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I. INTRODUCTION

I, James L. Mullins, Ph.D., am above the age of majority and hereby declare

under penalty of perjury: 

1. I have been retained by Petitioner Runergy USA, Inc. and Runergy

Alabama Inc. (“Runergy U.S.”) to provide expert opinions in connection with 

petitions requesting inter partes review (IPR) of U.S. Patent Nos. 9,722104 and 

10,230,009 which are owned by Trina Solar Co. Ltd and Trina Solar (U.S.), Inc., 

(“Trina”).  In this declaration, I opine on the authenticity of certain documents 

referenced herein and explain when and how these documents were disseminated or 

otherwise made publicly available to the extent that persons interested and ordinarily 

skilled in the subject matter or art, exercising reasonable diligence, could have 

located each document.  The following is my written testimony on these topics, 

which supplements my previous testimony I understand has been submitted in this 

proceeding as EX1035. 

2. My background, qualifications, and compensation are set forth in my first

declaration and CV.  See EX1035, §II and Attachment A. 
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II. DOCUMENTS

A. Exhibit 1039.  Yablonovitch, E., et al., “A 720 mV Open Circuit Voltage

SiO x :cSi:SiO x Double Heterostructure Solar Cell,” Applied Physics

Letters,  Volume 47, December 1, 1985, 1211 – 1213.  (“Yablonovitch”)

3. I have been asked to opine on an article authored by E. Yablonovitch, et al.,

titled “A 720 mV Open Circuit Voltage SiO x :cSi:SiO x Double Heterostructure 

Solar Cell,” published in Applied Physics Letters,  volume 47,  December 1, 1985, 

on pages 1211 – 1213.  (“Yablonovitch”)  

4. For the purposes of this declaration, Yablonovitch, will apply when

referring to the article titled: “A 720 mV Open Circuit Voltage SiO x :cSi:SiO x 

Double Heterostructure Solar Cell,” published in Applied Physics Letters, volume 

47,  December 1, 1985, dependent on the context within this declaration.  

1.  Authenticity of Yablonovitch

5. Exhibit 1039, Attachment A-1, Yablonovitch, has been provided to me by

counsel for Runergy U.S.  I see no evidence that any alteration or inclusion of pages, 

etc., were made to Exhibit 1039,  Yablonovitch, Attachment A-1.  Therefore, I 

affirm, after verifying it against Attachment A-2 and Attachment A-3, Exhibit 1039, 

Yablonovitch, is a complete and accurate version of Yablonovitch.   

6. Attachment A-2 includes scans from the print copy held by the Linda Hall

Library.  Attachment A-2 includes: front cover issue cover of Applied Physics 
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Letters, Volume 47, December 1, 1985; journal information page; [Contents] with a 

stamp that reads “Linda Hall Library, Kansas City, MO”, and a date stamp that reads 

“FEB 19 1988” as shown below; second [Contents] page and the Yablonovitch 

article on pages 1211-1213.    

7. All identifying characteristics, such as the stamp on Attachment A-3, are

consistent with library practice and procedure that I have observed during my career 

as a professional librarian, specifically with those items held by the Linda Hall 

Library.  I have no cause for concern about the authenticity or accuracy of these 

identifying attributes.   

8. In addition, Yablonovitch was found within the custody of a library, the

Linda Hall Library, one of the most likely locations for an authentic publication to 

be located. Evidence of the ownership of Yablonovitch by the Linda Hall Library 

will be explored further and detailed in the section below on public access.  

Attachment A-3 is a download of Yablonovitch I made on August 4, 2025 through 

the Purdue University Libraries at URL:  
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https://sso.purdue.edu/idp/profile/SAML2/Redirect/SSO?execution=e1s2 

Yablonovitch is available for a fee at URL: 

https://pubs.aip.org/aip/apl/article/47/11/1211/50742/A-720-mV-open-circuit-

voltagC-SiOx-c-Si-SiOx 

9. After my comparison between Exhibit 1039, Attachment A-1,

Yablonovitch, with corresponding pages in Attachment A-2, and Attachment A-3, I 

found no difference between  Exhibit 1039 and Attachments A-2 and A-3.  

Therefore, upon finding Yablonovitch in the Linda Hall Library, and was able to 

access Yablonovitch through the Purdue University Libraries, I have determined that 

Exhibit 1039, Yablonovitch is an authentic document. 

10. I conclude and affirm that Yablonovitch, Exhibit 1039, Attachment A-1, is

an authentic document. 

2.  Public Accessibility of Yablonovitch

11. Attachment A-4  is a true and correct copy of the WorldCat entry for

Yablonovitch.  I obtained Attachment A-4 by completing a search on WorldCat on 

August 5, 2025 by searching in Missouri. 

12. Attachment A-4 shows that Yablonovitch is the document associated with

this WorldCat entry, as verified by journal title: Applied Physics Letters; and 

publisher: American Institute of Physics. When I searched WorldCat for holdings of 
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Yablonovitch in Missouri, the Linda Hall Library was third on the list among the 

1,741 libraries shown as holding editions of Applied Physics Letters worldwide. 

13. When Yablonovitch was published in 1985 it was prior to online searchable

bibliographic databases, such as WorldCat, or a disciplinary database such as 

Engineering Village, described above in this declaration.  From my experience at 

that time, the 1980s, Applied Physics Letters (Yablonovitch) would have, more 

likely than not, been found in a print index such as Engineering Index described 

above in this declaration.   

14. Attachment A-5 is a download I made from the Linda Hall Library OPAC

(online catalog) on August 5, 2025.  The document cataloged in this record is 

Yablonovitch as verified by the OPAC record fields including title: Applied Physics 

Letters; and publisher:  American Institute of Physics. 

15. The record of holdings of: Applied Physics Letters by the Linda Hall

Library is shown in the section titled: “Locations” that reads as shown below: 
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16. Yablonovitch could have been located in the Linda Hall Library by

searching for the title: Applied Physics Letters.  As mentioned above, in the 1980s 

there were no online databases only print indices which would provide access to a 

citation to Yablonovitch, on the Linda Hall Library OPAC record it lists multiple 

print indices that Applied Physics Letters would have been indexed, more likely than 

not among the indices, Current Physics Index or Physics Abstracts would be most 

likely to index Yablonovitch, would then provide the citation to the journal issue and 

be able to retrieve Yablonovitch from the print journal held by the Linda Hall Library 

or any of the 1,741 libraries that now show as holding Applied Physics Letters.  

17. The date stamped on Attachment A-2 of February 19, 1988  (as shown

below) indicates receipt of Yablonovitch by the Linda Hall Library, after which it 

would have been processed and shelved.   

18. The physical copy of Yablonovitch, Applied Physics Letters,  Volume 47,

December 1, 1985 at the Linda Hall Library would have been available for public 

access, more likely than not,  within one week to ten days after it was received on 

February 19, 1988.  Therefore, Yablonovitch would have been accessible to the 
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public in the Linda Hall Library no later than and be available to a researcher on 

February 29, 1988. 

3. Conclusion - Yablonovitch

19. I conclude that Yablonovitch, Exhibit 1039, is an authentic document and

would have been publicly accessible in the Linda Hall Library, more likely than not, 

February 29, 1988. 

B. Exhibit 1044.  K. Ip, et al, Charges and Defects in SiO2 Films Deposited

by Plasma-Enhanced Chemical Vapor Deposition at Low Temperatures,

Solid-State Electronics Vol. 34, No. 2, pp. 123-129, February 1991. (“Ip”)

20. I have been asked to opine on an article authored by K. Ip, et al, Charges

and Defects in SiO2 Films Deposited by Plasma-Enhanced Chemical Vapor 

Deposition at Low Temperatures, published in Solid-State Electronics,  volume 34, 

number  2 on pages 123-129, in the February 1991 issue. (“Ip”).    

21. For the purposes of this declaration, Ip, will apply when referring to the

article titled: Charges and Defects in SiO2 Films Deposited by Plasma-Enhanced 

Chemical Vapor Deposition at Low Temperatures, as well as Solid-State 

Electronics,  volume 34, number  2,  February 1991 issue dependent on the context 

within this declaration.  
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1.  Authenticity of Ip.

22. Exhibit 1044, Attachment B-1, Ip has been provided to me by counsel for

Runergy U.S.  I see no evidence that any alteration or inclusion of pages, etc., were 

made to Exhibit 1044,  Ip Attachment B-1.  Therefore, I affirm, after verifying it 

against Attachment B-2 and Attachment B-3, Exhibit 1044, Ip is a complete and 

accurate version of Ip.   

23. Attachment B-2 includes scans from the print copy held by the Linda Hall

Library.  Attachment B-2 includes: front issue cover of Solid-State Electronics, 

volume 34, number 2, February 1991, with a stamp that reads “LINDA HALL 

LIBRARY  FEB 12 1991”, as shown below; journal information page; “List of 

Contents” pages iii-xvi; and the Ip article on pages 123-129.     
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24. All identifying characteristics, such as the stamp on Attachment B-2, are

consistent with library practice and procedure that I have observed during my career 

as a professional librarian, specifically with those items held by the Linda Hall 

Library.  I have no cause for concern about the authenticity or accuracy of these 

identifying attributes.   

25. In addition, Ip was found within the custody of a library, the Linda Hall

Library, one of the most likely locations for an authentic publication to be located. 

Evidence of the ownership of Ip by the Linda Hall Library will be explored further 

and detailed in the section below on public access.  

26. Attachment B-3 is a download of Ip that I made on October 15, 2025

through the Purdue University Libraries at URL: 

https://www.sciencedirect.com/science/article/pii/003811019190077C 

Ip is available for a fee at the same URL: 

https://www.sciencedirect.com/science/article/pii/003811019190077C 

27. After my comparison between Exhibit 1044, Attachment B-1, Ip with

corresponding pages in Attachment B-2, and Attachment B-3, I found no difference 

between  Exhibit 1044 and Attachments B-2 and B-3.  Therefore, upon finding Ip in 

the Linda Hall Library, and the ability to access and retrieve Ip through the Purdue 
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University Libraries, I have determined that Exhibit 1044, Ip is an authentic 

document. 

28. I conclude and affirm that Ip Exhibit 1044, Attachment B-1, is an authentic

document. 

2. Public Accessibility of Ip

29. Attachment B-4  is a true and correct copy of the WorldCat entry for Ip.  I

obtained Attachment B-4 by completing a search for Solid-State Electronics on 

WorldCat on October 16, 2025 by searching the geographic location ‘Missouri.’ 

30. Attachment B-4 shows that Ip is the document associated with this

WorldCat entry, as verified by journal title: Solid-State Electronics; and publisher: 

American Institute of Physics. When I searched WorldCat for holdings of Ip in 

Missouri, the Linda Hall Library was first on the list among the 592 libraries shown 

as holding editions of Solid-State Electronics worldwide. 

31. When Ip was published in 1991 it was prior to online searchable

bibliographic databases, such as WorldCat, or a disciplinary database such as 

Engineering Village, described above in this declaration.  From my experience at 

that time, the 1990s, Solid-State Electronics (Ip) would have, more likely than not, 

been found in a print index such as Engineering Index described above in this 

declaration.   
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32. Attachment B-5 is a download I made from the Linda Hall Library OPAC

(online catalog) on October 17, 2025.  The document cataloged in this record is Ip 

as verified by the OPAC record fields including title: Solid-State Electronics; and 

publisher:  Pergamon Press. 

33. The record of holdings of: Solid-State Electronics by the Linda Hall Library

is shown in the section titled: “Locations” that reads, v.1-(1960)-v.39(1996)…”, as 

shown below, inclusive of v.34, number 2, February 1991:  

34. Ip could have been located in the Linda Hall Library by searching for the

title: Solid-State Electronics.  As mentioned above, in the 1990s there were no online 

databases only print indices which would provide access to a citation to Ip.  On the 

Linda Hall Library OPAC record it lists multiple print indices that Solid-State 

Electronics would have been indexed, more likely than not among the indices, 

Applied Science and Technology Index would have been most likely to index Ip and 

would have provided the citation to the journal issue to retrieve Ip from the print 
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journal held by the Linda Hall Library or any of the 592 libraries that now show as 

holding Solid-State Electronics.  

35. The date stamped on Attachment B-2 of February 12, 1991  (as shown

below) indicates receipt of Ip by the Linda Hall Library, after which it would have 

been processed and shelved.   

36. The physical copy of Ip, Solid-State Electronics,  Volume 34, Number 2,

February 12, 1991 at the Linda Hall Library would have been available for public 

access, more likely than not,  within one week to ten days after it was received on 

February 12, 1991.  Therefore, Ip would have been accessible to the public in the 

Linda Hall Library no later than and be available to a researcher on February 22, 

1991. 
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3. Conclusion - Ip

37. I conclude that Ip Exhibit 1044 is an authentic document and would have

been publicly accessible in the Linda Hall Library, more likely than not, February 

22, 1991. 

III. AVAILABILITY FOR CROSS-EXAMINATION

38. In signing this Declaration, I recognize that this Declaration will be filed as

evidence in a contested case before the Patent Trial and Appeal Board of the U.S. 

Patent and Trademark Office.  I also recognize that I may be subject to cross-

examination in the case and that cross-examination will take place within the United 

States.  If cross-examination is required of me, I will appear for cross-examination 

within the United States during the time allotted for cross-examination. 

IV. RIGHT TO SUPPLEMENT

39. I reserve the right to supplement my opinions in the future to respond to

any arguments that the Patent Owner raises and to take into account new information 

as it becomes available to me. 

V. JURAT

40. I 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 with the full knowledge that willful false statements 
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A 720 mV open circuit voltage SiO x :cSi:SiO x double heterostructure solar cell
E. Yablonovitch, T. Gmitter, R. M. Swanson, and Y. H. Kwark 

 
Citation: Applied Physics Letters 47, 1211 (1985); doi: 10.1063/1.96331 
View online: http://dx.doi.org/10.1063/1.96331 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/47/11?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
>750mV open circuit voltage measured on 50 m thick silicon heterojunction solar cell 
Appl. Phys. Lett. 103, 053511 (2013); 10.1063/1.4817723 
 
Silicon epitaxial solar cell with 663mV opencircuit voltage 
Appl. Phys. Lett. 60, 2752 (1992); 10.1063/1.106866 
 
630mV open circuit voltage, 12% efficient nSi liquid junction 
Appl. Phys. Lett. 45, 423 (1984); 10.1063/1.95244 
 
678mV opencircuit voltage silicon solar cells 
Appl. Phys. Lett. 39, 483 (1981); 10.1063/1.92767 
 
655 mV opencircuit voltage, 17.6% efficient silicon MIS solar cells 
Appl. Phys. Lett. 34, 790 (1979); 10.1063/1.90646 
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A 720 mV open circuit voltage SiOx :c-Si:SiOx double heterostructure solar 
ceU 

E. Yablonovitch and T. Gmitter8> 
Bell Communications Research. Murray Hill, New Jersey 07974 

R. M. Swanson and Y. H. Kwark 
Stanford University, Stanford, California 94305 

(Received 29 July 1985; accepted for publication 10 September 1985) 

For maximal performance solar cells should resemble semiconductor lasers, i.e., they should be 
constructed in the form of a double heterostructure. We have found rather good performance in 
SIPOS-crystalline silicon-SIPOS double heterostructure solar cells, where SIPOS=SiOx. The 
processing of these solar cells gives insights into the truly outstanding performance of then+ -
SIPOS: p-Si heterojunction which has a forward saturation current coefficient l O = 1 o- 14 A/ cm2 , 

or equivalently an "emitter Gummel number" Ge = 3.3 X 1015 s/cm4 . This suggests that 
crystalline silicon solar cells can be much more efficient than had been suspected. 

It has been recognized for some time that the structure 
of an ideal solar cell should resemble that of a semiconductor 
laser. The solar cell should be built in the form of a double 
heterostructure. In this configuration a narrow band-gap ac­
tive layer is sandwiched between two wide band-gap layers 
of opposite doping. An example of a double heterostructure 
biased at a forward voltage V is shown in Fig. 1. The wide 
band-gap materials may be called "minority-,;;arrier mir­
rors" although this term is more frequently applied to the 
high-low doping hornojunctions at the rear of solar cells. 

It is usually assumed that the wide band-gap heterocon­
tact layers must be single crystal and lattice matched to the 
active layer to assure high performance. While this has been 
very successful for the 111-V class of semiconductors, it is not 
actually a necessary condition. The wide band-gap layers 
need only be of sufficient electronic quality to support the 
quasi-Fermi level separation in the high quality narrow-gap 
active layer. Due to its larger band gap, the heterocontact 
material may be disordered and of poor quality and still be 
able to support the voltage generated in the active layer. That 
is the key point. The other main point is that the interface 
states at the heterocontacts must be passivated. 

Since crystalline silicon has no useful lattice-matched 
heterocontacts, we turn to a disordered semiconductor 
heterojunction material, SIPOS (originally named semi-in­
sulating polycrystalline silicon). In its annealed form it is a 
poorly understood mixture of microcrystalline silicon and 
silicon dioxide (SiOx ). The interface states between SIPOS 
and crystalline silicon (c-Si) seem to be passivated as well as 
the high quality interface between thermally grown SiO2 and 
c-Si. 

The first indication of a superior quality heterojunction 
using SIPOS came in the pioneering 1 work at Sony. Matsu­
shita et al. 1 showed that SIPOS heterojunction emitters in­
corporated as part of a bipolar transistor structure showed 
greatly enhanced current gains. A more direct measure of 
heterojunction quality is the forward saturation current J0 , 

where the forward current is given by l = 10 exp(qV lkT), 
where J0 should be as small as possible. An equivalent figure 

., Part of this work was performed while the first two authors were with 
Exxon Research & Eng'g. Co., Annandale, NJ 08801. 

of merit2 is the "emitter Gummel number" G, = qn7/J0 

which should be as large as possible. (Here q is the electronic 
charge and n; is the intrinsic carrier density.) 

As a result of the fabrication sequence to be discussed 
below we now routinely produce 10 = 10- 14 A/cm2 for n + • 

SIPOS heterocontacts on p-Si (or equivalently 
G, = 3.3 X 1015 s/cm4 ). This is about two orders of magni­
tude superior to a conventional homojunction. Unfortunate­
ly we have been unable thus far to achieve a correspondingly 
good figure of merit for p-type SIPOS. Our best value of 
forward saturation current on p-type SIPOS is 
10 = 8 X 10- 14 A/cm2 , which is nevertheless superior to that 
of a homojunction. Due to the lower quality of p-type SIPOS 
the solar ce11 we will describe falls short of the ideal of Fig. 1, 
in that both faces of the silicon wafer will be covered with 
n+-SJPOS. 

To achieve the highest possible open circuit voltage, 
electron-hole recombination in a solar cen must be mini­
mized. There are two major recombination paths; on the 
surface of the active region and in the bulk of the active 
region. The purpose of a heterojunction contact is to mini­
mize electron-hole recombination on the surface where elec­
trical contact to one of the carriers is made. Equally impor­
tant is the bulk recombination. This is minimized by using 
the highest quality silicon in as thin a crystal as permitted by 
optical absorption considerations. Recently, a quantitative 
analysis3 of light trapping in semiconductor sheets showed 
that the effective internal path length for light rays in tex­
tured sheets was 4n2 :::: 50 times greater than the sheet thick-

EFn ______________ t ----­

V 

,----- I ---------------- EFp 

p-Type 
Act 1ve Region Heterocontact 

n - Type 
Heterocontoct 

FIG. I. Ideal solar cell would be in the form of a double heterostructure, by 
analogy with semiconductor lasers. V = EF" - FFp represents the quasi­
Fermi level separation. 

1211 Appl. Phys. Lett. 47 (11 ), 1 December 1985 0003-6951 /85/231211-03$01.00 @ 1985 American Institute of Physics 1211 
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TABLE I. Properties of silicon wafer material. 

Orientation 
Resistivity 
Doping concentration 
Bulk minority-carrier 

lifetime 
Minority-carrier mobility 
Diffusion length 
Thickness 
J0 of n+ -SIPOS 

heterocontact 
Emitter Gummel number 

(100) 
0.5 n cmp-type 
2.5 X l016/crn3 

450µs 
700 cm2/Vs 
0.9 mm 
50µm 

10- 14 A/crn2 at 27 •c 
3.3 X 10" s/cm4 

ness (where n is the index of refraction). Accordingly, the 
optimum4 thickness of silicon solar cells is ~ 50 µm, much 
thinner than would be the case without light trapping. 

In this work we used float zone p-type silicon wafers of 
0.5 n cm resistivity which were chemically thinned to 50 
µm. The material properties are summarized in Table I, and 
the sequence of processing steps for the SIPOS deposition in 
Table II. Step (2) in Table II is critical in achieving a bulk 
minority-carrier lifetime of 450 µs. The as-received material 
is only about half as good. 

The silicon wafers, which were coated on both faces 
with 1000 A of n+ -SIPOS, were fabricated into devices as 
shown in Fig. 2. Then+ -SIPOS was contacted with a 0.5 
cm X 1 cm evaporated silver electrode. The p-Si was contact­
ed by Ga-In metal at one edge of the wafer. No attempt was 
made to optimize the current collection or the fill factor in 
this design. The series resistance was dominated by the bulk 
resistance of the wafer itself between the edge contact and 
the active region. This limited the fill factor to about 0.5. 

The open circuit voltage was measured under a simula­
tor at 1.3 suns. The light intensity was calibrated by two 
separate standard solar cells obtained from SERI. An inten­
sity slightly above one sun was chosen in order to partially 
compensate for the absence of an antireflection coating on 
the silicon wafer and to simulate one sun absorbed internal­
ly. The measured open circuit voltage5 was 720 mV at 25 °C 
with relativel.y small variations from run to run. ' 

This outstanding voltage performance is made possible 
both by the excellent bulk quality of the crystalline silicon 
and the excellent surface passivation of then+ -SIPOS heter­
ocontact. The bulk leakage current is 1.5 x 10- 14 A/cm2 for 
the bulk parameters in Table I while the surface component 
of 10- 14 A/cm2 must be multiplied by 2 for the two faces of 

TABLE II. Processing sequence. 

I.Thin silicon wafers to SO µmin aqueous KOH. 
2.Getter in an oxidation furnace containing substantial chlorine. 
3.Strip gettering oxide in HF acid. 
4.Immediately load into cold APCVD furnace while purging with N 2• 

S.Ramp up to 650 'C while maintaining N2 purge. 
6.Oxidize for 5 min with 100 ppm 0 2. 

7.Deposit SIPOS from 1000 ppm SiH,, 50 ppm PH3, and 10 ppm 0 2. 

8.Ramp furnace to 900 •c. 
9.Anneal for 15 min. 

IO.Ramp furnace down to 450 •c. 
I I.Anneal in forming gas for 2 h. 
12.Pull wafers rrom cold furnace. 

1212 Appl. Phys. Lett., Vol. 4 7, No. 11 , 1 December 1985 
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FIG. 2. Test configuration for the SIPOS : c-Si : SIPOS double heterostruc­
ture solar cells. In this design the fill factor was limited by the bulk resis­
tance of the p-Si wafer itself. 

the wafer. This gives an overall 1~01 = 3.5 x 10- 14 A/cm 2, 

which is responsible for the observed open circuit voltage. 
The forward saturation current 10 of the SIPOS hetero­

contact was checked in two ways in addition to the implicit 
check associated with the measured open circuit voltage. 
One method was to fabricate bipolar transistors using SIPOS 
emitters6 and to measure the transistor characteristics. An­
other method was to measure the photoconductivity decay 
lifetime7 on wafers with known8 excellent bulk lifetime and 
known bulk doping density. Especially for thin wafers, sur­
face recombination wi11 dominate and the resulting data can 
be used to determine 10 . The connection is expressed by 
10 = qn7S lpb, where Sis the observed surface recombinatin 
velocity and pb is the bulk majority-carrier density. All these 
diagnostic methods agree and give 10 = 10- 14 A/cm2 for 
wafers subjected to the processing sequence in Table II. 

Of critical importance in achieving this performance 
level is the oxidation step (6). In omitting that one step the 
"emitter Gummel number" figure of merit degrades by al­
most an order of magnitude. We found that purging with 
high-purity cylinder gas ( < 0.5 ppm 0 2 and H2O) helps to 
reproducibly control this oxidation step. In some pub­
lished 1•9 • 10 results on SIPOS heterojunction emitters and po­
lysilicon emitters this step has been omitted, but we believe 
that oxidation frequently occurs inadvertently and is neces­
sary toward achieving the most favorable figure of merit. 
Dewar nitrogen gas is notoriously unreliable in regard to 
oxygen concentration and was avoided. Likewise it was 
helpful to load the silicon into a cold furnace to prevent inad­
vertent oxidation. 

The annealing step (9) follows SIPOS deposition. This 
step is necessary to precipitate microcrystal1ine silicon 
grains within the material and to activate the phosphorus 
dopant. In ad~ition during this step the phosphorus diffuses 
about 20-50 A into the silicon wafer as measured by secon­
dary ion mass spectrometry. This produces a very shallow 
n + accumulation layer which is transparent to minority car­
riers; i.e., the hol.es from the bulk "see" the Si-SiO, interface. 
Recent studies 11 of electron-hole recombination ;t thermal­
ly grown Si-SiO2 interfaces have shown that under accumu­
lation the recombination current is exp(qV /kT) x 10- 14 A/ 
cm2, which is consistent with the performance level achieved 
with the SIPOS emitter structure in Fig. 3. 

Oxide thickness between 25 and 40 A was found to be 
equally favorable with respect to the "emitter Gummel num­
ber." Therefore, differential tunneling between electrons 
and holes does not appear to be playing a major role because 
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FIG. 3. Mcxlel for the metallurgical configuration of the SIPOS-Si hetero­
junction. Electron conduction is thought to proceed via the microcrystal­
line grains which protrude into the thin oxide layer. 

over part of this range the oxide is too thick for electron 
tunneling. We believe the majority-carrier electrical contact 
is by individual microcrystaHine grains which occasionaHy 
protrude into the oxide as shown in Fig. 3, i.e., electrical 
contact is via thin spots and pinholes in the Si02. The chemi­
cal mixture in step (7) of Table II results in a SIPOS formula­
tion with only 5% oxygen incorporation as determined by x­
ray fluorescence. At such low levels of oxygen concentration 
one might ask what distinguishes a SIPOS heterojunction 
from a polysilicon emitter. Indeed the resistivity of the n + -

SIPOS lo= 10~ 3 n cm) is similar to that of doped polysili­
con. We believe the importance of the 5 % oxygen concentra­
tion is metallurgical rather than electrical. The small 
concentration of oxygen inhibits grain growth and causes a 

1213 Appl. Phys. Lett., Vol. 47, No. 11, 1 December 1985 

microcrystalline structure with a significant surface density 
of individual grains protruding into the thin oxide layer. In 
polysilicon the grains are much larger, reducing the density 
of potential contacting points and causing reproducibility 
and repeatability problems. 

We see then that the functioning of the n + -SIPOS 
heterojunction shown in Fig. 3 is complex. The individual 
contacts provide more than enough conductivity for major­
ity-carrier electrons, but the small fractional contact area 
acts to block minority-carrier holes from recombining in the 
SIPOS. Differential tunneling probability between electrons 
and holes is probably not playing a major role, since such a 
process would be very sensitive to oxide thickness contrary 
to what we observe. The functional mechanism of the n + -

SIPOS: p-Si heterojunction emitter will be discussed at 
greater length in a forthcoming 12 publication. 

The results in this letter suggest that a nonconcentrator 
crystalline silicon solar cell can be designed to achieve an 
efficiency of 24% under air mass 1 illumination. This design 
would rely on superior heterojunction emitters to improve 
the voltage and on light trapping3 to improve the current in a 
thin device. The recent achievement13 of25% efficiency in a 
c-Si concentrator cell (without the benefit of light trapping) 
should be regarded as further encouragement along these 
lines. 
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For maximal performance solar cells should resemble semiconductor lasers, i.e. , they should be 

constructed in the form of a double heterostructure. We have found rather good performance in 

SIPOS-crystalline silicon-SIPOS double heterostructure solar cells, where SIPOS- SiOx. The 

processing of these solar cells gives insights into the truly outstanding performance of the n + -

SIPOS: p-Si heterojunction which has a forward saturation current coefficient 10 = 10- 14 A/cm 2, 
or equivalently an "emitter Gummel number" G, = 3.3 X 1015 s/cm4

. This suggests that 

crystalline silicon solar cells can be much more efficient than had been suspected. 

It has been recognized for some time that the structure 
ofan ideal solar cell should resemble that of a semiconductor 
laser. The solar cell should be built in the form of a double 
heterostructure. In this configuration a narrow band-gap ac­
tive layer is sandwiched between two wide band-gap layers 
of opposite doping. An example of a double heterostructure 
biased at a forward voltage Vis shown in Fig. 1. The wide 
band-gap materials may be called "minority-carrier mir­
rors" although this term is more frequently applied to the 
high-low doping homojunctions at the rear of solar cells. 

It is usually assumed that the wide band-gap heterocon­
tact layers must be single crystal and lattice matched to the 
active layer to assure high performance. While this has been 
very successful for the III-V class of semiconductors, it is not 
actually a necessary condition. The wide band-gap layers 
need only be of sufficient electronic quality to support the 
quasi-Fermi level separation in the high quality narrow-gap 
active layer. Due to its larger band gap, the heterocontact 
material may be disordered and of poor quality and still be 
able to support the voltage generated in the active layer. That 
• the key point. The other main point is that the interface 
states at the heterocontacts must be passivated. 

Since crystalline silicon has no useful lattice-matched 
heterocontacts, we turn to a disordered semiconductor 
heterojunction material, SIPOS (originally named semi-in­
ulating polycrystalline silicon). In its annealed form it is a 

poorly understood mixture of microcrystalline silicon and 
silicon dioxide (SiOx ). The interface states between SIPOS 
and crystalline silicon (c-Si) seem to be passivated as well as 
the high quality interface between thermally grown Si02 and 
c-Si. 

The first indication of a superior quality heterojunction 
using SIPOS came in the pioneering 1 work at Sony. Matsu­
hita et al. 1 showed that SIPOS heterojunction emitters in­

corporated as part of a bipolar transistor structure showed 
greatly enhanced current gains. A more direct measure of 
beterojunction quality is t~e forward saturation current 10, 

11here the forward current is given by l = 10 exp(qV /kT), 
11here J0 should be as small as possible. An equivalent figure 

Pan of this work was performed while the first two authors were with 
E.lxon Research & Eng'g. Co., Annandale, NJ 08801. 

of merit2 is the "emitter Gummel number" G, = qn:110 

which should be as large as possible. (Here q is the electronic 
charge and n; is the intrinsic carrier density.) 

As a result of the fabrication sequence to be discussed 
below we now routinely produce 10 = 10- 14 A/cm2 for n + -

SIPOS heterocontacts on p-Si (or equivalently 
G, = 3.3 X 1015 s/cm4

). This is about two orders of magni­
tude superior to a conventional homojunction. Unfortunate­
ly we have been unable thus far to achieve a correspondingly 
good figure of merit for p-type SIPOS. Our best value of 
forward saturation current on p-type SIPOS is 
10 = 8 X 10- 14 A/cm2

, which is nevertheless superior to that 
of a homojunction. Due to the lower quality of p-type SIPOS 
the solar cell we will describe falls short of the ideal of Fig. 1, 
in that both faces of the silicon wafer will be covered with 
n+-SIPOS. 

To achieve the highest possible open circuit voltage, 
electron-hole recombination in a solar cell must be mini­
mized. There are two major recombination paths; on the 
surface of the active region and in the bulk of the active 
region. The purpose of a heterojunction contact is to mini­
mize electron-hole recombination on the surface where elec­
trical contact to one of the carriers is made. Equally impor­
tant is the bulk recombination. This is minimized by using 
the highest quality silicon in as thin a crystal as permitted by 
optical absorption considerations. Recently, a quantitative 
analysis3 of light trapping in semiconductor sheets showed 
that the effective internal path length for light rays in tex­
tured sheets was 4n 2 ::::50 times greater than the sheet thick-

EFn ______________ -------

V 

____ j ----- I ------ - --- - EFp 

I p-Type 
---~ Act 1ve Region He terocontoc t 

n- Type 
He terocontact 

FIG. I. Ideal solar cell would be in the form of a double heterostructure, by 
analogy with semiconductor lasers. V = EF. - FFp represents the quasi­
Fermi level separation. 

' 2 1 App l. Phys. Lett. 47 (11 ), 1 December 1985 0003-695 1 / 85/ 231211-03$01 .00 © 1985 American Institute of Physics 1211 
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TABLE I. Properties of silicon wafer material . 

Orientation 
Resistivity 
Doping concentration 
Bulk minority-carrier 

lifetime 
Minority-carrier mobility 
Diffusion length 
Thickness 
/ 0 of n + -SIPOS 

heterocon tact 
Emitter Gummel number 

(100) 
0.5 n cmp-type 
2.5 X 1016/ cm3 

450µs 
700 cm2/Vs 
0.9mm 
50µm 

10- 1
• A/cm2 at 27 •c 

3.3 X 1015 s/cm4 

ness (where n is the index of refraction). Accordingly, the 
optimum4 thickness of silicon solar cells is ;::::'. 50 µm, much 
thinner than would be the case without light trapping. 

In this work we used float zone p-type silicon wafers of 
0.5 D. cm resistivity which were chemically thinned to 50 
µm. The material properties are summarized in Table I, and 
the sequence of processing steps for the SIPOS deposition in 
Table II. Step (2) in Table II is critical in achieving a bulk 
minority-carrier lifetime of 450 µs . The as-received material 
is only about half as good. 

The silicon wafers, which were coated on both faces 
with 1000 A of n+ -SIPOS, were fabricated into devices as 
shown in Fig. 2. Then + -SIPOS was contacted with a 0.5 
cm X 1 cm evaporated silver electrode. The p-Si was contact­
ed by Ga-In metal at one edge of the wafer. No attempt was 
made to optimize the current collection or the fill factor in 
this design. The series resistance was dominated by the bulk 
resistance of the wafer itself between the edge contact and 
the active region. This limited the fill factor to about 0.5. 

The open circuit voltage was measured under a simula­
tor at 1.3 suns. The light intensity was calibrated by two 
separate standard solar cells obtained from SERI. An inten­
sity slightly above one sun was chosen in order to partially 
compensate for the absence of an antireflection coating on 
the silicon wafer and to simulate one sun absorbed internal­
ly. The measured open circuit voltage5 was 720 m V at 25 •c 
with relatively small variations from run to run. ' 

This outstanding voltage performance is made possible 
both by the excellent bulk quality of the crystalline silicon 
and the excellent surface passivation of then + -SIPOS heter­
ocontact. The bulk leakage current is 1.5 X 10- 14 A/cm2 for 
the bulk parameters in Table I while the surface component 
of 10- 14 A/cm2 must be multiplied by 2 for the two faces of 

TABLE II. Processing sequence. 

1. Thin silicon wafers to 50 µm in aqueous KOH. 
2.Getter in an oxidation furnace containing substantial chlorine. 
3.Strip gettering oxide in HF acid. 
4.lmmediately load into cold APCVD furnace while purging with N2. 

5.Ramp up to 650 'C while maintaining N2 purge. 
6.Oxidize for 5 min with 100 ppm 0 2. 

7.Deposit SIPOS from 1000 ppm SiH4 , 50 ppm PH3, and 10 ppm 0 2• 

8.Ramp furnace to 900 'C. 
9.Anneal for 15 min. 

IO.Ramp furnace down to 450 'C. 
I I .Anneal in forming gas for 2 h. 
12.Pull wafers from cold furnace. 

1212 Appl. Phys. Lett. , Vol . 4 7, No. 11 , 1 December 1985 
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FIG. 2. Test configuration for the SIPOS : c-Si : SIPOS double heterost 
ture solar cells. In this design the fill factor was limited by the bulk rue. 
tance of the p-Si wafer itself. resis-

the wafer. This gives an overall 1~0 1 = 3.5 X 10- 14 Ale 2 

which is responsible for the observed open circuit voltag: ' 
The forward saturation current 10 of the SIPOS hetero­

contact was checked in two ways in addition to the implicit 
check associated with the measured open circuit voltage. 
One method was to fabricate bipolar transistors using SIPOS 
emitters6 and to measure the transistor characteristics. An­
~th~r m

1
ethod was to _measure the photoconductivity decay 

hfet1me on wafers with known8 excellent bulk lifetime and 
known bulk doping density. Especially for thin wafers, sur­
face recombination will dominate and the resulting data can 
be used to determine 10 . The connection is expressed by 
10 = qnfS /pb, where Sis the observed surface recombinatin 
velocity andpb is the bulk majority-carrier density. All these 
diagnostic methods agree and give 10 = 10- 14 A/cm2 for 
wafers subjected to the processing sequence in Table II. 

Of critical importance in achieving this performance 
level is the oxidation step (6). In omitting that one step the 
"emitter Gummel number" figure of merit degrades by al­
most an order of magnitude. We found that purging with 
high-purity cylinder gas ( < 0.5 ppm 0 2 and H 20 ) helps to 
reproducibly control this oxidation step. In some pub­
lished 1•

9
•
10 results on SIPOS heterojunction emitters and po­

lysilicon emitters this step has been omitted, but we believe 
that oxidation frequently occurs inadvertently and is neces­
sary toward achieving the most favorable figure of merit. 
Dewar nitrogen gas is notoriously unreliable in regard to 
oxygen concentration and was avoided. Likewise it was 
helpful to load the silicon into a cold furnace to prevent inad­
vertent oxidation. 

The annealing step (9) follows SIPOS deposition. This 
step is necessary to precipitate microcrystalline silicon 
grains within the material and to activate the phosphorus 
dopant. In ad?ition during this step the phosphorus diffuses 
about 20-50 A into the silicon wafer as measured by secon­
dary ion mass spectrometry. This produces a very shallow 
n + accumulation layer which is transparent to minority car­
riers; i.e., the holes from the bulk "see" the Si-Si02 interface. 
Recent studies 11 of electron-hole recombination at thermal­
ly grown Si-Si02 interfaces have shown that under accumu· 
lation the recombination current is exp(q V / kT) x 10-

14 Al 
cm 2, which is consistent with the performance level achieved 
with the SIPOS emitter structure in Fig. 3. 

Oxide thickness between 25 and 40 A was found to be 
equally favorable with respect to the "emitter Gummel nurn· 
ber." Therefore, differential tunneling between electrons 
and holes does not appear to be playing a major role because 

. Yablonovitch et al. 
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. 3. Model for the metallurgical configuration of the SIPOS-Si hetero­

• . Electron conduction is thought to proceed via the microcrystal­

grains which protrude into the thin oxide layer. 

part of this range the oxide is too thick for electron 

eling. We believe the majority-carrier electrical contact 

Y individual microcrystalline grains which occasionally 

de into the oxide as shown in Fig. 3, i.e., electrical 

tact is via thin spots and pinholes in the Si 0 2. The chemi­

mixture in step (7) ofTable II results in a SIPOS formula­

with only 5% oxygen incorporation as determined by x­

ftuorescence. At such low levels of oxygen concentration 

might ask what distinguishes a SIPOS heterojunction 

'°"1 a polysilicon emitter. Indeed the resistivity of the n + -

S (p = 10- 3 !l cm) is similar to that of doped polysili­

. We believe the importance of the 5% oxygen concentra­

don is metallurgical rather than electrical. The small 

Gllncentration of oxygen inhibits grain growth and causes a 

Appl . Phys. Lett ., Vol. 47, No. 11 , 1 December 1985 

microcrystalline structure with a significant surface density 

of individual grains protruding into the thin oxide layer. In 

polysilicon the grains are much larger, reducing the density 

of potential contacting points and causing reproducibility 

and repeatability problems. 
We see then that the functioning of the n + -SIPOS 

heterojunction shown in Fig. 3 is complex. The individual 

contacts provide more than enough conductivity for major­

ity-carrier electrons, but the small fractional contact area 

acts to block minority-carrier holes from recombining in the 

SIPOS. Differential tunneling probability between electrons 

and holes is probably not playing a major role, since such a 

process would be very sensitive to oxide thickness contrary 

to what we observe. The functional mechanism of the n + -

SIPOS: p-Si heterojunction emitter will be discussed at 

greater length in a forthcoming 12 publication. 

The results in this letter suggest that a nonconcentrator 

crystalline silicon solar cell can be designed to achieve an 

efficiency of24% under air mass I illumination. This design 

would rely on superior heterojunction emitters to improve 

the voltage and on light trapping3 to improve the current in a 

thin device. The recent achievement13 of25% efficiency in a 

c-Si concentrator cell (without the benefit of light trapping) 

should be regarded as further encouragement along these 

lines. 
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For maximal performance solar cells should resemble semiconductor lasers, i.e., they should be 
constructed in the form ofa double heterostructure. We have found rather good performance in 
SIPOS-crystalline silicon-SIPOS double heterostructure solar cells, where SIPOS=SiOx. The 
processing of these solar cells gives insights into the truly outstanding performance of the n + -

SIPOS: p-Si heterojunction which has a forward saturation current coefficient 10 = 10- 14 A/cm2 , 

or equivalently an "emitter Gummel number" G,, = 3.3 X 1015 s/cm4. This suggests that 
crystalline silicon solar cells can be much more efficient than had been suspected. 

It has been recognized for some time that the structure 
of an ideal solar cell should resemble that of a semiconductor 
laser. The solar cell should be built in the form of a double 
heterostructure. In this configuration a narrow band-gap ac­
tive layer is sandwiched between two wide band-gap layers 
of opposite doping. An example of a double heterostructure 
biased at a forward voltage V is shown in Fig. 1. The wide 
band-gap materials may be called "minority-,;arrier mir­
rors" although this term is more frequently applied to the 
high-low doping hornojunctions at the rear of soJar cells. 

It is usually assumed that the wide band-gap heterocon­
tact layers must be single crystal and lattice matched to the 
active layer to assure high performance. While this has been 
very successful for the 111-V class of semiconductors, it is not 
actually a necessary condition. The wide band-gap layers 
need only be of sufficient electronic quality to support the 
quasi-Fermi level separation in the high quality narrow-gap 
active layer. Due to its larger band gap, the heterocontact 
material may be disordered and of poor quality and still be 
able to support the voltage generated in the active layer. That 
is the key point. The other main point is that the interface 
states at the heterocontacts must be passivated. 

Since crysta11ine silicon has no useful lattice-matched 
heterocontacts, we turn to a disordered semiconductor 
heterojunction material, SIPOS (originally named semi-in­
sulating polycrystalline silicon). In its annealed form it is a 
poorly understood mixture of microcrystalline silicon and 
silicon dioxide (SiOx ). The interface states between SIPOS 
and crystalline silicon (c-Si) seem to be passivated as well as 
the high quality interface between thermally grown SiO2 and 
c-Si. 

The first indication of a superior quality heterojunction 
using SIPOS came in the pioneering I work at Sony. Matsu­
shita et al. 1 showed that SIPOS heterojunction emitters in­
corporated as part of a bipolar transistor structure showed 
greatly enhanced current gains. A more direct measure of 
heterojunction quality is the forward saturation current 10 , 

where the forward current is given by l = 10 exp(q V lkT), 
where 10 should be as small as possible. An equivalent figure 

., Pan of this work was performed while the first two authors were with 
Exxon Research & Eng'g. Co .. Annandale, NJ 08801. 

of merit2 is the "emitter Gummel number" G, = qn~/J0 

which should be as large as possible. (Here q is the electronic 
charge and n; is the intrinsic carrier density.) 

As a result of the fabrication sequence to be discussed 
below we now routinely produce J0 = 10- 14 A/cm2 for n + • 

SIPOS heterocontacts on p-Si (or equivalently 
G, = 3.3 X 1015 s/cm4 ). This is about two orders of magni­
tude superior to a conventional homojunction. Unfortunate­
ly we have been unable thus far to achieve a correspondingly 
good figure of merit for p-type SIPOS. Our best value of 
forward saturation current on p-type SIPOS is 
10 = 8 x 10- 14 A/cm2 , which is nevertheless superior to that 
of a homojunction. Due to the lower quality of p-type SIPOS 
the solar cell we will describe falls short of the ideal of Fig. 1, 
in that both faces of the silicon wafer will be covered with 
n+-SIPOS. 

To achieve the highest possible open circuit voltage, 
electron-hole recombination in a solar cel1 must be mini­
mized. There are two major recombination paths; on the 
surface of the active region and in the bulk of the active 
region. The purpose of a heterojunction contact is to mini­
mize electron-hole recombination on the surface where elec­
trical contact to one of the carriers is made. Equally impor­
tant is the bulk recombination. This is minimized by using 
the highest quality silicon in as thin a crystal as permitted by 
optical absorption considerations. Recently, a quantitative 
analysis3 of light trapping in semiconductor sheets showed 
that the effective internal path length for light rays in tex­
tured sheets was 4n2 ::::: 50 times greater than the sheet thick-

EFn ___ __ _________ t -- --­
V 

----- I ---------------- EFp 

p-Type 
AC! ,ve Region He!erocon!ocl 

n- Type 
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FIG. I. Ideal solar cell would be in thefonn of a double heterostructure, by 
analogy with semiconductor lasers. V = EF. - FFp represents the quasi­
Fermi level separation. 
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TABLE I. Properties of silicon wafer material. 

Orientation 
Resistivity 
Doping concentration 
Bulk minority-carrier 

lifetime 
Minority-carrier mobility 
Diffusion length 
Thickness 
/ 0 of 11+ -SIPOS 

heterocontact 
Emitter Gummel number 

(100) 
o.s n cmp-type 
2.s x 10 1•1cm1 

4S0µs 
700cm2/Vs 
0.9mm 
SOµm 

10- 14 A/cm2 at 27 'C 
3.3 X 10" s/cm• 

ness (where n is the index of refraction). Accordingly, the 
optimum4 thickness of silicon solar cells is :.:::: 50 µm, much 
thinner than would be the case without light trapping. 

In this work we used float zone p-type silicon wafers of 
0.5 n cm resistivity which were chemically thinned to 50 
µm . The material properties are summarized in Table I, and 
the sequence of processing steps for the SIPOS deposition in 
Table II. Step (2) in Table II is critical in achieving a bulk 
minority-carrier lifetime of 450 µs. The as-received material 
is only about half as good. 

The silicon wafers, which were coated on both faces 
with 1000 A of n+ -SIPOS, were fabricated into devices as 
shown in Fig. 2. Then+ -SIPOS was contacted with a 0.5 
cm X 1 cm evaporated silver electrode. The p-Si was contact­
ed by Ga-In metal at one edge of the wafer. No attempt was 
made to optimize the current collection or the fill factor in 
this design. The series resistance was dominated by the bulk 
resistance of the wafer itself between the edge contact and 
the active region. This limited the fill factor to about 0.5. 

The open circuit voltage was measured under a simula­
tor at 1.3 suns. The light intensity was calibrated by two 
separate standard solar cells obtained from SERI. An inten­
sity slightly above one sun was chosen in order to partially 
compensate for the absence of an antireflection coating on 
the silicon wafer and to simulate one sun absorbed internal­
ly. The measured open circuit voltage5 was 720 mV at 25 °C 
with relatively small variations from run to run. ' 

This outstanding voltage performance is made possible 
both by the excellent bulk quality of the crystalline silicon 
and the excellent surface passivation of then+ -SIPOS heter­
ocontact. The bulk leakage current is 1.5 x 10- 14 A/cm2 for 
the bulk parameters in Table I while the surface component 
of 10- •4 A/cm2 must be multiplied by 2 for the two faces of 

TABLE II . Processing sequence. 

I.Thin silicon wafers to SO µmin aqueous KOH. 
2.Getter in an oxidation furnace containing substantial chlorine. 
3.Strip gettering oxide in HF acid. 
4.lmmediately load into cold APCVD furnace while purging with N 2• 

S.Ramp up to 650 •c while maintaining N2 purge. 
6.Oxidize for S min with 100 ppm 0 2. 

7.Deposit SIPOS from 1000 ppm SiH,, SO ppm PH3, and 10 ppm 0 2. 

8.Ramp furnace to 900 'C. 
9.Anneal for IS min. 

10.Ramp furnace down to 450 •c. 
I I.Anneal in forming gas for 2 h. 
12.Pull wafers from cold furnace. 
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FIG. 2. Test configuration for the SIPOS : c-Si : SIPOS double heterostruc­
ture solar cells. In this design the fill factor was limited by the bulk resis­
tance of the p-Si wafer itself. 

the wafer. This gives an overall 1~01 = 3.5 x 10- 14 A/cm2 , 

which is responsible for the observed open circuit voltage. 
The forward saturation current 10 of the SIPOS hetero­

contact was checked in two ways in addition to the implicit 
check associated with the measured open circuit voltage. 
One method was to fabricate bipolar transistors using SIPOS 
emitters6 and to measure the transistor characteristics. An­
other method was to measure the photoconductivity decay 
lifetime7 on wafers with known8 excellent bulk lifetime and 
known bulk doping density. Especially for thin wafers, sur­
face recombination will dominate and the resulting data can 
be used to determine l 0 . The connection is expressed by 
10 = qn7S lpb, where Sis the observed surface recombinatin 
velocity and pb is the bulk majority-carrier density. All these 
diagnostic methods agree and give J0 = 10- 14 A/cm2 for 
wafers subjected to the processing sequence in Table II . 

Of critical importance in achieving this performance 
level is the oxidation step (6). In omitting that one step the 
"emitter Gummel number" figure of merit degrades by al­
most an order of magnitude. We found that purging with 
high-purity cylinder gas ( < 0.5 ppm 0 2 and H2O) helps to 
reproducibly control this oxidation step. In some pub­
lished '•9 • 10 results on SIPOS heterojunction emitters and po­
lysilicon emitters this step has been omitted, but we believe 
that oxidation frequently occurs inadvertently and is neces­
sary toward achieving the most favorable figure of merit. 
Dewar nitrogen gas is notoriously unreliable in regard to 
oxygen concentration and was avoided. Likewise it was 
helpful to load the silicon into a cold furnace to prevent inad­
vertent oxidation. 

The annealing step (9) follows SIPOS deposition. This 
step is necessary to precipitate microcrystaUine silicon 
grains within the material and to activate the phosphorus 
dopant. In ad?ition during this step the phosphorus diffuses 
about 20-50 A into the silicon wafer as measured by secon­
dary ion mass spectrometry. This produces a very shallow 
n + accumulation layer which is transparent to minority car­
riers; i.e., the holes from the bulk "see" the Si-SiO, interface. 
Recent studies 11 of electron-hole recombination ~t thermal­
ly grown Si-SiO2 interfaces have shown that under accumu­
lation the recombination current is exp(qV /kT) x 10- 14 A/ 
cm2, which is consistent with the performance level achieved 
with the SIPOS emitter structure in Fig. 3. 

Oxide thickness between 25 and 40 A was found to be 
equally favorable with respect to the "emitter Gummel num­
ber." Therefore, differential tunneling between electrons 
and holes does not appear to be playing a major role because 
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FIG. 3. Model for the metallurgical configuration of the SIPOS-Si hetero­
junction. Electron conduction is thought to proceed via the microcrystal­
line grains which protrude into the thin mtide layer. 

over part of this range the oxide is too thick for electron 
tunneling. We believe the majority-carrier electrical contact 
is by individual microcrystalline grains which occasionaHy 
protrude into the oxide as shown in Fig. 3, i.e., electrical 
contact is via thin spots and pinholes in the SiO2. The chemi­
cal mixture in step (7) of Table II results in a SIPOS formula­
tion with only 5% oxygen incorporation as determined by x­
ray fluorescence. At such low levels of oxygen concentration 
one might ask what distinguishes a SIPOS heterojunction 
from a polysilicon emitter. Indeed the resistivity of the n + -

SIPOS (p = 10- 3 n cm) is similar to that of doped polysili­
con. We believe the importance of the 5% oxygen concentra­
tion is metallurgical rather than electrical. The small 
concentration of oxygen inhibits grain growth and causes a 

1213 Appl. Phys. Lett., Vol. 47 , No. 11 , 1 December 1985 

microcrystalline structure with a significant surface density 
of individual grains protruding into the thin oxide layer. In 
polysilicon the grains are much larger, reducing the density 
of potential contacting points and causing reproducibility 
and repeatability problems. 

We see then that the functioning of the n + -SIPOS 
heterojunction shown in Fig. 3 is complex. The individual 
contacts provide more than enough conductivity for major­
ity-carrier electrons, but the small fractional contact area 
acts to block minority-carrier holes from recombining in the 
SIPOS. Differential tunneling probability between electrons 
and holes is probably not playing a major role, since such a 
process would be very sensitive to oxide thickness contrary 
to what we observe. The functional mechanism of the n + -

SIPOS: p-Si heterojunction emitter will be discussed at 
greater length in a forthcoming 12 publication. 

The results in this letter suggest that a nonconcentrator 
crystalline silicon solar cell can be designed to achieve an 
efficiency of 24% under air mass l illumination. This design 
would rely on superior heterojunction emitters to improve 
the voltage and on light trapping3 to improve the current in a 
thin device. The recent achievement 13 of25% efficiency in a 
c-Si concentrator cell (without the benefit of light trapping) 
should be regarded as further encouragement along these 
lines. 
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CHARGES AND DEFECTS IN SiO2 FILMS DEPOSITED BY 
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Abstract-Charges and defects in SiO2 films deposited by plasma-enhanced chemical vapor deposition 
(PECVD) have been studied. The SiO2 films were used to form MOS (aluminum-SiO2 -n-type silicon) 
devices. After the devices were annealed in a forming gas at 400cc for 30 min, the oxide fixed charge Qr 
measured using the capacitance-voltage (C-V) method was in the low 1010 q cm- 2, and the mobile ion 
charge Qm measured using the bias-temperature aging test in conjunction with the C-V method was also 
in the low 10 10 q cm- 2. Both Qr and Qm are practically independent of substrate deposition temperature 
for the temperature range of 225-350cC used in this investigation. The midgap interface trap density D,. 
and the oxide trapped charge Q01 have also been measured using the high-low frequency C-V method 
with the devices annealed at various temperatures for a fixed anneal time or at various anneal times for 
a fixed anneal temperature. The value of D11 is of the order of 1010 cm 2 ev- 1. The SiO2 film consists of 
positive and negative oxide trapped charges which are of the order of 1017 q cm - 3 prior to post 
metallization anneal (PMA) at 400°C. The anneal chemistry of the defects in PECVD SiO2 films is 
compared with that in thermal SiO2 . 

I. INTRODUCTION 

Several investigators(l-4] have recently reported that 
high quality SiO2 films can be produced by plasma­
enhanced chemical vapor deposition (PECVD) at a 
temperature around 300"C, and that after a post­
metallization anneal (PMA) at 400"C the films exhibit 
good physical properties and electrical integrity 
which are close to those for high quality thermal 
oxides fabricated at IOO0"C in dry oxygen. Much 
effort has been devoted to improve the electrical 
integrity by optimizing the deposition parameters 
such as gas pressure, gas composition, power trans­
fer, substrate surface cleanliness, etc. However, little 
has been reported on the annealing kinetics of vari­
ous defects and the behavior of various charges in 
PECVD SiO films. Griscom[5], Plummer et a/.(6), and 
Reed and Plummer(?) have studied various charges 
and defects in MOS devices through the analysis of 
the annealing chemistry but the SiO2 in the devices 
for their studies were either thermal oxides or silica 
whose defect structure and content might be very 
different from PECVD oxides. The purpose of this 
paper is to report our recent study on the annealing 
kinetics of charges and defects in PECVD SiO2 

deposited at substrate temperatures in the range of 
225-350"C. 

2. EXPERIMENTAL 

The SiO2 films used for this investigation were 
deposited by a modified radio frequency (13.56 MHz) 

PECVD process at six different substrate tem­
peratures using a gas mixture of 2% SiH4 in He 
and pure N2O at the IBM Thomas J. Watson 
Research Center[2]. The details of the deposition 
process have been reported earlier(l ,2). The sub­
strates were n-type silicon wafers of resistivity 1-2 !l­
cm. One hundred aluminum counter electrodes 
of 0.025 cm2 in area each were vacuum-deposited 
through a shadow mask to form MOS capacitors, 
the oxide thickness being 500-600 A. All measure­
ments were made at room temperature before 
and after the devices had been subjected to 
post metallization anneal (PMA) at 400°C in a 
forming gas ( 10% H2 in N 2 ) for 30 min. After the 
back oxide was removed, indium gallium paste 
was used to make electrical contacts to the silicon 
substrate. 

The high frequency (I MHz) capacitance-voltage 
(C-V) and the quasi-static C-V characteristics were 
measured using a linear voltage ramp with the ramp 
rate of 50 mV s- 1

. For the measurements at negative 
gate polarity (depletion mode for n-Si) the MOS 
capacitor was illuminated with light to avoid deep 
depletion. 

3. RESl.:LTS AND DISCUSSION 

A. The oxide fixed charge 

123 

Since the interface trapped charge and the oxide 
trapped charge would be removed after a low tem­
perature PMA, the net charge inside the MOS device 
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after PMA can be considered to be mainly the oxide 
fixed charge Qr which can be determined by 

Q _ £0 ,(Vn, - <Pm,;'q) 
r- d (1) 

where V lb is the flat band voltage corresponding to the 
voltage required to make the band edge of n-Si flat 
to the SiO2-Si interface, <Pm, is the work function 
difference between the gate metal work function and 
the n -Si work function, q is the electronic charge, and 
1. 0 , and d arc, respectively, the permittivity and the 
thickness of the oxide. 

To determine Qr, we have to know V lb and <Pm, 
which can be obtained from the high frequency C -V 
characteristics. Typical high frequency C-V charac­
teristics for the MOS devices before and after PMA 
with the SiO2 deposited at substrate temperatures of 
250''C and 350'C are shown in Fig. I. From these 
characteristics we obtain the oxide capacitance C°', 
the minimum capacitance of the device Cmin, and the 
flat band capacitance Clb. With these known par­
ameters we can easily calculate the donor concen­
tration in n-Si, Nd, the thickness d and <Pm, using 
standard relations[8,9]. V lb is the parallel shift of the 
C-V curve. The results of Qr calculated from eqn (1) 
show that the oxide fixed charge density is in the low 
1010 q cm 2 and is practically independent of the 
substrate temperature for the substrate temperature 
range under this investigation. It is interesting to note 

2so•c 

Before 
PMA 

-12 -10 -B -6 -4 -2 

v. 

35o•c 

After 
PMA 

-12 -10 -B -6 -4 -2 

v, 

CIC,. 

02 

0 2 4 6 

10 ___ _ 

0 2 4 6 

Fig. I. Typical high frequency C.- V characteristics of the 
PECVD SiO1 films before and after PMA, deposited at 

250'C and at 350 C. 

that Qr for the thermal oxide depends strongly on the 
oxidation temperature(I0] while Qr in our PECVD 
oxide is practically independent of the substrate 
deposition temperature. If the ionic silicon resulting 
from the incomplete oxidation at the interface is the 
major source for Qr[l0], these results indicate that our 
PECVD oxide should contain little unoxidized silicon 
at the interface. 

B. The mobile ionic charge 

Using the method(! I] commonly used for the 
determination of mobile ionic charge, we have 
measured the mobile ionic charge in our MOS 
devices. With this method a high frequency C -V 
characteristic of an MOS device after PMA is first 
measured, and then this device is heated to about 
l 50''C to mobilize the ions and at the same time a bias 
of 8 V corresponding to about 1.5 MV cm I across 
the oxide is applied to the gate for about 30 min in 
order to drive all of the ions either to the SiO2-Si 
interface when the bias is positive, or to the 
SiO2-metal interface when the gate is negative. After 
this bias temperature aging (BT A), the device is then 
cooled down to the room temperature before the 
measurement of its C -V characteristic. The parallel 
shift of this C - V characteristic from that before BT A 
is the measure of the mobile ions drifted to the 
interfaces forming a charge sheet there with a density 
Qm given by 

(2) 

where V lb and V11, are, respectively, the flatband 
voltages before and after BT A. Typical results are 
shown in Fig. 2. In general, the flatband shift is small 
showing that our PECVD SiO2 films contain mobile 
ions in the order of 4 x 1010 cm- 2

. Curve 1 (prior to 
BT A (and curve 3 (after BTA with a positive gate 
bias) are almost identical indicating that the ions are 
of ionized alkali atoms such as sodium and potass­
ium, and of positive charge; and that they do not 

0.2 

-3 -2 -1 0 2 3 

v. 
Fig. 2. The shift of the high frequency C -V curve after 
bias-temperature aging (BT A) for the PECVD SiO2 de­
posited at 300'C. Curve (I): the initial C -V prior to BT A. 
curve (2): the C -V curve after BTA at 150 C and + 8 V bias 
for 30 min, and curve (3 ): the C -V curve after BT A at 150 C 

and - 8 V bias for 30 min. 
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exchange charge with either the gate metal or the 
silicon and do not become discharged even though 
they pile up to within a tunneling distance at the 
interfaces. Again, Qm is practically independent of the 
substrate deposition temperature for the temperature 
range of 225-350°C, because the origin of such ions 
is mainly due to the contamination during fabrication 
processing such as gate or contact metallization and 
general handling of the substrate cleaning process, 
etc. 

C. The interface trap density 

We have found that the oxide fixed charge and the 
mobile ionic charge densities are small in our PECVD 
devices. Therefore, the shift of the C -V curves before 
and after PMA as shown in Fig. I can be considered 
to be mainly due to the interface trap density D" 
and the oxide trapped charge density Q0 ,. It is thus 
interesting to in1estigate how fast and how much 
these charges can be annealed out at a fixed annealing 
temperature and a fixed anneal time. 

The high frequency and the quasi static C-V 
characteristics (normalized to the oxide capacitance) 
as shown in Fig. 3 can be used to evaluate Di, as a 
function the gate bias V1 according to the following 
relation[9]. 

Di,= C0
, V, [(C0

, - l)-i -(C0
, _ 1)-i] (3) 

q CLF CHF 

where CHF and CLF denote the high frequency and the 
low frequency (quasi static) capacitances, respect­
ively. Normally, we want to see Di, as a function of 
energy level in the interface band gap. To convert Di, 
as a function of V1 to Di, as a function of Ee - E, we 
use the following relations[8] 

E, 
Ee - E = l + 'I', - <Pb (4) 

(5) 

where Ee is the conduction band edge energy, E1 is 
the band gap energy, E is the energy level in the 
gap, <Pb is the difference between the thermal 
equilibrium Fermi level and the intrinsic Fermi level 
in the silicon bulk, 1/1, is the surface potential energy 
at the SiO2-Si interface. Using an IBM computer 
program, we have computed and plotted Di, as a 
function of (Ee - E) based on eqns (3)-(5), and 
from this plot we have determined the mid-gap 
Di, which is the value of Di, at 0.55 eV below Ee 
(the mid-gap based on E, = I.I eV for Si at room 
temperature). 

To study the anneal mechanism, we annealed our 
PECVD devices in two ways. The first way was that 
the devices were annealed at different temperatures, 
namely, 225, 250, 275, 300, 325 and 350°C with a 
fixed anneal time of 30 min. The second way was that 
the devices were annealed at a fixed temperature of 
400°C but with different anneal times, namely, 10, 30, 

Low frequency 

H1Qh frequency 

-3 -2 -, 

CIC 0 , 

0 

Ve 

1.0 

0.2 

2 3 

Fig. 3. The high and low frequency C-V characteristics for 
determination of D11 . 

100, 1000 and 1800 s. At least 4 MOS devices were 
selected for each annealing temperature and for each 
substrate deposition temperature. Although it was 
found that the anneal time could be accumulated[7], 
we used a new set of devices (at least 4 per set) for 
each anneal time to avoid any possible errors. After 
annealing the devices were allowed to cool down to 
room temperature prior to the high frequency and the 
quasi static C-V measurements. 

To model the defect annealing chemistry we have 
used models developed by Reed and Plummer[7]. On 
the basis of the nonconsumptive two reaction models 
put forward by Reed and Plummer[7], the dimeriza­
tion of hydrogen occurs in the bulk of the oxide but 
hydrogen is not consumed during annealing. The two 
reactions can be described by 

and the corresponding differential equations are 

d 
dt [Si•]= -k 1[Si•J[H] 

~[HJ= -2k2[H]2 
dt 

(6) 

(7) 

(8) 

(9) 

where Pb is the interface trap centre before anneal, EB 
is the annealed Pb, and k 1 and k2 are the reaction rate 
constants, [Si•] and [HJ are, respectively, the concen­
trations of the trivalently bonded silicon atoms and 
the hydrogen atoms at the SiO2-Si interface. The 
solution of eqns (8) and (9) gives 

[Si•] _ [Si •]0 

- {I +2k2[H]ot}" 
(10) 

where [Si•J0 and [H]0 are, respectively, the initial 
concentration of the trivalently bonded silicon atoms 
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and the hydrogen atoms at the SiO2-Si interface. r is 
the anneal time, and 

n = k 1 _!2k, 

k 1 = 2np 1 D11 

k, = 4np2 Du 

( 11 l 

( I 2) 

( 13) 

in which D11 is the diffusion coefficient of the hydro­
gen atoms. which can be expressed as 

(14) 

and p 1 and p, arc the reaction radii which are given 
by 

( I 5) 

( 16) 

where D0 is the diffusion coefficient for T = 0 K 
which is I x IO I cm2 s 1• £ 11 is the activation energy 
for diffusion which is about 0.75 eY[12). r11 and r" are. 
respectively, the radius of a hydrogen atom which is 
about 0.5 A and the capture radius of an interface 
trap which is not known. By assuming that r" is at 
least equal to the silicon tetrahedral radius which is 
1.2 A and possibly up to 50% larger, then we have[7] 

0.4 < n < 0.58. ( 17) 

The value of [H)0 depends very much on the reaction 
between the gate aluminum and traces of water[12], 
the oxide thickness, and the amount of OH groups 
available. On the following assumptions: (i) the 
amount of OH groups is sufficient for reaction (ii) the 
gate aluminum reacts efficiently with OH within the 
range of temperatures under this investigation, and 
(iii) the transport of atomic hydrogen through the 
oxide is not rate-limited, [H)0 can be estimated by[7] 

[H]0 = N011 exp( - E8 ,'kT) (18) 

where N0 u is the number of OH groups on the SiO2 

surface which is estimated(?] to be 1.67 x IO'J cm - ', 
and ER is the activation energy for reaction which is 
0.46 eV. 

Substituting eqns (13), (14) and (18) into eqn (10) 
with Eu= 0.75 eY, ER= 0.46 eV, NcJH - = 1.67 x 
1023 cm- 3 and D0 = Ix 10 5 cm2 s·· 1• we obtain 

[Si*]= [Si*]0 (4.2 x 1012
()-• exp( - nE,, kT) (19) 

where£.,= Eu+ ER= 1.21 cV. If the interface traps 
are mainly the trivalently bonded silicon atoms, then 
we can consider Dn = [Si*]. 

C. I. Annealing Temperature dependence of D,,. By 
letting r = 30 min = 1800 s, eqn (I 9) becomes: 

D1, =(Si*]= [Si*]0 (7.5 x 1014
)" exp( - nE~fkT). (20) 

This is the equation to show how Dn depends on the 
annealing temperature T. There are two unknown 
parameters. [Si*]0 and n in eqn (20). Using a computer 
plotting program, we have tried to perform curve 
fitting based on eqn (20) to our experimental data. 
We first chose one value of n and used various values 
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29 28 27 26 25 24 23 22 

E., / kT 

Fig. 4. Midgap D,, as a function of annealing temperature 
for a fixed time of 1800 s for the PECVD SiO, films 
deposited at 325 C and 350 C Curve fitting ba~ed on 
cqn (20) with n = 0.81 and [Si•]0 = 3 x I 01

' cm ' for films 
deposited at 325' C and [Si*]0 = I x 1011 cm 2 for films 

depositco at 350 C 

of [Si*]0 to compute Dn as a function of T. This 
computing process was repeated with other values of 
n within the range of 0.43 --0.58, until the best fit was 
obtained for all MOS devices with the SiO2 deposited 
at six different substrate temperatures. Figure 4 
shows typical D11 - E_,;kT characteristics of the SiO2 

deposited at substrate temperatures of 325 C and 
350 C. With n = 0.5 I, our experimental data for all 
six substrate temperatures fit well to eqn (20) if a 
value of [Si*]0 within the range from I x 101

' to 
5 x 1011 cm - 2 is chosen. 

The value of n obtained in our work is in good 
agreement with the value of 0.55 reported by Recd 
and Plummer[7]. Our results strongly support the two 
reaction models from another angle because Reed 
and Plummer are mainly concerned with the time 
parameter while we have arrived at the same results 
from a temperature parameter. This implies that eqn 
(20) can actually describe the anneal chemistry of the 
interface traps. However, one might argue that the 
oxides used by Reed and Plummer are different from 
ours and the comparison may be questionable. 

C.2. Anneal rime dependence of D,,. By letting 
T = 673 K, eqn (19) becomes 

D11 =[Si*]= [Si*]0 (371T) ". (21) 

Again, with n = 0.51 our experimental data for all six 
substrates temperatures fit well to eqn (21) with [Si*]0 

of the order !Oil cm- 2
. Typical D,. - t characteristics 

for the SiO2 deposited at substrate temperatures of 
325'C and 350cc are shown in Fig. 5. These results 
are also consistent with the results shown in Fig. 4 
supporting the validity of the two reaction models for 
our PECVD SiO2 films. 

The index n from this work is less than that of Reed 
and Plummer by less than 10%. We cannot say that 
the radius of the interface trap center in our PECVD 
SiO2 films is smaller than that in the thermal oxide. 
As a matter of fact, there is no good reason why the 
interface traps of these two kinds of oxides are 
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Fig. 5. Midgap D,, as a function of anneal time for a fixed 
annealing temperature of 400°C for the PECVD SiO2 films 
deposited at 325 'C and 350"C. Curve fitting based on 

eqn (21) with n = 0.51 and [Si*)0 = I x !Oil cm- 2. 

different. Of course, one may argue that the difference 
is due to the growing temperature which could make 
the silicon surface of the thermal oxide expand to a 
greater extent. However, on the basis of our work we 
can only conclude that there is no detectable differ­
ence in the interface traps between the PECVD oxide 
and the thermal oxide. 

In terms of interface traps the major difference 
between the PECVD oxide and the thermal oxide is 
the initial amount of interface traps. The PECVD 
oxide which is deposited at low temperatures is 
subjected to a certain degree of random bonding. 
This randomness no doubt creates a large amount of 
unbonded silicon atoms which make the value of Di, 
for the as-deposited SiO2 films higher than that of the 
thermal oxide. However, these interface traps can be 
reduced to an acceptable level simply by a low 
temperature anneal. 

D. The oxide trapped charge 

We use the same C -V curves obtained for the 
devices annealed at the temperature range from 
22YC to 350°C for 1800 s, and annealed at 400°C for 
the anneal time from IO to 1800 s as described in the 
previous subsection for the analysis of the oxide 
trapped charge. But this time we are interested only 
in the shift of the high frequency C -V curves. 

We use the midgap voltage method[l3,14] for the 
present analysis. We first have to locate the gate bias 
V ma corresponding to the midgap energy level using 
eqns (4) and (5), and then translate the ideal C-V 

curve along the voltage axis until the two curves meet 
at V ma as shown in Fig. 6. We use the C-V curve after 
PMA shown in Fig. I as the ideal C-V curve because 
the oxide fixed charge is negligibly small. The flat­
band shift V lb given by the ideal C - V curve consists 
of a voltage shift due to 4>m,, Qr and Q01 • Thus the 
oxide trapped charge density Q01 can be expressed as 

Q =2£0 ,(VCb_dQr_<Pm,) (22) 
o1 dl lo, q • 

The possible candidates for positive oxide trapped 

charges are trivalent silicon and £' center-like 
defects. Since trivalent silicon is likely to exist at the 
interface and £' center is very much associated with 
plasma chemistry, we believe that £' center-like 
defects are the major source of positive charge. On 
the other hand, the only possible defect that may 
create negative trapped charge is the nonbridging 
oxygen which is again very much related to plasma 
chemistry. Since we have assumed that the transport 
of atomic hydrogen through oxide is not the rate 
limiting step in annealing the MOS devices, the 
anneal chemistry of bulk defects and interface traps 
would be considered similar. Therefore, we shall 
again use the two reaction models to analyze the bulk 
defects in the anneal experiment. By assuming that 
the two bulk defects during anneal take on the 
nonconsumptive reaction process, then the reactions 
may be written as 

t, 

SiO• + H--+ SiOH 

The corresponding differential equations are 

i [Si*]= -k2[Si*]fH] 
dt 

i [HJ= -k2[Si*][H] - 2k3[H)2 
dt 

i [SiO*] = -k2[SiO*][H] 
dt 

-3 

i [HJ= -k2[SiO*][H] - 2k4 [H]2. 
dt 

-2 _, 
0 2 

v, 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

3 

Fig. 6. The midgap voltage method for the determination of 
Vlh . 

Petitioner Runergy, EX1047, p. 46 
Runergy USA Inc., et al. v. Trina Solar Co., Ltd. 

 IPR2025-00007 



128 B. K. IP et al. 

For simplicity, we assume that [H) is large enough 
so that the first term of eqns (28) and (30) can be 
neglected. This results in the nonconsumptive case. 
Thus the solution of eqns (27H30) gives 

[s·•1 
[Si*]- I 

O (31) 
- { I + 2k2[H]0 t }"' 

which is similar to eqn (10), and 

[SiO*) = [SiO*lo 
{ I + 2k 2 [ H]o t ) "' 

(32) 

Using the same method for estimating n in Section 
3C, we obtain the ranges of n1 and n2 as follows: 

0.41 < n1 < 0.69 

0.29 < n2 < 0.43. 

(33) 

(34) 

D. /. Annealing temperature dependence of Q0 ,. By 
letting t = 1800 s, we can obtain the net oxide trapped 
charge Q0 , as a function of annealing temperature T, 
which is the difference of eqns (31) and (32). Thus we 
can write 

Qo, = N ·(7.5 X 1014
)-"' exp( - n1 E,JkT) 

- N- (7.5 x 1014
) "' exp( - n2E"!kT) (35) 

where N + and N - denote the initial contents of the 
positive charge (i.e. [Si*)0) and the negative charge 
(i.e. [SiO*)0 ), respectively. There are four undeter­
mined parameters in eqn (35) which make it difficult 
to visualize the shape of the curves. Worse still, it is 
not easy to curve fit to our data because they involve 
both the positive and the negative quantities. How­
ever, eqn (35) does predict the relative magnitude of 
N+ and N·, and n1 and n2 . 

We know that the net oxide trapped charge for the 
as-deposited SiO2 films before anneal is positive, i.e. 
N • is greater than N - in all cases. And from eqns 
(33) and (34), n1 is always greater n2 . A plot of Q01 as 
a function of E.,/kTas shown in Fig. 7 with n1 = 0.60, 
n1 = 0.36 and N + > N- fits well to our data. Curves 
based on n1 < n2 and N + < N •• deviate from our 
data. However, the two reaction model does predict, 
to a certain extent. the correct trend of our data 
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though a precise description of the contents of the 
positive and negative charges is not possible. 

D.2. Anneal time dependence of" Q.,,. With 
T = 673°C we can express the net oxide trapped 
charge as a function of anneal time as 

(36) 

Again, a plot of Q01 as a function of anneal time t with 
n, = 0.60, n2 = 0.36 and N • > N - as shown in Fig. 8 
fit to our data reasonably well. The not so distinct 
turn-round phenomenon in this case as compared 
with the previous case based on eqn (35) is due to the 
difference between the exponential function and the 
power function. 

The major difficulty in the analysis is the mixing of 
the positive and the negative charges inside the bulk. 
We can determine only the net charge from the C -V 
analysis, but we are unable to find the actual amounts 
of the positive and the negative charges. An £' 
center-like defect which may he a deficit of an oxygen 
atom could capture an oxygen atom, if available. 
instead of a hydrogen for passivation. The possibility 
of this mechanism has been discussed by Reed and 
Plummer[?). The nonbridging oxygen, on the other 
hand, might not form a hydroxyl group with hydro­
gen because its stability is doubtful. Instead, the bond 
rearrangement between the oxygen and neighboring 
silicon is more probable altcrative. Again, this mech­
anism does not consume any hydrogen at the end. All 
of these propositions, no doubt, will require further 
research for verification. 

In terms of bulk trapped charge, the PECVD SiO2 

film contains in general a higher concentration of 
negative trapped charge than the thermal oxide. This 
may be attributed to a higher concentration of non­
bridging oxygen defects because the random bonding 
of the plasma species has a higher chance of missing 
their neighboring atoms, thus creating a large amount 
of unbonded oxygen. 

It should be noted that the conventional bimolecu­
lar one reaction model[7] and the simple hydrogen 
molecular diffusion model[5] have also been studied 
but they fail to fit our experimental data. The solution 
of the two reaction model is different from the 
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solutions of the other models in that the former 
contains a temperature-independent index n. The 
results given in Sections 3C and 3D indicate clearly 
that n is indeed independent of temperature. There­
fore, we can conclude that the two reaction model is 
an appropriate model for the description of the 
anneal chemistry of MOS devices. 

Recently, some exciting work has shown that the 
oxide trapped charge in the PECVD films cannot be 
correllated with the £' center[! 5]. The above defects 
have annealing behavior that can be explained in 
some respects by the £' center but are not E' centers. 
This leaves much further work to be done in the 
identification of these defects. 

It should also be noted that all the SiO2 films under 
this investigation were stoichiometric with hydrogen 
concentration less than I at % based on our Ruther­
ford back scattering spectroscopy and IR absorption 
results, and that hydrogen was mainly incorporated 
as Si-OH, no Si-H presence being detected[!]. The 
bulk traps in SiO2 films are known to be related to 
hydrogen or water incorporation[16], but they can be 
reduced by a proper anneal. However, in terms of 
electrical integrity the PECVD films are as good as 
the high quality thermal oxide, but in other properties 
they are different, such as the etch rate and the Si-0 
stretching frequency. The present experimental work 
does not provide information about the factors re­
sponsible for this difference. We would believe that 
due to the quite different fabrication processes the 
two kinds of films would be different in local bonding 
structure, void content as well as film stress. 

4. CONCLt:SIONS 

On the basis of our study described above, the 
following conclusions are drawn: 

(I) The r.f. PECVD SiO2 films contain only 
small amounts of oxide fixed charge and 
mobile ionic charge, both charges being in 
the low I 010 q cm - 2 level. The concentration 
of both charges after PMA is practically 
independent of the substrate deposition 
temperature in the temperature range of 
225-350°C, and their presence does not 
affect the content of the interface traps and 
the oxide trapped charge. 

(2) The interface trap density is around 
1012 cm- 2 ev- 1 before PMA and is reduced 
to the mid-l0 10 cm- 2 ev- 1 level after PMA. 
There is no detectable difference in interface 

SSE 34·2-B 

traps between the r.f. PECVD oxide and the 
thermal oxide in terms of annealing kinetics. 

(3) The concentrations of the positive and the 
negative oxide trapped charges are of the 
order of 1017 q cm 3 before PMA but they 
can be reduced to an acceptable level after 
PMA. The positive oxide trapped charge 
may be associated wtih the oxygen vacancy, 
while the negative oxide trapped charge with 
the nonbridging oxygen. 

(4) The two reaction model can explain well the 
annealing processes for interface traps and 
oxide bulk traps. As the oxide trapped 
charge consists of both the positive and the 
negative charges, it is not possible to deter­
mine the actual concentrations of these two 
kinds of charges. 
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CHARGES AND DEFECTS IN SiO2 FILMS DEPOSITED BY 

PLASMA-ENHANCED CHEMICAL VAPOR DEPOSITION 
AT LOW TEMPERATURES 

B. K. IP, K. C. KAO and D. J. THOMSON 

Materials and Devices Research Laboratory, Department of Electrical and Computer Engineering, 
University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2 

(Received 23 December 1989; in revised form 2 July 1990) 

Abstract-Charges and defects in SiO2 films deposited by plasma-enhanced chemical vapor deposition 

(PECVD) have been studied. The SiO2 films were used to form MOS (aluminum-SiO2-n-type silicon) 

devices. After the devices were annealed in a forming gas at 400°C for 30 min, the oxide fixed charge Qr 

measured using the capacitance-voltage (C- V) method was in the low 1010 q cm-2, and the mobile ion 

charge Qm measured using the bias-temperature aging test in conjunction with the C-V method was also 

in the low 1010 q cm-2. Both Qr and Qm are practically independent of substrate deposition temperature 

for the temperature range of 225-350°C used in this investigation. The midgap interface trap density D;, 

and the oxide trapped charge Q0 , have also been measured using the high-low frequency C-V method 

with the devices annealed at various temperatures for a fixed anneal time or at various anneal times for 

a fixed anneal temperature. The value of D11 is of the order of 1010 cm- 2 ev- 1. The SiO2 film consists of 

positive and negative oxide trapped charges which are of the order of 1017 q cm- 3 prior to post 

metallization anneal (PMA) at 400°C. The anneal chemistry of the defects in PECVD SiO2 films is 

compared with that in thermal SiO2 . 

I. INTRODUCTION 

Several investigators[l-4] have recently reported that 

high quality SiO2 films can be produced by plasma­

enhanced chemical vapor deposition (PECVD) at a 

temperature around 300°C, and that after a post­

metallization anneal (PMA) at 400°C the films exhibit 
good physical properties and electrical integrity 

which are close to those for high quality thermal 
oxides fabricated at 1000°C in dry oxygen. Much 

effort has been devoted to improve the electrical 

integrity by optimizing the deposition parameters 

such as gas pressure, gas composition, power trans­

fer, substrate surface cleanliness, etc. However, little 

has been reported on the annealing kinetics of vari­

ous defects and the behavior of various charges in 

PECVD SiO films. Griscom[5], Plummer et al.[6], and 
Reed and Plummer[?] have studied various charges 

and defects in MOS devices through the analysis of 
the annealing chemistry but the SiO2 in the devices 

for their studies were either thermal oxides or silica 
whose defect structure and content might be very 

different from PECVD oxides. The purpose of this 
paper is to report our recent study on the annealing 

kinetics of charges and defects in PECVD SiO2 

deposited at substrate temperatures in the range of 
225-350°C. • 

2. EXPERIMENTAL 

The SiO2 films used for this investigation were 
deposited by a modified radio frequency (13.56 MHz) 

123 

PECVD process at six different substrate tem­

peratures using a gas mixture of 2% SiH4 in He 

and pure N2O at the IBM Thomas J. Watson 

Research Center[2]. The details of the deposition 
process have been reported earlier[ 1,2]. The sub­

strates were n-type silicon wafers of resistivity 1-2 n­
cm. One hundred aluminum counter electrodes 

of 0.025 cm2 in area each were vacuum-deposited 

through a shadow mask to form MOS capacitors, 
the oxide thickness being 50(µ,00 A. All measure­

ments were made at room temperature before 

and after the devices had been subjected to 

post metallization anneal (PMA) at 400°C in a 

forming gas (10% H2 in N2) for 30 min. After the 

back oxide was removed, indium gallium paste 

was used to make electrical contacts to the silicon 

substrate. 
The high frequency (I MHz) capacitance-voltage 

(C-V) and the quasi-static C-V characteristics were 

measured using a linear voltage ramp with the ramp 
rate of 50 mV s- 1. For the measurements at negative 

gate polarity (depletion mode for n-Si) the MOS 
capacitor was illuminated with light to avoid deep 

depletion. 

3. RESULTS AND DISCUSSION 

A. The oxide fixed charge 

Since the interface trapped charge and the oxide 

trapped charge would be removed after a low tem­
perature PMA, the net charge inside the MOS device 
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after PMA can be considered to be mainly the oxide 
fixed charge Qr which can be determined by 

Qr= £0,(Vlb - <Pm, /q) 
d 

(I) 

where Vlb is the flatband voltage corresponding to the 
voltage required to make the band edge of n-Si flat 
to the SiO2-Si interface, <Pm, is the work function 
difference between the gate metal work function and 
the n -Si work function, q is the electronic charge, and 
£0 , and d are, respectively, the permittivity and the 
thickness of the oxide. 

To determine Qr, we have to know Vlb and <Pm, 
which can be obtained from the high frequency C-V 
characteristics. Typical high frequency C-V charac­
teristics for the MOS devices before and after PMA 
with the SiO2 deposited at substrate temperatures of 
250°C and 350°C are shown in Fig. I. From these 
characteristics we obtain the oxide capacitance C0 ,, 

the minimum capacitance of the device Cmin, and the 
flatband capacitance Clb. With these known par­
ameters we can easily calculate the donor concen­
tration in n-Si, Nd, the thickness d and <Pm, using 
standard relations[8,9]. V lb is the parallel shift of the 
C-V curve. The results of Qr calculated from eqn (I) 
show that the oxide fixed charge density is in the low 
1010 q cm- 2 and is practically independent of the 
substrate temperature for the substrate temperature 
range under this investigation. It is interesting to note 

2so•c 
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V9 
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v9 
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0.2 

0 2 4 6 

C/C 0 , 
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Fig. I. Typical high frequency C- V characteristics of the 
PECVD SiO2 films before and after PMA, deposited at 

, 250°C and at 350°C. 

that Qr for the thermal oxide depends strongly on the 
oxidation temperature[IO] while Qr in our PECVD 
oxide is practically independent of the substrate 
deposition temperature. If the ionic silicon resulting 
from the incomplete oxidation at the interface is the 
major source for Qr[IO], these results indicate that our 
PECVD oxide should contain little unoxidized silicon 
at the interface. 

B. The mobile ionic charge 

Using the method[! I] commonly used for the 
determination of mobile ionic charge, we have 
measured the mobile ionic charge in our MOS 
devices. With this method a high frequency C-V 
characteristic of an MOS device after PMA is first 
measured, and then this device is heated to about 
150°C to mobilize the ions and at the same time a bias 
of 8 V corresponding to about 1.5 MV cm - 1 across 
the oxide is applied to the gate for about 30 min in 
order to drive all of the ions either to the SiO2-Si 
interface when the bias is positive, or to the 
SiO2-metal interface when the gate is negative. After 
this bias temperature aging (BT A), the device is then 
cooled down to the room temperature before the 
measurement of its C-V characteristic. The parallel 
shift of this C-V characteristic from that before BT A 
is the measure of the mobile ions drifted to the 
interfaces forming a charge sheet there with a density 
Qm given by 

(2) 

where V lb and Vlb are, respectively, the flat band 
voltages before and after BT A. Typical results are 
shown in Fig. 2. In general, the flatband shift is small 
showing that our PECVD SiO2 films contain mobile 
ions in the order of 4 x 10w cm - 2. Curve I (prior to 
BT A (and curve 3 (after BT A with a positive gate 
bias) are almost identical indicating that the ions are 
of ionized alkali atoms such as sodium and potass­
ium, and of positive charge; and that they do not 

CIC 0 , 

0 .2 

-3 -2 -1 0 2 3 

v9 

Fig. 2. The shift of the high frequency C- V curve after 
bias-temperature aging (BT A) for the PECVD SiO2 de­
posited at 300°C. Curve(!): the initial C- V prior to BTA, 
curve (2): the C-V curve after BT A at l 50°C and + 8 V bias 
for 30 min, and curve (3): the C- V curve after BT A at l 50°C 

and - 8 V bias for 30 min. 
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exchange charge with either the gate metal or the 
silicon and do not become discharged even though 
they pile up to within a tunneling distance at the 
interfaces. Again, Qm is practically independent of the 
substrate deposition temperature for the temperature 
range of 225-350°C, because the origin of such ions 
is mainly due to the contamination during fabrication 
processing such as gate or contact metallization and 
general handling of the substrate cleaning process, 
etc. 

C. The interface trap density 

We have found that the oxide fixed charge and the 
mobile ionic charge densities are small in our PECVD 
devices. Therefore, the shift of the C-V curves before 
and after PMA as shown in Fig. I can be considered 
to be mainly due to the interface trap density Di, 
and the oxide trapped charge density Q0 ,. It is thus 
interesting to investigate how fast and how much 
these charges can be annealed out at a fixed annealing 
temperature and a fixed anneal time. 

The high frequency and the quasi static C-V 

characteristics (normalized to the oxide capacitance) 
as shown in Fig. 3 can be used to evaluate Di, as a 
function the gate bias V1 according to the following 
relation[9]. 

Di,=-- ---1 - --1 (3) C0,V1 [(C0 , )-I (C0 , )-!] 
q CLF CHF 

where CHF and CLF denote the high frequency and the 
low frequency (quasi static) capacitances, respect­
ively. Normally, we want to see Di, as a function of 
energy level in the interface band gap. To convert Di, 
as a function of V, to Di, as a function of Ee - E, we 
use the following relations[8] 

E, 
Ec-E =2 + 'I', -</Jb (4) 

(5) 

where Ee is the conduction band edge energy, E, is 
the band gap energy, E is the energy level in the 
gap, <Pb is the difference between the thermal 
equilibrium Fermi level and the intrinsic Fermi level 
in the silicon bulk, 1/1, is the surface potential energy 
at the Si02-Si interface. Using an IBM computer 
program, we have computed and plotted Di, as a 
function of (Ee - E) based on eqns (3)-(5), and 
from this plot we have determined the mid-gap 
Di, which is the value of Di, at 0.55 eV below Ee 
(the mid-gap based on E1 = I.I eV for Si at room 
temperature). 

To study the anneal mechanism, we annealed our 
PECVD devices in two ways. The first way was that 
the devices were annealed at different temperatures, 
namely, 225, 250, 275, 300, 325 and 350°C with a 
fixed anneal time of 30 min. The second way was that 
the devices were annealed at a fixed temperature of 
400°C but with different anneal times, namely, 10, 30, 

Low frequency 

Hi9h frequency 

-3 -2 -, 

C/C 0 , 

0 

vv 

1.0 

0.2 

2 3 

Fig. 3. The high and low frequency C- V characteristics for 
determination of D;,. 

100, 1000 and 1800 s. At least 4 MOS devices were 
selected for each annealing temperature and for each 
substrate deposition temperature. Although it was 
found that the anneal time could be accumulated[7], 
we used a new set of devices (at least 4 per set) for 
each anneal time to avoid any possible errors. After 
annealing the devices were allowed to cool down to 
room temperature prior to the high frequency and the 
quasi static C-V measurements. 

To model the defect annealing chemistry we have 
used models developed by Reed and Plummer[7]. On 
the basis of the nonconsumptive two reaction models 
put forward by Reed and Plummer[7], the dimeriza­
tion of hydrogen occurs in the bulk of the oxide but 
hydrogen is not consumed during annealing. The two 
reactions can be described by 

and the corresponding differential equations are 

d 
dt [Si*]= -ki[Si*][H] 

~ [HJ = - 2k2 [H]2 
dt 

(6) 

(7) 

(8) 

(9) 

where Pb is the interface trap centre before anneal, EB 
is the annealed Pb, and k1 and k2 are the reaction rate 
constants, [Si*] and [HJ are, respectively, the concen­
trations of the trivalently bonded silicon atoms and 
the hydrogen atoms at the SiO2- Si int!!rface. The 
solution of eqns (8) and (9) gives 

[Si*] _ [Si *lo 
- {I +2k2[H]0 t}" 

where [Si*]0 and [H]0 are, respectively, the initial 
concentration of the trivalently bonded silicon atoms 
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and the hydrogen atoms at the SiO2-Si interface, t is 
the anneal time, and 

n = k1/2k2 

k1 = 21tp1DH 

k2 = 41tp2DH 

(I I) 

(12) 

(13) 

Theory : --- [S i0*]0= 3 x 1013 cm- 2 

-- [Si0*]0= 1 x10 13 cm-2 
Experiment : o 325°C 

• 35o•c 

in which DH is the diffusion coefficient of the hydro- ~ 1011 

gen atoms, which can be expressed as c 

(14) 

and p1 and p2 are the reaction radii which are given 
by 

(15) 

(16) 

where D0 is the diffusion coefficient for T = 0 K 
which is I x 10- 5 cm2 s- 1, EH is the activation energy 
for diffusion which is about 0.75 eV(l2], rH and r,i are, 
respectively, the radius of a hydrogen atom which is 
about 0.5 A and the capture radius of an interface 
trap which is not known. By assuming that r,i is at 
least equal to the silicon tetrahedral radius which is 
1.2 A and possibly up to 50% larger, then we have[7] 

0.4 < n < 0.58. (I 7) 

The value of [H]0 depends very much on the reaction 
between the gate aluminum and traces of water(l2], 
the oxide thickness, and the amount of OH groups 
available. On the following assumptions: (i) the 
amount of OH groups is sufficient for reaction (ii) the 
gate aluminum reacts efficiently with OH within the 
range of temperatures under this investigation, and 
(iii) the transport of atomic hydrogen through the 
oxide is not rate-limited, [H]0 can be estimated by[7] 

[H]0 = N0 H exp( - E, JkT) (18) 

where N0 H is the number of OH groups on the SiO2 
surface which is estimated[?] to be 1.67 x 1023 cm - 3, 
and ER is the activation energy for reaction which is 
0.46eV. 

Substituting eqns (13), (14) and (18) into eqn (10) 
with EH= 0.75 eV, ER= 0.46 eV, N0 H - = 1.67 x 
l023 cm - 3 and D0 = Ix 10- 5 cm2s- 1, we obtain 

[Si*)= [Si*]0 (4.2 x 1012t) - • exp( - nE,JkT) (19) 

where E,i =EH+ ER= 1.21 eV. If the interface traps 
are mainly the trivalently bonded silicon atoms, then 
we can consider Di,= [Si*]. 

C. / . Annealing temperature dependence of D;, . By 
letting t = 30 min= 1800 s, eqn (19) becomes: 

Di,= [Si*)= [Si*]0 (7.5 x 1014)" exp( - nE,;/kT). (20) 

This is the equation to show how D11 depends on the 
annealing temperature T. There are two unknown 
parameters, [Si*)0 and n in eqn (20). Using a computer 
plotting program, we have tried to perform curve 
fitting based on eqn (20) to our experimental data. 
We first chose one value of n and used various values 

10 10 L__J__..L-_...L.__...J.._ _ _.__-'---' 

29 28 27 26 25 24 23 22 

E, 1 / kT 

Fig. 4. Midgap D;, as a function of annealing temperature 
for a fixed time of 1800 s for the PECVD SiO2 films 
deposited at 325°C and 350°C. Curve fitting based on 
eqn (20) with n = 0.81 and [Si*]0 = 3 x 1013 cm - 2 for films 
deposited at 325°C and [Si*]0 = I x 1013cm- 2 for films 

deposited at 350°C. 

of [Si*]0 to compute Di, as a function of T. This 
computing process was repeated with other values of 
n within the range of 0.43--0.58, until the best fit was 
obtained for all MOS devices with the SiO2 deposited 
at six different substrate temperatures. Figure 4 
shows typical Di, - E,JkT characteristics of the SiO2 
deposited at substrate temperatures of 325°C and 
350°C. With n = 0.51 , our experimental data for all 
six substrate temperatures fit well to eqn (20) if a 
value of [Si*]0 within the range from I x 1013 to 
5 x 1013 cm - 2 is chosen. 

The value of n obtained in our work is in good 
agreement with the value of 0.55 reported by Reed 
and Plumrner[7]. Our results strongly support the two 
reaction models from another angle because Reed 
and Plummer are mainly concerned with the time 
parameter while we have arrived at the same results 
from a temperature parameter. This implies that eqn 
(20) can actually describe the anneal chemistry of the 
interface traps. However, one might argue that the 
oxides used by Reed and Plummer are different from 
ours and the comparison may be questionable. 

C.2. Anneal time dependence of D;, . By letting 
T = 673 K, eqn (19) becomes 

Di,= [Si*]= [Si*Jo(37lt) -•. (21) 

Again, with n = 0.51 our experimental data for all six 
substrates temperatures fit well to eqn (21) with [Si*]0 

of the order 1013 cm- 2. Typical Di, - t characteristics 
for the SiO2 deposited at substrate temperatures of 
325°C and 350°C are shown in Fig. 5. These results 
are also consistent with the results shown in Fig. 4 
supporting the validity of the two reaction models for 
our PECVD SiO2 films. 

The index n from this work is less than that of Reed 
and Plummer by less than 10%. We cannot say that 
the radius of the interface trap center in our PECVD 
SiO2 films is smaller than that in the thermal oxide. 
As a matter of fact, there is no good reason why the 
interface traps of these two kinds of oxides are Petitioner Runergy, EX1047, p. 69 
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Fig. 5. Midgap D11 as a function of anneal time for a fixed 
annealing temperature of 400°C for the PECVD SiO2 films 
deposited at 325°C and 350°C. Curve fitting based on 

eqn (21) with n =0.51 and [Si*)0 = Ix 1013 cm-2• 

different. Of course, one may argue that the difference 
is due to the growing temperature which could make 
the silicon surface of the thermal oxide expand to a 
greater extent. However, on the basis of our work we 
can only conclude that there is no detectable differ­
ence in the interface traps between the PECVD oxide 
and the thermal oxide. 

In terms of interface traps the major difference 
between the PECVD oxide and the thermal oxide is 
the initial amount of interface traps. The PECVD 
oxide which is deposited at low temperatures is 
subjected to a certain degree of random bonding. 
This randomness no doubt creates a large amount of 
unbonded silicon atoms which make the value of Di, 

for the as-deposited SiO2 films higher than that of the 
thermal oxide. However, these interface traps can be 
reduced to an acceptable level simply by a low 
temperature anneal. 

D. The oxide trapped charge 

We use the same C-V curves obtained for the 
devices annealed at the temperature range from 
225°C to 350°C for 1800 s, and annealed at 400°C for 
the anneal time from JO to I 800 s as described in the 
previous subsection for the analysis of the oxide 
trapped charge. But this time we are interested only 
in the shift of the high frequency C-V curves. 

We use the midgap voltage method[l3,14] for the 
present analysis. We first have to locate the gate bias 
V mg corresponding to the mid gap energy level using 
eqns (4) and (5), and then translate the ideal C-V 
curve along the voltage axis until the two curves meet 
at Vm, as shown in Fig. 6. We use the C-V curve after 
PMA shown in Fig. I as the ideal C-V curve because 
the oxide fixed charge is negligibly small. The flat­
band shift V lb given by the ideal C-V curve consists 
of a voltage shift due to <Pm., Qr and Q0 ,. Thus the 
oxide trapped charge density Q01 can be expressed as 

Qo, = 2£~• ( V lb - dQr - <Prns) . (22) 
d iox q 

The possible candidates for positive oxide trapped 

charges are trivalent silicon and £ ' center-like 
defects. Since trivalent silicon is likely to exist at the 
interface and £' center is very much associated with 
plasma chemistry, we believe that £ ' center-like 
defects are the major source of positive charge. On 
the other hand, the only possible defect that may 
create negative trapped charge is the nonbridging 
oxygen which is again very much related to plasma 
chemistry. Since we have assumed that the transport 
of atomic hydrogen through oxide is not the rate 
limiting step in annealing the MOS devices, the 
anneal chemistry of bulk defects and interface traps 
would be considered similar. Therefore, we shall 
again use the two reaction models to analyze the bulk 
defects in the anneal experiment. By assuming that 
the two bulk defects during anneal take on the 
nonconsumptive reaction process, then the reactions 
may be written as 

k3 

Si•+ H---+ SiH 

k4 

SiO• + H---+ SiOH 

The corresponding differential equations are 

~[Si*]= -k2[Si•][H] 
dt 

~[HJ= -k2[Si*](H] - 2k3[H]2 
dt 

~ [SiO•] = -k2[SiO•][H] 
dt \ 

-3 

:t [H] = -k2 [SiO*](H]- 2k4 [H]2. 

fl 
:,, I 

~ I 
v,., I 

I 

-2 -, 0 

v, 

0 .4 

0 . 2 
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(23) 
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Fig. 6. The midgap voltage method for the determination of 
vfb. Petitioner Runergy, EX1047, p. 70 
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For simplicity, we assume that [H] is large enough 
so that the first term of eqns (28) and (30) can be 
neglected. This results in the nonconsumptive case. 
Thus the solution of eqns (27)-(30) gives 

[Si•] - [Si•]o (31) 
- {l + 2k2[H]0 t}"' 

which is similar to eqn (10), and 

[SiO•] = [Si0•]0 

{l + 2k2 [H]0 t}"2 • 

(32) 

Using the same method for estimating n in Section 
3C, we obtain the ranges of n1 and n2 as follows: 

0.41 < n, < 0.69 

0.29 < n2 < 0.43. 

(33) 

(34) 

D. 1. Annealing temperature dependence of Q0 ,. By 
letting t = 1800 s, we can obtain the net oxide trapped 
charge Q0 , as a function of annealing temperature T, 
which is the difference of eqns (31) and (32). Thus we 
can write 

Q0 , = N+(7.5 X 1014)-"' exp( - n1 E,JkT) 

- N-(7.5 x 1014)-"' exp( - n2E,JkT) (35) 

where N+ and N- denote the initial contents of the 
positive charge (i.e. [Si•]0) and the negative charge 
(i.e. [SiO•]0 ), respectively. There are four undeter­
mined parameters in eqn (35) which make it difficult 
to visualize the shape of the curves. Worse still, it is 
not easy to curve fit to our data because they involve 
both the positive and the negative quantities. How­
ever, eqn (35) does predict the relative magnitude of 
N+ and N-, and n1 and n2 . 

We know that the net oxide trapped charge for the 
as-deposited SiO2 films before anneal is positive, i.e. 
N+ is greater than N- in all cases. And from eqns 
(33) and (34), n1 is always greater n2 . A plot of Q0 , as 
a function of E,JkTas shown in Fig. 7 with n, = 0.60, 
n2 = 0.36 and N+ > N- fits well to our data. Curves 
based on n1 < n2 and N + <N- deviate from our 
data. However, the two reaction model does predict, 
to a certain extent, the correct trend of our data 
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Fig. 7. Q01 as a function of annealing temperature T for 
a fixed anneal,time I = 1800 s, with n1 = 0.60 and n2 = 0.36 

and various N+ /N- r~tios. 
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Fig. 8. Q01 as a function of anneal time t for a fixed 
annealing temperature T = 637 K with n1 = 0.60 and 

n2 = 0.36 and various N+ / N - ratios. 

though a precise description of the contents of the 
positive and negative charges is not possible. 

D.2. Anneal time dependence of Q01 . With 
T = 673°C we can express the net oxide trapped 
charge as a function of anneal time as 

Again, a plot of Q0 , as a function of anneal time t with 
n, = 0.60, n2 = 0.36 and N+ > N- as shown in Fig. 8 
fit to our data reasonably well. The not so distinct 
turn-round phenomenon in this case as compared 
with the previous case based on eqn (35) is due to the 
difference between the exponential function and the 
power function. 

The major difficulty in the analysis is the mixing of 
the positive and the negative charges inside the bulk. 
We can determine only the net charge from the C-V 
analysis, but we are unable to find the actual amounts 
of the positive and the negative charges. An E' 
center-like defect which may be a deficit of an oxygen 
atom could capture an oxygen atom, if available, 
instead of a hydrogen for passivation. The possibility 
of this mechanism has been discussed by Reed and 
Plummer[?]. The nonbridging oxygen, on the other 
hand, might not form a hydroxyl group with hydro­
gen because its stability is doubtful. Instead, the bond 
rearrangement between the oxygen and neighboring 
silicon is more probable alterative. Again, this mech­
anism does not consume any hydrogen at the end. All 
of these propositions, no doubt, will require further 
research for verification. 

In terms of bulk trapped charge, the PECVD SiO2 

film contains in general a higher concentration of 
negative trapped charge than the thermal oxide. This 
may be attributed to a higher concentration of non­
bridging oxygen defects because the random bonding 
of the plasma species has a higher chance of missing 
their neighboring atoms, thus creating a large amount 
of unbonded oxygen. 

It should be noted that the conventional bimolecu­
lar one reaction model[?] and the simple hydrogen 
molecular diffusion model[5] have also been studied 
but they fail to fit our experimental data. The solution 
of the two reaction model is different from the Petitioner Runergy, EX1047, p. 71 
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solutions of the other models in that the former 
contains a temperature-independent index n. The 
results given in Sections 3C and 3D indicate clearly 
that n is indeed independent of temperature. There­
fore, we can conclude that the two reaction model is 
an appropriate model for the description of the 
anneal chemistry of MOS devices. 

Recently, some exciting work has shown that the 
oxide trapped charge in the PECVD films cannot be 
correllated with the E' center[l5]. The above defects 
have annealing behavior that can be explained in 
some respects by the E' center but are not E' centers. 
This leaves much further work to be done in the 
identification of these defects. 

It should also be noted that all the SiO2 films under 
this investigation were stoichiometric with hydrogen 
concentration less than I at % based on our Ruther­
ford back scattering spectroscopy and IR absorption 
results, and that hydrogen was mainly incorporated 
as Si-OH, no Si-H presence being detected[!]. The 
bulk traps in SiO2 films are known to be related to 
hydrogen or water incorporation[16], but they can be 
reduced by a proper anneal. However, in terms of 
electrical integrity the PECVD films are as good as 
the high quality thermal oxide, but in other properties 
they are different, such as the etch rate and the Si-0 
stretching frequency. The present experimental work 
does not provide information about the factors re­
sponsible for this difference. We would believe that 
due to the quite different fabrication processes the 
two kinds of films would be different in local bonding 
structure, void content as well as film stress. 

4. CONCLUSIONS 

On the basis of our study described above, the 
following conclusions are drawn: 

(I) The r.f. PECVD SiO2 films contain only 
small amounts of oxide fixed charge and 
mobile ionic charge, both charges being in 
the low 1010 q cm - 2 level. The concentration 
of both charges after PMA is practically 
independent of the substrate deposition 
temperature in the temperature range of 
225- 350°C, and their presence does not 
affect the content of the interface traps and 
the oxide trapped charge. 

(2) The interface trap density is around 
10 12 cm - 2 ev - 1 before PMA and is reduced 
to the mid-l010 cm - 2 ev- 1 level after PMA. 
There is no detectable difference in interface 

SSE 34/2- 8 

traps between the r.f. PECVD oxide and the 
thermal oxide in terms of annealing kinetics. 

(3) The concentrations of the positive and the 
negative oxide trapped charges are of the 
order of 1017 q cm- 3 before PMA but they 
can be reduced to an acceptable level after 
PMA. The positive oxide trapped charge 
may be associated wtih the oxygen vacancy, 
while the negative oxide trapped charge with 
the nonbridging oxygen. 

(4) The two reaction model can explain well the 
annealing processes for interface traps and 
oxide bulk traps. As the oxide trapped 
charge consists of both the positive and the 
negative charges, it is not possible to deter­
mine the actual concentrations of these two 
kinds of charges. 
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Abstract-Charges and defects in SiO1 films deposited by plasma-enhanced chemical vapor deposition 
(PECVD) have been studied. The SiO2 films were used to form MOS (aluminum- SiO1 -n -type silicon) 
devices. After the devices were annealed in a forming gas at 400°C for 30 min, the oxide fixed charge Qr 
measured using the capacitance-voltage (C- V) method was in the low I0 10 qcm - 2, and the mobile ion 
charge Qm measured using the bias-temperature aging test in conjunction with the C- V method was also 
in the low 1010 q cm · 2. Both Qr and Q., are practically independent of substrate deposition temperature 
for the temperature range of 225-350•c used in this investigation. The midgap interface trap density D,. 
and the oxide trapped charge Q0 , have also been measured using the high-low frequency C- V method 
with the devices annealed at various temperatures for a fixed anneal time or at various anneal times for 
a fixed anneal temperature. The value of D,, is of the order of 1010 cm 1 eV · ' . The SiO2 film consists of 
positive and negative oxide trapped charges which are of the order of 1017 q cm - 3 prior to post 
metallization anneal (PMA) at 400' C. The anneal chemistry of the defects in PECVD SiO2 films is 
compared with that in thermal SiO1 . 

I. INTRODUCTION 

Several investigators{l-4] have recently reported that 
high quality SiO1 films can be produced by plasma­
enhanced chemical vapor deposition (PECVD) at a 
temperature around 300°C, and that after a post• 
metallization anneal (PMA) at 400' C the films exhibit 
good physical properties and electrical integrity 
which are close to those for high quality thermal 
oxides fabricated at IOOO"C in dry oxygen . Much 
effort has been devoted to improve the electrical 
integrity by optimizing the deposition parameters 
such as gas pressure, gas composition, power trans­
fer, substrate surface cleanliness, etc. However, little 
has been reported on the annealing kinetics of vari­
ous defects and the behavior of various charges in 
PECVD SiO films . Griscom[5), Plummer er a/.(6), and 
Reed and Plummer[7) have studied various charges 
and defects in MOS devices through the analysis of 
the annealing chemistry but the SiO1 in the devices 
for their studies were either thermal oxides or silica 
whose defect structure and content might be very 
different from PECVD oxides. The purpose of this 
paper is to report our recent study on the annealing 
kinetics of charges and defects in PECVD SiO2 

deposited at substrate temperatures in the range of 
225- JSO·C. 

2. EXPERIMENTAL 

The SiO1 films used for this investigation were 
deposited by a modified radio frequency ( 13.56 MHz) 

PECVD process at six different substrate tem­
peratures using a gas mixture of 2% SiH, in He 
and pure N1O at the IBM Thomas J. Watson 
Research Center[2). The details of the deposition 
process have been reported earlier[ 1,2). The sub­
strates were n-type silicon wafers of resistivity 1- 2 0-
cm. One hundred aluminum counter electrodes 
of 0.025 cm2 in area each were vacuum-deposited 
through a shadow mask to form MOS capacitors, 
the oxide thickness being 500--@ A. All measure­
ments were made at room temperature before 
and after the devices had been subjected to 
post metallization anneal (PMA) at 400°C in a 
forming gas (10% H2 in N2) for 30 min. After the 
back oxide was removed, indium gallium paste 
was used to make electrical contacts to the silicon 
substrate. 

The high frequency (I MHz) capacitance- voltage 
(C-V) and the quasi-static C- V characteristics were 
measured using a linear voltage ramp with the ramp 
rate of 50mvs-•. For the measurements at negative 
gate polarity (depletion mode for n-Si) the MOS 
capacitor was illuminated with light to avoid deep 
depiction. 

3. RESt.:LTS AND DISCUSSION 

A. The oxide fixed charge 

123 

Since the interface trapped charge and the oxide 
trapped charge would be removed after a low tem­
perature PMA, the net charge inside the MOS device 
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after PMA can be considered to be mainly the oxide 
fixed charge Q, which can be determined by 

Q _ £0,(Vfb - <Pm, ;"q) 
r - d ( I ) 

where Vfb is the flat band voltage corresponding to the 
voltage required to make the band edge of n-Si flat 
to the SiO2-Si interface, cf>m, is the work func tion 
difference between the gate metal work function and 
then-Si work function, q is the electronic charge, and 
1.0 , and d are, respectively, the permittivity and the 
thickness of the oxide. 

To determine Qr, we have to know V lb and cf>m, 
which can be obtained from the high frequency C-V 
characteristics. Typical high freq uency C-V charac­
teristics for the MOS devices before and after PMA 
with the SiO2 deposited at substrate temperatures of 
250''C and 350'·C are shown in Fig. 1. From these 
characteristics we obtain the oxide capacitance C0,, 

the minimum capacitance of the device Cm,n. and the 
flatband capacitance Cfb . With these known par­
ameters we can easily calculate the donor com:en­
tration in n-Si , Nd , the thickness d and <Pm, using 
standard relations[8,9]. V fl> is the parallel shift of the 
C - V curve. The results of Q, calculated from eqn ( I) 
show that the oxide fixed charge density is in the low 
1010 q cm : and is practically independent of the 
substrate temperature for the substrate temperature 
range under this investigation. It is interesting to note 

- 12 - ,o 

250' C 

-e 

Btfor• 
PMA 

- 6 

35o•c 

- 4 - 2 

v, 

- 12 - 10 - 8 - 6 - 4 - 2 

v, 

CIC, , 

02 

0 2 4 6 

C I C,. 

1 0 

0 2 4 6 

Fig. I. Typical high frequency C- V characteristics of the 
PECVD SiO1 films before and after PMA. deposited at 

2S0 ' C and at 3S0··c. 

that Qr for the thermal oxide depends strongly on the 
oxidation tcmperature[I 0) while Q, in our PECVD 
oxide is practically independent of the substrate 
deposition temperature . If the ionic silicon resulting 
from the incomplete oxidation at the interface is the 
major source for Q,(10), these results indicate that our 
PECVD oxide should contain little unoxidized silicon 
at the interface . 

8 . The mobile ionic charge 

Using the method( ! I) commonly used for the 
determination of mobile ionic charge. we have 
measured the mobile ionic charge in our MOS 
devices. With this method a high freq uency C -V 
characteristic of an MOS device after PMA is first 
measured, and then this device is heated to about 
1 S0"C to mobi lize the ions and at the same time a bias 
of 8 V corresponding to about 1.5 MV cm I across 
the oxide is applied to the gate fo r about 30 min in 
order to drive all of the ions either to the SiO: -Si 
interface when the bias is positive. or to the 
SiO1- metal interface when the gate is negative. After 
this bias temperature aging (BT A), the device is then 
cooled down to the room temperature before the 
measurement of its C - V characteristic. The parallel 
shift of this C - V characteristic from that before BT A 
is the measure of the mobile ions d rifted to the 
interfaces forming a charge sheet there with a density 
Qm given by 

(2) 

where V fl> and V n, are. respectively, the flatband 
voltages before and after BTA . Typical results are 
shown in Fig. 2. In general, the flatband shift is small 
showing that our PECVD SiOi films contain mobile 
ions in the order of 4 x 1010 cm- 1. Curve I (prior to 
BT A (and curve 3 (after BTA with a positive gate 
bias) are a lmost identical indicating that the ions are 
of ionized alkali atoms such as sodium and potass­
ium, and of positive charge; and that they do not 

0.2 

- 3 -2 -, 0 

v, 
Fig. 2. The shift of the high frequency C- V curve after 
bias-temperature aging (BT A) for the PECVD SiO, de­
posited at 300' C. Curve ( I): the initial C-V prior to BTA. 
curve (2): the C - V curve after BT A at I S0·C and + 8 V bias 
for 30 min, and curve (3): the C- V curve after BTA at I SO C 

and - 8 V bias for 30 min . 
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exchange charge with either the gate metal or the 
silicon and do not become discharged even though 
they pile up to within a tunneling distance at the 
interfaces. Again, Qm is practically independent of the 
substrate deposition temperature for the temperature 
range of 225- 350°C, because the origin of such ions 
is mainly due to the contamination during fabrication 
processing such as gate or contact metallization and 
general handling of the substrate cleaning process, 
etc. 

C. The interface trap density 

We have found that the oxide fixed charge and the 
mobile ionic charge densities are small in our PECVD 
devices. Therefore, the shift of the C- V curves before 
and after PMA as shown in Fig. I can be considered 
to be mainly due to the interface trap density D11 
and the oxide trapped charge density Q .. . It is thus 
interesting to in·1estigate how fast and how much 
these charges can be annealed out at a fixed annealing 
temperature and a fixed anneal time. 

The high frequency and the quasi static C-V 
characteristics (normalized to the oxide capacitance) 
as shown in Fig. 3 can be used to evaluate Di, as a 
function the gate bias v, according to the following 
relation[9]. 

Di,= c .. v, [(c .. - ,)·' -(c .. - 1)-1 ] (3) 
q CLF CHF 

where CHF and CLF denote the high frequency and the 
low frequency (quasi static) capacitances, respect• 
ively. Normally, we want to see Dil as a function of 
energy level in the interface band gap. To convert D,, 
as a function of v, to D,, as a function of E, - E, we 
use the following relations[8) 

£, 
E, - E = 2 + 'I', - <Pb (4) 

(5) 

where £, is the conduction band edge energy, £1 is 
the band gap energy, £ is the energy level in the 
gap, <P b is the difference between the thermal 
equilibrium Fermi level and the intrinsic Fermi level 
in the silicon bulk, 1/1 , is the surface potential energy 
at the SiO1- Si interface. Using an IBM computer 
program, we have computed and plotted D;, as a 
function of (£, - £) based on eqns (3)- (5), and 
from this plot we have determined the mid-gap 
D;, which is the value of Di, at 0.55 eV below E, 
(the mid-gap based on E, = I. I eV for Si at room 
temperature). 

To study the anneal mechanism, we annealed our 
PECVD devices in two ways. The first way was that 
the devices were annealed at different temperatures, 
namely, 225, 250, 275, 300, 325 and 350°C with a 
fixed anneal time of 30 min . The second way was that 
the devices were annealed at a fixed temperature of 
400°C but with different anneal times, namely, IO, 30, 

LOW h1Qu1n c ~ 

· 3 - 2 ., 

C/C0 , 

0 

v, 

0 .2 

z 3 

Fig. 3. The high and low frequency C- V characteristics for 
determination of D,, . 

100, 1000 and 1800 s. At least 4 MOS devices were 
selected for each annealing temperature and for each 
substrate deposition temperature. Although it was 
found that the anneal time could be accumulated[7), 
we used a new set of devices (at least 4 per set) for 
each anneal time to avoid any possible errors. After 
annealing the devices were allowed to cool down to 
room temperature prior to the high frequency and the 
quasi static C- V measurements. 

To model the defect annealing chemistry we have 
used models developed by Reed and Plummer[7) . On 
the basis of the nonconsumptive two reaction models 
put forward by Reed and Plummerf7], the dimeriza­
tion of hydrogen occurs in the bulk of the oxide but 
hydrogen is not consumed during annealing. The two 
reactions can be described by 

and the corresponding differential equations are 

d i - (HJ -= -2k2[H) 
dt 

(6) 

(7) 

(8) 

(9) 

where Pb is the interface trap centre before anneal, EB 
is the annealed Pb, and k, and k2 are the reaction rate 
constants, [Si •J and [HJ are, respectively, the concen­
trations of the trivalcntly bonded silicon atoms and 
the hydrogen atoms at the SiO2- Si interface. The 
solution of cqns (8) and (9) gives 

[Si•] _ (Si •]0 

- {I + 2k2[H)ot )• 

where (Si •Jo and [H]0 arc, respectively, the initial 
concentration of the trivalently bonded silicon atoms 
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and the hydrogen atoms at the SiOi - Si interface. tis 
the anneal time. and 

n = k 1!2k: 

k , = 2np 1D11 

k: = 4np: D11 

( 11 l 

! 12) 

( 13) 

in which D11 is the diffusion coefficient of the hydro­
gen atoms. which can be expressed as 

(14) 

and p , and P: arc the reaction radii which are given 
by 

(I 5i 

(16) 

where D0 is the diffusion coefficient for T = 0 K 
which is I x 10 5 cml s 1. EH is the activation energy 
for diffusion which is about 0.75 eV[ 12). rH and r M are. 
respectively, the radius of a hydrogen atom which is 
about 0.5 A and the cap1ure radius of an interface 
trap which is not known. By assuming that r,, is at 
least equal to the silicon tetrahedral radius which is 
1.2 A and possibly up to 50% larger. then we have(7] 

0.4 < n < 0.58 . ( 17) 

The value of [Hlo depends very much on the reaction 
between the gate aluminum and traces of water(l2], 
the oxide thickness. and the amount of OH groups 
available. On the following assumptions: (i) the 
amount of OH groups is sufficient for reaction (ii) the 
gate aluminum reacts efficiently with OH within the 
range of temperatures under this investigation. and 
(iii) the transport of atomic hydrogen through the 
oxide is not rate-limited. [Hlo can be estimated by(7] 

[Hlo=N0 Hexp( - E1.:kT) (18) 

where N0 u is the number of OH groups on the SiO: 
surface which is estimated[?] to be 1.67 x 10:J cm · ' . 
and ER is the activation energy for reaction which is 
0.46eV. 

Substituting eqns (13), (14) and (18) in to eqn (10) 
with EH= 0.75eV. ER= 0.46eY. N0 11 - = 1.67 x 
1013 cm · 3 and D0 = I x 10 1 cm1 s · 1. we obtain 

!Si•]= ISi •J. (4.2 x 1012t) ·• exp( - nE. :·kn (19) 

where E., =EH+ ER= 1. 21 cV. If the interface traps 
are mainly the trivalently bonded si licon atoms, then 
we can consider D,. = !Si•]. 

C. I. Annealing temperature dependence of D., . By 
letting t = 30 min= 1800 s. eqn (19) becomes: 

D,. =[Si•]= [Si•]0 (7 .5 x 10")" exp( - nE~fkT). (20) 

This is the equation to show how D,. depends on the 
annealing temperature T. There are two unknown 
parameters. [Si•]0 and n in eqn (20). Using a computer 
plotting program. we have tried to perfonn curve 
fitting based on eqn (20) to our experimental data. 
We first chose one value of n and used various values 

:-
> 10 " .. 

N 
I 

E 
u 

a 

Tneory -- - ( S10•]0 • 3 • 1013 cm ¥2 
-- [ S10 " )= 1 11013 cm" 2 

E ape r1 mei"'t o 3z5•c 0 

• 350"C 

10 ' 0 ~' -~'--'- _j__L_ _j__J,_ _ .J 
29 28 27 26 25 24 23 22 

E" / k T 

Fig. 4. Midgap D., as a function of annealing temperature 
fo r a fixed time of l 800 s for the PEC'VD SiO, films 
deposited at 325 C and 350 C. Curve filling hased on 
cqn (20) with n = 0.81 and [Si•Jo = 3 x I0''cm : for films 
deposited al 325' C and (Si•J0 = I x 10" cm : fur films 

depositco at 350 C. 

or [Si•J0 to compute D,. as a function of T. This 
computing process was repeated with other values of 
11 within the range of 0.43-0.58. until the best fit was 
obtained for all MOS devices with the SiO1 deposited 
at six different substrate tempera tures. Figure 4 
shows typical D,. - £., fkT characteristics of the SiO: 
deposited at substrate temperatures of 32S C and 
350 C. With n = 0.5 I. our experimental data for all 
six substra te temperatures fit well to eqn (20) if a 
value of [Si•]0 within the range from I x 10" to 
5 x IO" cm · 2 is chosen. 

The value of n obtained in our work is in good 
agreement with the value of 0.55 reported by Recd 
and Plummer[7]. Our results strongly support the two 
reaction models from another angle because Reed 
and Plummer are mainly concerned with the time 
parameter while we have arrived at the same results 
from a temperature parameter. This implies that eqn 
(20) can actually describe the anneal chemistry of the 
in terface traps. However. one might argue that the 
oxides used by Reed and Plummer are different from 
ours and the comparison may be questionable. 

C.2. Anneal time dependence of D., . By letting 
T = 673 K, eqn (19) becomes 

D,.= [Si•]=[Si • Jo(37lt) •. (21) 

Again, with n = 0.51 our experimental data for all six 
substrates temperatures fit well to eqn (21) with [Si•]11 

of the order 1013 cm - 1. Typical D,. - t characteristics 
for the SiO2 deposited al substrate temperatures of 
32S ' C and 350"C are shown in Fig. 5. These results 
are also consistent with the results shown in Fig. 4 
supporting the validity of the two reaction models for 
our PECYD SiO2 films. 

The index n from this work is less than that of Reed 
and Plummer by less than 10%. We cannot say that 
the radius of the interface trap center in our PECVD 
SiO2 films is smaller than that in the thermal oxide. 
As a matter of fact, there is no good reason why the 
interface traps of these two kinds of oxides are 
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Fig. 5. Midgap D" as a function of anneal time for a fixed 
annealing temperature of 400°C for the PECVD SiO2 films 
deposited at 325''C and 350"C. Curve filling based on 

eqn (21) with n =0.51 and [Si•Jo= Ix 1011 cm- 2. 

different. Of course, one may argue that the difference 
is due to the growing temperature which could make 
the silicon surface of the thermal oxide expand to a 
greater extent. However, on the basis of our work we 
can only conclude that there is no detectable differ­
ence in the interface traps between the PECVD oxide 
and the thennal oxide. 

In terms of interface traps the major difference 
between the PECVD oxide and the thermal oxide is 
the initial amount of interface traps. The PECVD 
oxide which is deposited at low temperatures is 
subjected to a certain degree of random bonding. 
This randomness no doubt creates a large amount of 
unbonded silicon atoms which make the value of D;, 
for the as-deposited SiO2 films higher than that of the 
thermal oxide. However, these interface traps can be 
reduced to an acceptable level simply by a low 
temperature anneal. 

D. The oxide trapped charge 

We use the same C- V curves obtained for the 
devices annealed at the temperature range from 
225°C to 350°C for 1800 s, and annealed at 400°C for 
the anneal time from IO to 1800 s as described in the 
previous subsection for the analysis of the oxide 
trapped charge. But this time we are interested only 
in the shift of the high frequency C-V curves. 

We use the midgap voltage method[l3,14] for the 
present analysis. We first have to locate the gate bias 
V ma corresponding to the midgap energy level using 
eqns (4) and (5), and then translate the ideal C- V 
curve along the voltage axis until the two curves meet 
at V ma as shown in Fig. 6. We use the C-V curve after 
PMA shown in Fig. I as the ideal C- V curve because 
the oxide fixed charge is negligibly small. The flat­
band shift Vlb given by the ideal C-V curve consists 
of a voltage shift due to ti>,,.., Qr and Q0,. Thus the 
oxide trapped charge density Q0 , can be expressed as 

Q =2£•• (vn, _ dQr _tl>m,) (22) 
•• di t., q • 

The possible candidates for positive oxide trapped 

charges are trivalent silicon and £ ' center-like 
defects. Since trivalent silicon is likely to exist at the 
interface and £ ' center is very much associated with 
plasma chemistry, we believe that £ ' center-like 
defects are the major source of positive charge. On 
the other hand, the only possible defect that may 
create negative trapped charge is the nonbridging 
oxygen which is again very much related to plasma 
chemistry. Since we have assumed that the transport 
of atomic hydrogen through oxide is not the rate 
limiting step in annealing the MOS devices, the 
anneal chemistry of bulk defects and interface traps 
would be considered similar. Therefore, we shall 
again use the two reaction models to analyze the bulk 
defects in the anneal experiment. By assuming that 
the two bulk defects during anneal take on the 
nonconsumptive reaction process, then the reactions 
may be written as 

., 
Si*+H-:....SiH 

•• 
SiO• + H--+ SiOH 

The corresponding differential equations are 

f, [Si*)= -k2[Si•][H] 

~[HJ= -k2[Si•][H]- 2k3[H]2 
d1 

d 
- (SiO•] = -k1[SiO•][H] 
dt 

~[HJ= -k1[SiO*][H] - 2k, [H]2. 
dt 

Idea l / 
/ 

I 

_Jv,. c,.1c 01 

0 .6 

0 .4 

I 

v.., 
I 0. 2 
I 
I 

-3 - 2 
_, 

0 2 

v, 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

3 

Fig. 6. The midgap voltage method for the determination of 
Vn, , 
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For simplicity, we assume that [H] is large enough 
so that the first term of eqns (28) and (30) can be 
neglected. This results in the nonconsumptive case. 
Thus the solution of eqns (27H30) gives 

[s·•1 
[Si•)- t O (J I } 

- { I + 2k2(H]ot }"' 

which is similar to eqn ( 10), and 

. • _ [SiO•Jo 
(StO )- { I + 2k2[H)0 t }"' 

(32) 

Using the same method for estimating n in Section 
3C, we obtain the ranges of n1 and n2 as follows: 

0.41 < n 1 < 0.69 

0.29 < n2 < 0.43 . 

(33) 

(34) 

D.J. Annealing temperature dependence of Q0 ,. By 
letting 1 = 1800 s, we can obtain the net ollide trapped 
charge Q0 , as a function of annealing temperature T. 
which is the difference of eqns (31) and (32) . Thus we 
can write 

Q0 , = N '(7.5 x 1014)-"' ellp( - n1 E .. ,lkT) 

-N · (7 .5 x 1014) " 1 ellp(-n2 E,J k T) (35) 

where N • and N - denote the initial contents of the 
positive charge (i .e. [Si•Jo) and the negative charge 
(i.e. (SiO•]o). respectively. There are four undeter­
mined parameters in eqn (35) which make it difficult 
to visualize the shape of the curves. Worse still. it is 
not easy to curve fit to our data because they involve 
both the positive and the negative quantities. How­
ever, eqn (35) does predict the relative magnitude of 
N' and N · , and n1 and n2 . 

We know that the net ollide trapped charge for the 
as-deposited SiO2 films before anneal is positive, i.e. 
N • is greater than N • in all cases. And from eqns 
(33) and (34), n1 is always greater n1 . A plot of Q01 as 
a function of E,.fk Tas shown in Fig. 7 with n1 = 0.60, 
n1 = 0.36 and N • > N- fits well to our data. Curves 
based on n1 < n2 and N + < N •• deviate from our 
data . However, the two reaction model does predict, 
to a certain elttent. the correct trend of our data 
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Fig. 7. Q0 , as a function of annealing temperature T for 
a fixed anneal time , = 1800 s, with n1 - 0.60 and n2 = 0.36 

and various N • IN - ratios. 
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hg. R. Q01 as a function of anneal time I for a fixed 
annealing temperature T = 637 K with n, = 0.60 and 

n, = 0.36 and various !V' :,v ratios. 

though a precise description of the contents of the 
positive and negative charges is not possible. 

D.2. Anneal time dependence <>( Q,.,. With 
T = 673°C we can express the net Ollide trapped 
charge as a function of anneal time as 

Again, :i plot of Q0 1 as a function of anneal time I with 
n1 = 0.60, n2 = 0.36 and N • > N - as shown in Fig. 8 
fit to our data reasonably well. The not so distinct 
turn-round phenomenon in this case as compared 
with the previous case based on eqn (35) is due to the 
difference between the exponential function and the 
power function . 

The major difficulty in the analysis is the mixing of 
the posi tive and the negative charges inside the bulk . 
We can determine only the net charge from the C -V 
analysis, but we are unable to find the actual amounts 
of the positive and the negative charges. An £ ' 
center-like defect which may he a deficit of an Ollygen 
atom could capture an oxygen atom. if available. 
instead of a hydrogen fo r passivation . The possibility 
of this mechanism has been discussed by Reed and 
Plummer(?]. The nonbridging oxygen. on the other 
hand, might not form a hydroxyl group with hydro­
gen because its stability is doubtful. Instead. the bond 
rearrangement between the oxygen and neighboring 
silicon is more probable alterative. Again , this mech­
anism does not consume any hydrogen at the end . All 
of these propositions, no doubt , will require further 
research for verification . 

In terms of bulk trapped charge, the PECVD SiO1 

film contains in general a higher concentration of 
negative trapped charge than the thermal Ollidc. This 
may be attributed to a higher concentration of non­
bridging ollygen defects because the random bonding 
of the plasma species has a higher chance of missing 
their neighboring atoms, thus creating a large amount 
of unbonded oltygen . 

It should be noted that the conventional bimolecu­
lar one reaction model[?) and the simple hydrogen 
molecular diffusion model(5) have also been studied 
but they fail to fit our Cllperimental data. The solution 
of the two reaction model is different from the 
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solutions of the other models in that the former 
contains a temperature-independent index n. The 
results given in Sections JC and 30 indicate clearly 
that n is indeed independent of temperature. There­
fore, we can conclude that the two reaction model is 
an appropriate model for the description of the 
anneal chemistry of MOS devices. 

Recently, some exciting work has shown that the 
oxide trapped charge in the PECVD films cannot be 
correllated with the £ ' center[ 15] . The above defects 
have annealing behavior that can be explained in 
some respects by the £ ' center but are not £ ' centers. 
This leaves much further work to be done in the 
identification of these defects. 

It should also be noted that all the SiO2 films under 
this investigation were stoichiometric with hydrogen 
concentration less than I at % based on our Ruther­
ford back scattering spectroscopy and IR absorption 
results, and that hydrogen was mainly incorporated 
as Si-OH, no Si- H presence being detected[!]. The 
bulk traps in SiO2 films are known to be related to 
hydrogen or water incorporation[l6], but they can be 
reduced by a proper anneal. However, in terms of 
electrical integrity the PECVD films arc as good as 
the high quality thermal oxide, but in other properties 
they are different, such as the etch rate and the Si-0 
stretching frequency. The present experimental work 
does not provide information about the factors re­
sponsible for this difference. We would believe that 
due to the quite different fabrication processes the 
two kinds of films would be different in local bonding 
structure, void content as well as film stress. 

4. CONCLt.:SIONS 

On the basis of our study described above, the 
following conclusions are drawn: 

(I) The r.f. PECVD SiO2 films contain only 
small amounts of oxide fixed charge and 
mobile ionic charge, both charges being in 
the low I 010 q cm • 2 level. The concentration 
of both charges after PMA is practically 
independent of the substrate deposition 
temperature in the temperature range of 
225-350°C, and their presence docs not 
affect the content of the interface traps and 
the oxide trapped charge. 

(2) The in terface trap density is around 
l012 cm· 1 ev· 1 before PMA and is reduced 
to the mid-l0 '0 cm · 2 ev - 1 level after PMA. 
There is no detectable difference in interface 

SSE :W ·l - 1 

traps between the r.f. PECVD oxide and the 
thermal oxide in terms of annealing kinetics. 

(3) The concentrations of the positive and the 
negative oxide trapped charges are of the 
order of 1017 q cm 3 before PMA but they 
can be reduced to an acceptable level after 
PMA. The positive oxide trapped charge 
may be associated wtih the oxygen vacancy, 
while the negative oxide trapped charge with 
the nonbridging oxygen. 

(4) The two reaction model can explain well the 
annealing processes for interface traps and 
oxide bulk traps. As the oxide trapped 
charge consists of both the positive and the 
negative charges, it is not possible to deter­
mine the actual concentrations of these two 
kinds of charges. 
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