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I, Sanjay Kumar Banerjee, declare as follows: 

I. INTRODUCTION 

1. My name is Dr. Sanjay Kumar Banerjee. I have been asked to submit 

this declaration on behalf of Taiwan Semiconductor Manufacturing Company 

Limited (“TSMC” or “Petitioner”) for a petition for inter partes review of U.S. 

Patent No. 6,538,324 (“the ’324 patent”), which I understand is being submitted to 

the Patent Trial and Appeal Board of the United States Patent and Trademark 

Office by TSMC. I have been told that the ’324 patent is owned by Godo Kaisha IP 

Bridge 1. 

2. I have been retained as a technical expert by TSMC to study and 

provide my opinions on the technology claimed in, and the patentability or non-

patentability of, claims 1-3, 5-7, and 9 in the ’324 patent (“Challenged Claims”). I 

have also been asked to provide my opinions regarding the level of ordinary skill 

in the art at the time the Japanese priority application of the U.S. application 

leading to the ’324 patent was filed, which I have been told was June 24, 1999.   

II. SUMMARY OF OPINIONS 

3. Based on my experience, knowledge of the art at the relevant time, 

analysis of prior art references, and the understanding a person of ordinary skill in 

the art would give to the claim terms in light of the specification, it is my opinion 
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that all of the Challenged Claims of the ’324 patent are unpatentable as being 

obvious over the prior art references I discuss below. 

III. BACKGROUND AND QUALIFICATIONS 

A. Background 

4. I am currently the Cockrell Family Chair Professor of Electrical and 

Computer Engineering at the University of Texas at Austin.  At UT Austin, I am 

also the director of the Microelectronics Research Center.  I have been a faculty 

member at UT Austin since 1987. 

5. I have also been active in industries related to the relevant field of 

semiconductor processing for integrated circuits. As a Member of the Technical 

Staff, Corporate Research, Development and Engineering of Texas Instruments 

Incorporated from 1983–1987, I worked on polysilicon transistors and dynamic 

random access trench memory cells used by Texas Instruments in the world’s first 

4-Megabit DRAM, for which I was co-recipient of the Best Paper Award, IEEE 

International Solid State Circuits Conference, 1986. 

6. I received a B.Tech from the Indian Institute of Technology, 

Kharagpur, an M.S. and Ph.D. from the University of Illinois at Urbana-

Champaign, all in Electrical Engineering.  

7. I am a leading researcher and educator in various areas of transistor 

device fabrication technology, including the fabrication, characterization and 
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applications of memory devices, transistors, and nanotechnology.  My research has 

been funded by the Texas Advanced Technology Program (ATP), the Texas 

Higher Education Coordinating Board, the National Science Foundation, the 

SEMATECH (Semiconductor Manufacturing Technology) consortium, the SRC 

(Semiconductor Research Corporation) consortium, DARPA, and the Department 

of Energy, among others. 

8. At the University of Texas, I am the director of the Microelectronics 

Research Center, comprised of faculty colleagues, graduate, and undergraduate 

students. I also serve as the director of the South West Academy of 

Nanoelectronics, one of three centers in the United States to develop a replacement 

for MOSFETs. 

9. I have published over 1,000 technical articles; many related to 

semiconductor fabrication technology, most at highly competitive refereed 

conferences and rigorously reviewed journals.  I have also published 8 books or 

chapters on transistor device physics and fabrication, and have supervised over 50 

Ph.D. and 60 MS students. 

10. I have been a member of scientific organizations and committees, 

including the IEEE Dan Noble Award Committee from 2010–2013, serving as 

Chair from 2012–2013, the International Technology Roadmap for 

Semiconductors, the International Conference on MEMS (Microelectromechanical 
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Systems) and Nanotechnology, the IEEE International Conference on 

Communications, Computers, Devices, the International Electron Devices 

Meeting, the International Conference on Simulation of Semiconductor Processes 

and Devices, and the IEEE Symposium on VLSI (Very-Large-Scale Integration) 

Technology.  

11. I have served as the Session Chair for the “Device Technology” 

Session conducted at the IEEE International Electron Devices Meeting in 1989–

1990.  I have also served as the General Chairman for the IEEE University 

Government Industry Microelectronics Symposium in 1994–1995, and Chair of the 

IEEE Device Research Conference. 

12. I have served on the Technical Advisory Boards of AstroWatt, DSM 

Semiconductors, Cambrios, Nanocoolers Inc., BeSang Memories, Organic ID and 

ITU Ventures; Gerson Lehmann Group, NY; Austin Community College; Asia 

Pacific IIT; Rochester Institute of Technology, and HSMC Foundry. 

13. I received the Engineering Foundation Advisory Council Halliburton 

Award (1991), the Texas Atomic Energy Fellowship (1990–1997), Cullen 

Professorship (1997–2001) and the Hocott Research Award from UT Austin 

(2007).  I also received the IEEE Grove Award (2014), Distinguished Alumnus 

Award, IIT (2005), Industrial R&D 100 Award (2004), ECS Callinan Award, 
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2003, IEEE Millennium Medal, 2000, NSF Presidential Young Investigator Award 

in 1988, and several SRC Inventor Recognition and Best Paper Awards. 

14. I was a Distinguished Lecturer for IEEE Electron Devices Society, 

and am a Fellow of the Institute of the Electrical and Electronics Engineers (IEEE), 

the American Physical Society (APS) and the American Association for the 

Advancement of Science (AAAS). 

15. I am the inventor or co-inventor of over 30 United States patents in 

various areas of transistor device fabrication technology. 

16. Additional details about my employment history, fields of expertise, 

and publications are further included in my curriculum vitae (attached as Appendix 

A). 

B. Previous Expert Witness Experience 

17. I have served as an expert witness since the mid 1990’s. In the last ten 

years or so, I have testified at the ITC three times, and the Northern District of 

California once. In addition, I have been deposed six times on patents related to 

CMOS and semiconductor memories such as flash and DRAMs. Several of these 

have been in IPR cases. 

C. Compensation 

18. I am being compensated for services provided in this matter at my 

usual and customary rate of $500 per hour plus travel expenses.  My compensation 
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is not conditioned on the conclusions I reach as a result of my analysis or on the 

outcome of this matter.  Similarly, my compensation is not dependent upon and in 

no way affects the substance of my statements in this declaration. 

19. I have no financial interest in Petitioner or any of its subsidiaries.  I 

also do not have any financial interest in Godo Kaisha IP Bridge 1. I do not have 

any financial interest in the ’324 patent and have not had any contact with any of 

the named inventors of the ’324 patent (Masayoshi Tagami and Yoshihiro 

Hayashi). 

IV. MATERIALS REVIEWED 

20. In forming my opinions, I have reviewed the following materials:  

 

Exhibit 1001: U.S. Patent No. 6,538,324 to Tagami et al. 

Exhibit 1002: File History of U.S. Patent No. 6,538,324 to Tagami et al. 

Exhibit 1004: U.S. Patent No. 5,893,752 to Zhang et al. 

Exhibit 1005: U.S. Patent No. 6,887,353 to Ding et al. 

Exhibit 1006: Holloway et al., “Tantalum as a diffusion barrier between 
copper and silicon: Failure mechanism and effect of 
nitrogen additions,” Journal of Applied Physics, 71(11), 
5433-5444 (1992). 

Exhibit 1007: Sun et al., “Properties of reactively sputter-deposited Ta-
N thin films,” Thin Solid Films, 236 (1993) 347-351. 

Exhibit 1008: U.S. Patent No. 5,858,873 to Vitkavage et al. 

Exhibit 1009: U.S. Patent No. 5,668,411 to Hong et al. 
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Exhibit 1010: Excerpt of El-Kareh, “Fundamentals of Semiconductor 
Processing Technologies,” Kluwer Academic Publishers 
(1995). 

Exhibit 1015: Stavrev et al., “Crystallographic and morphological 
characterization of reactively sputtered Ta, Ta-N and Ta-
N-O thin films,” Thin Solid Films, 307 (1997) 79-88. 

Exhibit 1017: Duan et al., “Magnetic Property and Microstructure 
Dependence of CoCrTa/Cr Media on Substrate 
Temperature and Bias,” IEEE Transactions on Magnetics, 
Vol. 28, No. 5, September 1992. 

Exhibit 1019: Moussavi et al., “Comparison of Barrier Materials and 
Deposition Processes for Copper Integration,” 
Proceedings of the IEEE 1998 International Interconnect 
Technology Conference, pp. 295-97 (1998). 

Exhibit 1021: Wijekoon et al., “Development of a Production Worthy 
Copper CMP Process,” 1998 IEEE/SEMI Advanced 
Semiconductor Manufacturing Conference, pp. 354-63 
(1998). 

Exhibit 1023: Wang et al., “Barrier Properties of Very Thin Ta and 
TaN layers Against Copper Diffusion,” J. Electrochem. 
Soc., Vol. 145, No. 7, pp. 2538-45. 

V. LEGAL STANDARDS 

21. I am not an attorney and have not been asked to offer my opinion on 

the law.  However, as an expert offering an opinion on whether the claims in the 

’324 patent are patentable, I understand that I am obliged to follow existing law.  I 

have been told the following legal principles apply to analysis of patentability 
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pursuant to 35 U.S.C. §§ 102 and 103 as those statutes existed prior to the changes 

of the America Invents Act.1 

22. I also have been told that, in an inter partes review proceeding, patent 

claims may be deemed unpatentable if it is shown by preponderance of the 

evidence that they were anticipated and/or rendered obvious by one or more prior 

art patents or publications. 

A. Anticipation 

23. I have been told that for a claim to be anticipated under pre-AIA 35 

U.S.C. § 102, every limitation of the claimed invention must be found in a single 

prior art reference. I have been asked to assume each of Exhibits 1004-1010, 1015, 

1017, 1019, 1021, and 1023 qualifies as prior art to the Challenged Claims of the 

324 patent. 

24. I have been told that a claim is unpatentable as anticipated under pre-

AIA § 102(a) if the claimed invention was “known or used by others in this 

country, or patented or described in a printed publication in this or another country, 

before the invention thereof by the applicant for patent.” 

                                           
1 I was told Congress changed U.S. patent law in the American Invents Act, 

Pub. L. No. 112-29, 125 Stat. 284 (2011) (“AIA”).  I was also told that the ’324 

patent is governed by statutes as they existed prior to the enactment of the AIA. 
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25. I understand that a claim is unpatentable as anticipated under pre-AIA 

§ 102(b) if the claimed invention was “patented or described in a printed 

publication in this or a foreign country or in public use or on sale in this country, 

more than one year prior to the date of the application for patent in the United 

States.” 

26. I also understand that a claim is unpatentable as anticipated under pre-

AIA § 102(e) if “the invention was described in (1) an application for patent, 

published under section 122(b), by another filed in the United States before the 

invention by the applicant for patent or (2) a patent granted on an application for 

patent by another filed in the United States before the invention by the applicant 

for patent, except that an international application filed under the treaty defined in 

section 351(a) shall have the effects for the purposes of this subsection of an 

application filed in the United States only if the international application 

designated the United States and was published under Article 21(2) of such treaty 

in the English language.” 

B. Obviousness 

27. I have been told that under pre-AIA 35 U.S.C. § 103(a), “[a] patent 

may not be obtained although the invention is not identically disclosed or 

described as set forth in section 102, if the differences between the subject matter 

sought to be patented and the prior art are such that the subject matter as a whole 
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would have been obvious at the time the invention was made to a person having 

ordinary skill in the art to which said subject matter pertains.  Patentability shall 

not be negatived by the manner in which the invention was made.”   

28. When considering the issues of obviousness under pre-AIA § 103, I 

have been told that I am to do the following: 

a. Determine the scope and content of the prior art; 

b. Ascertain the differences between the prior art and the claims at 
issue; 

c. Resolve the level of ordinary skill in the pertinent art; and 

d. Consider evidence of secondary indicia of non-obviousness (if 
available).   

29. I have been told that the relevant time for considering whether a claim 

would have been obvious to a person of ordinary skill in the art under pre-AIA 

§ 103 is the time of alleged invention. 

30. I have been told that obviousness is a determination of law based on 

underlying determinations of fact.  I have been told that these factual 

determinations include the scope and content of the prior art, the level of ordinary 

skill in the art, the differences between the claimed invention and the prior art, and 

secondary considerations of non-obviousness. 

31. With respect to secondary indicia of non-obviousness, I have been 

told that such evidence may include the following: 
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a. Commercial success: I have been told that a strong showing of 
commercial success that can be attributed to the merits of the 
invention should be considered an indication of non-obviousness. 

b. Copying: I have been told that evidence that if others have copied the 
patented invention, as opposed to a prior art device, which is an 
indication of non-obviousness. 

c. Long-standing problem or need: I have been told that evidence of a 
persistent problem or need in the art that was resolved by the patented 
invention is an indication of non-obviousness. 

d. Prior failure: I have been told that evidence that others have tried and 
failed to solve the problem is an indication of non-obviousness. 

e. Commercial acquiescence of competitors: I have been told that the 
willingness of industry to license the patent at issue is an indication of 
non-obviousness, though consideration must be given to 
distinguishing respect for the invention from a desire to avoid 
litigation. 

f. Skepticism: I have been told that evidence that those of ordinary skill 
were skeptical as to the merits of the invention, or even taught away 
from the invention, are indications of non-obviousness. 

g. Independent development: I have been told that evidence that others 
developed the claimed invention about the same time is an indication 
of obviousness.  In contrast, I also have been told that failure to do so 
is an indication of non-obviousness. 

 
i. Unexpected results: I have been told that evidence that those of 

ordinary skill in the art were surprised by the capabilities of the 
claimed invention is an indication of non-obviousness. 

32. I have been told that any assertion of the above secondary indicia 

must be accompanied by a nexus between the merits of the invention and the 

evidence offered. 
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33. I have been told that a reference may be combined with other 

references to disclose each element of the invention under pre-AIA § 103.  I have 

been told that a reference may also be combined with the knowledge of a person of 

ordinary skill in the art and that this knowledge may be used to combine multiple 

references.  I have also been told that a person of ordinary skill in the art is 

presumed to know the relevant prior art.  I have been told that the obviousness 

analysis may take into account the inferences and creative steps that a person of 

ordinary skill in the art would employ. 

34. In determining whether a prior art reference could have been 

combined with another prior art reference or other information known to a person 

having ordinary skill in the art, I have been told that the following principles may 

be considered: 

a. A combination of familiar elements according to known methods is 

likely to be obvious if it yields predictable results; 

b. The substitution of one known element for another is likely to be 

obvious if it yields predictable results; 

c. The use of a known technique to improve similar items or methods in 

the same way is likely to be obvious if it yields predictable results; 

d. The application of a known technique to a prior art reference that is 

ready for improvement, to yield predictable results; 
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e. Any need or problem known in the field and addressed by the 

reference can provide a reason for combining the elements in the 

manner claimed; 

f. A person of ordinary skill often will be able to fit the teachings of 

multiple references together like a puzzle; and 

g. The proper analysis of obviousness requires a determination of 

whether a person of ordinary skill in the art would have a “reasonable 

expectation of success”—not “absolute predictability” of success—in 

achieving the claimed invention by combining prior art references. 

35. I have been told that whether a prior art reference renders a patent 

claim unpatentable as obvious is determined from the perspective of a person of 

ordinary skill in the art.  I have been told that, while there is no requirement that 

the prior art contain an express suggestion to combine known elements to achieve 

the claimed invention, a suggestion to combine known elements to achieve the 

claimed invention may come from the prior art as a whole or individually, as 

filtered through the knowledge of one skilled in the art.  In addition, I have been 

told that the inferences and creative steps a person of ordinary skill in the art would 

employ are also relevant to the determination of obviousness. 

36. I have been told that, when a work is available in one field, design 

alternatives and other market forces can prompt variations of it, either in the same 
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field or in another.  I have been told that if a person of ordinary skill in the art can 

implement a predictable variation and would see the benefit of doing so, that 

variation is likely to be obvious.  I have been told that, in many fields, there may 

be little discussion of obvious combinations, and in these fields market demand—

not scientific literature—may drive design trends.  I have been told that, when 

there is a design need or market pressure and there are a finite number of 

predictable solutions, a person of ordinary skill in the art has good reason to pursue 

those known options. 

37. I have been told that there is no rigid rule that a reference or 

combination of references must contain a “teaching, suggestion, or motivation” to 

combine references.  But I also have been told that the “teaching, suggestion, or 

motivation” test can be a useful guide in establishing a rationale for combining 

elements of the prior art.  I have been told that this test poses the question as to 

whether there is an express or implied teaching, suggestion, or motivation to 

combine prior art elements in a way that realizes the claimed invention, and that it 

seeks to counter impermissible hindsight analysis. 

VI. TECHNOLOGICAL BACKGROUND 

38. U.S. Patent No. 6,538,324 (Ex. 1001) addresses problems relating to 

diffusion barriers for use with copper interconnects that were heavily investigated 

in the 1990s because their solutions were necessary to scale semiconductor devices 
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to smaller sizes. See, e.g., Ex. 1001, 1:13-19. As I discuss below, the ’324 patent’s 

solution had been taught in prior art. In my opinion, it was at best merely an 

obvious combination of existing technology used to solve the same problem.  

39. As background, semiconductor devices, such as transistors, are 

typically formed using layers of material deposited on a semiconductor substrate, 

such as silicon. Once formed, the semiconductor devices include electrical 

terminals that are interconnected by one or more metal wiring layers to form 

specific circuitry, for example, in a processor. A metal wiring layer is often 

deposited over an interlayer insulating layer, such as silicon dioxide, which 

separates the metal wiring layer from underlying layers of the semiconductor 

devices (such as MOSFETs). 

40. To my knowledge, at the time the ’324 patent was filed, those of 

ordinary skill in the art knew that copper was a desirable metal for the wiring layer 

as devices became smaller in size, since copper provided lower electrical resistivity 

relative to aluminum. As MOSFETs got smaller and faster, the interconnect delays 

became more and more important as a fraction of the overall delay; thus copper 

started supplanting the older aluminum based interconnect technology in silicon 

microelectronics. Ex. 1001, 1:13-19. But it was also known that “it is absolutely 

necessary for a semiconductor device having a copper wiring layer to have a 

diffusion-barrier film for preventing diffusion of copper into an interlayer 
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insulating film formed between copper wiring layers.” Id., 1:26-30. It is also 

important to prevent diffusion of copper into the silicon substrate where it can 

create electrical defects which degrade MOSFET performance. Diffusion occurs 

when atoms or molecules migrate from an area of higher concentration into an area 

of lower concentration. Thus, I understand that the problem in the ’324 patent 

concerned blocking the movement of copper from a wiring layer having a high 

concentration of copper into an underlying insulating layer and semiconductor 

devices. See id., 1:22-25 (explaining that copper has a high diffusion rate in silicon 

and silicon dioxide, and if copper were to diffuse into a MOSFET formed on a 

silicon substrate, it would induce a reduction in carrier lifetime in such a device, 

and thus increase leakage current in MOSFETs and other devices). 

41. The ’324 patent specification further explains it was known that the 

diffusion barrier not only must prevent copper from diffusing out of the wiring 

layer into underlying layers and devices, but also must provide good adhesion to 

the copper wiring layer. Id., 2:13-15 (“As will be obvious to those skilled in the art, 

the diffusion-barrier film is required to have high coverage as well as capability of 

preventing copper diffusion and adhesion to copper.”); see also id., 1:30-33. The 

specification acknowledges that several known copper-diffusion barrier films 

existed at the time of the alleged invention. Id., 2:21-54, 7:52-57, FIGS. 1-3.  
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42. The purported invention is a two-layer diffusion barrier to prevent 

copper diffusion and provide good adhesion to a copper wiring layer and the 

interlayer insulating film.2  The bottom layer in the diffusion barrier is an 

amorphous metal nitride to prevent copper diffusion. See, e.g., id., Abstract, 9:50-

52, 18:22-24. The top layer is a crystalline metal that contains nitrogen to provide 

good adhesion to a copper wiring layer. See, e.g., id., Abstract, 9:49-50, 18:24-26. 

The claims require the crystalline layer of the diffusion barrier to contain less 

nitrogen than the amorphous layer. Id., 19:2-3.  

43. In my opinion, the two-layer diffusion barrier, combining known 

crystalline and amorphous barrier layers, disclosed and claimed in the ’324 patent 

was not new and non-obvious. As shown, for example, in FIG. 1 of the patent, 

two-layer diffusion barriers for preventing copper diffusion were already known in 

the art. Id., 7:51-52. It was also known that a crystalline film could provide good 

adhesion to a copper wiring layer, although it exhibited a “low barrier 

characteristic of preventing copper diffusion.” Id., 3:1-4, 3:14-19. And it was 

                                           
2 The ’324 patent’s specification and claims refer to a barrier “film” (i.e., thin film) 

having a multi-layered structure of first and second films. In this context, the words 

“layer” and “film” are used interchangeably. 
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known that amorphous (non-crystalline) films provide a better barrier to copper 

diffusion, though they do not adhere as well to copper. Id., 3:21-33.  

44. In my opinion, others in the field had already put these pieces together 

to devise two-layer diffusion barriers with a crystalline layer for its known 

characteristics of providing good adhesion to copper, and an amorphous layer for 

its known property of preventing copper diffusion into underlying semiconductor 

devices, e.g., incorporating the prior-art films in FIGS. 2 and 3 into the barrier 

structure in FIG. 1. And more particularly, others had already made two-layer 

diffusion barriers using a crystalline layer for providing good adhesion to copper 

and an amorphous layer for preventing copper diffusion. They had also described 

such two-layer diffusion barriers in which the amorphous layer was tantalum 

nitride (TaNx) and the crystalline layer was a tantalum (Ta) metal containing 

nitrogen. For example: 

• U.S. Patent No. 5,893,752 (“Zhang”, Ex. 1004) discloses a two-layer 

diffusion barrier having a bottom TaNx layer for preventing copper 

diffusion and a top “tantalum-rich nitride film [that] is substantially 

pure tantalum” for providing good adherence to a copper wiring layer. 
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Ex. 1004, Abstract, 2:29-40, 3:22-67, FIG. 8 (multi-layer diffusion 

barrier 22 and 32, copper wiring layer 54 and 64)3, FIG. 4. 

• U.S. Patent No. 6,887,353 (“Ding”, Ex. 1005), directed to the same 

problem as the ’324 patent and Zhang, teaches that the TaNx layer in 

Zhang would be an amorphous layer and the adjacent layer of 

tantalum-rich nitride film would be crystalline. Ex. 1005, Abstract, 

3:33-38, 7:66-8:4. 

• Other prior art also discuss properties of Ta-based diffusion barriers at 

different nitrogen contents for preventing copper diffusion. For 

example, Sun et al., “Properties of reactively sputter-deposited Ta-N 

thin films,” Thin Solid Films, vol. 236, nos. 1-2, pages 347-351 

(1993) (“Sun”, Ex. 1007) discloses that “In substantial atomic 

concentrations, nitrogen can also promote the formation of amorphous 

metallic alloys with most early transition metals,” such as Ta, and the 

resulting amorphous films exhibit an “absence of fast diffusion paths” 

as compared with polycrystalline films. Ex. 1007 at 9. 

                                           
3 Zhang teaches the copper seed film 54 and copper wiring film 64 may be 

replaced with a single copper film. Ex. 1004, 5:35-38. 
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A. Diffusion Barrier Basics 

45. To my knowledge, copper had been widely used as interconnect 

material in semiconductor devices due to its improved properties over aluminum, 

such as smaller resistivity.  See, e.g., Ex. 1005, 1:15-23 (“[c]opper offers a 

significant improvement over aluminum as a contact and interconnect material.  

For example, the resistivity of copper is about 1.67 µΩcm, which is only about half 

of the resistivity of aluminum”). However, it had been recognized that “copper 

diffuses rapidly into adjacent layers of SiO2 and silicon and needs to be 

encapsulated.” Id., 1:60-62. To prevent copper diffusion, “[a]ttempts have been 

made to use tantalum and tantalum related compounds . . . as a barrier/adhesion 

film for a copper interconnect.” Ex. 1004, 1:27-31. To my knowledge, various 

tantalum-based materials had been studied for using in copper diffusion barriers. 

See, e.g., Ex. 1006; Ex. 1007. 

46. A tantalum-based barrier can have no nitrogen (Ta), have more 

tantalum than nitrogen (nitrogen-alloyed Ta or tantalum-rich tantalum nitride), 

have about the same amount of tantalum and nitrogen (stoichiometric composition 

TaN), or have more nitrogen than tantalum.  For example, Zhang discloses a 

tantalum nitride “close to the stoichiometric composition (TaN)” for using in 

diffusion barriers.  Ex. 1004, 3:39-41.  Stoichiometric composition describes the 

amounts of substances that are involved in reactions to form a compound, which is 
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usually a thermodynamically stable compound.  For tantalum nitride, the 

stoichiometric composition is TaN, with a Ta-to-N stoichiometric ratio of 1:1, 

which can also be referred to as tantalum mononitride. Under some deposition 

conditions such as sputtering at low substrate temperatures, it is possible to form 

sub-stoichiometric TaNx materials, where x is less than 1. 

47. I believe that a person of ordinary skill in the art (“POSITA”) as of the 

filing date of the ʼ324 patent would have recognized that tantalum-based materials 

may have certain problems when used as copper diffusion barriers. For example, 

tantalum nitride, although a good diffusion barrier (see, e.g., Ex. 1005, 3:27-29, 

“tantalum nitride (TaNx) is a better barrier layer for copper than tantalum (Ta)”), 

may exhibit other issues such as poor adhesion or wetting with the adjacent copper 

layer, or not providing the copper layer with desired electromigration 

characteristics. See, e.g., Ex. 1004, 1:33-34 (“tantalum nitride has adhesion 

problems with some types of copper films”); Ex. 1005, 8:5-7 (“a higher 

temperature is required to dewet/delaminate a depositing copper layer from a Ta 

surface than from a TaNx surface,” i.e., copper layer is easier to dewet/delaminate 

from the TaNx surface), 3:29-32 (“copper deposited directly over TaNx does not 

exhibit a sufficiently high degree of <111> crystal orientation to provide the 

desired copper electromigration characteristics”).  
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48. “Adhesion” is used to describe the strength of the bonding between 

two layers. “Wetting” is the ability of a depositing material to form an interface 

with a surface onto which the material is deposited, and is therefore also a term 

indicative of strength of the adhesion between layers. A POSITA, as of the filing 

date of the ʼ324 patent, would have known that better wetting between the two 

layers generally leads to better adhesion.  

49. As explained in Ding, a POSITA would have understood that 

electromigration refers to “motion of the atoms [in a] thin film conductor” induced 

by “the application of direct current over particular current density ranges.” This 

“is said to induce crack or void formation in the conductor which, over a period of 

time, can result in conductor failure,” which can “severely limit[s] the reliability of 

the circuit.” Id., 2:10-20. 

50. A POSITA would also have recognized that a material can be in 

different states, such as a crystalline state or an amorphous state. A crystalline state 

includes a single crystalline state, in which atoms of the material are stacked in a 

periodic pattern throughout the material; and a polycrystalline state, in which the 

material contains many small crystals (also referred to as “grains,” separated by 

grain boundaries along which atoms can diffuse quickly). See, e.g., Ex. 1010, 8. On 

the other hand, an amorphous material is noncrystalline and lacks long-range or 
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short-range order, i.e., the atoms are not arranged in a periodic arrangement. See, 

e.g., id., 9. 

51. A crystalline material can be described in terms of a periodic lattice 

with certain crystalline orientations. See, e.g., id., 9-10. Different crystalline 

materials may have different arrangements of atoms and different orientation 

directions, which can be indicated by an index system referred to as Miller indices. 

See, e.g., id., 11. In this index system, indices in angle brackets, such as <002> and 

<111> mentioned in Ding (Ex. 1005, 8:1-4), represent a set of equivalent directions 

in the crystalline material. Ex. 1010, 11-12. In contrast, an amorphous material 

does not exhibit any crystalline orientations since the atoms in the amorphous 

material are randomly arranged. 

VII. THE ’324 PATENT  

A. Claims of the ’324 Patent 

52. I understand that the patent contains 10 claims. Claim 1 and its 

dependent claims 2-4 recite a barrier film preventing diffusion of copper from a 

copper wiring layer formed on a semiconductor substrate. I also understand that 

Claim 5 and its dependent claims 6-10 recite a multi-layered wiring structure 

comprising the barrier film in claim 1.  
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53. For simplicity, I will refer to elements of the claims using separate 

reference numbers for each claim element. For example, I will refer to the elements 

of claim 1, which is representative of the independent claims, as follows: 

[1.0] A barrier film preventing diffusion of copper from a copper wiring 

layer formed on a semiconductor substrate, comprising a multi-layered structure of 

first and second films: 

[1.1] said first film being composed of crystalline metal containing nitrogen 

therein, 

[1.2] said second film being composed of amorphous metal nitride, 

[1.3] said barrier film being constituted of common metal atomic species, 

[1.4] said first film being formed on said second film, 

[1.5] said first film in direct contact with said second film, 

[1.6] said first film containing nitrogen in a smaller content than that of said 

second film. 

54. I will refer to the claim elements of claim 5 as follows:  

[5.0] A multi-layered wiring structure comprising a barrier film which 

prevents diffusion of copper from a copper wiring layer formed on a 

semiconductor substrate, 

[5.1] said barrier film having a multi-layered structure of first and second 

films, 
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[5.2] said first film being composed of crystalline metal containing nitrogen 

therein, 

[5.3] said second film being composed of amorphous metal nitride, 

[5.4] said barrier film being constituted of common metal atomic species, 

[5.5] said first film being formed on said second film, 

[5.6] said first film in direct contact with said second film, 

[5.7] said first film containing nitrogen in a smaller content than that of said 

second film. 

55. I note that Claim elements [5.2]-[5.7] are identical to elements [1.1]-

[1.6] of claim 1.  

56. I understand from the prosecution history of the ʼ324 patent that the 

PTO explained that a device covered by claim 1 “could be made by processes 

materially different from those” of the specific processing steps described in the 

specification.  Ex. 1002 (’324 patent file history) at 202. I agree. The claims recite 

basic structural compositions that do not reflect their method of manufacture. 

B. Prosecution History 

57. I understand that the original application for the ’324 patent included 

claims 1-36. Claims 1-10 were directed to either a diffusion barrier film or a 

structure comprising the diffusion barrier film, and claims 11-36 were directed to 

methods of forming either the diffusion barrier film or a structure comprising the 
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diffusion barrier film. I also understand that the Applicant chose to pursue only 

claims 1-10, and withdrew all of the method claims (claims 11-36) from 

consideration. Ex. 1002 at 207. 

58. I was informed that after several prior art rejections, including by U.S. 

Patent No. 5,858,873 (“Vitkavage,” Ex. 1008), and claim amendments by the 

Applicant, the PTO eventually allowed the claims. Id., 252-61. I also understand 

that during prosecution, the Examiner did not uncover prior art that would have 

disclosed the same claim elements he believed were missing from the art of record. 

I was informed that during prosecution, the Applicant distinguished the pending 

claims over Vitkavage by arguing Vitkavage does not disclose “said first film being 

formed on said second film” ([1.4] and [5.5]) and “said first film containing 

nitrogen in a smaller content than that of said second film” ([1.6] and [5.7]) as 

recited in the independent claims. However, I believe that a POSITA would have 

understood that these claim elements are disclosed, for example, in Zhang, as 

shown in the annotated FIG. 8 of Zhang below, which teaches a two-layer 

diffusion barrier including a top, first film 32 (in blue) formed on a bottom, second 

film 22 (in red). Zhang teaches the “nitrogen percentage for the second portion 

(32) is lower than the nitrogen atomic percentage for the first portion (22).” Ex. 

1004, Abstract. 
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Annotated FIG. 8 of Zhang (Ex. 1004) 

59. I understand that in Zhang, the “deposition [i.e., depositing] of the two 

films 22 and 32 is typically performed as one sequence during a single evacuation 

cycle,” where nitrogen is applied during sputter deposition of the bottom, second 

film 22 and then the nitrogen gas is turned off during the deposition of the top, first 

film 32 of the diffusion barrier. Ex. 1004, 3:37-38. As a result, the first film 32 

contains a smaller nitrogen content than the second film 22. Compare Ex. 1004, 

3:39-41 (film 22 contains TaN close to its stoichiometric composition, i.e., one-to-

one atomic Ta to atomic nitrogen, which is 50 atomic percent nitrogen) with id., 

3:53-54 (film 32 contains 0-30 atomic percent nitrogen); see also id., FIG. 4. The 

terminology in Zhang is slightly different from that in the ’324 patent. The first 

film in the ’324 patent corresponds to the second portion of the first conductive 

film in Zhang, while the second film in the ’324 patent corresponds to the first 

Second film First film

First film formed on second film

Semiconductor 
substrate
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portion of the first conductive film in Zhang. But these semantic differences are 

irrelevant. 

60. I believe a POSITA would have understood that these elements are 

also disclosed in Ding, as shown in the annotated FIG. 2 of Ding below, which 

teaches a two-layer diffusion barrier structure with a top tantalum layer (in blue) 

overlying a bottom tantalum nitride layer (in red). See, e.g., Ex. 1005, 3:33-34 (“a 

layer of Ta overlying a layer of TaNx”), 7:1-29, Abstract, 4:66-5:1 (“The TaNx/Ta 

barrier layer structure”), FIG. 2. 

 

Annotated FIG. 2 of Ding (Ex. 1005) 

61. I understand that in Ding, “[t]o form the TaNx/Ta barrier layer 

structure, a tantalum target cathode 110 was used,” where “[d]uring the formation 

of the TaNx first layer, . . . [n]itrogen gas was also fed into vacuum chamber 117” 
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and “[s]ubsequent to application of the TaN layer, the nitrogen gas was shut off” to 

form “a . . . layer of tantalum . . . over the TaN layer.” Ex. 1005, 6:64-7:28. As a 

result, the first film 32 contains a smaller nitrogen content than the second film 22. 

62. Further, I was informed that the claims were allowed after Applicant 

argued that U.S. Patent No. 5,668,411 to Hong et al. (“Hong”, Ex. 1009) does not 

disclose “said first film in direct contact with said second film” ([1.5] and [5.6]) as 

recited in the independent claims. Again, I believe that this claim element is 

disclosed in prior art, such as Zhang, which, to my knowledge, was not considered 

by the Examiner during prosecution. See, e.g., Ex. 1004, FIG. 8 (annotated above, 

showing first film 32 in direct contact with second film 22). 

63. I also believe that this claim element is disclosed in Ding, which, to 

my knowledge, was not considered by the Examiner during prosecution. See, e.g., 

id., 3:33-34 (“We have developed a barrier layer structure comprising a layer of Ta 

overlying a layer of TaNx”), 7:21-29 (describing the formation of the second layer 

directly on the first layer, whereby “[s]ubsequent to application of the TaN layer, 

the nitrogen gas was shut off” to form the Ta layer), 4:66-5:1 (“TaNx/Ta barrier 

layer structure”), FIG. 2 (annotated above). 

VIII. LEVEL OF ORDINARY SKILL 

64. In my view, a person of ordinary skill in the art at the time the 

application leading to the ’324 patent was filed would have an equivalent of a 
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Master of Science degree from an accredited institution in electrical engineering, 

materials science, or physics, or the equivalent, a working knowledge of 

semiconductor processing technologies for integrated circuits, and at least two 

years of experience in semiconductor processing analysis, design, and 

development. Additional graduate education could substitute for professional 

experience, and significant work experience could substitute for formal education. 

65. I was at least a person of ordinary skill in the art at the time the 

application leading to the ’324 patent was filed.  

IX. CLAIM CONSTRUCTION 

66. I was informed by counsel that the claims in the ’324 patent should be 

understood based on their broadest reasonable construction in light of the patent 

specification for purposes of this inter partes review proceeding. Unless otherwise 

noted, my opinions in this declaration are consistent with the broadest reasonable 

construction of the claims to a person of ordinary skill in the art when the 

application leading to the ‘324 patent was filed. 

X. ANALYSIS 

A. Overview of the Prior Art 

67. In my opinion, the ’324 patent was not the first to recognize problems 

associated with single-layer barriers for preventing diffusion of copper and was not 

the first to suggest a multi-layer solution. The specification recognized a desire for 
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a diffusion barrier “having a high barrier characteristic of preventing copper 

diffusion and high adhesion to copper.” Ex. 1001, 3:47-49; see also id., 2:12-15. 

On the one hand, the ʼ324 patent specification acknowledged that a barrier layer 

formed only of a crystalline metal film, such as a crystalline β-Ta (002) film, was 

known to provide “good adhesion” and “rich crystal orientation” (e.g., allowing a 

copper film to grow with good adhesion), but would serve as a poor barrier to 

copper diffusion. Id., 3:14-20. This is because in such crystalline barrier films (or 

more accurately large grain polycrystalline films with dendritic structures), the 

films have grain boundaries extending from the top to the bottom of the films, 

which can act as high diffusivity pipelines for allowing copper to diffuse from the 

copper interconnects to underlying layers and the silicon substrate. In contrast, 

amorphous films with no grain boundaries, or tiny grains where the grain 

boundaries do not provide continuous pathways from the top to the bottom, act as 

better diffusion barriers. Id. On the other hand, a diffusion barrier formed only of 

an amorphous metal nitride, while providing a better barrier to copper diffusion 

since it “does not have the [grain-boundary] paths through which copper is 

diffused,” would suffer from poor adhesion, since “copper crystallinity and 

adhesion to copper are degraded” using an amorphous layer. Id., 3:21-33. 

68. I understand that, in view of these problems, the ’324 patent claims a 

two-layer diffusion barrier comprising overlying crystalline and amorphous films 
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with different nitrogen contents. See, e.g., id., claims 1 and 5. In this structure, the 

bottom film of the barrier (substrate side) may be a previously-known amorphous 

metal nitride film, such as tantalum nitride, and the top film (copper side) may be a 

previously-known crystalline metal film containing less nitrogen than the bottom 

film. As I discuss below, both the problems with known diffusion barriers and the 

solution described in the ’324 patent were already known in the prior art.  

1. Zhang 

69. In forming my opinions, I considered U.S. Patent No. 5,893,752 to 

Zhang et al., which discloses a “first conductive film” that serves as a multi-layer 

diffusion barrier relative to a “second conductive film” that includes mostly 

copper. Ex. 1004, Abstract. The first conductive film in Zhang is a two-layer 

diffusion barrier film having top and bottom portions 32 and 22, such that the 

bottom film 22 lies closer to the substrate than the top film 32.4 Id. According to 

Zhang, a “combination of portions (22 and 32) within the first conductive film 

provides a good diffusion barrier (first portion) and has good adhesion (second 

portion) with the second conductive film (54 and 64).” Id. 

                                           
4 Zhang refers to the same thin films 22 and 32 as either “portions” or “films.” See, 

e.g., Ex. 1004, Abstract (“portions (22 and 32)”), 3:37 (“films 22 and 32”). 
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70. In Zhang, the top (32) and bottom (22) films are tantalum-based films 

with different nitrogen contents. Id., 3:22-23. The “nitrogen percentage for the 

second portion (32) is lower than the nitrogen atomic percentage for the first 

portion (22).” Id., Abstract. In other words, Zhang recognized the same problems 

and the same two-layer solution as the ’324 patent. Indeed, Zhang meets every 

claim element of the ’324 patent, except it does not expressly mention the 

crystalline or amorphous nature of the films 22 and 32 disclosed for use in the 

diffusion barrier.  

71. Nevertheless, in my opinion, a POSITA as of the filing date of the 

ʼ324 patent would have understood that Zhang’s process of forming the top film 32 

suggests the top film 32 is more likely to be a crystalline film than bottom film 22, 

which is more likely to be amorphous. Zhang discloses that when the top film 32 is 

formed, “the substrate [is] biased at approximately negative 75 to negative 80 

volts.” Id., 3:44-47. Applying a negative bias to the substrate during a sputter-

deposition process causes positive ions like argon or nitrogen in the plasma to hit 

the substrate with higher bombarding energy, i.e., higher kinetic energy. When 

these ions hit the surface of the substrate, they transfer some of their kinetic energy 

to adatoms (atoms previously arriving at and lying on the surface of the substrate), 

such as Ta adatoms. As a result, the adatoms receive more energy from the ions 

and have a higher mobility. Adatoms with a higher mobility will more likely move 
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to lattice sites in the film being formed, i.e., the adatoms will more likely be 

arranged as they are in a crystalline film. Therefore, a bias applied to the substrate, 

like that in Zhang, makes it easier to form a crystalline film 32 which corresponds 

to the first film in ’324. 

2. Ding 

72. I also considered U.S. Patent No. 6,887,353 to Ding et al., which is 

directed to the same problems and solution as the ’324 patent and Zhang, and 

explicitly addresses the crystalline/amorphous nature of the top and bottom films in 

the diffusion barrier. Ex. 1005, 3:33-34 (“We have developed a barrier layer 

structure comprising a layer of Ta overlying a layer of TaNx”). Ding discloses a 

two-layer “TaNx/Ta barrier structure” that “provides both a barrier to the diffusion 

of a copper layer deposited thereover, and enables the formation of a copper layer 

having a high <111> crystallographic content so that the electromigration 

resistance of the copper is increased.” Ex. 1005, Abstract. The diffusion barrier in 

Ding may consist of an amorphous tantalum nitride bottom film for preventing 

copper diffusion, (Ex. 1005, Abstract), and a crystalline tantalum top film for “easy 

wetting of the tantalum surface by the copper,” i.e., providing good adhesion to the 

copper layer, and “depositing of a copper layer having a high <111> crystal 

orientation” (Ex. 1005, 8:1-4).  
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73. As I note above, the bottom film of the two-layer diffusion barriers in 

both Zhang and Ding consists of a tantalum nitride (TaNx) film, which Ding 

teaches may be an amorphous thin film. Ex. 1005, Abstract. The TaNx film in 

Zhang is “close to the stoichiometric composition (TaN),” such that x equals one 

using the TaNx nomenclature. Ex. 1004, 3:39-41; see also id., 3:10-12 (“The 

tantalum nitride film 22 typically includes 33 to 50 atomic percent nitrogen with 

the balance essentially being tantalum”). Ding discloses a similar bottom “TaNx 

layer, where x ranges from about 0.1 to about 1.5, is sufficiently amorphous to 

prevent the diffusion of copper into the underlying substrate, which is typically 

silicon or a dielectric such as silicon dioxide.” Ex. 1005, Abstract. Other prior-art 

references, such as Holloway et al., “Tantalum as a diffusion barrier between 

copper and silicon: Failure mechanism and effect of nitrogen additions,” Journal of 

Applied Physics, vol. 71, no. 11, pages 5433-5444 (1992) (“Holloway,” Ex. 1006) 

and Sun, further describe properties of various Ta-based diffusion barrier layers at 

different nitrogen contents. See, e.g., Ex. 1006, Abstract; Ex. 1007, Abstract. 

74. Zhang discloses an embodiment in which the top film of the two-layer 

diffusion barrier is a “tantalum-rich tantalum nitride film” that has an upper surface 

Page 38 of 196



 38 

which is “substantially pure tantalum.” Ex. 1004, 3:54-57.5 Likewise, the top film 

of the barrier in Ding is also a tantalum layer, which Ding teaches is a crystalline 

film with a <002> crystalline orientation. Ex. 1005, 8:1-4. In my opinion, a 

POSITA reading Ding at the time of the ’324 patent’s filing date would have 

understood that the top tantalum film in Ding could contain a small percentage of 

nitrogen therein and still provide a “substantially pure tantalum” surface to deposit 

copper, as taught in Zhang. Indeed, the sputtering process described in Ding 

suggests the top tantalum film would contain at least a small amount of nitrogen, 

e.g., from residual nitrogen in the vacuum chamber after the nitrogen feed gas was 

turned off following the deposition of the bottom tantalum nitride (TaNx) film. The 

POSITA also would have found it obvious to modify the top tantalum film in Ding 

to purposely add a small content of nitrogen therein, as taught in Zhang, because 

adding nitrogen to the tantalum film would provide well known benefits to the 

diffusion barrier, including better polishing characteristics (see, e.g., Ex. 1019, at 

12-13, Table 1; Ex. 1021, Table I), lower resistivity (see, e.g., Ex. 1015, Table 1), 

and more effective blocking of copper diffusion for Ding’s diffusion-barrier 

structure (see, e.g., Ex. 1023, at 8), as discussed in more detail below. In my 

                                           
5 FIG. 4 in Zhang illustrates the atomic percentage of nitrogen in the top film 32 as 

a function of distance from its exposed surface. Ex. 1004, 3:50-53, FIG. 4. 
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opinion, modifying the top tantalum film in Ding to include nitrogen in view of 

Zhang would result in a two-layer barrier structure satisfying the claims of the ’324 

patent. 

75. In view of the foregoing, and further in view of the reasons to 

combine Zhang and Ding I describe below, I believe it would have been obvious to 

a POSITA at the time of the ’324 patent that the two-layer diffusion barrier 

consisting of a crystalline Ta film and an amorphous TaNx film in Ding would 

have been usable as the two-layer diffusion barrier in Zhang, as both prior-art 

references teach the same diffusion-barrier structure for the same purpose of 

preventing copper diffusion and providing good adhesion to a copper layer using 

Ta-based thin films fabricated using similar sputtering deposition techniques. Put 

another way, in my opinion, a POSITA would have been motivated to modify 

Zhang to ensure the top film (32) of the diffusion barrier is crystalline and the 

bottom film (22) is amorphous given the teachings of Ding. It is also my opinion 

that a POSITA would have been motivated to modify Ding to ensure the top, 

crystalline Ta film of the diffusion barrier contains a small amount of nitrogen 

relative to the bottom TaNx film in view of the teachings of Zhang.  

3. Sun 

76. I also considered the article “Properties of reactively sputter-deposited 

Ta-N thin films” by Sun et al., which teaches particular reasons why an amorphous 
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tantalum nitride film is desirable as a diffusion barrier. Sun discloses properties of 

Ta-N sputter-deposited thin films over a range of different compositions for use as 

a diffusion barrier between silicon and copper layers (see, e.g., Ex. 1007 at 9, 

Abstract), and particularly that an amorphous film is a better barrier than a 

crystalline film because the amorphous film is “absen[t] of fast diffusion paths” id, 

9. The films range in composition from zero to 60 atomic percent (“at.%”) 

nitrogen. See, e.g., Ex. 1007, Abstract, FIG. 3. As shown in FIG. 3, for example, 

Sun discloses that Ta-N films with low nitrogen concentrations (e.g., below 10 at. 

%) are deposited as crystalline body-centered-cubic (bcc) films. Id. 

B. I believe that the combined teachings of Zhang and Ding render 
claims 1-3, 5-7, and 9 obvious 

1. Claim 1 is obvious 

77. It is my opinion that each element of claim 1 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Zhang in view of Ding. 

a) [1.0] Zhang discloses “A barrier film preventing 
diffusion of copper from a copper wiring layer 
formed on a semiconductor substrate, comprising a 
multi-layered structure of first and second films” 

78. It is my opinion that Zhang teaches this claim element. Zhang 

discloses a barrier film (“first conductive film (22 and 32)”) preventing diffusion 

of copper (see e.g., Abstract, “a good diffusion barrier”) from a copper wiring layer 

(“second conductive film (54 and 64) includ[ing] mostly copper”). Ex. 1004, 
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Abstract. Zhang discloses the barrier film (22 and 32) is formed on a 

semiconductor substrate 100. Id., Abstract, 2:43-44, and FIG. 8. Zhang further 

discloses that the barrier film comprises a multi-layered structure of first (32) and 

second (22) films. Id., Abstract, and FIG. 8. Figure 4D of the ’324 patent and 

FIG. 8 of Zhang below (with added annotations) show the similarities between the 

structures. 

 

Annotated FIG. 4D of ’324 Patent 

 
 

Annotated FIG. 8 of Zhang 

 

b) [1.1] and [1.2] Zhang in view of Ding discloses “said 
first film being composed of crystalline metal 
containing nitrogen therein” and “said second film 
being composed of amorphous metal nitride” 

79. In my opinion, this claim element would have been obvious to a 

POSITA at the time of the ʼ324 patent based on Zhang in view of Ding. Zhang 

discloses the first film (top film 32) is composed of a metal, tantalum, containing 

nitrogen therein as required in claim element [1.1]. See, e.g., id., 3:14-16, (“The 

Second film First film

Semiconductor 
substrate
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substrate is then further processed to form a tantalum-rich tantalum nitride film 32 

that overlies the tantalum nitride film 22 as shown in FIG. 3”) (emphasis added); 

see also id., FIGS. 3 and 4.. Although Zhang uses the term “tantalum-rich tantalum 

nitride” rather than a tantalum metal “containing nitrogen,” I understand that the 

specification includes embodiments in which the claimed “metal containing 

nitrogen therein” is a tantalum-rich tantalum nitride. See, e.g., Ex. 1001, 12:66-67 

(referring to the “crystalline metal film containing nitrogen therein” as including a 

mixture of β-Ta and TaN0.1, i.e., which is a tantalum-rich tantalum nitride); see 

also Ex. 1002 at 220 (Applicant stating that “first film 16 is composed of TaN0.1 

which is called nitrogen-containing α-Ta, or a combination of TaN0.1 and β-Ta . . . 

[t]hat is, the first film 16 is composed of crystalline metal containing nitrogen”) 

(emphasis added). 

80. FIG. 4 shows the amount of nitrogen in the top film 32 of the 

diffusion barrier in Zhang as “a plot of concentration (in atomic percent) as a 

function of the distance from the exposed surface” of the film 32. Ex. 1004, 3:48-

53. As shown in FIG. 4, the atomic percent of nitrogen in the “tantalum-rich 

tantalum nitride film” 32 is very small at the exposed surface and increases as a 

function of distance up to the interface with bottom film 22 (designated with a 

dotted line). In the top film 32, and as shown in FIG. 4, the “tantalum-rich tantalum 
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nitride film has a range of approximately 0-30 atomic percent nitrogen.” Id., 3:53-

54. 

 

Annotated FIG. 4 of Zhang 

81. Zhang further discloses that the second film (bottom film 22) is 

composed of tantalum nitride, which is a “metal nitride film” as recited in claim 

element [1.2]. For example, Zhang discloses “tantalum nitride film 22 is then 

deposited over the substrate within the openings 12.” Ex. 1004, 3:9-10; see also 

id., 3:22-23 (disclosing that the “formation of the tantalum nitride and tantalum-

rich tantalum nitride films 22 and 32 are formed as follows.”). FIG. 4 shows the 

Portion 32 (First film)

First film contains nitrogen
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atomic percent of nitrogen through the depth of tantalum nitride film 22 as a 

function of distance, again measured relative to the exposed surface of top film 32. 

Id., FIG. 4. 

 

Annotated FIG. 4 of Zhang 

82. I believe the claimed crystalline and amorphous first and second 

layers in claim 1 are obvious over Zhang in view of Ding.  

83. In my opinion, Zhang discloses every element of claim 1 of the ’324 

patent, except it does not explicitly disclose that top portion 32 is a “crystalline” 

Portion 22 (Second film)
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metal film containing nitrogen therein or that bottom portion 22 is an “amorphous” 

metal nitride film. Ding teaches this limitation in combination with Zhang, and I 

believe it would have been obvious to a POSITA to combine Zhang and Ding to 

ensure that the top, tantalum-rich tantalum nitride film 32 was crystalline and the 

bottom, tantalum nitride film 22 was amorphous.  

84. Zhang discloses a two-layer barrier structure having a bottom film 22 

composed of tantalum nitride and a top film 32 composed of tantalum-rich 

tantalum nitride, and Ding similarly discloses a two-layer barrier structure 

comprising a bottom film composed of TaNx (i.e., tantalum nitride) and a top film 

composed of tantalum metal. See, e.g., Ex. 1005, Abstract. In this two-layer barrier 

structure, Ding discloses the desirability of using an amorphous TaNx layer as the 

bottom layer, so the TaNx is “sufficiently amorphous to prevent the diffusion of 

copper into underlying silicon or silicon oxide surfaces” Id., 3:39-41 (emphasis 

added). This disclosure in Ding is consistent with the ’324 patent’s Background of 

the Invention, which similarly discloses that amorphous TaN “does not have paths 

through which copper is diffused unlike the crystalline metal film 5 illustrated in 

FIG. 2.” Ex. 1001, 3:21-28; see also Ex. 1004, 5:50-51 (“The tantalum nitride film 

is a good barrier”). 

85. Ding also discloses the desirability of using a crystalline metal film 

“having a tantalum <002> crystalline orientation” as a top film in the two-layer 

Page 46 of 196



 46 

diffusion barrier because the crystalline orientation “enables easy wetting of the 

tantalum surface by the copper and depositing of a copper layer having a high 

<111> crystal orientation.”  Ex. 1005, 8:1-4.  A POSITA would have understood 

this to mean that because the crystalline top film in Ding provides “easy wetting” 

by copper having a high <111> crystal orientation, it facilitates growth of such a 

copper wiring layer and improves adhesion of the top film to that copper layer. See, 

e.g., Ex. 1004, 2:37-40 (teaching the top film (second portion) of the barrier has 

“good adhesion”). Ding further teaches that “a copper layer having a high <111> 

crystallographic content,” which is deposited over the barrier layer, is desirable 

because it increases “copper electromigration resistance” (id., Abstract, 3:36-38, 

5:1-3), and copper electromigration “can result in conductor failure . . . [and] 

severely limit the reliability of the circuit” (id., 2:10-21). Zhang also acknowledges 

this advantage. Ex. 1004, 5:60-62 (“Further, embodiments of the present invention 

reduce the effects of electromigration”). 

86. In my opinion, a POSITA would have found it obvious to combine the 

teachings of Zhang and Ding. As I describe above, Zhang in view of Ding teaches 

the sub-element of claim 1 reciting a crystalline first layer and an amorphous 

second layer of the diffusion barrier. In my opinion, it would have been obvious 

for a POSITA to combine Zhang and Ding for at least the following reasons, each 

one of which I understand is sufficient: (1) Zhang suggests the formation of a 
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diffusion barrier with a crystalline top film and an amorphous bottom film in view 

of Ding;  (2) a POSITA would have found it obvious to combine Zhang and Ding 

to achieve the predictable benefits of such a combination; and (3) the combination 

of Zhang and Ding simply applies known techniques to yield predictable results. 

87. In my opinion, Zhang suggests the formation of crystalline top and 

amorphous bottom films in view of Ding. I believe that A POSITA at the time of 

the ’324 patent’s filing date would have understood that Zhang’s description of the 

top and bottom films 32 and 22 suggests the top film would be crystalline and the 

bottom film amorphous, especially in view of Ding. Zhang teaches a sputter 

deposition process that applies a substrate bias and turns off the nitrogen feed gas 

when forming the top film 32 but not the bottom film 22. See, e.g., Ex. 1004, 3:37-

47. In my opinion, the POSITA would have understood that applying a substrate 

bias for only the top film and adding more nitrogen in the bottom film would 

promote growth of a crystalline top film and amorphous bottom film as this claim 

element requires. 

88. First, I note that Zhang teaches applying a substrate bias only during 

the sputtering deposition of the top film 32, and not during the formation of the 

bottom film 22. Compare Ex. 1004, 3:39-41 (“no biasing of the substrate” when 

forming film 22) with 3:44-47 (“In forming film 32 . . . the substrate becomes 

biased at approximately negative 75 to negative 80 volts”). In my opinion, it was 
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well known at the time to a POSITA that applying a substrate bias during a 

sputtering process increases adatom mobility at a surface of the substrate and 

increases the likelihood that the adatoms will migrate to crystalline lattice sites, 

thus promoting formation of a crystalline film, such as the top film 32 in Zhang. 

See, e.g., Duan et al., “Magnetic Property and Microstructure Dependence of 

CoCrTa/Cr Media on Substrate Temperature and Bias,” IEEE Transactions on 

Magnetics, Vol. 28, No. 5, September 1992 (Ex. 1017), at 17 (“substrate biasing 

during sputtering seem[s] to have the . . . effect of increasing the adatom mobility 

and promoting a continuous, closely-packed-grains structure in the film”).  

89. I believe that the POSITA would have recognized that Zhang suggests 

applying a substrate bias in forming the top film 32 to promote the formation of a 

crystalline film, while removing the substrate bias in forming bottom film 22 

would not promote crystalline growth. And because the application of a substrate 

bias was intentionally included for top film 32 and omitted for bottom film 22 in 

Zhang, the POSITA would have understood the top film 32 to be crystalline and 

the bottom film 22 amorphous.  

90. My belief is further supported by the teaching in Zhang that the 

bottom film 22 has a much larger atomic percentage of nitrogen (see, e.g., Ex. 

1004, FIG. 4 and 3:10-12), and it was well known to a POSITA that a high content 

of nitrogen would interrupt formation of periodic crystalline structures, resulting in 
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an amorphous film. In my opinion, the POSITA would have further appreciated 

that a high percentage of nitrogen can promote the formation of amorphous alloys 

in tantalum films. See, e.g., Ex. 1007 at 9 (“nitrogen can [] promote the formation 

of amorphous metallic alloys with most early transition metals”). Accordingly, the 

POSITA would have understood Zhang suggests the bottom tantalum-nitride film 

22 is likely amorphous due to its high nitrogen content. See, e.g., Ex. 1004, 3:39-41 

(“the tantalum nitride film 22 is close to the stoichiometric composition (TaN),” 

i.e., close to 50% nitrogen), 3:10-12. 

91. Moreover, in my opinion, nothing in the existing sputtering-deposition 

process in Zhang would have prevented the top barrier film 32 from being 

crystalline. Zhang already discloses a sputtering process that creates the film 32 

with an upper surface that is “substantially pure tantalum and has essentially no 

nitrogen atoms,” which is essentially a tantalum layer like the crystalline top film 

in Ding. Ex. 1004, 3:54-57, FIG. 4 (nitrogen content approaching zero at the 

exposed surface of film 32); Ex. 1005, 3:33-34, 7:66-8:4. A POSITA at the time of 

the ’324 patent’s filing date would have understood that a small amount of nitrogen 

in a tantalum film would not preclude that film from being crystalline. See, e.g., 

Ex. 1006,t 9 (disclosing both a Ta film and a TaNx film with only 5 atomic 

percentage nitrogen have the same crystalline phase, β-Ta: “a 0.25% N2/Ar 

mixture produced a film with 5 at.% nitrogen content” and “[e]lectron-diffraction 
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patterns taken from through-foil transmission electron microscopy (TEM) 

specimens allowed the identification of β-Ta in [this] case”; “[t]he Ta film 

deposited in pure Ar was also found to be β-Ta.”).  

92. Finally, the POSITA would have found it obvious to form a 

crystalline top film 32 and an amorphous bottom film 22 in Zhang to achieve 

predictable advantages and yield predictable results, as demonstrated by Ding. 

These predictable advantages and results include better diffusion barrier 

characteristics, improved growth of a copper wiring layer, and improved adhesion 

of the top barrier film to that copper layer, as discussed in the sections below. See, 

e.g., Ex. 1005, 3:33-36 (“We have developed a barrier layer structure comprising a 

layer of Ta overlying a layer of TaNx which provides both a barrier to the diffusion 

of a copper layer deposited thereover, and enables the formation of a copper layer 

having a high <111> crystallographic content”); 8:1-4, Abstract. 

93. Also, I believe that a POSITA would have found it obvious to 

combine Zhang and Ding to achieve predictable advantages. In my opinion, it 

would have been obvious to a POSITA to combine Zhang and Ding to ensure that 

the top, tantalum-rich tantalum nitride film 32 was crystalline and the bottom, 

tantalum nitride film 22 was amorphous because Ding explains the advantages of 

that arrangement. I believe that a POSITA would have used the teachings of Ding 

to form a crystalline top film 32 (i.e., the tantalum-rich tantalum nitride film) in the 
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diffusion barrier of Zhang to allow easy wetting of its exposed surface by the 

copper layers deposited above it (54 and 64), and to enable the deposition of the 

copper layers (54 and 64) with a high crystal orientation, which, in turn, would 

increase circuit reliability. Ex. 1005, 8:1-4; Abstract; 3:36-38; 5:1-3; 2:10-21. In 

my opinion, a POSITA would also have been motivated to combine the similar 

two-layer diffusion barriers taught in Zhang and Ding at least to incorporate the 

advantages of using amorphous and crystalline phases in the bottom and top layers 

as taught in Ding, thereby preventing diffusion of copper (via the amorphous layer) 

and improving adhesion to copper (via the crystalline layer) which are goals in 

both references. See, e.g., Ex. 1004, 5:48-62; Ex. 1005, 3:32-37.  

94. In my opinion, it would have been obvious to a POSITA, in view of 

Ding, to make bottom film 22 of the diffusion barrier in Zhang amorphous to 

obtain the benefit of preventing diffusion of copper into the underlying silicon. Id., 

3:39-41. I believe that this is especially obvious because the function of bottom 

film 22 of Zhang is to “provide a good diffusion barrier” (Ex. 1004, Abstract and 

2:37-39), and this function can be improved by using an amorphous tantalum 

nitride film as taught by Ding. Ex. 1005, Abstract (“The TaNx layer . . . is 

sufficiently amorphous to prevent the diffusion of copper into the underlying 

substrate”).  
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95. I believe that the proposed combination also would have been obvious 

to a POSITA because Zhang and Ding both address two-layered, tantalum-based 

diffusion barriers for improving adhesion to copper films. For example, Zhang 

teaches that “tantalum nitride has adhesion problems with some types of copper 

films,” Ex. 1004, 1:33-34, and Ding discloses that adhesion to copper films can be 

improved using a crystalline orientation that “enables easy wetting of the tantalum 

surface by the copper and depositing of a copper layer having a high <111> crystal 

orientation.” Ex. 1005, 8:1-4. See also, e.g., Ex. 1005, Abstract (“the copper may 

tend to dewet/delaminate from the barrier layer if the temperature is too high”), 

8:4-7“[a]lthough a higher temperature is required to dewet/delaminate a depositing 

copper layer from a Ta surface than from a TaNx surface, copper delamination is a 

problem in some instances”). 

96. In my opinion, because Zhang and Ding teaches that their respective 

diffusion barriers further provide the advantage of reducing electromigration of the 

copper layer, I believe a POSITA would have understood that the combination of 

these references would preserve this stated benefit. Zhang discloses that 

“embodiments of the present invention reduce the effects of electromigration.” Ex. 

1004, 5:60-62. Ding similarly teaches a diffusion barrier that provides “improved 

electromigration resistance of the copper.” Ex. 1005, 1:10-14.  
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97. More generally, I believe that modifying the top and bottom films 32 

and 22 of the two-layer diffusion barrier in Zhang in view of the top and bottom 

films in Ding also would have been obvious to a POSITA because both Zhang and 

Ding are directed to the specific area of improving diffusion barrier films in 

semiconductor devices with copper interconnects. 

98. Also, I believe that the combination of Zhang and Ding applies known 

techniques to yield predictable results. In my opinion, any modifications of the 

two-layer barrier film of Zhang in view of the barrier film in Ding would have used 

well-known, common techniques, such as similar manufacturing processes to 

create the top and bottom films in the diffusion barrier. More particularly, Zhang 

and Ding use similar sputter-deposition techniques for forming the top and bottom 

films. See, e.g., Ex. 1004, 3:21-50; Ex. 1005, 6:63-7:29. In Zhang, the “deposition 

of the two films 22 and 32 is typically performed as one sequence during a single 

evacuation cycle” (Ex. 1004, 3:37-38), where the bottom TaNx film 22 is sputter-

deposited using a mixture of argon and nitrogen gases, then the nitrogen gas is 

terminated while the argon continues to maintain a plasma for sputter-depositing 

the top tantalum-rich tantalum nitride film 32 (id., 3:41-47). Similarly, Ding 

discloses sputter depositing the bottom TaNx film using a mixture of argon and 

nitrogen gases, then “[s]ubsequent to application of the TaN layer, the nitrogen 

Page 54 of 196



 54 

was shut off . . . and the argon gas feed was maintained” to deposit the top 

tantalum film. Ex. 1005, 6:64-7:29.  

99. I believe that the proposed combination of Zhang in view of Ding 

would have yielded predictable results to a POSITA since the sputter-deposited 

films in both the diffusion barriers of Zhang and Ding provide good diffusion 

barrier characteristics and an improved interface between the diffusion barrier and 

a copper layer formed over it. Zhang teaches “[t]he combination of portions within 

the first conductive film provides a good diffusion barrier (first portion) and has 

good adhesion (second portion) with the second conductive film.” Ex. 1004, 2:37-

40; see also id., 5:49-53. Addressing these same diffusion and adhesion issues, 

Ding teaches a top crystalline film “enables easy wetting of the tantalum surface by 

the copper and depositing of a copper layer having a high <111> crystal 

orientation …” (Ex. 1005, 8:1-4), while a bottom amorphous film “[prevents] the 

diffusion of copper into underlying silicon or silicon oxide surfaces” (id., 3:39-41). 

100. In my opinion, the combination of Zhang and Ding would not produce 

unexpected results, but instead would behave exactly as a POSITA at the time 

would have predicted. See, e.g., Ex. 1005, 3:39-41, 8:1-4 (teaching that crystalline 

metal layer enables the “easy wetting of the tantalum surface by the copper,” i.e., 

providing good adhesion to the copper layer, and “depositing of a copper layer 

having a high <111> crystal orientation,” while an amorphous layer “[prevents] the 
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diffusion of copper into the underlying substrate”); see also Ex. 1001 (teaching a 

copper film formed on a crystalline metal film “would have high adhesion and rich 

crystal orientation” but poor “barrier characteristic of preventing copper diffusion” 

while “amorphous TaN . . . does not have the paths through which copper is 

diffused unlike the crystalline metal film” and thus “would have high barrier 

characteristic of preventing copper diffusion”). 

c) [1.3] Zhang discloses “said barrier film being 
constituted of common metal atomic species” 

101. It is my opinion that Zhang teaches this claim element. Zhang 

discloses the barrier film being constituted of a common metal atomic species, 

namely, tantalum. For example, Zhang discloses that the first film (top portion 32) 

of the diffusion barrier film is composed of tantalum-rich tantalum nitride and the 

second film (bottom portion 22) of the barrier film is composed of tantalum nitride. 

See, e.g., Ex. 1004, 3:22-23 (disclosing the “formation of the tantalum nitride and 

tantalum-rich tantalum nitride films 22 and 32 are formed as follows”), 3:9-16 

(“A tantalum nitride film 22 is then deposited over the substrate and within the 

openings 12. . . The substrate is then further processed to form a tantalum-rich 

tantalum nitride film 32 that overlies the tantalum nitride film 22 as shown in FIG. 

3”); see also id., 3:48-62, FIG. 4. 
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Annotated FIG. 4 of Zhang 

d) [1.4] Zhang discloses “said first film being formed on 
said second film” 

102. It is my opinion that Zhang teaches this claim element. Zhang 

discloses the first film (top portion 32) being formed on the second film (bottom 

portion 22) as required by this claim limitation. See, e.g., Ex. 1004, 3:14-16 

(disclosing “a tantalum-rich tantalum nitride film 32 that overlies the tantalum 

nitride film 22 as shown in FIG. 3”); see also id., FIG. 4 and FIG. 8. 

Common metal atomic species

Portion 22 (Second film)Portion 32 (First film)

Page 57 of 196



 57 

 
Annotated FIG. 4 of Zhang 

 

 
Annotated FIG. 8 of Zhang 

 
e) [1.5] Zhang discloses “said first film in direct contact 

with said second film” 

103. It is my opinion that Zhang teaches this claim element. Zhang 

discloses that first film (top portion 32) is in direct contact with said second film 

Toward surface 
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(bottom portion 22) as required by this claim limitation.  See, e.g., Ex. 1004, 3:14-

16 (disclosing “a tantalum-rich tantalum nitride film 32 that overlies the tantalum 

nitride film 22 as shown in FIG. 3”); see also id., FIG. 4 and FIG. 8. 

  

Annotated FIG. 4 of Zhang 
 

 

Annotated FIG. 8 of Zhang 

First film in direct contact 
with second film

Portion 22 (Second film)Portion 32 (First film)

First film in 
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Second film First film
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substrate
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f) [1.6] Zhang discloses “said first film containing 
nitrogen in a smaller content than that of said second 
film” 

104. It is my opinion that Zhang teaches this claim element. Zhang 

discloses that first film 32 contains nitrogen in a smaller content than that of 

second film 22 in the two-layer diffusion barrier. For example, FIG. 4 of Zhang 

shows the concentration/atomic percentage of nitrogen is lower in the first film 32 

than in the second film 22. Ex. 1004, FIG. 4. Further, Zhang discloses sputter-

depositing both the first and second films 32 (top film) and 22 (bottom film) during 

the same evacuation cycle, such that second film 22 is deposited using a mixture of 

nitrogen and argon gases, but “[i]n forming film 32, the nitrogen-containing gas is 

terminated while the inert gas [i.e., argon] continues to flow.” Id., 3:37-47. As a 

result of terminating the nitrogen gas when depositing the film 32, the first film 32 

in Zhang will contain a smaller nitrogen content than that of the second film 22, 

thereby satisfying this claim element. 

105. I was informed that during prosecution of the ’324 patent, the 

Applicant stated that the first layer 16 in the patent “is composed of crystalline 

metal containing nitrogen at 10% or smaller, and the second film 15 is composed 

of amorphous metal nitride containing nitrogen at about 30%,” and further that the 

“first layer 16 contains nitrogen in a smaller content than that of the second film 

15.” Ex. 1002 at 220 (underline removed from original, italics added). In my 
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opinion, this same relationship is disclosed in FIG. 4 of Zhang, where the top film 

32 contains nitrogen in a smaller content than that of the bottom film 22 as this 

claim element requires.  

 

Annotated FIG. 4 of Zhang 

2. Claim 2 is obvious 

106. It is my opinion that each element of claim 2 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Zhang in view of Ding. 

Portion 22 (Second film)Portion 32 (First film)

First film contains nitrogen 
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a) [2] Zhang discloses “The barrier film as set forth in 
claim 1, wherein said second film has a thickness in 
the range of 80 Angstroms to 150 Angstroms both 
inclusive” 

107. It is my opinion that Zhang teaches this claim element. Zhang 

discloses that “[t]he combined thickness of the two films 32 and 22 is in a range of 

approximately 10 to 500 Angstroms, and typically is in a range of approximately 

100 to 300 Angstroms.” Ex. 1004, 4:7-10. A preferred embodiment of Zhang 

suggests that the thickness of the bottom tantalum-nitride film 22 may be 

approximately the same as the thickness of the top tantalum-rich tantalum nitride 

film 32. Id., 4:1-10 (“In one particular embodiment, the time period when the 

nitrogen-containing gas flows and biasing is off (film 22) is approximately equal to 

the time period when the nitrogen-containing gas flow is terminated and the 

biasing is on (film 32).”); see also id., FIG. 4 (illustrating approximately equal 

thicknesses of the first and second films). 

108. Because Zhang discloses a combined thickness of the films 32 and 22 

in the range of 10 to 500 angstroms, and that the thickness of the films 32 and 22 

may be approximately equal (see, e.g., id., 4:1-5, FIG. 4), Zhang discloses the 

range of thicknesses for bottom film 22 would be approximately half of 10 to 500 

angstroms, or 5 to 250 angstroms, which includes the claimed range of 80 to 150 

angstroms. Even if the barrier in Zhang is constrained to using the “typical” 

combined thickness of films 32 and 22 in the range of 100 to 300 angstroms (Ex. 
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1004, 4:7-10), where the thickness of these films may be approximately equal, 

Zhang discloses the thickness range of film 22 is typically half of 100 to 300 

angstroms, or 50 to 150 angstroms, which again includes the claimed range of 80 

to 150 angstroms. In either case, the thickness range for the bottom TaNx film 22 

in Zhang discloses the entire range recited in claim 2. 

 

Annotated FIG. 4 of Zhang 

109. In my opinion, Zhang’s disclosed typical range of 50 to 150 

Angstroms teaches the claimed range of 80 to 150 Angstroms with sufficient 

specificity because the ranges overlap for the most part, from 80 to 150 Angstroms, 

with the only non-lapping range from 50 to 80 Angstroms representing a small 

Portion 22 (Second film)Portion 32 (First film)
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percentage of the overall range. I understand that the only reason the ’324 patent 

provides for having a second-film thickness in the range from 80 to 150 Angstroms 

is so that “barrier characteristic of preventing copper diffusion is ensured and 

adhesion with the underlying insulating film . . . is also ensured.” Ex. 1001, 13:51-

54. But in my opinion, the patent contains no evidence that using a film with a 

thickness in the range of 50-80 Angstroms will fail to prevent copper diffusion or 

proper adhesion with the underlying insulating film. 

110. In addition, I understand that Ding discloses that the bottom TaNx 

film in its disclosed diffusion barrier has a thickness “from about 10 Å to about 

300 Å,” which also contains the thickness range in claim 2. Ex. 1005, 4:34. 

111. In my opinion, even if Zhang does not expressly disclose the claimed 

thickness range for the second film 22, which is a TaNx film (Ex. 1004, 3:9-12, 

“tantalum nitride film 22 is then deposited”), the claimed thickness range would 

have been obvious to a POSITA in view of the thickness of the second TaNx film 

disclosed in Ding. In my opinion, a POSITA would have been motivated to 

combine the teachings of Zhang with Ding for at least the same reasons I gave 

above. 

Page 64 of 196



 64 

3. Claim 3 is obvious 

112. It is my opinion that each element of claim 3 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Zhang in view of Ding. 

a) [3] Zhang discloses “The barrier film as set forth in 
claim 1, wherein said first film has a thickness in the 
range of 60 Angstroms to 300 Angstroms both 
inclusive” 

113. In the embodiment shown in FIG. 4 of Zhang, the thickness of the 

first film (portion 32) is about 175 Angstroms. Ex. 1004, FIG. 4 (see dotted line 

showing transition between films 32 and 22 at 175 Å). Further, Ding discloses an 

embodiment where the top tantalum film has a thickness of 114 Å, which is within 

the claimed range for the first-film thickness. Ex. 1005, FIG. 2. Ding further 

discloses a first film composed of tantalum having a thickness “from about 5 Å to 

about 300Å,” which also includes the claimed range. Ex. 1005, 4:36. In my 

opinion, to the extent Zhang does not expressly disclose the claimed thickness 

range for the first film 32, which is a tantalum-rich tantalum nitride film (Ex. 1004, 

3:14-16, “a tantalum-rich tantalum nitride film 32 that overlies the tantalum nitride 

film 22,” and 3:54-57, “the upper surface of the tantalum-rich tantalum nitride film 

is substantially pure tantalum”), I believe that it would have been obvious to a 

POSITA at the time to form the film 32 in Zhang with the claimed thickness range 

in view of the first film thickness disclosed in Ding. In my opinion, a POSITA 

Page 65 of 196



 65 

would have been motivated to combine the teachings of Zhang with Ding for at 

least the same reasons I gave above. 

 

Annotated FIG. 4 of Zhang 

4. Claim 5 is obvious 

114. It is my opinion that each element of claim 5 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Zhang in view of Ding. 

Portion 22 (Second film)Portion 32 (First film)
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a) [5.0] Zhang discloses “A multi-layered wiring 
structure comprising a barrier film which prevents 
diffusion of copper from a copper wiring layer 
formed on a semiconductor substrate” 

115. It is my opinion that Zhang teaches this claim element. I understand 

that Claim 5 differs from claim 1 only in that it recites a multi-layered wiring 

structure comprising the barrier film of claim 1. In contrast, claim 1 recites only 

the barrier film itself. As I explained in detail for [1.0], Zhang discloses a multi-

layered wiring structure (see, e.g., Fig. 8) comprising a barrier film (“first 

conductive film (22 and 32)”), which provides “a good diffusion barrier” for a 

“second conductive film (54 and 64) includ[ing] mostly copper.”  Id., Abstract.  

Zhang discloses that the first conductive film is formed on semiconductor device 

substrate 100.  Id., Abstract (“first conductive film (22 and 32) over the substrate 

(100)”), 2:43-44, and FIG. 8. 

b) [5.1] Zhang discloses “said barrier film having a 
multi-layered structure of first and second films” 

116. It is my opinion that Zhang teaches this claim element. Zhang 

discloses that the barrier film has a multi-layered structure of first (portion 32) and 

second (portion 22) films. Id., Abstract, and FIG. 8. 
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Annotated FIG. 8 of Zhang 

c) Zhang in view of Ding render obvious [5.2]-[5.7] 

117. I believe that limitations [5.2]-[5.7] of claim 5, which are identical to 

limitations [1.1]-[1.6] of claim 1, are obvious in view of Zhang and Ding for at 

least the same reasons I gave above for [1.1]-[1.6].  

5. Claim 6 is obvious 

118. It is my opinion that each element of claim 6 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Zhang in view of Ding. I believe that Claim 6, which is substantively 

similar to claim 2, is obvious in view of Zhang and Ding for at least the same 

reasons I gave above for claim 2.   
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6. Claim 7 is obvious 

119. It is my opinion that each element of claim 7 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Zhang in view of Ding. I believe that Claim 7, which is substantively 

similar to claim 3, is obvious in view of Zhang and Ding for at least the same 

reasons I gave above for claim 3.   

7. Claim 9 is obvious 

120. It is my opinion that each element of claim 9 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Zhang in view of Ding. 

a) [9] Zhang discloses “The multi-layered wiring 
structure as set forth in claim 5, further comprising a 
copper film formed on said first film” 

121. It is my opinion that Zhang teaches this claim element. Zhang 

discloses that the multi-layered wiring structure further includes a copper film. Ex. 

1004, Abstract (disclosing that the second conductive film 54 and 64 “includes 

mostly copper”); 4:20-23 (“After the copper seed film 54 has been deposited, an 

electroplated copper film 64 is then formed over all the substrate as shown in FIG. 

6.”). According to Zhang, the copper seed film 54 and copper film 64 may be 

replaced by a single copper film. Id., 5:35-38.  Zhang further discloses that the 

copper film 54 and 64 is formed on the first film portion 32 as recited in claim 9. 

Id., FIG. 8 (showing copper film 54 and 64 formed on the top film 32). 
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Annotated FIG. 8 of Zhang 

122. Ding similarly discloses a copper film formed on the first film (top 

film) in its two-layer diffusion barrier. See, e.g., Ex. 1005, 8:1-4 (disclosing “a 

tantalum <002> crystalline orientation which enables easy wetting of the tantalum 

surface by the copper and depositing of a copper layer having a high <111> crystal 

orientation”), FIG. 2 (“TaN/Ta(114Å)/Cu”). 

Copper film
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Annotated FIG. 2 of Ding 

C. I believe that the combined teachings of Zhang, Ding, and Sun 
render claims 1-3, 5-7, and 9 obvious 

123. It is my opinion that each element of claims 1-3, 5-7, and 9 would 

have been obvious to a POSITA as of the filing date of the ʼ324 patent based on 

the combined teachings of Zhang and Ding (as discussed above) and further in 

view of Sun. As I explained in detail above, Zhang in view of Ding renders 

obvious each of claims 1-3, 5-7, and 9 in the ’324 patent. For claim elements [1.2] 

and [5.3] (“said second film being composed of amorphous metal nitride”), Zhang 

discloses that its second film, portion 22, is a metal (tantalum) nitride film (id., 3:9 

Second film First film Copper film
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and FIG. 4) but does not explicitly disclose whether this film is amorphous. While 

Ding teaches the desirability of using an amorphous tantalum nitride (TaNx) layer 

as a diffusion barrier (Ex. 1005, 3:39-41), Sun provides further detail.  

124. Specifically, Sun discloses that “nitrogen can [] promote the formation 

of amorphous metallic alloys with most early transition metals.” Ex. 1007, 9. Sun 

also teaches that an amorphous film is a better barrier than a crystalline film 

because the amorphous film is “absen[t] of fast diffusion paths.” Id. Therefore, a 

POSITA would have been motivated to modify bottom portion 22 of the diffusion 

barrier in Zhang to be an amorphous tantalum nitride film (tantalum is an early 

transition metal), even if it is not already known to be amorphous, to avoid fast 

diffusion paths along grain boundaries and minimize copper diffusion. I believe 

that this is especially obvious because the function of portion 22 of Zhang is to 

prevent the diffusion of copper (Ex. 1004, Abstract, and 2:37-39), and this function 

may be improved by using an amorphous tantalum nitride film as taught by Sun. 

125. Moreover, in my opinion, a modification of Zhang and Ding in view 

of Sun would have been obvious to a POSITA because Zhang, Ding, and Sun are 

all directed to improving diffusion barrier films in semiconductor devices with 

copper interconnects. See, e.g., Ex. 1004, 2:38-39; Ex. 1005, 3:33-38; Ex. 1007 at 

9 (“In the recent past tantalum nitride has attracted attention . . . as a thin film 

diffusion barrier between silicon and. . . Cu”).  Further, I believe that the proposed 
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modification would have been obvious because both Zhang and Ding address 

problems of using tantalum nitride as a diffusion barrier with copper films, and Sun 

investigates how various nitrogen concentrations in TaNx affect its diffusion 

barrier properties. See, e.g., Ex. 1004, 1:33-34 (“tantalum nitride has adhesion 

problems with some types of copper films”); Ex. 1005, 3:28-32 (“copper deposited 

directly over TaNx  does not exhibit a sufficiently high degree of <111> crystal 

orientation to provide the desired copper electromigration characteristics.”); Ex. 

1007, 9 (“We deposited Ta-N films by reactive r.f. sputtering from a Ta target with 

an N2-Ar gas mixture. Alloys over a composition range 0-60 at.% N have been 

synthesized. We report on their composition, structure and electrical resistivity.”). 

126. Moreover, in my opinion, any such modification of the layer 22 of 

Zhang in view of Ding and further in view of Sun would have used well-known, 

common techniques such as those expressly taught by Zhang, Ding, and Sun, 

including for example sputtering deposition of the first and second films of the 

diffusion barrier. See, e.g., Ex. 1004, 3:48-50; Ex. 1005, 6:24-57, Ex. 1007, 9. And 

such straightforward modifications would have maintained the known purpose and 

functionalities of Zhang without any significant changes. See, e.g., Ex. 1004, 2:38-

39 (stating that layer 22 (first portion) “provides a good diffusion barrier”); Ex. 

1005, Abstract (teaching that an amorphous layer “[prevents] the diffusion of 

copper into the underlying substrate”); Ex. 1007, 9 (teaching that an amorphous 
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film is a better barrier than a crystalline film because the amorphous film is 

“absen[t] of fast diffusion paths.”).   

127. Finally, I believe that the proposed modification produces no 

unexpected results but instead behaves exactly as a POSITA at the time would 

have predicted. See, e.g., Ex. 1005, Abstract (teaching that an amorphous layer 

“[prevents] the diffusion of copper into the underlying substrate”); Ex. 1007 

(teaching that an amorphous film is a better barrier than a crystalline film because 

the amorphous film is “absen[t] of fast diffusion paths.”); compare Ex. 1001, 3:16-

19, 3:22-27 (teaching that “amorphous TaN . . . does not have the paths through 

which copper is diffused unlike the crystalline metal film” and thus “would have 

high barrier characteristic of preventing copper diffusion.”). 

D. I believe that the combined teachings of Ding in view of Zhang 
render claims 1-3, 5-7, and 9 obvious 

4. Claim 1 is obvious 

128. It is my opinion that each element of claim 1 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Ding in view of Zhang. 

1. [1.0] Ding discloses “A barrier film preventing 
diffusion of copper from a copper wiring layer 
formed on a semiconductor substrate, comprising a 
multi-layered structure of first and second films” 

129. It is my opinion that Ding teaches this claim element. Ding discloses a 

barrier film (“a barrier layer structure”) preventing diffusion of copper from a 
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copper wiring layer. Ex. 1005, Abstract (“a barrier to the diffusion of a copper 

layer deposited thereover”). Ding discloses that the barrier film (“barrier layer 

structure”) is formed on a semiconductor substrate. Id., 6:38 (“deposited on the 

surface of semiconductor workpiece 116”). Ding also discloses the barrier film 

comprises a multi-layered structure of first (“a second layer of Ta”) and second 

films (“a first layer of TaNx”). Id., Abstract, 4:66-67, 6:64, and FIG. 2.  

  

Annotated FIG. 2 of Ding 

Second film First film
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2. [1.1] Ding in view of Zhang discloses “said first film 
being composed of crystalline metal containing 
nitrogen therein” 

130. In my opinion, this claim element would have been obvious to a 

POSITA at the time of the ʼ324 patent based on Ding in view of Zhang. Ding 

discloses that the first film (“second layer of Ta”) is composed of a crystalline 

metal (tantalum). Ex. 1005, 7:67-8:4 (teaching a tantalum layer that provides “a 

tantalum <002> crystalline orientation which enables easy wetting of the tantalum 

surface by the copper and depositing of a copper layer having a high <111> 

crystalline orientation”) (emphasis added). In Ding, the first and second films (Ta 

and TaNx) of the diffusion barrier are deposited using standard sputtering 

techniques. Ex. 1005, 3:47-57 (“The TaNx layer is preferably deposited using 

standard reactive ion sputtering techniques” and “[t]he Ta layer is preferably 

deposited using standard ion sputtering techniques”). 

131. In my opinion, Ding teaches every element of claim 1 of the ’324 

patent, except it does not expressly state the top tantalum layer in the barrier 

contains nitrogen therein. The sputter deposition parameters described in Ding, 

however, suggest the top tantalum layer may contain a small content of nitrogen. In 

Ding, both the first and second films (Ta and TaNx) are deposited using standard 

sputtering techniques. Ex. 1005, 3:47-57 (“The TaNx layer is preferably deposited 

using standard reactive ion sputtering techniques” and “[t]he Ta layer is preferably 
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deposited using standard ion sputtering techniques”). Ding discloses the formation 

of the bottom TaNx layer by feeding both argon and nitrogen gases into a vacuum 

chamber. Id., 7:1-12. Ding discloses an operational pressure in the vacuum 

chamber of about 1.7 milliTorr (mT) when depositing this tantalum nitride layer. 

Id., 7:17-20. Ding further teaches, “Subsequent to application of the TaN layer, the 

nitrogen gas was shut off, “the argon gas feed was maintained,” and the “pressure 

in the vacuum chamber remained at about 1.7 mT” for depositing the top tantalum 

layer in the diffusion barrier. Id., 7:21-29.  

132. In my opinion, because the argon gas feed was “maintained” when the 

nitrogen gas was turned off, and the sputtering chamber “remained” at the same 

operational pressure when sputter depositing the top and bottom films, I believe 

that a POSITA would have understood the bottom TaNx layer and top Ta layer in 

Ding would be fabricated using a single evacuation cycle of the vacuum chamber. 

In my opinion, the POSITA would also have understood that at least some residual 

nitrogen from depositing the TaNx layer would remain in the sputtering chamber 

shown in FIG. 1 after the nitrogen gas is turned off (and during at least part of the 

deposition of the top tantalum layer), resulting in some nitrogen being deposited in 

the top tantalum layer (as required in claim element [1.1]). The POSITA would 

have understood the top tantalum film would contain decreasing nitrogen content 

as the residual nitrogen is pumped out of the chamber or deposited in the top Ta 
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layer after the nitrogen gas feed was turned off (following the sputter deposition of 

the bottom TaNx layer). 

133. Like Ding, Zhang discloses that “deposition of the two films 22 and 

32 [in the diffusion barrier] is typically performed as one sequence during a single 

evacuation cycle.” Ex. 1004, 3:37-38. “During the first portion of the deposition 

[i.e., film 22] . . . a nitrogen-containing gas and an inert gas, such as argon, are 

directed toward a sputtering target” (id., 3:41-43), and “[i]n forming film 32, the 

nitrogen-containing gas is terminated while the inert gas continues to flow” (id., 

3:44-47). 

134. I understand that Ding used a similar sputter-deposition process as 

Zhang, but did not analyze the composition of the top Ta layer. Zhang, however, 

did the analysis and the result is shown in FIG. 4. Ex. 1004, FIG. 4. Zhang 

discovered that the content of nitrogen (in atomic percent) in the top tantalum-rich 

layer 32 decreases as a function of distance after the nitrogen gas has been turned 

off and the layer 32 continues to be deposited. Id., FIG. 4. In my opinion, a 

POSITA at the time when the ’324 patent was filed would have understood that the 

same decrease in nitrogen content would exist within the top tantalum layer of 

Ding, which is formed using a similar sputtering process using a single evacuation 

cycle.  
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135. I believe Ding does not teach against the above-discussed obvious 

result of having nitrogen in the top Ta layer. Although Ding mentions “a pure Ta 

barrier layer,” “a layer of pure Ta,” or a “pure layer of Ta” (see, e.g., Ex. 1005, 

4:11, 9:47, 10:3, 10:8), Ding only uses the term “pure” to distinguish a diffusion 

barrier having only a single layer of tantalum (i.e., a barrier that is purely tantalum) 

from a multi-layer barrier comprising a tantalum nitride layer and a tantalum layer. 

See, e.g., Ex. 1005, 9:47-49 (“a layer of pure Ta does not provide a diffusion 

barrier which performs as well as the TaNx/Ta barrier layer structure”), 4:6-11 

(describing the Cu <111> crystallographic content of copper formed on the multi-

layer TaNx/Ta diffusion barrier as 70% of the content formed over a “pure Ta 

barrier layer”), 10:1-3 (with reference to FIG. 2, “[a]t data point 214 on curve 202, 

which represents the 500 Ǻ TaN / 170 Ǻ Ta barrier layer, the area under the Cu 

<111> []peak is equivalent to the pure layer of Ta,” shown at data point 206 where 

the barrier is only Ta). 

136. I note that, while Ding refers to a single-layer barrier made only of Ta 

as a “pure Ta barrier layer,” Ding does not use the term “pure” to describe the top 

Ta film in a multi-layer TaNx/Ta barrier. In my opinion, Ding does not require the 

top tantalum film in the multi-layer TaNx/Ta barrier to have no impurities or other 

components, such as nitrogen. I believe that a POSITA would have understood the 

top Ta layer in the multi-layer TaNx/Ta barrier of Ding would contain some 
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nitrogen content as a result of the sputter-deposition process in view of Zhang’s 

teachings. 

137. I was informed that the Patent Owner may argue that Ding requires 

the top Ta layer in the TaNx/Ta diffusion barrier to contain no nitrogen content. I 

do not agree, for reasons explained in the preceding paragraphs. Notwithstanding, 

a POSITA at the time of the ’324 patent’s filing date would have been motivated to 

modify the teachings of Ding to incorporate a small amount of nitrogen into Ding’s 

top Ta layer in view of the process disclosed by Zhang, thereby rendering obvious 

the claimed “first film being composed of crystalline metal containing nitrogen 

therein.” 

138. I believe that it would have been obvious for a POSITA at the time of 

the ’324 patent’s filing date to modify the top Ta layer of the two-layer barrier of 

Ding to contain nitrogen in view of Zhang for at least the following reasons. 

139. In my opinion, a POSITA at the time of the application leading to the 

’324 patent would have been motivated to incorporate nitrogen into the top Ta film 

of the diffusion barrier in Ding because doing so would provide several predictable 

technical benefits compared with using a tantalum film without any nitrogen. The 

POSITA would have understood that adding nitrogen to Ding’s tantalum film 

would provide well-known benefits to the diffusion barrier, including better 

polishing characteristics (see, e.g., Ex. 1019, at 12-13, Table 1; Ex. 1021, Table I), 
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lower resistivity (see, e.g., Ex. 1015, Table 1), and more effective blocking of 

copper diffusion for Ding’s diffusion-barrier structure (see, e.g., Ex. 1023, at 8). As 

explained above, the POSITA would have used the single-evacuation cycle 

sputtering process taught by Zhang to incorporate a small amount of nitrogen into 

the top tantalum film in Ding. 

140. In my opinion, a POSITA would have been motivated to incorporate 

nitrogen into the top, tantalum layer of Ding because of the features of the 

diffusion barrier in Zhang. Zhang, for example, teaches the removal of the barrier 

films 22 and 23 using CMP. FIGS. 7 and 8 (removal of barrier films 32 and 22 

using a polishing process), 4:34-37 (same). Ding similarly teaches CMP to remove 

its top and bottom barrier films. Ex. 1005, 7:56-59. 

141. Zhang teaches that although “a pure tantalum film or a tantalum 

nitride film is used as a barrier/adhesion film for a copper interconnect,” the 

tantalum film “can be very difficult to remove using a polishing process.” Ex. 

1004, 1:30-34; FIGS. 7 and 8 (removal of barrier films 32 and 22 using a polishing 

process), 4:34-37 (same). The difficulty in removing the tantalum film may cause 

“the copper . . . be over polished, creating a ‘dishing effect’ in the area of a contact” 

and “there is a cost in substrate processing time.” Ex. 1005, 7:61-65.  

142. In my opinion, a POSITA would have appreciated that incorporating a 

small amount of nitrogen into the top tantalum layer in Ding, as taught in Zhang 
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(e.g., Ex. 1004, FIG. 4), may have had the advantage of making the top tantalum 

film in Ding more easily removable using a chemical mechanical polishing 

process. See, Moussavi et al., “Comparison of Barrier Materials and Deposition 

Processes for Copper Integration,” Proceedings of the IEEE 1998 International 

Interconnect Technology Conference, pp. 295-97 (1998) (“Moussavi,” Ex. 1019), 

at 12-13, Table 1 (showing Ta has a higher polishing selectivity against Cu than 

TaN, which means the polishing rate of Ta is lower than that of TaN); Wijekoon et 

al., “Development of a Production Worthy Copper CMP Process,” 1998 

IEEE/SEMI Advanced Semiconductor Manufacturing Conference, pp. 354-63 

(1998) (“Wijekoon,” Ex. 1021), Table I). 

143. I believe that the POSITA would have appreciated that incorporating a 

small amount of nitrogen into the top tantalum layer in Ding, as taught in Zhang 

(e.g., Ex. 1004, FIG. 4) might have the advantage of making the top tantalum film 

in Ding more easily removable using a polishing process, thus minimizing the 

“dishing effect” and saving processing time and cost. See Ex. 1005, 7:61-65.  

144. In my opinion, it was also well known to a POSITA at the time of the 

’324 patent that tantalum without any impurities (such as nitrogen) has inferior 

diffusion barrier characteristics because grain boundaries in the tantalum act as fast 

diffusion paths that would promote rather than inhibit copper diffusion. See Ex. 
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1007, 9 (“amorphous . . . metal nitrides . . . [is] absen[t] of fast diffusion paths as 

they exist in polycrystalline films”). 

145. I believe that POSITA at the time of the ’324 patent would have 

known that even adding a small amount of nitrogen to a tantalum thin film would 

allow the nitrogen to segregate to the grain boundaries and block the fast diffusion 

paths along those boundaries. See Wang et al., “Barrier Properties of Very Thin Ta 

and TaN layers Against Copper Diffusion,” J. Electrochem. Soc., Vol. 145, No. 7, 

pp. 2538-45 (“Wang”, Ex. 1023), at 8 (“[t]he barrier properties of Ta can be 

significantly improved by adding impurities, such as N and O, to the Ta film. If 

solubility limit of the impurity is exceeded, solute atoms in the Ta grain are 

expected to be segregated to the grain boundaries, resulting in obstruction of the 

fast paths for copper diffusion”). Although one purpose of the top tantalum layer in 

Ding is to provide good adhesion with an overlying copper layer, I believe the 

POSITA would have appreciated that increasing the diffusion barrier 

characteristics of Ding’s top tantalum layer (without significantly degrading the 

adhesion/wetting to copper) would be beneficial for increasing the overall 

diffusion-barrier performance of the barrier. 

146. In my opinion, the POSITA would have been motivated to modify the 

sputter-deposition process of Ding according to the teachings of Zhang, to add a 

small amount of nitrogen into Ding’s top tantalum layer, because doing so would 
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add interstitial nitrogen along the tantalum grain boundaries to improve the overall 

performance of the TaNx/Ta diffusion barrier. 

147. To my knowledge, it was also well known to a POSITA at the time of 

the ’324 patent that maintaining a low resistance in the copper metal wiring layer 

and adhesion layer/diffusion barrier was desirable to reduce the device’s power 

consumption and RC delays (which are both directly proportional to resistance). A 

POSITA would also have recognized that it was known that adding a small amount 

of nitrogen to a tantalum layer would reduce the resistivity of that layer. Ex. 1015, 

Stavrev at Table 1, showing the change of resistivity in a nitrogen-containing 

tantalum film with changing nitrogen flow during deposition (and thus changing 

nitrogen content), in particular showing a local minimum in resistivity in the 

nitrogen-containing tantalum film when some nitrogen, using a 1.5 sccm flow rate 

(resulting in an N/Ta ratio between 0.14 and 0.21), is added to the layer during 

sputter deposition. Table 1 of Stavrev shows the local minimum when the nitrogen 

flow rate is 1.5 sccm, which resulted in an N:Ta ratio between 0.14 and 0.21). I 

believe that a POSITA, with the desire to reduce the resistivity of the diffusion 

barrier, would have been motivated to modify the sputter-deposition process of 

Ding according to the teachings of Zhang, to add a small amount of nitrogen into 

Ding’s top tantalum layer to reduce its resistivity, for example, to minimize power 

consumption and RC delay of the device.  
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148. I believe that any modifications of the two-layer barrier film of Ding 

in view of the sputter-deposition process in Zhang would have used well-known, 

common techniques, such as similar manufacturing processes to create the top and 

bottom films of dual-layer diffusion barriers diffusion barriers. See, e.g., Ex. 1004, 

Abstract, 3:29-50 (teaching that the tantalum nitride and tantalum-rich tantalum 

nitride films 22 and 32 are formed using sputtering deposition); Ex. 1005, 3:28-38, 

3:47-57 (“The TaNx layer is preferably deposited using standard reactive ion 

sputtering techniques” and “[t]he Ta layer is preferably deposited using standard 

ion sputtering techniques”). 

149. In my opinion, Ding and Zhang use similar sputter-deposition 

techniques for forming the top and bottom films. See, e.g., Ex. 1005, 6:63-7:29; 

Ex. 1004, 3:21-50. Ding discloses sputter depositing the bottom TaNx film using a 

mixture of argon and nitrogen gases, then “[s]ubsequent to application of the TaN 

layer, the nitrogen was shut off . . . and the argon gas feed was maintained” to 

deposit the top tantalum film. Ex. 1005, 6:64-7:29. Similarly, in Zhang, the 

“deposition of the two films 22 and 32 is typically performed as one sequence 

during a single evacuation cycle” (Ex. 1004, 3:37-38), where the bottom TaNx film 

22 is sputter-deposited using a mixture of argon and nitrogen gases, then the 

nitrogen gas is terminated while the argon continues to maintain a plasma for 

sputter-depositing the top tantalum-rich tantalum nitride film 32 (id., 3:41-47). 
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150. In my opinion, the combination of Ding in view of Zhang would have 

yielded predictable results to a POSITA since the sputter-deposited films in both 

the diffusion barriers of Ding and Zhang provide good diffusion-barrier 

characteristics and an improved interface between the diffusion barrier and an 

overlying copper wiring layer. Ding teaches a top crystalline film “enables easy 

wetting of the tantalum surface by the copper and depositing of a copper layer 

having a high <111> crystal orientation …” (Ex. 1005, 8:1-4), while a bottom 

amorphous film “[prevents] the diffusion of copper into underlying silicon or 

silicon oxide surfaces” (id., 3:39-41). Addressing these same diffusion and 

adhesion issues, Zhang teaches “[t]he combination of portions within the first 

conductive film provides a good diffusion barrier (first portion) and has good 

adhesion (second portion) with the second conductive film.” Ex. 1004, 2:37-40; 

see also id., 5:49-53. 

151. In my opinion, it would have been well known to a POSITA that 

incorporating the small amount of nitrogen into the top, second layer of Ta in Ding 

would not have prevented this top layer from being crystalline. See, e.g., Ex. 1006, 

9 (disclosing both a Ta film and a Ta(N) film with 5 atomic percentage nitrogen 

have the same crystalline phase, β-Ta: “a 0.25% N2/Ar mixture produced a film 

with 5 at.% nitrogen content” and “[e]lectron-diffraction patterns taken from 

through-foil transmission electron microscopy (TEM) specimens allowed the 
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identification of β-Ta in [this] case”; “[t]he Ta film deposited in pure Ar was also 

found to be β-Ta.”). Further, in my opinion, the POSITA also would have known 

that increasing the substrate temperature or applying a biasing voltage to the 

substrate during the sputter deposition could help maintain the crystalline phase. 

See Ex. 1017, 17 (“both substrate preheating and substrate biasing during 

sputtering seem to have the common effect of increasing the adatom mobility and 

promoting a continuous, closely-packed-grains structure in the film”). 

152. I believe that a POSITA also would have understood that the 

combination of Ding and Zhang would not produce unexpected results, but instead 

would behave exactly as the POSITA at the time would have predicted. See, e.g., 

Ex. 1005, 3:39-41, 8:1-4 (teaching that crystalline metal layer enables the “easy 

wetting of the tantalum surface by the copper[, i.e., good adhesion to the copper 

layer,] and depositing of a copper layer having a high <111> crystal orientation,” 

i.e., providing good adhesion to the copper layer, while an amorphous layer 

“[prevents] the diffusion of copper into the underlying substrate”); see also Ex. 

1001 (teaching a copper film formed on a crystalline metal film “would have high 

adhesion and rich crystal orientation” but poor “barrier characteristic of preventing 

copper diffusion” while “amorphous TaN . . . does not have the paths through 

which copper is diffused unlike the crystalline metal film” and thus “would have 

high barrier characteristic of preventing copper diffusion”). 
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3. [1.2] Ding discloses “said second film being composed 
of amorphous metal nitride” 

153. It is my opinion that Ding teaches this claim element. Ding discloses 

the second film of the diffusion barrier (which Ding refers to as the first layer of 

TaNx) is a tantalum nitride layer, which is a metal nitride. Ex. 1005, Abstract, and 

6:64. Further, the TaNx layer in Ding is amorphous. Id., Abstract and 3:39-40 

(teaching that the TaNx layer is “sufficiently amorphous”). 

4. [1.3] Ding discloses “said barrier film being 
constituted of common metal atomic species” 

154. It is my opinion that Ding teaches this claim element. Ding discloses 

that top film of the barrier is composed of tantalum (which Ding refers to as the 

second layer of tantalum), or a tantalum layer containing nitrogen (as modified 

according to Zhang), and the second film of the diffusion barrier is composed of 

tantalum nitride, TaNx. Ex. 1005, 3:33-34 (“We have developed a barrier layer 

structure comprising a layer of Ta overlying a layer of TaNx”), 4:66-5:1 (“TaNx/Ta 

barrier layer structure”). As such, in my opinion, Ding discloses the barrier layer 

structure is constituted of common metal atomic species, namely, tantalum. Ex. 

1005, Abstract, 4:66-67, 6:64. [1.4] Ding discloses “said first film being formed on 

said second film” 
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155. It is my opinion that Ding teaches this claim element. Ding discloses 

that the first film (the Ta layer) is formed on the second film (the TaNx layer).  Ex. 

1005, 7:1-29; see also, Abstract, 4:66-5:1 (“The TaNx/Ta barrier layer structure”).   

5. [1.5] Ding discloses “said first film in direct contact 
with said second film” 

156. It is my opinion that Ding teaches this claim element. Ding discloses 

that the Ta layer is in direct contact with the TaNx layer. See Ex. 1005, 3:33-34 

(“We have developed a barrier layer structure comprising a layer of Ta overlying a 

layer of TaNx”), 7:21-29 (describing the formation of the second layer directly on 

the first layer, whereby “[s]ubsequent to application of the TaN layer, the nitrogen 

gas was shut off” to form the Ta layer).  

6. [1.6] Ding in view of Zhang discloses “said first film 
containing nitrogen in a smaller content than that of 
said second film” 

157. In my opinion, this claim element would have been obvious to a 

POSITA at the time of the ʼ324 patent based on Ding in view of Zhang. In an 

exemplary embodiment, Ding discloses that “the TaNx layer produced was TaN0.7, 

containing about 40 atomic percent nitrogen.” Id., 7:11-12. Ding further discloses 

that “[s]ubsequent to application of the TaN layer, the nitrogen gas was shut off” to 

deposit “a . . . layer of tantalum . . . over the TaN layer.” Id., 7:21-27. In my 

opinion, since the nitrogen gas was shut off when forming the top tantalum layer of 

Ding in a single sputtering deposition sequence for forming the diffusion barrier, 
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there is less atomic percent nitrogen in the top tantalum layer than in the bottom 

tantalum nitride layer. As I explained in detail above, I believe that a POSITA 

would have been motivated to incorporate a small amount of nitrogen into the 

second layer of tantalum in Ding by using a sputter-deposition process similar to 

that disclosed by Zhang. As shown in the plot of FIG. 4 in Zhang, such a process 

would result in a smaller content of nitrogen in the barrier’s first film (second layer 

of Ta, as modified to contain nitrogen by the process of Zhang) than in its bottom 

film (first layer of TaNx) in Ding.  

 

Annotated FIG. 4 of Zhang 
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5. Claim 2 is obvious 

158. It is my opinion that each element of claim 2 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Ding in view of Zhang. 

1. [2] Ding discloses “The barrier film as set forth in 
claim 1, wherein said second film has a thickness in 
the range of 80 Angstroms to 150 Angstroms both 
inclusive” 

159. Ding discloses embodiments where the second film (bottom TaNx 

film) of the diffusion barrier has a thickness “ranging from greater than about 10 Å 

to about 300 Å,” which contains the claimed range of 80 Å to 150 Å in claim 2. Ex. 

1005, Abstract. As such, Ding discloses the thickness range of claim 2 for the 

bottom TaNx film. 

160. In my opinion, Ding’s disclosed range of “greater than about 10 Å to 

about 300 Å” teaches the claimed range of 80 to 150 Angstroms with sufficient 

specificity because the claimed range falls completely within Ding’s disclosed 

range, and the disclosed 10 to 300 Angstroms in Ding is a small subset of a larger 

range of 50 to 1000 Angstroms disclosed in Ding for the same layer. Ex. 1005, 

4:14-15. 

161. I understand that the only reason the ’324 patent provides for having a 

second-film thickness in the range from 80 to 150 Angstroms is so that “barrier 

characteristic of preventing copper diffusion is ensured and adhesion with the 
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underlying insulating film . . . is also ensured” (Ex. 1001, 13:51-54), but the patent 

provides no evidence that using a film with a thickness in either of the ranges 10 to 

80 Angstroms or 150 to 300 Angstroms would fail to prevent copper diffusion or 

proper adhesion with the underlying insulating film. In my opinion, the POSITA 

would have been able to choose an appropriate second film thickness in the 

claimed range, for example, based on the desired diffusion blocking, adhesion, 

resistivity, and amorphization properties of the diffusion barrier. 

162. In general, I believe that it was well known to a POSITA that for the 

same degree of amorphization (which is determined by N content and sputtering 

conditions), a thicker film would lead to better diffusion barrier properties. In my 

opinion, a POSITA would also have understood that a thicker film would also lead 

to a lower electrical resistance in a copper/barrier structure along a direction 

parallel to the interface between the barrier and the copper layer and a higher 

electrical resistance along a direction perpendicular to the interface. Moreover, it 

was understood that the thicker film could also lead to more stress because of the 

lattice mismatch and the thermal expansion mismatch between the TaNx and the 

underlying dielectric, which may lead to adhesion problems. Because these 

concerns are well-known design criteria to a POSITA at the relevant time, I believe 

that the range claimed in Claim 2 would have be obvious to a POSITA at the 

relevant time because a POSITA would have selected an optimal thickness both 
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within and reasonably beyond the claimed range based on these well-known design 

criteria.  

163. Also, how “amorphous” the TaNx film is affects its optimum 

thickness. Generally, the crystallinity of solids ranges from amorphous (with no 

short range periodicity of the atoms in the material), to small grain microcrystalline 

films (with short range periodicity of the atoms within the small grains), to larger 

grain polycrystalline films (with longer range periodicity of the atoms within the 

larger grains), to single crystal or single crystalline solids (with long range 

periodicity over the entire solid). Generally speaking, the more amorphous the 

TaNx film is, the thinner it can be in order to block diffusion. Therefore, the 

optimal thickness for the second film would have varied, depending on the 

amorphous nature of the film, and a POSITA would have understood such a 

thickness to be a simple design choice.  

164. Moreover, where the TaNx film is located and how it is used affects 

its optimum thickness. For example, if the barrier layer rests on an inter-metal 

dielectric (IMD) rather than on a typical Si substrate, a POSITA would have 

understood that a thinner TaNx barrier layer is permissible (perhaps down to 10 

Angstroms for the vias), because the IMD layers are relatively far away from the Si 

surface. On the other hand, a POSITA would have understood that a barrier layer 

on the contacts to a Si substrate may be required to be designed to be thicker (with 
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a lower limit of 50 Angstroms in Ding) as added insurance such that Cu does not 

enter Si. Copper diffusing into Si is the real problem in terms of decreasing 

minority carrier lifetimes and degrading device performance, while Cu atoms 

diffusing into the IMDs above are only problematic in the sense that the Cu could 

ultimately find its way into the Si underneath. Therefore, the optimal thickness for 

the second film would have varied depending on where the film is located in the 

structure and how it is used, and a POSITA would have understood such a 

thickness to be a simple design choice.  

165. To the extent Ding does not expressly disclose the thickness range for 

the second film in this claim element, which corresponds to the thickness of Ding’s 

TaNx film (Ex. 1005, 4:14), I believe that the claimed thickness range would have 

been obvious to a POSITA, in view of the thickness of the bottom TaNx film in 

Zhang. Ex. 1004, 3:9-12 (“tantalum nitride film 22 is then deposited”). Zhang 

teaches a “typical” combined thickness of the top and bottom films 32 and 22 in 

the range of 100 to 300 Angstroms (Ex. 1004, 4:7-10), and also teaches an 

embodiment where the thickness of the films 32 and 22 may be approximately 

equal (Ex. 1004, 4:1-5, FIG. 4, ), therefore disclosing a thickness range for film 22 

in the range of 50 to 150 Angstroms (i.e., half of the disclosed range of 100 to 300 

Angstroms for the combined thickness of films 32 and 22). This range includes the 

claimed range of 80 to 150 Angstroms with sufficient specificity because the 

Page 94 of 196



 94 

ranges overlap for the most part, from 80 to 150 Angstroms, with the only non-

lapping range from 50 to 80 Angstroms representing a small percentage of the 

overall range. In my opinion, a POSITA would have been motivated to combine 

the teachings of Ding with Zhang for at least the same reasons I gave above. 

6. Claim 3 is obvious 

166. It is my opinion that each element of claim 3 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Ding in view of Zhang. 

1. [3] Ding discloses “The barrier film as set forth in 
claim 1, wherein said first film has a thickness in the 
range of 60 Angstroms to 300 Angstroms both 
inclusive” 

167. It is my opinion that Ding teaches this claim element. Ding discloses 

that the first film (the Ta layer) has a thickness “ranging from about 5 Ǻ to about 

500 Ǻ, wherein the thickness is preferably greater than about 20 Ǻ” (Ex. 1005, 

3:52-55), which includes the claimed range of 60 Angstroms to 300 Angstroms. 

Ding discloses specific embodiments where the thickness of the top tantalum film 

is 114 Ǻ, 170 Ǻ, and 227 Ǻ, each of which falls within the range of first-film 

thickness in claim 3. Id., 8:66-9:4 (“the overlying Ta layer was 114 Å thick”; “the 

overlying Ta layer was 170 Å thick”; “the overlying Ta layer was 227 Å thick”), 

FIG. 2.  
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Annotated FIG. 2 of Ding 

7. Claim 5 is obvious 

168. It is my opinion that each element of claim 5 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Ding in view of Zhang. 

1. [5.0] Ding discloses “A multi-layered wiring structure 
comprising a barrier film which prevents diffusion of 
copper from a copper wiring layer formed on a 
semiconductor substrate” 

169. It is my opinion that Ding teaches this claim element. I understand 

that claim 5 differs from claim 1 only in that claim 5 claims a multi-layered wiring 

structure comprising the barrier film of claim 1. As I explained above, Ding 

Second film First film

First film has a thickness in the 
range of 60 angstroms to 300 
angstroms
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teaches a multi-layered wiring structure comprising a barrier film (see, e.g., Ex. 

1005, 4:5-7 “a copper interconnect structure comprising a copper layer deposited 

over a barrier layer structure”) which provides “a barrier to the diffusion of a 

copper layer deposited thereover.” Id., Abstract. Ding discloses that the barrier film 

is formed on a semiconductor substrate. Id., 6:38 (teaching the barrier layer 

structure is “deposited on the surface of semiconductor workpiece 116,” which is a 

semiconductor substrate).  

2. [5.1] Ding discloses “said barrier film having a multi-
layered structure of first and second films” 

170. It is my opinion that Ding teaches this claim element. Ding discloses 

that the barrier film has a multi-layered structure of first and second films, which 

respectively correspond to the second layer of tantalum (or tantalum containing 

nitrogen as modified by Zhang) and the first layer of TaNx in Ding. Ex. 1005, 

Abstract, 4:66-67, 6:64, and FIG. 2.  
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Annotated FIG. 2 of Ding 

3. Ding and Zhang disclose [5.2]-[5.7] 

171. Claim elements [5.2]-[5.7] of claim 5, which are substantively similar 

to the elements [1.1]-[1.6] of claim 1, are obvious over Ding in view of Zhang for 

at least the same reasons explained above for claim elements [1.1]-[1.6].  

8. Claim 6 is obvious 

172. It is my opinion that each element of claim 6 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Ding in view of Zhang. Claim 6, which is substantively similar to 

Second film First film
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claim 2, is obvious over Ding in view of Zhang for at least the same reasons 

explained above for claim 2. 

9. Claim 7 is obvious 

173. It is my opinion that each element of claim 7 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Ding in view of Zhang. Claim 7, which is substantively similar to 

claim 3, is obvious over Ding in view of Zhang for at least the same reasons 

explained above for claim 3.  

10. Claim 9 is obvious 

174. It is my opinion that each element of claim 9 would have been 

obvious to a POSITA as of the filing date of the ʼ324 patent based on the combined 

teachings of Ding in view of Zhang. 

1. [9] Ding discloses “The multi-layered wiring structure 
as set forth in claim 5, further comprising a copper 
film formed on said first film” 

175. It is my opinion that Ding teaches this claim element. Ding discloses 

that the multi-layered wiring structure (“copper interconnect structure”) further 

includes a copper film (copper layer) formed on the first film (the Ta layer) in the 

diffusion barrier. See, e.g., id., 4:5-7, 4:14-24, 4:66, 7:38-50 (teaching how the 

copper layer is deposited and, in particular, that the “copper layer overlying the 

TaN barrier layer was applied,” where the substrate for depositing the copper layer 

is a “substrate[] having a tantalum layer as its upper surface”), 8:2-3 (“[t]he 
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[tantalum] layer . . . enables easy wetting of the tantalum surface by the copper,” 

which, in my opinion, means the copper layer contacts the tantalum layer), and 

FIG. 2. 

 

Annotated FIG. 2 of Ding 

Conclusion  

176. In signing this declaration, I recognize that the declaration will be 

filed as evidence in a contested proceeding before the Patent Trial and Appeal 

Board of the United States Patent and Trademark Office.  I also recognize that I 

may be subject to cross-examination in the proceeding and that cross-examination 

will take place within the United States.  If cross-examination is required of me, I 

Second film First film Copper film
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 Dr. Sanjay Banerjee 

banerjee@ece.utexas.edu; (512)-471-6730 

CV at http://www.mrc.utexas.edu/people/faculty/sanjay-

banerjee 
 

Selected Testifying Experience (represented the underlined party in each case) 

 

1. Freescale vs. Marvell  (Case No. 12-CV-644 in W.D. Texas; deposed), DRAM,  

Brian Mack, Quinn Emanuel, 2014 

2. Cypress  vs. GSI (3:13-CV-02013-JST in Northern District of CA, expert report, 

deposed, settled), Semiconductor Memory architecture, Brent Yamashita, DLA 

Piper, 2014 

3. Crocus vs. NYU (Case IPR2014-00047 Patent 6,980,469 B2, deposed), 

STTRAM, Stephanie Schoenwald, Steptoe & Johnson,  2014 

4. HSM vs. Qualcomm (Case1:11-CV-00770-RGA in Delaware), settled, Memory 

sense amps, Drew Koning, Cooley,  2014, settled. 

5. Spansion vs. Macronix (ITC 337-TA-893, testified at ITC),  settled, Flash 

memory, Janice Jabido,  Ropes and Gray, 2014 

6. TPL vs. Seiko, Dell, HP, Acer, Newegg, Brother  (ITC Investigation No. 337-TA-

841; testified at ITC on behalf of all 6 respondents and won), Flash memory,  

Matt Hertko, Kirkland Ellis, Hogan Lovells, Kenyon, Banner Witkoff, Webb, 

2013 

7. Intellectual Ventures vs. Hynix (C.A. No. 10-1066 (SLR) (MPT), District of 

Delaware, Non-testifying expert), DRAMs, Brian Mack,  Quinn Emanuel 2012 

8. Smart Modular vs. Netlist (Case No. 2:12-CV-02319-MCE-EFB in Easter District 

of California, deposed), Memory modules, Ed Sikorski, DLA, 2012. 

9. Microsoft vs. Motorola (deposed in ITC  case 337-TA-744 and won)  Flash 

memory file systems, Brian Mack, Quinn Emanuel, 2011 

10. Rambus vs. Samsung (Case C 05-00334 RMW; testified in Northern District of 

California and won), RDRAM,  Jennifer Polse, Munger Tolles, 2008  

11. Fujitsu Limited & Fujitsu Microelectronics America, Inc. vs. Nanya Technology 

Corporation,  settled, DRAM, Shore Chan Bragalone, 2007 

12. Toshiba America vs. Hynix Semiconductor , settled, DRAM, Townsend & 

Townsend & Crew 2005 

13. Sandisk  vs. STMicroelectronics,  Case 337-TA-526, Testified at ITC, lost, Flash 

memory, Wilson Sonsini, 2004 

14. Motorola vs. STMicroelectronics, ICs, Settled,  Jones Day, 2004 

15. Varian vs. Nissin (Case No.: 04-CA-375 (LY), Western District of Texas); 

Deposed; Ion implanter, settled before trial, Shearson Lehman, 2004 

 

 

 

  

Page 103 of 196

mailto:banerjee@ece.utexas.edu
http://www.mrc.utexas.edu/people/faculty/sanjay-banerjee
http://www.mrc.utexas.edu/people/faculty/sanjay-banerjee


2 

 

Sanjay Banerjee is the Cockrell Family Regents Chair Professor of Electrical and Computer 

Engineering and Director, Microelectronics Research Center, at the University of Texas at Austin. 

He is also the Director of the South West Academy of Nanoelectronics, one of three centers in the 

US to develop a replacement for MOSFETs.  He received his B.Tech from the Indian Institute of 

Technology, Kharagpur, and his M.S. and Ph.D. from the University of Illinois at Urbana-

Champaign in 1979, 1981 and 1983 respectively, all in electrical engineering. As a Member of the 

Technical Staff, Corporate Research, Development and Engineering of Texas Instruments 

Incorporated from 1983-1987, he worked on polysilicon transistors and dynamic random access 

trench memory cells used by Texas Instruments in the world's first 4Megabit DRAM. He has been 

Assistant Professor (1987-90), Associate Professor (1990-93), and Professor (1993-) at The 

University of Texas at Austin. He has over 1000 archival refereed publications/talks, 10 

books/chapters, and 30 U.S. patents, and has supervised over 60 Ph.D. and 70 MS students. His 

students have received 10 Best Papers Awards at various conferences, and he has presented over 

100 invited talks.  He received the Engineering Foundation Advisory Council Halliburton Award, 

1991, the Texas Atomic Energy Fellowship (1990-1997), Cullen Professorship (1997-2001) and 

the Hocott Research Award from UT Austin (2007). He has won the IEEE Grove Award (2014), 

Distinguished Alumnus Award, IIT (2005), Industrial R&D 100 Award (2004), ECS Callinan 

Award, 2003, IEEE Millennium Medal, 2000, NSF Presidential Young Investigator Award in 

1988,  and several SRC Inventor Recognition and Best Paper Awards. He was a Distinguished 

Lecturer for IEEE Electron Devices Society, and the General Chair of the IEEE Device Research 

Conference, 2002. He is a Fellow of IEEE, APS and AAAS. He is active in the areas of beyond-

CMOS nanoelectronic transistors based on 2D materials and spintronics, fabrication and modeling 

of advanced MOSFETs, and solar cells.  
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Sanjay Kumar Banerjee 
 

Current Position:   Cockrell Family Regents Chair in 

                                 Electrical and Computer Engineering, 1999- 

          Director, Microelectronics Research Center, 1999- 

 

 Education: University of Illinois, PhD (Electrical Engineering), 1983  

  University of Illinois, MS (Electrical Engineering), 1981 

  Indian Institute of Technology at Kharagpur, India, B. Tech (Electronics), 1979 

  

 Professional Engineer: Texas 

 

Previous Positions: Cullen Trust Endowed Professorship in Engineering No.1, 1997-2001 

 University of Texas, Associate Director, Microelectronics Research Center, 1996-99 

 University of Texas, Professor, September 1993-  

 University of Texas, Associate Professor, September 1990- August 1993 

 University of Texas, Assistant Professor, September 1987- August, 1990 

                        Texas Instruments, Corporate R& D, Member of Technical Staff, 1983-August 1987 

 

Honors and Awards: 

 IEEE Andrew Grove Award (2014) 

 Fellow of American Association for Advancement of Science (2007) 

 Hocott Research Award, Univ. of Texas, 2007 

 Fellow, American Physical Society, 2006 

 Distinguished Alumnus Award, IIT, 2005 

 Industrial R&D 100 Award (with R.Singh) 2004 

 Electrochemical Society Thomas D. Callinan Award, 2003 
 Micron Professorship (2003- 10) 

 IEEE Millennium Medal, 2001 

 SRC Inventor Recognition Awards, 1994, 2000, 2009 

 Best Paper Awards, SRC 1998, 2006, 2009, 2010,2014, 2015 

 Who’s Who Listings (Marquis) 

 Cullen Professorship, Univ. of Texas, 1997- 2001 

Distinguished Lecturer for the IEEE Electron Devices Society (1997-2003), Adcom 

Member till 1998 

 Fellow of IEEE, 1996 

 Engineering Foundation Advisory Council Halliburton Award, 1991 

 Texas Atomic Energy Centennial Fellowship, 1990-97 

 NSF Presidential Young Investigator Award, 1988 

 Best Paper Award, IEEE International Solid State Circuits Conference, 1986 

 Jagadis Bose and National Science Talent Search Scholarships, India, 1974-79 

Institute Medal and Swapan Saha Prize for Highest Ranking Undergraduate (ECE), 

I.I.T., India, 1979  

 Phi Kappa Phi 
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Professional Society and Major Government Committees: 

Technical Advisory Board: Applied Novel Devices (current) AstroWatt, DSM Semiconductors, 

Cambrios, Nanocoolers Inc., BeSang Memories, Organic ID and ITU Ventures;Gerson Lehmann 

Group, NY; Austin Community College; Asia Pacific IIIT; Rochester Institute of Technology, 

HSMC Foundry 

 

IEEE Dan Noble Award Committee, 2010-13 (Chair, 2012-13) 

Congressional round-table panel member on nanotechnology, Feb. 2008 

Member on International Technology Roadmap for Semiconductors 

Siemens Westinghouse Science Talent Contest Judge, 2003 

Morgan & Claypool Publishers, Lectures in Electronic Materials &Devices, Series Editor 

SISPAD, Program Committee, 2005-6 

Electrochemical Society Symposium on SiGe, Program Committee, 2004 

IRPS, Program Committee, 2005 

12th Int. Workshop on Physics of Semiconductor Devices, Int. Advisory Committee 

Int. Advisory Committee, Int. Conf. on MEMS and Nanotechnology, IIT, 2005 

Program Committee, International SiGe Technology and Device Meeting, 2004-2012 

IEEE Device Research Conference Technical Program Chair, 2000-01, General Chair, 2001-02 

Editorial Board, Elsevier Science, 2001 

IEDM Program Committee, Modeling and Simulation, Session Chair, 2001-03 

ECS Session Chair, Toronto, Canada, May 2000 

Program Committee, IEEE Int. Conf.  Communications, Computers, Devices, Kharagpur, 2000. 

IEEE Device Research Conference Program Committee/Local Arrangements Chair, 1999-2000 

NSF Workshop Co-Organizer for “Front and Back-end Processes”, Austin, TX 1999 

Eleventh Int. Ion Implant Tech. Meet. Program Committee and Publications Chair, 1995-1996. 

IEEE Symposium on VLSI Technology, Committee Member, 1992-98 

NSF Workshop Organizer for “Silicon-Germanium Devices”, Austin, TX 1999 

IEEE University Government Industry Microelectronics Symp., General Chairman, 1994-1995 

IEEE International Electron Devices Meeting, (Device Technology/ Session Chair: 1989-90) 

IEEE Conf. on Electromagnetic Field Computation, Chair Comp. in Electron Dev., CA, 1992 

Panel Member, SRC Conference on Integration of Novel Processes, 1991 

 

Sponsored Research: 
Grant  title:  "Three-Dimensional IC Technology,"  

 Co-Principal Investigator:S.Banerjee 

 Other Investigators:  D.L. Kwong 

  Sponsoring Agency: Texas Advanced Technology Program   

 Duration: June 1988-August 1990.  

 

Grant  title:  "High Speed Devices and VLSI Structures by Laser-Enhanced Epitaxy,"  

 Principal Investigator: S.Banerjee  

 Sponsoring Agency: Texas Advanced Technology Program  

 Duration: June 1988-August 1990. 

 

Grant  title:  "Optoelectronic Devices by Photo-enhanced Chemical Vapor Deposition,"  
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 Principal Investigator: S.Banerjee  

 Sponsoring Agency: National Science Foundation PYI  

 Duration: August 1988- July 1993.  

 

Grant  title:  "GaAs-on-Si MESFET Modeling,"  

 Principal Investigator: S.Banerjee   

 Sponsoring Agency: Texas Instruments, Inc.  

 Duration: December 1988- August 1989. 

 

Grant  title:  "Understanding and Modeling of Unit Processes" 

 Co-Investigator: S.Banerjee  

 Other Investigators: W.Adcock (PI), A.Tasch (Co-PI), I.Trachtenberg (Co-PI),   

 D.Kwong, J.Lee, T.Edgar and J.Ekerdt  

 Sponsoring Agency:  SEMATECH and SRC 

 Duration: December 1988- August 1993. 

 

Grant  title:  "RPCVD Epitaxial Silicon and Insulators for Use in 3-D CMOS Integrated 

 Circuits,"  

 Co-Investigator: S.Banerjee 

 Other Investigators: A.Tasch (P.I.), A.Cowley and R.Jones  

 Sponsoring Agency: Office of Naval Research  

 Duration: Sept. 1987- March 1990. 

 

Grant  title:  "Ballistic and Quantum Transport in Si Devices at Cryogenic Temperatures"  

 Principal Investigator:S.Banerjee 

 Other Investigators:  J.Lee 

  Sponsoring Agency: Texas Advanced Technology Program   

 Duration: November 1989- November 1991.  

 

Grant  title:  "Polysilicon Transistor Modeling,"  

 Principal Investigator: S.Banerjee   

 Sponsoring Agency: Motorola  

 Duration: September, 1991-August, 1993. 

 

Grant  title:  "Acquisition of High Resolution Transmission Electron Microscope,"  

 Principal Investigator: L.Rabenberg  

 Other Investigators:  S.Banerjee, J.Goodenough, A.Heller, P.Ho and A.Manthiram 

  Sponsoring Agency: National Science Foundation  

 Duration: 10/92-10/93   

 

Grant  title:  "Atomic Layer Epitaxy of Group IV Semiconductors,"  

 Co-Principal Investigator: S.Banerjee 

 Other Investigators: A.Tasch (P.I.), A.Cowley, J.Ekerdt and R.Jones  

 Sponsoring Agency: Office of Naval Research  

 Duration: February 1991-August 1996. 
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Grant  title:  "Materials and Bulk Processes" 

 Co-Investigator: S.Banerjee  

 Other Investigators:  A.Tasch (PI), D.Kwong, J.Lee 

 Sponsoring Agency:  SRC/ SEMATECH  

 Duration: September 1993- August 1998. 

 

Grant  title:  "Synthesis, Growth and Analysis of Electronic Materials,"  

 Co-Investigator: S.Banerjee 

 Other Investigators: J.White (P.I) and 11 others from ECE, Chemistry and Physics  

 Sponsoring Agency: National Science  

 Duration: March 1991- March, 1996. 

 

Grant  title:  "Transport in MOSFETs"  

 Principal Investigator: S.Banerjee   

 Sponsoring Agency: Motorola  

 Duration: August, 1993-August, 1994. 

 

Grant  title:  "Flash EEPROMs"  

 Principal Investigator: S.Banerjee   

 Sponsoring Agency: AMD  

 Duration: May, 1993-December, 1996. 

 

Grant  title:  "LDO Thin Film Transistors"  

 Principal Investigator: S.Banerjee   

 Sponsoring Agency: Micron  

 Duration: March, 1993- April, 1995. 

 

Grant  title:  "Ultra Shallow Junction Technology" 

 Principal Investigator: S.Banerjee  

 Sponsoring Agency:  SEMATECH  

 Duration: January 1994- December 1996. 

 

Grant  title:  "SIMS Analysis of Polysilicon-on-Silicon" 

 Principal Investigator: S.Banerjee  

 Sponsoring Agency:  SEMATECH  

 Duration: September  1994- August 1995. 

 

Grant  title:  "RTP Implant Monitors" 

 Principal Investigator: S.Banerjee  

 Sponsoring Agency:  SEMATECH  

 Duration: September  1995- August 1996. 

 

Grant  title:  "Ultra-shallow Junction Formation and 2-D Dopant Profiling"  

 Principal Investigator:S.Banerjee 

 Other Investigators:  K.Shih 

  Sponsoring Agency: Texas Higher Education Coordinating Board   
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 Duration: January 1996- December 1997.  

 

Grant  title:  "Analysis of Deep Submicron MOSFETs" 

 Principal-Investigator: S.Banerjee  

 Other Investigators:  A.Tasch 

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: October 1998- September 1999. 

 

Grant  title:  "Unrestricted Grant"  

 Principal Investigator: S.Banerjee   

 Sponsoring Agency: Various Donors  

 Duration: No expiration 

 

Grant  title:  "Synthesis, Growth and Analysis of Electronic Materials,"  

 Co-Investigator: S.Banerjee 

 Other Investigators: J.White (P.I) and 11 others from ECE, Chemistry and Physics  

 Sponsoring Agency: National Science Foundation STC  

 Duration: March 1996- February, 2002. 

 

Grant  title:  "Ultra-shallow Junction Process Integration" 

 Principal Investigator: S.Banerjee  

 Sponsoring Agency:  SEMATECH  

 Duration: September 1997- December 2001. 

 

Grant  title:  "Si and Ge Thin Film CVD, Modeling and Control"  

 Co-Principal Investigator: S.Banerjee 

Other Investigators:  J.Ekerdt (P.I.), M.Downer, I.Trachtenberg; Univ. of 

Wisconsin 

 Sponsoring Agency: Dept. of Defense-MURI  

 Duration: July 1995-July 2000 

 

Grant  title:  "Ultra-shallow Junction  Technology"  

 Principal Investigator:S.Banerjee 

 Sponsoring Agency: Texas Higher Education Coordinating Board   

 Duration: January 1998- August 2000.  

 

Grant  title:  "Channel Engineering in Si-Ge-C MOSFETs " 

 Principal-Investigator: S.Banerjee  

 Other Investigators:  A.Tasch 

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: October 1997- September 2000. 

 

Grant  title:  "Advanced Annealing"  

 Principal Investigator:S.Banerjee 

 Sponsoring Agency: Texas Higher Education Coordinating Board   

 Duration: January 2000- December 2001.  
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Grant  title:  "Quantum Transport in Heterostructure MOSFETs " 

 Principal-Investigator: S.Banerjee  

 Other Investigators:  A.Tasch 

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: October 1999- September 2002. 

 

Grant  title:  "Front End Processing" 

 Principal-Investigator: S.Banerjee  

 Other Investigators:  A.Tasch, D.Kwong, J.Lee  

 Sponsoring Agency:  SRC/ SEMATECH  

 Duration: April 1998- March 2001. 

 

Grant  title:  "Vertical  Si-Ge-C MOSFETs " 

 Principal-Investigator: S.Banerjee  

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: September 2000-August 2003. 

 

Grant  title:  "Compact Modeling of Gate Current" 

 Principal-Investigator: S.Banerjee  

 Other Investigators:  F.Register 

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: July 2000- September 2003. 

 

Grant  title:  "Ion Implantation Modeling" 

 Principal-Investigator: S.Banerjee  

 Other Investigators:  A.Tasch 

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: July 2000- September 2001. 

 

Grant  title:  "Front End Processing" 

 Principal-Investigator: S.Banerjee  

 Other Investigators:   D.Kwong, J.Lee, F.Register  

 Sponsoring Agency:  SRC/ SEMATECH  

 Duration: April 2001- March 2003. 

 

Grant  title:  "MARCO Focus Center on Device Structures" 

 Principal-Investigator: S.Banerjee  

 Other Investigators:   D.Kwong (with MIT, Stanford, UC Berkeley) 

 Sponsoring Agency: DARPA/SRC  

 Duration: Award announced February 2001 (3 year contract) 

 

Grant  title:  "SiGe Flash EEPROMS with Quantum Dot Gates"  

 Principal Investigator:S.Banerjee 

  Sponsoring Agency: Texas Higher Education Coordinating Board   

 Duration: January 2002- December 2003.  
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Grant  title:  "MARCO Focus Center on Device Structures" 

 Principal-Investigator: S.Banerjee  

 Other Investigators:   D.Kwong (with MIT, Stanford, UC Berkeley) 

 Sponsoring Agency: DARPA/SRC  

 Duration: Sept. 2003 (3 year contract) 

 

Grant  title:  "High mobility Ge-channel MOSFETs " 

 Principal-Investigator: S.Banerjee  

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: September 2003-August 2006. 

 

Grant  title:  "Monte Carlo and Quantum transport " 

 Principal-Investigator: S.Banerjee  

 Co-PI: L.F.Register 

 Sponsoring Agency:  Semiconductor Research Corporation 

 Duration: September 2003-August 2006. 

 

Grant  title:  "NIRT on Quantum Dot Memories " 

 Principal-Investigator: S.Banerjee  

 Other Investigators:J.Ekerdt, F.Register, G.Hwang 

 Sponsoring Agency:  NSF 

 Duration: September 2003-August 2007. 

 

Grant  title:  "High mobility Ge-channel MOSFETs " 

 Principal-Investigator: S.Banerjee  

 Sponsoring Agency:  Texas Higher Education Coordinating Board 

 Duration: January 2004-Dec. 2005. 

 

Grant  title:  “Advanced Materials Research Center" 

 Principal-Investigator: S.Banerjee  

 Other Investigators: 15 others 

 Sponsoring Agency:  Texas 

 Duration: January 2004- Dec.2005 

 

Grant  title:  "Advanced Processing and Prototyping Center" 

 Principal-Investigator: S.Banerjee  

 Other Investigators: 18 others 

 Sponsoring Agency:  DARPA 

 Duration:  2005- Dec.2006 

 

Grant  title:  "SiGe Nanostructures" 

 Co-Principal-Investigator: S.Banerjee, 

 Other Investigators: R.Huang 

 Sponsoring Agency:  DOE 

 Duration:  2006- Dec.2009 
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Grant  title:  "Dopant Diffusion Modeling" 

 Principal-Investigator: S.Banerjee, 

 Other Investigators: G.Hwang 

 Sponsoring Agency:  SRC 

 Duration:  2006- Dec.2009 

 

Grant  title:  "NNIN " 

 Principal-Investigator: S.Banerjee  

 Sponsoring Agency:  NSF  

 Duration: January 2004- August.2015 

 

Grant  title:  "MARCO MSD Focus Center " 

 Principal-Investigator: S.Banerjee  

 Sponsoring Agency: DARPA/SRC  

 Duration: Sept. 2007-2012 

 

Grant  title:  "CERA" 

 Principal-Investigator: S.Banerjee  

 Co-PIs: F.Register, R.Ruoff, E.Tutuc, A.Macdonald, D.Akinwande 

 Sponsoring Agency: DARPA/IBM  

 Duration: Sept. 2007-2012 

 

Grant  title:  "NASCENT ERC ", 200k$ per year 
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switch in a magnetic semiconductor RTD,” 2nd conference of NDSI (nanoscale devices & 

system integration), 2005. (April, 2005) 

514. S.Stanley, S.Joshi, S.Banerjee and J.Ekerdt, “Directed Self-assembly of Si and Ge 
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613. Ning Kong, Taras A. Kirichenko, Gyeong S. Hwang, Mark C. Foisy, Steven G. H. 

Anderson, Sanjay K. Banerjee,"An experimental and simulation study of arsenic diffusion 

behavior in point defect engineered silicon" 2007 MRS Proceeding 0994-F10-02.  

614. * Sanjay Banerjee, Strain and Bandgap Engineered High Channel Mobility MOSFETs, 

Keynote talk, ASME, Austin, June 2007. 

615.  *Sanjay Banerjee, Shan Tang, Joy Sarkar, Davood Shahrjerdi, Chang Lee, Flash Memory 

with Nanoparticle Floating Gate, Toronto, Particles  Aug. 2007, Invited 

616. * Sanjay Banerjee, Materials, devices, and heterogeneous integration for new functions, 

GOMAC, Orlando, FL, Jan. 2007, Invited. 

617. * S.Banerjee, Retrospect and Prospects of Nanocrystal Floating Gate Memories, MARCO 

MSD e-workshop, July 2007. 

618.    Shan Tang, C. H. Lee, X. Gao and Sanjay Banerjee, "Flash Memory Fabricated with 

Protein-Mediated PbSe Nanocrystal Assembly as Floating Gate," IEEE Device Research 

Conference (DRC) 2007, p93-94. 

619. J. Sarkar, Shan Tang, D. Garcia and Sanjay Banerjee, "Protein-mediated assembly of 

nanocrystal floating gate in a vertical flash cell," 22nd IEEE Non-Volatile Semiconductor 

Memory Workshop 2007. 

620. * S.Banerjee, Future of Microelectronics: The beginning of the end or  

the end of the beginning? Plenary talk, April 2007, TAMEST Conference, Austin. 

621. * S.Banerjee, New Materials and Structures for Transistors based on Spin, Charge and 

Wavefunction Phase Control, NIST, Gaithersburg, MD, March, 2007, Invited. 

622. * S.Banerjee, Computational Aspects of Nanowire FETs, NCN NRI Meeting, 

Indianolpolis, Feb. 2007, Invited. 

623. * S.Banerjee, Beyond CMOS, Brussels, April 2007, Invited. 

624. * S.Banerjee (with N.Peppas and K.Roy), How Microelectronics will Impact and Improve 

Drug Discovery and Delivery, Plenary Talk, Pharma Conf. Austin, Jan. 2007. 

625. Sachin Joshi, C. Krug, D. Heh, H. J. Na, R. Harris, J. Oh, P. D. Kirsch, P. Majhi, B. H. 

Lee, R. Jammy and S. K. Banerjee, Improved Ge Interface Passivation with Ultrathin SiOx 

Enabling High Mobility Surface Channel PMOSFETs Featuring a HfSiO / WN gate stack, 

34th Conference on the Physics and Chemistry of Semiconductor Interfaces, Salt Lake City, 

Jan 2007, (Young Scientist Award at PCSI 2007.) 

626. Sachin Joshi, Adrian Ciucivara, Bhagwan Sahu, Leonard Kleinman, Rick Wise, Mike 

Seacrist, Rinn Cleavelin, Angelo Pinto, J-T. Huang and Sanjay Banerjee, "Theoretical and 

experimental investigations of valence band offsets in a Direct Silicon Bond hybrid 

orientation technology", 34th Conference on the Physics and Chemistry of Semiconductor 

Interfaces, Jan 2007 (Young Scientist Award at PCSI 2007). 

627. Angelo Pinto, Sachin Joshi, Y.-T. Huang, Rick Wise, Rinn Cleavelin, Mike Seacrist, Mike 

Ries, Manfred Ramin, Melissa Freeman, Billy Nguyen, Kenneth Matthews, Bruce Wilks, 

Charles Stager, Mike Ma, C.-T. Lin and Sanjay K. Banerjee, Bonded layer thickness 

optimization for a DSB-HOT Technology, Materials Research Society meeting, Spring 2007. 
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628. Sachin Joshi, S Dey, C Krug, S Lee, P Kirsch, W Wang, A Campion, D Heh, H Harris, P 

Majhi, B H Lee, H H Tseng, R Jammy, J Lee, S Banerjee,  3X hole mobility enhancement in 

epitaxially grown SiGe PMOSFETs on (110) Si substrates for hybrid orientation technology, 

Device Research Conference, 2007. 

629. M.Oye,…. S.Banerjee, et. al. Effects of different plasma species on optical properties of 

dilute nitrides grown by plasma MBE, EMC 2007 

630. D.Sharjedi, T.Aykol, D. Shahrjerdi, T. Akyol, M. Oye, G. Balakrishnan, A. Khoshakhlagh, 

E. Tutuc, D. Huffaker and S. K. Banerjee, "Atomic layer deposition of Al2O3 and HfO2 gate 

dielectrics on GaAs for MOSFET applications", presented at EMC 2007. 

631. H.Min, B.Sahu, S.Banerjee, A.MacDonald, Bilayer Graphene, APS March meeting, 2007. 

(A28.00009) 

632. B.Sahu and S.Banerjee, Computational study of local meta-magnetic states in Mn doped 

SI, APS March meeting, 2007. (L14.00001) 

633. A.Ciucivara, B.Sahu, S.Banerjee and L.Kleinman, Expt. and theoretical study of Si 

(001)/(110) junctions, APS March meeting, 2007. (N39.00007) 

634. *S.Banerjee, SWAN overview, Int. Assoc. Nano, San Francisco, Oct. 2006, Invited 

635. Kelly DQ, Lee S, Kalra P, Harris R, Oh J, Kirsch P, Banerjee SK, Majhi P, Tseng H, Jammy 

R, Interrelationship between electrical and physical properties of subcritical Si-Ge layers 

grown directly on silicon for short channel high-performance pMOSFETs, 

MICROELECTRONIC ENGINEERING 84 (9-10): 2054-2057 SEP-OCT 2007 

636. D. Shahrjerdi, E. Tutuc and S. K. Banerjee, "Impact of surface chemical treatment on 

capacitance-voltage characteristics of GaAs metal-oxide-semiconductor capacitors with 

Al2O3 gate dielectric", APPLIED PHYSICS LETTERS 91, 1 (2007) 

637. * Sanjay K. Banerjee, Emanuel Tutuc, Joseph Donnely and Davood Shahrjerdi, Enhanced 

Channel Mobility Materials for MOSFETs on Si Substrates, The Electro-Chemical Society 

(ECS) Transactions, October 2007. (Invited) 

638. S. Suthram, P. Majhi, G. Sun, P. Kalra, R. Harris, K. J. Choi, D. Heh, J. Oh, D. Kelly, R. 

Choi, B.J. Cho, M. M. Hussain, C. Smith, S. Banerjee, W. Tsai, S. E. Thompson, H. H. 

Tseng, R. Jammy Demonstration of High Performance PMOSFETs Using Si/SixGe1-x/Si 

Quantum Wells with High-k/Metal Gate Stacks and Uniaxial Strain Additivity for 22 nm 

Technology and Beyond, IEDM 2007 

639. * L.F. Register, M.M. Hasan, F. Li, and S.K. Banerjee, "Efficient Gate Capacitance and 

Current Modeling of High-k Gate Stacks," The Electro-Chemical Society (ECS) 

Transactions, Physics and Technology of High-k Gate Dielectrics 5, Oct. 2007.(Invited talk 

by Banerjee) 

640. D. Basu, M. J. Gilbert, L. F. Register, and S. K. Banerjee, Effect of Elastic Processes in 

Silicon Nanowire Transistors, SRC TECHCON, Austin, Sept, 2007. 

641. Sanjay Banerjee,"How might the nanoscale transistors of the future be made?" NanoTEX, 

Dallas, Oct. 2007, Invited. Also two panel discussion talks on memory and beyond CMOS. 
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642. Ning Kong, Taras A. Kirichenko, Gyeong S. Hwang, Mark C. Foisy, Steven G. H. 

Anderson, Sanjay K. Banerjee,"Arsenic diffusion in point defect engineered silicon" SRC 

TECHCON, Austin, 2007.   

643. Shan Tang, C. H. Lee, X. Gao and Sanjay Banerjee, "Bio-Nano Fabrication of Flash 

Memories with PbSe Nanocrystal Floating Gates," SRC TECHCON. Austin 2007. 

644. H.Chen, M.J. Gilbert, L.F. Register, and S.K. Banerjee, Rashba Effect in a Gate-controlled 

Aharonov-Bohm Device, SRC TECHCON, Austin, Oct. 2007 

645. Y.Kim, Taras A. Kirichenko, Ning Kong, Larry Larson, S.Banerjee, Stability and Diffusion 

of Small Arsenic Interstitial Complexes in Crystalline Silicon: First-principle Studies, SRC 

TECHCON, Austin, Oct. 2007 

646. * Sanjay  Banerjee, Shan Tang, C. B. Mao, J. Sarkar, H. Liu, D. Shahrjerdi, C. H. Lee and 

J. D. Trent, "Bio-Nano Approaches to Fabrication of Quantum Dot Floating Gate Flash 

Memories," International Conference on Solid State Devices and Materials (SSDM) 2007,  

invited paper;  also S.Banerjee, Bio-nano Fabrication of Nanoparticle floating gate Memory, 

Panasonic Research Center, Sept. 2007, Nara, Japan, Invited.  

647. Tackhwi Lee, Jack C. Lee and Sanjay K. Banerjee "Characterization of Dysprosium oxide 

(Dy2O3) incorporated HfO2 gate oxide devices, " SISC 2007. 

648. Hai Liu, Wyatt Winkenwerder, Yueran Liu, Scott K. Stanley,  John G. Ekerdt, Sanjay K. 

Banerjee, “Core-shell Germanium-Silicon Nanoparticle Structure for High K Nonvolatile 

Memory Applications,” International Semiconductor Device Research Symposium 2007. 

649. D. Shahrjerdi*, N. Nuntawong, T. Akyol, G. Balakrishnan, A. Khoshakhlagh, S. Dey, S. 

R. Bank, E. Tutuc, D. Huffaker and S. K. Banerjee, “Fabrication of Unpinned Metal Gate/ 

High-k GaAs MOS capacitors on Ge/ Si/_1-x /Ge/_x // Si Substrates”, /North American 

Conference on Molecular Beam Epitaxy/, 2007 

650. Improved Electrical Characteristics of Ge-on-Si Field-Effect Transistors With Controlled 

Ge Epitaxial Layer Thickness on Si Substrates, Jungwoo Oh; Majhi, P.; Lee, H.; Oooksang 

Yoo; Banerjee, S.; Chang Yong Kang; Ji-Woon Yang; Harris, R.; Hsing-Huang Tseng; 

Jammy,R.; Electron Device Letters, IEEE Volume 28 ( 11),  Nov. 2007 Pp:1044 - 1046  

651. Junction Passivation for Direct Silicon Bond Hybrid Orientation Technology, Joshi, S.; 

Pinto, A.; Huang, Y.-T.; Wise, R.; Cleavelin, R.; Seacrist, M.; Ries, M.; Ramin, M.; Freeman, 

M.; Nguyen, B.; Matthews, K.; Wilks, B.; Denning, L.; Johnson, C.; Bennet, J.; Ma, M.; Lin, 

C.-T.; Banerjee, S.K., Electron Devices, IEEE Transactions on 

Volume 54,  Issue 8,  Aug. 2007 Page(s):2045 – 2050. 

652. Fabrication of Ni nanocrystal flash memories using a polymeric self-assembly approach, 

Shahrjerdi D, Garcia-Gutieffez DI, Banerjee SK, IEEE ELECTRON DEVICE 

LETTERS   Volume: 28   Issue: 9   Pages: 793-796   SEP 2007 

653. Trigate FET Device Characteristics Improvement Using a Hydrogen Anneal Process With 

a Novel Hard Mask Approach, Zaman, R.J.; Mathews, K.; Xiong Weize; Banerjee, 

S.K.;Electron Device Letters, IEEE, Volume 28,  Issue 10,  Oct. 2007 Page(s):916 – 918 

654. GaAs metal-oxide-semiconductor capacitors using atomic layer deposition of HfO2 gate 

dielectric: Fabrication and characterization, Shahrjerdi D, Garcia-Gutierrez DI, Akyol T,, S. 
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R. Bank, E. Tutuc, J. C. Lee, Banerjee S., APPLIED PHYSICS LETTERS   Volume: 19 

Article Number: 193503,  NOV 5 2007 

655. Selective silicon nanoparticle growth on high-density arrays of silicon nitride  

Author(s): Coffee SS, Shahrjerdi D, Banerjee SK, Ekerdt J., JOURNAL OF CRYSTAL 

GROWTH   Volume: 308   Issue: 2   Pages: 269-277   Published: OCT 15 2007 

656. First-principles studies of di-arsenic interstitial and its implications for arsenic-interstitial 

diffusion in crystalline silicon, Kim Y, Kirichenko TA, Kong N,Larson L, Banerjee SK, 

PHYSICA B-CONDENSED MATTER   Volume: 401   Pages: 144-147, DEC 15 2007 

657. Effect of edge roughness on electronic transport in graphene nanoribbon channel metal-

oxide-semiconductor field-effect transistors, Basu D, Gilbert MJ, Register LF, Macdonald 

A, Banerjee SK, APPLIED PHYSICS LETTERS   Volume: 92   Issue: 4 Article Number: 

042114,  JAN 28 2008 

658. High mobility strained Ge PMOSFETs with high-kappa gate dielectric and metal gate on 

Si substrate, Donnelly JP, Kelly DQ, Garcia-Gutierrez DI, Jose-Yacaman M, Banerjee SK, 

ELECTRONICS LETTERS    Volume: 44    Issue: 3    Pages: 240-U24, JAN 31 2008 

659. Schrodinger equation Monte Carlo in two dimensions for simulation of nanoscale metal-

oxide-semiconductor field effect transistors, Chen WQ, Register LF, Banerjee SK, 

JOURNAL OF APPLIED PHYSICS   Volume: 103   Issue: 2 Article Number: 024508  JAN 

15 2008 

660. Demonstration of high-performance PMOSFETs using Si-SixGe1-x-Si quantum wells 

with high-kappa/metal-gate stacks, Majhi P, Kalra P, Harris R, Choi KJ, Heh D, Oh J, Kelly 

D, Choi R, Cho BJ, Banerjee S, Tsai W, Tseng H, Jammy R, IEEE ELECTRON DEVICE 

LETTERS, Vol: 29 ( 1), pp. 99-101, JAN 2008. 

661. Effects of Non-Ideal Edges in Graphene Nanoribbons, D. BASU, M.J. GILBERT, L.F. 

REGISTER, S.K. BANERJEE, APS March Meeting 2008, New Orleans. 

662. Evidence of Real-Space Transfer in Buried-Channel GexC1-x Devices EN-SHAO LIU, 

DAVID KELLY, JOSEPH DONNELLY, EMANUEL TUTUC, SANJAY BANERJEE, 

APS March Meeting 2008, New Orleans. 

663. Ferromagnetism in Mn-implanted Ge and epitaxial GeC,  SAMARESH GUCHHAIT, 

JOHN MARKERT, MUSTAFA JAMIL, SANJAY BANERJEE, APS March Meeting 2008, 

New Orleans. 

664. Electronic properties of one-dimensional graphene bi-layer ribbons, BHAGAWAN 

SAHU, HONGKI MIN, ALLAN MACDONALD, SANJAY BANERJEE, APS March 

Meeting 2008, New Orleans. 

665.  Tackhwi Lee, Yonghyun Kim, and Sanjay K. Banerjee, "Potential Approach to grow  

Epitaxial Graphene by using Carbon Implant on the Si(111) Substrate" MRS Spring 2008. 

666. A Comprehensive Study of Growth Techniques & Characterization of Epitaxial Ge1-xCx 

(111) Layers Grown Directly on Si (111) for MOS Applications, Mustafa Jamil, Joseph P. 

Donnelly, Se-Hoon Lee, Davood Shahrjerdi, Emanuel Tutuc and Sanjay K. Banerjee, MRS 

Spring 2008. 
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692. N.Shi, F.Register, S.Banerjee, A Full-Band Monte Carlo Simulator with Quantum-
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Edges on Electronic Transport in Graphene Nanoribbon Channel Metal Oxide 

Semiconductor Field-Effect Transistors, SRC TECHCON, 2008   
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709. Epitaxial growth of Ge-SixGe1-x core-shell nanowireheterostructures with tunable shell 

content, KAMRAN VARAHRAMYAN, DOMINGO FERRER, EMANUEL TUTUC, 

SANJAY BANERJEE, APS March Meeting 2009. 
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724. J.Nah, E.Liu,.., SBanerjee, E.Tutuc, Top Gated Ge-SixGe1-x core shell NWFETs with 

highly doped S/D, DRC, 2009. 

725. Bilayer pseudoSpin Field Effect Transistor (BiSFET)- a proposed logic device and circuits,  

Dharmendar Reddy, Leonard F. Register, Emanuel Tutuc, Allan MacDonald and Sanjay K. 

Banerjee, DRC, 2009. 

726. M. Jamil, E. Liu, F. Ferdousi, J. Donnelly, E. Tutuc, L. Colombo, and S. Banerjee, Effect 

of Si-Cap Thickness on Device Performance of Buried Channel Si/Ge1-xCx/Si Devices, 

Electronic Materials Conference, 2009. 

727. J. Oh, I. Ok, C. Kang, M. Jamil, S. Lee, W. Loh, J. Huang, B. Sassman, L. Smith, S. 

Parthasarathy, B. E. Coss, W. Choi, H.. Lee, M. Cho, S. Banerjee, P. Majhi, P. Kirsch, H. 

Tseng and R. Jammy,  Mechanisms for Low On-State Current of Ge (SiGe) nMOSFETs: A 

Comparative Study on Gate Stack, Resistance, and Orientation-Dependent Effective Masses, 

Symposium on VLSI Technology, 2009 . 

728. Effects of Extension profile Engineering to suppress B TED on reliability of high-k metal 

gate SiGe PMOSFETs, M.Park,… S.Banerjee, Ra.Jammy, Int. Gate Stack Meeting, CA, 

2009. 

729. Growth and Electronci Properties of Ge-SiGe core shell NW heterostructures, E.Tutuc, 

K.Varahahmyan, J.Nah, E.Liu, D.Shahredji, S.Banerjee, invited, SPIE, 2009. 

730. Comprehensive Design Methodology of Extension Profile to Suppress Boron TED in High 

Performance High-k/ Metal SiGe pMOSFETs, C. Y. Kang, Y. H. Kim, M. S. Park, J. W. Oh, 

B. G. Min, K. S. Lee, S. K. Banerjee, P. Majhi, H. H. Tseng and R. Jammy, SSDM, Japan, 

2009. 

731. S.Banerjee, L.Colombo and E.Tutuc, High-k materials on alternative substrates: Ge, GaAs 

and  graphene, Invited talk, ECS Fall meeting, Vienna, Austria Oct. 2009. 
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732. S.Banerjee, “Nanocrystal  Floating Gate Memories,” Invited talk, Chip on the Dunes, 

Brazil, Sept. 2009. 

733. Resonant Injection Enhanced Field Effect Transistor for Low Voltage Switching: Concept 

and Quantum Transport Simulation, Hui Chen, L.F. Register, S.K. Banerjee, SISPAD Sept. 

2009 

734. Semiclassical Monte Carlo with quantum-confinement enhanced scattering: Quantum 

correction and application to short-channel device performance vs. mobility for biaxial-

tensile-strained silicon nMOSFETs, Ningyu Shi, Leonard F. Register and Sanjay K. 

Banerjee, SISPAD 2009.  

735. Atomistic simulation of band-to-band tunneling in III-V nanowire field-effect transistors, 

Dipanjan Basu, Leonard F. Register1, Matthew J. Gilbert and Sanjay K. Banerjee, SISPAD, 

2009. 

736. Atomistic Kinetic Monte Carlo (KMC) Modeling for Self-Interstitial Clusters and Boron-

Interstitial Clusters in SiGe, Yonghyun Kim, T.Kirichenko, N.King, S.Banerjee, SRC 

TECHCON, 2009,  

737. Interlayer Tunneling Across Coupled Graphene Nanoribbons Dipanjan Basu, L.Register, 

A.MacDonald, S.Banerjee, SRC TECHCON, Austin, 2009. 

738. Low-Temperature Rapid Thermal Chemical Vapor Deposition of 3C-SiC on Si using Thin 

Ge Buffer Layer Shagandeep Kaur, .. E.Tutuc, S.Banerjee, SRC TECHCON, Austin, 2009. 

739. Arsenic-Defect Complexes at SiO2/Si Interfaces, Ning Kong, Taras. A. Kirichenko, 

Gyeong S. Hwang, Sanjay. K. Banerjee, SRC TECHCON, Austin, 2009. 

740. Bilayer pseudoSpin Field Effect Transistor (BiSFET)- a proposed logic device and circuits, 

Dharmendar Reddy, Leonard F. Register,Emanuel Tutuc, Allan MacDonald, Sanjay K. 

Banerjee, SRC TECHCON, Austin, 2009. 

741. M. Jamil, D. Ferrer, S. Kaur, E. Tutuc, and S. K. Banerjee, “Electrical Characteristics and 

Thermal Stability Study of TaN/Al2O3/GeO2/Ge (111) MOS Capacitors,” MRS Fall Meeting 

2009.  

742. Arsenic defect complexes at SiO2/Si interfaces: A density functional theory study , Kong 

N, Kirichenko TA, Hwang GS, Banerjee SK,PHYSICAL REVIEW B   Volume: 80   Issue: 

20 Article Number: 205328, NOV 2009  

743. Physical and electrical characterizations of metal-oxide-semiconductor capacitors 

fabricated on GaAs substrates with different surface chemical treatments and Al2O3 gate 

dielectric, Garcia-Gutierrez DI, Shahrjerdi D, Kaushik V, Banerjee SK, JOURNAL OF 

VACUUM SCIENCE & TECHNOLOGY B   Volume: 27   Issue: 6   Pages: 2390-2395, 

NOV 2009 

744. Flicker-Noise Improvement in 100-nm L-g Si0.50Ge0.50 Strained Quantum-Well 

Transistors Using Ultrathin Si Cap Layer, Li F, Lee SH, Fang Z, Banerjee SK, Datta S, IEEE 

ELECTRON DEVICE LETTERS   Volume: 31   Issue: 1   Pages: 47-49, JAN 2010 

745. Scaling Properties of Ge-SixGe1-x Core-Shell Nanowire Field-Effect Transistors, Nah J, 

Liu ES, Varahramyan KM, Banerjee SK, Tutuc E,IEEE TRANSACTIONS ON ELECTRON 

DEVICES   Volume: 57   Issue: 2   Pages: 491-495   Published: FEB 2010 
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746. Effects of magnetism and electric field on the energy gap of bilayer graphene nanoflakes, 

Sahu B, Min HK, Banerjee SK, PHYSICAL REVIEW B   Volume: 81   Issue: 4 Article 

Number: 045414, JAN 2010 

747. Role of Metal-Semiconductor Contact in Nanowire Field-Effect Transistors, Liu ES, Jain 

N, Varahramyan KM, Banerjee SK, Tutuc E, IEEE TRANSACTIONS ON 

NANOTECHNOLOGY   Volume: 9   Issue: 2   Pages: 237-242, MAR 2010  

748. Bilayer Pseudospin Field-Effect Transistor: Applications to Boolean Logic, Reddy D, 

Register LF, Tutuc E, Banerjee SK, IEEE TRANSACTIONS ON ELECTRON 

DEVICES   Volume: 57   Issue: 4   Pages: 755-764, APR 2010 

749. Effects of Si-cap thickness and temperature on device performance of Si/Ge1-xCx/Si p-

MOSFETs, Jamil M, Liu ES, Ferdousi F, Tutuc E, Banerjee SK, SEMICONDUCTOR 

SCIENCE AND TECHNOLOGY   Volume: 25   Issue: 4 Article No: 045005, APR 2010 

750. Analytical Model of Short-Channel Double-Gate JFETs, Chang, J.; Kapoor, A. K.; 

Register, L. F,  Banerjee, S. K.; IEEE Transactions on Elec.  Dev, Volume: 57 , Issue: 8, 

Aug. 2010. 

751. Tight-binding study of electron-hole pair condensation in graphene bilayers: Gate control 

and system-parameter dependence,  Basu D, Register LF, Reddy, Macdonald AH, Banerjee 

SK, PHYSICAL REVIEW B   Volume: 82   Issue: 7 Article Number: 075409  : AUG 10 

2010 

752. S. Kim, I. Jo, J. Nah, S. K. Banerjee and E. Tutuc, “Independently-contacted Graphene 

Bilayers: Towards pseudospin-based graphene logic devices,” The Sixth International 

Nanotechnology Conference on Communications and Cooperation, May 2010, Grenoble, 

France 

753. Effects of InP barrier layer thicknesses and different ALD oxides on device performance 

of In0.7Ga0.3As MOSFETs, Han Zhao, Ning Kong, Yen-Ting Chen, Yanzhen Wang, Fei Xue, 

Fei Zhou, Sanjay K. Banerjee and Jack C. Lee, DRC 2010 

754. Ge-SixGe1-x Core-Shell Nanowire Tunneling Field-Effect Transistors, J. Nah, Y. Kim, E.–

S. Liu, K. M. Varahramyan, S. K. Banerjee, and E. Tutuc, DRC 2010 

755. Characterization and Modeling of Exfoliated and CVD Graphene Field Effect Transistors, 

S. Banerjee, E. Tutuc and L.F.Register, GOMAC Inv. Talk, 2010.  

756. Changing Front-End Dielectric Requirements for End-of-the-Roadmap CMOS and 

Beyond, Leonard. F. Register, Dipanjan Basu, Mohammad M. Hasan, Dhamendar Reddy,               

Ningyu Shi, and Sanjay K. Banerjee, ECS Inv. Talk, 2010.  

757. Characterization and Modeling of Exfoliated and CVD Graphene FETs, S. Banerjee, E. 

Tutuc, L.F.Register, R.Ruoff,  S.Kim, D.Basu and L.Colombo, MRS Inv. Talk, April 2010. 

758. Epitaxial GeSiGe core Shell NW heterostructures and high performance FETs, E.Tutuc, 

J.Nah, K. Varahramyan, E.Liu, D.Ferrer and S.Banerjee, Invited MRS talk, April  2010. 

759. Bandgap engineering by magnetism and external electric fields in multilayer graphene 

sheets, B.Sahu, H.Min, S.Banerjee and A.Macdoanld, MRS April 2010. 
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760. Retention modeling of nanocrystalline flash memories: A Monte Carlo approach, Bahniman 

Ghosh and Sanjay K. Banerjee, Singapore, 2010. 

761. Shape dependency of magnetic properties of FePt nanostructures, S.Guchhait, D.Ferrer, H.Liu, 

F.Ferdousi, C.Corbet and S.K. Banerjee, APS March Meeting, 2010. 

762. Lateral spin injection in Ge nanowires, E.Liu, J.Nah, K. Varahramyana, S.Banerjee and E.Tutuc, 

APS March Meeting, 2010. 

763. Graphene and its Applications, S.Banerjee, F. Register, E.Tutuc, Nikkei Electronics Symp. 

Invited talk, Tokyo, 2010.   

764. Hole band anisotropy effect on ON state performance of biaxial compressive strained SiGe short 

channel QW pMOSFETs, S.H.Lee, ….S.Banerjee and R.Jammy, VLSI TSA, Taiwan, 2010. 

765. Coulomb Drag in Independently Contacted Graphene Bilayers, Seyoung Kim,Insun Jo, 

Junghyo Nah, Zhen Yao, Sanjay K. Banerjee, Emanuel Tutuc SRC TECHCON, Austin, Best 

paper, Sept. 2010 

766. Growth of Epitaxial Ge:C on Si(111) by Ultra High Vacuum Chemical Vapor Deposition 

for CMOS Applications,  M. Jamil, D. Ferrer, M. Ramon, J. Mantey E. Tutuc, L. Colombo, 

and S. K. Banerjee, SRC TECHCON, Austin, Sept. 2010 

767. Stepped broken-gap Hetero-barrier Tunnel Field Effect Transistor (HetTFET) for ultra-low 

power and high speed, Mohammad M. Hasan, Leonard F. Register and Sanjay K. Banerjee, 

SRC TECHCON, Austin, Sept. 2010 

768. Nanomagnets for Spin Torque Memory Devices, D.Ferrer, ….S.K.Banerjee, SRC 

TECHCON, Austin, Sept. 2010 

769. Graphene FETs and Beyond, Sanjay Banerjee, L.Register, E.Tutuc, R.Ruoff, 

A.MacDonald, L.Colombo*, G.Carpenter#, S.Kim. D.Basu, D.Reddy, Invited talk, Carbon 

Electronics Workshop, Albany, NY, Sept. 2010 

770. Electron transport in dual-gated mono and bilayer graphene devices with high-k, E.Tutuc, 

S.Kim, B.Fallah, K.Lee, J.Nah, S.K.Banerjee, AVS Oct. 2010, Invited. 

771. Graphene for Beyond Scaled CMOS, Luigi Colombo,S. Kim, E. Tutuc, R. Ruoff, L. 

Register, S.K. Banerjee, SEMATECH Int. Gate Stack Workshop, Sept.2010, Invited. 

772. Effects of edge magnetism and external electric field on energy gaps in multilayer graphene 

nanoribbons, Sahu B, Min HK, Banerjee SK, PHYSICAL REVIEW B   Volume: 82   Issue: 

11 Article Number: 115426, SEP 14 2010 

773. Retention modeling of nanocrystalline flash memories: A Monte Carlo approach, Ghosh 

B, Liu H, Winstead B, Foisy, M, Banerjee SK, SOLID-STATE ELECTRONICS   Volume: 

54   Issue: 11   Pages: 1295-1299,  NOV 2010 

774. Graphene for CMOS and Beyond CMOS Applications, S. K. Banerjee, L.F.Register, E. 

Tutuc, D.Basu, S.Kim, D.Reddy and A.H. MacDonald, Proceedings of IEEE, Dec. 2010, vol. 

98(12), pg. 2032, Invited paper. 

775. “The Future of the Semiconductor Industry,” S.K.Banerjee, Keynote speech to 

Semiconductor Industry Association and Federal Reserve, Austin TX, Dec. 2010.  

776. “Nanoelectronics Research Initiative,” S.Banerjee,  Keynote, NSF, Dec. 2010. 
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777. Magnetism in bulk and finite size graphene multilayers and its effect on the band gaps, 

APS March Meeting, Dallas, 2011 

778. Coulomb Drag in Independently Contacted Graphene Bilayers, APS March Meeting, 

Dallas, 2011 

779. Dependence of Condensate Formation in Graphene Bilayers on Relative Layer Orientation, 

APS March Meeting, Dallas, 2011 

780. First-principles study of polarization in graphene, APS March Meeting, Dallas, 2011 

781. Tunneling between two independently contacted graphene layers 

Effect of Dielectric Materials on the Topological Insulator Bi2Se3 Surface States, APS 

March Meeting, Dallas, 2011 

782.  Numerical simulation of time-dependent transport in graphene, APS March Meeting, 

Dallas, 2011 

783. Ferromagnetism in Mn-implanted HOPG, APS March Meeting, Dallas, 2011 

784. Device characteristics of HfON charge-trap layer nonvolatile memory, Lee T, Banerjee 

SK, JOURNAL OF VACUUM SCIENCE & TECHNOLOGY B   Volume: 28   Issue: 

5   Pages: 1005-1010,  SEP-OCT 2010 

785. High-Mobility TaN/Al2O3/Ge(111) n-MOSFETs With RTO-Grown Passivation Layer, 

Jamil M, Oh J, Ramon M, Kaur S, Majhi P, Tutuc E, Banerjee SK, IEEE ELECTRON 

DEVICE LETTERS   Volume: 31   Issue: 11   Pages: 1208-1210, NOV 2010 

786. Hall mobility measurements in enhancement-mode GaAs field-effect transistors with 

Al2O3 gate dielectric, Shahrjerdi D, Nah J, Hekmatshoar B, Akyol T, Ramon M, Tutuc E, 

Banerjee SK, APPLIED PHYSICS LETTERS   Volume: 97   Issue: 21 Article Number: 

213506, NOV 22 2010 

787. Reduced Gate-Leakage Current and Charge Trapping Characteristics of Dysprosium-

Incorporated HfO2 Gate-Oxide n-MOS Devices, Lee T, Banerjee SK, IEEE 

TRANSACTIONS ON ELECTRON DEVICES , Volume: 58   Issue: 2   Pages: 562-566, 

FEB 2011 

788. Low-Frequency Acoustic Phonon Temperature Distribution in Electrically Biased 

Graphene, Jo I, Hsu IK, Lee YJ, Sadeghi MM, Kim S, Cronin S, Tutuc E, Banerjee SK, Yao 

Z, Shi L, NANO LETTERS   Volume: 11   Issue: 1   Pages: 85-90 , JAN 2011 

789. Quantum Transport Simulation of Strain and Orientation Effects in Sub-20 nm Silicon-on-

Insulator FinFETs, Liu KM, Register LF, Banerjee SK, IEEE TRANSACTIONS ON 

ELECTRON DEVICES   Volume: 58   Issue: 1   Pages: 4-10,  JAN 2011 

790. ON-State Performance Enhancement and Channel-Direction-Dependent Performance of a 

Biaxial Compressive Strained Si0.5Ge0.5 Quantum-Well pMOSFET Along < 110 > and < 

100 > Channel Directions, Lee SH, Nainani A, Oh J, Jeon K, Kirsch PD, , Register LF, 

Banerjee SK, Jammy R, IEEE TRANSACTIONS ON ELECTRON DEVICES   Volume: 

58   Issue: 4   Pages: 985-995, APR 2011 

791. Atomic layer deposited beryllium oxide: Effective passivation layer for III-V 

metal/oxide/semiconductor devices, Yum JH, Akyol T, Lei M, Hudnall T, Bersuker G, 
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814. Metal-Ge-metal photodetectors integrated with dielectric waveguides, J.Cervantes-

Gonzalez, D.Ahn, A Torres-Jacome, S.K.Banerjee and I. Zaldivar-Huerta, Int. Commision 

for Optics, Puebla, Mexico, Aug. 2011. 

815. Graphene Nanoelectronics, S.Banerjee, L.F.Register, E.Tutuc, D.Akinwande, L.Colombo 

and G.Carpenter, TechConnect World Conf, Boston, June 2011, Invited talk. 

816. Graphene nanoelectronics: a simulation perspective, L.F. Register, D.Basu, X.Mou, 

D.Reddy, G.Carpenter, A.Hassibi.A.Macdonald, and S.Banerjee, TechConnect World Conf, 

Boston, June 2011, Invited talk. 

817. Tunnel FETs, S.Banerjee, L.F.Register, E.Tutuc, D.Reddy, D.Basu, M.Hasan and H.Chen, 

SEMATECH TFET Workshop, Austin, Invited talk.  

818. Dielectric deposition and electron transport in graphene devices, E.Tutuc, B.Fallahazad, 

S.Kim, K.Lee, M.Ramon, S.Banerjee and L.Colombo, ECS May, 2011, Invited. 

819. Monocrystalline Si solar cell technology, R.Rao, L.Mathew, S.Saha, … E.Oneyagam, 

D.Jawarani, J.Fossum and S.Banerjee, 37th IEEE Photovoltaic Specialists Conf. Washington 

DC. July 2011 

820. Exfoliated 40 micron Ge cost effective photovoltaic cell, E.Oneyagam, J.Mantey, R.Rao, 

L.Mathew, M.Hilali, S.Saha, D.Jawarani, S.Sreenivasan and S.Banerjee, 37th IEEE 

Photovoltaic Specialists Conf. Washington DC., July 2011 

821. Novel low cost 25 micron thin exfoliated monocrystalline Si solar cell technology, R.Rao, 

L.Mathew, S.Saha,..D.Jawarani, E.Oneyagam, S.Banerjee and J.Fossum, European PVSC, 

Hamburg, Germany, Sept. 2011. 

822. A Proposed Novel Graphene Switch: Bilayer Pseudospin Field Effect Transistor, Sanjay 

Banerjee, Frank Register and Emanuel Tutuc, ICCAD, Nov. 2011, San Jose, Invited talk 

823. ALD dielectrics for electronic devices, S.Banerjee, Cambridge Nanotech Fall ALD 

Symposium, Atlanata, GA, Nov. 2011, Invited. 

824. ALD Beryllium Oxide as a High-k Gate Dielectric for III-V MOS Devices, J. H. Yum, T. 

Akyol, M. Lei, D. A. Ferrer, Todd. W. Hudnall, M. Downer, C. W. Bielawski, G. Bersuker, 

J. C. Lee, and S. K. Banerjee, AVS-ALD Conf. 2011 

825.   ALD Beryllium Oxide: Novel Barrier Layer for High Performance Gate Stacks on Si and 

HIgh Mobility Substrates, J. H. Yum, T. Akyol, M. Lei, D. A. Ferrer, Todd. W. Hudnall, M. 

Downer, C. W. Bielawski, G. Bersuker, J. C. Lee, and S. K. Banerjee, IEDM 2011 

826. Direct Measurement of the Fermi Energy in Graphene Using a Double Layer Structure, 

SEYOUNG KIM, INSUN JO, DAVID DILLEN, DOMINGO FERRER, BABAK 

FALLAHAZAD, ZHEN YAO, SANJAY BANERJEE, EMANUEL TUTUC, APS March 

Meeting, 2012 

827. Ab-initio study of dilute nitride substitutional and split-interstitial impurities in gallium 

antimonide (N-GaSb), PRIYAMVADA JADAUN, HARI P. NAIR, SETH R. BANK, 

SANJAY BANERJEE, APS March Meeting, 2012. 

828. Spinglass Dynamics of Amorphous Ferromagnetic Ge:Mn,   Samaresh Guchhait,   Sanjay 

Banerjee, Raymond Orbach, APS March Meeting, 2012. 
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829. Impact of Millisecond Flash-Assisted Rapid Thermal Annealing on SiGe Heterostructure 

Channel pMOSFETs With a High-k/Metal Gate, Lee Se-Hoon; Majhi Prashant; Ferrer 

Domingo A., Hung, Pui-Yee,  Huang, Jeff, Oh, Jungwoo, Loh, Wei-Yip, Sassman, Barry, 

Byoung-Gi, Tseng, Hsing-Huang, Harris, Rusty, Gennadi Bersuker, Kirsch, Paul D., Jammy, 

Raj Banerjee, Sanjay K. , IEEE TRANSACTIONS ON ELECTRON DEVICES  Volume: 

58 Issue: 9   Pages: 2917-2923,  SEP 2011 

830. High-Performance Ge nMOSFETs With n(+)-p Junctions Formed by "Spin-On Dopant"  

Jamil M.; Mantey J.; Onyegam E. U.; Carpenter, G. D., Tutuc, E., Banerjee, S. K, IEEE 

ELECTRON DEVICE LETTERS  Volume: 32   Issue: 9   Pages: 1203-1205, SEP 2011 

831. CMOS-Compatible Synthesis of Large-Area, High-Mobility Graphene by Chemical Vapor 

Deposition of Acetylene on Cobalt Thin Films  

Ramon Michael E.; Gupta Aparna; Corbet Chris; Ferrer, Domingo A, Movva, Hema C. P.,  

Carpenter, Gary, Colombo, Luigi, Bourianoff, George, Doczy, Mark Akinwande, Deji, 

Tutuc, Emanuel Banerjee, Sanjay K., ACS NANO  Volume: 5   Issue: 9   Pages: 7198-7204, 

SEP 2011 

832. Dielectric capping effects on binary and ternary topological insulator surface states  

Author(s): Chang Jiwon; Jadaun Priyamvada; Register Leonard F.; Banerjee, Sanjay K., 

Sahu, Bhagawan,  PHYSICAL REVIEW B  Volume: 84   Issue: 15     Article Number: 

155105,  Published: OCT 10 2011 

833. A study of highly crystalline novel beryllium oxide film using atomic layer deposition  

Author(s): Yum J. H.; Akyol T.; Lei M.; Ferrer, D. A. Hudnall, Todd. W., Downer, M, 

Bielawski, C. W. Bersuker, G. Lee, J. C.; Banerjee, S. K. Source: JOURNAL OF CRYSTAL 

GROWTH  Volume: 334   Issue: 1   Pages: 126-133    Published: NOV 1 2011 

834. Comparison of the self-cleaning effects and electrical characteristics of BeO and Al(2)O(3) 

deposited as an interface passivation layer on GaAs MOS devices  

Author(s): Yum J. H.; Akyol T.; Ferrer D. A.; Lee, J. C., Banerjee, S. K.,  Lei, M., Downer, 

M. Hudnall, Todd. W., C. W. Bersuker, G., Source: JOURNAL OF VACUUM SCIENCE 

& TECHNOLOGY A  Volume: 29   Issue: 6     Article Number: 061501    Published: NOV 

2011 

835. Epitaxial ALD BeO: Efficient Oxygen Diffusion Barrier for EOT Scaling and Reliability 

Improvement, Yum Jung Hwan; Bersuker Gennadi; Akyol Tarik; (Ferrer, D. A, Lei, Ming, 

Park, Keun Woo; Hudnall, Todd W., Downer, Mike C., Bielawski, Christopher W, Yu, 

Edward T, Price, Jimmy, Lee, Jack C.; Banerjee, Sanjay K.,  IEEE TRANSACTIONS ON 

ELECTRON DEVICES  Volume: 58   Issue: 12   Pages: 4384-4392      Published: DEC 

2011 

836. Density functional theory based study of graphene and dielectric oxide interfaces , Jadaun 

Priyamvada; Banerjee Sanjay K.; Register Leonard F.; Banerjee, SK, Sahu, B, Source: 

JOURNAL OF PHYSICS-CONDENSED MATTER  Volume: 23   Issue: 50     Article 

Number: 505503  Published: DEC 21 2011 

837. Role of Confinement on Carrier Transport in Ge-Si(x)Ge(1-x) Core-Shell Nanowires, Nah 

Junghyo; Dillen David C.; Varahramyan Kamran M.; Banerjee, SK, Tutuc E, Source: NANO 

LETTERS  Volume: 12   Issue: 1   Pages: 108-112    Published: JAN 2012 
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838. Direct Measurement of the Fermi Energy in Graphene Using a Double Layer Structure, 

Seyoung Kim, Insun Jo, D. C. Dillen, D. A. Ferrer, B. Fallahazad, Z. Yao, S. K. Banerjee, E. 

Tutuc, Phys Rev. Lett, 2012. 

839. E. U. Onyegam, D. Sarkar, M. Hilali, S. Saha, R.A. Rao, L. Mathew, D. Jawarani, S. Smith, 

S.K. Banerjee, “Exfoliated Thin, Flexible Monocrystalline Germanium Heterojunction Solar 

Cells.” 38th IEEE PVSC 2012, Austin, TX  

840. D. Sarkar, E.U. Onyegam, S. Saha, A. Rao, L. Mathew, R.S. Smith, D. Xu, D. Jawarani, 

R. Garcia, S.K. Banerjee, “Remote Plasma Chemical Vapor Depositon for High Efficiency 

Ultra Thin ~25 Microns Crystalline Si Solar Cells.” Presented at 38th IEEE PVSC 2012, 

Austin, TX.  

841. R. Rao, L. Mathew, D. Sarkar, S. Smith, S. Saha, R. Garcia, R. Stout, A. Gurmu, M. Ainom, 

E. Onyegam, D. Xu, D. Jawarani, U. Das, S. Banerjee, J. Fossum, “A low-Cost Kerfless Thin 

Exfoliated Si Solar Cell Technology.” Presented at 38th IEEE PVSC 2012, Austin, TX.  

842. L. Mathew, R. Rao, D. Sarkar, S. Banerjee, D. Jawarani, J. Fossum, R. Garcia, S. Smith, 

D. Xu, M. Ainom, E. Onyegam, R. Stout, S. Saha, A. Gurmu, A Novel Low-Cost ~25μm-

Thin Monocrystalline Silicon Bifacial Solar Cell Technology with Flexible and Rigid Form-

Factor and Electroplated Contacts.” Presented at 38th IEEE PVSC 2012, Austin, TX. 

843. Integration and Reliability of Ultrathin Silicon Solar Cells and Modules Fabricated using 

SOM Technology, D. Jawarani, D. Xu, R. S. Smith, R. S. A. Rao, L. Mathew, S. Saha, D. 

Sarkar, C. Vass, S. K. Banerjee, P. S. Ho, 38th IEEE PVSC, June, 2012.  

844. Integration and Reliability of Thin Silicon Solar Cells and Modules Fabricated using 

SOM® Technology, D. Jawarani, D. Xu, R. S. Smith, S. Saha, R. S. A. Rao, L. Mathew, D. 

Sarkar, E. U. Onyegam, M. Ainom, R. S. Garcia, A. Gurmu, R. S. Stout, C. Vass, S. K. 

Banerjee, P. S. Ho, J. G. Fossum, 27th EU PVSEC, September, 2012 

845. Electrical and physical characteristics for crystalline atomic layer deposited beryllium 

oxide thin film on Si and GaAs substrates,Yum J. H.; Akyol T.; Lei M.; et al.Banerjee SK, 

THIN SOLID FILMS Volume: 520 Issue: 7 Pages: 3091-3095, JAN 31 2012 

846. Theoretical approach to evaluating beryllium oxide as a gate dielectric considering 

electromagnetics and thermal stability, Yum J. H.; Bersuker G.; Oh J.; et al. Banerjee SK, 

APPLIED PHYSICS LETTERS Volume: 100 Issue: 5 Article Number: 053501, JAN 30 

2012 

847. A path-sum Monte Carlo approach for many-electron systems within a tight-binding basis, 

David J. K.; Register L. F.; Banerjee S. K. Source: JOURNAL OF COMPUTATIONAL 

ELECTRONICS Volume: 11 Issue: 2 Pages: 172-181, JUN 2012 

848. Band offsets of atomic layer deposited Al2O3 and HfO2 on Si measured by linear and 

nonlinear internal photoemission, Lei M.; Yum J. H.; Banerjee S. K.; et al. Source: 

PHYSICA STATUS SOLIDI B-BASIC SOLID STATE PHYSICS Volume: 249 Issue: 6 

Pages: 1160-1165, JUN 2012 

849. Spin-transfer-torque switching in spin valve structures with perpendicular, canted, and in-

plane magnetic anisotropies, Roy U.; Seinige H.; Ferdousi F.; et al, Banerjee SK, JOURNAL 

OF APPLIED PHYSICS Volume: 111 Issue: 7 Article Number: 07C913, APR 1 2012 
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850. Semiclassical Monte Carlo Analysis of Graphene FETs, David J. K.; Register L. F.; 

Banerjee S. K., IEEE TRANSACTIONS ON ELECTRON DEVICES Volume: 59 Issue: 4 

Pages: 976-982, APR 2012 

851. Spectroscopic evaluation of band alignment of atomic layer deposited BeO on Si(100), Lei 

Ming; Yum J. H.; Price J.; et al., Banerjee SK, APPLIED PHYSICS LETTERS Volume: 100 

Issue: 12 Article Number: 122906, MAR 19 2012   

 

 

 

852. Density functional theory studies of interactions of graphene with its environment: 

Substrate, gate dielectric and edge effects, Jadaun, Priyamvada, Sahu, Bhagawan R, Register, 

Leonard F. Banerjee, Sanjay K, SOLID STATE COMMUNICATIONS Volume: 152 Issue: 

15 Special Issue: SI Pages: 1497-1502, AUG 2012 

853. D. Akinwande, K. N. Parrish, M. E. Ramon, L. Tao, S. Banerjee, “Wafer-scale graphene 

technology and GHz nanoelectronics,” International Semiconductor Device Research 

Symposium, 2011. (Invited) 

854. M. Ramon, K. N. Parrish, J. Lee, C. W. Magnuson, L. Tao, R. S. Ruoff, S. K. Banerjee, D. 

Akinwande, “Graphene Frequency Doubler with Record 3GHz Bandwidth and  the 

Maximum Conversion Gain Prospects,” IEEE MTT-S International Microwave Symposium, 

June 2012 

855. M. Ramon, K. N. Parrish, Sk. F. Chowdhury, C. W. Magnuson, H. C. P. Movva, R. S. 

Ruoff, S. K. Banerjee, D. Akinwande, “3GHz Graphene Frequency Doubler on Quartz 

Operating Beyond the Transit Frequency,” IEEE Transactions on Nanotechnology, 

10.1109/TNANO.2012.2203826. 

856. M. Ramon, K. N. Parrish, Sk. F. Chowdhury, C. W. Magnuson, H. C. P. Movva, R. S. 

Ruoff, S. K. Banerjee, D. Akinwande, “3GHz Graphene Frequency Doubler on Quartz 

Operating Beyond the Transit Frequency,” Semiconductor Research Corporation 

TECHCON, 2012. 

857. H. C. P. Movva, M. E. Ramon, C. M. Corbet, Sk. F. Chowdhury, G. Carpenter, E. Tutuc, 

S. K. Banerjee, “Self-aligned graphene field-efffect transistors with chemically doped 

source/drain access regions,” Semiconductor Research Corporation TECHCON, 2012. 

858. H. C. P. Movva, M. E. Ramon, C. M. Corbet, Sk. F. Chowdhury, G. Carpenter, E. Tutuc, 

S. K. Banerjee, “Graphene field-effect transistors with self-aligned spin-on-doping of 

source/drain access regions,” 70th Device Research Conference, June 2012. 

859. K. N. Parrish, M. E. Ramon, S. K. Banerjee, D. Akinwande, “A Compact Model for 

Graphene FETs for Linear and Non-linear Circuits,” 17th International Conference on 

Simulation of Semiconductor Processes and Devices, September 2012. 

860. J. Chang, L. F. Register, S. K. Banerjee, “Atomistic Quantum Transport Simulation of 

Topological Insulator Bi2Se3Tunnel FETs”, SISPAD, Sep 5-7 , 2012, Denver, CO, U.S.A. 
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861. J. Chang, L. F. Register, S. K. Banerjee, “Possible Applications of Topological Insulator 

for Tunnel FETs”, DRC, Jun 18-20 , 2012, University Park, PA, U.S.A. 

862. J. Chang, L. F. Register, S. K. Banerjee, "Computational Study of Tunnel FETs Based on 

Topological Insulator Bi2Se3", Techcon, Sep 10-11, 2012, Austin, TX. U.S.A. 

863. Self-aligned graphene field-effect transistors with chemically doped source/drain access 

regions, Hema C.P. Movva, Michael E. Ramón, Chris M. Corbet, Sk. Fahad Chowdhury, 

Gary Carpenter, Emanuel Tutuc and Sanjay K. Banerjee, Techcon, Sep 10-11, 2012, Austin, 

TX. U.S.A. 

864. D.Reddy, F.Register, S.Banerjee, Bilayer Graphene Vertical TFET, Techcon, Sep 10-11, 

2012, Austin, TX. U.S.A. 

865. D. Reddy, P. Jadaun, A. Valsaraj, L. F. Register, S. K. Banerjee,"Time Dependent 

Quantum Transport in Graphene," SISPAD 2012, Sept. 5 - Sept. 7, 2012. 

866. P. Jadaun, Hari P. Nair, Seth R. Bank, S. K. Banerjee,"Ab-initio study of dilute nitride 

substitutional and split-interstitial impurities in gallium antimonide (N-GaSb)" APS March 

Meeting, Feb 27 - Mar 2,2012 

867. S. Kim, I. Jo, D. Dillen, B. Fallahazad, D. Ferrer, Z. Yao, S. K. Banerjee, E. Tutuc, “"Direct 

Measurement of the Fermi Energy in Graphene Using a Double Layer Structure"”, APS 

March Meeting Conference, Boston (2012). 

868. S.Gucchait, S. K. Banerjee, R.Orbach, “Spinglass Dynamics in FM Ge:Mn”, APS March 

Meeting Conference, Boston (2012) 

869. J.. Mantey, W. Hsu, M. Jamil, E. U. Onyegam, E Tutuc, and S. K. Banerjee, “Germanium 

nMOSFETs with GeO2 Passivation and n+/p Junctions Formed by Spin-on Dopants”, Inter. 

SiGe Tech. and Dev. Meeting (ISTDM) Session 3.5, June 4-6, 2012 (2012).  

870. D.Reddy, F.Register, S.Banerjee, Bilayer Graphene Vertical TFET, DRC, 2012. 

871. D. Koh, J. H. Yum, T. Akyol, D. A. Ferrer, M. Lei,  Todd. W. Hudnall, M. C. Downer, C. 

W. Bielawski, R.Hill, G. Bersuker and S. K. Banerjee, Novel atomic layer deposited thin film 

beryllium oxide for InGaAs MOS Devices, IRPM, 2012. 

872. S. K. Banerjee, L. F. Register, E. Tutuc, D. Reddy, S. Kim, D. Basu, C. Corbet, L. 

Colombo, G. Carpenter, A. H. MacDonald, “Novel Double Layer Graphene Transistors-

Bilayer Pseudospin FETs and 2D-2D Tunnel FETs”, 70th Device Research Conference 

(2012) (invited).  

873. Leonard F. Register, D. Reddy, X. Mau, W. Jung, I. Sodemann, D. Pesin, A. Hassibi, A. 

H. MacDonald, and S. K. Banerjee, “Bilayer PseudoSpin Field Effect Transistor (BiSFET): 

Concepts and Critical Issues for Realization,” 221st ECS Meeting - Seattle, Washington, 

May 6 - May 10, 2012; ECS Transactions Vol. 45, No. 4, pp 3-14,Invited 

874. Leonard F. Register and Sanjay K. Banerjee, “Southwest Academy of Nanotechnology 

(SWAN),” The Eight International Nanotechnology Conference on Communication and 

Cooperation, Tsukuba, Japan, May 8-11, 2012,  Invited 

Page 183 of 196



82 

 

875. Sanjay. Banerjee, Leonard F. Register, Emanuel Tutuc, Dharmendar Reddy, Dipanjan 

Basu, Mohammad Mehedi Hasan, and Hui Chen, “Tunnel FETs,” SEMATECH TFET 

Workshop, Austin Texas, Invited  

876. S.Banerjee, SWAN, GOMAC Las Vegas,  March 2012, Invited 

877. Novel Transistor Concepts Based on 2D Systems- Graphene and Topological Insulators, 

Sanjay Banerjee and Frank Register, NSF/AFOSR 2D Workshop, Washington DC, May 

2012, Invited. 

878. A. H. MacDonald, D. Pesin, I. Sodemann, L. F. Register, and S. K. Banerjee, “Physical 

Properties of Bilayer Exciton Condensates,” 221st ECS Meeting - Seattle, Washington, May 

6 - May 10, 2012, Invited 

879. B.Doering and S.Banerjee, Beyond CMOS, SPIE Lithography Meeting, Williamsburg, 

VA, June 2012, Invited. 

880. Electron Transport and Strain Mapping in Ge-SixGe1-x Core-Shell Nanowire 

Heterostructures, D. C. Dillen, J. Nah, K. M. Varahramyan, S. K. Banerjee, and E. Tutuc, 

ECS Meeting, 2012, Invited 

881. ETB-QW InAs MOSFET with scaled body for improved electrostatics, T.Kim, et. al., 

IEDM, 2012 

882. S.Banerjee, …., BiSFET, SISC, Dec. 2012, Invited. 

883. D. Jawarani, R.S. Smith, S. Saha, R.A. Rao, L. Mathew, M. Ainom, R. Garcia, A. Gurmu, 

R. Stout & C. Vass, D. Xu, E.U. Onyegam, S. Banerjee & P.S. Ho, , D. Sarkar & J.G. Fossum, 

Integration and Reliability of Thin Silicon Solar Cells and Modules Fabricated Using SOM® 

Technology, EU PVSC, 2012, Germany.  

884. L. Mathew, R.-A. Rao, S. Saha, S. Smith, R. Garcia, R. Stout, A. Gurmu, M. Ainom, D. 

Xu & D. Jawarani, D. Sarkar & J. Fossum, E. Onyegam & S. Banerjee, A Novel Low Cost 

~25μm Thin Monocrystalline Silicon Bi-Facial Solar Cell Technology with Flexible and 

Rigid Form-Factors and Electroplated Contacts, EU PVSC, 2012, Germany. 

885.  Yujia Zhai, Marylene Palard, Leo Mathew, Muhammad Mustafa Hussain, C. Grant 

Willson, Emanuel Tutuc and Sanjay K. Banerjee, Fabrication of Three-Dimensional MIS 

Nano-Capacitor Based on Nanoimprinted Single Crystal Silicon Nanowire Arrays, Micro 

and Nanosystems, 2012, 4  

886. Self-aligned graphene field-effect transistors with polyethyleneimine doped source/drain 

access regions, Movva, HCP ; Ramon, ME ; Corbet, CM ; Sonde, S ; Chowdhury, SF ; 

Carpenter, G ; Tutuc, E ; Banerjee, SK , APPLIED PHYSICS LETTERS Volume: 101 Issue: 

18, OCT 29 2012 

887. Zhai, Yujia; Mathew, Leo; Rao, Rajesh; Xu, Dewei; Banerjee, Sanjay, “High Performance 

Flexible Thin-Film Transistors Exfoliated from Bulk Wafer," Nano Letters, 2012. Also Best 

Paper at DARPA conference. 

888. Mohamed M Hilali, Shuqiang Yang, Mike Miller, Frank Xu,Sanjay Banerjee and S V 

Sreenivasan, Enhanced photocurrent in thin-film amorphous silicon solar cells via shape 

controlled three-dimensional nanostructures, Nanotechnology 23  405203, Sept. 2012. 
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889. First principles study of Stage-1 graphene intercalates, IBr and ICl, PRIYAMVADA 

JADAUN, LEONARD F. REGISTER, SANJAY K. BANERJEE, APS March Meet, 2013. 

890. Topological Classification of Crystalline Insulators with Point Group Symmetry, DI 

XIAO, PRIYAMVADA JADAUN, QIAN NIU, SANJAY BANERJEE, APS March Meet, 

2013. 

891. Growth of topological insulators on Si(111)-(7_7) surfaces by molecular beam epitaxy, 

ANUPAM ROY, SUSHANT SONDE, SAMARESH, GUCHHAIT, SANJAY BANERJEE, 

APS March Meet, 2013.  

892. A study of capping layers for sulfur monolayer doping on III-V junctions, Yum, JH ; Shin, 

HS ; Hill, R ; Oh, J ; Lee, HD ; Mushinski, RM (Mushinski; Hudnall, TW ; Bielawski, CW 

; Banerjee, S. K.; Loh, WY ; Wang, WE ; Kirsch, P, APPLIED PHYSICS LETTERS 

Volume: 101 Issue: 25: DEC 17 2012  

893. Germanium metal-semiconductor-metal photodetectors evanescently coupled with upper-

level silicon oxynitride dielectric waveguides, Cervantes-Gonzalez, JC ; Ahn, D ; Zheng, XG  

; Banerjee, Sanjay K.; Jacome, AT ; Campbell, JC ; Zaldivar-Huerta, IE, APPLIED 

PHYSICS LETTERS Volume: 101 Issue: 26: DEC 24 2012  

894. Topological insulator Bi2Se3 thin films as an alternative channel material in metal-oxide-

semiconductor field-effect transistors, Chang, Jiwon; Register, Leonard F.; Banerjee, Sanjay 

K, JOURNAL OF APPLIED PHYSICS Volume: 112 Issue: 12: DEC 15 2012  

895. Uniform Wafer-Scale Chemical Vapor Deposition of Graphene on Evaporated Cu (111) 

Film with Quality Comparable to Exfoliated Monolayer, Tao, L; Lee, J ; Holt, M ; Chou, H 

; McDonnell, SJ ; Ferrer, DA ; Babenco, MG ; Wallace, RM ] ; Banerjee, Sanjay K.; Ruoff, 

RS  ; Akinwande, D,  JOURNAL OF PHYSICAL CHEMISTRY C Volume: 116 Issue: 45 

Pages: 24068-24074: NOV 15 2012.  

896. Fast and slow transient charging in various III-V field-effect transistors with atomic-layer-

deposited-Al2O3 gate dielectric, Ramon, ME ; Akyol, T; Shahrjerdi, D; Young, CD; Cheng, 

JL ; Register, LF; Banerjee, Sanjay K, APPLIED PHYSICS LETTERS Volume:102 Issue:2 

Article Number:022104, JAN 14 2013  

897. Exfoliated, thin, flexible germanium heterojunction solar cell with record FF=58.1%, 

Onyegam, EU; Sarkar, D; Hilali, M; Saha, S; Rao, RA; Mathew, L; Jawarani, D; Mantey, J; 

Ainom, M; Garcia, R; James, W;Banerjee, S. K., SOLAR ENERGY MATERIALS AND 

SOLAR CELLS Volume:111 Pages:206-211 APR 2013  

898. Single heterojunction solar cells on exfoliated flexible similar to 25 mu m thick mono-

crystalline silicon substrates, Saha, S; Hilali, MM; Onyegam, EU;Sarkar, D; Jawarani, D; 

Rao, RA; Mathew, L; Smith, RS; Xu, DW; Das, UK; Sopori, B; Banerjee, Sanjay K, APL, 

2013  

899. Two-dimensional weak anti-localization in Bi2Te3 thin film grown on Si(111)-(7x7) 

surface by molecular beam epitaxy, Roy, A; Guchhait, S; Sonde, S; Dey, R; Pramanik, T; 

Rai, A;Movva, HCP; Colombo, L; Banerjee, Sanjay K, APPLIED PHYSICS LETTERS 

Volume:102 Issue:16 Article Number:163118 APR 22 2013  
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900. Ultra-smooth epitaxial Ge grown on Si(001) utilizing a thin C-doped Ge buffer layer, 

Mantey, J; Hsu, W; James, J; Onyegam, EU; Guchhait, S;Banerjee, S. K., APPLIED 

PHYSICS LETTERS Volume:102 Issue:19 Article Number:192111 MAY 13 2013  

901. Micromagnetic study of spin-transfer-torque switching of a ferromagnetic cross towards 

multi-state spin-transfer-torque based random access memory, Roy, U ; Pramanik, T; Tsoi, 

M; Register, LF;Banerjee, Sanjay K., JOURNAL OF APPLIED PHYSICS Volume:113 

Issue:22 Article Number:223904 JUN 14 2013  

902. Novel atomic layer deposited thin film beryllium oxide for InGaAs MOS Devices, Koh, 

D; Yum, JH; Akyol, T; Ferrer, DA; Lei, M Hudnall, TW;Downer, M; Bielawski, CW;Hill, 

R; Bersuker, G;Banerjee, S. K, 2012 INTERNATIONAL CONFERENCE ON INDIUM 

PHOSPHIDE AND RELATED MATERIALS (IPRM) Book Series:International 

Conference on Indium Phosphide and Related Materials Pages:163-166 2013 

903. A Comparative Study of Gate First and Last Processes Using ALD Beryllium Oxide as an 

Interface Passivation Layer for Si MOSFETs, J. H. Yum, H. S. Shin, Ryan M. Mushinski, Todd. 

W. Hudnall, J. Oh, P. Kirsch, R. Jammy, R. J. W. Hill, W. Y. Loh, C. W. Bielawski, G. 

Bersuker, S. K. Banerjee, and W. Wang, VLSI TSA, 2013 

904. A Novel Low-Cost Method for Fabricating Bifacial Solar Cells, S. Saha, R. A. Rao, L. 

Mathew, M. Ainom and S. K. Banerjee, PVSC, 2013 
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Sanjay Banerjee and Leonard Frank Register, ISVLSI, Florida, Plenary talk, July 2014 

933. Graphene Transfer Using Sacrificial PIB Layer onto 1nm Al2O3/TiOPc/Graphene Gate 
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115   Issue: 17     Article Number: 17D123  MAY 7 2014  

945. Strong spin-orbit coupling and Zeeman spin splitting in angle dependent magnetoresistance 

of Bi2Te3, Dey, Rik; Pramanik, Tanmoy; Roy, Anupam; L.Colombo, F.Register, 

SK.Banerjee, APPLIED PHYSICS LETTERS  Volume: 104   Issue: 22  Article Number: 

223111, JUN 2 2014  

946. Improvement of graphene field-effect transistors by hexamethyldisilazane surface 

treatment, Sk. Fahad Chowdhury, Sushant Sonde, Somayyeh Rahimi, Li Tao, Sanjay 

Banerjee and Deji Akinwande, Appl. Phys. Lett. 105, 033117, July 2014. 

947. The Bilayer Pseudospin Field-Effect Transistor: Overview and Quantum Transport 

Simulation,Leonard F. Register, Xuehao Mou,  and Sanjay K. Banerjee, ECS 2014 Invited. 

948. Effect of HfO2 and Al2O3 on monolayer MoS2 electronic structure, A. Valsaraj, J. Chang, 

L. F. Register, and S. K. Banerjee, Dev. Res. Conf. 2014. 
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949. Intra- and Inter-layer Current Flow within Exciton Condensate in Bilayer Graphene 

Systems, Xuehao Mou, Leonard F. Register and Sanjay K. Banerjee, Int.Conf. Phys. Semi. 

Austin, TX, Aug. 2014. 

950. Proposal of a multi-state memory using voltage controlled magnetic anisotropy of a cross-

shaped ferromagnet, Tanmoy Pramanik, Urmimala Roy, Nima Asoudegi, Leonard F. Register

 

and Sanjay K. Banerjee, Int.Conf. Phys. Semi. Austin, TX, Aug. 2014. 

951. Characteristics of Cerium Oxide Based Resistive Random Access Memories, Cheng-Chih 

Hsieh,  Anupam Roy,  Amritesh Rai, Sanjay Banerjee, Int.Conf. Phys. Semi. Austin, TX, 

Aug. 2014. 

952. Oxidized titanium as a graphene gate dielectric and its conduction mechanisms, Chris 

Corbet, Connor McClellan, Kyoungwhan Kim, Sushant Sonde, Emanuel Tutuc, Sanjay 

Banerjee, Int.Conf. Phys. Semi. Austin, TX, Aug. 2014. 

953. DFT Study of Effect of HfO2 on Monolayer MoS2, Amithraj Valsaraj, Jiwon Changb, 

Leonard F. Registera, and Sanjay K. Banerjee, Int.Conf. Phys. Semi. Austin, TX, Aug. 2014. 

954. Evidence of Strong Spin-Orbit Coupling & Effects of Zeeman Spin Splitting in Angle-

Dependent Anisotropic Magnetoresistance of Topological Insulator Bi2Te3 Thin Film, Rik 

Dey, Tanmoy Pramanik, Anupam Roy, Amritesh Rai, Samaresh Guchhait, Sushant S Sonde, 

Hema CP Movva, Luigi Colombo, Leonard F Register and Sanjay K Banerjee, Int.Conf. 

Phys. Semi. Austin, TX, Aug. 2014. 

955. Numeric Technique for Pauli-Exclusion Principle in Monte Carlo Simulation, Dax M. 

Crum, A. Valsaraj, J.K. David, L. F. Register, and S. K. Banerjee, Int.Conf. Phys. Semi. 

Austin, TX, Aug. 2014. 

956. Quantum-Corrected Semi-Classical Ensemble Monte Carlo Simulator for Nano-Scale III-

V In
0.53

Ga
0.47

As Tri-Gate FinFET, Dax M. Crum, A. Valsaraj, J.K. David, B. Sahu,  

Z. Krivokapic, L. F. Register, and S. K. Banerjee, Int.Conf. Phys. Semi. Austin, TX, Aug. 

2014. 

957. Oxidized Titanium as a Graphene Gate Dielectric and Its Conduction Mechanisms, 

C.Corbet, E.Tutuc, S.Banerjee, SRC TECHCON, Sept. 2014 (Best paper) 

958. Improving the Electrical Characteristics of Graphene Field-Effect Transistors by 

Hexamethyldisilazane Interaction, S.F. Chowdhury, S.Banerjee, D.Akinwande, SRC 

TECHCON, Sept. 2014   

959. Device Applications of Exciton Condensates in Bilayer Graphene Systems, X.Mou, X.Wu, 

F.Register and S.Banerjee, SRC TECHCON, Sept. 2014 

960. Self Assembled Ordered Phthalocyanine Monolayers on 2D Semiconductors for 

Subnanometer dielectric ALD Nucleation, Jun Hong Park, Iljo Kwak, Pabitra Choudhury, 

Kasra Sardashti, Hema Chandra Prakash, Sanjay Banerjee, Susan Fullerton§ Andrew C. 

Kummel, SRC TECHCON, Sept. 2014 

961. Density-Functional-Theory-Based Study of Monolayer MoS2 on Oxide”A. Valsaraj, L.F. 

Register, S.K. Banerjee and J. Chang, SISPAD 2014, Japan. 
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962. Semi-Classical Ensemble Monte Carlo Simulator Using Innovative Quantum Corrections 

for Nano-Scale n-Channel FinFETs” D.M. Crum, A. Valsaraj, L.F. Register, and S.K. 

Banerjee, SISPAD 2014, Japan. 

963. Interplay among Bilayer PseudoSpin Field-Effect Transistor (BiSFET) Performance, 

BiSFET Scaling and Condensate Strength”, X. Mou, L.F. Register, and S.K. Banerjee,  

SISPAD 2014, Japan. 

964. Leonard F. Register, Urmimala Roy, Rik Dey, Tanmoy Primanik, Jiwon Chang* and 

Sanjay K. Banerjee, “Topological insulators in electronic and spintronic applications,” 

Workshop on Innovative Nanoscale Devices and Systems (WINDS) 2014, Big Island, 

Hawaii, 12/1/2014-12/5/2014. (Invited talk) 

965. Light trapping in ultrathin 25 mu m exfoliated Si solar cells ,  Hilali, Mohamed M.; Saha, 

Sayan; Onyegam, Emmanuel; Rao, Rajesh; Mathew, Leo; Banerjee, SK, APPLIED 

OPTICS  Volume: 53   Issue: 27   Pages: 6140-6147  SEP 20 2014 

966. Electronics based on two-dimensional materials,  Fiori, Gianluca; Bonaccorso, Francesco; 

Iannaccone, Giuseppe; Palacios, TomasNeumaier, Daniel; Seabaugh, Alan; Banerjee, Sanjay 

K.; Colombo, L, NATURE NANOTECHNOLOGY  Volume: 9   Issue: 10   Pages: 768-

779    OCT 2014  

967. Oxidized Titanium as a Gate Dielectric for Graphene Field Effect Transistors and Its 

Tunneling Mechanisms, Corbet, Chris M.; McClellan, Connor; Kim, Kyounghwan; Sonde, 

Sushant; Tutuc, Emanuel; Banerjee, SK ACS NANO  Volume: 8   Issue: 10   Pages: 10480-

10485   OCT 2014  

968. Thin, relaxed Si1-xGex virtual substrates on Si grown using C-doped Ge buffers, Hsu, 

William; Mantey, Jason; Hsieh, Cheng-Chih; Roy, Anupam); Banerjee, SK,  APPLIED 

PHYSICS LETTERS  Volume: 105   Issue: 15  Article Number: 152107 OCT 13 2014 

969. Vertical finFET with Salicide Contact for Potential Power Applications, Zhai, YJ ; 

Mathew, L ; Rao, R; Sreenivasan, SV; Willson, CG; Banerjee, SK ECS JOURNAL OF 

SOLID STATE SCIENCE AND TECHNOLOGY, Volume: 3 , Issue: 10 ,Pages: Q203-

Q206; Published: 2014  

970. High-Performance Vertical Gate-All-Around Silicon Nanowire FET With High-

kappa/Metal Gate, Zhai, YJ; Mathew, L ; Rao, R ; Palard, M; Chopra, S; Ekerdt, JG; Register, 

LF; Banerjee, Sanjay K., IEEE TRANSACTIONS ON ELECTRON DEVICES, Volume: 

61, Issue: 11, Pages: 3896-3900, DOI: 10.1109/TED.2014.2353658, NOV 2014 

971. Magnetic and magneto-transport studies of MBE grown Cr2Te3 thin films with 

perpendicular magnetic anisotropy, Anupam Roy, Samaresh Guchhait, Rik Dey, Tanmoy 

Pramanik, Cheng-Chih Hsieh, Amritesh Rai, Sanjay Banerjee, Bulletin of the American 

Physical Society 60 (2015), APS March Meeting 2015 at San Antonio, Texas, USA (March 

2-6, 2015) 

972. Bilayer Graphene-Hexagonal Boron Nitride Heterostructure Negative Differential 

Resistance Interlayer Tunnel FETs, S.Kang…,F.Register, E.Tutuc, SK. Banerjee, APS 

Meeting, San Antonio, March 2015. 

973. Resonant Tunneling in Double Bilayer Graphene Heterostructures, B.Fallahazad,… 

F.Register,SK. Banerjee, E.Tutuc, APS Meeting, San Antonio, March 2015. 
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974. Low temperature magnetoresistance studies in MBE grown topological insulator thin 

films, Rik Dey, Anupam Roy, Tanmoy Pramanik, Samaresh Guchhait, Sushant Sonde, 

Amritesh Rai, Sarmita Majumder, Bahniman Ghosh, Leonard Register, Sanjay Banerjee, 

Bulletin of the American Physical Society 60 (2015), APS March Meeting 2015 at San 

Antonio, Texas, USA (March 2-6, 2015) 

975. Air stable doping of MoS2 FETs using TiOx sol-gel, Amritesh Rai, Rudresh Ghosh, 

Anupam Roy, Amithraj Valsaraj, Hema C P Movva, Sangwoo Kang, Emanuel Tutuc, 

Leonard Register, Sanjay Banerjee, Bulletin of the American Physical Society 60 (2015), 

APS March Meeting 2015 at San Antonio, Texas, USA (March 2-6, 2015) 

976. Van der Waals epitaxy of Bismuth Telluro-Sulfide nanosheets and magnetotransport in 

devices, T.Trivedi… SK. Banerjee, APS Meeting, San Antonio, March 2015. 

977. Ambipolar conduction in MoS_2/WSe_2 hetero-bilayers, H.Movva… SK. Banerjee, APS 

Meeting, San Antonio, March 2015. 

978. Rhenium Disulfide Depletion-Load Inverter, C.McClellan…. E.Tutuc, SK. Banerjee, APS 

Meeting, San Antonio, March 2015. 

979. Ultra Low Energy Switching of Ferromagnet with Perpendicular Anisotropy on 

Topological Insulator by Voltage Controlled Magnetic Anisotropy, B.Ghosh… F.Register, 

SK. Banerjee, APS Meeting, San Antonio, March 2015.  

980. Magnetization switching of a nanomagnet by spin polarized surface states of a topological 

insulator, U.Roy….F.Register,  SK. Banerjee, APS Meeting, San Antonio, March 2015. 

981. Semiconducting Behavior, Schottky Barriers and Field Effect Transistors in Ultrathin 

Rhenium DiSulfide, C.Corbet… E.Tutuc, SK. Banerjee, APS Meeting, San Antonio, March 

2015. 

982. Gate-Tunable Resonant Tunneling in Double Bilayer Graphene Heterostructures,  B. 

Fallahazad ;K.  Lee; S. Kang; ..LF Regsiter, SK Banerjee and E.Tutuc, NANO 

LETTERS  Volume: 15   Issue: 1   Pages: 428-433   Published: JAN 2015  

983. Field Effect Transistors with Current Saturation and Voltage Gain in Ultrathin ReS2, 

Corbett, Chris M.; McClellan, Connor; Rai, Amritesh; E.Tutuc; SK Banerjee, ACS 

NANO  Volume: 9   Issue: 1   Pages: 363-370   Published: JAN 2015  

984. Comment on "Assessment of field-induced quantum confinement in heterogate germanium 

electron-hole bilayer tunnel field-effect transistor" [Appl. Phys. Lett. 105, 082108 (2014)], 

Hsu, William; Mantey, Jason; Register, Leonard F.; SK Banerjee, APPLIED PHYSICS 

LETTERS  Volume: 106   Issue: 2     Article Number: 026102   Published: JAN 12 2015  

985. Top-gated chemical vapor deposited MoS2 field-effect transistors on Si3N4 substrates,  

Sanne, A.; Ghosh, R.; Rai, A.; …. SK Banerjee, APPLIED PHYSICS LETTERS  Volume: 

106   Issue: 6     Article Number: 062101   Published: FEB 9 2015  

986. Air Stable Doping and Intrinsic Mobility Enhancement in Monolayer Molybdenum 

Disulfide by Amorphous Titanium Suboxide Encapsulation, Rai, Amritesh; Valsaraj, 

Amithraj; Movva, Hema C. P.; … LF Register, E. Tutuc, SK Banerjee, NANO 

LETTERS  Volume: 15   Issue: 7   Pages: 4329-4336   Published: JUL 2015  
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987. On the Electrostatic Control of Gate-Normal-Tunneling Field-Effect Transistors, Hsu, 

William; Mantey, Jason; Register, Leonard F.; SK. Banerjee, IEEE TRANSACTIONS ON 

ELECTRON DEVICES  Volume: 62   Issue: 7   Pages: 2292-2299   Published: JUL 2015 

988. Perpendicular Magnetic Anisotropy and Spin Glass-like Behavior in Molecular Beam 

Epitaxy Grown Chromium Telluride Thin Films, Roy, Anupam; Guchhait, Samaresh; Dey, 

Rik; … SK. Banerjee, ACS NANO  Volume: 9   Issue: 4   Pages: 3772-3779   Published: 

APR 2015  

989. Bilayer Graphene-Hexagonal Boron Nitride Heterostructure Negative Differential 

Resistance Interlayer Tunnel FET, Kang, Sangwoo; Fallahazad, Babak; Lee, Kayoung; et al. 

Movva, Hema, Kim, Kyounghwan, Corbet, Chris M, Taniguchi, Takashi, Watanabe, Kenji, 

Colombo, Luigi, Register, Leonard F, Tutuc, Emanuel, Banerjee, Sanjay K., IEEE 

ELECTRON DEVICE LETTERS  Volume: 36   Issue: 4   Pages: 405-407   Published: APR 

2015  

990. Magnetization switching of a metallic nanomagnet via current-induced surface spin-

polarization of an underlying topological insulator, Roy, Urmimala; Dey, Rik; Pramanik, 

Tanmoy; LF. Register, SK. Banerjee, JOURNAL OF APPLIED PHYSICS  Volume: 

117   Issue: 16     Article Number: 163906   Published: APR 28 2015 

991. Characteristics and mechanism study of cerium oxide based random access memories, 

Hsieh, Cheng-Chih; Roy, Anupam; Rai, Amritesh;… SK. Banerjee, APPLIED PHYSICS 

LETTERS  Volume: 106   Issue: 17     Article Number: 173108   Published: APR 27 2015 

992. T. Pramanik, U Roy, L. F. Register, S. K.  Banerjee, “Proposal of a multi-state memory 

using voltage controlled magnetic anisotropy of a cross-shaped ferromagnet,” IEEE Trans. 

Nanotech. 14, 883-888 (July 2015). 

993. Radio Frequency Transistors and Circuits Based on CVD MoS2, Sanne, Atresh; Ghosh, 

Rudresh; Rai, Amritesh; Yogeesh, Maruthi Nagavalli; Shin, Seung Heon; Sharma, Ankit; 

Jarvis, Karalee; Mathew, Leo; Rao, Rajesh; Akinwande, Deji; Banerjee, Sanjay, Nano letters, 

Volume:15 Issue:8, Pages:5039-45, DOI:10.1021/acs.nanolett.5b01080 Published:2015-

Aug-12 (Epub 2015 Jul 08) 

994.  Write error rate in spin-transfer-torque random access memory including micromagnetic 

effects, Urmimala Roy, David L. Kencke*, Tanmoy Pramanik, Leonard F. Register and 

Sanjay K. Banerjee, DRC Ohio,  2015 

995. Cerium oxide based bipolar resistive switching memory with low operation voltage and 

high resistance ratio, Cheng-Chih Hsieh, Anupam Roy, Yao-Feng Chang, Amritesh Rai and 

Sanjay Banerjee, Proceedings of 73rd IEEE Device Research Conference at Ohio State 

University, Columbus, Ohio (June 21-24, 2015) Page 101-102. 

996. MOD-TFET, W.Hsu… L.Register, SK.Banerjee, DRC Ohio,  2015 

997. Gate Tunable Resonant Tunneling in Graphene Heterostruuctures, E.Tutuc, … L.Register, 

S.Banerjee, Invited Talk, DRC Ohio,  2015 

998. Self. Assembled Ordered Phthalolocyanine Monolayers on 2D, J.Park, .. SK Banerjee, 

S.Fullerton, A.Kummel, Invited,  MRS 2015 
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