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IN THE UNITED STATES DISTRICT COURT
FOR THE DISTRICT OF DELAWARE

GREENTHREAD, LL.C
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

1. 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, current 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 manufacturers (“OEMs”), original design manufacturers (“ODMs”), electronic manufacturing
service (“EMS”) providers and other end customers. Our third-party distributors are subject to distribution
agreements with us, which allow the distributors to sell our products to 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 electronic
product suppliers.

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

through its website.?

' MPS, Form 10-K (Dec. 31, 2022),
https://media.monolithicpower.com/mps_cms_document/2/0/2022 mps annual report.pdf? gl=
1*leopt24* ga*MTU4NTUINTO3Nv4xNjgzNiM4Milx* ga XNRPF6LIDD*MTY4NDE4NT
gz0OS4zLIEuMTY4NDE4NjA40S4vMidwLiA.& ga=2.178535588.183754632.1684185838-
1585555477.1683638221

2 Product Overview of MPQ4425M-AECI, https://www.monolithicpower.com/en/mpg4425m-
aecl.html
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Automotve-Grade High Efficiency 1 5A, 38V, 2 2MHz
M P0442 5 M -AEC Synchronous Step Down LED Drver m Datasheet
Overview Evaluation Tools Resources Design Resources Technical Forum Quality

Buy direct from MPS

Standard Pricing

Why Choose MPS
1e $6.05 /unit . 4 ;'
100 $5.49 funit 5% Discourt : e
100+ $4.37 funit 20 % Discount

250+ $2.97 funit 34 % Discount

500+ $3.16 Junit 48 % Discount

IN STOCK
ARRIVES 3-& BUSINESS DAYS.
SHIPPING ONLY $5 PER ORDER.

Quantity 1

2500 Max per Company
Linuted Inventory to support preduct develepment

Add to Cart

9. Some of MPS’s direct sales, offers for sale, and importation into the United States
of MPS Accused Products are to “support product development” by MPS customers who may
make integrate MPS Accused Products into their designs, sometimes called “design wins,” and
make large additional purchases of MPS Accused Products.’

10.  For example, MPS directly sells “Evaluation Kits” which are used to market MPS

Accused Products and win larger contracts/design wins, including indirect sales.*

31d.

4 Product Overview of EVKT-MP2651, https://www.monolithicpower.com/en/products/evkt-
mp265 | .html
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Overview Related Tools Design Resources Technical Forum Quality

Products > EV Kits and EV Boards » EVKT-MP2451

EVKT-MP2651
MP2651 Evaluation Kit [ Active | Datasheet

Description

The EVKT-MP2651 is an evaluation kit designed for the MP2451. It
g - /‘k demonstrates the capabilities of the MP2651, a buck-boost charger IC
S

designed for battery packs with 1 cell to 4 cells in series

The device can accept a wide 4V to 22V input voltage [Vin) range to charge
the battery. it also supplies a wide 3V to 21V voltage range at the IN pin in
source mode. This function is compliant with USB power delivery [PD)
specifications.

Product Evaluated

12C-Controlted, USB PD 6A Buck-Boost Charger with
MP2651GVT 076/Source Mode for 1-Cell to 4-Cell Series Battery [ Active |

Applications

11.  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 Korca, 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 use of our products in their application. We maintain
a staff of applications engincers who work directly with our customers’ engineers in the development of
their systems’ electronics 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

3 MPS, Form 10-K (Dec. 31, 2022),
https://media.monolithicpower.com/mps_cms_document/2/0/2022 mps_annual report.pdf? gl=
1 *leopt24* ga*MTU4ANTUINTO3Ny4xNjgzNiM4Milx* ga XNRPF6L9DD*MTY4NDEANT
gz0S4zLJEuUMTY4NDE4NjA40S4yMidwLiA.& ga=2.178535588.183754632.1684185838-
1585555477.1683638221

6 MPS, Job Listings, https://www.monolithicpower.com/en/about-mps/careers/job-listings.htm|
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personnel use MPS Accused Products in the United States, for example in demonstrations. This

use is important to achieving design wins.

About MPS Company - Investor Relations  Sustainability & ESG  Careers - News & Press Releases
Apply View By Region:  US. v
Job Type Title Location
Finance (3}
Field Sales Engineer Michigan
Design Engineering (62}
Fietd Sales Engineer IMPSnow)
Marketing (4] Pasition Overview
Job Functions:
Legal (5) Responsible for driving all design-in actraty and wins within assigned customer accounts and geographies, Responsible for
< tly exceeding d revenue targets.Indirect management of Manufacturers Representatives and channel partners
fdistribution branches)
Applications Engineering (32)
Other (31}
Field Sales Engineer Washington
Human Resources (2)
Fietd Sales Engineer {MPSnow)
Product Engineering (1] Position Overview.
Jab Functions.
Test Engineering (&) Responsible for driving ail design in activity and wins within assigned customer accounts and geographies Responsible for
3 tently exceeding gned revenue targets Indirect management of Manutacturers Representatives and channel partners
(dsstribution bianthes)
Fietd Applications Engineering {11)
North America Channel Manager San Jose, CA

North America Channel Manager

Overall knowledge of distribution and Rep sales processesAl least 5 years’ experience working with semiconductor
distributorsMust have general technical understanding of power semiconductors, customers, applications.General understanding
of DTAM regions, and organizations.Past history of success in driving a closed toop distribution process inctuding:Training...

Field Sales Engineer Michigan

Field Sales Engineer (FSE}

Primary functions:

Respansible for driving all design-in activity and wins within assigned customer accounts and geographies. Responsible for
consistently meeting or exceeding assigned revenue targets.Work closely with MPS product division marketing and engineering
personnel to identify target applications/circuits t...
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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.

Sr. Customer Quality Engineer

Sr. Customer Quality Engineer

Location: San Jose, CA

This is an important customer-facing, hands-on role in an emerging Automotive Quality organization in a rapidly growing semiconductor IC company. The key
responsibilities are to work lessly with related Engineering, Production, Business groups and other QA functions to ensure timely responses and efficient
closure of ¢t Quatity req such as handling field returns/8D/FA cases, and audit support. He/she will interface to many internat functions, as well as
directly with customers, in responding to requests and managing customer quality situations. As such, candidate should have a solid quality / engineering

background, aleng with good team competence and communication skills.

Major Responsibilities
* Manage customer quality requirements, inquires/questions or issues, as the front-line interface

e Manage Quality issue d

g root-cause analysis with FA and other groups as hand-on contributor for the assigned customer accounts.

+ Project-manage Automotive customer-audits in both HQ and our location in Chengdu as the customer-facing contact for MPS and our sub-cons

* Write FA and co-develop 80 reports as well as gec -facing ¢ ications

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

7
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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

17.  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. 10/934,9152 filed on
September 3, 2004. A true and correct copy of the *195 Patent is attached hereto as Exhibit 1 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 correct 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

8 Pub. No. US 2006/0049464.
9 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,!°
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 priority 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,'3 filed on

'9 Pub. No. US 2006/0049464.
' Pub. No. US 2006/0049464.
12 Pub. No. US 2006/0049464.
13 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. Mohan 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 50 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 Southern
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.

'* Remarks by Director lancu at the 2019 International Intellectual Property Conference (June
10,2019), https://www.uspto.gov/about-us/news-updates/remarks-director-iancu-20 19-
international-intellectual-property-conference
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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 1-megabit CMOS
DRAM, produced in April 1985 under Dr. Rao’s leadership, and credited Dr. Rao for the

achievement.'¢

ONE MEGATY t
GMOS
e

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 Texas Instruments Collection Summary Comments Provided by Texas Instruments Staff,
http://smithsonianchips.si.edu/texas/wafer.htm

16 Texas Instruments Collection Wafer Display, TI number: G00200 (1985),
http://smithsonianchips.si.edu/texas/t_360.htm

12
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controllers and memory.

34.  In1996, 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 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, 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.  Asshown 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. As alleged above, MPS has and continues to infringe at least one claim of the ’195

[5
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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.  As alleged 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.

16
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60.  Asalleged 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.  Asalleged 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.  As alleged 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.  As alleged 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 are exemplary of the MPS
Accused Products.

91.  As alleged 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. As alleged 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.
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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 seeks
recovery of damages at least for reasonable royalties, unjust enrichment, and benefits received 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;

21
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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 Respectfully submitted,
OF COUNSEL: FARNAN LLP
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SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPLICATION

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 applies to diffused diodes, ava-
lanche diodes, Schottky devices, power MOS transistors,
JFET's. RF bipolar transistors. IGBTs (Insulated Gate Bipo-
lar Transistors), varactors. digital VLSI, 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-
ever, majority carriers also a small yet finite role in modulat-
ing the conductivity 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 recombi-
nation of the majority carriers when the device is switched off
(prior to beginning the next cycle). The dominant carrier
mechanism in BJTs is carrier diffusion. Carrier drift current
component is fairly small, especially in uniformly doped base
BJTs. Efforts have been made in graded base transistors to
create an ‘aiding drift field’, to enhance the diffusing minority
carrier’s speed from emitter to collector. However, most
semiconductor devices, including various power MOSI'IT's
(traditional, DMOS, 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. FIG.
1 shows the relative doping concentration versus distance in a
BIT. FIG. 2 shows the uniformly doped epi region' ina IGRT.
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 conduc-
tions 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 50

region). When a MOSFET is optimally integrated witha BJT
in 2 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 tran-

sit and hole recombination as fast as possible in the case of an 53

n-channel IGBT) require different 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(a) shows a typical CMOS
VLSIdevice employing a twin well substrate. on which active
devices are subsequently fabricated. FIGS. 3(b). 3(c). and
3(d) illustrate device cross sections. as practiced today. ‘Ret-
rograde’ and *halo’ wells have also been attempted to improve
refresh time in DRAM’s (dynamic random access memo-
ries). as well as, reducing dark current (background noise)
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and enhance RGB (Red, Green, Blue) color resolution in
digital camera Ics. Most of these techniques either divert the
minority carricrs away form 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 DRAWINGS

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

FIG. 1 illustrates the relative doping profiles of emitter,
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 IGBT
with a uniform epitaxial drift region (basc):

FIGS. 3(a), 3(b), 3(c), 3(d) 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 n-channel transistors are
subsequently fabricated)—typical IC, EEPROM using tunnel
insulator, DRAM and NAND flash;

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

FIGS. 5(a). 5(b), 5(c) illustrate the cross sections ofa MOS
silicon substrate with two wells, and, an underlying layer
using embodiments of the invention to improve performance
in each application—VLSI logic, DRAM/image IC, nonvola-
tile memory IC.

DETAILED DESCRIPTION OF THE INVENTION

The relative doping concentrations of emitter and collector
regions varies from 10'® to 10?%/cm’, where as the base region
is 10" to 10'%cm? depending on the desired characteristics of
the BJT. In graded base p-n-p transistors, the donor dopant
concentration may be 10 to 100x at the emitter-basc junction,
relative to the base-collector junction (I x). The gradient can
be linear, quasi linear, exponential or complimentary error
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 emit-
ter to collector. Since the aiding drift field helps hole conduc-
tion. the current gain at a given frequency is enhanced. rcla-
tive to a uniformly-doped-(base) BJT. The improvement in
cut-off frequency (or. frequency at unity gain, f;) 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 emit-
ter-drift epitaxial base 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 collectar). The ‘average’ base 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 frequency of operation (combination
of't,, and t as is known in the [GBT commercial nomencla-
ture) can be enhanced. More importantly, during t,, holes can
be recombined much quicker at the n’ buffer layer, compared
to a 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. Epitaxy enhances lifetime, but, epitaxy is
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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 [GI3'T is significantly improved due to
the optimized graded dopant in the so called “drift region” as
well as at the interfaces of the drift region. Graded dopants
canalso be implemented in the n+ buffer 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 to 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. 5(a), 5(b), 5(c), donor gradient is
also of benefit to very large scale integrated circuits (VLSI)-
VLSI logic. DRAM, nonvolatile memory like NANI) flash.
Spurious minority carriers can be generated by clock switch-
ing in digital VLSI logic and memory IC’S. These unwanted
carriers can discharge dynamically-held ‘actively held high’
nodes. Statically held nodes (with V_.,) can not be affected, in
most cases. Degradation of refresh time in DRAM’s is one of
the results, because the capacitor holds charge dynamically.
Similarly, degradation of CMOS digital images, in digital
imaging IC’s is another result of the havoc 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
substratc as quickly as possible, from the active circuitry at
the surface. In a preferred embodiment, the subterrain n-layer
has a graded donor concentration to sweep the minority car-
riers deep into the substrate. One or more of such layers can
also be implemented through wafer to wafer bonding or 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 chan-
nel MOS devices to accelerate majority carriers towards the
drain. In nonvolatile memory devices, to decrease program-
ming time, carriers should be accelerated towards the surface
when programminyg of memory cells is executed. The graded
dopant can also be used to fabricate superior Junction ficld-
effect transistors where the “channel pinchoff is controlled
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 herein can be customized and
tailored 1o a particular application in many advantageous
ways. For instance, minority carriers can be channeled to the
surface. to aid programming in nonvolatile memory devices
(NOR, NAND, multivalued-cell). Moreover, single well, as
well triple-well CMOS fabrication techniques can also he
optimized to incorporate these embodiments, individually
and collectively. Any modifications of such embodiments
(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
to specific embodiments. these descriptions are not meant to
be construed in a limiting sense. Various 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
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should be appreciated by those skilled in the art that the
conception and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing; other
structures for carrying out the same purposes of the present
invention. It should also be realized by those skilled in the art
that such cquivalent 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 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, disposed on
one surface of said surface layer;

a single drift layer disposed between the other surface of
said surfuce layer and said substrate, said drift 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 field to aid the movement of minority carriers 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 minority carriers from said
surface layer to 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, whercin
said drift layer is an epitaxial layer.

4. The CMOS Semiconductor device of claim 1, wherein
said graded 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
function 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 drift 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 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
function gradient. 5
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1
SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPLICATION

This continuation application claims priority to and the
benefitof U.S. application Ser. No. 13/854.319, filed on 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 of U.S. application Ser. No. 10/934,915,
filed on Sep. 3, 2004, now abandoned, all of which are incor-
porated by reference.

FIELD OF INVENTION

This present invention relates to all semiconductor devices
and systems. Particularly it applies to diffused diodes, ava-
lanche diodes, Schottky devices, power MOS transistors,
JFET’s. RF bipolar transistors. IGBTs (Insulated Gate Bipo-
lar Transistors), varactors. digital VLSI, 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 (BJT) are minority carrier
devices as the principle device conduction mechanism. How-
ever, majority carriers also a small yet finite role in modulat-
ing the conductivity in BJTs. Consequently, both carriers
(electrons and holes) play a role in the switching performance
of BJTs. The maximum frequency of operation in BJTs is
limited by the base transit time as well as the quick recombi-
nation of the majority carriers when the device is switched off
(prior to beginning the next cycle). The dominant carrier
mechanism in BJTs is carrier diffusion. Carrier drift current
component is fairly small, especially in uniformly doped base
BITs. Efforts have been made in graded base transistors (o
creatcan ‘aiding drift ficld’, to enhance the diffusing minority
carrier’s speed from emitter to collector. However, most
semiconductor devices, including various power MOSFETs
(traditional, DMOS, 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. I'IG.
1 shows the relative doping concentration versus distance in a
BJT. FIG. 2 shows the ‘uniformly doped cpi region’ in a
IGBT. In contrast to BJTs, MOS devices are majority carrier
devices for conduction. The conduction is channel domi-
nated. '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 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 BJ'T in a monolithic fashion, an IGB'T'
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 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(a) shows a typical CMOS
VLSl device employing a twin well substrate. on which active
devices are subsequently fabricated. FIGS. 3(&), 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 improve
refresh time in DRAM’s (dynamic random access memo-
ries), 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 form 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 DRAWINGS

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

FIG. 1 illustrates the relative doping profiles of emitter,
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 IGBT
with a uniform epitaxial drift region (base):

FIGS. 3(a), 3(b), 3(c), 3(d) 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 n-channel transistors are
subsequently fabricated)—typical IC, EEPROM using tunnel
insulator, DRAM and NAND flash;

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

) dopant is optimally graded in the eptaxial drift region; and

FIGS. 5(a), 5(b), 5(c) illustrate 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 — V[.SI logic, DRAM/image IC, nonvola-

5 tile memory IC.

DETAILED DESCRIPTION OF THE INVENTION

The relative doping concentrations of emitter and collector
regions varies from 10'® to 10*%cm®, where as the base region
is 10'* to 10" %/cm? depending on the desired characteristics of
the BJT. 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 linear, exponential or complimentary error
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 emit-
ter to collector. Since the aiding drift field helps hole conduc-
tion. the current gain at a given frequency is enhanced. rela-
tive to a uniformly-doped-(base) BJT. The improvement in
cut-off frequency (or, frequency at unity gain, f) 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 emit-
ter-drift epitaxial base 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 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 frequency of operation (combination
of't,,, and t_,as is known in the IGBT commercial nomencla-
ture) can be enhanced. More importantly, during tog holescan
be recombined much quicker at the n’ buffer layer, compared
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to a 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-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
well as at the interfaces of the drift region. Graded dopants
canalso be implemented in the n+ buffer layer as well as other
regions adjacent to the respective layers. Two important per-
formance enhancements arc 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+ buffer layer. This can improve
t(on) and t(off) in the same device.

The following paragraph, beginning on page 5, linc 6. and
ending on page 11, line 28. is amended as indicated in the
marked up version below:

As illustrated in FIGS. 5(a), 5(b). 5(c), donor gradient is
also of benefit to very large scale integrated circuits (VLSI)—
VLSI logic. DRAM, nonvolatile memory like NAND flash.
Spurious minority carriers can be generated by clock switch-
ing in digital VLSI logic and memory IC’S. These unwanted
carriers can discharge dynamically-held ‘actively held high’
nodes. Statically held nodes (with V,..) can not be affected, in
most cases. Degradation of refresh time in DRAM’s is one of
the results, because the capacitor holds charge dynamically.
Similarly, degradation of CMOS digital images, in digital
imaging IC’s is another result of the havoc 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. In a preferred embodiment, the subterrain n-layer
has a graded donor concentration to sweep the minority car-
riers deep into the substrate. One or more of such layers can
also be implemented through waler to wafer bonding or 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 chan-

nel MOS devices to accelerate majority carriers towards the
drain. In nonvolatile memory devices, to decrease program-
ming time, carriers should be accelerated towards the surface
when programming of memory cells is executed. The graded
dopant can also be used to fabricate superior Junction field-
effect transistors where the “channel pinchoff” is controlled
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 herein can be customized and
tailored to a particular application in many advantageous
ways. For instance, minority carriers can be channeled to the
surface. to aid programming in nonvolatile memory devices
(NOR, NAND, multivalued-cell). Moreover, single well, as
well triple-well CMOS fabrication techniques can also be
optimized to incorporate these embodiments, individually
and collectively. Any modifications of such embodiments
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(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
to specific embodiments, these descriptions are not meant to
be construed in a limiting sense. Various 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 appreciated by those skilled in the art that the
conception and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures for carrying out the same purposcs 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, 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 semiconductor device comprising:

a surface layer;

a substrate;

an active 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 drift layer
having a graded concentration of dopants generating a
first static unidircctional clectric 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 generating a second static unidirectional elec-
tric drift field 10 aid the movement of minority carriers
from said substrate to said surfacc laycr.

2. The semiconductor device of claim 1 wherein said first
and second static unidirectional electric fields are adapted to
respective grading of dopants to aid movements of carriers in
respective active regions.

3. The semiconductor device of claim 1 wherein the semi-
conductor device is a central processing unit (CPU).

4. The semiconductor device of claim 1 wherein the semi-
conductor device is a DRAM device.

5. The semiconductor device of claim 1 wherein the semi-
conductor device is a flash memory device.

6. The semiconductor device of claim 1 wherein the semi-
conductor device is an image sensor device.

7. A semiconductor device comprising:

a surface layer;

a substrate;

an active 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 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; 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 clec-
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
respective grading of dopants to aid movements of carriers in
respective active regions.

9. The semiconductor device of claim 7 wherein the semi- 5
conductor device is a central processing unit (CPU).

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

11. The semiconductor device of claim 7 wherein the semi-
conductor device is a flash memory device. 1
12.The semiconductor device of claim 7 wherein the semi-

conductor device is an image sensor device.
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refresh time for DRAMS, decrease in programming time for
nonvolatile memory, better visual quality including pixel
resolution and color sensitivity for imaging ICs, better
sensitivity for varactors in tunable filters, higher drive capa-
bilities for JFETs, and a host of other applications.

18 Claims, 10 Drawing Sheets
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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. No. 14/931,636, filed Nov. 3, 2015, published on
Jun. 16, 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.S. patent appli-
cation Ser. No. 14/515,584, filed Oct. 16, 2014, published on
Feb. 5, 2015. as U.S. 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 US. 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. 2007-0158790, 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. patent application Ser. No.
10/934,915, filed Sep. 3, 2004. published 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. 2016-0172447, 2015-0035004, 2013-
0221488, 2007-0158790, and 2006-0049464, 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, RF bipolar transistors, IGBTs (Insulated
Gate Bipolar Transistors), varactors. digital VLS], mixed
signal circuits and sensor devices including camera ICs
employing 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. However, majority carriers
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 BJTs. 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 to
beginning the next cycle). The dominant carrier mechanism
in BJTs 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 drift field to enhance the diffusing minority
carrier’s speced from emitter to collector. However, most
semiconductor devices. including various power MOSFLTs
(traditional, DMOS. lateral, vertical and a host of other
configurations), IGBT’s (Insulated Gated Base Transistors),
still use a uniformly doped “drift 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 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
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sidewalls in a vertical device. Other device architectures to
combine planar and vertical conductions are also possible.
The maximum frequency of operation is dictated primarily
by source-drain scparation distance. Most MOS devices use
a uniformly doped substrate (or a well region). When a
MOSFET is optimally integrated with a BT in a monolithic
fashion, an IGBT results. The IGBT inherits the advantages
of both MOSFET and BIT. It also brings new chal lenges
because the required characteristics (electron transit and
hole recombination as fast as possible in n-channel 1GBT)
necessitate different dopant gradients cither in the same
layer at different positions, or at the interfaces of similar or
dissimilar layers.

Retrograde wells have been attempted, with little success,
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 (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 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 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 (base);

FIGS. 3A, 3B, 3C, and 3D illustrate cross sections of
commonly used prior art CMOS silicon substrates; FIG. 3A
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 (Elcc-
tronically Erasable Programmable Read-Only Memory)
memory cell having a tunnel insulator; FIG. 3C showing a
prior art DRAM memory cell; and FIG. 3D showing a prior
art NAND flash memory cell;

FIG. 4 illustrates the cross section of an IGBT, using 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—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°%/cm?, whereas the base
region is 10'* to 10'%/cm> depending on the desired char-
acteristics of the BJT. 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 linear, quasi linear, exponential or
complimentary error 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 emitter to collector. Since the aiding drift
electric field helps hole conduction, the current gain at a
given frequency is enhanced, relative to a uniformly-doped
(base) BJT. The improvement in cut-off 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 one embodiment according to
the invention. 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
laycr boundary (clectrons 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* 2

bufter 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
cenhanced. Second, and maybe morc importantly, during t,4
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 drifl 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 wafer to wafer bonding
(or other similar transfer mechanisms) for cventual device
fabrication. The “reverse recovery time” for an IGBT is
significantly improved due 1o the optimized graded dopant
in the so called “drift region” as well as at the interfaces of
the drift region. Graded dopants can also be 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-channel IGBT, electrons can be swept from source to drain
rapidly, while at the same time holes can be recombined
closer to the n* buffer layer. This can improve t,,, and t,zin
the same device.

As illustrated in FIGS. 5A, 5B, and 5C. donor gradient is
also of benefit to 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 ICs.
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
time in DRAM s 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 1Cs with the
cmbodiments described hercin. Creating “subtcrrancan”
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 drift field to sweep these
unwanted minority carriers from the active circuitry at the
surface into the substrate in a monolithic die as quickly as
possible. In a preferred embodiment, the subterranean
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
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bonding or similar “transfer” mechanisms. This n"layer can
be a deeply-implanted layer. It 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 to accelerate majority
carriers towards the drain. To decrease programming time in
nonvolatile memory devices, carriers should be accelerated
towards the surface when programming of memory cells is
executed. The graded dopant can also be used to fabricate
superior Junction Field-Effect transistors where the “channel
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 concepts taught herein can be customized
and tailored to a particular application in many advanta-
geous ways. For instance, minority carriers can be channeled
to the surface to aid programming in nonvolatile memory
devices (NOR, NAND, multivalued-cell). Moreover. single-
well, and triple-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
invention. 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 to
be construed in a limiting sense. Various 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 appreciated by those skilled in the art that the
conception and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures 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, 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 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 substratc with a second 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 least one of the first active region
or second active region; and

at Icast a portion of at lcast onc of the first and sccond
active regions having at least one graded dopant con-
centration to aid carrier movement from 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 substrate.

4. The semiconductor device of claim 1, wherein the

substrate has epitaxial silicon on top of a nonepitaxial
substrate.
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5. 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 region 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 first
active region and second active region are each separated by
at lcast onc 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 to the first active region and within
which transistors can be formed in the surface thereof;

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 regions having at least one graded dopant con-
centration to aid carrier movement from the surface to
the substrate.

10

6

10. The semiconductor device of claim 9, wherein the
substrate is a p-lype substrate.

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

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

14. The semiconductor device of claim 9, 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 a graded dopant.

15. The semiconductor device of claim 9, wherein the first
active 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 implantation pro-
cess.

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

* * * * *
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SEMICONDUCTOR DEVICES WITII
GRADED DOPANT REGIONS

CROSS-REFERENCE 10 RELATED
APPLICATIONS

This application is a Continuation of U.S. 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 continuation of U.S.
patent application Scr. No. 14/931,636, filed Nov. 3, 2015,
published on Jun. 16, 2016 as U.S. Publication No. 2016-
0172447, now 1J.S. Pat. No. 9,647,070, issued on May 9,
2017. Application Ser. No. 14/931,636 is a continuation of
U.S. patent application Ser. No. 14/515,584, filed Oct. 16,
2014, published on Feb. 5, 2015, as U.S. Publication No.
2015-0035004, now U.S. 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.
2013-0221488. 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. patent
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. Particularly it applies to diffused
diodes, avalanche diodes, Schottky devices, power MOS
transistors, J'ET’s, RF bipolar transistors, IGBTs (Insulated
Gate Bipolar Transistors), varactors. digital VLSI, mixed
signal circuits and sensor devices including camera ICs
employing 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. 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 BJTs. 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 to
beginning the next cycle). The dominant carrier mechanism
in BJTs is carricr diffusion. 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 speed from emitter to collector. However, most
semiconductor devices. including various power MOSFETs
(traditional, DMOS. lateral, vertical and a host of other
configurations), IGBTs (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 BIT. FIG. 2 shows the uniformly doped epi
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region in an IGBT. In contrast to BJTs, MOS devices are
majority carrier devices for conduction. The conduc tion is
channel dominated. The channel can be a surface in one
planc 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 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
MOSFET is optimally integrated with a BJT in a monolithic
fashion, an IGBT results. The IGB' inherits the advantages
of both MOSFET and BIT. 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 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 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 s
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 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 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 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 (base);

FIGS. 3A, 3B, 3C, and 3D illustrate cross sections of
commonly used prior art CMOS silicon substrates; FIG. 3A
showing a typical prior art [C 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 fabricated); FIG. 3B showing a prior art EEPROM
(Electronically ~ Erasable  Programmable Read-Only
Memory) memory cell having a tunnel insulator; FIG. 3C
showing a prior art DRAM memory cell; and FIG. 3D
showing a prior art NAND flash memory cell;

FIG. 4 illustrates the cross section of an IGB', using 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—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°%cm?®, whereas the base
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region is 10'* to 10'%cm’ depending on the desired char-
acteristics 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 linear, exponential or
complimentary error 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 emitter to collector. Since the aiding drift
electric field helps hole conduction, the current gain at a
given frequency is enhanced, relative o a uniformly-doped
(base) BJT. The improvement in cut-off frequency (or,
frequency at unity gain, f;) 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 cmbodiment according to
the invention. a donor gradient is established trom the
emitter-drift epitaxial base 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 2

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 carricrs towards the n*
bufter 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
enhanced. Second, and maybe more importantly, during {,
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 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 “drift region™ as well as at the interfaces of
the drift region. Graded dopants can also be 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-channel 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 tyin
the same device.

As illustrated in FIGS. 5A, 5B, and 5C. donor gradient is
also of benefit to very large scale integrated circuits
(VISI}—VISI logic, DRAM, nonvolatile memory like
NAND flash. Spurious minority carriers can be generated by
clock switching in digital VLSI logic and memory ICs.
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
time 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 result of the
havoc caused by minority carriers. Pixel and color resolution
can be sigpificantly enhanced in imaging ICs with the
embodiments described herein. Creating “subterranean”
recombination centers underneath 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 drift field to sweep these
unwanted minority carriers from the active circuitry at the
surface into the substrate in a monolithic die as quickly as

15

30

35

40

45

50

60

4

possible. In a preferred embodiment. the subterranean 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 be implemented through wafer to wafer
bonding or similar “transfer” mechanisms. This n™ layer can
be a deeply-implanted layer. It 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 to accelerate majority
carriers towards the drain. To decrease programming time in
nonvolatile memory devices, carriers should be accelerated
towards the surface when programming of memory cells is
executed. The graded dopant can also be used to fabricate
superior Junction Field-Effect transistors where the “channel
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 concepts taught herein can be customized
and tailored to a particular application in many advanta-
geous ways. For instance, minority carriers can be channeled
to the surface to aid programming in nonvolatile memory
devices (NOR, NAND, multivalued-cell). Moreover. single-
well, and triple-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
invention. 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 to
be construed in 4 limiting sense. Various 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 appreciated by those skilled in the art that the
conception and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures 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, contemplated that the claims will cover any
such modifications or cmbodiments that fall 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 within which
transistors can be formed;

a sccond 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;

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 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 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 has epitaxial silicon on top of a nonepitaxial
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 active region are each separated by
at least one isolation region.

7. The semiconductor device of claim 1, wherein the

graded dopant is fabricated with an jon implantation pro- 2

cess.

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

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

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

12. The semiconductor device of claim 1, wherein dop-
ants of the graded dopant 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 central processing unit.

19. The semiconductor 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 disposcd 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;

0
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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;

transistors formed in at lcast one of the first active region
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 from the surtace to
the substrate; and

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 move-
ment from the first surface to the second surface of the
substrate.

21. The semiconductor device of claim 20, wherein the

substrate is an n-type substrate.

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

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

24. The semiconductor 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, wherein the
first active region and second active region contain either
p-channel or n-channel devices in n-wells or p-wells, respec-
tively, 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 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 second 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 fabricated with an ion implantation pro-
cess.

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

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

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

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

36. The semiconductor device of claim 20, wherein the
device is an image scnsor.

* ok * ok ok
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SEMICONDUCTOR DEVICES 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. patent application Ser. No. 15/590,
282, filed May 9, 2017, which is a Continuation of U.S.
patent application Scr. No. 14/931,636, filed Nov. 3, 2015,
which is Continuation of U.S. patent application Ser. No.
14/515,584, filed Oct. 16, 2014, which is a Continuation of
U.S. 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 U.S. patent applica-
tion Ser. No. 10/934,915, filed Sep. 3, 2004. The disclosures
of which are incorporated 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, 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 minority carriers are the principle
device conduction mechanism. However, majority carriers
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 BJTs. 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 oft (prior to
beginning the next cycle). The dominant carrier mechanism
in BJTs is carrier diffusion. 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 speed from emitter to 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 use a uniformly doped ‘drift 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 carrier devices for conduction. The conduction is
channcl dominated. The channel can be a surface in onc
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 dictated primarily
by source-drain separation distance. Most MOS devices use
a uniformly doped substrate (or a well region). When a
MOSFET is optimally integrated with a BJT in a monolithic
fashion, an IGBT results. The IGBT inhcrits the advantages
of both MOSFET and BJT. It also brings new challenges
because the required characteristics (electron transit and
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hole recombination 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 similar 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. 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 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 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 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

D ("B™)

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

FIGS. 34, 3B, 3C, and 3D illustrate cross sections of
commonly 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 (Elcc-
tronically Erasable Programmable Read-Only Memory)
memory cell having a tunnel insulator; FIG. 3C showing a
prior art DRAM memory cell: and FIG. 3D showing a prior
art NAND flash memory cell;

FIG. 4 illustrates the cross section of an IGBT, using 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 scctions 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*°/cm®, 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
(1x). The gradient can be linear, quasi linear, exponential or
complimentary error 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 emitter to collector. Since the aiding drift
clectric field helps hole conduction. the current gain at a
given frequency is enhanced, relative to a uniformly-doped
(base) BIT. The improvement in cut-off frequency (or,
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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 one embodiment according to
the invention. 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 (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*
buffer region a number of advantages are obtained. First, the
frequency of operation (combination of t,, and tyy as is
known in the IGBT commercial nomenclature) can be
cnhanced. Second, and maybe more importantly, during top
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 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 “drift region” as well as at the interfaces of
the drift region. Graded dopants can also be 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-channel IGBT, clectrons can be swept from source to drain
rapidly, while at the same time holes can be recombined
closer to the n* buffer layer. This can improve t,,, and tgin
the same device.

As illustrated in FIGS. 5A, 5B, and 5C. donor gradient is
also of benefit to 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 ICs.
‘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
time 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
havoc caused by minority carriers. Pixel and color resolution
can be significantly enhanced in imaging ICs with the
cmbodiments described herein. Creating ““subterrancan”
recombination centers underneath 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 drift field to sweep these
unwanted minority carriers from the active circuitry at the
surface into the substrate in a monolithic die as quickly as
possible. In a preferred embodiment, the subterranean
nTlayer 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 layer. It 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 surfacc channcl MOS devices to accelerate majority
carriers towards the drain. 1o decrease programming time in
nonvolatile memory devices, carriers should be accelerated
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towards the surface when programming of memory cells is
executed. The graded dopant can also be used to fabricate
superior Junction Field-Effect transistors where the “channel
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 concepts taught herein can be custo mized
and tailored to a particular application in many advanta-
geous ways. For instance, minority carriers can be channeled
to the surface to aid programming in nonvolatile memory
devices (NOR, NAND, multivalued-cell). Moreover. single-
well, and triple-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
invention. 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 to
be construed in a limiting sense. Various 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. Tt
should be appreciated by those skilled in the art that the
conception and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures 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.

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 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;

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 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 from the first and
second active regions towards an area of the substrate
where there are no active regions; and

at least one well region adjacent to the first or second
active region containing at least onc graded dopant
region, the graded dopant region to aid carrier move-
ment 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 semi-
conductor device.

2. The VLSI semiconductor device of claim 1, wherein

the substrate is a p-type substrate.

3. The VLSI semiconductor device of claim 1, wherein

the substrate has epitaxial silicon on top of a nonepitaxial
substrate.
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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-chan-
nel devices.

5. 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 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.

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

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

9. The VI.SI 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.

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

13. The VLSI semiconductor device of claim 1, wherein
the transistors which can be formed in the first and sccond
active regions are CMOS digital 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 VLSI 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 semiconductor device of claim 1, wherein
cach of the first and sccond active regions are 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 formed in the surface thercof;

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;

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 second
active regions having at least one graded dopant con-
centration to aid carricr movement from the surfacc to
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 second
active region containing at least one graded dopant
region, the graded dopant region to aid carrier move-
ment 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 func-
tion, complementary error function. or any combina-
tion thereof.

22. The VLSI semiconductor device of claim 21, wherein

the substrate is an n-type substrate.

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

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

25. The VLSI semiconductor device of claim 21, wherein
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-channel or n-channel 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 arc cach
separated by at least one isolation region.

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.

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

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 ¢laim 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 ion implantation
process.

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

34. The VLSI semiconductor device of claim 21, wherein
the device is a flash 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 sccond active regions.

36. The VLSI semiconductor device ot claim 21. wherein
the device is 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 vertical direction.

39. A semiconductor 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-
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
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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
sccond active region to at least one substrate arca where
there is no active region.

40. The semiconductor device of claim 39 further com-
prising 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.

41. A semiconductor 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-
ductivity to the first doping type and within which
transistors can be 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 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 regions having at least one graded dopant accep-
tor 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 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-
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

al least a portion of at least one of the first and second
active regions having at least one graded donor dopant
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35

8

concentration to aid carrier movement from the first or
second active region to at least one substrate area where
there is no active region.

43. A semiconductor device, comprising:

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

a first active region disposed adjacent to a surtace of the
substrate with a 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 lcast 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 regions having at least one graded acceptor
dopant concentration and one graded donor dopant
concentration to aid carrier movement from the first or
second active region to at least one substrate area where
there is no active region.

44. A CMOS Scmiconductor device comprising:

a surface layer;

a substrate;

an active region including a source and a drain, disposed
on one surface of the surface layer;

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

at least one well region disposed in the single drift layer,
the well region having a graded concentration of dop-
ants 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.
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1
SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of U.S. patent appli-
cation Ser. No. 16/947,294, filed 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, issued as U.S. Pat. No. 10.734,481 on Aug.
4, 2020. U S. 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 U.S. patent application Ser. No. 14/931,636, filed Nov. 3,
2015, entitted SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS, issued as U.S. Pat. No.
9,647.070 on May 9. 2017. which is Continuation of U.S.
patent 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, 2015, which is a Continuation of U.S. patent
application Ser. No. 13/854,319 filed April 1, 2013, entitled
SEMICONDUCTOR DEVICES WITH GRADED DOP-
ANT REGIONS, which is a Continuation of Ser. No.
11/622.496, filed Jan. 12, 2007, entitled SEMICONDUC-
TOR DEVICES WITH GRADED DOPANT REGIONS,
issued as U.S. Pat. No. 8,421,195 on Apr. 16, 2013, which
is a Divisional of U.S. patent application Ser. No. 10/934,
915, filed Sep. 3, 2004. The disclosures of which are
incorporated 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, JEET s, RF bipolar transistors, IGBTs (Insulated
Gatc Bipolar Transistors), varactors, digital VLSI, mixcd
signal circuits and sensor devices including camera ICs
employing CCD (Charge Coupled Device) as well as CMOS
technologies.

BACKGROUND

Bipolar Junction Transistors (BIT) are classified as minor- s

ity carrier devices because minority carriers are the principle
device conduction mechanism. However, majority carriers
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 BJTs. The
maximum frequency of operation in 3JT5 is limited by the
base transit 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 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 drift field to enhance the diffusing minority
carrier’s speed from emitter to 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).
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still use a uniformly doped ‘drift 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 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 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
MOSFET is optimally integrated witha BIT ina monolithic
fashion, an IGBT results. The IGBT inherits the advantages
of both MOSFET and BIT. It also brings new challenges
because the required characteristics (electron transit and
hole recombination 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 similar 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. 3A 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 attempted to
improve refresh time in DRAMs (dynamic random-access
memories), as well as, reducing dark current {background
noise) and enhance RGI3 (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 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 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 (base);

FIGS. 3A, 3B, 3C, and 3D illustrate cross sections of
commonly used prior art CMOS silicon substrates: FIG. 3A
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 subse-
quently fabricated); FIG. 3B showing a prior art EEPROM
{Electronically  Erasable Programmable  Read-Only
Memory) memory cell having a tunnel insulator: FIG. 3C
showing a prior art DRAM memory cell; and FIG. 3D
showing a prior art NAND flash memory cell;

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

FIGS. 54, 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°%cm’, whereas the base
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region is 10'* to 10'%cm? depending on the desired char-
acteristics of the BJT. 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 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 emitter to collector. Since the aiding drift
electric field helps hole conduction, the current gain at a
given frequency is enhanced, relative to a uniformly-doped
(base) BJT. The improvement in cut-ofl frequency (or,
frequency at unity gain, f) can be as large as 2x-5x. Similar
performance improvements are also applicable to n-p-n
transistors.

As illustrated in I'IG5. 4, in one embodiment according to
the invention, 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 (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*
buffer region a number of advantages are obtained. First, the
frequency of operation (combination of t,, and tog as is
known in the IGBT commercial nomenclature) can be
enhanced. Second, and maybe more importantly, during g
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
laycr. 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 water to wafer bonding
(or other similar transfer mechanisms) for eventual device
fabrication. The “reverse recovery time” for an IGI3T is
significantly improved due to the optimized graded dopant
in the so called “drift region™ as well as at the interfaces of
the drift region. Graded dopants can also be 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-channel IGB3T, electrons can be swept from source to drain
rapidly, while at the same time holes can be recombined
closer to the n* buffer layer. This can improve t,,, and tpin
the same device.

As illustrated in FIGS. 5A, 5B. and 5C, donor gradient is
also of benefit to 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 ICs.
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
time 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 result of the
havoc caused by minority carriers. Pixel and color resolution
can be significantly enhanced in imaging ICs with the
embodiments described herein. Creating “subterranean”
recombination centers underneath 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 drift ficld to sweep these
unwanted minority carriers from 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 subterranean n-
layer has a graded donor concentration to sweep the rminor-
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. It can also be an cpitaxial 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 to accelerate majority
carriers towards the drain. lo decrease programming time in
nonvolatile memory devices, carriers should be accel erated
towards the surface when programming of memory cells is
executed. The graded dopant can also be used to fabricate
superior Junction Field-Effect transistors where the “channel
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 concepts taught herein can be customized
and tailored to a particular application in many adwvanta-
geous ways. For instance, minority carriers can be channeled
to the surface to aid programming in nonvolatile memory
devices (NOR, NAND. multivalued-cell). Moreover, single-
well, and triple-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
invention. 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 to
be construcd in a limiting scnsc. Various modifications of the
disclosed embodiments, as well as alternative embodiments
of the invention will become apparent to persons skilled in

5 the art upon 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 utilized as a basis for modifying or designing other
structures for carrying out the same purposcs 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 [all within the true
scope of the invention.

What is claimed is:

1. An electronic system. the system comprising:

at least one semiconductor device, the at least one semi-
conductor 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 with
a second 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 least one of the first active
region 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
conccentration to aid carrier movement from the 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 second
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-
strate where there are no active regions, wherein at
least some 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 is a p-type substrate.

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.

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-chan-
nel and n-channel devices.

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.

6. The system of claim 1, 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.

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

8. The system of claim 1, 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.

9. The system of claim 1, 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.

10. The system of claim 1, wherein dopants of the graded
dopant 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 concentration in the sccond 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 formed in the first and second active regions of the
at lecast onc scmiconductor device are CMOS digital logic
transistors requiring at least a source, a drain, a gate and a
channel.

14. The system of claim 1, wherein the at least one

semiconductor device is a dynamic random access memory 3

(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 system of claim 1, wherein the at least one
semiconductor device is a flash memory.

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

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

19. The system of claim 1, wherein the at least one
semiconductor device is an image sensor.
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20. The system of claim 1, wherein each of the first and
second active regions of the at least one semiconductor
device are in the lateral or vertical dircction.

21. An electronic system, comprising:

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

conductor 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 opposite in
conductivity to the first doping type and within
which transistors can be formed in the surface
thercof;,

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;

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

at lcast a portion of at lcast onc of the first and sccond
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

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 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.

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

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 substrate of the
at least one semiconductor device has epitaxial silicon on
top of a nonepitaxial substrate.

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.

26. The system of claim 21, wherein the first active region
and second active 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 has 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 claim 21, 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.

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

30. The system of claim 21. wherein dopants of the graded
dopant concentration in the second active region of the at
least one semiconductor device are both p-type and n-type.
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ASSIGNMENT

WHEREAS, G.R. MOHAN RAQ, an individeal, residing at 1611 Willingham Dvive,
Alfen, Texas 73813 ¢ Assignor™), hoas nvented certain new and uselol tnventions set forth on the
attached Exhibit & {oollectively, the “Inventions™), for which certain spplications for United
Stytes and foreign patents weve filed as set forth on Exhibit A {voliectively, the “Apphications” )
and from which rertain United States patents have issued as set fonth on Exhibit A {collectively,
the “Patents™): and

WHEREAS, GREENTHREAD, LLC, a Texas Limited Liabifyy Company, having &
Musiness address at 4544 Marrys Lane. Dallus, Texus 75229-3400 ("Assignee”) is desiraus of
acquiring the entive right, titte, and interest in and o the Applications and Patents aud any and al}
forelgn  counterparts,  divislons,  contimations, continuation-in-parts,  improverpents,
reekaminaticna, rolssues, extonsions, renswals, substitutes, provisional applivations, certifteates,
afl vights under the International Convention for the Protection of Industrial Property and
projongasions of the Applications and Faents.

Now, THEREBFORE, for other good and vidusble consideration, Assignor, by these

I

presenss does heveby irrevovably el aasign, and transfer unto Assigree, 1Y 3RCCOSRONS, AISIENS,
and fegs! reprosentatives the full and exclusive right and &

(@ the Applications and Patents in the United States and the entire right, title, and interest i
s 10 any and all jssued patents o patent apphoations which may be granted therefiw
sadfor therefmom in the United States, 1o all divisions, reissuvs,  substuutions,
continpatinns, continuations-vpart, ansd extensions of said Applications and Patents and
sy pending applicstions ar tssued putents that directly clatm or are amended to clatm
priveity to any of the Applications or Patenty;

Y el onses of sotlier (whether koowa ov unksown or whether carvently pending, filed ar
atherwise) and other enfeaecenient tights under sy on sovount of the Applications and
“atents, including withenst Hmitation all causes of action and other enfraceruent vights fur
damages, injunctive relief, and any other remeddies of any Kind for past, curvent and future
infringement; and

(&) al righis to collect royaities or other payrsents wder or on account of the Applications

’

and Patents and the foregeing subcategory (b,

Assignor hershy authorizes and requests the Comnissioner of Patents and Trademarks o e
sl patents for the Applications, or patents resulting therefrom, insalar a3 Assignor's interests ave
comeerned, 1o Assignee, of the entire eight, tite, and intorest fn and to the same, for its sole use
and benefit and for the gse and benefit of iy legal representatives, to the fulf end of the torm for
whiich said patests may be granted, as fully and eotively as the same wonid have been held hy the
Assignor had this assignnment not been made,

gasigns 10 Assignes, By succsesors, assigns and legal
o right, title, and interest in and fo the Inventions disclosed in

ter

Assignor also sells and
ropresensatives the full aud exelusty

PATENT ASSIGNMENT Pags 1 af ¢
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said Applications throughout the world, including the right to file applications and obwin
patents, anlity models, industrial models, snd designs for the inventions ju the Assignee’s own
name theoughouat the world, including all rights of priority, all rights o publish castionary
notices reserving vwnership of the inventions snd sl rights © register the fnventiom in
appropwiate registries, all foreign rights mising from pre~-grant publication of the Applicstions:
and Assignor further agrees to execute any snd alt powers of attomey, spplications, assignments,
devigrations, alTidavits, and any other papers in commection therewith necessary to perfect such
right, titte and interest in Assigoee, its successors, assigns and legal representatives.

Assignor further agrees (o communicate W Assignee, ity susoessers, assigns anding logal
reprosentatives, any known fadts vespecting sny improvements, and, at the expenss of Assignes,
1o testify in any legal proceedings, sigoe all lawfis! pupers, execute all divisions), contingation,
continuation-in-part, reissae and subatitise applicativns, sabke afl awdil onths, and genesa iy do
everylhing possible to vest title Is Assignee and 1w rid Assignee, s suceessors, assigns and legal
representstives to obtain and enforce proper protection for the Inventions in all countrics.

FNignarars Page to Follow}]
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United States Patent and Trademark Office
Home | Site Index | Search | Guides | Contacts | eBusiness | eBiz alerts | News |
Help

Electronic Patent Assignment System

Confirmation Receipt

Your assignment has been received by the USPTO.
The coversheet of the assignment is displayed below:

I PATENT ASSIGNMENT COVER SHEET

Electronic Version vl.1
Stylesheet Version v1.2

SUBMISSION TYPE: NEW ASSIGNMENT

NATURE OF CONVEYANCE: CONFIRMATORY ASSIGNMENT

CONVEYING PARTY DATA

[ Name [ Execution Date |
[VERVAIN, LLC 1103/07/2022 |

RECEIVING PARTY DATA

[Name: ||GREENTHREAD, LLC
[Street Address: [[4544 HARRYS LANE
City: ~ |IpALLAS
[State/Country: ~ |[TEXAS

[Postal Code:  [75229-5400

AEEE.

PROPERTY NUMBERS Total: 1

lﬁ Property Type [ Number
[Application Number: [17371839 ]

CORRESPONDENCE DATA

Fax Number: (972)628-3616
Phone: 9726283600

https://epas.uspto.gov/com/receipt.jsp?iname=PJ8SRE6WDRJ2-53747 3/7/2022
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Email: admin/@dalpat.com
Correspondence will be sent to the e-mail address first; if that is unsuccessful, it will be sent using a fax number, if
provided; if that is unsuccessful, it will be sent via US Mail.

Page 2 of 2

Correspondent Name: GREGORY M. HOWISON
Address Line 1: P.O. DRAWER 800889
|| Address Line 4: DALLAS, TEXAS 75380
ATTORNEY DOCKET
h NUMBER: GRTD60-35314
NAME OF SUBMITTER: GREGORY M. HOWISON
Signature: /Gregory M. Howison, Reg. #30646/
|l Date: 03/07/2022

Total Attachments: 2
source=GRT35314 Confirmatory Assignment exe#pagel .tif
source=GRT35314 Confirmatory Assignment exe#page2.tif

RECEIPT INFORMATION

EPAS ID: PAT7210634
Receipt Date: 03/07/2022

Return to home page

| .HOME | INDEX| SEARCH | eBUSINESS | CONTACT US | PRIVACY STATEMENT

https://epas.uspto.gov/com/receipt.jsp?iname=PJ8SRE6WDRIJ2-53747

3/7/2022



Electronic Version v1.1
Stylesheet Version v1.2

EPAS ID: PAT6827716

SUBMISSION TYPE: NEW ASSIGNMENT
NATURE OF CONVEYANCE: ASSIGNMENT
CONVEYING PARTY DATA
Name Execution Date
MR G.R. MOHAN RAO 09/09/2017
RECEIVING PARTY DATA
Name: GREENTHREAD, LLC
Street Address: 4544 HARRYS LANE
City: DALLAS
State/Country: TEXAS
Postal Code: 75229
PROPERTY NUMBERS Total: 1
Property Type Number
Application Number: 17371839

Fax Number:

Phone:
Email:

Address Line 1:
Address Line 2:
Address Line 4:

Correspondent Name:

CORRESPONDENCE DATA

(972)628-3616

Correspondence will be sent to the e-mail address first; if that is unsuccessful, it will be sent
using a fax numbet, if provided; if that is unsuccessful, it will be sent via US Mail.

9726283624
ipdocketing@munckwilson.com
GREGORY M HOWISON

12770 COIT RD STE 600 STE 660
STE 660

DALLAS, TEXAS 75251

NAME OF SUBMITTER: GREGORY HOWISON
SIGNATURE: /Gregory Howison - Reg# 30646/
DATE SIGNED: 07/22/2021

Total Attachments: 4

source=GRT34138RaotoGreenthreadASSMTEXE#page1.tif
source=GRT34138RaotoGreenthreadASSMTEXE#page?2.tif
source=GRT34138RaotoGreenthreadASSMTEXE#page3.tif
source=GRT34138RaotoGreenthreadASSMTEXE#page4.tif
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ASSIGNMENT

WHEREAS, GR. MOHAN RAQ, an individoal, residing at 1611 Willingham Dvive,
Alen, Texas 75013 " Assignor™), bas brvented certalin now and usefid inventions st Rurth on the
attached Exhildt A (collectively, the “Inventions™), for which certain spplicstions For United
States and fornign patents were filed ay set forth on Exhibit A {volfestively, the “Applications™,
aud frot which vertain United States prtents have ssueif as set forth on Exhibie A {eollectively,
the “Pateorgs™ ) and

WHEREAS, GREENTHREADR, LLC, & Toxws Limited Liability Company, having a
business sddress 1t 45344 Marrys Lane, Dallas, Toxas 732253400 (“Assignes™), is desirons of
acguiring the entire right, title, and interest inand to the Applications and Patents snd any and all
forelgn  counterparts,  divisions,  contimuations, contimuation-in-parts,  improverents,
reekaminations, rolssues, extenstons, renvwals, substitutey, provisional applications, certifieates,
all vights under the Intersational Convention for the Protecticm of Industrial Property and
projongations of the Applications and Pasents.

Now, THEREFORE, for other good snd viduable congsideration, Assignor, by these

presents does herehy frevocably selll assign, and transfer wnte Assiguee, Hs successors, assigns,
and fegad representativis the full and exclusive right inand &

{1} the Applications and Patents in the United States and the entire right, tite, and Interest in
sid 10 any and all issued patents or patent applications which may be granted therelisr
sndfor therefrom in the United Btates, 10 all divisions, reissees, substitutions.
corntinaations, continuations--part, and extessions of sad Applications and Patents and
say pending applications or bsuad pmtents that directly claim or are amended o olabw
privesty to any of the Applicativns or Patenty;

(%) all cxuses of setber (whether kaown ov uksown or whether carrently pending, fited ar
otherwise) and other enfiecement tights under or on sceount of the Applications and
Patenls, inchuding withowt Bmitation all causes of action and other enfraceniont rights fur
damages, ijunctive relief, and any other remedies of any Rind for past, current and future
infringoment; and

&) all rights to collect royalties or other payments ander o on aceownt of the Applications
and Patents and the furegeing subtategory (b

Assignor hersby authorizes and requests the Conunissioner of Patests snd Trademarks o ssue
all patents for the Applications, or patents resufiing therefrony, fnsofir s Assignor's interests gre
comoerned, 1o Assignee, of the entive right, tithe, and imnterest i and to the sane, for is sole use
sd benefit; and for the ase and benefit of Hs logal representatives, to the full cnd of the fenn for
which sakd patents may be gravted, as fully and eoteely a3 the same wonld have been held by the
Asstgnor had this assignmens not bess made,

Assignor alse sells and sssigns to Assignee. s sucosssors, assigns and fegal
representatives the full and exelusive right, title, and lnterest In and to the Inventions disclosed in

PATENT ASSIGNMENT Page 1 of 4
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said Applications throughout the world, fncluding the right to file ‘!pgﬁit‘iti(‘{}‘i and obtain
patents, utility models, industrial models, and designs for the ipventions iy the Assigie’s own
e t%smuvhmi the workl, including all rights of priority, all rights & p&‘bim cautionary
ROLICES rw,xmw\ mmcr\h fp of the inventions snd sl rights fo register the inventions in
appropetate registries, ail forelgn sights avising from pre-grant publication of the Apphications:

«
™ o

and Assignor further agress to execute any sad alf powers of attomey, spplications, assignments,

declarations, aifidavits, and any other papers in connection therewith necessary to perfest such
right, title and interest in Asaignee, its successors, Qssigns and logal representatives.

Assigror further agrees 1o comumanicate t© Assigne, s suscessers, assigne andinr fogal
pxt‘sem:‘ fres, any knowiy facts respecting any inmrovems m;\.z, ;\ﬁ\ a the expenee of Assignes,
o testify in any iegal }3!‘(&&.’\?&?!35\ sign all Jasfu! papers, cxecnte all divisional, continustion,
wms maatica-in-part, refssee and sub stituse applications, make afl %;m'sui ouths, sad genevally do
everyihing possible to vest tithe In Assignee and 1o aid Assignee, Its supcessors, assigns ad fegal

representatives (o obtain aml Nuof. proper protection fir the Inventions in all countries.

IStgnarure Page o Follow]
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Stylesheet Version v1.2

EPAS ID: PAT6827495

SUBMISSION TYPE: NEW ASSIGNMENT
NATURE OF CONVEYANCE: ASSIGNMENT
CONVEYING PARTY DATA
Name Execution Date
GREENTHREAD, LLC 08/19/2019
RECEIVING PARTY DATA
Name: VERVAIN, LLC
Street Address: 724 MASON DELLS DRIVE
City: DALLAS
State/Country: TEXAS
Postal Code: 75230
PROPERTY NUMBERS Total: 1
Property Type Number
Application Number: 17371839

CORRESPONDENCE DATA
Fax Number:

Phone:

Email:

Correspondent Name:
Address Line 1:
Address Line 2:
Address Line 4:

(972)628-3616

972-628-3624
ipdocketing@munckwilson.com
GREGORY HOWISON

12770 COIT ROAD SUITE 660
SUITE 660

DALLAS, TEXAS 75251

Correspondence will be sent to the e-mail address first; if that is unsuccessful, it will be sent
using a fax number, if provided; if that is unsuccessful, it will be sent via US Mail.

NAME OF SUBMITTER: GREGORY HOWISON
SIGNATURE: /Gregory Howison - Reg# 30646/
DATE SIGNED: 07/22/2021

Total Attachments: 2

source=20200527CorrectedAssignment#page1.tif
source=20200527CorrectedAssignment#page?2.tif
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ASSIGNOR ASSIGNEE

Greenthread, LLC Vervain, LLC

Philip W. John, Jr. Manager Philip W. John, Jr., Member
6307 Bandera Ave, Apt B 7424 Mason Dells Drive
Dallas, Texas 75225-3617 Dallas, Texas 75230-3244
Email: jobufdursenthieadlie com Email: johnd@vervainiic son

ASSIGNMENT AGREEMENT

This Assignment Agreement (“Assignment™) is entered into by and between Vervain,
LLC. a Texas limited liability company, hereinafter referred 10 as “Assignee,” and Greenthuread.
LLC. a Texas limited liability company, hereinafter referred to as “Assignor.” and shall become
effective upon being duly signed by the authorized representative of Assignor (“Effective Date™).

RECITALS:
Assignor and Assignee are entering into a Patent Assignment Agreement (the

“Agreement’).
Pursuant to the Agreement, 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: e & E
61/509,257 Fia '
1. U.S. Provisional Application Nurber £H500-256. entitled, “Lifetime

Mixed Level Nand Flash System,” filed on July 19.2011;

i~

US. Patent Number 8.891.298. entitled. “Lifetime Mixed Level Non-
Volatile Memory System,” filed on April 25, 2012, and issued on
November 18, 2014,

[PA]

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

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

4, U.S. Patent Number 9,997,240, eutitled, “Lifetime Mixed Level Non-
Volatile Memory System.” filed on November 24, 2015, and issued on
June 12,2018, and

5. U.S. Patent Application Number 16/006,299. entitled, “Lifetime Mixed
Level Non-Volatile Memery Sysiem,” 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:

PATENT
REEL: 056949 FRAME: 0014
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ASSIGNMENT:
1. Assignor hereby assigns to Assignee its entire worldwide right, title and interest in and to

Assignor’s Patent, including the entire worldwide right, title and interest in and to any
reexamination ot reissue of the Patent. This includes. without limitation, Assignor’s right
to prosecute, and receive, all damages, royalties, awards and compensation for pas,
present and/or future infringement.

(28]

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

i Execute all 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.

[V

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

4. Assignor hereby represents and warrants that Assignor bas 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.

Greenthread, LLC (Assignor)

Philip W. John, Jr. Manager
AF 2 g B i

Plabear >l o

LI )
L Merflaa, det
7

Signature:
Printed Name: Philip W. John, Jr.
Date: August ¥, 2019

PATENT
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GRTD60-35314 PATENT
CONFIRMATORY ASSIGNMENT

Whereas, VERVAIN, LLC, a Texas limited liability company, located at 724 Mason Dells
Drive, Dallas, Texas 75230 (“Assignor”), hereby confirms that it has zero right, title and interest
in and to the currently pending application entitled, SEMICONDUCTOR DEVICES WITH
GRADED DOPANT REGIONS (the “Invention”), for which United States Patent Application
was filed on July 9, 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 error 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 Application, 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, applications, 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.
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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 to them by the United States Patent and
Trademark Office.

VERVAIN, LLC

o M0 5 f

Name: /Az(),;‘( 63 YJQ‘;N Je
Title: _pf pAlaREL2-
Date: ;3,17’/2'022
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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 Products. All of the below exemplar product
categories were identified by MPS at https://www.monolithicpower.com/en/products.html

MPS Accused Product Categories/Types

1. | Switching converters and controllers
2. | Multi-phase controllers

3. | Power management integrated circuits
4. | USB switches

5. | Load switches

6. | MOFSET drivers

7. | Isolated gate drivers

8. | Digital isolators

9. | Isolated DC/DC converters

10. [ Power modules

1. | Battery chargers and monitors
12. | Fuel gauges

13. | Stepper motor drivers

14. | Brushless DC pre-drivers

15. | Brushless DC motor controllers
16. | Brushed DC drivers

17. | Fan drivers

18. | Backlight drivers

19. [ Audio drivers

20. | Analog-to-digital converters
21. | Angular position sensors

22. | Current sensors
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