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I, June Ann Munford, declare as follows:  

I. Introduction 

1. My name is June Ann Munford. I am over the age of 18, have 

personal knowledge of the facts set forth herein, and am competent to testify to the 

same. 

2. I have been retained on behalf of the Petitioner to provide assistance 

in the above-identified matter in establishing the authenticity and public 

availability of the documents discussed in this declaration. I am being compensated 

for my services in this matter at the rate of $200.00 per hour plus reasonable 

expenses.  My statements are objective, and my compensation does not depend on 

the outcome of this matter. 

II. Background 

3. I earned a Master of Library and Information Science (MLIS) from 

the University of Wisconsin-Milwaukee in 2009. I have over ten years of 

experience in the library/information science field. Beginning in 2004, I have 

served in various positions in the public library sector including Assistant Librarian, 

Youth Services Librarian and Library Director. I have attached my Curriculum 

Vitae as Appendix CV. 

4. During my career in the library profession, I have been responsible for 

materials acquisition for multiple libraries. In that position, I have cataloged, 
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purchased and processed incoming library works. That includes purchasing 

materials directly from vendors, recording publishing data from the material in 

question, creating detailed material records for library catalogs and physically 

preparing that material for circulation. In addition to my experience in acquisitions, 

I was also responsible for analyzing large collections of library materials, tailoring 

library records for optimal catalog search performance and creating lending 

agreements between libraries during my time as a Library Director. 

5. I am fully familiar with the catalog record creation process in the 

library sector. In preparing a material for public availability, a library catalog 

record describing that material would be created. These records are typically 

written in Machine Readable Catalog (herein referred to as “MARC”) code and 

contain information such as a physical description of the material, metadata from 

the material’s publisher, and date of library acquisition. In particular, the 008 field 

of the MARC record is reserved for denoting the date of creation of the library 

record itself. As this typically occurs during the process of preparing materials for 

public access, it is my experience that an item’s MARC record indicates the date of 

an item’s public availability. 

6. Typically, in creating a MARC record, a librarian would gather 

various bits of metadata such as book title, publisher and subject headings among 

others and assign each value to a relevant numerical field. For example, a book’s 
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physical description is tracked in field 300 while title/attribution is tracked in field 

245. The 008 field of the MARC record is reserved for denoting the creation of the 

library record itself. As this is the only date reflecting the inclusion of said 

materials within the library’s collection, it is my experience that an item’s 008 field 

accurately indicates the date of an item’s public availability. 

7. I am familiar with the Internet Archive, a digital library accessible to 

the general public. Among other services that the Internet Archive makes available 

to the general public is the Wayback Machine, an online archive of the web. The 

Internet Archive’s Wayback Machine service archives webpages as of a certain 

capture date to track changes in the web over time. The Internet Archive has been 

in operation as a nonprofit library since 1996 and has hosted the Wayback Machine 

service since its inception in 2001. During my time as a librarian, I frequently used 

the Internet Archive’s Wayback Machine for research and instruction purposes. 

This includes teaching instructional classes on using the Wayback Machine to 

library patrons and using the Wayback Machine to research reference inquiries that 

require hard-to-find online resources. I consider the Internet Archive’s 

recordskeeping to be as rigorous and detailed as other formal library 

recordskeeping practices such as MARC records, OCLC records and Dublin Core. 
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III. Exhibit 1007 - History Of Semiconductors 

8. I have reviewed Exhibit 1007, "History of Semiconductors" by Lidia 

, et al. as published in Journal of Telecommunications and Information 

Technology March 2010. 

9. Attached hereto as Appendix LUKASIAK01 is a true and correct 

copy of the MARC record for Journal of Telecommunications and Information 

Technology as held by the National Library of Poland. I secured this record myself 

from the library’s public catalog. The MARC record contained within Appendix 

LUKASIAK01 accurately describes the title, publisher and ISSN number of 

Journal of Telecommunications and Information Technology. The Egzemplarze W 

Tej Loaklizacji field present on page 4 of this record indicates the library's 

collection includes the March 2010 issue of Journal of Telecommunications and 

Information Technology containing "History of Semiconductors". In comparing 

Exhibit 1007 to Appendix LUKASIAK01, it is my determination that Exhibit 1007 

as published in Journal of Telecommunications and Information Technology 

10. The 008 field of the MARC record in Appendix LUKASIAK01 

indicates the date of record creation. The 008 field of Appendix LUKASIAK01 

indicates the National Library of Poland first acquired Journal of 

Telecommunications and Information Technology as of May 29, 2000 and held the 
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journal in perpetuity until the publication of "History of Semiconductors". 

Considering this information, it is my determination that Journal of 

Telecommunications and Information Technology March 2010 and therefore 

"History of Semiconductors" was made available to the public shortly after its 

initial publication in March 2010. 

IV. Exhibit 1018 - A Multi-Layer Stackable Thin-Film Transistor (TFT)
Nand-Type Flash Memory

11. I have reviewed Exhibit 1018, "A Multi-Layer Stackable Thin-Film

Transistor (TFT) NAND-Type Flash Memory" by Erh-Kun Lai, et al as published 

in Proceedings of the 2006 International Electron Devices Meeting. 

12. Attached hereto as Appendix LAI01 is a true and correct copy of the

MARC record for Proceedings of the 2006 International Electron Devices Meeting 

as held by the Penn State University Library. I secured this record myself from the 

library’s public catalog. The MARC record contained within Appendix LAI01 

accurately describes the title, publisher and ISBN number of Proceedings of the 

2006 International Electron Devices Meeting. 

13. Attached hereto as Appendix LAI02 is a true and correct copy of "A

Multi-Layer Stackable Thin-Film Transistor (TFT) NAND-Type Flash Memory" 

as published in Proceedings of the 2006 International Electron Devices Meeting as 

held by the Penn State University Library. This PDF was secured from the 

library’s collection. In comparing Exhibit 1018 to Appendix LAI02, it is my 
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determination that Exhibit 1018 is a true and correct copy of "A Multi-Layer 

Stackable Thin-Film Transistor (TFT) NAND-Type Flash Memory" by Erh-Kun 

Lai, et al as published in Proceedings of the 2006 International Electron Devices 

Meeting. 

14. The 008 field of the MARC record in Appendix LAI01 indicates the 

date of record creation. The 008 field of Appendix LAI01 indicates the Penn State 

University Library first acquired Proceedings of the 2006 International Electron 

Devices Meeting as of May 5, 2006. Considering this information, it is my 

determination that Proceedings of the 2006 International Electron Devices Meeting 

and therefore "A Multi-Layer Stackable Thin-Film Transistor (TFT) NAND-Type 

Flash Memory" was made available to the public shortly after May 5, 2006. 

V. Exhibit 1020 - Experimental Characterization of the Vertical Position of 
the Trapped Charge in Si Nitride-Based Nonvolatile Memory Cells 

15. I have reviewed Exhibit 1020, "Experimental Characterization of the 

Vertical Position of the Trapped Charge in Si Nitride-Based Nonvolatile Memory 

Cells" by Antonio Arreghini, et al as published in IEEE Transactions on Electron 

Devices May 2008. 

16. Attached hereto as Appendix ARREGHINI01 is a true and correct 

copy of the MARC record for IEEE Transactions on Electron Devices as held by 

the Penn State University Library. I secured this record myself from the library’s 

public catalog. The MARC record contained within Appendix ARREGHINI01 
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accurately describes the title, publisher and ISSN number of IEEE Transactions on 

Electron Devices. The Showing Results field present on page 3 of this record 

indicates the library's collection includes the May 2008 issue of IEEE Transactions 

on Electron Devices containing "Experimental Characterization of the Vertical 

Position of the Trapped Charge in Si Nitride-Based Nonvolatile Memory Cells". 

17. Attached hereto as Appendix ARREGHINI02 is a true and correct 

copy of "Experimental Characterization of the Vertical Position of the Trapped 

Charge in Si Nitride-Based Nonvolatile Memory Cells" as published in IEEE 

Transactions on Electron Devices as held by the Penn State University Library. 

These scans were secured from the library’s collection. In comparing Exhibit 1020 

to Appendix ARREGHINI02, it is my determination that Exhibit 1020 is a true and 

correct copy of "Experimental Characterization of the Vertical Position of the 

Trapped Charge in Si Nitride-Based Nonvolatile Memory Cells" by Antonio 

Arreghini, et al as published in IEEE Transactions on Electron Devices. 

18. The 008 field of the MARC record in Appendix ARREGHINI01 

indicates the date of record creation. The 008 field of Appendix ARREGHINI01 

indicates the Penn State University Library first acquired IEEE Transactions on 

Electron Devices as of June 29, 2000 and held the journal in perpetuity until the 

publication of "Experimental Characterization of the Vertical Position of the 

Trapped Charge in Si Nitride-Based Nonvolatile Memory Cells". Considering this 
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information, it is my determination that IEEE Transactions on Electron Devices 

May 2008 and therefore "Experimental Characterization of the Vertical Position of 

the Trapped Charge in Si Nitride-Based Nonvolatile Memory Cells" was made 

available to the public shortly after its initial publication in May 2008. 

VI. Exhibit 1025 - VDNROM: A Novel Four-Bits-Per-Cell Vertical Channel
Dual-Nitride-Trapping-Layer ROM for High Density Flash Memory
Applications

19. I have reviewed Exhibit 1025, "VDNROM: A Novel Four-Bits-Per-

Cell Vertical Channel Dual-Nitride-Trapping-Layer ROM for High Density Flash 

Memory Applications" by Falong Zhou, et al as published in Proceedings of the 

2006 European Solid-State Device Research Conference. 

20. Attached hereto as Appendix ZHOU01 is a true and correct copy of

the MARC record for Proceedings of the 2006 European Solid-State Device 

Research Conference as held by the Penn State University Library. I secured this 

record myself from the library’s public catalog. The MARC record contained 

within Appendix ZHOU01 accurately describes the title, publisher and ISBN 

number of Proceedings of the 2006 European Solid-State Device Research 

Conference. 

21. Attached hereto as Appendix ZHOU02 is a true and correct copy of

"VDNROM: A Novel Four-Bits-Per-Cell Vertical Channel Dual-Nitride-Trapping-

Layer ROM for High Density Flash Memory Applications" as published in 

Sandisk Technologies, Inc. - Ex. 1045, Page 000009



 

 -10-  
   
 

Proceedings of the 2006 European Solid-State Device Research Conference as held 

by the Penn State University Library. These scans were secured from the library’s 

collection. In comparing Exhibit 1025 to Appendix ZHOU02, it is my 

determination that Exhibit 1025 is a true and correct copy of "VDNROM: A Novel 

Four-Bits-Per-Cell Vertical Channel Dual-Nitride-Trapping-Layer ROM for High 

Density Flash Memory Applications" by Falong Zhou, et al as published in 

Proceedings of the 2006 European Solid-State Device Research Conference. 

22. The 008 field of the MARC record in Appendix ZHOU01 indicates 

the date of record creation. The 008 field of Appendix ZHOU01 indicates the Penn 

State University Library first acquired Proceedings of the 2006 European Solid-

State Device Research Conference as of April 4, 2006. Considering this 

information, it is my determination that Proceedings of the 2006 European Solid-

State Device Research Conference and therefore "VDNROM: A Novel Four-Bits-

Per-Cell Vertical Channel Dual-Nitride-Trapping-Layer ROM for High Density 

Flash Memory Applications" was made available to the public shortly after April 4, 

2006. 

VII. Exhibit 1026 - Bit Cost Scalable Technology with Punch and Plug Process 
for Ultra High Density Flash Memory 

23. I have reviewed Exhibit 1026, "Bit Cost Scalable Technology with 

Punch and Plug Process for Ultra High Density Flash Memory" by H. Tanaka, et al 

as published in Proceedings of the 2007 Symposium on VLSI Technology. 
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24. Attached hereto as Appendix TANAKA01 is a true and correct copy 

of the MARC record for Proceedings of the 2007 Symposium on VLSI 

Technology as held by the Rochester Institute of Technology Library. I secured 

this record myself from the library’s public catalog. The MARC record contained 

within Appendix TANAKA01 accurately describes the title, publisher and ISBN 

number of Proceedings of the 2007 Symposium on VLSI Technology. In 

comparing Exhibit 1026 to Appendix TANAKA01, it is my determination that 

Exhibit 1026 is a true and correct copy of "Bit Cost Scalable Technology with 

Punch and Plug Process for Ultra High Density Flash Memory" by H. Tanaka, et al 

as published in Proceedings of the 2007 Symposium on VLSI Technology. 

25. The 008 field of the MARC record in Appendix TANAKA01 

indicates the date of record creation. The 008 field of Appendix TANAKA01 

indicates the Rochester Institute of Technology Library first acquired Proceedings 

of the 2007 Symposium on VLSI Technology as of August 17, 2009. Considering 

this information, it is my determination that Proceedings of the 2007 Symposium 

on VLSI Technology and therefore "Bit Cost Scalable Technology with Punch and 

Plug Process for Ultra High Density Flash Memory" was made available to the 

public shortly after August 17, 2009. 
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VIII. Exhibit 1027 - Toshiba Develops New NAND Flash Technology

26. I have reviewed Exhibit 1027, a web page entitled "Toshiba Develops

New NAND Flash Technology". 

27. Attached hereto as Appendix TOSHIBA01 is a screen capture of the

Internet Archive Wayback Machine entry for 

http://www.toshiba.co.jp/about/press/2007_06/pr1201.htm. I secured these screen 

captures myself from 

https://web.archive.org/web/20070614211920/http://www.toshiba.co.jp/about/pres

s/2007_06/pr1201.htm. This record was captured as of June 14, 2007. 

28. Appendix TOSHIBA01 is an Internet Archive capture of a web page

entitled "Toshiba Develops New NAND Flash Technology" as hosted on the 

Toshiba website. In comparing Appendix TOSHIBA01 to Exhibit 1027, it is my 

determination that Exhibit 1027 is a true and correct copy of the "Toshiba 

Develops New NAND Flash Technology" web page as hosted on the Toshiba 

website. As the Internet Archive first captured this page as of June 14, 2007, it is 

my determination that "Toshiba Develops New NAND Flash Technology" was 

first made available to the public as of June 14, 2007 via the Internet Archive and 

likely earlier via the original Toshiba website. 
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IX. Exhibit 1029 - A Comparison of N+ and P+ Type Polysilicon Gate in High 
Speed Non-Volatile Memories 

29. I have reviewed Exhibit 1029, "A Comparison of N+ and P+ Type 

Polysilicon Gate in High Speed Non-Volatile Memories" by Moon Kyung Kim, et 

al as published in MRS Online Proceedings Library January 2007. 

30. Attached hereto as Appendix KIM01 is a true and correct copy of the 

MARC record for MRS Online Proceedings Library as held by the Penn State 

University Library. I secured this record myself from the library’s public catalog. 

The MARC record contained within Appendix KIM01 accurately describes the 

title, publisher and ISSN number of MRS Online Proceedings Library. The 

Showing Results field present on page 4 of this record indicates the library's 

collection includes the January 2007 issue of MRS Online Proceedings Library 

containing "A Comparison of N+ and P+ Type Polysilicon Gate in High Speed 

Non-Volatile Memories". 

31. Attached hereto as Appendix KIM02 is a true and correct copy of "A 

Comparison of N+ and P+ Type Polysilicon Gate in High Speed Non-Volatile 

Memories" as published in MRS Online Proceedings Library as held by the Penn 

State University Library. This PDF was secured from the library’s collection. In 

comparing Exhibit 1029 to Appendix KIM02, it is my determination that Exhibit 

1029 is a true and correct copy of "A Comparison of N+ and P+ Type Polysilicon 
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Gate in High Speed Non-Volatile Memories" by Moon Kyung Kim, et al as 

published in MRS Online Proceedings Library. 

32. The 008 field of the MARC record in Appendix KIM01 indicates the 

date of record creation. The 008 field of Appendix KIM01 indicates the Penn State 

University Library first acquired MRS Online Proceedings Library as of February 

2, 2005 and held the journal in perpetuity until the publication of "A Comparison 

of N+ and P+ Type Polysilicon Gate in High Speed Non-Volatile Memories". 

Considering this information, it is my determination that MRS Online Proceedings 

Library January 2007 and therefore "A Comparison of N+ and P+ Type Polysilicon 

Gate in High Speed Non-Volatile Memories" was made available to the public 

shortly after its initial publication in January 2007. 

X. Exhibit 1042 - Physics of Semiconductor Devices 

33. I have reviewed Exhibit 1042, Physics of Semiconductor Devices by 

S.M. Sze, et al.

34. Attached hereto as Appendix SZE01 is a true and correct copy of the 

MARC record for Physics of Semiconductor Devices as held by the Carnegie 

Mellon University Library. I secured this record myself from the library’s public 

catalog. The MARC record contained within Appendix SZE01 accurately 

describes the title, author, publisher, and ISBN number of Physics of 

Semiconductor Devices. 
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35. Attached hereto as Appendix SZE01 is a true and correct copy of 

Physics of Semiconductor Devices as held by the Carnegie Mellon University 

Library. These scans were secured from the library’s collection. In comparing 

Exhibit 1042 to Appendix SZE01, it is my determination that Exhibit 1042 is a true 

and correct copy of Physics of Semiconductor Devices by S.M. Sze, et al. 

36. The 008 field of the MARC record in Appendix SZE01 indicates the 

date of record creation. The 008 field of Appendix SZE01 indicates the Carnegie 

Mellon University Library first acquired Physics of Semiconductor Devices as of 

October 11, 2007. Considering this information, it is my determination that Physics 

of Semiconductor Devices was made available to the public shortly after its initial 

acquisition as of October 11, 2007. 
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XI. Conclusion

37. I declare under penalty of perjury that the foregoing is true and correct. 

I hereby declare that all statements made herein of my own knowledge are true and 

that all statements made on information and belief are believed to be true; and 

further that these statements were made the knowledge that willful false statements 

and the like so made are punishable by fine or imprisonment, or both, under 

Section 1001 of Title 18 of the United States Code.

Executed on August 22, 2025

By: 

         
June Ann Munford
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 Abstract 
 
A double-layer TFT NAND-type Flash memory is 
demonstrated, ushering into the era of three-dimensional (3D) 
Flash memory. A TFT device using bandgap engineered 
SONOS (BE-SONOS) [1,2] with fully-depleted (FD) poly 
silicon (60 nm) channel and tri-gate P+-poly gate is integrated 
into a NAND array. Small devices (L/W=0.2/0.09 µm) with 
excellent performance and reliability properties are achieved. 
The bottom layer shows no sign of reliability degradation 
compared to the top layer, indicating the potential for further 
multi-layer stacking. The present work illustrates the 
feasibility of 3D Flash memory.  
 
I. Introduction 

 
Recently, the NAND flash becomes very popular for 

portable electronics, and the demand for memory density 
multiplies every year. Although NAND Flash is aggressively 
scaled [3,4], it becomes more and more difficult to follow 
Moore�s law to continue the scaling due to both process and 
device limitations. Three-dimensional (3D) multi-layer-stack 
memory is another path to ultra-high density memory.  

We demonstrated a low-thermal budget TFT NAND 
device recently [2]. The TFT memory employs BE-SONOS 
[1] device, which provides both efficient hole tunneling 
erase and good data retention [1]. Moreover, BE-SONOS 
uses only matured frond-end materials (oxide, nitride and 
poly gate). This greatly enables the multi-layer stack 
capability without metal contamination issues. In this work, 
we further fabricate a double-layer TFT NAND Flash. The 
performance and reliability of bottom and top layers are 
examined to provide guidelines for further multi-layer 
stacking. The effects of device dimension, reliability, and 
NAND array operation are addressed.  

 
II. Fabrication 

The typical device parameters and fabrication flow are 
shown in Table 1 and Table 2. Figures 1-4 show the cross-
sectional views of the double layer TFT NAND devices. The 
TFT device has a 60 nm thick poly silicon channel over the 
buried oxide. The poly silicon is an amorphous silicon (a-Si) 
layer deposited by low-pressure chemical vapor deposition 

(LPCVD) process, followed by a low-temperature thermal 
annealing (600 0C) for crystallization. A multi-layer 
O1/N1/O2 tunneling dielectric is used to achieve easy hole 
tunneling during erase, while eliminating the direct tunneling 
leakage during retention [1]. Next, SiN trapping layer (N2) 
and top blocking oxide (O3) are grown. A heavily doped P+-
poly gate is adopted to suppress the gate injection during �FN 
erase. The multi-layer ONONO are shown in Fig. 1. The 
device has a tri-gate structure as shown in Fig. 2.  

The top oxide process has the largest thermal budget. 
Two top oxide (O3) formation processes are compared:  an 
LPCVD oxide (HTO) with rapid thermal annealing, and an 
in-situ steam generation (ISSG) oxidation to convert a portion 
of the trapping nitride (N2) into oxide. 

After gate patterning, shallow junction is formed by 
low-energy As+ implantation. Planarization is then carried out 
by HDP oxide deposition and CMP. After forming the 
bottom-layer TFT devices, the processes are duplicated to 
form the top-layer TFT devices. Contact etching for the two 
layers are performed independently to avoid over etching. 
The final double-layer TFT NAND Flash memory is shown 
in Figs. 3-4.  

 
III. Device Characterization 

(a) Short-Channel Effect: 
 The I-V and VT for the memory cells with various 
channel lengths are shown in Figs. 5, 6, respectively. Similar 
to bulk devices, the transconductance (gm) increases with 
shorter channel lengths. Figure 6 shows that the �FN erased 
state (-17 V, 50 msec) follows the same Vt-roll-off 
characteristics with the initial state, but with 3 V lower Vt. 
ISSG and HTO top oxide devices show similar Vt roll-off 
trends.  
(b) Narrow-Width Effect: 

The I-V characteristics for memory cells with various 
channel widths are shown in Fig. 7. Generally a narrower 
device shows a better subthreshold slope (S.S.). Figure 8 
shows that for a narrow device the transconductance per 
width (gm/W) increases, while Vt decreases. Thus a narrower 
device has a better DC performance due to better gate control 
capability of the tri-gate structure.  
(c) Program/Erase Characteristics: 
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The device is programmed by +FN electron injection 
(Fig. 9), and erased by �FN hole tunneling (Fig. 10). P+-poly 
gate is used to suppress the gate electron injection during �
FN erase. Accordingly, the device can be erased into 
depletion mode. Both +FN program and �FN erase saturate 
for each bias voltage. Samples with ISSG and HTO top oxide 
show similar P/E speed.  
(d) P/E Cycling Endurance: 

The P/E cycling endurance is shown in Fig. 11. Erase 
degradation occurs at < 1K dumb-mode cycles. ISSG top 
oxide devices show better endurance than those with HTO 
top oxide. The top oxide process has large impact on the cell 
endurance because top oxide suffers a large electric field 
stress during P/E, while the top oxide has lower quality due to 
the lower thermal process.  

The endurance of TFT device is understandably inferior 
to the bulk BE-SONOS device [1,5], where a high-
temperature (950~1000 0C) process is used to convert nitride 
into top oxide. The reason may be attributed to that the lower 
temperature ISSG and HTO top oxides have lower quality 
that easily trap charges after P/E cycle stressing, resulting in 
lower endurance. 

Adjusted P/E cycling (as commonly practiced) achieves 
better endurance (Fig. 12). The corresponding P/E shot 
numbers are recorded in Fig. 13. After 1K cycling the device 
starts to degrade and more P/E shots are needed to maintain 
the Vt levels. Figure 14 illustrates that ISSG top oxide has a 
better subthreshold slope than HTO top oxide. Typical IV 
characteristics during 10K P/E cycling are shown in Fig. 15. 

 
IV. Comparison between the Top and Bottom Layers 

Figure 16 compares the VT-roll-off of erase saturation state 
for the bottom and top layers. The bottom layer has a slightly 
faster VT-roll-off. In addition, the VT distribution of the 
bottom-layer is wider. This is because the bottom layer 
undergoes a higher thermal budget. For better bottom layer 
performance thermal budget should be further reduced. 

The P/E cycle endurance, S.S. degradation, and retention 
are shown in Figs. 17, 18 and 19, respectively, for the short-
channel device (Lg/W=0.2/0.09 um). The bottom layer shows 
no sign of reliability degradation compared to the top layer. 
This indicates that further multi-layer stack is feasible.  

 
V. NAND Array Functions 

The reading method for the NAND array is shown in 
Fig. 20. Since TFT NAND array has higher series resistance 
compared to the bulk device, read current saturates at large 
gate overdrive. The read current is enhanced by increasing 
VPASS. For VPASS=7 V, and VREAD=1 V, the read current for a 
16-string NAND array approaches 1 µA, ample for data Flash 
design. 

The program-inhibit characteristics of TFT NAND 
array are illustrated in Fig. 21. Cells C and D are under 
medium-field gate disturb, while cell B can be program-
inhibited by raising the channel potential.  

 
VI. Summary 

For the first time, a successful double-layer TFT NAND 
Flash memory is demonstrated. The experimental results are 
very encouraging for future 3D Flash memories. 
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Fig. 5 IV characteristics for various channel length 
devices. Inset shows the corresponding 
transconductance (gm). The channel width is 0.09 µm.

Fig. 6  Short-channel VT roll-off characteristics 
for both the initial state and the �FN erased 
state, with ISSG and HTO top oxide.

Fig. 8  Narrow-width characteristics. Both 
normalized transconductance (gm/W) and  VT
are shown. The narrowest device (W=0.09 µm) 
has the best performance.

Fig. 9  Comparison of the +FN program 
characteristics for ISSG and HTO top oxide.

Table 1 Typical process condition of  TFT NAND device.

Fig. 2  Tri-gate structure of the 
TFT device.

Fig. 1  TEM of the O1/N1/O2/N2/O3 
structure for TFT BE-SONOS.
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Fig. 7 IV characteristics for various channel width 
devices. Wider devices show worse subthreshold
behavior. The channel length is 0.2 µ m.
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Fig. 10  Comparison of the -FN erase 
characteristics for ISSG and HTO top oxide.
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16. Alloy annealing8. P+ poly gate patterning

15. Metal deposition and 
patterning 

7. BE-SONOS: ONONO 
formation

14. Contact patterning 6. P-type well doping

13. ILD deposition and
planarization

5. Channel patterning

12. Repeat processes from a-Si
to N+ S/D implantation

4. Low-temperature annealing

11. Oxide CMP planarization 3. a-Si channel deposition

10. HDP CVD deposition 2. Buried oxide

9. N+ S/D & pocket 
implantation

1. Si substrate
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Fig. 14  Subthreshold slope degradation during 
10K P/E cycling tests. Both ISSG and HTO top 
oxide are compared.

Fig. 20 Read current of a 16 WL�s TFT NAND 
array. The devices are in erased state. For 
VPASS=+7 V, read current can approach 1 µA, 
sufficient for NAND Flash design.

Fig. 21  Program disturb of a TFT NAND array. 
Cells C and D are under medium field gate 
disturb, while cell B can be program-inhibited 
by raising the channel potential.
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Fig. 11 Dumb-mode P/E cycling endurance 
(without adjusting the P/E conditions during 
endurance test). Both ISSG and HTO top 
oxide are compared.
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Fig. 12 P/E cycling endurance (with adjusted 
P/E conditions during endurance test). Both 
ISSG and HTO top oxide are compared.

Fig. 16  Short-channel effect comparison of the 
top and bottom layer TFT NAND devices. A 
total of 28 identical devices are measured. The 
devices are in erase saturation state.

Fig. 19  Retention characteristics. Programmed 
and erased state with various cycle endurance 
are compared.
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Fig. 18  Subthreshold slope degradation 
during 10K P/E cycling tests. Both bottom 
and top layers are compared. ISSG top oxide 
is used.

Fig. 17 Adjusted P/E cycling endurance (with 
adjusted P/E conditions during endurance test). 
Both bottom and top layers are compared. 
ISSG top oxide is used.

VG(V)
-2 -1 0 1 2 3 4

I D
(A

)

10-10

10-9

10-8

10-7

10-6

Cycle=1
Cycle=10
Cycle=100
Cycle=1k
Cycle=10k

Programmed

Erased

Fig. 15  IV characteristics of ISSG top oxide 
device during 10K P/E cycling endurance testing.

Baking Time (sec)
100 101 102 103 104 105 106

V T (
V)

-1

0

1

2

3

4

P/E=1 (Top-Layer)
P/E=1K (Top-Layer)
P/E=1 (Bottom-Layer)
P/E=1K (Bottom-Layer)

150 0C

P/E Cycle Endurance
1 10 100 1000 10000

V T
 (V

)

-2

-1

0

1

2

3

4

Program (ISSG)
Erase (ISSG)
Program (HTO)
Erase (HTO)

P/E Cycle Endurance
1 10 100 1000 10000

P/
E 

Sh
ot

 N
um

be
r

0

10

20

30

40 Program (ISSG)
Erase (ISSG)
Program (HTO)
Erase (HTO)

Program: 
50 sec per shot, Start with +17 V
Erase:
2 msec per shot, start with -17 V

 

Sandisk Technologies, Inc. - Ex. 1045, Page 000046



Sandisk Technologies, Inc. - Ex. 1045, Page 000047



Sandisk Technologies, Inc. - Ex. 1045, Page 000048



Sandisk Technologies, Inc. - Ex. 1045, Page 000049



Sandisk Technologies, Inc. - Ex. 1045, Page 000050



Sandisk Technologies, Inc. - Ex. 1045, Page 000051



Sandisk Technologies, Inc. - Ex. 1045, Page 000052



Sandisk Technologies, Inc. - Ex. 1045, Page 000053



Sandisk Technologies, Inc. - Ex. 1045, Page 000054



Sandisk Technologies, Inc. - Ex. 1045, Page 000055



Sandisk Technologies, Inc. - Ex. 1045, Page 000056



Sandisk Technologies, Inc. - Ex. 1045, Page 000057



Sandisk Technologies, Inc. - Ex. 1045, Page 000058



Sandisk Technologies, Inc. - Ex. 1045, Page 000059



Sandisk Technologies, Inc. - Ex. 1045, Page 000060



Sandisk Technologies, Inc. - Ex. 1045, Page 000061



Sandisk Technologies, Inc. - Ex. 1045, Page 000062



Sandisk Technologies, Inc. - Ex. 1045, Page 000063



Sandisk Technologies, Inc. - Ex. 1045, Page 000064



VDNROM: A Novel Four-Bits-Per-Cell 
Vertical Channel Dual-Nitride-Trapping-Layer 

ROM for High Density Flash Memory 
Applications 

 
Falong Zhou, Yimao Cai, Ru Huang , Yan Li, Xiaonan Shan, Jia Liu,  

Ao Guo, Xing Zhang, and Yangyuan Wang  
 

Institute of Microelectronics, Peking University, Beijing 100871, China 
Tel: 86-10-62757761, Fax: 86-10-62751789 

 Email: huangr@ime.pku.edu.cn  
 

Abstract - A novel vertical channel nonvolatile memory 
cell with oxide�nitride�oxide�nitride�oxide (ONONO, dual 
nitride trapping layers) dielectrics stack is proposed and 
experimentally demonstrated for the first time.  Compared 
with the conventional planar NROM cell, since the cell 
area of the proposed vertical structure is independent of 
the gate length, the VDNROM structure can relax the 
limitation of the gate length scaling, and can have high 
capability of cell area shrinking.  The fabrication process 
of this VDNROM device is basically compatible with 
planar CMOS technology.  The VDNROM cell can be 
programmed and erased by the hot carrier injection to the 
localized trapping dual-nitride-layers, so it can achieve a 
four physical bits storage capability each cell.   The 
reliability behaviors including the cycling endurance and 
the bake retention at 150oC have also been investigated 
and show the acceptable characteristics. The experiment 
results verify the VDNROM cell as a good candidate for 
high-density applications.   

I. INTRODUCTION 
 
Recently, SONOS flash memory has been paid 

more attention and considered as a promising 
technology bridging the gap between the floating-gate 
flash and the next generation memories because of its 
intrinsic better endurance, good scalability, simpler 
fabrication process and its perfect compatibility with 
conventional CMOS technology for embedded 
applications [1-3].  However, conventional SONOS cell 
is only one-bit-per-cell storage, and the data retention is 
still a big problem due to the direct tunneling of stored 
charge through the ultra thin tunneling oxide. 

The NROM concept [4-5] was proposed to solve 
the drawbacks of SONOS by using channel hot 
electrons injection (CHEI) for programming and band-
to-band tunneling induced hot holes injection 
(BBTIHH) for erasing.  This device can allow thicker 
tunneling oxide, while still maintaining high efficient 
Program /Erase (P/E) operations.  Moreover, the P/E 

mechanisms lead to localized charge storage in the 
trapping nitride layer, so the NROM can store two 
distinct bits per cell.  However, the further scaling of the 
cell area of the conventional planar NROM device for 
higher density is limited by the gate length scaling for 
two reasons.  Firstly, the drain voltage can not be scaled 
below 3.2V for CHEI, and therefore the punch-through 
effect would become worse as the gate length scaling 
[6].  Secondly, since two bits are stored in physically 
distinct areas in the nitride layer, the lateral distributions 
of the charges have to be well separated to avoid any 
interference between the two bits [7].  

 

 
In this work, as shown in Fig. 1, we proposed and 

demonstrated experimentally a novel vertical channel 
dual-nitride-trapping-layers ROM (VDNROM) structure 
nonvolatile memory device achieving four-bits-per-cell 
function for the first time.  Compared with the 
conventional planar NROM cell, since the cell area of 
this vertical channel structure is independent of the gate 
length, the VDNROM structure can relax the limitation 
of the gate length scaling, and can have high capability 
to shrink the cell area.  Moreover, the fabrication of this 
VDNROM device is basically compatible with planar 

 
 

Fig. 1  Schematic cross sectional view of the proposed 4 bits/cell 
VDNROM flash memory. 

1-4244-0301-4/06/$20.00 ©2006 IEEE. 226
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CMOS technology. The experimental results 
demonstrate continued better scalability of the 
VDNROM cell for high-density applications. 

 

 
 

 

II. DEVICE STRUCTURE AND FABRICATION 
 
The schematic cross-sectional view of the proposed 

VDNROM flash memory cell with the oxide-nitride-
oxide-nitride-oxide (ONONO) gate dielectric stack is 
illustrated in Fig. 1.  The charges can be stored in the 

dual nitride trapping layers above the channel next to 
the n+/p junctions, so this VDNROM cell can achieve a 
four physical bits storage capability as shown in Fig.1.  
The tunneling oxide and the block oxide are thicker than 
5 nm to avoid any direct tunneling of the charges, and 
the gate dielectric stack of the ONONO five layers (the 
tunneling oxide, the first trapping nitride layer, the inter-
nitride oxide, the second trapping nitride layer, the block 
oxide) are 7/4/5/5/13 nm respectively.  

Referring to Fig. 1, the process flow to realize such a 
4bits/cell VDNROM device was shown in Fig. 2(a)-(b).  
After isolation, the channel boron doping and the drain 
arsenic doping were implemented.  Two layers of oxide 
and nitride was deposited, patterned and etched to form 
the dual-layers hard masks as shown in Fig. 2(a).  The 
silicon substrate was then etched by ICP (Inductive 
Coupled Plasma) to form the steep device mesa.  Next, 
the device mesa was etched isotropically by RIE 
(Reactive Ion Etch) to form the recessed self-aligned 
poly gate structure shown in Fig. 2(b).  To remove the 
surface damage on the sidewalls of the device mesa, thin 
sacrificial oxide was grown, which was followed by 
source arsenic implantation (4×1015cm-2, 100KeV), as 
shown in Fig. 2(c).  After sacrificial oxide removed, 7.0-
nm gate oxide was grown at 850ºC by dry thermal 
oxidation.  Next, a dielectric stack of trapping-nitride 
/inter-oxide/trapping-nitride/block-oxide (NONO) with 
4/5/5/13 nm respectively was deposited.  Then, a 
polysilicon film was deposited, implanted and etched to 
form the self-aligned gate spacer.  After the nitride hard 
mask removed, rapid thermal annealing was 
implemented to activate the dopants in the S/D region 
and poly gate, as shown in Fig. 2(d).  Finally, the device 
was covered by low temperature deposited oxide (LTO), 
and followed by the rest of the process such as contact 
opening, metal defining and annealing.  Fig. 3 (a) shows 
the SEM (scanning electron microscope) micrograph of 
the cross section of the fabricated VDNROM cell, and 
the SEM image of the ONONO gate dielectric stack is 
shown in Fig. 3 (b).  

III. OPERATION  MECHANISM AND EXPERIMENT RESULTS 
 
The VDNROM cell is programmed and erased by 

channel hot carriers injection.  The four states (�00�, 
�01�, �10�, �11�) corresponding to bit-1 and bit-2 are 
shown in Fig. 4 (a)-(d), and the programming and 
erasing operations of the four states are shown in Table 
I.   For example, applying 7.0 V on the drain electrode, 
12.0 V on WL (the gate electrode) and grounding the 
source electrode for programming the state �00� in Fig. 
4(a).  The accelerated channel electrons are injected into 
the both two nitride layers of the ONONO gate 
dielectric stack near the drain junction, a self-aligned 
storage with the junction edge.  As shown in Fig. 4(b) 
and Table I, the state of �01� is programmed by the hot 
electrons injection to the first trapping nitride layer with 
lower drain voltage 5.0 V (compared with the 
programming of the state of �00�), 6.0 V on WL (the 

 

 
 

Fig. 2. The process flow of the proposed 4bits/cell VDNROM 
flash memory. 

(a)   
 

(b)   
 

Fig. 3. The SEM images of the proposed 4bits/cell VDNROM 
flash memory cell (a) and the ONONO gate dielectric stack (b). 
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gate electrode) and grounding the source electrode.  The 
state of �10� shown in Fig. 4(c) is realized by two steps.  
As shown in Table I, the first step is the hot electrons 
injection to the dual trapping nitride layers with 
Vg=12.0 V, Vd=7.0V and Vs=0V, and the second is the 
hot holes injection to the first nitride layer applying 
Vd=-8.0 V, Vg=5.0 V and Vs=0V.  Holes are generated 
by band-to-band tunneling in the deep depletion layer 
under the gate dielectric stack above the n+/p junction 
[4, 8].  Holes increase their energy due to the lateral 
field in depletion region of the channel and they are 
injected through the bottom oxide into the nitride 
trapping layer, where they recombine with the stored 
electrons or are trapped.  As shown in Fig. 4(d), the state 
of �11� is the initial state and it can also been realized 
by erasing from other states shown in Table I.   

 

 

 
 

Fig. 5 shows transfer characteristics of the 
VDNROM flash memory cell with 0.3µm channel 
length in the four states.  The threshold voltage of 
State �11� is 2.3V (the same Vth as the initial).  State 
�00� has a threshold shift of Vth=3.2V from State 
�11�.  The Vth of 2.0V in State �01� is observed.  
The threshold voltage of State �10� is 3.3V, and the 

Vth is 1.0V.  The transfer characteristics of each 
state exhibits excellent subthreshold performance as 
shown in Fig. 5.  The programming and erasing 
characteristics of the VDNROM flash memory are 
shown in Fig. 6. 
 

 
 

 
 
The device is read in the �reverse� direction 

compared to programming, by applying the read biases 
to source electrode (1.5V) and grounding the drain 
electrode.  This reverse read mode can enhance the 
threshold voltage sensitivity to the localized trapping 
charges [4].  As shown in Fig. 5, during the first read 
operation, the �00�and �01� states can be distinguished 
from the �10� and �11� states at 3.8V (gate voltage).  
After that, State �11� from State �10� and State �01� 
from State �00� at 2.8V and 4.8V (gate voltage), 
respectively, is performed for the second read operation. 

Similarly, the bit-3 and bit-4 can be programmed, 
erased and read by interchanging the role of the 
drain/source electrodes.  

 
 

Fig. 4. The four states corresponding to bit-1 and bit-2 of the 
proposed VDNROM flash memory. 
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Fig. 5. The transfer characteristics of the programmed/erased 
bit-1 and bit-2 of the VDNROM flash memory. 
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Fig. 6. The Programming/Erasing characteristics of the 
VDNROM flash memory. 

TABLE I. 
VDNROM Flash Memory Program/Erase Operating Conditions 
(Four states corresponding to bit-1 and bit-2) 
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Fig. 7 shows the endurance characteristics of the 

four states (corresponding to bit-1 and bit-2).  The 2-bit 
cycling loop consists of the sequence of bit-2 program 
(State �11� to State �01�) bit-1 program (�01� to �00�) 

bit-2 erase (�00� to �10�) bit-1 erase  (�10� to �11�) 
that can be considered as the worst case, because the 
tunneling oxide has been tunneled by twice hot electrons 
and twice hot holes in one cycle (the inter-nitride oxide 
by once electrons and once holes).  After 103 P/E cycles, 
the worst Vth window of 0.8V is maintained in spite of 
the Vth increase at the erased cell.  These electrical 
results indicate that the cycling endurance performance 
of the VDNROM cell is acceptable. 

Fig. 8 shows the bake retention performance of the 
VDNROM measured at 150oC.  0.4V small degradation 
and saturation of Vth are observed after 24 hours baking 
measurement.  With the better quality tunneling oxide, 
the smaller degradation of Vth window can be observed. 

 

IV.   CONCLUSION  
 

For the first time, a novel VDNROM flash memory 
cell with an oxide-nitride-oxide-nitride-oxide (ONONO) 
gate dielectric stack has been proposed, demonstrated 
experimentally, and successfully operated in four-bits-
per-cell mode in the 0.3µm channel length vertical 
device.  In the conventional planar NROM cell, the cell 
area further scaling is limited by the gate length scaling.  
In contrast, since the cell area of the VDNROM structure 
is independent of the gate length, the structure can have 
high capability of the cell area shrinking with the relaxed 
requirement of the gate length scaling.  Moreover, the 
fabrication of the VDNROM is basically compatible 
with planar CMOS technology. The reliability 
performances including the cycling endurance and the 
bake retention at 150oC have also been investigated and 
are acceptable.  This new technology can be used for 
data storage due to the high density, and for embedded 
applications due to the simplicity of the process. 
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Fig. 7. The Endurance characteristics of the VDNROM 
flash memory. 
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Fig. 8. The bake retention performance of the VDNROM 
flash memory at 150oC 
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