
A0 A0b0 785 RCA LASS PRINCETON N J FIG 20/12
RADIATION EFFECTS ON THE ELECTRICAL PROPERTIES OF P405 DEVICE MA——E1’C(U)
FiB te . w HUSHES DAA039—76—C—0088

UNCLASS IFIED PRRL—77—CR—37 HoL—CR 77—O88 NI.

cul _ U
_ U n .

____  

U
____U ~IBD~~ U

O A T C



r ~~~~~~~~~~~~ 77-088

~~~~~~

~~ RADIATION EFFECTS ON THE ELECTRICAL
PROPERTIES OF MOS DEVICE MATERIALS

*

~~~~~ . FE~~UARY 1978

p 
_ _ _Prspsrsd by

RCAL~~orator1so
~ Princeton, NJ 08640 - C

~~ ~~~~~~~~ 
r~3

Under Contract e ~i8
DAAG39~~ C.0O88 tJTtj~ J

b This work _ sponsored by di. Ds~nse Nuclear Aisocy undur Nuclear
~ ffiupons Effucta flussarch Subtusk ZIOOAXTAOO7 (Trandent Radiation
~ Effect, Physice), Work UnIt 01 (Surface Effect, and Iniwbu. Statu
~~

US Army Materiel D.váp ut

I$AUY DIAMOND LA$OIATOIIES

~~~ 

_ _ _  

and Rondimse. C c 1

c) 
~~~~~~~~~~~~d2C7S3

~~~~~~~~~~~ 
roe nsuie Ili um: osianums. 5s.IL*s.ID

L



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~

The finding of this report are not to be construed
as an official. Departmen t of the Army position , unless
so designated by other authorized documents.

When this report is no longer needed , Department
of the Army organizations will des t roy it in accordance
with the procedure given in AR 380—5. Navy and Air
Force elements will destroy it in accor dance with ap-
plicable directive s. Department of Defense contractors
will destroy the report accordi*g to the requirements
of section 14 of the Indust~iaF S~cUt&ty Manual for
Safeguarding Classified Infor mat ion. All others will
return the report to Harry Diamond Laborato ries.

:t



-. -
~~~~~~~~~~

UNC LASSIFIED
SECU CLASSIFICATION OF THIS PAGE (Wh.n Oat. Ent.r.d)

REPORT DOCUMENTATION PAGE BEF~~~~~~~~~~~~~ ?~~ RM
i. R RT NUMBER 2, GOVT ACC~~~tf~~~~ ~ ~~~~~C~~~~~~~& ATAI flf ~ E
1~ L R—77--~~8

1] / c~~F(~ t r~~~. ~ Ib1c~~ 7(~-.28 ~� b 77~TITLE land Su t it le D, TYr~ ~JI~ ,itru ,t r WFt p%IO L) cb ERED

Final Report
~~DlATI0N ~FPECTS ON THE ~J..ECTRICAi] (3—2—76 to 2—28—77)
~‘R0P~~TIES OF ~~~ ~EVICE ~ ATERIAL~~J 

6. PERFORMING ORG. REPORT~~UMBER— (1 ~~~ L-77-CR-3~] V
7. AUTHOR(s) ‘ - ~~~~bNTRACT OR GRANT NUMBER(s)

DAAG39—76-C—0088 -‘-~—.J
~~ 1~~~~T~~/Hughe~~j  DR.CMS Code: 697000.22

_______________________________________ MTPR 76 654
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT , PROJECT . TASK

AREA & WORK UNIT NUMBERS
RCA Laboratories Prog Element: 6.27.04
Princeton , NJ 08540 p 

~~~~~~~~~~~~~~~~~~
11. CONTROLLING OFFICE NAME AND ADDRESS R~~pf~~~~r ~~~~~~~

Defense Nuclear Agency (~i 
~~~~ 

T i78~]
Washington , DC 20305 ‘~—~ . NuMBE ROF PAc~~~~~~~~~~~~

3pJ
_______________________________________________________ 16 SECURITY CLASS of this report)
14. MONITORING AGENCY NAME & ADDRESS

(If diff r.nt from Controlling Off Ic.) Unclassified
Harry Diamond Laboratories 15.. DECLASSIFICATiON/DOWNGRADING
2800 Powder Mill. ~~ SCHEDULE

Adelphi , MD 20783 N A

16. DISTRIBUTION STATEMENT (of thi s R•port) 

~ i5~~ c,~7- i  ~
. - C. —q.~ ~~ 

~ 

—

~~~~~ -M1~ ’~~-- 7e-~~5’1 JApproved for public release; distribut on lmllm].rea.

17. DISTRIBUTION STATEMENT (of the abstract Intared in 81 20, If d lff essnt from A

.U 
_ _ _ _ _ _ _ _ _

1 

~~i]18. SUPPLEMENTARY NOTES
This work was sponsored by the Defense Nuclear Agency under Nuclear

Weapons Effects Research Subtask Z99QAXTAOO7 (Transient Radiation
Effects Physics), Work Unit 61 (Surface Effects and Interface State In-
vestigations) .

19. KEY WORDS (Continue on re~.rs side if necessary and identify by block numb •r)

Si02, MOS , CMOS Vacuum Ultraviolet Radiation
Radiation Hardness
Interfac e States
Capture Cross Sections

2
’
~~’*~~ TRACT (Continu e on reverse side If necessary and Ident ify by block numb.r)

~~Radiation—hard Si02 on SI grown by three different processes (dry,
• pyrogenic steam, and hybrid) has been examined by vacuum ultraviolet

techniques. Flatband shif t vs time measurements provide estimates of
capture cross sections and trap densities. Current—enhancement measure-
ments provide qualitative information about trapping at both the Si—Si02
and gate—Si02 interface.

DD 1 JAN 73 1473 
~~~~~~~~~ UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Ertt.r.d)

~~9 C/  ~ Qr~



~NC LAS S IF lED
$ICURITfr CLASSIFICATION OP THIS PAGE (When 0 t e  Entered )

Results show that unannealed dry oxides have the lowest interface—
state density after irrad iation, making them more desirable for applica-
tions where switching speed is iaçortant . Annealing in argon at 800°C
increases both the hole—trap and inter face—state density. All dry 2oxides have a dominant tra with capture cross section S 5_a~~1,O~i4 cm
at applied oxide fields 1cm. 

~~ 
0 _,..

~~~~~~Pyrogenic steam oxides have many more interface states after 
~~~irradiation than dry oxides and can be characterized by a dominant trap

with S~~ 5- &44 1O4~3’~cm2 or — 1 MV/cm. Oxides annealed at
,

-
~~ 900 C have the smallest densi of ole traps.

Ryb d oxides gr wn 3% HC1 steam followed by dry 02 show
at — 1 MV/cm. The larger capture cross section

(
~ 

for these oxides is believed to be due to the presence of HC1.
f All oxides show a neutral trap capture cross section which is

approximately inversely proportional to applied oxide field. Both
pyrogenic steam and dry hard oxides can be characterized by the same
trap. The difference between the two oxides appears to be only the
density of interface states.

— qTh 
~~~~~~

. •

L ~~~ ~h-~- H~ 11\ 5’.+4’~\ 1~

~ ~yt- \. • t~
• 

~‘$•‘1~

~~~ I ci ~; !~. — :r1~ ~~ c~ .

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Oat. Entered )



- • ~~~~~~~~~ —~~~~~~- -- - -  ~~~~ - - ‘ -~~~- ._~~~~-- -  ~~~~~~~~~ __________

PREFACE

This final report, prepared by RCA Laboratories , Princeton, NJ

08540, under Contract DAAG39—76—C—0088, describes work performed
principally in the Solid State Technology Center, J. H. Scott, Jr.,

Director.

The Project Supervisor is K. H. Zaininger, and the Project

Scientist is C. W. Hughes. Device processing and radiation testing

were performed with the competent assistance of M. Morad. R. Snedeker,
and F. Taft. The assistance of J. Fabula and S. Cohen, RCA Solid
State Technology Center, Somerville, NJ, in fabricating the hybrid
oxides is greatly appreciated.

~~~~NTIS • 

~ h~ia ~. s t

1

f~~~ 
• ‘.~•~~~~ *~~, I .j f l~ r~

3

• .



• • • . -. • •~~~~~~~~~~~~~~~~ •- -~~~~~~.~~r~~~~~~~~~ —•--- - — • .--- - ..

CONTENTS

Section Page

1~ INTRODUCTION . . . . . . . . . . . . . • • . . . . . . . 8

2. HOLE TRAPPING IN SiO2 . . . . . . . . . . . . . . . . . .  11
2.1 Trapping Kinetics . . . . . . . . . . . . . . . . . 11
2.2 Effect of Interface States on Measured Platband

Voltage . . . . . . . . . . . . . . . . . . . . . . 12
2.3 High Field—Current Enhancement . . . . . . . . . . . 14

3. E]~~ER.IMENTAL METHODS . . . . . . . . . . . . . . . . . . 20
3.1 Sample Preparation . . . . . . . . . . . . . . . . . 20
3.2 Measurement Techniques . . . a . . e a . . a a • a . 24

3.2.1 Hole Photocurrents . . . . . . . . . a . . . 24
3.2.2 Dose Comparison Between VUV and High

Energy Radiation . . . . . . . . ... . . .  24
3.2.3 Deep—Depletion C—V Measurements . . . . . . . 26

4 • MEASURED HOLE CAPTURE CROSS SECTIONS AND TRAP
DENSITIES . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1 Interpretation of AVFB vs t Data . . . . . . . . . . 29
4.2 Interpretation of Current Enhancement Data . . . . . 38

4.2.1 Dry Oxides • . . . . . . . . . . . . . a . a 38
4.2.2 Pyrogenic Steam Oxides . . . . . . . . . a . 44
4.2.3 Hybrid Oxides . . . . • . . . . . . a . . . . 44

5. SUMMARY AND C O N C L U S I O N S . . . . . . . . .. . . . . . . .  48
5.1 Dry Oxides . . . . • . • . . . . . . . . . . . • a a 48
5.2 Steam Oxide . . . . . . . . . . . . . • . . . . . . 49
5.3 Hybrid Oxides . . . . . . a • • a . a a a . 49

REFERENCES a . a a a a a a a • a a a a a a . • a a • a 52

APPENDIX . . . . a . • . . . . a . . . . . . . . . . a . . . . 55

4

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~

‘-, - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ - =-~~~~~--~~~---~-—- —
~~~~~ 

_____

FIC~URES

Page

1. Band diagram of Si—Si02 MOS capacitor. (a) In accumula-
tion, only acceptor interface—states charged; (b) in
inversion, mostly donors are charged • . . . . . . . . . • 13

2. Experimental arrangement used for hole transpor t studies • 15
3. Energy band diagram of an Si—Sb 2 MOS structure with high

applied field . . . . . . a . . . • . • . . . . . . a • . 16
4. Behavior of measured current vs time under bias conditions

shown in fig. 3. Numbers refer to discussion in text • . 16

5. Band diagram of Si—Si02 MOS interface showing the effect
of positive and negative sheet charge on band bending
and tunneling distance. Roman numerals refer to dis-
cussion in text . a a a . . . . a a • . a • • a • a . 18

6. Flatband shift after 106 rad total dose l—MeV electron
irradiation (104 rad/s) for dry oxides • . . . . . . . . . 21

7. Flatband shift after 106 rad total dose 1—MeV electron
irradiation (104 rad/s) for pyrogenic steam oxides.
Both actual and normalized 

~
VFB data shown (AVFG d

~x
) . 22

8. Flatband shift after 106 rad total dose l—MeV electron
irradiation (iO~ rad/s) for hybrid oxides . . . . . . . . 23

9. Deep—depletion C—V measurement technique showing circuit
connections and voltage waveforms . • . . . . 27

10. Initial I~VFEI vs t data for pyrogenic steam oxide an-nealed at 900°C , showing relaxation effect and resulting
unity slope line . • a a a a • . • . a a • • a a a . . a . 30

11. Complete I~v~ I vs t data for pyrogenic steam oxide an-
nealed at 9O0~C showing differences between DDCV and
HFCV techniques. 5—MV/cm bias . . . . . . . . . . . . . . 32

12. Measured capture cross sections and trap densities for
tuiannealed dry oxides. E0 — 1 MV/cm • • . . . a . . • . . 33

13. Measured captur e cross section and trap densities for
pyrogenic steam oxides. E0 — 1 MV/cm . • • . . . . • a . 34

14. Measured capture cross sections and trap densities for
hybrid oxides. B0 1 MV/cm . . . . . . . . . . . . . . . 34

15. Field dependence of initial probability of capture for
unannealed 1000°C dry oxide . . . . . . a a a . a a a a a 

375



- r ’ - ~~~~~~~ ~~~~• •

FIGURE S (Continued)

Page

16. Field dependence of ~VFB I vs t data for unannealed
l000°C dry oxide . . . .  37

17. Time dependence of current during VUV irradiation for dry
O~—grown samples with different growth temperatures.

~~~~~~~~~~~~~~~ Positive gate bias was used to produce an average field
of 6 MV/cm in the oxide. The photon energy was 10.2 ev
and the Si02 absorbed photon flux was 4 x 1011 cur2 s ’

~ • 39
-• 18. Time dependence of current during VUV irradiation for

dry 02—grown samples with different growth temperatures.
Negative gate bias was used. Other conditions were the
same as in fig. 17 . a a a . . .  39

19. Time dependence of current during VUV irradiation for
dry O~—grown samples which were annealed in argon at
800°C for 15 m m .  Positive gate bias was used to produce
an average oxide field of 6 MV/cm. The photon energy
was 10.2 eV and the SiO2 absorbed photon flux was
4 x lOu] cm—2 s~

1  40

20. Time dependence of current during VUV irradiation for dry
02—grown samples which were kanealed in argon at 800°C
for 15 mm .  Negative gate bias was used. Other con-
ditions are the same as in fig. 19 . . . . . • 40

21. Flatband shift vs time dur ing irradiation with positive
and negative bias for unannealed dry oxides  42

22. Flatband shift vs time during VUV irradiation with posi-
tive and negative gate bias for argon—annealed oxides .  43

23. Time dependence of current during irradiation for pyrogenic
steam oxides which were annealed at the temperatures shown.
Positive gate bias of 5 MV/cm was used. Other conditions
were the same as in fig. 17 . . • a 45

24. IAVFBI vs t for various anneals of pyrogenic steam oxide.
Positive gate bias of 5 MV/cm was used  45

25. IAVFBI vs t for 1150°C annealed hybrid oxide illustrating
little interface state generation . . . a . a • . a . a  46

26. Time dependence of current during irradiation for hybrid
oxides annealed at various temperatures. Positive gate
bias of 5 MV/cm was used. Other conditions were the same
as in fig. 17. Differences in initial photocurrent due
to varying thickness of semitransparent Al gate . . . .  46

6

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~ ~~~~•~~~~• • ~~~~~~~ _ _ _ _ _



~~~~~~~~~~~~~~~~
- -‘— -~~~~ ——- —--—~~~~~~~~~~~~~~~~~~~~~~~~~ TT 

FIGURES (Continued)

Page

27. I~VFBI vs t data for hybrid oxides annealed at various
temperatures. Posit ive gate bias of 5 MV/cm was used • 47

A—l . IAVFBI vs time .”early ” data for pyrogenic steam oxides
annealed at various temperatures • • . . . . . . . a • . 56

A—2 . I~ VFB I vs time “early” data for hybrid oxides annealed
at various temperatures . . . . . . . . . • . a . a • a 56

A—3. IAV FBI vs t ime “early” data for unannealed dry oxides
grown at various temperatures • a . . 57

A—I.. I~VFBI vs time “complete” data for 900°C dry oxides . . 57
A—5 . I AVFB I vs t ime “complete” data for 1000°C dry oxides . . 58
A—6. I~VFBI vs time “comp lete” data for 1150°C dry oxides . . 58
A—7. I~VFBI vs time “complete” data for 1000°C annealed

pyrogenic s team oxide . •  • . . . .• .  59
A—8. IAV FBI vs time “complete” data for 1100° C annealed

pyrogenic steam oxide a~~~~~~~~. . a . a . . .  a . . . . . .  59
A—9 . 1AV FBI vs time “complete” data for 925°C annealed

hybrid oxide • . a a . . . . . 60
A—lU. JA V FBI vs time “complete” data for 1000°C annealed

hybrid oxide . 60

A—ll. I~
VFBI vs time “complete” data for 1075°C annealed

hybrid oxide . . . . . • . . . a 

617



— _  _-~~--_
_ !-_ _

1. INTRODUCTION

The growth of radiation—hard Si02 for MOS integrated circuits
is now within the capability of the semiconductor industry. In spite

of this, however, a complete understanding of the basic degradation
problem is not yet in hand. Recently work has been reported which

illuminates the mechanism of hole transport in Si02,~~
3 but an under—

standing of the atomic and chemical nature of the hole trap and
radiation—induced interface state in SiO

2 
is far from complete.

Several models of hole traps have been proposed based upon the
short range order of Si0

2 
and band structure considerations. Di—

Stephano and Eastman4 used photoemission spectroscopy to examine the
valence—band structure of Sb

2 
and found a narrow band of states near

the valence—band edge which they attributed to oxygen non—bonding

orbitals. Sigel et al. showed that Si02 
films exhibit an E’ center

during electron spin resonance measurements which they believe is due

to oxygen vacancies near the Si—SW2 interface.
5 Sah believes that

hole traps are primarily interstitial oxygen vacancies and trivalent
silicons.6 It is also possible that some hole traps and interface
states are caused by impurity species within the Si02. This is

1J .  R. Srour, S. Othmer, 0. L. Curtis, Jr., and IC. Y. Chiu, IEEE
Trans . Nuci. Scri . NS—23, 1513 (1976) .

2F. B. McLean, H. E. Boeech, J r., and J.  M. MoGarrity, IEEE Trans.
Piuci. Sci. NS-.2L 1506 (1976) and H. E. Boeech, J r., F . B. McLean,
J .  M. MaGarri ty ,  and G. A. Ausrnan, J r., IEEE Trans. Nucl. Sci.
NS—,~~ 2163 (1975).
3R. C. Hughes, Bull. Am. Phys. Soc. ~~, 404 (1976).
4T. H. DiStephano and D. E. Eastman, Sol. State Coriin. ~, 2259

(1971) .
5G. H. Sigel, Jr. , E. J .  Friebele, R. J .  Ginther, and D. L. Griecom,

IEEE Trans . Nuol. Sci. NS—2,~~ 56 ( 1974) .
T. Sah, IEEE Trans . Nuci. Sci. NS~$,~~ 1563 (1976) .
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supported by the many observations that show the difficulty of fabri-

cating consistently hard oxides with a given process.7’8

Whatever the nature of hole traps may be, it is clear that they

are very process—dependent. For those traps that are deep enough to

prevent thermal detrapping, a knowledge of the capture cross section

and trap density is sufficient to characterize the radiation response

of the oxide. In this report we have measured capture cross sections

and trap densities for many different process variations in order to
try to understand the process dependence of radiation—hard oxides.

The characterization of hard oxides is usually determined by a

flatband or threshold voltage shift after a certain radiation dose,

typically 106 rad. While the voltage shift thus measured is usually

assumed to be due mainly to oxide trapped charge, there is evidence to
suggest that radiation—induced interface states may play a role that

is equally important. It is possible that these interface states may

be largely responsible for the wide variation in radiation sensitivity

of thermal Sb 2 
grown under similar process conditions.9 Our recent

work in fact shows that hard oxides can be grown in dry oxygen at

temperatures ranging from 901Y’ to 1050°C.9 In the past it has been

assumed that 1000°C was optimum. This conclusion may have resulted

from an occurrence of large numbers of post—irradiation interface

states in the oxides grown at other temperatures.

The role that interface states and oxide traps play in deter-

mining radiation sensitivity can only be determined by a technique

that can separate the two effects. Recently Ning and Yu1° reported a

7B. L. Gregory, IEEE Trans. Nucl. Sci. NS—2L 2295 (1975) .
P1. Hug hes and R. J .  Powell, IEEE Trans . Nuci. Sci. NS—2,~~ 1569

(1976) .
W. Hug hes, “Radiation and Charge Transport in Si02, ” Fina l Report

prepared under Contract N00014-74-C-0185 fo r  Office of Naval Re-
search, July 1977.

10T. H. Ning and H. N. Yu, J . Appl.  P hys. f~, 5373 (1974).

9
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~

method for studying electron traps in SiO
2 which has been used by

Aitken et al.11 to measure electron capture cross sections and trap
densities of thermal SiO2. In this technique, the measured flatband

voltage shift of an MOS capacitor as a function of time during elec-

tron injection is used to derive the capture cross section S and trap

density NT of oxide traps. This technique was also developed inde-

pendently by R. J. Powell for capture of holes during the first two

quart4~rs of this contract. In addition to this method Powell has de-

veloped a current—enhancement technique which gives information about

hole traps at both the Si—Si0
2 and gate—Sb 2 interface.

’2 This current—

enhancement phenomenon proves to be a very sensitive measure of the

number and location of traps near the Si—Si0
2 and gate—Si02 interfaces.

lurthermore, it provides a tool for comparing radiation sensitivity -

between samples with different processing histories. Both of the above

techniques have been used here in a slightly modified form to draw con-

clusions about the nature of hole traps in SiO
2 grown by 

different

processes. The processes that we have examined are: (1) dry oxides

grown at temperatures from 900° to 1150°C; (2) pyrogenic steam oxides
grown at 875°C and annealed between 900° and 1100°C; and (3) pyrogenic

hybrid oxides grown at 925°C and annealed between 925° and 1150°C.

Section 2 discusses the model used for the Lrapping kinetics of

holes in Si02, the effects of interface states on measured flatband

voltage shifts, and the high field current—enhancement phenomenon.

Section 3 discusses the sample preparation techniques and the methods

by which the trapping parameters were measured. Section 4 presents

the experimental results and makes interpretations about the nature of

trapping and interface—state generation from the flatband shift and

current—enhancement data. Finally, Section 5 summarizes and concludes

with some observations and suggestions for future work.

M. Aitken, D. J .  DiMaria., and D. R. Young, IEEE Trans . Nucl. Sci.
NS—23, 1526 (1976).

12R. J .  Powell, J .  App l. Phys .  ~~~~~ , 4.5.57 (1975) .

10
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2. HOLE TRAPPING IN Si02
2.1 Trapping Kinetics

Consider a distribution of traps in a narrow region near
the Si—Si0

2 interface. Let there be N
T traps per cm

2 of which N~ traps
per cm are filled with holes. Then the trapping probability of a

hole reaching the interface is (N
T 

— 4) S, where S is the capture
cross section for holes. Letting J be the constant hole current density

flowing through the interface, we can write:

dN+

dt q T T

This equation has the solution:

/ -JSt\

4~~~
NT (~l — e  ~) (2)

and if we express the densities of traps in terms of flatband shift,
equation (2) becomes:

/ -JSt \

~~~~~ 
—

~~~~~~~ 

(~ 
q J

PB FBF \ e /

where MT
FB (q4d0x)/co~ 

is the flatband shift at time t , d,~~ is the

oxide thickness, c is the dielectric constant, and 
~
VFBF = 

(~
NT box)/t ox

is the flatband sh4.ft with all the traps filled. This simple model
assumes that emission from traps is unimportant. One can determine the

trap density N
T 

and the capture cross section S by fitting equation (3)
to experimental data. Unfortunately, it is not always possible to

measure AVPBF directly because tunnel injection may prevent complete
filling of traps, and the highest value of AVFB reached may be appre—
ciably less than 

~
VFBF. More importantly, radiation—induced interface

states at saturation can account for a substantial amount of positive

or negative charge making a determination of NT from 
~
VFBF difficult.

11
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There are several alternate ways of determining NT and S from
the data. Consider the derivative of equation (3):

—:1St

— AVPBF e 
q (f.) (4)

Equation (4) at t — 0 gives the product N
TS, e.g.,

l~~ ~~~~ 
= ~ c 

(5)
t=O ox

Also taking the log of equation (4) gives

Jd

~ [~ 
AV~~] ~n 

[
s:: ~~T~
] 

— t (6)

Therefore the slope of equation (6) on a semi—log plot yields the

capture cross section S. This technique is also limited to situations

in which interface—state charge is a small fraction of oxide—trapped

charge, that is, early in the irradiation. For hard oxides in which

the amount of oxide—trapped charge is small , this may mean measuring
many flatband shifts to a high degree of accuracy during the first
few seconds of exposure.

Another alternative which gives less precise results but makes
measurements more feasible is to use equation (5) to determine the
product NTS and then extract NT f rom AVFBF by putting upper and lower
bounds on it. This can be done by measuring the flatband voltage at
two points where either all the acceptor or all the donor interface

states are charged.

2,2 Effect of Interface States on Measured Flatband Voltage

Consider the band diagram shown in figure 1(a) • The sur-

face is in accumulation and the Fermi level is at the conduction band

edge. All acceptor interface states will be charged negatively as

shown and all, donors will be neutral. Thus, the total flatband shift

12
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Figure 1. Band diagram of Si—Si02 MOS capacitor. (a) In
accumlation , only acceptor interface—state charged;
(b) in inversion, mostly donors are charged .

will be more positive than if there were no interface states (oxide

charge is positive). On the other hand, if the silicon surface is in—

verted as shown in figure 1(b) , the Fermi level is near the valence—
band edge, all donors above the Fermi level will be charge , and all
acceptors neutral. Between the Fermi level and the valence band the
opposite situatton will prevail , but as a first—order estimate mostly

13 
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donors will be charged. Therefore, the total flatband shif t 
~
VFB will

be more negative than if there were no interface states present.

In general, it is not possible to determine from capacitance—

voltage (C—V) measurements whether interface states are donors or

acceptors)’3 However, by assuming the two worst—case situations out-
lined above, bounds can be placed on the total flatband shift and we
can determine N

T within the constraints of these bounds. For example,

if all the interface states Nss are donors, then for n—type silicon the
actual oxide-trapped charge density 4 can be determined by measuring
~V at inversion. For p—type silicon the opposite is of course true.

Measuring ~V at accumulation and inversion from a high—frequency C—V

(HFCV) plot is difficult because of the slope of the C—V curves at

these points (especially at accumulation). We have devised a deep—

depletion C—V (DDCV) technique which allows more accurate measurement

of ~~~~ at accumulation and overcomes part of this problem. This

method will be discussed in section 3.2.

2.3 High Field—Current Enhancement

The basic current—enhancement phenomenon and its experi-

mental implementation have been described in detail elsewhere and will

only be outlined here)’2 The MOS sample under test is placed in a
vacuum monochromator , as shown in figure 2 , biased with an appropriate

gate bias, either positive or negative, and irradiated with vacuum
ultraviolet (VUV) light of a photon energy that is strongly absorbed

in the oxide film. The time dependence of the total current flowing

through the MOS device is measured. The current measured at the initia-

tion of radiation is just the electron or hole photocurrent flowing

through the oxide. If the applied field is suff icient, eventually a

13G. W. Hug hes, J .  Appl. Phys. f~, 
5357 (1977).

This is not essential, and the device may be irradiated with
penetrating radiation as well.

14 - 
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Figure 2. Experimental arrangement used for hole transport studies.

current enhancement will be observed as holes accumulate near the

negatively biased electrode , and the interface field increases enough
to allow Fowler—Nordheim tunneling of electrons to occur. The mechanism

of current enhancement is depicted schematically in figures 3 and 4.

Figure 3 shows the band diagram for Si02 as irradiation progresses.
Initially the field throughout the SiO2 is approximately the applied
field , which must be ~5 MV/cm for current enhancement to occur. This

is to ensure that any holes trapped at the Al interface do not perturb

the f ield there enough to decrease the net hole generation through
geminate recombination, During this time the net hole generation is

constant, and the measured photocurrent does not change with time as
figure 4 shows. As the density of trapped holes builds up at the

silicon interface, the bands bend as shown in figure 3 until the barrier
becomes thin enough for tunneling to occur. At this point, marked
in figure 4, the total current increases as more holes are trapped and

the bands are bent even fur ther , resulting in even more tunneling cur-
rent. In the absence of interface states, this situation continues

until equilibrium is reached when the number of holes trapped per unit

time is just balanced by the number annihilated by the tunneling elec—

trons. This is marked (Tj  in figure 4 as the current approaches

15
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Figure 3. Energy band diagram of an Si—Si02 MOS structure
with high applied field.

LOG TIME

Figure 4. Behavior of measured current vs time under bias conditions
shown in fig. 3. Numbers refer to discussion in text.
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saturation. In some samples, instead of saturating, the current
actually begins to decrease as t ime goes on. One might speculate that
this is due to a decrease in the net number of trapped holes as elec-
trons tunneling in from the silicon annihilate them. However, this

would have a self—limiting effect since as the net hole density de-
creases, the interface field and hence the tunneling current would
decrease until equilibrium was reached. Actually, equilibrium would
be established before the current had a chance to decrease and situa-

tIon ® would prevail. The most probable explanation for this de-

creasing current phenomenon is that acceptor—type interface states

are generated near the interface and partially compensate the field
enhancement due to hole trapping. This hypothesis is illustrated in

figure 5. Here we show the band diagram at the Si—Si0
2 interface under

three different conditions. Condition I shows the SiO
2 

conduction
band edge under an oxide field of 5 MV/cm with no oxide charge or in-
terface states. Condition II includes a positive sheet of oxide charge

of 5 x 1012 cm ’2 50 ~ from the Si—Si02 interface, and condition III
includes both the positive oxide charge and a negative sheet of inter-

face states 10 from the interface of the same magnitude as the oxide
charge. The location and magnitude of the positive charge is reason-

able and is based upon measurements of charge centroidsU~ l4 and our

current—enhancement data. The location of the interface-state centroid

at 10 ~ froth the silicon interface is not unreasonable especially for

midgap states.’5 The magnitude of this charge is based upon the deep—

depletion C—V measurements shown below.

14R. J. Powell and G. W. Hughes, “Radiation and Charge ~~ansport in
Si02, ” Annual Report p repare d under Contract N000 14—74—C—0185 for
Office of Naval Research, January 1975.

15F. P. Heirnan and C. Warfieid, IEEE Trans. Electron. Devices ED,~~~
167 (1965).
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Figure 5. Band diagram of Si—SiO2 MOS interface showing the
effect of positive and negative sheet on band bend-
ing and tunneling distance. Roman numerals refer
to discussion in text.

In condition I, no current enhancement results because the
tunneling distance x

~ ~u 60 L In condition II, the positive sheet
charge increases the interfacial field to 7.5 MV/cm, and decreaces the
tunneling distance to 40 ~ allowing large enhancement currents to flow.

In condition III, the negative interface—state charge compensates the

positive oxide charge and the tunneling distance x
~ 

increases to ‘~42 ~L.
Since the tunneling current depends exponentially upon barrier width,

this results in a decrease in current by at least an order of magni—

tude)’2

Current enhancement is also a very useful tool for probing the

hole traps at the Al—Sb 2 interface where there is no counterpart to

18
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flatband shift measurements. The current enhancement at this interface
is solely a function of the applied field and trap density. Interface
states do not exist here, 80 that the interpretations are simplified.

- 
In section 4.2 we present some interesting results using this tech—
nique.

I
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3. EXPERIMENTAL METHODS

3.1 Sample Preparation

Oxide films were thermally grown on n— and p—type 5 to 10

ohm-cm (100) silicon slices by three different processes. These

processes are summarized in table I.

TABLE I. PROCESSING CONDITIONS

Oxidation Nominal Oxide
Temperature Anneal Temp Thickness

Oxidation Process (°C) (15 isbn ) (2)
900 Half annealed in

Dry 1000 Ar at 800°C, half 750
(p—type) 1150 .~ unannealed

Pyrogenic Steam 875 900°C to 1100°C 1000
(100%) in He
(n—type)

, Hybrid 925 925°C in situ in N
2 

750
(30—mm 100% pyrogenic\

with 3% HC1 steam

~60—min dry 02
‘S (n—type)

Pyrogenic steam is nothing more than steam produced by burning
hydrogeninside the furnace tube. With adjustment of the ratio of H

2
to 02, the steam content can be varied from 0 to 100%. The advantages

of this method are (1) the percentage steam can be controlled accurate-

ly, (2) the purity of the steam is determined solely by the purity of

the gases, and (3) the steam can be quickly and easily shut on and off ,
making hybrid oxides possible. -

All of these wafers were metallized with 1—mm—diameter semi—

transparent aluminum dots approximately 100 2 thick. The aluminum was

evaporated from an In Source® induction—heated crucible source and
in all cases resulted in less then 0.1—V shift under a standard bias—

temperature C—V test (CVBT; ±10 V at 300°C for 5 isbn).

20

L  — — - —------——--,——— - -——,-—- -—-—.- - ———-—-- .. - . - - — — --. — .—- 



-
~

-—--- - -- -—---- -- - T ”

~~~
’ ——

For comparison purposes all wafers used in the capture cross—

section study were also irradiated with l—MeV electrons under 1—MV/cm

positive bias to a dose of io6 rad. The results of this test are shown

in figures 6, 7, and 8. All flatband shifts are normalized by a square

law thickness dependence to 750 2. As the figures show, some of the
oxides are relatively hard and some of them, not being grown by an

optimum process, are very soft. This wide range of radiation sensi-

tivities is desirable in that it provides us with a wide range of

process—induced trapping situations for study. The inclusion of a

hard oxide from each of the three processes also provides us with a

benchmark for comparison of the other oxides.

DRY OXIDE

20 AVFA FOR IO6rod , I M e V
ELECTRON IRRADIATION
p-TYPE MOS CAPACITORS (750A)

10—

8

6

— 4.
>

2’

I 
~

y—
~ 0 O ” IIoO

OXIDATION TEMPERATURE (°C)

FIgure 6. Flatband shift after io6 rad total dose 1-’MeV
electron irradiation (104 rad/s) for dry oxides.
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815’C PY RO C ENIC STEAM OXIDATION
IAV FII FOR 10 6 rod ( I No V • )  RADIATION

50 N -TYPE NOS CAPACITORS
40~ 

0

30

2 0 -
0 NEASU R~D IAY FBI

(1000 A )

~ NORMALI ZED TO
10 — ISM 150 ~ WITH SQUARE

LAW T HICKN ESS
8 D E P END ENCE

4

3 -

0

900 1000 1100
ANN EAL TEMPERATURE (‘C )

Figure 7. Flatband shift after io6 rad total dose l—MeV
electron irrad iation (104 rad/s) for pyrogenic
steam oxides. Both actual and normalized

data shown (
~
VpB ~ 

d2 ).
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f6 O NIN PYRO C EN IC ST EAN/3%HC IHYBRID OXIDATION t3ONIN DRY 02

IAV F,I FOR i0 rod (1MeV () TOTAL DOSE

40 n-TYPE MOS CAPACITORS (150t)

30

20

I0—

925 1000 10T5 1150
ANNEAL TEMPERATURE (‘C)

Figure 8. Flatband shift after 106 rad total
dose 1—MeV electron irradiation
(104 rad/s) for hybrid oxides.
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3.2 Measurement Techniques

3.2.1 Hole Photocurrents

All MOS capacitors were irradiated with 10.2—eV VUV

light in a VUV spectrometer. The experimental arrangement is shown in

figure 2 with the electronics connected in the mode for measuring the

hole photocurrents. The sample is enclosed In a small vacuum chamber

coupled directly to a vacuum monochromator . Light from the monochroma—

tor is directed onto the semitransparent gate electrode of the MOS

sample through a collector aperture which functions to confine the

light to the gate electrode and can be used to measure the magnitude

of emission into vacuum from the electrode. For the bias polarity

shown in figure 3, the measured photocurrent results from electron—

hole pairs generated in the shallow absorbing region of the Si0
2 near

the gate electrode. Electrons travel a short distance to be collected

at the gate so the current is essentially due to holes traversing the

oxide to be collected at the silicon cathode.

3.2.2 Dose Comparison Between VUV and High Energy Irradiation

Since radiation damage in Si02 Is due to holes being

trapped in the oxide, we can compare VUV and l—MeV electron irradiation

by calculating the number of hole—electron pairs generated per second.

For l—MeV electrons it is known that the “mean range” of a

l—MeV electron is Sb 2 is~
’6

R = 3.84 mg/cm2 (9)

The density of SiO2 is 2.3 g/cm
3 so that the actual absorption depth

L
A 

= 0.169 cm (10)

16L. Katz and A. S. Penfold , Rev, of Modern Physics ~j ,  28 (19 52) .
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Defining ~ where E

8 1 MeV, then,

1.69 x lO~~ cm/ eV (11)

Assuming a pair fo rmation energy E , the length required to create onep 
2electron—hole pair is 8E

v
. The total number of electron—hole pairs/cm

created in an oxide Gf thickness d after a dose of ‘~ rad is thenox
d

(12)

where a 3 x lO~~ MeV electrons/cm
2
/rad.

Srour et al.~
7 
have estimated E ~~ 19 eV. Therefore, for a

6 ~‘750—2—thick oxide and a dose of 10 rad,

N = 6.96 x 1013 
cm”2 (13)

For VUV irradiation, Powell has shown that the initial hole photocur—
rent and thus the quantum yield Y saturates with Y near 100% as the
oxide field approaches 5 MV/cm because of the reduction of geminate

12recombination.

For the light intensity and electrode area that we use, we find
the hole photocurrent at 5 MV/cm is typically

J 5.1 x iø”8 A/cm2 (14)ph—

Thus, the number of electron—hole pairs created by the VUV per cm2 per
second is

= 3.18 x 10U —l cm 2 (15)

The total number for t in seconds is then

J
N = _211t (16)p q

17J . R. Brour, 0. L. Curtis, and K. 7. Chiu, IEEE Trans. Nuci. Sci.
NS—21, 73 (1974) .  For analysis of data in preceding reference , see

L 

- G. A. Ausman, Jr. and F. 8. McLean, Appl.  Phys. Letters ~~~~~~, 173
(1975).

25

-- ----

~

- - -.- - -—— -

~

-—-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - - -



_ _ _ _ _

So from equation (13) and (16) we find t ~u 218 s for an equivalent

l—Mrad VUV dose.

3.2.3 Deep—Depletion C—V Measurements

Flatband shifts during irradiation were measured by
both a high—frequency C—V (HFCV) technique and a deep—depletion C—V

(DDCV) technique. In the high—frequency technique, the capacitor is
irradiated for a length of time at a positive bias, the radiation is
removed, and a 1—MHz HFCV curve is taken. The whole procedure takes

about 20 s. In the DDCV technique, a bias is applied during the
irradiation as shown in figure 9. With a small sampling resistor, R5,
the current is calculated by measuring the voltage Vs(t) as shown in
figure 9. When a DDCV measurement Is desired, the bias is rapidly
swept down to a preset negative voltage and back, the whole sweep
taking about 100 its. During this time the UV can be either on or off

as it does not affect the measurement. The method is similar to a

quasi—static C—V measurement except that the sweep rate of the ramp

voltage is very high. Under steady—state conditions, the capacitor
is biased far into accumulation at +VB

. At the moment the DDCV curve

is needed , a high sweep—rate negative—going ramp is initiated which

sweeps to —V1 and then retraces at the same rate back to +VB. If a

is the sweep rate of the ramp, then, neglecting ~~ the current through
the capacitor is

dV
I C(V

g
) 
~~~ 

= aC (V
8
) (17)

and

V~ = IR~ = ctR
5

C(V
g
) (18)

Time is related to Vg through the relationship Vg 
= at so that the

time scale can be quickly converted to a voltage scale.
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Figure 9. Deep—depletion C—V measurement technique showing
circuit connections and voltage waveforms.

Without interface states , the above system gives an accurate
replica of a deep—depletion C—V curve. The majority carriers are in
equilibrium with the ramp voltage as long as the sweep time is long

compared with the geometrically modified dielectric—relaxation time of

the MOS capacitor.~
’8 The minority carriers are “frozen—out” for

moderate to high slew rates. When interface states are present, the

response of the capacitor is slightly different. Interface states with

time constants long compared with the sweep time will be “frozen in”

with the Fermi level at the conduction band point. That is, donors

l8~~ w~ Hughes and R. M, White, IEEE Trans. Electron. Devices ED—22.,
945 (1975).
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will be neutral and acceptors negatively charged. Those interf ace
states with shorter time constants will tend to follow the voltage
ramp with varying degrees of success. If there are many interf ace

states in this category, there will be a stretching out of the down—
sweep C—V curve and a compression of the upsweep C—V curve.19 For
the sweep rate that we are using (a — 1 MV/s), the lower 0.7 eV of

the bandgap will contain frozen—in interface states.2° This freezing—

in of the interface states allows their effect to be measured much

more accurately than is possible with a HFCV curve. The data in sec—

tion 4.1 illustrate this.

G. Sininone and L. S. Wei, Solid State Electronics ~~~, 53 ( 1973) .
2O~, M. Sze , Physics of Semiconductor Devices (John Wiley & Sons,

New York, 1969) , p.  4.55.
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4. MEASURED HOLE CAPTURE CROSS SECTION AND TRAP DENSITIES

4.1 Interpretation of ~VFB vs t Data

Using the techniques described in section 3, we Irradiated
?~s capacitors on the oxides shown in table I and measured the flat—
band ahifts as a function of time. From these data, the capture cross
section and trap density were determined.

At the beginning of the irradiation the initial probability of
capture P

~0 
is given by

~co N
TS (19)

From equation (5) this is

C
— ox d rA%, 1— 
I dt I’~ FBI
0 L J t o

where Cox is the actual oxide capacitance and I is the initial photo—

current.
For t << q/JS , equation (3) shows that

I
t~V ‘~ —2— P t (21)FB — C  coox

This equation can safely be used to measure 
~~~~0 

directly as long as
the measured 

~
VFB versus t is linear in t. For example, in our ex-

periments it is difficult to determine exposures accurately for less
than 1 s, and it becomes increasingly difficult to resolve small flat—

band shifts for very short exposures. Consequently, our measurement
technique consists of the following procedure. The sample is exposed
for 1 s , a DDCV curve taken , the sample allowed to relax for 60 a, and

a DDCV curve is taken again. This allows any transporting charge to

move completely through the oxide. The sample is exposed again for

another 1 s and the whole process repeated. An example of the resulting

L _ _
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flatband ehifta before and after relaxation is shown in figure 10.
This is an 875°C pyrogenic oxide annealed at 900°C in helium. The

bias during irradiation is +5 MV/cm. (This particular bias was used

during most of the measurements because it is the bias needed to in-

terpret the current enhancement data.) The probability of capture was

measured for other biases and was found to be bias—dependent. This will
be discussed below. This particular sample had about 0.04—V shift due

solely to transporting charge which disappeared af ter the capacitor was
allowed to relax. Other samples showed less of a discrepancy between

the initial and relaxed 
~
VFB. Note also that the slope of 

~
VFB versus

t is 1.0 on a log—log scale which validates the assumptions made for

equation (21). From this figure and equation (21), we f ind
P — N S — 0 .0 2 .co T

I0
875°C PYROGENIC STEAM OXIDE

900°C ANNEAL
E0 . 5 MV /cm

0.1 - 
~

o INITIAL AV FS

7 ~ I W N  RELAXATION

/
O.0:

%
TIM E Cs )

FIgure 10. Initial I~ VFBI vs t data f or pyrogenic steam
oxide annealed at 900°C , showing relaxation
effect and resulting unity slope line.
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After the probability of capture is measured, what remains to

be determined is N
T 

or S from the 
~
VFB versus t data. As explained

above, because of the relative inaccuracy in our measurement technique,

it is not possible to use equation (6) to measure the capture cross

section S. Instead, we measured ~V versus t by both HFCV and DDCV
techniques and determined bounds on 

~
VF 

from these measurements.

Figure 11 shows these measurements for the same sample as in figure

10. This figure contains three sets of data, the DDCV data measured
from accumulation (+5 MV/cm), and the HFCV data measured at flatband

and inversion. As the figure shows, for t 250 s, the DDCV curve
begins to deviate from the HFCV curve and eventually reverses. The

deviation between the curves shows that interface states are being

created between the flatband Fermi level and silicon conduction band.

However, it is not possible to determine whether these states are donors
or acceptors.13 The reversal of the DDCV curve implies one of two

things. (1) The oxide trapped charge 4 is being annihilated by elec-

trons tunneling in from the silicon under high fields (see fig. 3).

This must be accompanied by an increase in the number of donor inter-

face states above the flatband Fermi level EF which must compensate
both the annihilated 4 and all acceptor Nss below EF. (2) The net
oxide-trapped -charge 4 does not decrease with time but the number of
acceptor Nss throughout the bandgap increases and becomes greater than4 (see section 2.2).

For the reasons given in section 2 we believe the second scenario

is the most probable one, but in either case the reversal can be used

to set a lower bound on NT, the number of fillable traps. The Fermi

level is at the conduction band when the DDCV measurement is initiated,

so that in either case only acceptor interface states are charged and

~
VFE due to NT is at least as large as the maximum shown.
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Figure 11. Complete I1~VFBI vs t data for pyrogenic steam oxideannealed at 900°C showing differences between DDCV
and HFCV techniques. 5—MV/cm bias.

The upper limit on N
T is of course determined by the saturated

C—V shift at inversion. Here the Fermi level is near the silicon

valence band, all the donors above EF are charged positively, and any
acceptors between E

v and E
F are charged negatively. Presumably, the

net interface charge In this case would be positive. This being the

case, the LW due to NT, the number of fillable traps, is no larger than
that measured at inversion.

These two cases give us limits on N
T through the equation

N
T 

= 

~ 
I~V~ J (22)
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where Lox and dox are the permittivity and thickness of the Si02 and q
is the magnitude of the electronic charge. From the upper and lower
limit on NT, lower and upper limits on S can be computed from equation
(19). This was done for some of the oxides shown in table I for applied
oxide fields E0 of 1, 3, and 5 MV/cm. The data from these measurements

are shown in appendix A. The results of the capture cross section and
trap density calculations are shown in figures 12, 13, and 1.4 for
E — 1 MV/cm. While capture cross—section data do not provide any

definitive answers about the nature of hole traps, such data can be
useful for comparing oxides of different degrees of hardness. For the

oxides grown for this study, the degree of hardness ranges from very

hard to very soft depending upon the particular process used. It would

be useful then to know if the capture cross sections for the very hard

and very soft oxides are quite different, suggesting a different hole
trap, or if they are the same, suggesting perhaps only a difference in
trap density.

I. ________________________________________10
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Figure 12. Measured capture cross sections and trap densities
for unannealed dry oxides. E0 — 1 MV/cm.
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Figure 13. Measured capture cross sections and trap densities
for pyrogenic steam oxides. E0 1 MV/cm.
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Figure 14. Measured capture cross sections and trap densities

for hybrid oxides. E
0 1 MV/cm.
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For the unannealed dry oxides shown in f igure 12 , it can be seen
that the spread in N

T is relatively small, indicating not too many in-
terface states. The initial probability of capture is “.0.1 for all

three oxidations, even though the high—energy 1—Mrad radiation data in

figure 6 show a factor of 5 difference in between 900° and 1000°C
hard oxides and the 1150°C soft oxide. In addition the DDCV data shown

in appendix A indicate no current reversal and therefore few acceptor

interface states. However, the spread in NT 
indicates come interface

states present which would suggest that they are mainly donors. The

capture cross section S for these oxides is “u5 x lo 14 cm2.
The pyrogenic steam oxides in figure 13 show a much wider spread

in NT indicating many more interface states than the dry oxides. The
DDCV data in the appendix show a current reversal, indicating acceptor

interface states present. Since we know nothing about the donors, we
cannot say exactly where on the constant lines the data actually

lie. Here the capture cross section for the oxide traps is less certain
—14 —13 2 —

but appears to lie between 5 x 10 and 10 cm for all the oxides

taken as a whole. As figure 7 shows, the LWFB for high—energy irradia—

tion of these samples ranges over more than an order of magnitude. The

900°C annealed oxide shows a very acceptable 1.3—V shift in figure 7,

but as figure 13 shows, the P~0 is not much different from the soft

1000°C annealed oxide. The differences in hardness shown in figure 7

are probably due mainly to interface states.

The pyrogenic hybrid oxides shown in figure 14 are somewhat

anomalous when compared with the dry and steam oxides of figures 13

and 14. The range of possible capture cross sections for the dry

and steam oxides overlap enough that we might conclude that the trap

involved In all cases is the same and that only the density of traps

and interface states are different between the oxides. With the hybrid

oxides, however, it becomes increasingly difficult to stretch this
argument. Here it appears that a trap with S 2 x lO~~~ cm2 could
explain all the hybrid data. This is four times larger than that
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assumed for the dry oxides . The significant thing about the hybrid
data is that the main difference between the 925°C annealed hard oxide
(see fig. 8) and the soft oxides is the density of traps and interface

states. The capture cross section ranges for all hybrid oxides overlap

completely. Here again, as shown for the hard pyrogenic steam oxide,
the hard hybrid oxide has a substantial number of interface states.

The data in the appendix show that many of these are acceptors, and

they therefore must provide a certain amount of compensation for the

trapped holes.

The range of uncertainty in N
T and S is delineated in figures

12, 13, and 14. The uncertainty in P is not shown here but could

be as high as ±50% for the worst case. Even at this extreme it is

not possible to reconcile all oxides measured and show them as having

only one capture cross section. What is significant, however, is that
all, the dry oxides and the 900° to 1000°C annealed pyrogenic oxides

have traps with about the same cross section. This suggests that hole

traps in wet and dry oxides are the same. The differences in hardness

measured could then be explained by differences in trap density and

interface state density alone. The oxides that do not fit in this

category may have some sort of impurity—related trap in addition to

the intrinsic trap of the hard oxides. The hybrid oxides were in fact

grown in an ambient of 3% HC1 which may very well change the structure

of the oxide as well as the trap capture cross section.

The capture cross sections of these hole traps were measured

with an oxide field E of 1 MV/cm (which is the normal bias field) and

E — 5 MV/cm (which is the field used for current enhancement). Much

to our surprise, the capture cross section was found to be field—
dependent so that S E0

1. This is shown in figure 15 for the 1000°C

dry oxide (unannealed). We have actually shown 
~co’ the initial prob—

ability of capture here, but, as shown in figure 16, ~~~~ is field—

independent , so it is actually S which is field—dependent in The
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Figure 16. Field dependence of I~VFBI vs t data for
unannealed 1000°C dry oxide.
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electron capture cross sections of coulombic traps in Si02 have been
shown to be field—depend ent by Ning.

21 This is a well known phenomenon
for coulombic traps and is due to the Poole—Frenkel effect or field

lowering of the potential barrier around the trap.22 This decreases
the “sticking probability” of the trap and effectively decreases the

“critical orbit” for capture.21 It has been shown by Arnett and Klein

that the same barrier lowering mechanism plays a role in capture by
neutral traps.23 

They argue, af ter Jonscher,24 that a neutral trap has
a short—range potential surrounding it which is affected by the applied

field in the same way as is the potential surrounding the coulotnbic

trap. All the oxides we measured showed a similar decrease in S with

applied field although the exact functional relationship has not been

determined.

4.2 Interpretation of Current—Enhancement Data

4.2.1 Dry Oxides

After oxidation, the dry oxide wafers were split in half;

half were annealed in argon at 800°C for 15 m m .  A current—enhancement

experiment was performed on both the annealed and unannealed oxide

fields of ±6 MV/cm. A field of this magnitude was needed to achieve

enhancement for these oxides because of the small number of oxide traps.

Figures 17 and 18 show the current enhancement for the unannealed oxides

and figures 19 and 20 for the annealed oxides. The current flowing for

very short times in these figures is just the hole or electron photo—

current produced by the lO.2—eV VTJV photons, which are strongly absorbed

21
T. H. Ning, J.  Appi .  Ph~s. j ~, 3203 (1976) .

22~ G. Simona, PhyB. Rev. ~~~~~~~ 657 (1967) .

C. Ar’nett and N. Klein, J. Appi. Phys. ~~~~, 1400 (1975) .

K. Jonscher, Thin Solid Fi lm ~, 213 (1967) .
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Figure 17. Time dependence of current during VUV irradiation for
dry 02—grown samples with different growth temperatures.
Positive gate bias was used to produce an average field
of 6 MV/cm in the oxide, The photon energy was 10.2 eV
and Si02 absorbed photon flux was 4 x lOll cnr2 s~~.
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Figure 18. Time dependence of current during VUV irradiation for
dry 02—grown samples with different growth temperatures.
Negative gate bias was used. Other conditions were the
same as in figure 17.
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Figure 19. Time dependence of current during VUV irradiation for dry

02—grown samples which were annealed in argon at 800°C
for 15 m m ,  Positive gate bias was used to produce an
average oxide field of 6 MV/cm. The photon energy was
10.2 eV and the Sb 2 absorbed photon flux was 4 x lOll
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Figure 20. Time dependence of current during VUV irradiation for dry
02—grown samples which were annealed in argon at 800°C
for 15 mm . Negative gate bias was used. Other condi-
tions are the same as in figure 19.
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in the Si02 near the gate electrode. When sufficient space charge
accumulates to raise the interf ace field close to 7 MV/cm, the current
increases, The curves in figure 17 show the time dependence of total

oxide current for samples with three different growth temperatures, It

is apparent from these results that the smallest number of traps is ob-

tained for the lowest growth temperature, 900°C, and the number in-

creases with temperature. The curves in figure 18 depict the current—
time characteristics of the unannealed samples under negative gate
bias, In this case, holes generated in the shallow absorbing region
near the gate are swept out to the gate. Some, however, are trapped
in this region, and the accumulating space charge enhances the field
at the gate until the current is enhanced by electron tunneling from

the gate into the oxide. This experiment provides us with a method of

estimating and comparing the number of hole traps effective in enhancing
the field at the gate. A surprising fact is that for both the 900° and
1000°C samples the current enhancement is actually larger under nega—

tive gate bias than with positive bias. One might be tempted to suggest

that in these samples the hole trapping is distributed throughout the
oxide with the centroid lying somewhat closer to the gate for the 900°

and 1000°C samples. However , that this is definitely not the case is

readily proven. First, the trapping in the negative bias case must be

almost entirely within 200 ~ of the gate electrode because the absorp-

tion depth of the l0.2—eV light is only about 100 L Second, the

capacitance-voltage flatband shifts for negative bias are ~“ven to
eight times smaller than for positive bias, as illustrated in figure
21, 50 we must conclude that the charge is very near the gate elec-

trode following negative bias irradiation.

Charge trapped near the gate will have little effect on the

current enhancement and flatband shift under positive bias, and charge
is mostly near the Si—SiO2 

interface following positive bias irradia—

tion. Using these facts, we can estimate the location of charge trapped
— 

near the gate following negative bias irradiation. The results of

_ _
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Figure 21. Flatband shift vs time during irradiation
- with positive and negative bias for un—

annealed dry oxides.

figures 17 and 18 indicate that for the 900° and 1000°C samples , corn—
parable amounts of charge are trapped near the silicon and aluminum.

Since the IAV FB I for the two cases differs by a factor of ~~ the charge
centroid for the negative bias case must be ~7 times closer to the gate
than for the positive bias case. This places the centroid within about

100 ~ of the Al—Si02 interface. The above argument assumes that the

trapped charge is as effective in producing current enhancement as it
is in producing flatband shift. This is not true when charge is trapped

extremely close to the interface (within “30

25R. J .  Powell, “Radiation and Charge Injection in A1203 Using New
Techniques,” Fina l Report No, AFGL—TR—76—0017 for Air Force Geophysics
Laboratory, January 1976.
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Presented in figures 19 and 20 are curves which summarize the
experimental results for VUV current enhancement experiments on the
set of samples which was annealed in argon following oxidation.
Focusing on figure 19, we first observe the greatly increased current
enhancement compared with the unannealed samples in figure 17 (note
scale differences between these figures). This result indicates that

the argon anneal has markedly increased the number of oxide traps

which are effective in producing current enhancement and flatband
shifts. This statement is borne out by the flatband shift data shown

in figure 22. The shifts here are in every case significantly larger
than those of the unannealed oxides (fig. 21) • The second observation

is that the current begins to decrease for the 1000° and 1150°C oxides

at about 250 to 300 s. As explained in section 2.3, this is due to a

large increase in acceptor interf ace states. (Note that only acceptors

are charged in positive bias current enhancement.)

3C I

DRY 02 GROWN II5O.C/

eoo•c 5 MIN A, ANNEAL

C . 6 M V I c m  GATE 1+)
0 .
~~~2 0 -  .
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~~~~~~~~~~ —~~~ ----—rC 10 IO~ IO~
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Figure 22. Flatband shift vs time during VUV irradiation
with positive and negative gate bias for argon—
annealed oxides.
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A comparison of figures 20 and 18 shows that the trapping near

the gate electrode has not been significantly increased by the argon

anneal. These results suggest that the anneal does not appreciably

change the basic trap structure of the oxide bulk and near the gate

electrode, but does modify it markedly near the Si—SiO
2 
interface.

4.2.2 Pyrogenic Steam Oxides

In addition to the 900°, 1000°, and 1100°C annealed steam
oxides, oxides were also annealed at 850°, 950°, and 1050°C for current—
enhancement measurements . Figure 23 shows these results. It is inter-

esting to note here that the minimum current enhancement occurs at

1000°C and the minimum flatband shift occurs at 900°C for high energy
irradiation (see fig. 7) and VUV irradiation up to 500 a (fig. 24).

It may be that acceptor interface states compensate the trapped holes

for current enhancement even before the current starts rising. For

bard oxides such as these, a higher applied field is needed to see
the effects of hole traps first.

One important difference between steam oxides and dry oxides is

that anneals are needed to make steam oxides hard. Furthermore, the

anneal temperature should be equal to but not much greater than the

oxidation temperature. This is in contrast to dry oxides where anneals

below 800°C do not affect the hardness of 1000°C dry oxides at all.

4.2.3 Hybrid Oxides

The hybrid oxides behave similarly to steam oxides for

anneal temperatures exceeding the oxidation temperature. (We do not

have data for anneal temperatures less than oxidation temperatures

since all the oxides were annealed in s itu.) The one exception is the

1150°C anneal which shows almost parallel C—V shifts indicating very

little interface state generation. This is supported by the DDCV and

}IPCV shifts as shown in figure 25. All the other anneals show acceptor

interf ace state generation as reflected in the reversal of the DDCV

~~~~ Figure 26 shows the current—enhancement characteristic for these

oxides, and figure 27 shows the ~~~~ vs t data.
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Figure 23. Time dependence of current during irradiation for
pyrogenic steam oxides which were annealed at the
temperatures shown. Positive gate bias of 5 MV/cm
was used. Other conditions were the same as In
figure lb
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Figure 24. IAV FBI vs t for various anneals of pyrogenic steam
oxide. Positive gate bias of 5 NV/cm was used.
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Figure 25. I~VFBI vs t for 1150°C annealed hybrid oxide illus-
trating little interface state generation.
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Figure 26. Time dependence of current during irradiation for hybrid
— oxides annealed at various temperatures. Positive gate

bias of 5 NV/cm was used. Other conditions were the same
as in figure 17. Differences in initial photocurrent due
to varying thickness of semitransparent Al gate.
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5. SUMMARY AND CONCLUSION

Hard oxides grown by three differen t processes (dry, wet , and
hybrid) have been examined by VUV techniques that provide information
about hole trapping at both the silicon and aluminum interface. Within
these three major processing methods, other softer oxides were also
studied to ascertain the effect of processing parameters on hole—trap

densities and capture cross sections ,
Grouping the oxides according to the oxidation technique, we

can summarize the results of our experiments as follows.

5.1 Dry Oxides

Unannealed dry oxides have the lowest number of interface

states after irradiation and therefore should be more desirable for

radiation applications where parameters such as switching speed are

important. As a group these oxides are dominated by a hole trap with

S ‘~~ 5 x 10 cm at 1 MV/cm. The DDCV measurements show no reversal

in the AVYB vs t data so that the few interface states seen after

irradiation are probably donors.
Current—enhancement measurements were made on both annealed and

unannealed oxides under positive and negative bias. The unamtealed

oxides show no enhancement reversal for any of the growth temperatures

Indicating few acceptor interface states. The 900° and 1000°C oxides

are very hard with little current enhancement even at E0 = 6 MV/cm.

The enhancement under negative bias is actually larger than under posi-

tive bias for the 900° and 1000°C oxide which shows that more charge is

trapped at the aluminum interface than at the silicon interface for

these samples.

Annealing these oxides in argon substantially increases not
only the number of hole traps near the silicon interface but also the
number of acceptor interface states. The density of the hole traps

near the aluminum interface is not affected much by the argon anneal.

L 1
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5,2 Steam Oxide

Pyrogenic steam oxides have many more interface states than
dry oxides even in hard samples. Many or all of these interface states

are acceptors. As a group these oxides show s “.~ s x io ’14 — io.13 for
E
0 1 MV/cm. The hardness of these oxides for high—energy irradiation

ranges over an order of magnitude in AVFB depending upon anneal tempera-
ture. Since all capture cross sections appear to be the same, the wide

variation in AVFB must be due to wide differences in hole trap and/or
interface state densities. Current enhancement measurements show a

very strong dependence on anneal temperature with 1000°C having the

least enhancement and 850° and 1100°C the most. It is believed that

the 900°C annealed oxide has the least number of hole traps and that
the 1000°C oxide has less enhancement because of more acceptor inter-

face states. The optimum anneal temperature for steam oxides is equal

to or not much greater than the oxidation temperature.

5.3 Hybrid Oxides

In contrast to the other two processes, the hybrid oxides
show S 2 x io 13 cm2 (at E = 1 MV/cm) up to 4 times larger than the
wet or dry oxide capture cross sections. This is the only group of

oxides grown with HC1 present during oxidation. It is suspected that

the HC1 modifies the SiO
2 
properties to the extent that the capture

cross section is different, More than the other oxides the capture
cross sections for the hybrid oxides overlap within the group. The

main differences appear to be the hole trap and interface state density
(of which many are acceptors).

The current—enhancement data for the hybrid oxides is similar to

the wet oxide data. The enhancement increases with anneal temperature

and has a minimum at the oxidation temperature. One anomaly among all

the oxides is the 1150°C annealed hybrid oxide, It has a very large

flatband voltage shift and current enhancement but very few interface
states. All other hybrid oxides show substantial acceptor interface-

state generation.
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If we make the assumption that different hole traps have sub—
stantially different capture cross sections, then the wet and dry oxide
data support the conclusion that the same trap is responsible for radi—
ation charging in both oxides. This is somewhat surprising in view of
the fact that the oxides are grown by completely different processes.
However, it may be that the anneal of steam oxides in an inert ambient
restructures the Si—Sb 2 interfacial region to be more like dry SiO2.

The field dependence of the capture cross section was explained

in section 4 as resulting from Poole—Frenkel type lowering of the

short range potential barrier surrounding a neutral trap. This could

have favorable implications for radiation hardening if devices are not

irradiated to saturation. If MOS transistors are fabricated with thin

oxides, then not only will the oxide field be larger for a given supply

voltage, but the thickness dependence of AV will make the device much
26,27 FB

harder.

Because of the various limitations of the measurement technique

described in section 3 it is not possible to measure S and N
T 

with any
greater accuracy using this method. Ning has shown how these param-

eters can be measured more accurately if one can measure both the in-
jected charge and the flatband shift to a high degree of accuracy.21

Because of possible charge detrapping with changes in bias, it is not
possible to measure AVFB more accurately using MOS capacitors. Ning
has used MOS transistors to measure threshold—voltage shifts very
accurately, presumably because the oxide field is unchanged throughout
the measurement.

21 Unfortunately his technique relies on injected

28G. F. Derbenb ick and B. L. Gregory3 IEEE Trans. Nuol, Sci, NS~~$J
2151 (1975) .

27G. W. Hughes3 R. J. Poweli, and M. H. Woods, Appi. Phye. Lett. ~~,
377 (1976) .
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charge from the silicon interface as the probe. This places a limita-
tion on the maximum trapping efficiency that can be measured < 0.1).

With ‘.TIJV hole and electron excitation at the gate interface, this
limitation is overcome since all charge arriving at the Si—SiO

2 
inter-

face is measured as a displacement current in the external circuit

whether it is trapped or not, Using Ning’s approach for measuring

threshold—voltage shifts and exciting holes (or electrons) with lO.2—eV

VU’! photons, we should be able to measure S and NT 
over a much wider

range of cross sections and with much more accuracy than has been

demonstrated at this time, This holds true for hole and electron
capture cross sections,
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APPENDIX A. CALCULATION OF CAPTURE CROSS
SECTION AND TRAP DENSITY

To calculate the capture cross section S and the trap density

NT for the various oxides, two different sets of data are needed.
The initial flatband shift as a function of time is used to determine

the product N
TS through the use of equation (21) from the main body

of this report. This assumes AVFB is initially linear with t. This

is true for most oxides, but there is one exception: the 925°C an-

nealed hybrid oxide (see fig. A—i). Equation (21) was used for this

case anyway, as a first approximation to NTS. Figures A—i through

A—3 contain these data for all oxides measured at E = 1 MV/cm.

The f inal AVFB was determined from the DDCV and HFCV data as
explained in section 3 of this report. AVFBF is not a strong function
of applied f ield as long as E

0 is large enough to inhibit geminate

recouibination at the gate (see fig. 16 in the main body of the report).

These measurements were only taken at E
0 

= 5 NV/cm. Fields of this

magnitude as necessary to eliminate any reduction in hole generation

rate due to charge build—up at the gate.’
6
~
1 Figures 11 and 25 and

figures A—4 through A—li contain these data for all oxides measured

at E = 5 MV/cm.
0

A_1R J .  Powell, J .  App i. P hys. ~~~~~~, 4557 ( 1975) .
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Figure A—l. I AVFB I vs time “early” data for pyrogenic
steam oxides annealed at various tempera-
tures.
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Figure A—2. IAV FBI vs time “early” data for hybrid oxides
annealed at various temperatures.
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vs time “early” data for unannealed

dry oxides grown at various temperatures.
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vs time “complete” data

for 900°C dry oxides.
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Figure A—5. I~VFBI vs t ime “complete” data
for 1000°C dry oxides.
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for 1150°C dry oxides.
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IDE , ‘I I • ‘ I  •
- 
E~ • 5 MV/cm 175’C PYROSENIC STEAM OXIDE

- 
0 DDCV I I00’C ANNEAL £ 

A

* HFCV ( FLATSAND) £ £ A *
£ HFCV (INVENSION )

A ~ 
*

IO

~~

,
,/

,/

’ 
0

01 I I I I I  I I I I I  I I . . I  I I I A

I 10 100 1000 10.000
TIME (s)

Figure A—8 . JAV FBI vs time “complete” data
for 1100°C annealed pyrogenic
steam oxide.

59

- - - - - - -~ _ - -



10€. • I I I I V I I I I I I I I I I
E~ .5 MV/cm I 

9~~~C HY•RID OXI DEo DDCV 125 C ANNEAL
II HPCV (FLAT AND)
A HFCV (INVERSION) A A A

A 
* **A *

10 A *

—

• 0 0
A * ~

0

*a a

A

UI I I I I I  I I I I I  I I I I I  I I I I

I 10 100 1000 10 ,000
TIME (a )

Figure A—9. I~VFBI vs time “complete” datafor 925°C annealed hybrid oxide.
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Figure A—b . IAV FBI vs time “complete” data
for 1000° C annealed hybrid oxide.
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