very large scale integrated circuits
{VLSI)} VLSI logic. DRAM. noovolatile memory like
NAND flash. Spurious minority carriers can be generated by
clock switching in digital VLSI logic and memory ICs.
These unwanled carriers can discharge dynamically-held

“actively held high™ nodes. In most cases, statically-held so

nodes (with ¥} cannot be affected. Degradation of refresh
time in DRAMSs is one of the results, because the capacitor
holds charge dynamically. Similarly, degradation of CMOS
digital images in digital imaging ICs is another result of the
havoc caused by minority carriers. Pixel and color resolution
can be significantly enhanced in imaging ICs with the
cmbodiments described  hercin, Creating  “subterrancan™
recombination centers undemeath the wells (gold doping,
platinum daping) as is done in some high-voltage diodes is
not practical for VLSI circuits. Hence, a novel techinique is
deseribed herein which creates a daoft field o sweep these
unwanited minority carriers from the active circuilry at the
surface into the substrale in a mnmonolithic die as quickly as
possible. In a preferred embodiment, the subterranean
n"layer has a praded donor concentration to sweep the
minority carriers deep into the substrate. One or more of
stuch layers can also be implemented through wafer to wafer
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bouding or similar “transfer” mechanisms. This n”layer can
he a deeply-implanted layer. [t can also be an epitaxial layer.
As desired, the n”well and p~wells can also be graded or
retrograded in dopants to sweep those carriers away from the
surface as well. The graded dopant can also be implemented
in surface channct MOS devices 1o accelerate majority
carriers towards the drain. To decrease programuning time in
nonvolatile memory devices, carriers should be accelerated
towards the surface when programming of memory cells is
executed. The graded dopant can alse be used to fabricate
superior Junction Freld-Ellect trunsistors where the “channel
pinch-off” is controlled by o graded channel instead of a
uniformly doped channel (as practiced in the prior art).

One of ordinary skill and familiarity in the art will
recognize that the concepts taught herein can be customized
and tailored to a particular application in many advanta-
geous ways. ['or instance, minorty carriers can be channeled
to the surface to aid programming in nonvolatile memory
devices (NOR, NAND, multivalued-cell). Moreover. single-
well, and wiple-well CMOS fabrication techniques can also
be optimized to incorporate these embodiments individually
and collectively. Any modifications of such embodiments
(described here) fall within the spirit and scope of the
mvention. Hence, they fall within the scope of the claims
described below.

Although the invention has been described with reference
to specific embodiments, these descriptions are not meant 10
be construed in « limiting sense. Varous modifications of the
disclosed embodiments, as well as alternative embodiments
of the invention will become apparent to persons skilled in
the art upon reference to the description of the invention. It
should be approciated by those skilled in the art that the
conception and the specific embodiment disclosed mnay be
readily utilized as a basis for modilying or designing other
structures for carrying out the same purposes of the present
invention. It should ulso be realized by those skilled in the
art that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims.

It is therefore, contemplated that the claims will cover any
such modifications or embodiments that fall within the truc
scope of the invemion.

Whal is claimed is:

1. A semiconductor device, comprising:

a substrate of a first doping type at a first doping level
having first and second surfaces:

a first active region disposed adjacent the first surface of
the substraic with a sccond doping type oppesite in
conductivity to the first doping type and within which
transistors can be formed;

a second active region separate from the first active region
disposed adjacent io the first active region and within
which transistors can be forined.

transistors formed in at least one of the first active region
or second active region; and

at least a portion of at least one of the hrst and second
active regions having at least one graded dopant con-
centration io aid carrier movement fram the first sur-
face to the second surface of the substrate.

2. The semiconductor device of claim 1. wherein the

substrate is a p-type substrate.

3. The semiconductor device of claim 1, wherein the

substrate is an n-type substrale.

4. The semiconductor device of claim 1, whercin the

substrate has epitaxial silicon on top of a nonepitaxial
substrate.
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8, The semiconductor device of claim 1, wherein the first
active region and second active region contain one of either
p-channel and n-channel devices,

6. The semiconductor device of claim 1, wherein the first
active region and second active repion contain either p-chan-
nel or n-channel devices in n-wells or p-wells. respectively,
and each well has a graded dopant.

7. The semiconductor device of claim 1, wherein the fimst
active region and second active region are each separated by
at Jeast one isolation region.

8. The semiconductor device of claim 1, wherein the
graded dopant is fabricated with an ion implantation pro-
cess.

9. A semiconductor device, comprising;

a substrate of a first doping type at a first doping level

having first and second surfaces;

a first active region disposed adjacent the first surface of
the substrate with a second doping type opposite in
conductivity to the first doping type and within which
transistors can be formed in the surface thereof;

a second active region separate from the first active region
disposed adjacent 1o the first setive region and within
which transistors can be fornied in the surface thereaf;

Iransistors formed in at least one of the first active region
or second active region; and

at least a portion cf at least one of the first and second
active regions having at least one graded dopant con-
centration to aid carrier movement from the surface to
the substrate.

1t

5

6

1. The semiconductor device of claim 9, wherein the
subsirate is a p-type substrate.

11. The semiconductor device of claim 9, wheresin the
substrate is an n-type substrate.

12. The semicanductor device of claim 9, wherein the
substrate has epitaxial silicon on top of a nonep itaxial
substrate.

13. The semiconductor device of claim 9, wherein the st
active region and second active region contain at least one
of either p-channe] and n-channel devices.

14. The semiconductor device of claim 9, wherein the frst
aclive region and second active region contain either p ~chan-
nel or n-channel devices in n-wells or p-wells, respectively,
and each well has a graded dopant.

18. The semiconductor devive ol clain 9, wherein the st
aclive region and second active region are each separated by
at least one isolation region.

16. The semiconductor device of claim 9, wherein the
graded dopant is fabricated with an jon implantotion pro-
cess.

17. The semiconductor device of claim 1, wherein the first
and second active regions are formed adjacent the first
surface of the subsirate.

18. The semiconductor device of claim 1, wherein the
transistors which ¢an be forined in the first and second active
regicns are CMOS transistors requiring a source, a drain, a
gate and a channel region.

* * L. *®

Greenthread Ex. 2026, p. 69 of 260
MPS v. Greenthread

IPR2024-00552



EXHIBIT 4

Greenthread Ex. 2026, p. 70 of 260
MPS v. Greenthread
IPR2024-00552



||M| IIIMII nm ||||II|| Illﬂml IMIIIII IR uiill (0
US010734481B2

United States Patent

(12} (l0y Patent No.:  US 10,734,481 B2
Rao 45) Date of Patent: Aug. 4, 2020
(54) SEMICONDUCTOR DEVICES WITH HOIL 29/7395 (2013.01); HOIL 270214
GRADED DOPANT REGIONS (2013.01); HOLL 27/10844 (2013.01)
i (58) Field of Classification Search
(71)  Applicant: %%EENTHREAD’ LLC, Dallas, TX CPC oovvvcmrnerrerermsoressonssveneses . HOLL 2971095
(Us) USPC oooveeeroe s 257125
(72) Tnvemor: G. R. Mohan Rao, Allen, TX (US) Sce application file for complete search history.
(73} Assignee: Greenthread, LLC, Dallas, TX (US) (56) References Clted
(*) Notice:  Subject to any disclaimer, the term of this LS. PATENT DOCUMENTS
patent is extended or adjusted under 35 4001864 A 11977 Gibbo
“ it K L ns
US.C. 154(b) by O days. 4160985 A 71979 Kamins cf al.
(21) Appl. No.: 16/717,950 (Continued)
(22) Filed: Dec. 17, 2019 OTHER PURT ICATIONS
{65) Privr Publication Data P.D. Moor, Advanced CMOS-based pixel sensors, htips: ' indico.
cemch event 122027 contributions 88236 attachments 69340 99377
US 2020/0127095 Al Apr. 23, 2020 FEEimecPdM pdf, 2011, 41 pages.
Related ULS, Application Data (Continued)
(60) Continuation of application No. 15/590,282, filed ¢n . o . .
May 9, 2017, now Pal. No. 10,510,842, which is a I;’”"‘”) Lvaminer  Ajay Arora .
confinuation of application No. 14/931,636, filed on (74) Attorney, Agent, or Firm  Bill R. Naifeh
Nov. 3, 2015, now l’at. No. 9,647,070, which is a
continuation of application No. 14/515,584. filed on (57) ABSTRACT
{Continued) Most semicondictor devices manufactured today, have uni-
(51) Int.Cl form dopant concentration, either in the lateral or vertical
HoIL 2'9/06 (2006.01) device active (and isolation) regions. By grading the dopant
HIDIL 29710 (2006-0]) concentration, the performance in various semiconductor
JNIL 29736 (2006:01) devices can be significantly improved. Performance
HOLL 29;739 (2006.01) improvements can be obtained in application specific arcas
HOIL 27/146 (2006'01 ) like increase in frequency of operation for digital logic,
HOLL 27/11524 (20]7'0” various power MOSFET and IGBT s, improvement in
HOIL 27711521 (20]7'0” refresh time for DRAMS, decrease in programming time for
HOIL 3707 (2006‘01) nonvolatile memory, better visual quality including pixel
HOIL 27/108 (ZOOG'OI) resolution and color sensitivity for imaging ICs, better
(52) USs.Cl . sensitivity for varactors in tunable filters, higher drive capa-
CPC ' HOIL 291695 (2013.01); HOLL 2711521 bilities for JFETs, and a host of other applications.

(2013.01); HOIL 27/11524 (2013.01); HOIL
2714643 (2013.01), HOIL 29/36 (2013.01);

A T stinr
Q
]
H
i

36 Claims, 10 Drawing Sheets

Starags Cacsiir o

S gierrent
=]

.

)

e S

f }
H H)

fizndead Bopane rrgeco e pll miousris g comeots frm surhos

T

P substrate

05 Sabrrrane fore DRA

ML or Ipsars. senaer, 2 ith one erbwting et of the jnvention

Greenthread Ex. 2026, p. 71 of 260
MPS v. Greenthread

IPR2024-00552



US 10,734,481 B2

(56)

Related U.S, Application Data

Oct. 16, 2014, now Pat. No. 9,190,502, which is a
continuation of application No. 13/854,319, filed on
Apr. 1, 2013, now abandoned, which is a continvation
of application No. 11/622,496, filed on Jan. 12, 2007,
now Pat. MNo. 8,421,195, which is a division of
application No. 1(/934,915, filed on Sep. 3, 2004,

now abandoned.

4.347,654
4,481,522
4,866,000
5,029.277
5,130,262
5213988
5,262,345
5,329,144
5,448,087
5,480,816
5.496,746
5.517,052
5,569,612
5.575,862
5,637,398
5,797.99%
5.888.857
5973,575
6,211,028
6,310,366
RI:37.441
6,452,086
6,465,802
6472715
6,670,544
6.683.343
6.696.314
6,706,550
6,713,813
¢.720,622
6,737,722
6,744,117
6,747,883
8,753,202
5,754,093
6,756,616
(5,780,713
6,831,292
6,878,603
6,921,946
6,933,215
7,064,385

References Cited

LS. PATENT
A 9 1982
A 11 1984
A 9 1989
A 71991
A 71992
A 51993
A L1 1993
A 71994
A 9 1995
A 11996
A 31996
A 51896
A 10 1996
A 11 1996
A 6 1997
A 8 1998
A 31999
A 10 1999
31 4 2001
Dl 102001
C 11 2001
Bl 9 2002
B1 10 2002
BI 10 2002
B2 12200}
B2 1 2004
B2 2 2004
B2 3 2004
B2 3 2004
Bl 42004
B2 5 2004
B2 6 2004
B2 6 2004
B2 6 2004
B2 6 2004
B2 6 2004
B2 R 2004
B2 (12004
B2 4 2005
B2 7 2005
B2 & 2005
B2 & 2006

DOCUMENTS

Allen et al.
Jastrzebski et al.
Okita

Kane
Masquelier et al.
Yamauchi ¢ al
Nasser el al.
Luryi

Streit et al.

Uga et al.
Matthews
Ishaque

Frisina et al,
Nishida

Baliga
Sannomiya ef al.
Zhang et al.
Kamogawa et al
Teai ct al
Rhodes et al.
Yamagzaki
Muller

Harris

Liu et al

Kibbel et al
Matsudai ct al.
Rhodes

Lee et al,
Marchant

Yu

Yamamoto «t al,
Dragon el al.
Yaswmura

Chen el al

Lien

Rhodes
Bromberger et al
Currie et al.
Bromberger el al
Kenney et al,
Bromberger et al
Dudek et al.

Page 2

7115925 B2 102006 Rhodes
7.231,044 B2 62007 Dudek
7,307,327 B2 12 2007 Bahl et al.
7,504,692 B2 3 2009 Dudek ct al
8,164,124 B2 42012 Liu et al.
£.421,195 B2 4 2313 Rao
9,190,502 B2 1120153 Rao
9,647,070 B2 52017 Rao
10,510,842 B2 122019 Rao

2001 0040622 Al 11 2001 Maruyama

2002 0056883 Al 52002 Baliga

2002 0074585 Al 62002 Tsang et al.

2002 0084430 Al
2002 0093281 Al
2002 0102783 Al
2002 ¢134419 Al
2003 (026126 Al
2003 (030488 Al*

72002 Bamji et al.

72002 Cathey

§ 2002 Fujimoto et al.

2002 Maoris

2 2003 Ucmura

22003 Husting ............ HOLL 29 0821
3 37

2003 0042511 Al

2004 0027753 Al

2004 0063288 Al

2006 0113592 Al

2007 0045682 Al*

3 2003 Rhodes

22004 Friedrichs et al.

42004 Kerney et al.

62006 Pendharkar et al.

32007 Hong ............ HO1L 27 14601
257292

20120048462 Al

2013 0001661 Al

20150200314 Al

32012 Lee
12013 Mao et al.
72015 Webster

OTHER PUBLICATIONS

E. Parton, CMOS Sensors, Laser Focus World, hitp: www.
laserfocusworld.com articles print/volume—49 issue-10 fearures/cmos-
sensors-cimos-hased-specialty-imagers-reach-new-pesformance-levels.
huml, Oct 14, 2013, 5 pages

7. Cao. Design of Pixel for High Speed (MOS Timage Sensors.
hiip: www.imagesensors.org/Past®20 Workshops. 201 3%20Workshop
2013%20Papers 07-11_072-Caa papers.pdf, 4 pages

M Tanenbaum, BSTI: Diffused Emitter and Base Silicon Transisters,
The Bell System Technical Journal, Jan. 1956, 22 pages. vol.
XXXV, hitps.  archive org, detailsbsijas-L-1.

IMEC [mage Sensors and Vision Systems, hitp.www2.imecbe
contentuser File Brochures ¢mos®e20imagers® s20brochure-april 26.
pdf, Apr. 2014, 2 pages.

AS. Grove, Physics and Technology of Semicondugtor Devices,
John Wiley Sons. Inc., New York, Nov. 1967

W Murray Bullis and W. R. Runyan, Influence of Mobility and
Lifctime Variations on DriR-Field Effects in Silicon-Junction Devices,
[EEE Iransactions on Electron Devices, vol kd-14, No. 2, keb.
1967.

Berinder Brar et al., Herb's Bipelar Transistors, 1EEE Transactions
on Flectron Devices, vol. 48. No. 11, Nov. 2001.

* cited by examiner

Greenthread Ex. 2026, p. 72 of 260
MPS v. Greenthread

IPR2024-00552



U.S. Patent Aug. 4, 2020 Sheet 1 of 10 US 10,734,481 B2

<+{w)) Jad) uoizenuasuo) juedogy

&

/ Collector

B
Figure 1_Prior Art

BASE

7

Distance

&

) Jod) uonenuasuo) wedo(

Greenthread Ex. 2026, p. 73 of 260
MPS v. Greenthread
IPR2024-00552



US 10,734,481 B2

Sheet 2 of 10

Aug, 4, 2020

U.S. Patent

yre Jolid T HHNOL

I013]]0))

i

9BNSANS +4

JaAR] 1A1ING +N

“(uusojran
$1 UONENUUoD Juedop-u)
noida: yup jenends u

nunyg

MPS v. Greenthread
IPR2024-00552

Greenthread Ex. 2026, p. 74 of 260



US 10,734,481 B2

Sheet 3 of 10

Aug, 4, 2020

U.S. Patent

IR pajedodjul SO © 10J {SOWD 124 UM ) 48 JoLd  VE TINDIA

9)ensqns

[[PM_d [[oM_U [[oM_d

SOOTAQD QANOY

MR e s e L L A ek e e T T RS L RL AL M A e e s el e sk ke e e e T TR WS A ST N 4 AT M G M L M e A e ML M A WL A s R AL A A LA AF A ok e RS L AR A Y L A L A A —

MPS v. Greenthread
IPR2024-00552

Greenthread Ex. 2026, p. 75 of 260



Access

Transistor
C]) /—-———[——-—I Storage gate (for
] (Fprogram/erase)
{

Tunnel
Insuiator

P substrate

092Z 10 9/ "d ‘9z0Z "X3 pesyjusal9)

¢G500-720cydI
peaiyjuaals) ‘A SdIN

FIGURE 3B _ Prior art for a two-device EEPROM memory ceil

0702 ‘p 8NV Jued ‘SN

0T JO § 1934§

79 I8FPEL'0T SN



U.S. Patent Aug. 4, 2020 Sheet 5 of 10 US 10,734,481 B2

v cell

/OStorage capacitor
i
i

E
&
E
5
8 a3
g o
7 5
. =
By
@ £
s n :
2
;
2
O

2 E

< E & =

Greenthread Ex. 2026, p. 77 of 260
MPS v. Greenthread
IPR2024-00552



Control:Select Control/Select
Transistor Transistor
Storage Storage Storage

¢ ¢ 0

P substrate

097 J0 8/ "d ‘9z0Z "X3 pesIyjusal9)

¢GS00-720cddl
peaIyjusaIs) ‘A SdN

FIGURE 3D Prior art for a NAND flash memory cell

Note: Control/ Sect transistors have a single insulator - traditional
MOS transistor.
Storage nodes have a stacked gate structure, typically with
a floating gate and control gate compnsing the stack.

0707 ‘¢ BNy uaed ‘SN

01 J0 9 133Y4S§

7d I8Y'PEL01 SN



09Z 10 6/ "d ‘9z0Z X3 pesyjusal9)

¢SS00-720cHddl
peaIyjusaIs) ‘A SdN

GATE
Emitter

n  epitaxial drift region
(n-dopant concentration is
graded).

N+ buffer tayer

P+ substrate

b

Cotlector

FIGURE 4 A dopant - concenfration grinded drift region in a IGBT

judred ‘SN

0207 ‘v 3ny

01 Jo £ J3ys

g I8PPELOT SN



Active devices

P well n well P well
- L

Graded dopant n layer

P substrate

09z 40 08 "d ‘9z0z X3 pesiyjusain

¢G500-720cydI
peaiyjuaals) ‘A SdIN

FIGURE SA A CMOS Substrate for digital, mixed, signal. and senors 1C’s

0207 ‘v 3nv uded ‘SN

01 J0 8 13348

7d I8'PEL DI SN



AccessTransistor

Storage Capacitor or
nsor element

nt nt

T e

‘o vy vYv vy

Graded dopant region to pull minority carriers from surface

P substrate

09z Jo 1.8 "d ‘9z0z X3 pesiyjusain

¢GS00-720cddl
peaiyiusals) ‘A SdIN

FIGURE 5B CMOS Substrate for a DRAM or image sensor, with one embodiment of the invention

kg ‘SN

0207 ‘¥ By

05 JO 6 WIYY

9 ISHFYEL 0T SN



Control/Sect Controi/Select
Transistor Trapsistor

r v ¢

TKUTKUTQ)LU )

1
| !

Graded dopant region

JO R
—_—.__......,’
R

I f !

Accelerates carriers towards surface during programming

P substrate

09z Jo ¢8 "d ‘9z0z X3 pesiyjusain

29500-720cddl
peaiyjusals) A SdIN

FIGURE 5C CMOS Substrate for a NAND flash device to improve programming times

Juaned ‘SN

0707 ‘p By

0T JO QI 139Ys§

7d I8PPEL0L SN



US 10,734,481 B2

1
SEMICONDUCTOR DEVICES WITII
GRADED DOPANT REGIONS

CROSS-REFERENCLE 10O RELATEL
APPT IC ATTONS

This application is a Continuation of U.5. patent appli-
cation Ser. No. 15/590,282, filed May 9, 2017, published on
Aug. 24, 2017, as U.S. Publication No. 2017-0243876.
application Ser. No. 15/590,282 is a continnation of U.S.
patent application Ser. No. 14/931,636, filed Now. 3, 2015,
published on Jun. 16, 2016 as U.S. Publication No. 2016-
0172447, now 1).5. Pat. No. 6,647,070, issued on May 9,
2017. Application Ser. No. 14/931,636 is a continuation of
U.S. patent application Ser. Mo. 14/515,584, filed Oct. 16,
2014, published on Feb. 5, 2015, as U.S. Publication No.
2015-0035004, now 1.8, Pat. No. 9,190,502, issued on Nov.
17, 2015. Application Ser. No. 14/515,584 is a Continuation
of U.S. patent application Ser. No. 13/854.319 filed Apr. 1,
2013, published on Aug. 29. 2013, as U.S. Publication No.
20130221488, Application Ser. No. 13/854,319 is a Con-
tinuation of Ser, No. 11/622,496, filed Jan. 12, 2007, pub-
lished on Jul. 12, 2007, as Publication No. 2007-0158790,
now U.S. Pat. No. 8,421,195, issued on Apr. 16, 2013
Application Ser. No. 11/622,496, is a Division of U.S. patenl
application Ser. No. 10/934,915, filed Sep. 3, 2004, pub-
lished on Mar. 9, 2006, as U.S. Publication No. 2006-
0049464, U.S. Pat. Nos. 9,647,070, 9,190,502, and 8,421,
195, and Patent Application Publication Nos. 2017-
0243876, 2016-0172447, 2015-0035004, 2013-0221488,
2007-0158790, and 2006-0049464, are incorporated herein
by reference in their entirety.

TECHNICAL FIELD

This present invention relates to all semiconductor
devices and systems. Particulady it applies to diffused
diodes, avalanche diodes, Schottky devices, power MOS
transistors, J'ETs, RF bipolar transistors, IGBTs (Insulated
Gate Bipolar Transistors). varactors. digital VLSI, mixed
signal circuits and sensor devices including camera 1Cs
employing CCD (Charge Coupled Device) as well as CMOS
technologies.

BACKGROUND

Bipolar Junction Transistors (BJT) are classified as minor-
ity carrier devices because minorily carriers are the prineiple
device conduction mechanism. However, majority carricrs
also play a small but finite role in modulating the conduc-
tivity in BJTs. Consequently, both carriers (electrons and
holes) play a role in the switching performance of BITs. The
maximum frequency of operation in BITs is limited by the
base transil time as well as the quick recombination of the
majority carriers when the device is switched off (prior to
beginning the next cycle). The dominant carrier mechanism
in BITs is carncr diffusion. The carrier drift current com-
ponent is fairly small, especially in uniformly doped base
BITs. Fiforts have been made in graded base transistors to
create an aiding dnft field to enhance the diffusing imivority
carrier’s speed from emitler 1o collector. However, most
semiconductor devices. including various power MOSFETs
(traditional, DMOS. lateral, vertical and a host of other
configurations), IGBT"s (Insulated (Gated Base Transistors),
still usc a uniformly doped ‘drift epitaxial’ region in the
base. FIG. 1 shows the relative doping concentration versus
distance in a RJT. FIG. 2 shows the uniformly doped epi
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region in an IGDT. In contrast to BJTs, MOS devices are
majurity carrier devices for conduction. The conduc tion is
channel dominated. The channel can be a surface in one
plane in planar devices. The swrface can also be on the
sidewalls in a vertical device. Other device architectures to
combine planar and vertical conductions are also pussible.
The maximum frequency of operation is dictated primarily
by source-drain separation distance. Most MOS devices use
a uniformly doped substrale {or a well region}. When a
MOSFET is optimally integrated with a BJT in a monolithic
fashion, an IGBT results. The IGHT inherits the advantages
of both MOSFET aod BIT. It also brings new chal lenges
because the required charactenistics (electron transit and
hole recombination as fast as possible in n-channel IGBT)
necessitate different dopant gradients either in the same
layer at different posilions, or at the interfaces of similar or
dissimilar layers.

Retrograde wells have been atlempted, with little success,
to belp improve soft error immunity in SRAMs and visual
quality in imaging circuits. FIG. JA shows a typical CMOS
VI 81 device employing a twin well suhstrate. on which
active devices are subsequently [abricated. FIGS. 3B, 3C,
and 3D illustrate device cross sections. as practiced today.
Retrograde and halo wells have also been attempted to
improve refresh time in DRAMSs (dynamic random-access
memories), as well as, reducing dark current (background
noise ) and enhance RGB (Red, Green, Blue) color resolution
in digital camera ICs. Most of these techniques either divert
the minority carriers away from the active regions of critical
charge storage nodes at the surface, or, increase minority
carrier density locully as the particular application requires.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made 1o
the following descripticns taken in conjunction with the
accompanying drawings, in which:

FIG. 1 illustrates the relative doping profiles of enitter,
base and collector for the two most popular bipolar junction
transistors: namely, uniform base (“A”) and graded base
(B™,

FIG. 2 illustrates the cross section of a commercial IGBT
with a uniform epitaxial drifi region (base);

FIGS. 3A, 3B, 3C, and 3D iltustrate cross sections of
commonly used prior art CMOS silicon substrates; FIG. 3A
showing a typical prior art 1C with two wells (one n™ well
in which p-channel transistors are subsequently fabricated
and one p~ well in which n-channel transistors are subse-
quently fabrivated); FIG. 3B showing a prior an EEPROM
(Electronically  Erasable Programmable Read-Only
Memory) memory cell having a tunnet insulator; FIG. 3C
showing a prior art DRAM menory cell; and FIG. 3D
showing a poot art NAND flash memory cell:

FIG. 4 iliustrates the cross section of an IGH'L, vsing one
embodiment of the invention described here, where the
dopant is optimally graded in the epitaxial drift region; and

FIGS. 5A. 5B. and 5C illustrate the cross sections of a
CMOS silicon substrate with two wells and an underlying
layer using embodiments of the invention to improve per-
formance in each application—VLS! logic, DRAMimage
IC, nonvolatile memory IC.

DETAILED DESCRIPTION

The relative doping concentrations of emitter and collec-
tor regions varies from 10'* 1o 10°%cm?, whereas the base
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region is 10'* to 10'%cm® depending on the desired char-
acteristics of the RIT. In graded base p-n-p transistors, the
dunor dopant concentration may be 10 1o 100x at the
emnilter-base junction. relative to the base-collector junction
(1x). The gradient can be linear, quasi linear, exponential or
complimentary error function. The relative slope of the
donor concenlration throughout the base creates a suitable
aiding drift electric field, tc help the holes (p-n-p transistor)
transverse from emitter to collector. Since the aiding drift
electric field helps hole conduetion, the current gain at a
given frequency is enhanced, relative to a uniformly-doped
(base) BIT. The improvement in cut-of frequency (or,
frequency at unity gain, f7) can be as large as 2x-5x. Similar
performance improvements are also applicable to n-p-n
transistors.

As illustrated in FIG. 4, in onc embodiment according to
the invention. a doaor gradient is established from the
emitter-drift epitoxial hase region junction of the punch-
through IGBT, to the drift epitaxial base region n* buffer
layer boundary (electrons in this case are accelerated in their
transit from emitter to collector). The “average™ base resis-
tance is optimized so that conductivity modulation and
lifetime (for minority carriers) in the base region are not
compromised. By sweeping the carriers towards the n*
bulfer region a number of advantages are obtained. First, the
frequency of operation (combination of 1, and t,, as is
known in the 1GBT conunercial nomenclature) can be
enhanced. Second, and maybe more importantly, doring 1,
holes can be recombined nuch quicker at the n* buffer layer,
compared to the uniformly doped n™ epitaxial drilt region by
establishing a differett dopant gradiemt near the n* buffer
layer. It should be noted that the drift region can also be a
non-epitaxial silicon substrate. Although epitaxy enhances
lifetime, it is not mandatory. Dilferent layers of dopant
regions can be transferred through wafer to wafer bonding
{or other similar transfer mechanisms) for eventual device
fabrication. The “reverse recovery time™ for an IGBT is
significantly improved due to the optimized graded dopant
in the so called “drifl region™ as well as at the interfaces of
the drift region. Graded dopants can also be implemented in
the n* bulfer layer as well as other regions adjacent to the
respective layers, Two imporiant performance enlance-
ments are the resnlt of dopant gradients. For example, in an
n-channel IGBT, elecirons van be swept [rom source o drain
rapidly, while at the same time holes can be recombined
closer to the n* bufler layer. This can improve ¢, and L,rin
the same device.

As illustrated in FIGS. 5A, 5B, and 5C. donor gradient is
also of benefit to very large scale integraled circuits
(VISI} VISI Iogic, DRAM, nonvelatile memory like
NAND Hash. Spurions ininority carriers can be generated by
clock switching in digital VLSI logic and memory 1Cs.
These vnwanted carriers can discharge dynamically-held
“actively held high” nodes. In inost cases, statically-held
nodes {with V__) cannot be affected. Degradation of refresh
time in DRAMSs is one of the results, because the capacitor
holds charge dynamically. Similarly, degradation of CMOS
digital images in digital imaging ICs is another result of the
havoc caused by minority carriers. Pixel and color resolution
can be significantly enhianced in imaging ICs with the
embodiments described herein.  Creating “‘subterranean™
recombination centers undemeath the wells (gold doping,
platinum doping) as is done in some high-voltage diodes is
not prectical for YLSI circuits, Hence, a novel technique is
described hercin which creates a drift ficld to sweep these
unwanted minority carriers trom the active circuitry at the
surface into the substrate in a monolithic die as quickly as
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possible. In a preferred embodiment. the subterrangan n~
layer has a graded donor concentration 1o sweep the minor-
ity carriers deep into the substrate. One or more of such
layers can also be implemented through wafer to wafer
bonding or similar “transfer” mechanisms. This n~ layer can
be a deeply-implanted layer. [t can also be an epitaxial layer.
As desired. the n” well and p~ wells can also be graded or
retrograded in dopants to sweep those carriers away from the
surface as well. The graded dopant can also be implemented
in surface channel MOS devices 10 accelerate majority
carriers towards the drain. To decreasc programming time in
nonvolatile memory devices, carriers should be accclerated
towards the surfacc when programming of memeory cells is
executed. The graded dopant can also be used to Fabricate
superior Junction Field-Effect trunsistors where the “channel
pinch-of” is controlled by a graded channel instead of a
uniformly doped channel (as practiced in the prior art).

One of ordinary skill and familianty in the an will
recognize that the concepts taught herein can be custoniized
and tailored to a particular application in many advanta-
geous ways, For instance, minority carriers can be channeled
i the surface o aid programming in nonvolatile memory
devices (NOR, NAND, multivalued-cell). Moreuver. single-
well, and iriple-well CMOS [abrication wechnigues can also
be optimized to incorporate these embodiments individually
and collectively. Any madifications of such embodimenis
(described here) fall within the spirit and scope of the
invention. Hence, they [all within the scope of the claims
described below.

Although the invention has been descrihed with reference
1o specific embodiments, these descriptions are not meunt to
be construed in g limiting sense. Various modifications of the
disclosed embodimments, as well as alternative embodiments
of the invention will become apparent to persons skilled in
the art upon reference to the description of thie invention. It
should be apprecialed by those skilled in the an that the
conception and the specific embodiment disclosed may be
readily utilized as a basis for moditying or designing other
structures for carrying out the same purposes of the present
inventiosn. It should alse be realized by those skilled in the
art that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims.

It is therefore. contemplated that the claims will cover any
such modifications or embodiments that [all within the true
scope of the invention.

What is claimed is:

1. A semiconductor device, comprising:

a substrate of a first doping type at a first doping level
having first and second surfaces;

a first active region disposed adjacent the first surface of
the substrate with a second doping type opposite in
conductivity to the first doping type and wilthin which
fransistors can he formed;

asecond active region separate from the first active region
disposed adjacent to the first active region and within
which transistors can be formed:

transistors forined in at least one of the first active region
or second uctive region;

at least a portion of at least one of the first and second
active regions having at least one graded dopani con-
centration to aid carrier movement from the first sur-
face to the sccond surface of the substrate; and

at least one well region adjacent to the first or second
active region containing at least one graded dopant
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region, the graded dopant region to aid carrier move-
ment from the first surface to the secand surface of the
subsirale.

2. The semiconductor device of claim 1, wherein the
substrate is a p-lype substrate.

3. The semiconductor device of claim 1, wherein the
substrate has epitaxial silicon on top of a nonepilaxial
substrate.

4. The semiconductor device of claim 1, wherein the first
active region and second active region contain one of either
p-channel and n-channel] devices.

5. The semiconductor device of ¢claim 1, wherein the first
active region and second active region contain either p-chan-
nel or n-channel devices in n-wells or p-wells. respectively,
and each well has at least one graded dopant.

6. The semiconductor device of claim 1, wherein the first
active region and second aclive region are each separated by
at least one isnlation region.

7. The semiconductor device of claim 1, wherein the

graded dopant is fabrcated with an ion jmplantation pro- 2

cess.

8. The semiconductor device of claim 1, wherein the first
and second active regions are formed adjacent the first
surface of the subsirate,

9. The semiconductor device of claim 1, wherein dopants
of the graded dopant concenteation in the first active region
or the second active region are either p-type or n-type.

10. The semiconductor device of claim 1, wherein dop-
ants of the graded dopant concentration in the first active
region are both p-tvpe and n-type.

11. The semiconductor device of claim I, wherein dopants
of the graded dopant concentration in the second active
region are both p-type and n-type.

12. The semiconductor device of claim 1, wherein dop-
auts of the graded dapant region in the well region are both
p-type and n-type.

13, The semiconductor device of claim 1, wherein the
transistors which can be formed in the first and second active
regions are CMOS transistors requiring at least a source, a
drain, a gate and a channel.

14. The semiconductor device of claim 1, wherein the
device is a dynamic random access memory (DRAM).

15. The semiconductor device of claim 1, wherein the
device is a complementary metal oxide semiconductor
(CMOS) with a nonepitaxial substrate,

16. The semiconductor device of claim 1, wherein the
device is a flash memory.

17. The semiconductor device of claim 1, wherein the
device is a logic device.

18. The semiconductor device of claim 17, wherein the
device is centra] processing unit.

19. 'The semiconducter device of claim 1, wherein the
device is an image sensor.

20. A semiconductor device. comprising:

a substrate of a first doping type at a first doping level

having first and second surfaces;

a first active region disposed adjacent the first surface of
the substrate with a second doping type opposite in
conductivity to the first doping type and within which
transistors can be formed in the surlace thereof;
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a second active region separate from the first active regjon
disposed adjacent 10 the finst active region and within
which transistors can be formed in the surface thereof;

transistors formed in at least one of the first active regjon
or second active region;

at least a portion of at least one of the first and second
active regions having at least one graded dopant con-
centration to aid carrier movement trom the surface to
the substrate; and

at least one well region adjacent to the first or second
aclive region containing at least one graded dopant
region, the graded dopant region to aid carrier move-
ment from the first surface 1o the second surface of the
substrate.

2%. The semiconductor device of claim 20, wherein the

substrate is an n-type substrate.

22. The semiconductor device of claim 20, whercin the
substrate is a p-type substrate.

13. The semiconductor device of claim 20, wherein the
substrate has epitaxial silicon on top of a ncnepitaxial
substrale,

24. The semiconducior device of claim 20, wherein the
first active region and second active region contain at least
one of either p-channel and n-channel devices,

25, The semiconductor device of claim 20, whercin the
first active region and second active region conlain either
p-channel or n-channel devices in n-wells or p-wells, respec-
tively, and each well has at least onc graded dopant.

26. The semiconductor device ol ¢laim 20, wherein the
first active region and second active region are each sepa-
rated by at least one isolation region.

27. The semiconductor device of claim 20, wherein dop-
ants of the graded dopant concentration in the first active
region or the second active region are either p-type or
n-type.

28. The semiconductor device of claim 20, wherein dop-
ants of the graded dopant concentration in the first active
region are both p-type and n-type.

29. The semiconductor device of claim 20, wherein dop-
ants of the graded dopant concentration in the secand active
region are both p-type and n-type.

30. "The semiconductor device of claim 20, whercin dop-
ants of the graded dopant region in the well region are both
p-type and n-type.

31. The semiconductor device of claim 20, wherein the
graded dopant is [abricated with an jon implantation pro-
cess.

32. The semiconductor device of claim 20, wherein the
substrate is a complementary metal oxide semiconductar
(CMOS) device.

33. The semiconductor device of claim 20, wherein the
device is a flash memory.

34. The seniconductor device of ¢laim 20, wherein the
device is a logic device.

35. The semiconductor device of claim 34, wherein the
device is central pracessing unit,

36. The semiconductor device of claim 20, wherein the
device is an image sensor.
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1
SEMICONDUCTOR DEVYICES WITII
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of U.S. patent appli-
cation Ser. No. 16/717.950, filed Dec. 17, 2019, which this
a Continuation of U.S, patenut application Ser. No. 15/590,
282, filed May 9. 2017, which is a Continuation of U.S.
patent application Ser. No, 14/931,636, filed Mov. 3, 2015,
which is Cuntinuation of U.S. patent application Ser. No,
14/515,584, filed Oct. 16, 2014, which is a Continuation of
LS. patent application Ser. No. 13/854.319 filed Apr. 1,
2013, which is a Continuation of Ser. No. 11/622.496, filed
Jan. 12, 2007, which is a Divisional of 1J.S. patent applica-
tion Ser. No. 10v934,915, filed Sep. 3, 2004. The disclosures
of which are incorporated herein by reference in their
entirety.

TECHNICAL FIELD

This present invention relates 1o all semiconductar
devices and systems. Particularly it applies to diffused
diodes, avalanche diodes, Schottky devices, power MOS
transistors, JFET's, RF bipolar transistors, IGBTs (Insulated
Gatc Bipolar Transistors), varactors, digital VLS), mixed
signal circuits and sensor devices including camera 1Cs
eniploying CCD (Charge Coupled Device) as well as CMOS
technologies.

BACKGROUND

Bipolar Junction Transistors (BJT) are classified as minor-
ity carrier devices because minority carriers are the principle
device conduction mechanism. [owever, majorily carriers
also play a small but finite role in modulating the condue-
tivity in BJTs. Consequently, both carriers (electrons and
holes) play a role in the switching performance of BITs. The
maximum frequency of operation in BJTs is limited by the
base transit time as well as the quick recombination of the
majority carriers when the device is switched off’ (prior 10
bepinning the next cyele). The dominant carrier mechanism
in BITs is carrer diffusion. The carrer drifi current com-
ponent is [airly small, especially in uniformly doped base
BJTs. Efforts have been made in graded base transistors to
create an aiding drift field to enhance (he diffusing minority
carrier’s speed (rom eniilter to collector. However, most
semiconductor devices. including various power MOSEFETs

(traditional, DMOS. lateral. vertical and a host of other =

configurations), IGBT's (Insulated Gated Base Transistors),
still use a wniformly doped “‘drift epitaxial® region in the
base. FIG. 1 shows the relative doping concentration versus
distance in a BIT. FIG. 2 shows the uniformly doped epi
region in an IGBT. In contrast to BJTs, MOS devices are
majority carrier devices for conduction. The conduction is
channel dominated. The channel can be a surface in one
plane in planar devices. The surface can also be on the
sidewalls in a vertical device. Other device architectures to
combine planar and vertical conductions are also possible.
The maximum [requency of operation is dictaled primarily
by source-drain separation distance. Most MOS devices use
a uniformly doped substrate (or a well repion). When a
MOSFET is optimally integrated with a BJT in a monolithic
fashion, an IGBT results. The IGBT inherits the advantages
of both MOSFET and BI'T. It also brings new challenges
because the required characteristics (electron transit and
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hole recombination as fast as possible in n-chaunel IGBT)
necessitate different dopunt gradienis either in the same
layer at different positions, or at the interfaces of similar or
dissimilar layers.

Retrograde wells have been attempted, with little success,
to help improve soft error immuonity in SRAMs and visnal
quality in imaging circuits, FIG. 3A shows a typical CMOS
VLSI device employing a twin well substrate. on which
active devices are subsequently fabricated. FIGS. 3B, 3C,
and 3D illustrate device cross sections. as practiced today.
Retrograde and halo wells have also been attempted to
improve refresh time in DRAMs (dynamic random-access
memories), as well as, reducing dark current (background
noise} and enhance RGB (Red, Green, Blue) color resolution
in digital camera Cs. Most of these techiiques either divert
the minority carriers away from the active regions of critical
charge storage nodes at the surface, or, increase minority
carrier density lacally as the particular application requires.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof. reference is now made to
the tfollowing descriptions taken in conjunction with the
accompanying drawings, in which:

FIG. 1 illustrates the relative doping profiles of emitter,
base and collector for the two most popular bipolar junction
transistors: namely, uniform base (“A™) and graded base
{“B”)

FIG. 2 illustrates the cross section of a commercial IGBT
with a uniform epitaxial drift region (hase):

FIGS. 34, 3B, 1C, and 3D illustrate cross seciions of
comunonly used prior art CMOS silicon substrates; FIG. 3A
showing a typical prior art IC with two wells (one n~well in
which p-channe! transistors are subsequently fabricated and
one p"well in which n-channel transistors are subsequently
fabricated); FIG. 3B showing a prior art EEPROM (Elce-
tronically Crasable Programmable Read-Only Memory)
memory cell having a tunne] insulator; FIG. 3C showing a
prior art DRAM memory cell: and FIG. 313 showing a prior
an NAND fash memory cell;

FIG. 4 illustrates the cross section of an IGBT, using one
embodiment of the invention described here, where the

5 dopant is ocplimally graded in the epitaxial drifi region; and

FIGS. $A. §B. and 5C illustratc the cross sections ol a
CMOS silicon substrate with two wells and an underlying
layer using embodiments of the invention to improve per-
formance in each application— VLSI logic, DRAM/image
1C, nonvolasile memory IC.

DETAILED DESCRIPTION

The relative doping concentrations of emitier and collec-
tor regions vares from 10'® to 10%%/cm®, whereas the base
region is 10" 10 10'%cm® depending on the desired char-
acteristics of the BJT. In graded basc p-n-p transistors, the
denor dopant concentration may be 10 to 100x at the
emitter-base junction, relative to the base-collector junction
(1x). The gradient can be linear, quasi linear, exponential or
complinentary error [unction. The relutive slope of the
donor concentration throughout the base creates a suitable
aiding drift electric field, to help the holes (p-n-p transistor)
transverse from emitter to collector. Since the aiding drift
cleetrie field helps hole conduction. the current gain at a
given frequency is enhanced, relative to a uniformly-doped
(base) BIT. The improvement in cut-ofl frequency {or,
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frequency at unity gain, [7) can be as large as 2x-5x. Similar
performance improvements are also applicable to n-p-n
transistors.

As illustrated in FIG. 4, in one embodiment according to
the invention. a donor gradient is established from the
emitter-drift epitaxia! base region junction of the punch-
throngh IGBT, to the drift epitaxial base region n* buffer
layer boundary (electrons in this case are aceelerated in their
transit {rom emifter 1o collector). The “average” base resis-
tance is optimized so that conductivity modulation and
lifetime (for minorty carriers) in the base region are not
compromised. By sweeping the camiers towards the p*
buffer region a number of advantages are obtained. First, the
frequency of operation (combination of t,, and 1 as is
known in the IGBT commercial nomenclature) can be
enhanced, Second, and maybe more importantly, during tom
holes can be recombined much quicker at the n* buffer layer,
compared to the uniformly doped n"epitaxial drift region by
establishing a different dopant gradient near the n* buffer
layer. It should be noted that the drift region can also be a
non-epitaxial silicon substrate. Although epitaxy enhances
lifetime, it is not mandatory. Different layers of dopant
regions can be transferred through waler 1o wafer bonding
(or other similar transfer mechanisms) [or eventual device
fabrication. The “reverse recovery time” for an IGBT is
significantly improved due to the optimized graded dopant
in the so called “drift region” as well as at the interfaces of
the drifl region, Graded dopants can also ke implemented in
the n* buffer layer as well as other regions adjacent to the
respective layers. Two important performance enhance-
ments are the result of dopant gradients. For example, in an
n-channcl IGBT, electrons can be swept from source 1o drain
rapidly, while at the same time holes can be recombined
closer to the n™ buffer layer. This can improve t,, and lorin
the same device.

As illustrated in FIGS. 5A, 5B, and 5C. donor gradient is
also of benefit w very large scale integrated circuits
(VLSI)—VLSi logic, DRAM, nonvolatile memory like
NAND flash. Spurious minority carriers can be generated by
clock switching in digital VLSI logic and memory [Cs.
‘These unwanted carriers can discharge dynamically-held
“actively held high” nodes. In most cases, statically-held
nodes (with V) cannot be affected. Degradation of refresh
lime in DRAMS is one of the results, because the capacitor
holds charge dynamically. Similarly, degradation of CMOS
digital images in digital imaging ICs is another resuit of the
havoe caused by minority carriers. Pixel and color resolution
can be significantly enhanced in imaging ICs with the
embodiments described herein. Creating “subtcrrancan”
recombination centers nndemeath the wells (geld doping,
platinum doping) as is done in some high-voliage diodes is
not practical for VLS circuits. Hence, a novel technique is
described herein which creates a drift field to sweep these
unwanted minority carriers from the active circuitry at the
surface into the substraie in a monolithic die as quickly as
possible. In a preferred embodiment, the sublerranean
n-layer has a graded donor concentration to sweep the
minority carriers deep into the substrate. One or more of
such layers can also be implemented through wafer to wafer
bonding or similar “transfer” mechanisms. This n”layer can
be a deeply-implanted kayer. It can also be an epitaxial layer.
As desired, the n~well and p~wells can also be graded or
retrograded in dopants Lo sweep those carriers away from the
surface as well. The graded dopant can also be implemented
in surface channcl MOS devices to accelerate majority
carriers towards the drain. |o decrease programming time in
nonvolatile memory devices, carriers should be accelerated
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towards the swface when programming of memory cells is
executed, The graded dopant can alsu be wsed to fabrcate
superior Junction Field-Effect transistors where the “cliannel
pinch-off” is controlled by a graded channel instead of a
uniformly doped channel (as practiced in the prior art),

One of ordinary skill and familiarity in the art will
recognize that the concepis taught herein can be customized
and tailored to a particular application in many advanta-
geous ways. For izstance, minenty carriers can be channeled
to the surface o aid programming in nonvolatile memory
devices {(NOR, NAND, multivalued-cell). Moreover. single-
well, and mriple-well CMOS fahrication techniques can also
be optimized to incorporate these embodiments individually
and collectively. Any modifications of such embodi ments
{described here) fall within the spirit and scope of the
invention. Hence, they fall within the scope of the claims
described below.

Althcough the invention has been described with reference
1o specific embodiments, these descriptions are not meant to
be construed in a Brniting sense. Various modificwions of the
disclosed embodiments, as well as alternative embodiments
of the invention will become apparent 1o persons skilled in
the ar upon reference to the description of the invention. It
should be appreciated by those skilled in the arl that the
conceplion and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures for carrying oul the same purposes of the present
invention. It sbould also be realized by those skilled in the
arl that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims.

Itis therefore, contemplated that the claims will cover any
such modifications or embodiments that fall within the true
scope of the invention.

What is claimed is:

1. A VLSI semiconductor device, comprising;

a substrate of a first doping type at a first doping level
having a surface;

a Hrst active region disposed adjacent the surtace with a
secend doping type opposite in conductivity to the first
doping type and within which transistors can be
formed;

a second active region separate from the first active region
disposed adjacent to the first active region and within
which transistors can be formed;

transistors formed in at lcast one of the first active region
or 3econd aclive region,

at least a portion of at least one of the first and second
active regions having at least one graded dapant con-
centration 1o aid carrier movement from the first and
second active regions towards an area of the subsirate
where there are no active regions; and

al least one well region adjacent to the first or second
aclive region conlaining at least onc graded dopant
region, the graded dopant region to aid carrier move-
ment from the sarface towards the area of the substrate
where there are no aclive regions, wherein at least some
of the transistors form digital logie of the VLSI seini-
conductor device.

2. The VLS8! semiconductor device of claim 1, wherein

the substrate is a p-type substrale.

3. The VLSI semiconductor device of claim 1. whercin

the substrate has epitaxial silicon on top of a nonepitaxial
subsirate,
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4. The VLS! semiconductor device of claim 1, wherein
the first active region and second active region contain
digital logic formed by one ol either p-channel and n-chan-
nel devices.

§. The VLSI semiconductor device of claim 1, wherein
the first active region and second active region contain either
p-channel or n-channel devices in n-wells or p-wells,
respectively, and each well has at least one gtaded dopant.

6. The VLSI semiconductor device of claim 1, wherein
the first active region and second active region are each
separaled by al least one solation region.

7. The VL8] semiconductor device of claim 1, wherein
the graded dopant is fabricated with an ion implamtation
process.

B. The VLSI semiconductor device of clmm 1, wherein
the first and sccond active regions are formed adjacent the
first surface of the substrate.

9. The VI 8] semiconductor device of ¢laim 1, wherein
dopants of the graded dopant concentration in the first active

region or the secand active region are either p-type or 2

n-type.

10, The VLS semiconductor device of claiin 1, wherein
dopants of the graded dopant concentration in the first active
region arc both p-type and n-type.

11. The VLSI semiconductor device of claim 1, wherein
dopants of the graded dopant concentration in the second
active region are both p-type and n-type.

12. The VLSI semiconductor device of claim 1, wherein
dopants of the graded dopant region in the well region are
buth p-type and n-type.

13, The VLSI semiconductor device of claim 1, wherein
the transistors which can be fonned 1n the first and sccond
active regions are CMOS digilal logic transistors requiring
at least a source, a drain, a gate and a channel.

14. The VLSI semiconductor device of claim 1, wherein
the device is a dynamic random access memory (DRAM).

15. The VLSI semiconductor device of claim 1, wherein
the device is a complementary metal oxide semiconductor
(CMOS) with a nonepitaxial substrate.

16. The VLSI semiconductor device of claim 1, wherein
the device is a flash memory.

17. The VLSI semiconductor device of claim 1, wherein
the device comprises digital logic and capacitors.

18. The VLS! semiconductor device of claim 1, wherein
the device is central processing unit.

19. The VLSI semiconductor device of claim 1, wherein
the device is an image sensor.

20. The VLSI semicondugior device of claim 1. wherein
cach of the first and second active regions arc in the lateral
or vertical direction.

21. A VLSI semiconductor device. comprising:

a substrate of a first doping type at a first doping level

having a surface;

a first active region disposed adjacent the surface of the
substrate with a second doping type opposite in con-
ductivity to the first doping type and within which
transistors can be fonned in the surface thercof;

a second active region separate Irom the first active region
disposed adjacent to the first active region and within
which transistors can be formed n the surface thereof;

transistors formed in at least one of the first active region
or second active region;

at least a portion of at least one of the first and sccond
active regions having at least one graded dopant con-
centration to aid carrier movemient from the surface to
an area of the substrate where there are no active
regioas; and
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at least one well region adjacent to the first or second
active region containing at least one graded dopani
region, the graded dopant region o aid carrier move-
ment from the surface 1o the area of the substrate where
there are no active regions, and wherein the graded
dopant concemimtion is linear, quasilinear, error func-
tion, complementary error function. or any combina-
tion thereof.

22. The VLSI semiconductor device of claim 21, wherein

the substrate is an n-fype substrate.

23, The VLSI semiconductor device of claim 21, wherein
the substrate is a p-type substrate.

24. The VLS! semiconductor device uf claim 21, wherein
the substrate has epitaxial silicon on top of a nonepitaxial
substrate,

25. The VLSI semiconducior dovice of claim 21, whersin
the first active region and second active region contain at
least one of either p-channel and n-channel devices.

26. The VLSI semiconductor device of claim 21, wherein
the first active region and second active region contain either
p-chanmel or n-channe! devices in n-wells or p-wells,
respectively, and each well has at least one graded dopant.

27. The VLSI semiconductor device of claim 21, wherein
the first active region and sccond active region are each
separated by at least one isolation region,

28. The VLSI semiconductor device of claim 21, whercin
dopants of the graded dopant concentration in the first active
region or the second aclive region are either p-type or
n-type.

29. The VL81 semiconductor device of claim 21, wherein
dopants of the graded dopant concentration in the first active
region arc both p-type and n-type.

30. The VLS! semiconductor device of claim 21, wherein
dopants of the graded dopant concentration in the second
active region are both p-type and n-type.

31. The VLSI semiconductor device of elaim 21, wherein
dopants of the graded dopant region in the well region are
both p-type and n-type.

32. The VLSI semiconductor device of claim 21, wherein
the graded dopant is fabricated with an jon implantation
process.

13. The ¥LSI semiconducior device of claim 21, wherein
the substrate is a complementary metal oxide semiconductor
(CMOS) device.

34, The VL.81 semicondugtor device of claim 21, wherein
the device is a Aash memory.

35, The VLSI semiconductor device of claim 21, wherein
the device is a logic device with capacitors in at least some
of the first or second active regions.

36. The VLSI senticenductor device ol claim 21. wherein
the device 15 central processing unit.

37 The VLSI semiconductor device of claim 21, wherein
the device is an image sensor.

38. The VLSI semiconductor device of claim 21, wherein
each of the first and second active regions are in the lateral
or ventical direciion.

19. A semiconducter device, comprising:

a substrate of a first doping type at a first doping level;

a first active region disposed adjacent to a surface of the
substrate with a second doping type opposite in con-
duclivity to the finst doping type and within which
transistors can be formed;

a second active region separate from the first active region
dispased adjacent to the first active region and within
which transistors can be formed:

transistors formed in at least one of the first active region
or second active region; and
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at least a portion of at least one of the first and second
aclive regions having at least one graded dopant con-
centration to aid carrier movement from the first or
second active region 1o at least one substrate arca where
there is no active region.

40. The semiconducior device of claim 39 Turther com-
prising at least one well region adjacent (o the first or second
active region and containing a1 least one graded dopant
region, the graded dopant region 1o aid carrier movement
from eny region in the well to the substrate area where there
is no well.

41. A semiconductor device, comprising:

a substrate ol a first doping type at a first doping level;

a first active region disposed adjacent to a surface of the
substrate with & second doping type opposite in con-
ductivity to the first doping type and within which
transistors can be formed;

a second active region separate from the first active region
disposed adjacent to the first active region and within
which transistors can be formed;

transistors formed in at least one of the first active region
or second active region; and

at least a portion of at least one of the first and second
active regjons having at least one graded dopant accep-
lor concentration to aid carrier movement from the first
or second active region to at least one substrate area
where there is no active region.

42. A semiconductor device. comprising:

a substrate of a fiest doping type at a first doping level;

a first active region disposed adjacent to a surface of the
substrate with a second doping type opposite in con-
ductivify to the first doping type and within which
transistors can be formed;

a second active region separate front the first active region
disposed adjacent to the first active region and within
which transisiors can be formed;

transistors formed in at least one of the first active region
or second active region; and

al least » portion of at least one of (he Grst and second
active regions having at least ane graded donor dopant
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concentration to aid carrier movement from the first or
second active region to at least one substrate area where
there is no acrive region.

43. A semiconductor device, comprising;

a substrete of a first doping type at a first doping level;

a lirst active region disposed adjacent to a surface of the
substrate with a second doping type opposite in con-
ductivity to the first doping tvpe and within which
transistors can be formed;

a second active region separate from the first active region
disposed adjaceni to the first active region and within
which transistors can be formed,

transistors formed in at least anc of the first active region
or second active region; and

at least a portion of at least one of the first and second
active regions having al least one graded acceptor
dopant concentration and one graded donor dopant
concentration to aid carrier movement from the frst or
second active region 1o at least one subsirate area where
there is no active region.

44. A CMOS Semiconductor device comprising:

a surface layer;

a substrate;

an active region including a sowrce and a drain, disposed
on one surfuce of the surlace layer;

a single drift layer disposed between the other surface of
the surface layer and the substrate, the drifi layer
having a graded concentration of dopants extending
between the surface layer and the substrate, the deilt
layer further having a first static unidirectionat electric
drift field to aid the movement of carriers from the
surface layer to an area of the subsirate where there are
no active regions; and

at least one well region disposed in the single ddft layer,
the well region having a graded coneentration of dop-
ants and a second static unidirectional electric drift feld
to aid the movement of cardiers from the surface layer
to the area ol the substrate where there are no active
regiouis.
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SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of U.S. patent appli-
cation Ser. Nu. 16/947,294, {iled Jul. 27, 2020, entitled
SEMICONDUCTOR DEVICES WITH GRADED DOP-
ANT REGIONS, which is a Continuation of U.S. patent
application Ser. No, 16/717,950, filed Dec. 17, 2019, entitled
SEMICONDUCTOR DEVICES WITH GRADED DOP-
ANT REGIONS, issved as U.S. Pat. No. 10.734,481 on Aug.
4, 2020. US. patent application Ser. No. 16/717,950 is a
Continuation of U.S. patent application Ser. No. 15/590,282,
filed May 9, 2017, entitled SEMICONDUCTOR DEVICES
WITH GRADED DOPANT REGIONS, issued as U.S. Pat.
No. 10,510,842 on Dec. 17, 2019, which is a Continuation
of US. patent application Ser. No. 14/931,636, filed Nov. 3,
2015, entitled SEMICONDUCTOR DECEVICES WITH
GRADED DOPANT REGIONS, issued as U.S. Pal. No.
9,647.070 on May 9. 2017. which is Continuation of U.S.
pateni application Ser. No. 14/515,584, filed Oct. 16, 2014,
entitled SEMICONDUCTOR DEVICES WITH GRADED
DOPANT REGIONS, issued as U.S. Pat. No. 9,190,502 on
Nov. 17, 2005, which is a Continuation of U.S. patent
applicalion Ser. No. 13/854.319 filed Apnl 1, 2013, entitled
SEMICONDUCTOR DEVICES WITH GRADED DOP-
ANT REGIONS, which is a Continvation of Ser. No.
11/622.496, filed Jan. 12, 2007, entitted SEMICONDUC-
TOR DEVICES WITH GRADED DOPANT REGIONS,
issued as LS, Pat. No. 8,421,195 on Apr. 16, 2013, which
is a Divisional of LS. patent application Ser. No. 1{/934,
915, filed Sep. 3, 2004. The disclosures of which are
incorporated herein by reference in their entirety.

TECHNICAL FIELD

This present invention rclates to all semiconducior
devices and systems. Particularly it applies to diffused
dindes, avalanche diodes, Schottky devices. power MOS
transistors, JFET"s, RF bipolar transistors, IGBTs (Insulated
Gale Bipolar Transistors), varactors, digital VLSI, mixed
signal circuils and sensor devives including camers ICs
employing CCD (Charge Cowpled Device) as well as CMOS
technologics.

BACKGROUND

Bipolar Junction Transistors (BJT) are classified as minor-
ity carrier devices because minority carriers are the principle
device conduction mechanism. However, majorily carriers
also play a small but finite role in modulating the conduc-
tivity in BJTs. Consequently, hoth carriers (electrons and
holes) play a role in the switching performance of BJTs. The
maximum [requency of operation in 131T% is limited by the
base trausit time as well as the quick recombination of the
majority carriers when the device is switched off (prior to
beginning the next cyele). The dominant carrier mechanism
in BITs is carrier diffusion. The carrier drift current com-
ponent is fairly small, especially in uniformly doped base
BJTs. Efforts have been made in graded base transistors to
create an aiding dnft field to enhance the diffusing minority
carrier’s speed [rom emitter to collector. However, most
scniconductor devices, including various power MOSFETs
{traditional, DMOS, lateral. vertical and a host of other
configurations), IGBT"s (Insulated Gated Base Transistors),
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still use a uniformly doped “drift epitaxial’ region in the
base. FIG. I shows the relative doping concentration versus
distance in a BJT. FIG. 2 shows the uniformly doped cpi
region in an IGBT. In contrast to BJTs, MOS devices are
majority carrier devices for conduction. The conduction is
channgl dominated. The channel can be a surface in one
plane in planar devices. The surface can alse be on the
sidewalls in a verlical device. Other device architectures to
combine planar and vertical conductions are also possible.
The maximum frequency of operation is dictated primarily
by source-drain separation distance. Most MOS devices use
a uniformly doped substrate (or a well region). When a
MOSFLT is optimally integrated with a BJT in a monolithic
fasluon, an IGBT results. The IGBT inhetits the advantages
of both MOSFET and BIT. Il also brings new challenges
becausc the required characteristics (electron transit and
hole recombinatien as fast as possible in n-channel IGBT)
necessitate different dopant gradients either in the same
layer at different positions, or at the interfaces of sinilar or
dissimilar layers,

Retrograde wells have been attempted, with little success,
to help improve soft error immunity in SRAMs and visual
quality in imaging circuits. FIG, 34 shows a typical CMOS
VLSI device employing a twin well substrate, on which
active devices are subsequently fabricated. FIGS. 3B, 3C,
and 31 illustrate device cross sections, as practiced today.
Retrograde and halo wells have also been anempted 1o
improve refresh time in DRAMs (dynamic random-access
memories), as well as, reducing dark current {background
noise) and enhance RGH {Red, (ireen. Blue) color resolution
in digital camera ICs. Most of these techniques either divert
the minority carriers away Irom the active regions of critical
charge storage nodes at the surface. or. increase minority
carrier density locally as the particular application requires.

BRIEF DESCRIPTION OF THE DRAWINGS

For a morc complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to
the [ollewing descriptions tuken in conjunction with the
accompanying drawings, in which:

FIG. 1 illustrates the relative doping profiles of emitter.
base and collector for the two most popular bipolar junction
transistors: namely. uniform base (“A') and graded base
{“B"),

FIG. 2 illustrates the cross section of a commercial IGBT
with a uniform epitaxial drifi region (base);

FIGS. 3A. 3B, 3C, and 3D illustrate cross sections of
commonly used prior art CMOS silicon subsirates, FIG. 3A
showing a typical prior ari IC with two wells (one n~ well
in which p-channel transistors are subsequently fabricated
and one p~ well in which n-channe! transistors are subse-
quently fahricated): FIG. 3B showing a prior arl EEPROM
{Electronically  FErasable  Programmable  Read-Only
Memory) memery cell having a tunnel insulator; FIG. 3C
showing a prior art DRAM memory cell; and FIG. 3D
showing a prior art NAND fash memory cell;

FIG. 4 illustrates the ¢ross section of an 1GRT, using cne
embodiment of the invention described here, where the
dopant is optimally graded in the epitaxial drift region: and

FIGS. 5A, 5B, aud AC illustrate the cross sections of a
CMOS silicon substrate with two wells and an wnderlying
layer using cmbodiments of the invention fo improve per-
formance in each application VLSI logic, DRAM/image
IC, nonvolatile memory 1C.

DETAILED DESCRIPTION

The relative doping concentrations of emiter aud collec-
tor regions varies from 10'% to 10*%¢m®, whereas the base
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region is 10" 10 10"%cm® depending on the desired char-
acteristics of the BJT. In graded base p-n-p transisiors, the
donor dopant concentration may be 10 to 100% at the
emiticr-base junciion, relative 1o the base-collector junction
{1x). The gradient can be linear. quasi linear, exponential or
complimentary crror function, The relative slope of the
donor concentration throughout the base creates a suitable
aiding drift electric field. to help the holes (p-n-p transistor)
transverse from emitler to collector. Since the aiding drit
electric field helps hole conduction, the current gain at a
given frequency is enhanced, relative to a uniformly-doped
(base) BIT. The improvement in cuwl-o{l frequency {or,
frequency at unity gain, [} can be as large as 2x-5x, Similar
performance improvements are also applicable to n-p-n
transistors.

As illustrated in I'1G. 4, in one emhodiment according 1o
the invention, a donor gradient is established from the
emitter-drift epitaxial base region junction of the punch-
through IGBT, to the drilt epitaxial base region n* buller
layer boundary (electrons in this cose are accelerated in their
transit [rom emifter to collector). The “averape” base resis-
tance is optimized so that conductivity modulation and
lifetime (for minority carriers) in the hase region are not
compromised. By sweeping the cariers towards the n*
buffer region a number of advantages are obtained. First, the
frequency of operation (combination of 1, and 1, 2s is
known in the IGBT commercial nomenclature} can be
enhanced. Second, and maybe more importantly, during Tom
holes ¢an be recombined much guicker at the o* buffer layer,
compared to the uniformly doped n~ epitaxial drift region by
establishing a different dopant gradiemt near the n* buffer
layer. It should be noted that the drift region can also be a
non-epitaxial silicon substrate. Although epitaxy enhances
lifetime, it is not mandatory. Different layers of dopant
regions can be trmnsferred through water to wafer bonding
{or other similar transfer mechanisms) for eventual device
fabrication. The “reverse recovery time” for an [GRT is
sigmlicantly improved due to the optimized graded dopant
in the so called “drift region™ as well as at the interfaces of
the drifi region. Graded dopants can also be implemented in
the n* buffer layer as well as other regions adjacent 1o the
respective layers. Two important performance enhance-
ments are the result of dopant gradients. For ¢xample, in an
n-channel IGBT, electrons can be swept from source to drain
rapidly, while al the same time holes can be recombined
closcr to the n* buffer layer. This can improvet,, and t,in
the same device.

As illustrated in F1GS. 5A, 5B. and 8C, donor gradient is
also of henefit to very large scale integrated circuits
(VLSI)—VLSI logic, DRAM, nonvolatile memory lixe
NAND Hash. Sputious minority carriers can he generated by
clock switching in digital VLSI logic and memory ICs,
These unwanted carriers can discharge dynamically-held
“actively held bigh” nodes. In most cases, statically-held
nodes (with V) cannot be affected. Degradation of refresh
time in DRAMs is one of the results, because the capaciior
holds charge dynamically. Similarly, degradation of CMOS
digital images in digital imaging ICs is another result of the
havoc caused by minority carriers. Pixel and color resclution
can be significantly enhanced in imaging 1Cs with the
embodiments described herein. Creating “subterranean”
recombination centers undemeath the wells (gold doping,
platinum doping) as is done in some high-voltage diodes is
not practical for VLSI circuits. Hence, a novel technique is
described herein which creates a dnfi ficld to sweep these
unwanted minority carmriers from the active circuitry at the
surface into the substrate in 2 monolithic die as guickly as
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possible. In a preferred embodiment, the subleranean n”
layer has a graded donor concentration to sweep the minor-
ity carriers deep into the substrate. One or more of such
layers can also he implemented through wafer to wafer
bording or similar “transer” mechanisms. This 0™ layer can
be a deeply-implanted layer. It can also be an epitaxial layer.
As desired, the n~ weli and p~ wells can also be graded or
relrograded in dopants to sweep those camriers away from the
surtace as well. The graded dopant can also be implemented
in surface channel MOS devices to accelerate majority
carriers towards the drain. To decrease programming time in
nonvolatile memory devices, carriers should be secelerated
towards the surface when programming of memory cells is
executed. The graded dopant can also be used to [abricate
superior Junction Field-Effect transistors where the “cliannel
pinch-off” is controlled by a graded channel instead of a
uniformly doped channel (as practiced in the prior art).

One of ordipary skill and familianity in the art will
recognice thal the concepts taught herein can be custormized
and tailored to a panicular application in many adwanta-
geous ways. For instance, minority carriers can be channeled
to the surface to aid programming in nonvolatile memory
devices (NOW, NAND. multivalued-cell). Moreover, single-
well, and triple-well CMOS fabrication techniques can also
be optimized to incorporate these embodiments individually
and collectively. Any miodifications of such embodiments
{described here) fall within the spirit and scope of the
invention. Hence, they fall within the scope of the claims
described below.

Although Lhe invention has been described with reference
1v specific embodiments, these descriptions are not meant 1o
be construed in a limiting sense. Various modifications of the
disclosed embodiments, as well as alternative emubodiments
of the invention will become apparent to persons skilled in
the art vpon reference to the description of the invention. It
should be appreciated by those skilled in the art that the
conception and the specific embodiment disclosed may he
readily wlilized as a basis for modifying or designing other
structures [or carrying out the same purposes of the present
invention. It should also be realized by those skilled in the
art that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims.

Itis therefore, contemplated that the claims will cover any
such modifications or embodiments that fall within the tree
scope of the invention,

What is claimed is:
1. An clectronic system. the system comprising:
at least one semiconductor device, the at least one seini-
conductor device including:
a substrate of a first doping type at a lirst doping level
having a surface;
a first active region disposed adjacent the surface with
a second doping type opposite in conductivity to the
first doping type and within which transistors can he
formed;
second active region separate from the first active
region disposed adjacent to the first active region and
within which transistors can be formed;
transistors formed in at least one of the Hrst active
region or second active region;
al least a portion of a¢ least one of the first and second
active regions having at least one praded dopant
concentration to aid carder movement from Lhe first
and second active regions towards an area of the
substrate where there are no active regions; and
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at least one well region adjacent to the first or secand
active region containing at least one graded dopant
region, the graded dopant region to aid carrier move-
ment from the surface towards the area of the sub-
slrate where there are no active regions, wherein at
least sore of the transistors form digital logic of the
semiconductor device,

2. The system of claim 1, wherein the substrate of the at
least one semiconductor device i3 a p-type suhbstrate.

3. The system of claim 1, wherein the subsirate of the at
least ene semiconductor device has epitaxial silicon on top
of a nonepituxial substrate.

4. The system of claim 1, wherein the firs active region
and second active region of the at least one semiconductor
device confain digital logic formed by one of either p-chan-
nel and n-channe) devices.

5. The system ol claim 1, wherein the first active region
and second active region of the at least one semiconductor
device conlain either p<hunnel or nchannel devices in
n-wells ar p-wells. respectively, and each well has at least
one graded dopant.

6. The system of claim 1, wherein the first active region
and second aclive region of the at least one semiconductor
device are each separated by at least one isolation region.

7. The system of claim 1, wherein the graded dopant is
fabricated with an jon implantation process.

8. The system of claim 1, wherein the first and second
active regions of the at leasl one semiconductor device are
formed adjacent the first surface of the substrate of the at
least one semiconductor device.

9. The system of claim 1, wherein dopants of the graded
dopant concentration in the first active region or the sccond
active region of the at least one semiconductor device are
either p-type or n-type.

10. The system of'claim 1, wherein dopants of the graded
dapant concentration in the first active region of the at least
one semiconductor device are both p-type and n-type.

11. The system of claim 1, wherein dopants of the graded
dopant coneentration in the second active region of the at
least one semiconductor device are both p-type and n-type.

12. The system of claim 1. wherein dopants of the graded
dopant region in the well region of the at least one semi-
conductor device are both p-type and n-type.

13. 'The system of claim 1, wherein the transistors which
can be [urmed in the first and second aclive regions of the
at least one semiconductor device are CMOS digital logic
transistors requtiring at least a source, a drain, a gate and a
channel.

14. The system of claim 1, wherein the at least one
scmiconductor device is a dynamic random access memory
(DRAM).

15, The system of claim 1, wherein the at least one
semiconductor device is a complementary metal oxide semi-
conductor (CMOS) with a nonepitaxial substrate,

16. The systern of claim 1, wherein the at least one
semiconductor device is a flash memory,

17. The system of claim 1, wherein \he at least one
semiconductor device comprises digital logic and capaci-
tors.

18. The system of claim 1, wherein the ai least one
semiconductor device is a central processing unit.

19. The system of claim 1, whercin the at least one
semiconductor device is an image sensor.
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240. The system of claim 1, wherein each of the first and
second active regions of fie at least one semiconductor
device arc in the lateral or vertical dircetion,

21. An electronic system, comprising;

at least one semiconductor device, the at least one semi-

cenductor device including;

a substrate of a first doping type at a first doping level
having a surface;

a first active region disposed adjacent the surface of the
substrate with a second doping type opposile in
conductivity to the first doping type and within
which transistors can be formed in the surface
thereef;

a second active region separate from the first active
region disposed adjacent 1o the first active region and
within which transistors can be formed in the surface
thereof;

wransistors formed in at least one of the first active
region or second aclive region;

at lcast a pertion of at least one of the first and second
active regions having at least one graded dopant
concentration to aid camier movement from the
surface tn an area of the substrate where there are no
active regions; and

at least one well region adjecent 1o the first or second
aclive region containing al least one graded dopant
region, the graded dopant region 1o aid carrier move-
ment from the surface to the area of the substrate
where there are no active regions, and wherein the
graded dopanit concentration is linear, quasilinear,
error fuuction, complementary error funcrion, or any
combination thereof.

22, The system of claim 21, wherein the substrate of the
at least one semiconductor device is an n-type subsirate.

23. The system of claim 21, wherein the substrate of the
at least one semiconductor device is a p-type substrate.

24_ The system of claim 21, wherein the substmate of the
at least one semicenductor device has epitaxial silicon on
top of a nonepitaxial substrate.

25. The systen of claim 21, wherein the first active region
and second active region of the at least one semiconducior
device contain at least one of either pchannel and n-channel
devices.

26. The system of claim 21, wherein the first active region
and second aclive region of the at least one semiconductor
device contain cither p-channel or n-channel devices in
n-wells or p-wells, respectively, and each well lias at least
one graded dopant.

27. The system of claim 21, wherein the first active region
and second active region of the at least one semiconductor
device are each separated by at least one isolation region.

28. The system of ¢luim 21, wherein dopants of the gruded
dopant concentration in the first active region or the second
active region of the al least one semiconductor device are
either p-type or n-type.

29. The system of claim 21. wherein dopants of the graded
depant concentration in the first active region of the at least
one semiconductor device are both p-type and n-type.

30. The sysiem ol claim 21. wherein dupants of the graded
dopant concentration in the second active region ¢l the at
least oue semiconductor device are both p-type and n-type.
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WHEREAS, G.R. MOHAN RAQ, an individuad, residing a1 1611 Willingbam Drvive,
AHen, Texas 75013 ("Assignor™). has invented certain new and usefel inventions set forth on By
attached Exhibit & {coliectively, the “Inventions™), for which certain applicstions for Uinited]
Ststes and forvign patents were filed as set forth on Exhibit A {retiectively, the “Applications )
and from which vertain Unised States patents have tssued as set funth on Exhibit A {ooliectively,
the “Patents™): and

WHEREAS, GREENTHREAD, LLC, & Texas Limited Lisbilky Comgpany, having a
Susiness address at 4544 Harrvs Lane, Dallas, Texas 732293400 ("Assignee™} is destraus of
aciuiring the ensite right, Htle, and interest in end fo the Applications and Patents gnd any and sl
foreten  counterparts,  divistons,  conthwations, coptinuiorein-pamnts,  improveroests,
reekaminations, relssuss, extensions, renewals, substifutes, provisional applications, ceriificates,
aff rights woder the Intersational Convention for the Proteetion of Industrial Property sl
projongasions of the Applications and Pasents.

Now. THERRFORE, for cher good and ssluable consideration, Assignor. by these
presenss does hergby irrevorably sell, assign. and transfer unte Assigrsee, By SUCCESSORS, BEFHENS,
and legsl representatives the Rall and exclusive dght inand G

{&)  the Applications avd Paterss in the United States and the entire right. title, and interest in
s to any and all ksued patents or patent apphications which may be granaed therelur
sndior fherefmm i the Unbed Sintes, 1 el divisions, reissues,  substiutions.
continaations, continuations-Inepart, and extensions of said Applications and Patents and
any pending applicstions or issuxd pstents that divectly clatm o are amended 1o claim
priseily to any of the Applications or Patents;

g alf causes of sotber (whether known ar unbovown or whether currently pending, fed or
atherwise) and other caforsement vights wader sy on secount of the Applicarions and
Palenis, including without Hmitation all causes of action and other enfercenient vights for
damages, injunctive relict, and any other remadies of any Rind for post, curvent and fiduee
infringement; and

() all rights o collect royaities or other payments aader o on account of the Applications
and Patenis and the foregoing subuategory (b,

Assignor hershy authorizes and regueses the Conunissioner of Patents and Trademarks to tssue
all patents for the Applications, or patents resufing therefrom. jnsclar sy Assignoe’s interests sre
concerned, 1o Assipnee, of the ertire right, tle, and nterest in and 1o the same, fFor it sole use
wnd henefit and for the use and benedit of ity fepal representatives, 1o the full end of the term for
witich said patemts may be granted, as fulls and endrely as the same wonld have been held by the
Assignor had this assipgiment not begs made,

Assignos alse sells and assigns 1o Assignes. s successors, assigns and legal

represensatives the ful and exclosive right, title, and interest in and 1o the Inventions dischosed in

PATUNT ASSIGNMENT Page 1 of

GRATENT Ex. 2026, p. 124 of 260

REEL: 035630 FRAMEF9393eenthread
IPR2024-00552



said Applications threughowt the sorld, including the right o File applicatons and obtin
patents, wiility models, industrial models, and designs for the inventions io the Assignee’s own
name throughoat the world, including all rights of priority, all rights @ publish cautionary
notices reserving vwnership of the inventions sad st rights o regisior the inventions in
appropriate registeies, all foreign rights avising from pre-grast publivation of the Applications:
and Assignor further agrees © execute any snd alf pewers of attomey, applications, assighroents.
dectyrations, alfxdavits, and any other papers in conneetion therewith necessary to perfect such
right, title and interest in Assigree, its successors, assigns and legal representatives.

Assignor further ageees to communicate © Assignee, #s successors, assigns andior logal
representatives, any known facts respecting sy inprovements, and, at the expense of Assignee,
to tesiify in any fegal proceedings, sign all Jawful papess, execme afl divisionad, continuation,
contimaion-in-part, reissue and substitaze applications. make off lawtid omths, and genersfly do
everything possible w vest title In Assignee aod to nid Assipnee, its seecessors, assigns sod kegal
representatives o obtain and enforee proper protection for the Inventions in all countrics.
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EXHIBIT A
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WHEREAS, GR. MOHAN RAD, an individoal. residing st 611 Willingbam Drive,
Allen, Texus 73011 " Assignor™), has invented certaln new and useful inventions set forth oa the
attached Exhibit A {collectively, the “Inventions™). for which certain spplicstions Yor United
Siates and foreign patents were filed as set torth on Exhibit A (eoilectively, the “Applications™),
god from which zertain United States putents have issueid as set forth on Exhibls A feollectively,
the “Patents"): and

WHERLAS, GREENTHREAD, LLC, 2 Texas Limited Lisbiliy Company, having a
business address @t 4544 Marrys Lane, Dallas, Texas 7822%.5400 (“Assignen™), is desiraus of
acquiring the entre right, Gtle, and inferest in and to the Applcations and Patents and any snd all
foreign  counterparts,  divisions,  cowthmations,  coptinuationin-pants,  improverents,
reckgminations, reissues, extensions, renswals, sebstitutes, provisionsd applications, certificates,
alt rights under the International Convention for the Protectiem of Industrial Property and
predongations of the AppHeations and Patents,

Now, THEREFORE, for other good end swhsable consideration, Assignor, by these
preserss does hershy irevovably sell, assign. and transfer unte Assignee, it successors, assigns,
and fegal representatives the full and exclusive vight inand (e

{a}  the Agpplications and Palents in the United States and the entive right. tie, and interest in
e 10 any and alf issved patents or patent applications which may be granted therefin
andfor therefrom i the United RNtates, 10 ol divisions, reissoes, substisutions,
contingations, eontinuations--part, and extensions of said Applications and Patents and
any peading applications or issued patents that directly claim or are amended 1o chim
privety to soy of the Applications or Patents;

() all cuses of actives {whether known o unkuowr: o whesher corrently pending. fled o
stherwise) and other enfiacement rights wnder or oo acoount of the Apphications and
Patents, inchuding witbout Hmitution all couses of action and uther enforcement rights far
damages, injunctive relief, and any other remedies of any Kind for past, current and future
infringement; and

() all rights to collect royalties or mher payments wder or on aceount of the Applications
and Patents and the foregoing subcategory (b

Assignor hersby authorizes and reguests the Conwnissoner of Patests and Tradermarks to issue
all patents for the Applications, or patents resulting therefrony, Insofar a5 Assignors interests sre
vomeerned, to Assignee, of the entire right, title, and interest i and s the sspve, for its sofe yse
and benefit; and for the use and benefit of ns legal representatives, to the (6l ond of the term for
wirich said pateats may be granted, as fully and eotirely as the same wonid Buve been held by the
Asstgnor had this assignmens not been made,

Assigror also sells and assigns 1o Assignee. i sucopssors, assigns and lepal
represensatives the full and exclosive right title, and Interest in and 1o the Inventions disclosed in

PATENT ASSIGNMENT Page i af 4

gﬁefgmd Ex. 2026, p. 131 of 260

REEL: 056950 FRAME: 004

Greenthread
8202400552



said Applications throughout the world, including the right to fils applications aad obtain
patents, wiility maodels, ndustrial models, and designs for the isventions in the Assignee’s own
name throughout the world, including alf righty of priority, all rights o publish cantionary
notices reserving pwaership of the inventions and sl rights to register the fnventions in
appropeiate registries, ail forelgn rights grising from pre-grant publication of the Apphications:
and Assignoe farther agrees to execute any and alf pewers of attormey, spplivations, assignments.
declgrations, allidaviis, and any other papers in connection therewith necessary to perfect such
right, tithe et interest in Assignee, its sucoessors, assigns znd legal representatives.

Assignor further agrees to commenioate w Assignee, is successors, assigns andfr fegal
represemiatives, any knows facts respecting mny improvements, and, af 1he expense of Assignes,
to testify in any fegal proceedings, sign afl Jawfl! papers, sxecufe all division, continuatton,
continuaticn-in-part, relssee and substitute applicativas, make afl lawful omths, sad generally do
everyiling possible to vest title in Assignee and to aid Assignee, its sueeessors, assigns and legal
representatives o obtain and enforce proper protection Sir the Inventions in all countries.

[Signsrare Page fo Folfow]
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EXHIBIT &

{1 el N Fatent .
’;‘:@; Countey | Serisl No. No Title
; 19625 LS 10034915 Semivoaductor Devices with Graded Dopant
» 3008 Sl ES TR0 I L, P R <
' Regions
a 3961 § Loy 1673496 | 8421105 Seatteondactor Devices with Graded Dopant
. i Begious
4 13612 S 13540383 | RI06.481 Semiconducior Devices with Graded Dopant
afa & E FAN LT, PRt R P e LT ;{E{(E}i{‘jﬂ‘\
4 3626 0% 13854319 Semsconductor Devices with Graded Dopamt
’ - o TR Regions
< 39613 L 147415384 Sengeonductor Devices with Oraded Dogant
. bttt = i Regiona
6 32623 G BSOS ETS Nonvolatile Memory Systems with Eahedded Fast
' s A Read and Write Momories
M vt AAprrary [ueheme Yl ay T ot
7. 12614 g 1756162 | T.R55.016 | Nopvolatile Memory S’};‘s{‘\.—!ﬁb with 3;..n.:bfsddeai§abi
’ Read and Write Mermaries
g $1614 s 918177 | 8194452 | Nonvolalile Memory Systems with Embedded Fast
' o - o o ~ Read and Write Memories
9 T iR L -y <11 RRA Nonvelatie Memory Svstents with Embedded Fast
Colaei6 1 US EiadsRI7 T RS31880 ey T A
: Read and Wrie Memories
. . . o iR £ N Nonvolatie Memory Systens with Embedided Fa
w0, | 10617 8 137967619 | 8.817.537 | ohaiis Memon )}{tn 5 with Ln edded Fast
Read and Write Memones
f1 1 a61% S L4335 ] & Norvalatie Momory Systems with Livbedded Fast
Pep ene P Kead and Write Memories
2 1 30674 1 1 AS00.08 [ifbthme Mixed Level Mon-Volatile Memory
I R System
P31 260 L% 135455067 | B.891.398 Lifetime Mixed Level Non-Yolatite Memory
3R IS 34583 B9 System
i, 32030 Lis 144525 411 Letime Mixed Level Non-Yolatde Memary
I B Svstem
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ASSIGNOR ASSIGNEE

Greenthread, LLC Vervain, LLC

Philip W. John, Jr. Manager Philip W. John, Jr., Mermber
6307 Bandera Ave, Apt B 7424 Mason Delis Drive
Dallas, Texas 75225-3617 Dallas, Texas 73230-3244
Email: jchndlersenibeeadtio.com Emaily johni@yvervailic.com

ASSIGNMENT AGREEMENT

This Assignment Agreement (“Assignment™) is entcred into by and beiween Vervain,
LLC. a Texas limited liability company, hereinafter referred 10 as “Assignee,” and Greenthread,
L.LC. a Texas limited liability company, hereinafter referred 1o as “Assignor.” and shall become
eflective upon being duly signed by the authorized representative ol Assignor (“Effective Date™).

RECITALS:

Assignor and Assignes are entering into a Patent Assignment Agreement (the

“Agreement ).

Pursuant to the Agreemant, Assignor hereby desires to assign to Assignee all of its rights, title
and interest in and to the following United States patents and pending application:

I

i3

[P ]

L

61/509.257 #ls
U.S. Provisional Application Number €H589:256. entitled. “Lifetime
Mixed Level Nand Flash System,” filed on July 19.2011:

U.S. Patent Number 8,891,298, entitled. “Lifetime Mixed level Non-
Volatile Memory Svstem.” filed on April 25, 2012, and issued on
November 18, 2014;

LS. Patent Number 9,196,385, entitled. “Lifetime Mixed Level Non-

Volatile Memory System,” filed on Octber 28, 2014, and issued on
Movember 24. 2015;

[J.8. Patent Number 9,997 240, eutitled, “Lifetune Mixed Level Non-
Volatile Memory System.” filed on November 24, 2015, and issued on
June 12, 2018, and

U.S. Patent Apphication Number 16/006,299. entitled, “Lifetime Mixed
Level Non-Volatile Memory System,” filed on June 12, 2018, and is
pending (collectively referred to hereinafter referred to as the “Patent™).

For good and valuable consideration. Assignor and Assignee hereby agree as follows:

ﬁﬁwd Ex. 202
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ASSIGNMENT:

1.

(W5

Assignor hereby assigns to Assignee its entire worldwide right. title and interest in andl o
Assignor’s Patent, including the entire worldwide right, title and interest in and to any
reexamination or reissue of the Pment. This includes. without limitation, Assignor’s right
to prosecute, and receive, all damages, royalties, awards and compensation for pasl,
present and/or future infringement.

Assignor agrees to do the following without further consideration. in order to carry out
the intent of this Assignment:

i Execute ali oaths, assignments, applications. and other papers necessary or
desirable to fully secure to Assignee the rights, titles and interests herein
conveyed; and

i, Generally do all lawful acts for vesting in Assignee the rights, titles, and interests
herein conveyed.

Assignor has not made and will not hereafter make any assignment, grant, mortgage.
license, ar other agrecment affecting the rights, titles, and interests herein conveyed to

Assignee.

Assignor hereby represents and warranls that Assignor has the authority to assign the
applicable Patent pursuant to this Assignment.

The undersigned having read this Assignment and fully understanding the provisions of

this Assignment, hereby executes this Assignment as of the Effective Date,

Greenthead, LLC (Assignor)

Philip W. John, Jr. Manager
SN ;? ™y !}i
{-&a\ M a_cr.‘ji:eh o Bt
& 7

Signature:
Printed Name: Philip W. John.Jr.
Date: August ¥ , 2019
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GRTD60-35314 PATENT
CONFIRMATORY ASSIGNMENT

Whereas, VERVAIN, LLC, a Texas limited liability company, located at 724 Mason Delis
Drive, Dallas, Texas 75230 (“Assignor™), hereby confirms that it has zero right, title and interest
in and to the currently pending application entitied, SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS (the “Invention™), for which United States Patent Application
was filed on July S, 2021 (Serial No. 17/371,839) (the “Application”), and confirms the
Assignment previously Assigned and recorded at reel/frame 056950/0048 on July 22, 2021 from
inventor G.R. Mohan RAO to Greenthread, LLC is the only valid Assignment and the Assignment
recorded on July 22, 2021 from Greenthread, LLC to Vervain, LLC at reel/frame 056949/0013
was in etror as it did not list the Application; and

Whereas, GREENTHREAD, LLC, a Texas Limited Liability Company, located at 4544
Harrys Lane, Dallas, Texas 75229-5400 (*Assignee™), is desirous of confirming that the entire
right, title, and interest in the Application is fully vested in Assignee, and desires confirmation that
Assignee has never assigned any interest in and to the Application to Assignor and that Assignor
has no rights to this Appflication, as no rights have ever been conveyed to Assignor.

Now, Therefore, for other good and valuable consideration, Assignor, by these presents
does hereby sell, assign, and transfer unto Assignee, its successors, assigns, and legal
representatives the full and exclusive right to the Application in the United States and the entire
right, title, and interest in and to any and all Patents which may be granted therefore and/or
therefrom in the United States, to all divisions, reissues, substitutions, continuations,
continuations-in-part, and extensions of said application. Assignor hereby authorizes and requests
the Commissioner of Patents and Trademarks to issue all patents for the Invention, or patents
resulting therefrom, insofar as Assignor's interests are concerned, to Assignee, of the entire right,
title, and interest in and to the same, for his sole use and benefit; and for the use and benefit of his
legal representatives, to the full end of the term for which said Patent(s) may be granted, as fully
and entirely as the same would have been held by the Assignor had this assignment not been made.

Assignor also sells and assigns to Assignee, its successors, assigns and legal representatives
the full and exclusive right, title, and interest to the Invention disclosed in said Application
throughout the world, including the right to file applications and obtain patents, utility models,
industrial models, and designs for the Invention in the Assignee's own name throughout the world,
including all rights of priority. all rights to publish cautionary notices reserving ownership of the
Invention and all rights to register the Invention in appropriate registries, all foreign rights arising
from pre-grant publication of the Application; and Assignor further agrees to execute any and all
powers of attorney, applicalions, assignments, declarations, affidavits, and any other papers in
connection therewith necessary to perfect such right, title and interest in Assignee, its successors,
assigns and legal representatives.

Assignor further agrees to communicate to Assignee, its successors, assigns and/or legal
representatives, any known facts respecting any improvements, and, at the expense of Assignee,
to testify in any legal proceedings, sign all lawful papers, execute all divisional, continuation,
continuation-in-part, reissue and substitute applications, make all lawful oaths, and generally do
everything possible to vest title in Assignee and to aid Assignee, its successors, assigns and legal
representatives to obtain and enforce proper protection for the Invention in all countries.

CONFIRMATORY PATENT ASSIGMNMENT 1
ATTY. DKT. NO. GRID60-35314
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Assignor further authorizes and directs Assignee’s attorneys to insert the serial number and
filing date of said application now identified by the attorney docket number and title set forth
above as soon as the same shall have been made known ta them by the United States Patent and

Trademark Office.

VERVAIN, LLC

o 05

Name: 3‘71,4(.:';‘{ /8 L,IJ'_n(-,nJ Jde

Title: il 6 X aRELZ-

Date: 3 *7}/ 2022

CONFIRMATORY PATENT ASSIGNMENT
ATTY. DKT, NO. GRTD60-35314

2
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MPS Accused Products

The following list of Accused Products is exemplary, non-exhaustive, and non-limiting.
Greenthread identifies the following specific products to illustrate categories or types of products
that constitute a MPS Accused Products. Greenthread further asserts claims against all product

variations and part numbers of the MPS Accused Praducts

categories were identified by MPS a

MPS Aceused Product Categories/Types

All af the helasw avamnlar ~roduct

—

Switching converters and controllers

Multi-phase controllers

Power management integrated circuits

USB switches

Load switches

MOFSET drivers

Isolated gate drivers

Digital isolators

ol g N o ) B WD

Isolated DC/DC converters

_.
=

Power modules

—
—

Battery chargers and monitors

L

Fuel gauges

—
e

Stepper motor drivers

>

Brushless DC pre-drivers

.__.
v

Brushless DC motor controllers

a

Brushed DC drivers

_.
™~

Fan drivers

_
oo

Backlight drivers

e

Audio drivers

)
=

Analog-to-digital converters

)
—

Angular position sensors

ro
I

Current sensors
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Exhibit A-1 to Greenthread’s Complaint (1.S. Patent No. 10,510,842)

U.S. Patent Accused Products
No. . .

10,510,842 MPS Semiconductor 86905 SiC N-Channel MOSFET
[Claim 1, To the extent the preamble is a limitation, the MPS Accused Products include a semiconductor device. This chart includes exemplary information regarding a
Preamble] A | representative example of the MPS Accused Products, the MPS Semiconductor 86905 Intelli-Phase Solution with integrated HS/LS-FETs and Driver
semiconductor | (*86905™). The 86905 was analyzed in the below referenced report from Tech '~ -"—t*~ *4PC M INOLAAL Tavalli DhacaThA Snhitinn with Inteorated HS/ S-
device, FETe and Diriver Power Feeantiale Summmary (“MPB6905 Report™), available a
comprising: The 86905 was also analyzed in a suppieiicinan 1GpusL UL 1 et HaEI | irie vvove Swp s -

e DI 6 Duppcucinal nepuie nn e -2202-801). The complete reports are hereby incorporated by reference into each and every claim and claim
element discussed. Selected pages are reproduced herein to aid in understanding.

The MPS 86905 is representative of the MPS Accused Products for purposes of this claim chart and the other infringement contention claim charts because
upon information and belief, the other MPS Accused Products would have similarly been advantagecusly designed to move carriers (e.g., towards the
substrate) and achieve the performance enhancements described and claimed in the *842 patent (and the other asserted patents). For example, the other MPS
Accused Products would similarly have been designed with a dopant gradient in order to improve performance characteristics such as on and off switching
times and other performance enhancements described in the Abstract of the "§42 patent (and the other asserted patents). The claimed invention would have
application in numerous types of MPS products, including switching converters and controllers, multi-phase controllers, power management integrated
circuits, USB switches, load switches, MOFSET drivers, insolated gate drivers, digital isolators, isolated DC/DC converters, power modules, batiery chargers
and monitors, fuel gauges, stepper motor drivers, brushless DC pre-drivers, brushless DC motor controllers, brushed DC drivers, fan drivers, backlight drivers,
audio drivers, analog-to-digital converters, angular position sensors, and current sensors, because such products would benefit from, among other things,
improved switching time for transistors in the device. Therefore, upon information and belief the other MPS Accused Products contain similar features as the
MPS 86905 transistors depicted here, and function in a similar way with respect to the features claimed in the asserted claims, and the other MPS Accused
Products contain similar features as the MPS 86905, and function in a similar way with respect to the features claimed in the asserted claims.

This claim chart is based on publicly available information, and additional information regarding these and other accused products is expected to be cbtained
through discovery. The MPS Accused Products, of which MPS §6903 is one example, are semiconductor devices.

Page 1




Exhibit A-1 to Greenthread’s Complaint (U.S, Patent No. 10,510,842)

Device Summary

« This repont presents a Power Essentials analysis of the MPS MPBSR05 sibican (Si)-based
power managemant IC (PMIC). The MP36205 is a monolithic half-bridge with built-in
internal powet MOSFETs and gate drivers and is ideatly suited for multi-phase buck
regulators ** ~“ars 50 A continuous output current over a wide 4.5 V to 16 V operating
nput rang

= The MP869U5 comprises a singla die with MP9502 die markings, which are encapsulated
mn a 23-pin flip-chip quad-fat-no-lead (FC-QFN) package with [ikely copper (Cu) bumping
drectly to the leadframae.

= The MP9502 die substrate is ~155 pm thick including the upper epitaxy layer and uses
Bipolar-CMOS-DMOS (BCD) technology. it features a single layer of polysilicon in the

anatyzed regions, three aluminum (Af) metal layers, tungsten (W) contacts and vias, cobalt
sdicide (CoSi) at the source, drain, and polysilicon contact regions. The pre-metal dielectric

(PMD) uses silicon oxide (SiO) layers, while the inter-metal dielectric (IMD) layers uses
oxide as well Isolahon structures include shallow trench isolaton (ST!) in tha logic region

= One group of high side MOSFET (HSFET) array and two groups of low side MOSFET

{LSFET) array are used on the die. The struciure and dopants of the HSALS FET amays ane

analyzed. Dopant anatyss in tha HS/LS FET array rogion shows the use of a P-type
substrate, an N-type buried layer (NBL), a N-driftN-wel! layer and a P.well layer.

= The stepped-gate-oxide (SGO}is used in the LDMOS devices on this die. The use of ©~

allows a reduction of on-resistance {(Ron) compared with the conventional ST1 LDMO!

= The HSFET is aranged in a ane-dimensional (10} array with a 4.0 prm drain-to<drain pitch

and ~0.66 pm total polysdicon gate length, while tha LSFET is arranged with ~3.4 pm
drain-ta-drain pitch and ~0.60 pm total polysiicon gate length in total.

* Intha logec region, the minimum observed gate length is 0.40 pm on a 0.88 ym contacted
gate pitch, indicating the use of likely 0.18 um process generation with relaxed feature
dimensions.

5 Al contact © 2027 TeCnare. N A0 AN rasrve.

Manufacturer Monciithic Power Systems
Part number MP86305
Foundry tnknown
Type PMIC
Date code H39 {week 39 of 2017)
Package type 23-pin FC-QFN
MPSH39
Package markings MBE6S05
541403

Package dimensions

3.97 mm x 3.97 mm x (.88 mm
{thick)

2M
Die markings f:gp?ﬁg °>3
Die size (whole dia) 3.38 mm » 3.14 mm (10.61 mm?)
Die size (adge seal) 3.36 mm % 3.12 mm {10.48 mm?)
:ai;lelmum m;n;‘md transister 0.40 pm0.86 pm
Likety 0.18 pm process
Process generation generation with relaved faature

dimensions

Feature measured to determing
pracass generation

Contacted gate pach, use of CoSt

Maximum voltag

18V

T |alsl|t5

MP8&905 Report at 5,

09z Jo ¢¥1 "d ‘9z0z X3 pesiyusain
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Exhibit A-1 to Greenthread’s Complaint (.S, Patent No. 10,510,842)

within which
transistors can
be formed;

{Claim 1,
Element 4|
transistors
formed in at
least one of
the first active
region or
second active
region; and

The MPS Accused Products include a semiconductor device comprising transistors formed in at least one of the first active region or second active region. See
above at Preamble, Elements 2-3 (discussing the HSFET AND LSFET arrays).

[Claim 1,
Element 5| at
least a portion
of at least one
of the first and
second active
regions
having at least
one graded
dopant
concentration
to aid carrier
movement
from the first
surface to the
second
surface of the
substrate.

The MP8 Accused Products meet this limitation. See above at Element 1. For example, this is shown by the scanning capacitance/microwave impedance
microscopy (SCM/sMIM) analysis. SCM/sMIM electrically characterizes the tested device and generates maps, which provide graphical representation of the
dopant types and concentrations by measuring carrier movemnent as they are attracted to or repulsed by the probe. The SCM/SMIM maps taken from MPS
Accused Products shown herein demonstrate differences in carrier concentration as a function of depth, which generate electric fields within the accused
products. The contrast in the SMIM image is proporticnal to the capacitance of the sample under inspection, so that brighter green corresponds to higher
dopant concentration, and darker green/black corresponds 1o lower dopant concentration. Likewise, the SCM images above show doping concentration and
doping type as indicated in the legends to the right. Zooming in on the sMIM-C image taken from page 43 of the Tech Insights report clearly shows vertical
dopant grading in the active regions surounding the source, gate, and drain. The image of the LSFET array (reproduced below) also shows grading near the
source and drain and in wells.

Page 10
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Exhibit A-1 to Greenthread’s Complaint (U.S. Patent No. 10,510,842)

(Zoomed in near active regions on image from page 43)

MP86905 Report at 43.
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Exhibit A-1 to Greenthread’s Complaint (U.S. Patent No. 10,510,842)

p-type
substrate.

4. The
semiconductor
device of
claim 1,
wherein the
substrate has
epitaxial
silicon on top

Device Summary

Upon information and belief, the substrate of the MPS Accused Products has epitaxial silicon on top of a nonepitaxial substrate. For example, the device
summary shown below includes an upper epitaxy layer.

ofa = This repon presants a Power Essentials anabysis of the MPS MPBE20S sikcon (Si)-based Manufacturer Monolithic Power Systems
. . power rmanagement IC {PMIC). The MPBES0S rs 8 monobthic half-bndge with built-in
nonepitaxial internal power MOSFETS and gate drivers and is xieally suited for mult-phasa buck Part numbar MPB5905
substrate. regulators ** ~®2rs 50 A continuous output current over & wide 4.5V Io 16 V operating Foundry Unknown
input rang Type PMIC
= The MP86&uus comprises a single die with MP9502 die markings, which are encapsulated Date code H39 (week 39 of 2017)
m a 23-pm fip-chip quad-flat-no-ead (FC-QF N) package with rkely copper (Cu) bumping "
directly 1o the leadframe Package f;;::;goop”
*  The MPS502 die substrate is ~155 pm thick including the upper epitaxy layer and uses Package markings MEGo05
Brpedar-CMOS-DMOS (BCD) technology. it features a single layer of polysilicon m the 5401407
analyzed regions, three aluminum {Af) metal layers. tungsten (W) contacts and wias. cobafl
siicade (CoSi) at the saurce, drain, and polysiicon contact regons, The pre-metal dielectng Package dimensions 3 97 mm x 3.97 mm = 0 88 mm
(PMD) uses silicon mdide (510) fayers, while the mter-metat dielectric {(MD) layers usas {thick)
oxede as well. isolstion structures include shaliow trench isolabon (STI) in the logic regian Die markings MP9502 2013
+  Ona group of high side MOSFET {HSFET) array and iwo groups of low side MOSFET <MPS logo>»
(LSFET) armay are used on the die. The structure and dopanis of the HSAS FET arrays are Die size (whole dia) 3.38 mm = 3.14 mm {10.61 mm?)
anatyzed. Dopant analysis in the HS/LS FET armray region shows the use of a P-type Die skze (ed mm % 3.12 10.48 mm?
substrate, an N-type buried layar (NBL), a N-dnttN-well layer and a P-weil layer. mmmm(‘ m:e zeal) p——— 2.3 .12 mm {10. )
= The stepped-gate-wade (SGO) s rsed in tha LOMOS devices on this die. The use of =~ gate length/pitch 0.40 um/D.86 ym
allows a redection of on-resistance (Ron) compared with the conventionat STt LDMO? Likely 0.18 pm
= The HSFET is amanged in a one-dimensional (1D} array with a —4.0 um drain-to-drain prtch Process generation gemrarion ::,.m relaxed feature
and —0.66 pm total polysdicon gate kength, while the LSFET s amanged with ~3.4 ym dimensions
drain-to-dram prch and ~0 60 pm total polysiicon gate length m total "
) P d Festure maasured to determine | Contacted gate pach, use of CoSi
« In the logic region, the minimum ohsarved gate length s 0.40 ym on a8 0.86 pm contacted process generation .
gate pitch, indicating the usa of ikely 018 pm process generabon with relaxed leature cortacts, ST isolabon
dimensions. Maximum voltag 18V
Al conears © ME27 Techinughts. imc. All nghts resere) 1] ] lﬂlsl‘ts
5 The The MPS Accused Products meet this limitation. See above at Claim 2.
semiconductor
device of
claim 1,
wherein the
first active
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Exhibit A-1 to Greenthread’s Complaint (U.S. Patent No. 10,510,842)

region and
second active
region contain
one of either
p-channel and
n-channel
devices.

6. The
semiconductor
device of
claim 1,
wherein the
first active
region and
second active
region contain
either p-
channel or n-
channel
devices in n-
wells or p-
wells,
respectively,
and cach well
has a graded
dopant.

The MPS Accused Products meet this limitation. As shown above, the sources and drains are n-doped and therefore the device is p-channel. The first and second
active regions accordingly contains p-channel devices. See Tech Insights Report images reproduced above at Claim 1, Element 2.

7. The
semiconductor
device of
claim 1,
wherein the
first active
region and
second active
region are
each separated
by at least one
isolation
region.

The MPS Accused Products meet this limitation. The first active region and second active region have n-type dopant and contain p-channel devices in n-wells.
The wells have graded dopants. See Tech Insights Report images reproduced above at Claim 1, Element 2 annotating “n-wells.”
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g. The
semiconductor
device of
claim 1,
wherein the
graded dopant
is fabricated
with an ion
implantation
process.

Upon information and belief, the graded dopant is fabricated with an ion implantation process. For example, ion implantation is the prevalent process for
implementing doping in semiconductor devices, and is believed to be used for the MPS’s Accused Products. MP§’s recent patent applications reference forming
N regions and P regions by ion implantation. Information about the fabrication process for the MPS Accused Products, including usage of an ion implantation
process, is in the possession of Defendant and is expected to be obtained through discovery.

[Claim 9,
Preamble] A
semiconductor
device,
comprising:

The MPS Accused Products meet this limitation. See above at Claim 1, Elements 1-3.

{Claim 9,
Element 1] a
substrate of a
first doping
type at a first
doping level
having first
and second
surfaces;

The MPS Accused Products meet this limitation. See above at Claim 1, Element 1.

|Claim 9,
Element 2] a
first active
region
disposed
adjacent the
first surface of
the substrate
with a second
doping type
opposite in
conductivity
to the first
doping type
and within

The MPS Accused Products meet this limitation. See above at Claim 1, Element 2. Upon information and belief, transistors can be formed in the surface of the
first active region. Details regarding formation of transistors are in the possession of Defendant and are expected to be obtained through discovery.
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which
transistors can
be formed in
the surface
thereof’

|Claim 9,
Element 3] a
second active
region
separate from
the first active
region
disposed
adjacent to the
first active
region and
within which
transistors can
be formed in
the surface
thereof;

The MPS Accused Products meet this limitation. See above at Claim 1, Element 3. Upon information and belief, transistors can be formed in the surface of the
second active region, Details regarding formation of transistors are in the possession of Defendant and are expected to be obtained through discovery.

[Claim 9,
Element 4]
transistors
formed in at
least one of
the first active
region or
second active
region; and

The MPS Accused Products meet this limitation. See above at Claim i, Element 4.

[Claim 9,
Element 5] at
least a portion
of at least one
of the first and
second active
regions
having at least
one graded
dopant

The MPS Accused Products meet this limitation. See above at Claim |, Element 5.
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Exhibit A-1 to Greenthread’s Complaint (U.S. Patent No. 10,510,842)

concentration
to aid carrier
movement
from the
surface to the
substrate.

12. The
semiconductor
device of
claim 9,
wherein the
substrate has
epitaxial
silicon on top
ofa
nonepitaxial
substrate.

The MPS Accused Products meet this limitation. See above at Claim 4.

13. The
semiconductor
device of
claim 9,
wherein the
first active
region and
second active
region contain
at least one of
either p-
channel and n-
channel
devices.

The MPS Accused Products meet this limitation. See above at Claim 5.

14. The
semiconductor
device of
claim 9,
wherein the
first active
region and
second active

region contain

The MPS Accused Products meet this limitation. See above at Claim 6.
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either p-
channel or n-
channel
devices in n-
wells or p-
wells,
respectively,
and each well
has a graded
dopant.

t5. The
semiconductor
device of
claim 9,
wherein the
first active
region and
second active
region are
each separated
by at least one
isolation
repgion.

Upon information and belief, the MPS Accused Products meet this limitation. See above at Claim 7,

16. The
semiconductor
device of
claim 9,
wherein the
graded dopant
is fabricated
with an ion
implantation
process.

Upon information and belief, the MPS Accused Products meet this limitation. See above at Claim 8.

17. The
semiconductor
device of
claim 1,
wherein the
first and
second active

The MPS Accused Products meet this limitation. See above at Claim 1, Elements 2-3.
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regions are
formed
adjacent the
first surface of
the substrate.

18. The
semiconductor
device of
claim 1,
wherein the
transistors
which can be
formed in the
first and
second active
regions are
CMOS
transistors
requiring a
source, a
drain, a gate
and a channel
region.

The MPS Accused Products meet this limitation. As discussed above for Claim 1, the MPS Accused Products include first and second active regions. Upon
information and belief, CMOS transistors formed in the first and second active regions, the CMOS transistors requiring a source, a drain, a gate, and a channel
region. Details regarding transistors used are in the possession of Defendant and are expected to be obtained through discovery.
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U.S. Patent No. Exemplary Accused Product

10,7344

734,431 MPS 86905 Intelli-Phase Solution with integrated HS/LS-FETs and Driver

|Claim 1, To the extent the preamble is a limitation, the MPS Accused Products constitute and are incorporated into semiconductor devices. This chart includes
Preamble] A exemplary information regarding a representative example of the MPS Semiconductor 86905 Intelli-Phase Solution with integrated HS/LS-FETs and Driver
semiconductor {“86905"). The 86905 was analyzed in the below referenced report from Tech Insishts MPS MPRAQNS [ntelli.-PhacaThd Qalitinn with Tntanwatad LR/ €
device, FET= and Diver Power Fecentials Snmmarv (“MP86905 Repon”), avatlable a
comprising: The 86905 was also analyzed ina SUPPICLIVIRAL TUPRUIL LU TSI LUDIELIWD | IVID 00U JUppPISIEndl Repurt ).

Dee CXRINDIL S |Supplementa report tor Fer-2202-801). The complete reports are hereby incorporated by reference into each and every claim and claim
clement discussed. Selected pages are reproduced herein to aid in understanding.

The MPS 86905 is representative of the MPS Accused Products for purposes of this claim chart and the other infringement contention claim charts because
upon information and belief, the other MPS Accused Products would have similarly been advantageously designed to move carriers (e.g., towards the
substrate) and achieve the performance enhancements described and claimed in the *481 patent (and the other asserted patents). For example, the other
MPS Accused Products would similarly have been designed with a dopant gradient in order to improve performance characteristics such as on and off
switching times and other performance enhancements described in the Abstract of the "481 patent (and the other asserted patents). Simtilarly, the other MPS
Accused Products (including MPS Accused Products) would have been designed in a similar manner as the MPS 86905 for purposes of this claim chart to
achieve such performance enhancements {e.g., on and off switching times). The claimed invention would have application in numerous types of MPS
products, including switching converters and controllers, multi-phase controllers, power management integrated circuits, USB switches, load switches,
MOFSET drivers, insolated gate drivers, digital isolators, isolated DC/DC converters, power modules, battery chargers and monitors, fuel gauges, stepper
motor drivers, brushless DC pre-drivers, brushless DC motor controllers, brushed DC drivers, fan drivers, backlight drivers, audio drivers, analog-to-digital
converters, angular position sensors, and current sensors, because such products would benefit from, among other things, improved switching time for
transistors in the device. Therefore, upon information and belief the other MPS Accused Products contain similar features as the MPS §6905 transistors
depicted here, and function in a similar way with respect to the features claimed in the asserted claims, and the other MPS Accused Products contain similar
features as the MPS 86305, and function in a similar way with respect to the features claimed in the asserted claims.

This claim chart is based on publicly available information, and additional information regarding these and other accused products is expected to be
obtained through discovery. The MPS Accused Products, of which MPS 86905 is one example, are semiconductor devices.
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Device Summary

=  This report presents a Power Essentials analysis of the MPS MPBE805 sikcon (Siy-based
power managemsnt [C (PMIC). The MP88905 15 a monofithic half-bridge with built-in
intermal power MOSFETS and gate drivers and is ideally suited for multi-phase buck
reguiators * ~#ar3 50 A conbnuous output cument aver 2 wide 4.5 V to 16 V operating
input rang

*  The MP8630S comprises a single die with MP2502 die markungs, which are encapsulatec
in a 23-pin Rip-chip quad-flat-nodead (FC-QFN) package with likety copper (Cu) bumping
directly to the leadframe.

« The MP3502 die substrate 15 ~155 pm thick mcluding the upper epriaxy layer and uses
Bipolar-CMOS-DMOS (BCD) technology |t features a single layer of polysilicon i the
analyzed regons, three aluminum (Al} metal layers, tungsten (W) contacts and wias, cobalt
silicide (CoSi) at the source, drain, and polysiticon contact regions. The pre-metal dielectric
{PMD) uses silicon oxide {Si0) layers, while the inter-metal dielectric (IMD) layers uses
oxide as well isolation structures include shallow trench isolatan (ST i the logic region

*  One group of high side MOSFET (HSFET) amay and two groups of low side MOSFET
{LSFET) aay are used on the die. The structura and dopants of the HS/LS FET amays are
anatyzed. Dopant analysis in the HS/LS FET amay region shows the use of a P-type
substrate, an N-type buned layer (NBL), a N-drilN-wed layer and a P-well layer,

' The stepped-gate-oxide (SGOQ) is used in the LDMOS devices on this die. The use of =7
allows a reduction of on-resistance (Ron} compared with the conventional STI LDMO!

= The HSFET is arranged in a one-timensional (1D} amray with a —4.0 pm drain-to-dran piich
and ~0.66 pm total polysdicon gate length, while the LSFET s amanged with ~3.4 pym
drainto-dran pitch and ~0.60 pm total polysihtcon gate length in total.

= Inthe logic region, the minmum observed gate length s 0.40 ym on a 0.86 pm contacted
gate pilch, indicating the use of likety 0.18 pm process generation with relaxed feature
dimensions.

5 AL et 40 M2 Techinaghts inc, AD rights fcsirve)

MPB6905 Report at 5.

Manufacturer Monolithic Power Systems
Part number MPB6O05
Foundry Unknown
Type PMIC
Date code H39 {week 32 cf 2017)
Package type 23-pin FC-QFN
MPSH39
Package markings M86905
541403
- 3.97 mm ¥ 3.97 mm = 0,88 mm
Package dimensions (tick)
MPO502 2013
Die mardngs <MPS logo>
Die size (whole die) 3.38 mm = 3.14 mm {10.61 mm?)
Die size (edge seal) 3.36 mm = 3.12 mm (10.48 mm?®)
Minimum measured tranalstor
gate lengttvpitch 0.40 ym/0.86 um
Likety 0.18 pm process
Process genaration generabon with relaxed feature
dimensions
Feature measured to determine | Tontacted gate pich, use of CoS.
process generatlon contacts, ST1 isolation
Maximum voltagy 18V
STENY ats
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Exhibit A-2 to Greenthread’s Complaint (U.S. Patent No. 10,734,481)

and within which
transistors can be
formed;

[Claim 1,
Element 4|
transistors
formed in at least
one of the first
active region or
second active
region;

The MPS Accused Products include a semiconductor device comprising transistors formed in at least one of the first active region or second active region.
See above at Preamble, Elements 2-3 (discussing the HSFET AND LSFET arrays).

[Claim 1,
Element 5] at
least a portion of
at least one of the
first and second
active regions
having at least
one graded
dopant
concentration to
aid carrier
movement from
the first surface
to the second
surface of the
substrate; and

The MPS Accused Products meet this limitation. See above at Element 1. For example, this is shown by the scanning capacitance/microwave impedance
microscopy {SCM/sMIM) analysis. SCM/sMIM electrically characterizes the tested device and generates maps, which provide graphical representation of
the dopant types and concentrations by measuring carrier movement as they are aitracted to or repulsed by the probe. The SCM/SMIM maps taken from
MPS Accused Products shown herein demonstrate differences in carrier concentration as a function of depth, which generate electric fields within the
accused products. The contrast in the SMIM image is proportional to the capacitance of the sample under inspection, so that brighter green corresponds to
higher dopant concentration, and darker green/black corresponds to lower dopant concentration. Likewise, the SCM images above show doping
concentration and doping type as indicated in the legends to the right. Zooming in on the sMIM-C image taken from page 43 of the Tech Insights report
clearly shows vertical dopant grading in the active regions surounding the source, gate, and drain. The image of the LSFET array (reproduced below) also
shows prading near the source and drain and in wells,
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epitaxial silicon

Device Summary

ontopofa
nonepitaxial
substrate. = Them report presents a Power Essenbals analysis of the MPS MPBG905 silicon (Si)-based Manufacturer Mongiithic Power Systems
power management IC (PMIC). The MPS6905 < a monolithic half-bndge with budt-in Part number MPB5805
internal power MOSFETS and gate drivers and is ideally surted for mult-phase buck
regulaters * ~#ars 50 A cominuous output current over a wide 4.5V to 16 V operating Foundry Unkncam
inpul rang Typa PMIC
»  The MPB6wUS compnses a sngle die with MPI502 die markings, which are encapsufated Date code H39 (week 39 of 2017)
tn a 23-pin Mip-chip quad-fiat-no-ead {FC-OF Nj package with hkely copper (Cu) bumping Package type 23-pin FC-QFN
directly to the leadirame. VPSHID
«  The MP9502 die substrate is ~155 pm thick including the upper epitaxy layer and uses Pack rki M38G05
Bipolar-CMOS-DMOS (BCD) technology Nt features @ single layer of polysilicon n the ackage marking= £ALA03
analyzed regions, three aluyminum {Al) metal layers. tungsten (W) contacls and vias, cohaht 7 060
silicde (CoSi) at the source, drain, and palysilicon contact reqians. The pre-metal diglectric Package dimensions 3.97 mm = 3.87 mm x 0.88 mm
(PMD} uses silicon oxde {Si0) Layers. while the inter-meal diefectric (IMD) layers uses {thick)
oxide as well. Isolaton strustures nclude shallow trench solabon {ST1)in the logic regen. Die markings MPO502 2013
+  One group of high sida MOSFET (HSFET) array and two groups.of knw side MOSFET <MPS lago>
{LSFET} amay are used on the die. The structure and dopanis of the HSALS FET armays are Die size (whote die) 3.28 mm = 3.14 mm (10.61 mm®)
analyzed. Dopant analysis in the HS/LS FET aray region shows the use of a P-type Die size (edge saal) 3.36 mm > 3,12 mm (10.48 mm?}
substrate, an N-type buried Layer (NBL), a N-dnftN-well layer and a P-well layer. Minmuam mezsured trangistor
»  The stepped-gate-oxide (SGO) is used in the LDMOS demces on this die. The use of == 7 gate lengthipitch 0.40 ym#0.86 pm
allows a reduchon of en-resistance (Ron) compared with the conventianal STI LDMO! Likety 0.18 pm
«  The HSFET is arranged in 3 cne-dimensional {1D) array with @ ~4.0 pm drain-to-drain pitch Process genaration gm}mmﬂ, retaxed feature
and ~0.66 pm total polysdicon gate tength, while the LSFET is aranged with ~3.4 pm dimensions
drain-to-drain pitch and ~0.60 pm total polysilicon gate length n tolal. Foature wdto e | Con ] gate pitch, use of CoS
= In the logic region, the minmum observed gate length = 0.40 pm on 8 0.86 pm contacted process gene:lall on 1acts. ST) isclat
gate pich, indicating the use of likefy 0.18 ym process generation with relaxed feature COMAGS, ation
dImENSIONS, Maximum voltag 18V
A cormmnt € 2022 Techinuphs inc. Al ngids. meorved. |u.-n=.,|:\t5
4. The The MPS Accused Products meet this limitation. See above at Claim 2.
semiconductor
device of claim
1, wherein the
first active region
and second
active region
contain one of
either p-channel
and n-channel
devices.
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5. The
semiconductor
device of claim
1, wherein the
first active region
and second
active region
contain either p-
channel or n-
channel devices
in n-wells or p-
wells,
respectively, and
each well has a
graded dopant.

The MPS Accused Products meet this limitation. As shown above, the sources and drains are n-doped and therefore the device is p-channel. The first and
second active regions accordingly contains p-channel devices. See Tech Insights Report images repreduced above at Claim 1, Element 2.

6. The
semiconductor
device of claim

1, wherein the
first active region
and second
active region are
each separated
by at least one
isolation region.

The MPS Accused Products meet this limitation. The first active region and second active region have n-type dopant and contain p-channel devices in n-
wells. The wells have graded dopants. See Tech Insights Report images reproduced above at Claim 1, Element 2 annotating “n-wells,”

7. The
semiconductor
device of claim
1, wherein the
graded dopant is
fabricated with
an ioh
implantation
process.

Upon information and belief, the graded dopant is fabricated with an ion implantation process. For example, ion implantation is the prevalent process for
implementing doping in semiconductor devices, and is believed to be used for the MPS’s Accused Products. MPS’s recent patent applications reference
forming N regions and P regions by ion implantation. Informaticn about the fabrication process for the MPS Accused Products, including usage of an ion
implantation process, is in the possession of Defendant and is expected to be obtained through discovery.

8. The
semiconductor
device of claim

The MPS Accused Products meet this limitation. See above at Claim U, Elements 1-3.
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Exhibit A-2 to Greenthread’s Complaint (U.S. Patent No. 10,734,481)

1, wherein the
first and second
active regions are
formed adjacent
the first surface
of the substrate.

9. The
semiconductor
device of claim
1, wherein
dopants of the
graded dopant
concentration in
the first active
region or the
second active
region are either

p-type or n-type.

The MPS Accused Products meet this limitation. As shown by the images obtained by SPM/sMIM anlysis (see above at Claim [, Element §), the MPS
Accused Products show blocks of highly n-doped and p-doped wells.

13.The
semiconductor
device of claim
1, wherein the
transistors which
can be formed in
the first and
second active
regions are
CMOS
transistors
requiring at least
a source, a drain,
agate and a
channel.

The MPS Accused Products meet this limitation. As discussed above for Claim 1, the MPS Accused Products include first and second active regions. Upon
information and belief, CMOS transistors are formed in the first and second active regions, the CMOS transistors requiring a source, a drain, a gate, and a
channel region. Details regarding transistors used are in the possession of Defendant and are expected 1o be obtained through discovery.

15. The
semiconductor
device of claim
1, wherein the
device is a

The MPS Accused Products meet this limitation. See above at Claim 3 {regarding epitaxy) and Claim 13 {regarding CMOS).
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device,
comprising:

[Claim 20,
Element 1] a
substrate of a
first doping type
at a first doping
level having first
and second
surfaces;

The MPS Accused Products meet this limitation, See above at Claim 1, Element 1.

[Claim 20,
Element 2] a
first active region
disposed
adjacent the first
surface of the
substrate with a
second doping
type opposite in
conductivity to
the first doping
type and within
which transistors
can be formed in
the surface
thereof,

The MPS Accused Products meet this limitation. See above at Claim |, Element 2. Upon information and belief, transistors can be formed in the surface of
the first active region. Details regarding formation of transistors are in the possession of Defendant and are expected to be obtained through discovery.

[Claim 20,
Element 3] a
second active
region separate
from the first
active region
disposed
adjacent to the
first active region
and within which
transistors can be

The MPS Accused Products meet this limitation. Upon information and belief, transistors can be formed in the surface of the second active region. Details
regarding formation of transistors are in the possession of Defendant and are expected to be obtained through discovery.
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formed in the
surface thereof;

[Claim 20,
Element 4]
transistors
formed in at |east
one of the first
active region or
second active
region;

The MPS Accused Products meet this limitation. See above at Claim 1, Element 4.

[Claim 20,
Element 5] at
least a portion of
at least one of the
first and second
active regions
having at lcast
one graded
dopant
concentration to
aid carrier
movement from
the surface to the
substrate; and

The MPS Accused Products meet this limitation. See above at Claim 1, Element 5.

|Claim 20,
Element 6] at
least one well
region adjacent
to the first or
second active
region containing
at least one
graded dopant
region, the
graded dopant
region to aid
carrier
movement from

The MPS Accused Products meet this limitation. See above at Claim 6.
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the first surface
to the second
surface of the
substrate.

22. The
semiconductor
device of ¢claim
20, wherein the
substrate is a p-
type substrate.

The MPS Accused Products meet this limitation, See above at Claim 1, Element 2.

23. The
semiconductor
device of claim
20, wherein the
substrate has
epitaxial silicon
ontop of a
nonepitaxial
substrate.

The MPS Accused Products meet this limitation, See above at Claim 3.

24, The
semiconductor
device of claim
20, wherein the
first active region
and second
active region
contain at least
one of either p-
channe! and n-
channel devices.

The MPS Accused Products meet this limitation. See above at Claim 4.

25.The
semiconductor
device of claim
20, wherein the
first active region
and second
active region

The MPS Accused Products meet this limitation. See above at Claim 5.
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contain either p-
channel or n-
channel devices
in n-wells or p-
wells,
respectively, and
each well has at
least one graded
dopant.

26. The
semiconductor
device of claim
20, wherein the
first active region
and second
active region are
each separated
by at least one
isolation region.

The MPS Accused Products meet this limitation. See above at Claim 6.

27. The
semiconductor
device of claim
20, wherein
dopants of the
graded dopant
concentration in
the first active
region or the
second active
region are either

p-type or n-type.

The MPS Accused Products meet this limitation. See above at Claim 9.

31. The
semiconductor
device of claim
20, wherein the
graded dopant is
fabricated with
an ion

The MPS Accused Products meet this limitation. See above at Claim 7.
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implantation
process.

32. The
semiconductor
device of claim
2Q, wherein the
substrate is a
complementary
metal oxide
semiconductor

{CMOS) device.

The MPS Accused Products meet this limitation. See above at Claim 13.

34. The
semiconductor
device of claim
20, wherein the
device is a logic
device,

The MPS Accused Products meet this limitation. See above at Claim 17.
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Exhibit A-3 to Greenthread’s Complaint

U.S. Patent No. 11,121,222

Accused Products

|Claim 1, Preamble] A VLSI
semiconductor device,
comprising:

To the extent the preamble is a limitation, the MPS Accused Products include a VLSI semiconductor device. The MPS Semiconductor 86905
Intelli-Phase Solution with integrated HS/LS-FETs and Driver (“86905”) discussed for claim 1 of Exhibit A-1 is a semiconductor device (see
Exhibit A-1, Claim 1, Preambie) with transistors, and is a VLSI semiconductor device upon information and belief. Details regarding transistor
count are in the possession of the Defendant and are expected to be obtained through discovery.

This chart includes exemplary information regarding a representative example of the MPS Accused Products, the MPS 86905, The MPS 86905
is representative of the MPS Accused Products for purposes of this claim chart and the other infringement contention claim charts because upon
information and belief, the other MPS Accused Products would have similarly been advantageously designed to move carriers {e.g., towards
the substrate) and achieve the performance enhancements described and claimed in the 222 patent (and the other asserted patents). For
example, the other MPS Accused Products would similarly have been designed with a dopant gradient in order to improve performance
characteristics such as on and off switching times and other performance enhancements described in the Abstract of the *222 patent (and the
other asserted patents). Similarly, the other MPS Accused Products {including MPS Accused Products) would have been designed in a similar
manner as the MPS 869035 for purposes of this claim chart because to achieve such performance enhancements (e.g., on and off switching
times). Therefore, upon information and belief the other MPS Accused Products contain similar features as the MPS 869035 transistors depicted
here, and function in a similar way with respect to the features claimed in the asserted claims, and the other MPS Accused Products contain
similar features as the MPS 86903, and function in a similar way with respect to the features claimed in the asserted claims.

This claim chart is based on publicly available information, and additional information regarding these and other accused products is expected
to be obtained through discovery.

{Claim 1, Element 1| a
substrate of a first doping type at
a first doping level having a
surface;

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element {.

[Claim 1, Element 2] a first
active region disposed adjacent
the surface with a second doping
type opposite in conductivity to
the first doping type and within
which transistors can be formed;

The MPS Accused Products meet this limitation, See Exhibit A-1, Claim 1, Element 2,

{Claim 1, Element 3] asecond
active region separate from the
first active region disposed
adjacent to the first active region
and within which transistors can
be formed;

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 3.

|Claim 1, Element 4] transistors
formed in at least one of the first

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 4.
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Exhibit A-3 to Greenthread’s Complaint

U.S, Patent No. 11,121,222

Accused Products

active region or second active
region;

|Claim 1, Element 5] at least a
portion of at least one of the first
and second active regions having
at least one graded dopant
concentration to aid carrier
movement from the first and
second active regions towards an
area of the substrate where there
are no active regions; and

The MPS Accused Products meet this limitation, See Exhibit A-1, Claim 1, Element 5. See SCM/sMIM analysis reproduced at Exhibit A-1,
Claim 1, Element 5 electrically characterizing the accused product and showing carrier movement and electric fields. SCM/sMIM analysis
generally is discussed at Exhibit A-1, Claim 1, Element 5.

|Claim 1, Element 6] at least
one well region adjacent to the
first or second active region
containing at least one graded
dopant region, the graded dopant
region to aid carrier movement
from the surface towards the
area of the substrate where there
are no active regions, wherein at
least some of the transistors
form digital logic of the VLSI
semiconductor device,

The MPS Accused Products meet this limitation. See Exhibit A-2, Claim I, Element 6. Upon information and belief, at least some of the
trangistors form digital logic of the VLSI semiconductor device. For example, transistors are commonly used to implement digita! logic, e.g.,
for controlling access to memory components/functionality, Details regarding transistors in the MPS Accused Products are in the possession of
the Defendant and are expected 1o be obtained through discovery. See afse SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element
5 electrically characterizing the accused product and showing carrier movement and electric fields. SCM/sMIM analysis generally is discussed
at Exhibit A-1, Claim 1, Element 5.

3. The VLSI semiconductor
device of claim 1, wherein the
substrate has epitaxial silicon on
top of a nonepitaxial substrate.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 4.

4. The VLSI semiconductor
device of claim 1, wherein the
first active region and second
active region contain digital
logic formed by one of either p-
channel and n-channe! devices.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 5; Exhibit A-2, Claim 4. Upon information and belief, the first and
second active regions contain digital logic as claimed. See above at Claim 1, Element 6.

5. The VLSI semiconductor
device of claim 1, wherein the

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 6.

Page 2




¢G500-72¢0cddl

pealyjusals) ‘A SdIN

09z Jo 161 "d ‘9z0z X3 pesiyusain

Exhibit A-3 to Greenthread’s Complaint

U.S. Patent No. 11,121,222

Accused Products

first active region and second
active region contain either p-
channel or n-channel devices in
n-wells or p~wells, respectively,
and each well has at least one
graded dopant.

6. The VLSI semiconductor
device of claim 1, wherein the
first active region and second
active region are each separated
by at least one isolation region.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 7.

7. The VLS semiconductor
device of claim |, wherein the
graded dopant is fabricated with
an jon implantation process.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 8.

8. The VLSI semiconductor
device of claim 1, wherein the
first and second active regions
are formed adjacent the first
surface of the substrate,

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Elements 1-3.

9. The VL3I semiconductor
device of claim 1, wherein
dapants of the graded dopant
concentration in the first active
region or the second active
region are either p-type or n-

type.

The MPS Accused Products meet this limitation. See Exhibit A-2, Claim 9.

3. The VLSI semiconductor
device of claim 1, wherein the
transistors which can be formed
in the first and second active
regions are CMOS digital logic
transistors requiring at least a
source, a drain, a gate and a
channel.

The MPS Accused Products meet this limitation. See Exhibit A-2, Claim 13. Upon information and belief, the transistors which can be formed
in the first and second active regions are CMOS digital logic transistors as claimed. See above at Claim 1, Element 6,
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U.S. Patent No. 11,121,222

Accused Products

15. The VLSI semiconductor
device of ¢laim |, wherein the
device is a complementary metal
oxide semiconductor (CMOS)
with a nonepitaxial substrate.

The MPS Accused Products meet this limitation. See Exhibit A-2, Claim 15,

16. The VLSI semiconductor
device of claim 1, wherein the
device is a flash memory.

The MPS Accused Products meet this limitation. See Exhibit A-2, Claim 16.

17. The VLS! semiconductor

device of claim 1, wherein the
device comprises digital logic
and capacitors.

The MPS Accused Products meet this limitation. Upon information and belief, the semiconductor device comprises digital logic and capacitors.
See above at Claim 1, Element 6 (discussion regarding digital logic). Details regarding digital logic and capacitors in the MPS Accused Products
are in the possession of the Defendant and are expected to be obtained through discovery.

20. The VLSI semiconductor
device of claim 1, wherein each
of the first and second active
regions are in the lateral or
vertical direction.

The MPS Accused Products meet this limitation. As shown by SEM imaging (see Exhibit A-1, Claim 1, Elements 1-3), each of the first and
second active regions are in the lateral or vertical direction.

[Claim 21, Preamble] A VLSI
semiconductor device,
comprising:

To the extent the preamble is a limitation, the MPS Accused Products include a semiconductor device, See above at Claim |, Preamble,

[Claim 21, Element 1] a
substrate of a first doping type at
a first doping level having a
surface;

The MPS Accused Products meet this limitation. See above at Claim 1, Element 1.

[Claim 21, Element 2] a first
active region disposed adjacent
the surface of the substrate with a
second doping type opposite in
conductivity to the first doping
type and within which transistors
can be formed in the surface
thereof:

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 9, Element 2.

|Claim 21, Element 3] a second
active region separate from the

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 9, Element 3.
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Accused Products

first active region disposed

adjacent to the first active region
and within which transistors can
be formed in the surface thereof

|Claim 21, Element 4]
transistors formed in at least one
of the first active region or
second active region;

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 4.

[Claim 21, Element 5] at least a
portion of at least one of the first
and second active regions having
at least one graded dopant
concentration to aid carrier
movement from the surface to an
area of the substrate where there
are no active regions; and

The MPS Accused Products meet this limitation. See above at Claim 1, Element 5. See aiso SCM/sMIM analysis reproduced at Exhibit A-1,
Claim 1, Element 5 electrically characterizing the accused product and showing carrier movement and electric fields. SCM/sMIM analysis
generally is discussed at Exhibit A-1, Claim [, Element 5.

[Claim 21, Element 6] at least
one well region adjacent to the
first or second active region
containing at least on¢ graded
dopant region, the graded dopant
region to aid carrier movement
from the surface to the area of
the substrate where there are no
active regions, and wherein the
graded dopant concentration is
linear, quasilinear, error
function, complementary error
function, or any combination
thereof.

The MPS Accused Products meet this limitation. See Exhibit A-2, Claim |, Element 6. As shown by SCM/sMIM analysis (see Exhibit A-1,
Claim 1, Element 1), the graded dopant concentration is linear, quasilinear, error function, complementary error funetion, or any combination
thereof. For example, the quasilinear nature of the concentration is shown in the SCM/sMIM graph discussed at Exhibit A-1, Claim 1, Element
5. See also SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element 5 electrically characterizing the accused product and showing
carrier movement and electric fields. SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5.

24. The VLSI semiconductor
device of claim 21, wherein the
substrate has epitaxial silicon on
top of a nonepitaxial subsirate.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 4,

25. The VLSI semiconductor
device of claim 21, wherein the

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 3.
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Accused Products

first active region and second
active region contain at least one
of either p-channel and n-
channel devices.

26. The VLSI semiconductor
device of claim 21, wherein the
first active region and second
active region contain either p-
channel or n-channel devices in
n—wells or p—wells, respectively,
and each well has at least one
graded dopant.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 6.

27. The VLSI semiconductor
device of claim 21, wherein the
first active region and second
active region are each separated
by at least one isolation region.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 7.

28. The VLSI! semiconductor
device of claim 21, wherein
dopants of the graded dopant
concentration in the first active
region or the second active
region are either p-type or n-

type.

The MPS Accused Products meet this limitation

. See Exhibit A-2, Claim 9.

32. The VLSI semiconductor
device of claim 21, wherein the
graded dopant is fabricated with
an ion implantation process.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 8.

33. The VLSI semiconductor
device of claim 21, wherein the
substrate is a complementary
metal oxide semiconductor
(CMOS) device.

The MPS Accused Products meet this limitation

. See Exhibit A-2, Claim 15,
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.S, Patent No. 11,121,222 Accused Products

34. The VLSI semiconductor The MPS Accused Products meet this limitation. See Exhibit A-2, Claim 16.

device of claim 21, wherein the
device is a flash memory.

. To the extent the preamble is a limitation, the MPS Accused Products include a semiconductor device. See Exhibit A-1, Claim 1, Preamble,
[Claim 39, Preamble] A

semiconductor device,
comprising;

[Claim 39, Element 1] 2 The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 1.

substrate of a first doping type at
a first doping level;

[Claim 39, Element 2| a first The MPS Accused Products meet this limitation. See Exhibit A-1, Claim |, Element 2.
4

active region disposed adjacent
1o a surface of the substrate with
a second doping type opposite in
conductivity to the first doping
type and within which transistors
can be formed;

|Claim 39, Element 3] a second The MPS Accused Products meet this limitation. See Exhibit A-1, Claim |, Element 3.

active region separate from the
first active region disposed
adjacent to the first active region
and within which transistors can
be formed;

|Claim 39, Element 4| The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 4.

transistors formed in at least one
of the first active region or
second active region; and

Claim 39. E ¢ 5] at least The MPS Accused Products meet this limitation. See Exhibit A-1, Claim i, Element 5; see above at Claim 21, Element 5. See also SCM/sMIM
[Claim 39, Elemen cast a analysis reproduced at Exhibit A-1, Claim 1, Element 5 electrically characterizing the accused product and showing carrier movement and electric

portion of at least one of the first | g4 "o opg/oMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5.
and second active regions having

at least one graded dopant
concentration to aid carrier
movement from the first or
second active region to at least
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U.S. Patent No, 11,121,222 Accused Froducts

one substrate area where there is
no active region.

The MPS Accused Products meet this limitation. See Exhibit A-2, Claim 1, Element 6. See also SCM/sMIM analysis reproduced at Exhibit A-
1, Claim 1, Element 5 efectrically characterizing the accused product and showing carrier movement and electric fields. SCM/sMIM analysis
generally is discussed at Exhibit A-1, Claim 1, Element 5.

40. The semiconductor device of
claim 39 further comprising at
least one well region adjacent to
the first or second active region
and containing at least one
graded dopant region, the graded
dopant region to aid carrier
movement from any region in
the well to the substrate area
where there is no well.

[Claim 41, Preamble] A To the extent the preamble is a limitation, the MPS Accused Products include a semiconductor device. See above at Claim 39, Preamble.
]

semiconductor device,
comprising:

IClaim 41, Element 1} a The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 1.

substrate of a first doping type at
a first doping level,

|Claim 41, Element 2] a first The MPS Accused Products meet this limitation. See above at Claim 39, Element 2.

active region disposed adjacent
to a surface of the substrate with
2 second doping type opposite in
conductivity to the first doping
type and within which transistors
can be formed;

[Claim 41, Element 3| a The MPS Accused Products meet this limitation, See above at Claim 39, Element 3.

second active region separate
from the first active region
disposed adjacent to the first
active region and within which
transistors can be formed;

[Claim 41, Element 4| The MPS Accused Products meet this limitation. See Exhibit A-1, Claim I, Element 4,

transistors formed in at least one
of the first active region or
second active region; and
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U.S. Patent No. 11,121,222

Accused Products

|Claim 41, Element 5] at lcast a
portion of at least one of the first
and second active regions having
at least one graded dopant
acceptor concentration to aid
carrier movement from the first
or second active region to at
least one substrate area where
there is no active region.

The MPS Accused Products meet this limitation. See above at Claim 1, Element 5. See afso SCM/sMIM analysis reproduced at Exhibit A-1,
Claim 1, Element 5 electrically characterizing the accused preduct and showing carrier movement and electric fields. SCM/sMIM analysis

generally is discussed at Exhibit A-1, Claim I, Element 5.

|Claim 42, Preamble] A
semiconductor device,
comprising:

To the extent the preamble is a limitation, the MPS Accused Products include a semiconductor device, See above at Claim 39, Preamble.

[Claim 42, Element 1] a
substrate of a first doping type at
a first doping level;

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 1,

[Claim 42, Element 2| a first
active region disposed adjacent
to a surface of the substrate with
a second doping type opposite in
conductivity to the first doping
type and within which transistors
can be formed;

The MPS Accused Products meet this limitatton. See above at Claim 39, Element 2.

|Claim 42, Element 3] a
second active region separate
from the first active region
disposed adjacent to the first
active region and within which
transistors can be formed;

The MPS Accused Products meet this limitation, See above at Claim 39, Element 3.

|Claim 42, Element 4]
transistors formed in at least one
of the first active region or
second active region; and

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Element 4.

|Claim 42, Element 5] at least a
portion of at least one of the first
and second active regions having

The MPS Accused Products meet this limitation, SCM/sMIM analysis (see Exhibit A-1, Claim 1, Element 5) reveals at least one graded dopant
acceptor concentration {(e.g., concentration in n-weil) as claimed. See afso SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element 5
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Accused Products

[Claim 44, Element 5| at least
one well region disposed in the
single drift layer, the well region
having a graded concentration of
dopants and a second static
unidirectional electric drift field
to aid the movement of carriers
from the surface layer to the area
of the substrate where there are
no active regions.

The MPS Accused Products meet this limitation. See above at Claim 21, Element 6. The well region (discussed above for Claim 21, Element 6)
has a graded concentration of dopants.

Upon information and belief, the well region is disposed in the single drift layer, and it has a second static unidirectional electric drift field to aid
the movement of carriers from the surface layer to the area of the substrate where there are no active regions as claimed, as a result of the well
region’s graded concentration of dopants. Details regarding electric field characteristics are in the possession of the Defendant and are expected
10 be obtained through discovery. See also SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element 5 electrically characterizing the
accused product and showing carrier movement and electric fields. SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element
5.
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U.S, Patent No. 8,421,195

Accused Products

carriers from said surface layer to
said substrate; and

[Claim 1, Element 5] at lcast one
well region disposed in said single
drift layer, said well region having a
graded concentration of dopants and
a second static unidirectional
electric drift field to aid the
movement of minority carriers from
said surface layer to said substrate.

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 44, Element 5. Upon information and belief, the well region has
a second static unidirectional electric drift field to aid the movement of minority carriers from the surface layer to the substrate, as claimed.
Details regarding electric field characteristics are in the possession of the Defendant and are expected to be obtained through discovery.
See also SCM/SMIM anglysis reproduced at Exhibit A-1 Claim 1 Element 5 electrically characterizing the accused product and showing
carrier movemnent and electric fields. SCM/SMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5.

2. The CMQS Semiconductor
device of claim I, wherein the said
drift layer is a deeply-implanted
layer.

The MPS Accused Products meet this limitation. Upon information and belief, the drift layer is a deeply-implanted layer.

3, The CMIOS Semiconductor
device of claim 1, wherein said drift
layer is an epitaxial layer.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 4; Exhibit A-3, Claim 44, Element 4. Upon information and
belief, the drift layer is grown above the substrate and 1s an epitaxial layer.

5. The CMOS Semiconductor
device of claim 1, wherein said
graded concentration follows a
quasi-linear gradient.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Elements 1, 5.

6. The CMOS Semiconductor
device of ¢laim 1, wherein said
graded concentration follows an
exponential gradient.

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Elements 1, 5.
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Accused Products

[Claim 7, Preamble| A
semiconductor device comprising:

To the extent the preamble is a limitation, the MPS Accused Products include a semiconductor device. The MPS Semiconductor 86905
Intelli-Phase Solution with integrated HS/LS-FETs and Driver (*§6905) discussed for ¢claim 1 of Exhibit A-1 is a semiconductor device
{see Exhibit A-1, Claim ], Preamble) with transistors, and is a semiconductor device upon information and belief. Details regarding
transistor count are in the possession of the Defendant and are expected to be obtained through discovery.

This chart includes exemplary information regarding a representative example of the MPS Accused Products, the MPS 869035, The MPS
86905 is representative of the MPS Accused Products for purposes of this claim chart and the other infringement contention claim charts
because upon information and belief, the other MPS Accused Products would have similarly been advantageously designed to move
carriers (e.g., towards the substrate) and achieve the performance enhancements described and claimed in the *502 patent (and the other
asserted patents). For example, the other MPS Accused Products would similarly have been designed with a dopant gradient in order to
improve performance characteristics such as on and off switching times and other performance enhancements described in the Abstract
of the *302 patent (and the other asserted patents). Similarly, the other MPS Accused Products (including MPS A ccused Products) would
have been designed in a similar manner as the MPS 86905 for purposes of this claim chart because to achieve such performance
enhancements (e.g.. on and off switching times). Therefore, upon information and belief the other MPS Accused Products contain similar
features as the MPS 86905 transistors depicted here, and function in a similar way with respect to the features claimed in the asserted
claims, and the other MPS Accused Products contain similar features as the MPS 869035, and function in a similar way with respect to the
features claimed in the asserted claims,

This claim chart is based on publicly available information, and additional information regarding these and other accused products is
expected to be obtained through discovery.

[Claim 7, Element 1] a surface
layer;

The MPS Accused Products meet this limitation. See Exhibit A-4, Claim 1, Element 1.

[Claim 7, Element 2] a substrate;

The MPS Accused Products meet this limitation. See Exhibit A-4, Claim 1, Element 2.

|Claim 7, Element 3] an active
region including a source and a
drain, disposed on one surface of
said surface layer;

The MPS Accused Products meet this limitation. See Exhibit A-4, Claim 1, Element 3.

|Claim 7, Element 4] a single drift
layer disposed between the other
surface of said surface layer and
said substrate, said drift layer having
a graded concentration of dopants
generating a first static
unidirectional electric drift field to
aid the movement of minority
carriers from said surface layer to
said substrate;

The MPS Accused Products meet this limitation. See Exhibit A-4, Claim 1, Element 4. The graded concentration of dopants observed
via SCM/sMIM analysis (see Exhibit A-1, Claim 1, Elements 1, §) generates a first static unidirectional electric drift field to aid the
movement of minority carriers, as claimed. See afso SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element 5 electrically
characterizing the accused product and showing carrier movement and electric fields. SCM/sMIM analysis generally is discussed at
Exhibit A-1, Claim I, Element 5.
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Accused Products

[Claim 7, Element 5] and at least
one well region disposed in said
single drift layer, said well region
having a graded concentration of
dopants generating a second static
unidirectional electric drift field to
aid the movement of minority
carriers from said surface layer to
said substrate.

The MPS Accused Products meet this limitation. See Exhibit A-4, Claim 1, Element 5. See also SCM/sMIM analysis reproduced at
Exhibit A-1, Claim 1, Element 5 electrically characterizing the accused product and showing carrier movement and electric fields.
SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim I, Element 5.

8. The semiconductor device of
claim 7 wherein said first and
second static umidirectional ¢lectric
fields are adapted to respective
grading of dopants to aid
movements of carriers in respective
active regions.

The MPS Accused Products megt this limitation. Upon information and belief, the first and second static unidirectional electric fields
are adapted to respective grading of dopants to aid movements of carriers in respective active regions. Details regarding the electric
fields and active regions are in the possession of the Defendant and are expected to be obtained through discovery. See afso SCM/sMIM
analysis reproduced at Exhibit A-1, Claim 1, Element 5 electrically characterizing the accused product and showing carrier movement
and electric fields. SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5.
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U.S. Patent No. 11,316,014

Accused Products

|Claim 1, Preamble] An electronic
system, the system comprising:

To the extent the preamble is a limitation, the MPS Accused Products include an electronic system. See Exhibit A-1, Claim 1, Preamble;
Exhibit A-4, Claim 1, Preamble. Each MPS Accused Product is an electronic system.

This chart includes exemplary information regarding a representative example of the MPS Accused Products, the MPS §6905. The MPS
86905 is representative of the MPS Accused Products for purposes of this claim chart and the other infringement contention claim charts
because upon informatien and belief, the other MPS Accused Products would have similarly been advantageously designed to move
carriers {e_g., towards the substrate} and achieve the performance enhancements described and claimed in the *014 patent (and the other
asserted patents). For example, the other MPS Accused Products would similarly have been designed with a dopant gradient in order to
improve performance characteristics such as on and off switching times and other performance enhancements described in the Abstract
of the *014 patent {and the other asserted patents). Similarly, the other MPS Accused Products {including MPS Accused Products) would
have been designed in a similar manner as the MPS 86905 for purposes of this ¢laim chart because to achieve such performance
enhancements (e.g., on and off switching times). Therefore, upon information and belief the other MPS Accused Products contain similar
features as the MPS 86905 transistors depicted here, and function in a similar way with respect to the features claimed in the asserted
claims, and the other MPS Accused Products contain similar features as the MPS 86905, and function in a similar way with respect to the
features claimed in the asserted claims.

This claim chart is based on publicly available information, and additional information regarding these and other accused products is
expected 1o be obtained through discovery.

|Claim 1, Element 1a] at least one
semiconductor device, the at least

one semiconductor device including:

The MPS Accused Products meet this limitation. See Exhibit A-1, Claim 1, Preamble.

[Claim 1, Element 1b] a substrate
of a first doping type at a first

doping level having a surface;

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 1, Element 1.

|Claim 1, Element 1c] a first active
region disposed adjacent the surface
with a second doping type opposite
in conductivity to the first doping
type and within which transistors
can be formed;

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 1, Element 2; Exhibit A-1, Claim 9, Element 2.

|Claim 1, Element 1d] a second
active region separate from the first
active region disposed adjacent to
the first active region and within
which transistors can be formed,

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 1, Element 3; Exhibit A-1, Claim 9, Element 3.

[Claim 1, Element e} transistors
formed in at least one of the first
active region or second active

region;

The MPS Accused Products meet this limitation. See Exhibit A-3, Claimn 1, Element 4.

Page |
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U.S. Patent No. 11,316,014 Accused Produets

|Claim 1, Element 1f] at least a
portion of at least one of the first
and second active regions having

at least one graded dopant
concentration to aid carrier
movement from the first and second
active regions towards an area of the
substrate where there are no active
regions; and

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 1, Element 5. See also SCM/sMIM analysis reproduced at
Exhibit A-1, Claim 1, Element 5 electrically characterizing the accused product and showing carrier movement and electric fields.
SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5.

{Claim 1, Element 1g) at least one
well region adjacent to the first or
second active region containing at
least one graded dopant region, the
graded dopant region to aid carrier
movement from the surface towards
the area of the substrate where there
are no active regions, wherein at
least some of the transistors form
digital logic of the semiconductor
device.

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 1, Element 6; Exhibit A-3, Claim 21, Element See also
SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element 5 electricaily characterizing the accused product and showing carrier
movement and electric fields. SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5.

3. The system of Claim 1, wherein
the substrate of the at least one
semiconductor device has epitaxial
silicon on top of a nonepitaxial
substrate.

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 3.

4. The system of Claim 1, wherein
the first active region and second
active region of the at least one
semiconductor device contain digital
logic formed by one of either p-
channel and n-channel devices.

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 4.,

5. The system of Claim 1, wherein
the first active region and second
active region of the at least one
semiconductor device contain either
p-channel or n-channel

devices in n-wells or p-wells,
respectively, and each well has at
least one graded dopant.

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 5.

6. The system of Claim 1, wherein
the first active region and second
active region of the at least one

The MPS Accused Products meet this limitation. See Exhibit A-3, Claim 6.
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Exhibit A-6 to Greenthread’s Complaint

U.S. Patent No. 11,316,014

Accused Products

semiconductor device are each
separated by at least one isolation
region,

7. The system of Claim 1, wherein
the graded dopant is fabricated with
an ion implantation process.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 7.

8. The system of Claim I, wherein
the first and second active regions of
the at least one semiconductor
device are formed adjacent the first
surface of the substrate of

the at least one semiconductor
device.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 8.

9. The system of Ciaim [, wherein
dopants of the graded dopant
concentration in the first active
region or the second active region of
the at least one semiconductor
device are either p-type or n-type.

The MPS Accused Products meet this limitation,

See Exhibit A-3, Claim 9.

13. The system of claim 1, wherein
the transistors which can be formed
in the first and second active regions
of the at least one semiconductor
device are CMOS digital logic
transistors requiring at least a
source, a drain, a gate and a channel.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 13.

15. The systemn of Claim 1, wherein
the at least one semicondugtor
device is a complementary metal
oxide semiconductor {CMOS} with
a nonepitaxial substrate.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 15,

16. The system of Claim 1, wherein
the at least one semiconductor
device is a flash memory.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 16.

17. The system of Claim 1, wherein
the at {east one semiconductor
device comprises digital logic and
capacitors.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 17.

20. The system of Claim 1, wherein
each of the first and second active
regions of the at least one

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 20.
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Accused Products

semiconductor device are in the
lateral or vertical direction.

[Claim 21, Preamble] An
electronic system, the system
comprising:

To the extent the preamble is a limitation, the MPS Accused Products include an electronic system. See above at Claim 1, Preamble,

[Claim 21, Element 1a] at least one
semiconductor device, the at least

one semiconductor device including:

The MPS Accused Products meet this limitation. See above at Claim 1, Element la.

[Claim 21, Element 1b] a substrate
of a first doping type at a first

doping level having a surface;

The MPS Accused Products meet this imitation. See above at Claim 1, Element 1b.

[Claim 21, Element 1¢] a first
active region disposed adjacent the
surface of the substrate with a
second doping type opposite in
conductivity to the first doping type
and within which transistors can be
formed in the surface thereof’

The MPS Accused Products meet this limitation. See above at Claim 1, Element 1c: Exhibit A-1, Claim 9, Element 2.

|Claim 21, Element 1d] a second
active region separate from the first
active region disposed adjacent to
the first active region and within
which transistors can be formed in
the surface thereof;

The MPS Accused Products meet this limitation. See above at Claim 1, Element 1d; Exhibit A-1, Claim 9, Element 3.

[Claim 21, Element 1e] transistors
formed in at least one of the first
active region or second active
region;

The MPS Accused Products meet this limitation. See above at Claim 1, Element le.

|Claim 21, Element 11] at least a
portion of at least one of the first
and second active regions having at
least one graded dopant
concentration to aid carrier
movement from the surface to an
area of the substrate where there are
0o active regions; and

The MPS Accused Products meet this limitation. See above at Claim 1, Element 11f; Exhibit A-1, Claim 9, Element 5. See afso
SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element 5 electrically characterizing the accused product and showing carrier
movement and electric fields. SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5,

[Claim 21, Element 1g] at least one
well region adjacent to the first or
second active region containing at
least one graded dopant region, the
graded dopant region to aid carrier

thereof movement from the surface

The MPS Accused Products meet this limitation. See above at Claim 1, Element 1g; Exhibit A-3, Claim 21, Element 6. See also

SCM/sMIM analysis reproduced at Exhibit A-1, Claim 1, Element 5 efectrically characterizing the accused product and showing carrier
movement and electric fields. SCM/sMIM analysis generally is discussed at Exhibit A-1, Claim 1, Element 5.
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Accused Products

to the area of the substrate where
there are no active regions, and
wherein the graded dopant
concentration is linear, quasilinear,
error function, complementary error
function, or any combination
thereof,

23, The system of Claim 21,
wherein the substrate of the at least
one semiconductor device is a p-
type substrate,

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 23,

24. The system of Claim 21,
wherein the substrate of the at least
one semiconductor device has
epitaxial silicon on top of 2
nonepitaxial substrate.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 24.

25. The system of Claim 21,
wherein the first active region and
second active region of the at least
one semiconductor device contain at
least one of either p-channel and n-
channel devices.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 25.

26. The system of Claim 21,
wherein the first active region and
second active region of the at least
one semiconductor device contain
either p-channel or n-channel
devices in n-wells or p-wells,
respectively, and each well has at
least one graded dopant.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 26.

27. The system of Claim 21,
wherein the first active region and
second active region of the at least
one semiconductor device are each
separated by at least one isolation

region.

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 27.

28. The system of Claim 21,
wherein dopants of the graded
dopant concentration in the first
active region or the second active

region of the at least one

The MPS Accused Products meet this limitation.

See Exhibit A-3, Claim 28.
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Accused Products

semiconductor device are either p-
pe or n-type.
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Overview

This a Power Essentials (PEF) summary document, provided as a companion deliverable for Power Essentials projects. The complete PEF deliverable includes
this document, which provides a summary of observed device metrics and salient features, the summary is supported by the following unannotated image folders:

Package optical photographs, package X-ray images, die photographs, optical photos of die feature image set
Plan-view images of the device delayered to the gate level
Exploratory cross-sectional scanning electron microscope (SEM) images of the device structure

Detailed cross-sectional scanning capacitance microscopy (SCM) and scanning microwave impedance microscopy (sMIM-C) analysis of the dopant
structures

Detailed cross-sectional transmission electron microscope (TEM) images of the power device structure

Metal and dielectric layer composition identification based on TEM-EDS results

The image set for a standard PEF project is derived from a beveled sample for SEM planar analysis, one plane of cross-sectioning for SEM structural analysis, a
single TEM sample for the detailed structural analysis, and planar and cross-sectional SCM and sMIM analysis. Value added information, such as additional planes
of cross-sectioning, may be included on a case-by-case basis.

The Power Essentials deliverable provides basic competitive benchmarking information and enables cost-effective tracking of multiple competitors’ technology.

O

All cantent @ 2022 Techinsights Inc Al nghls reserved ts
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Company Profile

Monolithic Power Systems (MPS) is a global analog semiconductor company
founded in 1997 by Michael Hsing and headquartered in Kirkland,
Washington, U.S. The company provides semiconductor-based power
electronics circuit for systems found in cloud computing, telecom
infrastructures, automotive, industrial applications and consumer applications

As of the end of December 2021, MPS reported an annual sales figure of
31.21 billion and had 2,209 employees in 2020.

allcontent * Z022 Techinsights ing Al nghts reserved
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Device Summary

This report presents a Power Essentials analysis of the MPS MP86905 silicon (Si)-based
power management IC (PMIC). The MPB6805 is a monolithic half-bridge with built-in
internal power MOSFETs and gate drivers and is ideally suited for multi-phase buck
regulators, It affers 50 A continuous output current over a wide 4.5 V to 16 V operating
input range

The MP86905 comprises a single die with MP3502 die markings, which are encapsulated
in a 23-pin flip-chip quad-flat-no-lead (FC-QFN) package with likely copper (Cu) bumping
directly to the leadframe.

The MPS502 die substrate is ~155 pm thick including the upper epitaxy iayer and uses
Bipolar-CMOS-DMOS (BCD) technology. It features a single layer of polysilicon in the
analyzed regions, three aluminum (Al) metal layers, tungsten (W} cantacts and vias, cobalt
silicide (CoSi) at the source, drain, and polysilicon contact regions. The pre-metal dielectric
{PMD) uses silicon oxide (SiO) layers, while the inter-metal dielectric (IMD) layers uses
oxide as well. I1solation structures include shallow trench isolation {STI) in the logic region.

One group of high side MOSFET (HSFET) array and two groups of low side MOSFET
(LSFET) array are used on the die. The structure and dopants of the HS/LS FET arrays are
analyzed. Dopant analysis in the HS/LS FET array region shows the use of a P-type
substrate, an N-type buried layer (NBL), a N-drift/N-weil layer and a P-well layer.

The stepped-gate-oxide {SGOQ}) is used in the LDMOS devices on this die. The use of SG0
allows a reduction of on-resistance (Ron) compared with the conventional STI LDMO#

The HSFET is arranged in a one-dimensional {(1D) array with a ~4.0 pm drain-to-drain pitch
and ~0.66 pm total polysilicon gate length, while the LSFET is arranged with ~3.4 ym
drain-to—drain pitch and ~0.60 pm total polysilicon gate length in total.

In the logic region, the minimum observed gate length is 0.40 pm on a 0.88 pm contacted
gate pitch, indicating the use of likely 0.18 um process generation with relaxed feature
dimensions.

Manufacturer Monolithic Power Systems
Part number MP86905
Foundry Unknown
Type PMIC
Date code H39 (week 38 of 2017)
Package type 23-pin FC-QFN
MPSH38
Package markings MB6905
540403

Package dimensions

3.97 mm = 3.97 mm x (.88 mm
(thick)

Die markings

MP3502 2013
<MPS logo>

Die size (whole die)

3.38 mm % 3.14 mm {10.61 mm?)

Die size {(edge seal)

3.36 mm = 3.12 mm (10.48 mm?)

Minimum measured transistor
gate length/pitch

0.40 pm/0.86 ym

Process generation

Likely 0.18 pym process
generation with relaxed feature
dimensions

Feature measured to determine
process generation

Contacted gate pitch, use of CoSi
contacts, STl isolation

Maximum voltage

18V

1ts
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Observed Critical Dimensions - CMOS/LDMOS

Altcontent 2022 Techinsighis Inc All nghts reserved

Feature Material Composition Dimension {um)
Cell pitch - 4.0/3.4 (HSILS)
Channel length - ~0.17
Polysilicon thickness Si 0.18
Polysilicon width Si 0.66/0.60 (HS/LS)
Gate dielectric thickness Sio 8.5nm
SWS widths SiO/SIN 15 nm/70 nm
CESL thickness SiN 33 nm

Feature Material Compoaition Dimension (pm) Gate and contact silicide depth CoSi <30 nm

Gate length Polysilicon 0.40 SGO thickness Si0 40 nm

Contacted gate pitch - 0.86 N* S/D depth - 0.20

SWS widths SiO/fSiN 15 nm/70 nm N-well/N-drift depth - 12

Polysilicon thickness Si 0.18 P-well depth - 2.1

STl depth Sio 0.36 P-body depth - 1.3

CMOS Output Channe! LDMOS




Observed Critical Dimensions — Metals/Dielectrics

Layer Material Composition Thickness (pm)
Passivation SiN/SIO 0.75/0.80

IMD 2 Sio 1.40 (planarized)
IMD 1 Sio 1.40 (planarized)
PMD (PMD 2, PMD 1) Si0 0.40/0.20 (planarized}
M3 TiN/AITIN 0.06/0.84/0.05
M2 TiN/AUTIN 0.06/0.45/0.05

M1 TIN/ANTIN 0.06/0.45/0.05
Die (total) - 181

09z Jo 91¢ "d ‘9z0z X3 pesiyusain
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MP86905 Block Diagram with Pin Descriptions

10 Al content -

Yoo YDRY BST VIN
1 ™1 l‘j
{1 L
VIN
RO uvio
VDRV
VDD
[ Lovel
Shift EHSFET
i | HE Currear VIN
Lmit W
5K
- — | sw
Control o G SW VRV
Loge PGND
E1] EISFEI"
— Hoga sw
Cumem Lima PGND
Temperatuce Curment | — 5w
Sersa Sense | pokD
i | @
. LI LT {}—
FAULTA  VTEMP cs PGND
Block Diagram

2022 Techinsights Inc 4l nghts reserved

Ping Name |Description
Bootstrap. BST requires a (.1pF to 1F capacitar to drive the high-side power
1 BST swilch's gale above lha supply voltage. Connect the capadiior belweon BST amd
SW to form a floating supply across the power switch driver.
7. 14 VIN Supply voltage. Place Cw closa to the device to support the switching current and
’ reducs voltage spikes at input.
3,4 SW Phase node.
5-13 PGND Power ground.
15 PWM Puisa width modufation Input. Leave PWM floating or drive PWM ta mid-state to
enter diode emulation mode.
16 EN Enable. Pull EN low to disable the device and place $W in a high impedance state.
17 CS Currant sanse output.
18 VTEMP  |Junction temperature output.
19 SYNC Diode emulation mode., Pull SYNC low to enable diode emulation madea,
20 VDD Intermal circultry voltage. Connect VDD to VDRV through a 2.20} resistor and
decoupla with a 13F capacitor to AGND,
21 AGND Analog ground. Connect AGND to PGND on the VDO capaciior.
22 VDRV Driver voltage. Connect VDRV I a 3.3V supply and decouple with a 1pF 1o 4.7 F
ceramic capacitor dose to VDRV to PGND.
Fault report. FAULT# Is an open drain, activa low. FAULTH pulls low when SW
23 FAULT# [short detectlon, HS current limit, or overtemperature Is triggared. During a cycle=by-

cyvla high-side currant limit event, FAULTH |s kept high until the fourth cycle.

Pin Function Descriptions
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MP9502 Die Isolation Structures

* The MP9502 die employs SiQ shallow trench isclation (STI) structures with ~0.36 um depth as isolation between periphery circuit and HS/LS FET array.

34 pm ——,
|
3
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§ i1 i gate u ate ¥ X &
sourceg drain g scl’r%e SiG STH B
o diffus:on

- . g
St eplaxy HSFET array contact

Tech ! - L EGRET ONGTY D
Insrights o : . hIPAGCZ_200573_Dh

STI - SEM Cross-Section A-A
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HS/LS FET Planar Analysis
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MP9502 Die HSFET Array Edge

= SEM cross-sections of the botlom edge of the HSFET array are shown. On the top side, a starting source contact is followed by a 5.1 pm wide STi.
« S/D passivation openings have a 3.4 pm wide window.

H——«-ﬁ?um————»}

WAL 7 o @ 36 pm
— Wl — -
f H mgale H_ gate U i '

Y
saurce rain sSQUrce SiQ 8TI

diffusion

St eprary +——————| HSFET array contact

Nie G502 _1008F3_CM

stﬁg hts

Top Edge of a HSFET Array — SEM Cross-Section A-A

34 Al content & 2022 Techinsighis Inc All nghis reserved
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MP9502 Die HSFET Array

= The stepped-gate-oxide (SGO) are fabricated on this die. The use of SGO allows a reduction of on-resistance {(Ron} compared with the conventional ST1 LDMOS

= Inthe HSFET array, the cell (drain-to-drain) pitch measures ~4.0 um, the gate to drain contact center spacing is ~0.93 pm, the gate to source/body contact center
spacing is ~0.41 pm, the total polysilicon gate length is ~0.66 um.

* Inthe HSFET array, there are two sets of polysilicon gate length combinations, one is ~0.40 pm physical channel length and ~0.26 pm extended portion over the
SGO, another is ~0.48 pym physical channel length and ~0.18 pm extended portion over the SGO.

- ee—— 1 (RO RTRp - - i 41 —- | - ) T : - ‘ X e H -‘ P
: 0 a0 ym nea i »
. g ! ; — 053 pm 0§ - —
' i — f-d 053 pm S3 pry -] ,h-

. e
. MIa T 025um 016 Lm

; .
P i — T e p— ST el e e . . - 2 b
; !
l - 5 urcemoty
Pt I s o S gats dieleclie

MoAL 0
SRRt U I . : S epiexy
e
N & g
Sl epriaxy polyS gate y gram
I1;F5clghts Uk bs @ u I‘lr"uesclghts
HSFET Array — SEM Cross-Section A-A HSFET Array — SEM Cross-Section A-A
36 All content @ 2022 Techinsights Inc All nghts reserved I l l:lg nts




Greenthread Ex. 2026, p. 246 of 260
MPS v. Greenthread
IPR2024-00552



Greenthread Ex. 2026, p. 247 of 260
MPS v. Greenthread
IPR2024-00552



Greenthread Ex. 2026, p. 248 of 260
MPS v. Greenthread
IPR2024-00552



Greenthread Ex. 2026, p. 249 of 260
MPS v. Greenthread
IPR2024-00552



Greenthread Ex. 2026, p. 250 of 260
MPS v. Greenthread
IPR2024-00552



Greenthread Ex. 2026, p. 251 of 260
MPS v. Greenthread
IPR2024-00552



Greenthread Ex. 2026, p. 252 of 260
MPS v. Greenthread
IPR2024-00552



¢G500-72¢0cddl

pealyjusals) ‘A SdIN

09z Jo €6¢ "d ‘9z0z X3 pesiyjusain

Comparison of 0.18 ym BCD Processes

= The MPS MP86905 analyzed in this report is compared with the following 0.18 ym BCD processes previous analyzed by Techlnsights:

Texas Instruments

Feature MPS MPBG6905 Maxim MAX77854 BQ24260YFF Qualcomm PM8921
Device type PMIC PMIC Li-lon PMIC PMIC
Maode of operation PWiM Undetermined PWM Undetermined
Rated voltage/current 4.5-18" V50 A Undetermined 4.2-28 V25 A Undetermined
Foundry Undetermined Maxim Texas Instruments TSMC
Die area {whole die) 3.38 mm x 3.14 mm 4.72 mm % 4.17 mm 2.40 mm x 2.40 mm B.20 mm = 6.49 mm
Process generation/technology 0.18 pm BCD 0.18 um BCD S18 0.18 ym LBC8 BCD 0.18 pm BCD
HSFET: 4.0 ym P-LDMOS: 7.2 ym “‘LDMOSuf‘n"aV 147 P-LDMOS Array 6: 4.3 um
LDMOS cell {drain-to-drain) pitch LSFET: 3.4 pm N-LDMOS: 5.0 ym N'LDMOSuf‘n’ ray 2.6.8 N-LDMOS Array 7- 4.3 ym
N‘LDMOSP’:‘"""V 335 N-LDMOS Array 5: 9.3 pm
LDMOS gate dielectric thickness 8.5 nm 14 nm 13 nm 14 nm
P-LDMOS: 0.64 pm P-LDMOS Array 6: ~0.4 pm {assumed)
LDMOS electrical channel length ~0.17 pm N-LDMOS: 0.8 ym ~0.30 pym N-LDMOS Array 7: ~0.8 um (assumed)
N-LDMOS Array 5: ~1.6 uym (assumed)
Isolation type(s) STI STl STI ST
Silicide CoSi CoSi CoSi CoSi
Number of metal layers and rmateria! 3Al 4 Al 3Al 5 Al
Contacts/vias material WiAW WAW whw WAW

Number of polysilicon layers

1

1

i

* The absolute maximum rating voltage
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Statement of Measurement Uncertainty and Scope Variation

Statement of Measurement Uncertainty

TechlInsights calibrates length measurements on its scanning electron microscope {SEM}, transmission electron microscope (TEM), and optical microscopes using
measurement standards that are traceable to the International System of Units (SI}.

Our SEM/TEM cross-calibration standard was calibrated at the National Physical Laboratory (NPL) in the UK (Report Reference LR0304/E06050342/SEM4/190). This
standard has a 146 1 2 nm (1 1.4%) pitch, as cerlified by the NPL. Techinsights verifies every six months that its SEM and TEM are calibrated to within + 2% of this standard,
over the full magnification ranges used,

Techinsights’ optical microscopes are calibrated using a micrometer calibrated at the National Research Council of Canada (CNRC) (Report Reference LS-2005-0010). This
standard has an expanded uncertainty of 0.3 um (0.3%) for the micrometer's 100 pm pitch lines.

Random measurement errors, introduced during measurements of features on the calibrated images, yield an additional expanded uncertainty, which together with calibration
uncertainty, is approximately + 5% or better for features larger than about 20% of the image width.

Techinsights camera systems, used for package photographs and teardown photographs, and Techinsights X-ray instruments are not calibrated, Package dimensions are
measured physically with calipers.

The materials analysis reported in Techinsights reports is normally limited to approximate elemental compaosition, rather than stoichiometry. Quantification of energy dispersive
spectroscopy (SEM-EDS and TEM-EDS) and TEM-based electron energy loss spectroscopy (TEM-EELS) materials analysis usually not provided, unless otherwise stated.
Techlinsights will typically abbreviate the material composition, using only the elemental symbols (rather than full chemical formula) in approximate order of the peak heights in
the specira, but this does signify the relative concentration.

Secondary ion mass spectrometry (SIMS) data may be calibrated for certain dopant elements, provided suitable standards were available. Spreading resistance profiling
{SRP) data is typically calibrated. Scanning microwave impedance microscopy (sMIM-C) provides spatial information on the dopant type; however, it is not quantitative. The
accuracy of other methods is available on request.

Statement of Scope Variation
Due to the nature of reverse engineering and the diversity of analyzed devices, there is a possibility of content variation in Techlinsights technical reports.
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About Techinsights

For over 30 years Techinsights has been a trusted patent and technology partner to the world’s largest and most successful companies including 37 of the top
50 U.S. patent holders. By revealing the innovation others can't inside the broadest range of advanced technology products, we prove patent value and enable
business leaders to make the best, fact-based IP and technology investment decisions. Headquartered in Ottawa Canada, Techlnsights’ Patent and Technology
Analysts deliver specialized products and services from global offices.

Contact Techinsights
To find out more information on this report, or any other reports in our library, please contact Techinsights at 1-613-599-6500.

Techinsights

1891 Robertson Road, Suite 500
Ottawa, Ontario K2H 5B7
Canada

T 1-613-598-6500
F 1-613-599-6501

Website:
Email:
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Statement of Measurement Uncertainty and Scope Variation

Statement of Measurement Uncertainty

Techlnsights calibrates length measurements on its scanning electron microscope (SEM), transmission electron microscope (TEM), and optical microscopes using
measurement standards that are traceable o the International System of Units (S!).

Qur SEM/TEM cross-calibration standard was calibrated at the National Physical Laboratory (NPL} in the UK {(Report Reference LRO304/E06050342/SEM4/190). This
standard has a 146 + 2 nm (+ 1.4%) pitch, as certified by the NPL. Techinsights verifies every six months that its SEM and TEM are calibrated to within + 2% of this standard,
over the full magnification ranges used.

Techinsights’ optical microscopes are calibrated using a micrometer calibrated at the National Research Council of Canada (CNRC) (Report Reference LS-2005-0010). This
standard has an expanded uncertainty of 0.3 pm (0.3%}) for the micrometers 100 pm pitch lines.

Random measurement errors, introduced during measurements of features on the calibrated images, yield an additional expanded uncertainty, which together with calibration
uncertainty, is approximately + 5% or better for features larger than about 20% of the image width.

Techinsights camera systems, used for package photographs and teardown photographs, and Techinsights X-ray insiruments are not calibrated. Package dimensions are
measured physically with calipers.

The materials analysis reported in Techinsights reports is normally limited to approximate elemental composition, rather than stoichiometry. Quantification of energy dispersive
spectroscopy (SEM-EDS and TEM-EDS) and TEM-based electron energy loss spectroscopy (TEM-EELS) materials analysis usually not provided, unless otherwise stated.
Techinsights will typically abbreviate the material composition, using only the elemental symbols (rather than full chemical formula) in approximate order of the peak heights in
the spectra, but this does signify the relative concentration.

Secondary ion mass spectrometry (SIMS) data may be calibrated for certain dopant elements, provided suitable standards were available. Spreading resistance profiling
(SRP) data is typically calibrated. Scanning microwave impedance microscopy (sMIM-C) provides spatial information on the dopant type; however, it is not quantitative. The
accuracy of other methods is available on request.

Statement of Scope Variation

Due to the nature of reverse engineering and the diversity of analyzed devices, there is a possibility of content variation in Techinsights technical reports.
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About Techinsights

For over 30 years Techinsights has been a trusted patent and technology partner to the world's largest and most successful companies including 37 of the top
50 U.S. patent holders. By revealing the innovation others can't inside the broadest range of advanced technology products, we prove patent value and enable
business leaders to make the best, fact-based IP and technology investment decisions. Headquartered in Ottawa Canada, Techinsights’ Patent and Technology
Analysts deliver specialized products and services from global offices,

Contact Techinsights
To find out more information on this report, or any other reports in our library, please contact Techinsights at 1-613-599-6500.

Techinsights

1891 Robertson Road, Suite 500
Ottawa, Ontaric K2ZH 587
Canada

T 1-813-589-6500
F 1-613-592-6501

Website:
Email:
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