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20 . AB STRACT (Continued)

~in silicon films grown on the sapp hire . The quality of the
sapphire was examined using selective etching, X-ray topograp hy,
ion-m icroprobe -mass -analyzer (IMMA ) , and scanning electron micro-
scope. Device quality was determined on the basis of yield ,
electrical parameters , and radiation hardness of CMOS inverters .
Sapphire growth , sapphire polishing, and Si film growth were done
by several manufacturers in different combinations , and the
results of the different combinatio ns of manufacturers compared .
The results indicated that a hig h yield of good quality device s”
could be obtained on material which had earlier shown a hig h
defect density , and that chemical impurities in the silicon film ,
incorporated from the sapphire during film growth , l ed-”f~ hig her
initial and post  irradiation drain leakages. 

- 
-

The second phase of the program investigated the relationship
between different pre-ep itaxial treatments of the sapphire and
CMOS device quality.~~Jhe sapphire treatments studied were polish-
ing, cleaning, hydr o~~ n prefire , and pre-ep itaxial annealing
environments. The ma~~ rial for Phase II was all supplied by Union
Carbide Corporation un~~ r a su b con trac t . The results indicated
that , althoug h p .channe~ . transistors were not greatly affected by
any of the sapp hire treatments investigated:

1) reducing the amoun t of sapphire polish was beneficial
to n-channel yield and radiation -induced leakage ,

2) radiation -induced n-channel leakage is very sensitive
to Si film thickness ,

3) i sopropyl  a lcoho l as a f ina l c l ean ing r ins e i s
de tr imen tal , and

4) some hydrogen prefire is beneficial to n-channel
yield and radiation -induced leakage.

This repor t briefly summarizes the work in Phase I and describes
the Phase II work in detail .
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EVALUATION STATEMEN T

INVESTIGATION OF DEFECTS AND IMPURITIES IN
SILICON -ON -SAPPHIRE

Final Report
Rockw ell International
F19628-75-C-0 108

This report is the Final Report on this contract. It covers

investigations relating the characteristics of silicon-on -

sapphire (SOS) materials and SOS processing techniques to

the quality of devices fabricated in the epitaxial silicon layers

grown on sapphire during the period 15 January 1975 to

30 June 1976. The objective of this work was to delineate the

SOS material selection and processing procedures that yield

material from which quality, radiation hard MOS/SOS devices

can be fabricated. Specific steps in polishing and cleaning

sapphire substrates and pre-epitaxial heat treatment can result

in improved device yields and reduction in radiation-induced

leakage at the silicon- sapphire interface. The continued im -

provement in both yield and hardening of MOS/SOS devices is

essential as LSI circuitry using the MOS/SOS technology finds

increasing application in radar and communications systems.
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1. I N T R O D U C T I O N

1 . 1 Scope o f P r o g r am

A serious problem in the development of SOS technology has been
material -related probl ems , particularly the variations in n-
channel SOS transistor leakage currents from lot-to -lot and wafer -
to-wafer . The silicon -sapp hire interface is thoug ht to p l ay  a
critical role in determining the un i formity of device electrical
parameters and radiation hardness . The studies performed under
this contract were desi gned to investi gate the relationship
between SOS mate rial characteri stics and the quality of CMOS/SOS
integrated circuits .

The first phase (January 1975 to January 1976) of this contract
was concerned with relating defects in SOS material to device
yield and quality, wh i le  th e secon d pha se has been concerned with
identif ying SOS material fabrication procedures leading to
improved  d ev i ce y i e l d and quality. Because the first p h ase was
described in detail in Interim Technical Report , RADC-TR-76-208 ,
July 1976 , this report covers the second phase (January 1976 to
July 1976). H o w e v e r , a brief review of the result of the first
phase is g iven in the following subsection , while the rest of the
report deals with Phase II .

1. 2 P h a s e  I

The first ph a s e  of th is s tud y was primari l y directed at determin-
ing the impact that sapphire defects and impurities have on the
electrical parameters and radiation hardness of CMOS/SOS tran-
sistors . As a part of this effort , sapp hire substrates were
examined which were supplied by thiee vendors --Union Carbide ,
Tyco and Crystal Systems. The wafeis were polished by Union
Carbide , Tyco and rnsaco (for Crystal Systems) with half of each
group from Tyco and Crystal Systems also being polished by Union
Carbide .

The sapp hire substrates were examined using selective etch and X-
ray diffraction topograp hy and Ion Microprobe Mass Analysis (IMMA)
tech ni ques . The results from the first two analysis techniques
are shown in Table 1-1 . The results showed a wide variation in
sapp hire quality and surface smoothness. Of the samp les  e~~~~uated ,
the Union Carbide sapphire appeared to have the least defects and
the fewest scratches . The IMMA results for all samp les showed
contaminants concentrated on the surface of the sapphire , indicat-
ing that the impurities remained from the po lishing and pre-
silicon-deposition cleaning steps . Gen er a l l y , the impurities con-
sisted of micron -size sapp h ire chips and remnants of polis hing
compounds --with some residue left after the final cleaning rinse.

Silicon films from two different sources [Union Carbide (t i c )  and
Hewl ett Packard (HP)1 were deposited on sapp hire substrates from
the three vendors indicated above . Each  sapp hire vendor type 

had1
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two polishing variations - -the vendor -furnished polish and a Union
Carbide polish . Also , some experimental films were deposited b y
Rockwell on one group of Union Carbide sapp hire wafers .

All of the silicon films were found to possess discrete inclu-
sions of impurities , in varying degrees . These inclusions
appeared vividly in surface maps generated usin g the IMMA tech-
ni que . This particular technique has proven valuable in determin-
ing the quality of the depo sited silicon film , since many of the
impurities , which are observed with the IMMA , either are trans-
par ent or are too small to he observed optica ll y. The corre-
sponding impurity sites , however , did appear in SEM photomicro-
grap hs and were correlated with the IMMA surface maps .

The effects of impurities and crystal imperfections in silicon
and sapp hire upon the finished device characteristics were
studied using 4007 type circuits fabricated on the SOS material
using a simple , radiation -hard pro cess procedure . Two wafers
from each sapp hire and polishing group were included in ~ach
device processing lot , to improve the probability of obtaining at
least one processed wafer for each material variation . For the
most part , this approach was successfu l . The electrical test data
indicated that good electrical characteristics were obtainabl e for
the var ious  group i ng s  of  SOS m a t e r i a l - - a pp a r e n t l y  i n d ep e n d e n t  o f
sapp hire substrate quali ty . However , the Tyco group of wafers
seemed , in general , to y ield below _ averagc results , either
because of the material or the processing. Tyco material polis hed
by Tyco and having Union Carbide silicon films (Tyco/Tyco/UC)
showed very poor results . This particular group showed proble ms
on every wafer (lot 506) indicating that the s i l i c o n  on t h e s e
substrates may have been of poor quality. Onl y one wafer in the
Tyco/UC/ IJC group was found to be good (lot 503). The T y c o / U C / H P
group and the Tyco/T yco/HP group , however , y ielded satisfactory
devices .

The wafer maps for leakage currents showed that all groups of
material were capable of prod ucing good CMOS/SOS circuits. The
yields found on some Crystal Systems wafers , ~ ith Insaco polish
showed that very hi gh y ields could be a c h i e v e d  on m a t e r i a l  w h i c h
had earlier shown a hi gh defect density with hi ghly scratched
surfaces; however , it appeared that devices l y ing along, or
adjacent to , deep saw cuts tended to fail more readil y than those
between the saw marks .

The wafer mapp ing also showed that the defects were randoml y
distributed which tends to rule out most processing-relat ed pro-
blems and is probably a reflection . of either material problem s
(such as defects in silicon films serving as enhanced diffusion
conduits between source-drain reg ions) or mask defects . To
eliminate the latter variab le , devices were selected whic h showed
neither apparent processing nor mask defect prob lems , as evi-
denced by electrical probe data and optical examination . The
IMMA results on these carefully chosen dice , which genera lly

3
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included only one failed device among several good devices ,
showed no impurity inclusions . These results were very surpris-
ing. However , contamination , as found in the pre -processing
s u r f a c e  maps , w a s  p r e s e n t  in the 1 mm square si l icon test area
on the same sample . This result was true in nearly every wafer
e x a m i n e d , imp l y i ng  th at i m p u r i t y  i n c l u s i o ns w e r e  r e m o v e d  i n  the
device areas which went throug h all the processing steps . The
large silicon test areas were covered with a thick silox layer
during the entire processing cycle , except during two short
oxidation steps .

Radiation results showed that there is no particular correlation
between backchannel hardness and he gate threshold hardness .
This conclusion appears to he true when comparing the Union
Carbide and the Hewlett Packard silicon films as shown in Fi gures
1 - la and I- lb . l)evices fabricated with the Union Carbide depo-
sition showed the best hackchanne l results , w h i l e  the Hewlett
Packard films showed the best oxide hardness with ,~ood to poor
backc na nne l hardness .

The first phase has further verified previo us observations th i t
the silicon epitaxial films containing the hi ghest con cent r~~’ions
of impurit ies generall y produce devices with hi gher i n i t i a l  drain -
leakages and hig her post - irradiation leakage cu rrents. Althoug h
wide variations were observed , even for a g iven wafer and fil n ,
the following qualitative statements can be mad e . The experi
mental Rockwell film (lot 505) showed the hi ghest contamination
level , as shown in Figure 1-2 , and the devices fabricated in ti~:.t
film generally exhibited the greatest back . u~~nel leakages . Th e
Union Carbide film (lot 504) was the “cleanest ,” and the corre-
sponding devices generally exhibited the least backch anne l
leakages . All other films and corresponding device~ tended to ~e
intermediate in contamination level s and leakages , respective l) .

The results from this stud y tended to discourage the use of
sapp hire selective etch and X -ra y t opogr ap hs to determine the
suitability of sapp hire material for SOS use , It appears li k e l y
that the eventual qua lity of the silicon films w i l l  dep end on the
fol lowing:

Substrate surface roug hness

Suhstrate surface c 1eanline ~~
Sapp hire pre - fire conditions

Silicon deposition ratcs

Silicon film uniformity

The second phase of this s t u d y  was structured to address all of
these areas except for the silicon deposition rites . The
remainder of this final report will discuss the results of the
final six months of this effort.

4 
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Figure 1-2 . Radiation induced drain leakage current , IDL, for the
condition VDN +10 V , VG = V S = 0 V on n-channel
devices fabricated on Union Carb ide (UC) , Rockwell
International (RI) , and Hewlett Packard (HP) silicon
epitaxies . Ea ch po int is the average of three samp les
ac ross each w a f e r .
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1.3 Phase II

In January 1976 the Crystal Products Department of Union Carbide
Corporation and Rockwell International , Autonetics Group , began
a cooper ativeprogram to stud y the effects of various pre-epitaxial
conditions on device parameters . Admir .istrative l y, this coopera-
tive program was established with Rockwell Intern ational function-
ing as the prime contractor and Union Carbide Corporation
functioning as the subcontractor .

1. 3 .1 Goals

The goal of th is program has been to stud y the effects of pre-
ep itaxy subst rate preparation on the elect rical properties of
radiation -hardened CMOS devices fabricated on SOS material . For
t h e  m a t e r i a l s  s e c t i o n  of the pro gram , the objective was to fabri-
cate several SOS wafer lots , representing a wide range of experi -
mental surface conditions , in order to perform studi es of effects
of pre-ep itaxy material quality variations on device perform ance .
Substrate surface finish variations , chemical cleaning variations ,
h ydrogen prefire time variations , oxygen anneal cycles , and
hydrogen chloride anneal cycles were the experimental conditions
studied .

1. 3 .2 Technical Approac h

This p hase of the program was concerned with fabrication of SOS
wafers with process variations in pre -epitaxy conditions .
The approa ch followed was to fabricate SOS wafers (UCC starting
material) with variations in the above procedures for the pre-
epitaxial treatment of the sapp hire , and to build devices on
these wafers (Rockwell radiation -hardened CMOS/SOS fabrication )
and evaluate the resulting CMOS/SOS devices with regard to yield ,
electrical characteristics , stability, and radiation tolerance .
A total of 100 wa gers was supplied representing four experiments.
The actual experimental conditions and number of wafers in each
experimental lot were defined to fit device processing require-
ments and reflect the most recent information on critical surface
quality parameters . Current reports from several SOS users and
pr eliminary analysis and device results from Rockwell were used
to refine and redesi gn experimental conditions as the program
progr essed . Table 1-2 lists the actual experimental lots and
number of SOS starting material wafers fabricated for subsequent
evaluation , i.e ., CMOS/SOS device evaluation to identify specific
areas for further detailed stud y and investigation . Experimental
Sets I - III were variations of the standard fabrication and pre-
ep itaxy procedures. Set IV described new experimental condition s ,
which are not part of the standard fabrication or pre-epitaxy
proce ss. These experiments were designed to represent a wide
ran ge of pre -epitaxy surface 

conditions.7



Table 1-2 . Experimental Lots of SOS Starting Material

Set I. Surface Finish and Substrat e Variations

Exp. Lot No. Substrate Lot W a f e r s  Exp . Conditions

1 KC0084 15 Standard
2 KC OOI 4 5 Standard
3 KC0084 Redo 5 St andard
5a KC00 84 Select Finish 5 Standard
5b KC00 133 2 Standard
6 KC0084 Poor Finish 5 Standard

Set II. Pre-Epitaxial Che mical Cleaning Variations

7 KC0084 5 Final Alcohol Rins e
8 KC0084 5 Final Acid Cle an
9 KC0084 5 Final D. I. Water Scrub

Set III. Hydrogen Prefire Conditions

h a  KC0084 5 0 m m .  Hydrogen Prefire
lib KC00133 7 0 m m .  Hydrogen Prefire
12a XC0084 5 30 m m .  Hydrogen Prefire
12b KC00133 7 30 m m .  Hydrogen Pref ire

Set IV. Annealing Experiments

16a XC0084 5 16 hr. 0~ at 1100°C
16b KC00133 7 16 hr.  Oz at 1100°C
17a KC0084 5 2 mm .  HC1 at 8000C
17b KC00 133 7 2 m m .  HCI at 

800°C8



At program start , fifty (50) wafers from two sets of experiments ,
variations in substrate surface finish quality, and variations in
pre-ep itaxy chemical cleaning were delivered to Rockwell for
evaluation . Later in the program , a second delivery of SO wafers
from the remaining two ~~ts of experiments , variations in h ydro-
gen prefire time and experimental gaseous annealing, was made .
All substrates used were (1102) orientation , 2 .0 inch diameter ,
0.013 inch thick , fabricated to standard specifications . The
epitaxia l films were approximatel y 0.75 microns thick , intrinsic
resistivity (undoped). The SOS wafer fabrication process is out-
lined in Table 1-3 .

On January 29 , 1976 , the first delivery of 50 wafers (Group I )
wa s m a d e .  Th e se were Experimental Lots 1 , 2 , 3, 5a , 6, 7, 8, and
9 . A l l  f i l m s  we re m ea su r ed a t  g r e a t er t h a n  700  ohm -centi neters
r e s i s t i v i t y .  C o n d u c t i v i t y  type could not be determined . All
films were grown in the same reactor , Bl200 , u s i n g t h e  sa m e
s i l a n e c y l i n d e r , in c o n t i guous  runs with preprogrammed deposition
t i m e s , t e m p e r a t u r e s , and f l o w  rates. The same o p e r a t o r  g r e w  a l l
of  t h e f i l m s .

On May 6 , 1976 , t h e se co n d d e l i v er y of 50 wafers (Group I I )  was
m a d e .  T h e s e  w e r e  E x p e r i m e n t a l  L o t s  Sb , h a , llh , l2a , 12b , l6a ,
l ôb , l 7 a , a n d l 7 b . All of these films were made in the A 1200
r e a c t o r , a d i f f e r e n t  r e a c t o r  than used for the first lot . The
same silan e cylinder was used for all films in this lot , but a
different cylinder than used for the first lot . The same pre-
programmed deposition times , temperatures , and flow rates were
used , except for the noted pre -epitaxy annealing and prefire
experiments .

Table 1-4 summarizes the characteristics of the SOS starting
material , while Table 1-5 outlines the sapp hire selection for the
various wafer lots .

At Rockwell , upon receipt from Union Carbide , the wafers were
subjected to a visual inspection using a Nomarski interference
contrast filter , examined for silicon thickness variations using
a sodium li ght interferometer and silicon thickness measured in
three p laces using am IR spectrop hotometer . The details of this
pre-processing inspection are given in Appe n d i x A . The wafers
were then divided into three processing lots for device fabrica-
tion . The first lot (lot 610) contained 12 wafers consisting of
4 wafers having all procedures standard , 4 wafers with an
“inferior ” sapp hire polish , and 4 wafers with a “select” sapp h i re
pol i sh . The second processing lot (lot 618) also contained 12
wafe rs--4 wafers for each of the three sapp hire cleaning varia-
tions . The th i rd p r o c e s s ing lot (lot 627) contained 20 wafers in
f ive gro up s o f 4 wa f e r s  each , inc luding one group of completely
sta n d a r d  w a f e rs , as a con tr o l , two groups of hydrogen prefire
var i a ti ons , and two groups of annealing ambient variations.

The devices chosen for fabrication on the experi mental SOS wafers
were 4007SR CMO S inverters. The mask set used contained special

9
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T ab l e  1- 3 . 9anufacturing Sequence of SOS Wafers

High Purity Powder
(densification )

Crackle
(Malt and Grow )

Cioclir ais ki Ingot
(Turn Round wit h Flat)

Processad Ingot or Barstoc k
(Slice)

Sown Blank
(Grind)

G round Blank
(Mechanical Polish )

Polished Blank 
_______________________________

(Chemical Mechanical Polish) _____________________________

Fini ~h.d Substrate
(Clean)

Clean Substrate

~~~.ilnspect)

Accepted Submits Rejected Substrate

~~~~ (Package) (Classify )

Substrate Inventory Scrip R.wo,k —

~~~~ (Pre epitaxy C hoc)

I pitaxial PrepICatisn

~~~~ (Eputaxi.l Film Deposition)

Epit axial Water

. (lnspect) ._____

Accepted Water Raieclsd W~ er

- 
(p ng) (l pect)

Invent.ry Sasp Reprocess — R..spitaxss-

10



T a b l e  1- 4 . Summary of SOS Startin g ‘1ateria l

PRE EPI TA X IAL
UCC LOT NO. OF SUBSTRATE SAPPHIRE SAPPHIRE ANNEAL AND/OR EP I TAXY RUN
NUMBER WAF E RS LO T POL ISH CLEAN PR E F I R E NUMBER

1 15 l(COOB4 Standard Standard Standard B1201 2901 & 02
2 5 KC0014 Standard Standard Standard B12012904
3 5 KC0084 Redo Standard Standard Standard B12012903 &

B1201 3002
5. 5 KC0084 Select Standard Stand ird B120 12901
6 5 KCOO$ 4 Poor Standard Standard B1201 2905

7 5 KCOO$4 Standard Alcohol Rinse Standard B1201 3004
8 5 KCOOS4 Standard Acid Wash Standard B1201300 1
9 5 KC0084 Standard Water Scrub Standard 812012906

B 1201 3003

Sb 2 KC00133 Standard Standard Standard A12050605

lii 5 KCO OB4 Standard Standard No Pref ire A12050501
lib  7 K C00133 Standard Standard No Prefire A12050603

= 12. 5 KCOO$4 Sta ndard Standard 30 Mm H2 Prefire Al 2050506
lZb 7 KC00133 Standard Standard 30 Mm H 2 Pretire A 1205061 1

iSa 5 KCOOS4 Standard Standard 16 hr 02 at 1100°C Al 2050608
iSa 7 KC00133 Standard Standard 16 Hr 02 at 1100°C Al 2050607

17. 5 KCOOS4 Standard Stdndard 2 Mm HC2 at 800°C A12050609, 12
llb 7 KC00133 Standard Standard 2 Mi,’ HC2 at 800°C A12050606

11



Table 1- 5 . F l o w  C h a r t  f o r  Su b s t r a t e  L o t  Sel ection

E XPERIMENTAL SETS I — I V

Select 3 Substrate Lots , each containi ng all substrates cut from individual , identified ingots.

Substrate Lot KC0014 Substrate Lot KC OOl 4 Subs trate Lot KC 001 33
Crystal No. M15-1061-9 Crystal No. M141 722 27 Crystal No. Ml 3-1899 3

Select S substrates for Assign to Experimental Assign to Experimental
Experimen tal Lot No. S and Lot No. 2 Lots Sb , lib , 12b , 16b , 17b
repo lis h

Assign remaining substrates to
Experimental Lots 1. 3. Si. 7,
8,9,11. 12.. iSa, 17.
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test devices at regular intervals among the 4007SR inverter dice .
The device f a b r i c a t i o n  is described in greater detail in A ppendix
B . F o l l o w i n g  d e v i c e  f a b r i c a t i o n, the wafers were probed and
measurements made of channel lea kage , output voltage under load ,
gate leak a ge , drain breakdown voltage , and turn -on threshold
voltage . Y i e l d s  t~e r e  determined on t h e  b a s i s  o f  t h e  l e a k a g e
current , output ~o it age , m d  gate leakage meas urements , and the
w i fers were m a p p e d  w i t h  res p ect to location and failure mode of
unacce p table devices . The d e t a i l s  of the wafer probe measure-
ments and yiel d  d e t e r m i n a t i o n  are g iven in Appendix C . Devices
selected from each w afer on the b a sis of wafer maps and the
s i l i c o n  t h i c k n e s s  m e a s u r e m e n t s  w e r e  t h e n  e v a l u a t e d  as  t o  r a d i a t i o n
induced channel leakage and turn - un threshold shift in a Co 6°
environment , as described in A ppe ndix P . Selected devices from
e a c h  w a f e r  w e r e  a l s o  e v a l u a t e d  u n d e r  b i a s - t e m p e r a t u r e  s t r e s s , as
d e s c r i b e d  i n  A p p e n d i x  Ii . The four experiments -- namel y, sapp hire
polish , sapp hire cleaning, h ydrogen prefire , and annealing
ambient -- are described and the result s g iven in the following
sections , while a final section summarizes the  n r og r a m  and
gives the conclusions and recommendations.
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2 . S A P P h I R E  P O L I S I L  E X P E R I M E N T S

2 . 1 T e c h n i c a l  A p p r o a c h  a n d  Rationale

T h e  q u a l i t y  of the surface polish on t h e  s a pp h i r e  s u b s t r a t e  i s
exp ec ted to have a strong effect on the quality of the silicon
which is later grown on t h e  s ap p h i r e . S u r f a c e  i m p e r f e c t i o n s ,
such as scra tches w i l l  exp ose crystal orientationsdifferent from
the desired surface orientation , lead ing to loca l v a r i a t i o n s  and
defects in the crystal structure of the ep itaxia l silicon . Also ,
there is a strong tendency for impurities to become trapped in
scratches and other surface imperfections , w h e r e  t h e y  a r e  l e s s
l i k e l y to he r e m o v e d  b y ordinary cleaning procedu res. T h e
a ssociation of im p u r i t i e s  with scratches was es t a b l i s h e d  b y I M M A
analyses in Phase I of this program . The work in Phase I also
es tablished a strong correla tion between silicon impuri ties and
device qua li ty , especiall y ini tial and radiation - induced drain
l e a k a g e  cu r ren t s . Thus i t is important to investi gate the effect
of sapp h i r e  p o l i s h  quali ty on the yield and charac teristics of
CMOS/SOS devices .

2 .2 Sapp hire Substra te Prepa ration

A s descr ibed above , the first set of exp eriments was designed to
study varia tions in substrate surface q u a l i t y .  Substrate lo t
selection is shown in Table 1-5 (see Section 1. 3), a flo w chart
of substrate lot selection and use in the experimental lots .
B o u l e  history cards (on file at [3CC , C r y s t a l  P r o d u c t s )  a r e  u s e d
to identif y each substrate lot from crystal growth ~hro ug h
ep i t a x y .  The  c a r d  c o n t a i n s  c r y s t a l  i d e n t i f i c a t i o n  as  w e l l  a s
processing and yi e l d  informa tion . The cr ystal i d e n t i f i c a t i o n
n u m b e r  i d e n t i f i e s  t h e  p a r t i c u l a r  g r o w t h  s t a t i o n  u~~ed , d a t e  o f
g r o w t h , a n d  g r o w th da ta .

Substrate lot identification and substrate preparation v a r i a t i o n s
for the first exper imental set are g iven in Table 2 - 1 .

T a b l e  2 - 1 , S u r f a c e  F i n i s h  and Substrate V a r i a t i o n s
Expe rimental Set I

Lo t KC0084 Lot KC0084

S e l e c t 28  s u b s t ra t es and  S e l e c t 12 s u b s t r a t es a n d  p r e p a r e f o r
clean with standard pro - mechanical polis hing . At the chemical-
cedure . Load into ep i - mechanical polishing step , separate in-
taxia l reactor in 2 r u n s  t o  2 g r o u p s  o f  6 each . One group of ~
of 14 each . Select S shall h a v e  a 7 5 %  r e d u c t i o n  i n  cycle
wafers w i t h b e s t  s u r f a c e  t i m e . T h e  o t h e r  g r o u p  of  ( s h a l l  h a v e
quality for Experimental a 50% cycle time reduction. Use
Lot No. 5a. Select 15 standard pre-epi taxial cleaning pro-
w a f e r s  o f  s t a n d a r d  c e d u r e . K e e p i n g  l o t s  s ep a r at e , l o a d
quality for Experimental into epita xial reactor and deposit film .
Lot No . I . Select 2 wafers from 50% cycle and 3

wafers from 75% cyc l e  f o r  Experimental
L o t  No . 6.
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2 .3 D e s c r i p tion of SOS Startin g Material

i p i t a x i a l  run i d e n t i f i c a t i o n  for the first experimental set is
l i s t e d  below .

Expe rimental Set I Identific ation

E xperime ntal No . of Substrate Ep itaxial
Lot No . Pcs . Lo t Ex p erimental Conditions Run No.

15 KC 0084 St a n d a r d  B l 2 O l 2 9 O l
B 1 2012902

S K C O O 8 4  S e l e c t  S u r f a c e  Q u a l i t y  B l 2 0 l 2 9 0 l
5 K C 0 0 8 4  P o o r  S u r f a c e  Q u a l i t y  B 12 0 1 2 9 0 5

A l l  substrates were cleaned with the standard cleaning procedure
d e s c r i b e d  i n  a s u b s e q u e n t  s e c t i o n  of  t h i s  r e p o r t .  S t a n d a r d
ep i t a x i a l  p r e f i r e  c o n d i t i o n s  w e r e  u s e d  as  d e s c r i b e d  in  a s u b s e -
quen t section of this report .

The ep i t a x i a l  reactors used in this work are vertical rotary
reactors and are made b y A pp lied Mater ia l s , I n c ., Sa nt a C l a r a ,
C a l i f o rn i a , ~ ode l 1MV 1200 . The substra tes are pla ced flat onto a
g r a p h i t e su s c e p t or , and the susceptor is rotated to provide good
waf e r -to-wafer uniformity . T i ne , t e m p e r a tu re a n d  g a s  f l o w s  a r e
pre-progr ammed to m i n i m i : e  op erator error and maint a i n  run-to-ru n
uniformity . N i t r o g e n , h yd r o g e n , o r  h y d r o g e n  c h l o r i d e  a tm o s p heres
c a n  h e s e l e c t ed a s d e s i r e d . Depos ition of sili con results from
chem ical vapor decomposition of s i l a n e .

2 .4 Starting “~a t e r i a l  l~a f e r  Y p ecifica tions

The stand ard sp ecification for substrates and epit a x i a l  wafers is
g i v e n  i n  T a b l e  2 -2 , ref erenced as Union Carbide Corporation ,
Crys tal Products Department Product Specification SOS-iD . In
a d d i t i on to conformin g to these specifications , a test for
p a r t i c u l a t e s  was performed on the wafers . Lot samp les were
inspec ted microscopicall y using N omar ski interference contrast
f o r  p a r t i c u l a t es i n the f i l m . F i l m  resistiv ity was intrinsic ,
grea ter than 700 ohm-cm , type indeterminate . F i l m  th i c k n e s s  w a s
held at -0 . 75 mic ron , within the range of 0.70 - 0 .80 m i c r o n s  f o r
the center value . No haze was visible on any of the wafers .
Particulate contamination was held to a minimum , with microscopic
e x aminati o n at 100X showing less than 10 particle s larger than 2
microns diameter in an X -Y scan of the surface .

Su b s t r a t e s  w e r e  s t a n d a r d  s i z e  2 . 0 i n ch d i a m e t e r , 0 . 013 in ch t h i c k ,
w i t h  s t a n d a r d  s u r f a c e  q u a l i t y  e x c e p t  w h e r e  noted as an experi-
mental condition . Exp erimental lot number 6 had a poor surface
qu ality that did not meet specification , as planned for this
experiment .
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Table 2-2 . Product Specifications *

SILI CON-ON-SAPPHIRE EPITA)~~AL WAFERS

Czochralski Grown Sapphire Substrates:

A. Material Specif icat ions

1. The orientation of the substrate is (1102) ± 20. Structural (hexagonal)
indic es.

2. The substrate flat is 45 ° to the projected “C” -axis of the sapp hire
substrate and parallel to the ( 110)  epitaxial silicon plane .

3. The substrat e is free of slips , twins or lineage.

B.  Geomet rical Specification s

Thickne ss 1. 500” Dia met er - 0. 013” ±. 002”
2. 000” Diameter - 0.013” ± . 002”
3 . 000” Diameter - 0. 020” ±. 002”

Bow 1.500” Diamet er - 0.0015” max. (excluding outer .040”)
2. 000” Diameter - 0. 002” max. (excluding outer . 040”)
3.000” Diameter - 0. 003” max . (excluding outer . 040”)

Flat Width 1.500” Diameter - 0.625” ±0. 125”
2. 000” Diameter - 0. 625” tO. 125”
3. 000” Diameter - 0. 875”  ±0. 125”

Diameter ± .0 10”

Ed ge Chips Not to exceed 10 chips per substrate. Chi ps shall be less
than 0. 125 ” deep and less than 0. 375” long . 90% of the
BubS trateS to have no chips >  0. 040” deep.

Parall elism . 00l” /Inch of Diameter

Backside ~ 32 Microinches, CLA

*
SOS- 10
M a y  15 , 1 9 7 4
R e v ,  A - 2/14/75
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lal ’le 2-2 . ( C o n t i n u e d )
Silicon Epitaxial Film:

A . T ype - As Specified
B. Concent ration - As Specified
C. Thickness - As Specified
D. Surface Finish

The following describes a consistent method to evaluate epitaxial
silicon films on sapph i r e  s u b s t r a te s .  A microscope is not used , onl y
artificial light most suited to the particula r defect definition is used.

1. Procedure:

Under a bright light (preferably a flood lamp), the substrat e is
rotated until it is approximately 45 degrees to the light beam.
The entire surface is scanned and the results from t h e back
reflections are note d.  This method is best suited to scratch
definition and pit definition.

2. Epitaxial Film Evaluat ion:

a. Pits - Under the bright light test , there shall
be no more tha n 4 pits per substrate.
The pits shall not be larger tha n 50
microns.

b. Scratches - Under the bright light test , there shall
be no scratches greater than 0. 5 inches
long and the combined length of all scratches
shall be less than 2.0 inches. Ninety (90)
wafers out of a lot of one hundred (100)
wafers will have no scratches.

c. H a z e  - Under fluorescent light there shall be no
haze visible on the epitaxial film.

d. Resistivity
aud Film - Both shall be measured in the center of the
Thickness wafer.

e. Spikes - No visible spikes greater  than one t imes
film thickness are acceptable .

I. Orange Peel - None

g. Dislocation 
- None visible at 100X after light Sirtl etch .Density
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T a b l e  2~~2 . ( C o n t i n u e d )

E. Lot Size - 100 w a f e r s  or less

F. C e rt i f i c a t i o n  - A cer t i f i ca t e  of compliance to  t h e s e
speciii ’~a ti cr ~s will be i ssued  w i t h  each
lot .

C. Packaging - a. W a f e r s  will be packaged in a ma nne r
such that  t h e y  will be f r e e  f r o m  w;t x ,
d i r t , g r e a s e , or othe r S’~~r 1 o c e  con-
t a m i n at io n  a f ter  a s t a nd a r d  o lv e n t
cl eaning .

b. W a f e r  con ta ine r s  will be cl~~irl y labeled
showing type , concentrati oi. d , a na t c r ,

t h i c k n e s s , lot number  a - u  r c h a sc  o r d e r
number.

2 . 5 ~
‘ afer Ins p ection - Lot 610

P r i o r  t o  the start o f  p r o c e s s i n g ,  t h e  w a  f e r s ~~~ e re  i~~~’ c c t e d  u s i n g
t h e  t e c h n i q u e s  o u t l i n e d  i n  A p p e n d i x  A .

A v i s u a l  s c a n  o f  t h e  wafers u s i n g  a No n a r s k i  i n t e r f e r e n c e  con-
t r a s t  f i l t e r  r e v e a l e d  s c r a t c h e s  on t h e  s ap p h i r e  on w a f e r s  9 , 10
a n d  11  o n l y . T h e s e  sc rat c h e s , which resulted from a p l a~~ned
r e duct i o n  in p o l i s h i n g  t i m e  are e a s i l y  d i s t i n g u i s h e d  from the
s m a l l  s c r a t c h e s  c a u s e d  h e  h a n d l i n g  d a m a g e  ~~~ i ch  o c c u r  in the
s i l i c o n  a t  t h e  o u t e r  w a f e r  ed g e s .  T h e  s c r a t c h e s , s i m i l a r  i n  a l l
three wa fers , ranged in length from 0.13 cm to 2 .0 cm a n d  f r o m
P . 1 i.j m to 0.2 pm in w i d t h . No at temp t sas made t o  measure the
d e p t h  of  t h e  s c r a t c h e s .

Th e surface te x t u r e  of the f i l m , e x c l u d i n g  s c ratches , w as  no t ed
to have a sli g h t increase in graininess (roug hn ess ) g o i n g  from
the sel e ct f i n i s h , to the standard f i n i s h , t o  t h e  i n f e r i o r  f i n i s h .

The results of IR spec trop ho tometer measurements and sodium li g ht
topograp hs , as shown in Table 2--~ , sh ow ed s i l i c on f i l m  t h i c k n e s s
varia tions rang i n g  from 1000 .~~ to 2000 A . The  f i l m s  w e r e
~en e r a 1 l y  fo und to he t h i n n e r  at one ed ge  o f  t h e  w a f e r  a n d  t o
i n c r e a s e  in t h i c k n e s s  in a monotonic manner toward the oppo site
ed ge . There was no i n d i c i t i c n  of a “r i pp le effec t” of al t e r-
natel y t h i n n e r  a n d  thicker silicon . The av era g e f i l m  t h i c k n e s s
on wafers in lot 610 w a s  7 2 6 0  A .
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Table 2-3 . Wafer Insp ection Prior to I’evice Fabrication

~‘.afer P o l i s h  No . of M i n i m u m M a x i m u m
No. Q u a l i t y  F r i n g e s  Thickness , pm Thi ckness , pm

r 1 0 . l S t a n d a r d  1 . 9 0 . 68 0 . 83
610 .2 “ 2 .1 0 .61 0.78
lO 3 “ 2 3 0 6 3  0 81

(‘10.4 “ 2 . 5 0 . O 0 . 80

1O . 5 S e l e c t  1 . 7 O~~7O 0 . 83
1 . 3 0 . 67 0 . 77

610 .7 “ 1 . 8 0 , 61 0 . 75
( ‘ 1 0 .  ~ 

“ - 0 7 2  0 . 85

I n f e r i o r - - 7 5 %  2 . 3 0 . 61 0 . 82
(‘10.10 “ - - 7 5 %  1 . 9 O . ( ’3 0 . 78
‘lO . l l  “ —— 7S% 2 . 0 O . 3 0 . 80
l0. l2  “ - - 5 0 %  2 . 3 0 . 65 0 . 83

2 . 6 I ) e v i c e  F a b r i c a t i o n  - Lot (‘10

Four wafers from each polishi ng variation (standard , select and
inferior) were proccssed in one 12-wafer lot , de s i gnated lot 610 .
C’IOS inverter circuits (4007SR) were fabricated on these wafers
accord ing to the p rocess outlined in A pp endix B . F o u r  w a f e r s
(610 .4 , (‘10 .5 , 610 .8, and 610 .11) were broken during f ab r i c a t i o n .
These broken wafers could not he p r o b e d  f o r  t he  y i e l d  a n a l ys is
expe riment , and consequen tl y , no c h a r a c t e r i z a t i o n  w a s d o n e  on
t h e n .

W a f e r s  ~ l0 .9 a n d  610.10 , which had a 7 5 ’~ r e d u c t i o n  in final polish
ti m e , had marks in the silicon app arently corresponding to
s c r a t c h e s  in  t h e  s a p p h i r e . T h e s e  m a r k s  w e r e  s t i l l  a p p a r e n t  a f t er
d e v i ce f a b ri ca t i o n .

2 .7 W afer Probe Results - Lot 610

The wafers were pr obed and the resulting d a t a  were mapped and
s o r t ed . YTe lds were c alculated as described in A pp endix C. The
four broken wafers ((‘10.4, 610 .5 , 610 .8 a n d  61 0.11) could not be
pr obed on the automatic probe . The wafer map s did no t show
effec ts corresponding to either the thickness variation across
the wafer or to the scratches on 610 .9 a n d  610 .10 . The wafer
maps in general did not show local v a r i a t i o n s - - t h e  failures
appeared randoml y distributed over each wafer .

The  y ield results for lOt 601 wafers are presented in Fable 2- -I .
In the failed dice column , it is apparent that there is little
difference be tween the standard and select p o l i s h , hu t that the
i n f e r i o r  p o l i s h  g i v e s  a s i gnifican t improvement in y i e l d . C l o s e r
inspec tion of these results reveals that the die y i e l d  on th e
wafer having a 50°~ reduc tion in final po lish time (610 .12 )  i s
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quite similar to wafers from the standard or select groups , but

0 that the two wafers having the 75% reduction in final polish time
(610 .9 and 610 .10), and having visible scratch marks , show a much
improved yield. This leads to the rather surprising conclusion
that the final polishing step , which removes visible scratches
from the sapp hire surface , might be actuall y detrimental to the
q u a l i t y  of silicon grown on the sapphire . Further inspection of
Table 2-4 reveals that the n -channel failure rate is si gnifi-
cantly hig her than the p-channel failure rate and that the
superior y ield in wafers 610 .9 and 610 .10 is associated onl y with
the n -channel transistors . Finally , it is apparen t that almost
all of the failures in both n-channel and p_ channel transistors
are leakage current failures and that wafers 610 .9 and 610 .10
exhibit many fewer n-channel leakage current failures than other
wafers in this lot. It must be remembered , however , that the
channel leakage is the first measurement tested and that tran-
sistors failing this test are not tested for voltage drop or gate
leaka ge .

The results of sorting the various measurements are shown in the
distribution curves of Figures 2-1 throug h 2-4 . It is character-
istic of this lot that the leakage currents either fall within
the rather narrow distributions shown in Figure 2-1 or they are
beyond full scale of the measurin g instrument (200 nA) . The
gate leaka ges are essentiall y all either less than 200 mA or
greater than 2 p A and a re  not  p l o t t ed . T h e  h e i g h t  of t h e  v a r i o u s
distributions is related to the number of devices tested , which
is different for the three different p olish variations and may
vary also with the type of measurement and from wafer to wafer ,
due to the order and hierarch y of testing , as described in
Appendix C. There appears to he little difference between the p-
channel distributions for the different po lish variations , or in
the median of the various distributions for the n-channel tran-
sistors. However , the n -channel leakage distribution for the
inferior polish group is sli ghtl y broader than for the other two
variations , while the n-channel volta ge drop distribution is
broader for the select pol ish , and both the standard and select
polishes show a broader n-channel threshold voltage distribution
than the inferior polish . No ma jor significance is attributed to
these differences , as they are not great enoug h to impact device
performance .

Measurements of field -effect mobility were taken at several
locations on each wafer in an indep endent probi ng operation , as
described in Section C-4 of Appendix C . These measurements were
made on the test structures located between 4007SR dice on
alternate rows of the wafer. The results are shown in Table 2-S .
There is no significant dependence of field-effect mobility on
s app hire polish quality.
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Table 2-5 . Effect of Sapp hire Polish on Field -Effect Mobility

Sapp hire Wafer Avera ge Field -Effect M obility (cm 2 V”~ sec -’)
P o l i s h  Number p- channel n-channel

Standard 610 .1 209 354
610 . 2 209  365
610 .3 252 329

A v e r a g e  2 2 3  349

Select 610 .6 213 403
610 . 7 2 1 0  393

Avera ge 212 398

Inferior 610 .9 190 363
610 .10 226 360
610 .12 179 363

A v e r a g e ~1~ 8 362

2 .8 Stability in Co6° Environment - L o t 6 10

The Co6° testing was done as described in A ppendix D . Dice to be
tested were selected on the ba sis of the p reviously described
failure maps and were taken from three location s on each wafer to
stud y the effect of silicon film thickness. Radiation -induced
threshold shifts are shown in Table 2-6 for the different sapp hire
polish variations. The numbers shown for each wafe r are the
a v e r a g e  of  t h r e e  d e v i c e s , a n d  r e p r e s e n t  t h e  m a x i m um s h i f t  i n d u c e d
by irradiation to 10 6 rads(Si) [in some cases the maximum shift
occurs below i06 rads(Si)].

Table 2-6 . Effe ct of Sapp hire Polish on Worst -Case Radiation -
Induced Threshold Shift for 0 < < 10 6 rads(Si)

Sapp hire Wafer n-channel E~VT p- channel IiVT
Polish Number = ~~~~~ = + j ( J ~/ - 1U V  = + l O V

Standard 610 .1 - .123 - .453 - .71 -2 .44
610 .2 - .12 - .41 - .685 -2 ,5
610 .3 - .567 - .59 3 -1 .093 -2 .59
A v e r a g e - .27 - .4 85 - .83 -2 .51

S e l e c t  6 10 . 6 - . 1 2 7  - . 353  - . 603  -2 . 21
610 .7 - .507 - .523 - .92 -2 .25
A v e r a g e  - .3T1 - . 4 3 8 - . 76 ~ 2 . 23

I n f e r i or 6 1 0 . 9 - . 15 3 - . 4 8 7  - . 71 ‘ 

-2 . 49
610.10 - .107 - .417 - .72 -2 .56
6 1 0 . 1 2  — .4 03  - . 51 3 - . 8 8 3  _ 2 . 4 3
A v e r a g e  - . 2 2 1  - . 472  - . 77 -2 . 49
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There is little difference between the a1ierage radiation — induced
threshold shift at a g iven bias condition for the different
qualities of sapp hire polish . The wafer -to-wafer variation , how-
eve r , is relatively large , except in the case of the p - channel ,
positive bias case. This case produces the largest radiation -
induced threshold shifts and does indicate a sli ght improvement
in radiation hardness for the select polish . This improvement is
not large enoug h to be si gnificant from the standpoint of circuit
performance .

Radiation induced n - channel leakage currents are shown in Table
2 - 7 . No  p - c h a n n e l  l e a k a g e  increase was observed. The maximum n-
channel leakage often occurred at doses below 1 n e g a r a d , in  w h i c h
case the maximum leakage current measured is tabulated for three
devices on each wafer along with the corresponding radiation dose .
Also shown is the starting thickness of the silicon film at the
loc at ion on the wafer from which the device was taken . The

• radiation bias condition for maximum n-channel leakage was ~~~ =
÷10 V and V GS = 0 , while the measurement bias is V~ D = ÷ 1 0  V and

~GS 
= - 10 V . The results indicate little difference between the

standard and select sapp hire po lishes but that the inferior
polish g ives a very definite reduction (about a factor of two) in
radiation induced leakage . A rather striking feature of the
results is the correlation between radiation induced leakage and
s i l i c o n f i l m  t h i c k n e s s .  The  m a x i m u m  r a d i a t i o n  i n d u c e d  l e a k a g e
current is seen to be a strong ly decreasing function of silicon
film thickness . This is shown in Fi gure 2-5 where maximum
radiation -induced leakage is plotted against starting silicon
film thickness .

There was no si gnificant change in gate leakage induced by any of
the radiation tests.

2 .9 . Stability Under Bias-Temperature Stress - L o t  610

B i a s - t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  done  on one or two dice from
each  w a f e r  as d e s c r i b e d  in A p p e n d i x  E . initially the devices
were  s t r e s s e d  at the three different bias conditions for 16 hours
at 200°C . However , the changes produced by this test were hardl y
m e a s u r a b l e , so the sane devices were stressed again for 16 hours
at 260°C , Changes were still very small . Under the two Static
b i a s  c o n d i t i o n s , l e a k a g e  c u r r e n t s  r e m a i n e d  l e s s  t h a n  1 p A ,
t h r e s h o l d  s h i f t s  r e m a i n e d  l e s s  t h a n  0 . 3 V and  t r a n s c o n d u c t a n c e
c h a n g e s  were l e s s  than  15% , excep t in two cases. These two cases
we re w a f e r s  6 10 . 2 and 610 .10 . On wafer 610.2 , devices on both
dice tested exhibited n-channel leakages of -5 pA for the positive
d r a i n  b i a s  case , w h i l e  t h e  d e v i c e s  on one  d i e  s h o w e d  t h r e s h o l d
shifts in excess of 0.6 volt for both static bias conditions and
a 40% d e c r e a s e  in n-channel transconductance . In the case of
wafer 610 .10 , p -chan nel threshold shifts were about 0.6 V fo r
b o t h  s t a t i c  b i a s  conditions , while the n-channel leakage current
was 1 . 8 pA in the p o s i t i v e  dra in  b i a s  ca se , and n - c h a n n e l
t r a nsconduc ta n ce  d e c r e a s e d  by about 30% . Changes  in ga te  l e a k a g e
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Table 2-7 . Effect of Sapp hire Polish on Radiation-
Induced n -Channel Leakage

P o l i s h  W a f e r D e v i c e  L e a k a g e ( p A )  D o s e ( r a d s )  Si T h i c k n e s s ( p m )

Standard 610 .1 1606 80 .69 l0~ 0.69
1616 48 .2 io 6 0.78
1628 24 .4 10 6 0.83

610 .2 27 06 2 5 7  i 0 6 0.61
1516 234 3 x l0~ 0.71

610 . 3 2 0 2 0  87 . 7 10 6 0 . 76
2 9 2 0  1 4 3  10 6 0 . 68
0908 21 10 6 0 . 83

Average 110

Select 610 .6 2206 177 3 x 10~ 0.76
2216 117 106 0 .77
22 2 8 114 10 6 0 . 74

610 . 7 04 2 0 2 4 6  3 x ~~~ 0 . 64
1620 120 3 x iø~ 0.~~62 7 2 0  63 3 x 0 . 8

Average

Interior 610 .9 0712 8 3 x l0~ 0.8
1812 45 10 6 0.74
2612 75 10 6 0 .7

610 . 10 0 7 1 8  141 i0 6 0 . 68
1918 83 10 6 0.~~2
2 6 1 8  54 10 6 0 . 75

610 . 12 0 9 1 6  7 10 6 0 . 82
2 316 16 10 h 0 . 75
2818  49 10 6 0 . 71

Average

Notes: 1 . Radiation doses tabulated above are doses for which
the maximum leakage current was measured in the
range from zero to 106 rads(Si) .

2 . Devices were 40 mu wide n-channel transistors on
CMOS/SOS 4007SR devices .
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d u r i n g  the b i a s - t e mp e r a t u r e  t e s t s  were negli g ible . Under dynamic
bias , there was no si gnificant change in any of the devices
tested at 260 °C for 16 hours .

2 .10 Sapp hire Polish Results

T h e  m o s t s tri k i n g fea ture of the sapp hire polish inves ti gation
has been that the inferior p olish has shown an advanta ge in both
yi eld and radia tion tolerance . In  both cases , the device
p arameter showin g the advantage was n-channel leakage current .
L s s i b l e  exp lana tions suggested for this unex pe cted result are
(1) the final p o l i s h i n g  s tep i s  ac t u a l l y dele tericus to the
s a p p hire surface quali ty , p ossibl y leavin g a thi r . , a m o r p h o u s
l ayer of A 1 2 0 3, possibl y con t a m i n a t ed w i th pol ishin g mat erials on
t he  s a p p hire surface , (2) the inferior polish , leaving a ro ug h
s u r f a c e  on t he  s a p p h i r e , l e a d s  t o g r o w t h o f  p o o r  q u a l i ty , v e r y
lo w m o b i l i t y ,  silicon adjacen t to the sapp h i re , (3) the extra
p o l i s h i n g  involved in produ cing the inferior p olish ma y he bene-
fici al to the sapp h i r e , and (4) the inferior p olish , l e a v i n g  a
r o u g h s a p p h i r e  s u r f a c e , may expose sapp h i r e  c r y s t a l  p l a n e s u p o n
which s i l i c o n  grows wi th a different orientation , th e r e b y p r o d u ~-
ing a silicon /sapp hire interface wh ich trap s less radiation -
induced cha rge .

A l l  of these effects may be present , w ith the inferior polish
s a p p hire trapp i n g  l ess positive charge close to the interface and
y i e l d i n g  silicon wi th extremely low conductance in the vicinity
of the interface , thus decreasing the n -channel leakage in two
ways. In any case , the result is quite unexpected , and , in view
of the sample size , should be confirmed before it is recommended
that present polishing procedures be revised.

A n o t h e r  si g n i f i c a n t  r e s u l t  i s  t h e  r e l a t i o n s h i p b e t w e e n  s i l i c o n
film thickness and radia tion induced n -channel leakage current .
It is believed that this dependence arises from the use of boron
implantation near the Si -A l 203 interface to increase the acceptor
dop ing concentration , thereby i n h i b i t i n g  inversion of the silicon
(forma tion of a backcha n nel). For the thinner areas of the
s i l i c o n  f i l m , mos t of this deep i m p l a n t w i l l  pene trate the silicon
and stop in the sapp h i re . Thus the boron dop i n g  de n sity of the
si licon near the hack interface is decre ased, w h i l e  t he  s a p p h i r e  i s
damaged by the imp lanted ions . Both of these effects w ould lead
to an increase in n - channel leakage . The thickness depe ndence of
radiation - induced n - channel leakage has stron g i m p l i c a t i o n s
relative to radiation hardening. As can he seen from Table 2-7 ,
i n  t h e  i n f e r i o r  p o l i s h  c a s e  t h e  m a x i m u m  r a d i a t i o n  i n d u c e d  l e a k a g e
current for doses up to 10 6 rads(Si) is onl y 7 p A  a n d  8 pA in the
two cases where the starting silicon film thickne ss is as large
as 0.8 pm , This is more than an order of ma gnitude less than the
average for the standard wafers . The results suggest the possi-
bi l ity of achieving very low radiation - induced leakage on a
regular basis , either throug h much better control of the silicon
film thickness or throu g h an improved ion imp lantation method or
some combination of both .
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Other than the leakage current effects , no si gnificant differences
w e r e  f o u n d  between the various sapph ire polish qualities . In
probing for yield , neither the p - channel parameters nor the n-
channel voltage drop (related to mobility values) and g a e  leakage
showed any significant dependence on quality of sapp hire polish .
The average field -effect mobility for the different cases was
also independent of sapp hire polish . Likewise , the radiation -
induced threshold shift and the bias temperature results show no
depen dence on sapp hire pol ish . Thus we have the sur prising con-
clusion that a si gnifican t improvement in n -channel leakage , ~~ th
fr om the y ield stand p oin t and from the radiation hardness stani-
poi nt can  he  a c h i e v e d  by r e d u c i n g  t h e  f i n a l  p o l i s h  ti me , i..h i l e  no
other advantages or disadvantages ave apparent for any of the
three qual ities of sapp hire polish investi gated .

F i n a l l y , i t is appropr iate to recommend additional exp erimental
c o n f i r m a t i on , b a s e d  u p o n  the s m a l l  s a m p le size (8 wafers) from
which these conclusions have be en m a d e .
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3 . S A P P h I R E  CL EANING EXPERIM ENTS

The IMMA wor k on Phase I of this contract showed a strong corre-
lation between device y ield and quali ty and the presence of
impurities in the silicon. One very important source of im puri ~ties in the s i l i c o n  is the sapp h ire s~~r f a c e  u p o n  w h i c h  t he
silicon is grown . Due to the t inness of the s i l i c o n  la er
(0 .75 pm ) , c o m p a r a t i v e l y small surface concentrations of impuri-
ties on the sapp h i r e  can  res u l t in  s i g nifican t im purity concentra-
tions in the very small volume of silicon . Thus it is important
to identif y cleaning procedures l eading to e i t h e r  ver y clean
sapp hire surfaces or at least sapp hire surfaces h a v i n g  a m i n i m um
of d e t r i m e n t a l  i m p u r i t i e s . I t  s h o u l d  he n o t e d  that ce rtain clean-
i n g  p r o c e d u r e s , d e s i g n e d  t o  r e m o v e  o n e  t y p e  of  i m p u r i t y ,  m i g h t
themselves introduce another , m o r e  h a rm f u l i m p u r i t y . The
exp eriments described in this sectio n w e re  d e s i gned to investi-
gate the effect of three variations in sapp h i r e ~- l e a n i n g  pro-
cedures on the quality of SOS mat e r i a l  as determined by the y ield ,
elec trical c h a r a c t e r i s t i c s  and s t a b i l i t y  in radiation and hi g h_
temp erature environments.

3 .1 Ma terial Fabrication

3.1 . 1 B a c k ground to Cleaning Approaches

Recen t processing results at several SOS device m anufacturers
have indicated that substrate cleaning, particularl y the pre _
epita x y cleanin g process , is cri tical to device p erformance and
y i e l d s . Polishin g compound re sidues , mobile ion con ta m i n a n t s ,
orga nic solvent residues , a n d  s t a t i c a l l y-held p a r t i c u l a t e s  on the
subs trate surface are thoug h t to be the causes of hi gh 1e a k a~~e
currents in n -c hannel transistors , wafer -to -wafer variations , b . .
CMOS/SOS device y i e l d s , and uns table resistivity values. “a n y
changes were made in the cleaning pro cedu r~ over the pa st t~~
years in order to minimize each contaminant as it wa s repor ted by
device manufacturers . Rigorous , detailed substrate cleaning
prior to ep itaxv has resulted in recent user reports of hig h
yields , improved device parameters , lot -to - lot consistency , and
successful LSI circuit fabrication .

h i s t o r i c a l l y, the basic pre _ epi cleanin g proce dure for sapp hire
substrates used until recently was desi gned and used as part of
the fabrication process in 1971 . The increased demand for SOS
wafers justified the establishment of a separate c l e a n i n g
facility at (ICC in 1971 . The basic proc edure is listed i n  T a b l e
3-1 . The final pre- ep itaxial cleaning step consisted of a hand -
scrubbing of the substrate surface , using an acetone -loaded Kim-
wi pe . Each substrate was manuall y wiped , being held in a vacuum
chuck and illuminated with a microsco pe lamp. A filtered nitro-
gen blow gun ~.as then used to remove any Joo se particula t es as
the substrates were loaded into the reactor .
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Tahle 3- I . f l e a n i n g  P r o c e d u re l~~ ’l - Jul y 1 9’S

Manufacturin g S.qu.ncs Cleaning Procedure

I. Gros s Contaminant Remova l
Finielsed Substrate A. Ultr asonic ag itat ion of detergent solution

(clean) ’ at 80°C for 15 miii .

8. 0.1. water rinse for 15 miii .

Clean Substrate II. Chemical cleanin g
~~~~ (inspect ) A. Aqua reg ia acid boil fo r 15 men

B. 0.1. wite r rinse for 15 mm
Accepted Substrate C. Sulfuric acid at 80°C for 15 mm

~~~~ (p.cksg. ) 0. D l .  water rinse for 15 mm

Ill. Drying
Substrate Inventory -A. D.I. water rinse for 15 mm

~~~~ (Pre.ep itax ial clean) ” B. Spin dry in warm , dry nitrogen
atmosphere

Epita xia l Preparation
•‘Pre~ pita xy Cleaning Procedure

~~~~ ( Film deposition )
I. Manual Substr ate Scrub

Epit ax ial W.f .r A. Secure substrate onto vacuum chuck

B. Wipe surface with acetone-loaded Kun~—
~~~~ (Ins pect ) Wipe leaving clean surface with no smears

C. Blow surface with dry, filtered nitroge n

A ccepted Wafer 0. Load onto susceptor
(pack age )

Wafer Inventory
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This procedure seemed to work well for some time (1971 - 1975 ),
and device manufacturers had no adverse comments on surface
cleanliness quality or related device performa nce . A history of
device processing exp erience , larger scale SOS device develo pment
programs at more companies , related bulk silicon processi ng
e x p e r i e n c e , a n d th e  m o v e  to the more comp lex LSI circuitry
demanded materials improvements , beg inning in earl y 1975 .

The first request for improved quality involved the particulate
contaminan ts on the substrate surface that subse que ntl y inter-
fered w ith CMOS/SOS device yields , par t i c u l a r l y  in LSI dev i c e .
These particulates were staticall y attracted and thus held
ti gh t l y  to the substrate surface , The final pre -ep i t a x i a l  clean-
ing did not remove these particu l ates efficientl y or consistentl y ,
and sub seque nt film deposition would cause p r o j e c t i o n s  or sp ikes
in the film. These defects would scratch the p hotomasks and
lower yields by interfer ing with line geometry and i n i t i a t i n g
further defects in subsequent processing . These pa rticulates
appeared to be common dust particles presen t in the a m b i e n t
atmosp here , cleaning tanks , and rinse water supp l y. A concentra-
ted effort began in earl y 1975 to improve the cleaning pro cedure
in order to minimize or eliminate these particulates .

Particu lates were reduced by installing sub-micron size f i l t e r s
on wa ter lines and nitrogen lines , and in s t a l l i n g  an automatic
wafer scrubber to he used for the final cleaning just prior to
f i l m  d e p o s i t i on . The  w a f e r  s c r u b b e r , i l l u s t ra t ed in  F i gure 3-1 ,
i s  M od e l  C-2WS , made by II Industries , Sunnyvale , California .
The manufacturer recommended that a cle aning c y c l e  of detergent -
brush scrub , ammonia rinse , isopropanol rinse , and spin d r y  be
used . T h i s  procedure was followed and pa rticulate contamination
w a s  greatl y reduced . The automatic scrubber was used as part of
the manufacturing process in Jul y 1975 . User reports on SOS
devices made with scrubbed substrates were quite encourag ing ,
indicating the particulate counts were greatly reduced , yields
i m p r oved , and device performance impro ved . \t Rockwell Inter-
national , comparison of two lots , reflecting SOS wafers made
prior to and after scrubber installation , gave si gnificantl y
different leakage currents as reported in Reference 1 . Rockwell
CMOS /sos Lo t A ~had hig her leakage current values , a n d  w a f e r s  f r o m
this lot were fabricated prior to the scrubber installation at
(ICC . Rockwell CMOS/SOS Lot B had lower leakage current values
and was made after the scrubber insta l lation . Other users
reported improved yie l ds and successful fabrication of devices at
the IS! comp lexity level . Table 3-2 lists the pre - epitaxial
procedure used at that time .

1, RAI )C-TR-76-208 , Interim Technical Report , “Investi gation of
Defects and Impurities in Silicon -on -Sapp hire ,” July 197~
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BR USH WA FER
DIRECTION DIRECTION DISPENSE OUT ~WAFER IN ~ BRUSH /HEAD c - .r~

A 
~~~~~~~~~

Dl ~~~~~~~~~~~~~~~~~~~ “~~
- ~ 

- ‘

~~~~~ II
VACUUMCLEANING BAR CHUCK ~~~

ALI GNMENT DRAIN
BEARINGS

MOTOR

Load Cycle
A. Substrate is brought from cartridge to position on vacuum chuck

II. Scrub Cyc le
A. Vacuum chuck lowers into scru bbing position
B. Substrate is spun at selecte d speed while held in place by vacuum chuck .

Spindle range is 0—10 ,000 RPM .
C. Revolving roller —ty pe brush contacts spinning substrate.
D. Liquid deterg ent is applied to substrate and scrub bing action contin ues forpresent time. Time range is 0—99 seconds.

Ill. First Rinse Cycle
A. 8rush contact may be maintained if desired.
B. Rinse solutio n is app lied to spi nning substrate and continues for preset time.

IV . Second Rinse Cycle
A. Rinse solution is applied to spinning substrate and continues for prese t time.

V. Dry Cyde
A. High speed spin of substrate is continued for preset tim e.
B. Dry, filtered , anti-st at ic nitrogen ii blown onto su bstrate to promo te drying action.

F i g u r e  3- 1 . A u t o m a t i c  W a f e r  Sc r u b b e r
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T a b l e  3 - 2 . C h a n g e s  i n  P r e ~~E p i t a x i a i  C l e a n i n g  P r o c e d u r e -
Jul y 1975

Pre - F.p ita xy Cleaning Procedure

I. Automatic Substrate Scrub

A. Transfe r substrates to scrubber cartridge

B. Load substrate cartridge int o scrubber

1. Scrub cycle - brush scrub spinning substrat e with
detergent-water mixture

2 . First rinse - dilut e NH 4OH rinse

3. Second rins e - Isopropanol rinse

4. Dry - High speed spin with blowing dry nitrogen

C. Unload substrate cartridge with cleaned substrates and store
in Laminar Flow Hood .

D. Load substrates onto susceptor , using dry, filtered , anti-static
nitrogen to blow off surface.

T h e  s e c o n d  a r e a  of s u r f a c e  c l e a n l i n e s s  i m p r o v e m e n t  i~as t h e  more
ef ’icient removal of pol i s h i n g  comp ound residues and loos e \1 ,03
particles from the grinding op e rat io n . in -house y ields in t h ~
IJCC Epit a x i a l  bepartment showed that pol i s h i n g  compound removal
was not being accomp lished efficiently or consistentl y . C~i~~ng es
in the basic procedure occurred from September throug h Sove inher
1075 . Some of the solutions investi gated e f f i c i e n t l y  remov t- d
po lishing compound residue s , h u t  cont a ined sodium , These solu-
tions were rep laced since users were quite concerned a b o ut m o b i l e
ion contaminants remaining on the surface and effecting device
properties . By November 1975 , all solutions known to contain
mobile ions as a majority constituent were eliminated from the
cleaning procedure . Table 3-3 lists the cleanin g procedure as it
existed in Septem ber 1975 and the current procedure as instituted
in November 1975 .
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Tab le 3-3 . Changes in Substrat e Cleaning Procedure -
Septem b er - N o v e m b e r  1 07 5

Cleanin g Procedure

September 1975 November 1975

Polishing Residue Removal I. Polishing Residue Removal

A . Expe rimental acids , baøes , A . Detergent solution
s olve nt a

II. Gross Cont aminant Removal B. Rinse and dry
A . Ultra-son ic agitation of deter - C. Hot solvent

gent solution at 80°C for 15
m m .  t l.  Dry

B. D . I .  water rinse for 15 m m .  E. Ultrasonic agitation of

Ill. Chemical Cleaning detergent solution at 80°C

A . Aqua reg ia acid boil for 15 m m .  F. D .I .  water  rins e

B. D . I .  water rins e for 15 mm . II. Chemical Cleaning

C. Sulfuric acid at 80°C for 15 miii . A. Reducing acid - oxidizing acid

D . D. I. water rinse for 15 mlxi. B . D. 1. water rinse

IV. Drying C. Dry

A . D. I . water rinse for 15 m m .  D. Ultrasonic agit ation of
B. Spin dry in warm , dry nitrogen hot solvent

atmosphere

V. Pre-Epitaxial Clean E. Dry

A . See T able 3 2 . 1. See Table 3 - 4 .
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Polishing compound residues are not alw ays visible prior to ep i ,
and thus may avoid detection until a r ilm is deposited. After
epi , these residues appear a s  boat marks or smears , generall y
near the wafer ed ge . These marks or smears have a gray, cloud y
appearance and the pattern suggests that the cleaning process was
inefficient. It was thoug ht that these residues may be the
source of the impurities noted in Reference I . It was postulated
t ha t these imi -it ies could be p r e s e nt  as a r e s u l t of i n e f f i ci en t
polishing comp- und removal , and may he pres ent even thoug h the
t e l l - t a l e  marks and smears are removed . Loose A l 203 particl es on
the surface from the sapp hire fabrication process may be the
source of Al found in the surface analysis. By November 1975 , a
process was established that is believed to be efficient and con-
s istent in removing polishing compound residues and A 1 203
particles .

The thi rd area of surface cleanliness improvement was made in
cooperation with a major user , and concentrated on surface
residues left from the scrubber cycle , just prior to epi. This
user repor ted wide lot -to -lot and wafer -to -wafer variations in
n - channel leakage currents , with wafers delivered prior to Jul y
19’S much better than post _ Jul y 1975 deliveries . Average leakage
values were less than 10 nA /m u for the older lots , while post-
July lots varied from 10 to 300 n A / m i l , w i t h mos t of the w a f e r s
in the lots having leakage values approa .hing 100 nA/m u .
Associated with the prob lem of hi g h leakage currents was a pro-
blem of unstable resistivity values . The intrinsic resistivity
value of the film would be measured immediately after de po sition ,
and a hi gh value , >300 ohm-cm , type indeterminate , recorded .
After shi pme nt , the ori g inal value could not be rem easured on
many of the wafers . In some cases , the ori g inal value could he
reproduced , hut onl y after several measurements . Returned wafers
were remeasured , and ori ginal values were observed , althoug h
sporadicall y.

The hi gh leakage current and unstable resistivity pro L l em seemed
to occur after installation of the wafer scrubber . Surfaces were
much cleaner visuall y, having very few particu l ate s , but were
postulated to have cleaning solvent residues that affected
electrical properties . The recommended final isopropano l rinse
in the wafer scrubber , Table 3-2 , was postulated to be the source
of these residues . At this point in time , reports from bulk
silicon users indicated that bulk device y ield and elect rica l
parameters were being affected by the use of organic solvents in
the automatic wafer scrubber cycles . Efforts were begun in
November 1975 to elimina te these residues , and still produce
partic le -free films . The wafer scrubber was retained as part of
the process , since this was necessary for particulate removal.

I . RADC -TR-76-208 , Interim Technical Report , “Investi gation of
Defects and Impurities in Silicon -on -Sapp hire ,” July 1976
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The scrubber cycle was modified so that the organic solvent rinse
as shown in Table 3-4 was eliminated . Another final cleaning
proce ss was desi gned using the isopropanol rinse cycle in the
scrubber , but adding a boiling o x i d i z i n g  acid step, followed b y a
deionized water rinse. This is shown in Table 3-4 , alternate
pro cedure . These tests were conducted in November - December
10 ’S , and the user reported greatl y improved properties of
devices made w i t h  the acid -washed wafers . The user repor ts that
a l l  w a f e r s  supp lied since December 1975 have h a d  v e r y  l o w  l e a k a g e
values , from 1 to 5 n A / m i l  , with most of the w a f e r s  a t  < 2  n A / m i l .
\ l l of these substrates had been acid washed to oxidize organic
solvent residues on the surface . For substrates that had been
cleaned using a final water rinse in the scrubber , el i m i n a t i n g
the org anic solvent , so mewhat hi ghe r leakage “alues were
attained , from 17 - 30 nA/mil . The user also reported that as-
received re sistivit y values had s t a b i l i z e d . T h i s  w as  c o n f i r m e d
as o r i g i n a l l y-measured valu es were reproducible , a n d  v a l u e s  w e r e
stable over long periods of time .

S i n c e  D e c e m b e r 1975 , no organic solven ts have been used in the
f i n a l  c l e a n i n g  s t eps . Since this time , other users have reported
hig her device y ields , lower carrier concentrations (hig her
resistivity) for intrinsic films , stable resistivit y values
remaining hi gh after hig h -temperature oxidation , and lower leak-
age current values .

3 . 1 . 2 S ap p h i r e _ C l e a n i n g  V a r i a t i o n s

.\t the start of this program (January 1975), cleanliness of the
pre-epita xial surface was thoug ht to he of critical importance to
device parameters . Subsequent eva luations b y other users tend to
confir m this view. Experime ntal lots 7 - 9 were desi gned to
study the pre - epitaxia l cleaning variations . Ex perimen tal Sets
III and IV were desi gned to provide additional cleaning action or
modification of the silicon - sapp hire interface .

Three variations on the standard sapp hire cleaning procedure were
examined. The standard procedure uses an acid wash followed b a
rinse and a scrub cycle . No alc ohol is used in the rinse or
scrubber cycles. The first variation on this procedure uses
isopropy l alcohol as a final rinse in the scrubber cycle. The
second variation was to first clean the sapp hire u c in c~ isopropyl
alcohol in the scrubber cycle and to follow this with an acid
wash and a rinse . The third variation was to eliminate all
detergents and organics from the scrubber cycle in the other wise
standard cleaning procedure . Thus , experimental lot number -

reproduced the pre - epitaxia l cleaning process used from July -

November 1975 , as listed in Table 3-2 . Experimental lot number 8
reproduced the pre -ep it a x i a l  cleaning process developed in
November l97S for one particular user , and is detailed in Table
3-4 , as t h e  a l t e r n a t e  procedure . Experimentallot number 9
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Table 3-4 . Changes in Pre - I p itaxia l Cleanin g Procedure -
November 1975

St andard Procedure Alternat e Procedu i e
Pre -Epit axy Cleaning Pre .-Epitaxy Cleaning

I. Chemical Cleaning I. Chemical Cleaning

A. Oxidizing acid boil A. Same
B. D .I .  wa te r  rinse B. Same
C. Spu n dry in warm dry C. Same

nitrogen atmosphere.

LI. Automatic Substrate Scrub II. Automatic Substrate Scrub

A. Load substrat € cartridge A. Same
into scrubbe r

I. Scrub cycle - brush scrub 1. Same
spinning substrate with
detergent-water mixture

2 . First  rinse - dilute NH 4OH 2. Same
rinse

3. Second rinst~ - D.I. water 3.  Second rins e -

Isopropanol

4. Dry - high -speed sp in with 4. Same
blowing dry nitrogen III. Chemical Cleaning

B. Unload substrate cart ridge A. Oxidizing acid boil
and store in lamina r flow B. D. I. water rinse
hood.

C. Load substrates onto su scelAor , C. Spin dry in warm dry
using dry, filtered , anti-static nitrogen at mosphere
nitrogen to blow off surface. D. Load substrates onto

susceptor , us ing d r y ,
filtered , anti-stat i c
Nitrogen to blow off
surface.
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generally fo 11o i~ the standard procedure as listed in Table 2-4 ,
excep t that no deterge nt or ammo nia or alcohol was used in any of
the scrubber cy cles . Deioni: ed water was t h e  o n l y s o l v e n t u se d
in the scrubber . In the f o l l o w i n g ,  these v a r i a t i o n s  w i l l  he
referred to as I , a l c o h o l  f i n a l  r i n s e , I I , alcohol scrub -acid
wash , a n d  ru , no de ter gents or organic s .

The pre-ep it :~x i a l  c l e a n i n g  v a r i a t i o n s  w e r e  c a r r i e d  ou t as s h o w n
in Table 3-5 , which show s substrate lot selection and exp erimental
cond i t i o n s  for the second experimental set , Ep i taxia l run
i d e n t i f i c a t i o n  for the second experimental set is li s t e d  in
l a b l e  3-6 .

Iwo ep i runs were needed to supp l y f i v e  w a f e r s  f o r  l o t 9 .~~~ \ p ro-
blem occurred a t this time , and deposi ted films had hazy surfaces.
Other substrates from the same lot , K C 0 0 84 , w e r e  s e l e c te d ,
cle aned according to instructions , and epi ’d . Lo t 9 c o n s i s t ed of
t wo wafers from run Bl2012906 and three wafers from B12013003 .

A l l  SOS sta r t i n g  m a t e r i a l  f o r  E x p e r i m e n t a l  Se t  I I  ~.er e  fabricated
in a ccordance with the stand ard 11CC spec ifications , with the
exp erimental w t fer cleaning v a r i a t i o n s  as the onl y nons tandard
vari ab le (the process va r i a b l e  under stud y).

F ol l w i n g  c leaning, the wafers were spun dry, g iv en the standard
h y d r o g e n  p re f i r e , and in t r i n s i c  (>700 ohm-cm) s i l i c o n  was grown
to a thickness of -0 .75 urn using standard UCC proce dures . As
w i t h  the p o l i s h i n g  variations , a l l  f i l m s  w e r e  m a d e  in  t he sa m e
r e a c t o r  ( B 12 0 0 )  u s i n g  t h e  s a m e  s i l a n e  cy l i n d e r , b y  t h e  s a m e
ope ra t or , d uring two consecutive days .

3 .2 S t a r t i n g  ~ a t e r i a l  W a f e r  I n s p e c t i o n  R e s u l t s  - L o t  (- ‘15

P r e - p r o c e s s i n c z  i n s p e c t i o n  w a s  c o n d u c t e d  u s i n g  t h e  t e c h n i q u e s
d e sc r i b e d  i n  A p p e n d i x  \ . visual scan of the wafers using t h e
Nom a rs ki filter techni que revealed no scratches , p i t s or h u m ps i n
the silicon fil m . Ther c~ w as no n o t i c e a b l e  d i f f e r e n c e  in the
general text u re of the s i l i c o n  film from wafer to wafer .

The results of IR sp ectrop ho tom eter measurements and sodium li g ht
topogr ap h s , as shown in Table 3-7 , showed a t y p i c a l  silicon film
t!u ic ~~ness v a r i a t i o n  of 15’S A - - t h e smallest 1100 ~ and the
largest 2000 ~~~. The f i l m  was genera l l y found to be thinner at
one edge of the wafer and to increase in thickness in a monotonic
manner toward the o p p o s i t e  ed ge . There was no indication of a
“ri pp le effect’ of alternatel y thinner and thicker silicon . The
aver a ge film thickness on wafers in lot 618 was 0.745 urn .
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Table 3-5 . Pre -Epitaxia l Chemical Clean ing Variations

EXPERIMENTAL SET II

Subs trate t ot KC0084

VARIATION I VARIATION II VARIATION III

SeI.ct 5 substrates for Exp. Select 5 substrates for Exp . Select S substr ates for Exp.
Lot No. 1. Oo fina l pre-epitaxial Lot No. 8. Do final pre-epitax ial Lot No.9. Do fin al pre epitax ill
cleaning according to followin g : cleaning accordin g to following : cleaning according to following:
Detergent scrub Detergent sc rub No detergent scrub
NH4OH rinse NH4OH rinse No NH4OH rinse
Isop ropanol r,nse Isopr opanol rins e Use H20 on ly in scrubber cycles
Spin dry Spin dry No Isopropano l rinse
Load into reactor and Oxidizing acid boil Spin dry
depos it fi lms f or Lot No. 7 0.1. water r nse Load into reactor and deposit

5pin dry films for Lot No. 9
Load into reactor and deposit
films for Lot No. 8
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Table 3-6 . Experimental Set II Identification

Experimental Experimental Epitaxia l
Lot No . Wafers Substrate Lot Conditions Run No.

7 5 KC0084 Alcohol Rinse 1312013004

8 5 KC0084 A c i d  W a s h  B l 2 0 1 3 0 0 1
9 5 KCO OS4 Water Scrub 131201290 6 (2)

13 1201 3003 (3)

Table 3-7 . Wafer Inspection Prior to Device F a b r i c a t i o n

W a f e r N o .  of M i n i m u m  M a x i m u m
No. Fringes Thickness , u Thickness , ~

618. 1 1 .4 0.71 0 .82

618 .2 2 , 1 0 ,67 0 , 81

618 .3 1 .8 0.68 0 .82

618 . 4 2 . 0 0 . 65 0 . 81

618 .5 2 .3 0.64 0 .82

618 . 6 2 . 1 0 . 66 0 .83

6 1 8 . 7 1 . 4 0 . 71 0 .82

618 . 8 1 . 6 0 . 68 0 . 81

618 .9 2 .2 0 .66 0 .81

618 .10 2 .5 0 .65 0 .85

618 .11 1 .8 0 ,68 0 , 53

6 1 8 . 1 2  2 . 1 0.61
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6 . 3 I ’ ~~v i c e  l a b r i c r u t i o n  — l ot  ( 1 8

l o u r  w u f e r s  f r om e r u c h  o f  t h e  t h r e e  c l e a n i n g  v a r i a t i o n s  w e r e  pro-
c e s s e d  i n  o n e  l 2 - ~% a f e r  l o t , d e ’ i g n a t e d l  l o t  6 18 . T h e r e  w e r e  n o
“ s t u n d a r d ”  w ; u f e r c  i n  t h i s  l o t , a l l  h a v i n g  b e e n  c l e a n e d  u s i n g  s o m e
v a r i l t  i o n  f r o o  t h e  s t a ndard c l e a n  j o g  p r o c t d u r e  - ‘-lo s i n v e r t e r
c i r c u i t s  ( 1 0 ( l t ’ S R )  wer e f a b r i c a t e d  on t h e s e  w a f e r s  a s  o u t l i n e d  i n
-\npend ix B . Pro c e s s i n g  on t h i s  lot w as done in t h e  R o c k w e l l
Hard ~‘ S  W af e r P r o c e s s i n g  L~ih . ‘ne o a n:u l fiu nct ion in the ion
imp l a n t e r . the deep bo ron i t’: plant (200 key ) could  not he per-
formed in the u s u a l  manner . \s t h e  i m p l a n t e r  w~~u 1 - J  n o t  r u n  a t
200 kV , i w a s  s e t  f o r  100 k \  : u n d  t h e  i o n  s o u r c e  s e t  t o  s u p p l e
d o u b l e  ionized boron i n s t e a d  nt the s i n g l y  i o n i : e d  b o r o n  n o r m a l l y
u s e l . O t h e r -  ~e th e p rocess w a s  ~om n l e t e 1v  n o r - - i l  - Onl y o n e
wa e’ , (l 8 .~ is b roken d u r i n e  p r o c e s s i n g .  The w a f e r  n u m b e r s
cor res pondi ng to th e d i f f e r e n t  sapp hir e cl e ;~n i n g v a riations are

h u 1 a t e d i n la b 1 e 3 — S . lii e ~ r o ken w a r I s not i i s e d

Table 6-8 l o t  (l8 W icr I d e n t i f i c a t i o n

W a fer ‘-o . f l e a n i n g _ Proc edure

(1 8 . 1 I \l co ho l f i n a l  rinse

18 .2

~ 1S .3

(1 8. -I

i i  ‘- . 5 II -\ lc o h ol s c r u b b e r  f o l lo w e d  he acid wash

1 - 
(.

( 1 8 .
(~l8. 8

( ‘ 1 8 . 9 I I I  N o  d e t e r g e n t s  o r  o r g a n i c s

(1 8 .1 )

( . 1 8 . 11

44



3 . 1 W a f er I’ rohe R e s u l t s  - Lot (.18

The  wafers were p robed l and the r e s u l t i n g  d a t  m a p p e d  a n d  c o r t  ed
a n d  y i e l d s  w e r e  c a l c u l a t e d  a s  d e s c r i b e d  i n  A p p e n d ~~\ C . Th e wafer
m a p s  d i d  n o t  s)~ow l o c a l  v : i r i a t i o r u s i n  n u m b e r  o r  t y p e  o f  f a i l u r e ,
exce p t in two cases where a v e r y  hi gh 1ea ~ age curr ent f a i l u r e
r:i~~e w a s  no ted in one corner of the mapped area of wafer (.18 .1
a n d  i n  t w o  c o r n e r s  o f  wafer ,1 S . ll - Ite cause these areas are ~er~
n e a r  t h e  ed g es of the wafer , these f a i l u r e s  a r e  a t t r i b u t e d  t o
h a n d l i n g  d a m a g e  t o  t h e  w a f e r .

T h e  y i e l d  on the wafers o f  t h i s  l o t  w a s  much b e t t e r  t h a n  t h e
pr~~v i o u c  lot ((10). I h e  y i e l d  r e s u l t s  ar e shown in Table 3— 9 .
I t  i s  app arent t h a t  t h e  a l c o h o l  f i n a l  r i n se  ( c l e a n i n g  p r o c e d u r e
1) i s J ’ t r i m e n t a l  to t h e  ~ i e l d  o f  bo t h n -  a n d  p - c h a n n e l  t r a n -
s i s t o r s , w i t h  c h a n n e l  l e a k a g e  h e m  t h e  m a j o r  f a i l u r e  m o d e .
C l t -a n i n c  procedur e II (alcohol scrub followed he acid wash)
appe ars o g ive si i g u t  I v bet t er vi el (Is than I l l  , t h u s  s u g g e s t  m g
t b - i t the use of detergents and org :inics i s  a d v a n t a g e o u s  a n d  t h a t
tt ’ e h a r m f u l  e f f e c t s  o f  a l c o h o l  a r e  removed by an acid wash .
U n f o r t u n a t e l y , t h e  l i m i t a t i o n s  o f  l o t  s i z e  t o  12 w a f e r s  m i t i g a t e d
a g u i n s t  i n c l u d i n g  w a f e r s  c l e a n e d  w i t h  t h e  s t a n d a r d  p r o c e s s  in
t h i s  i t , so no  y i e l d  c o m n i r i s o n  w i t h  t h e  s t a n d a r d  c l e a n  i s  m a d e .
I t  w . - t s  h o p e d  t h a t  l o t - t o - l o t  p r o c e s s i n g  v a r i a t i o n s  w o u l d  I . e
su f f i c i e n t l y  s m a l l  to p e r m i t  so tie y i e l d  compa rison w i t h  the
s t a n d a r d  w a f e r s  i n  t h e  o t h e r  l o t s , h u t  t h i s  w a s  n o t  t h e  c a s e .

Th e results of sorting t he various measurements are s h o w n  i n  the
d~ St  r i h u t  i o n  cu rye t o f  F i gui re s 6 — 2  t o 6— 5 . Is wi t h 1 o t t 1 0 , h e
i c a k a g e  c u r r e n t s  f a l l  e i t h e r  w i t h i n  t h e  r a t h e r  n a r r o w  d i s t r i -
h i t ions shown on Fi cure 6 - 2  o r  they are beyond 200 n \ . -\ g a in
the gate leakages were e s s e n t i a l l y  a l l  either less than 200 n-\
or gre a ter t h a n  2 u \  a n d  a r e  n u t  p l o t  t e d . \ s  o n l ~ - t h r e e  w a f e r s
w e r e  t e s t e d  f o r  c l e a n i n g  p r o c e d u r e  I I I  ( n o  d e t e r g e n t s  o r
o r g a n i c s ) ,  t h e  d i s t r i b u t i o n  c u r v e s  a r e  l o w e r  i n  h e i g h t  t h a n  f o r
p r o c e d u r e s  I a n d  I I  w h e r e  f o u r  w a f e r s  w e r e  t e s t e d . T h e  g r e a t e s t
d i f f e r e n c e  between the r d - s u i t s  of  t h e  v a r i o u s  c l e a n i n g  pro-
c e d u r e s  occurs in the volt a g e drop a t  3 mA l o a d  where c l e a n i n g
pr ocedure I (alcohol final rinse) shows a narrower distribution
pe ale d —50 ml i b o v e  the other t~~o cases . 0 ~~~ ~~~~~~
t J .  - j - ’ ’ cr cn ~~ e the r e  ~ c , r ’~ I 1c’:’~ ~

‘ ~r z- - . ter ’ ’2Ta e o :~
‘a~- ~~~

t h e  (I i -~j e r e P 7 ~ .9o rp h~~r ’E . i1z -~n j  p P n t ( ! ap 2 ’ , j y ’  
~) ‘ ~~ : 1 ’ , ~~~ 

Cf l O ~~~
-
. 

n i h  - ‘zn t Zn r t r ~~i~~ t; de - 
‘. pe r °o r r ? 1 n ’ c

‘le a su rements of field-effect m o b i l i t y  were ta ken at several
locations on e a c h  w a f e r  u s i n g  t h e  t e s t  d e v i c e s  l o c a t e d  b etween
100~~SR dic e on a l t e r n a t e  rows of the wafer. The results are
shown in Table 3- 10 . He re it app ears that cleanin g proced ure
r i r (no de tergents or o g a n i c s  offers u d e f i n i t e  a d v a n t a g e  in
field -effect m o b i l i t y  in both n- and p-c hannel transi stors .
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Table 3- 10 . I ffect of Sapphire Cleaning
on Fie ]d - F ffect M o b i l i t y

Sapp hire Wafer Average Fie l d - L ffect Mobilit y (cm 2V~~~sec 1)
Clean Number p~ chani~~F n-cTianne l

618. 1 2 2 5 .0 4 0 5 .5
Alcohol (,lR .2 244 .2 353 .6
Final ‘18 .3 232 .5 340 .5

~,inse Avera ge 233 .~ 366 ,5

11 618 . 5 196 . 7 4 0 8 . 8
Alco hol 618 .6 192 . 8 387 . 1
Scrub - 618 .” 197 .1 410 .5
Acid 618 ,8 193 .7 388 .1
Wash Average 195 .1 398 .8

I T !  6 18 . 9 301 . 1 4 8 5 , 4
No 618 . 10 2 3 2 . 3 36 1 . 8

Detergents 618 . 11 257 . 5 416 .1
or Organics Average ~ ~~ 1’7 42 1 .1

3 . 5 S t a b i l i t y  in  Co 60 E n v i r o n m e n t  - Lot 618

The Co6° testing was done as described in Ap p endix D . Dice to he
tested were selected on the basis of the failure maps generated
from the wafer probe data and were taken from three locations on
each wafer to examine the effects of Si film thickness. Radia-
tion -induced threshold shifts are shown in Table 3- 1 1 for the
different sapp hire cleaning variations. The numbers shown are
the average of three devices for each wafer and are the maximu m
shift observed , which usuall y, but not always for n -channel
transistors , occurred at the maximum dose used (106 rads). The
threshold shifts for lot P18 are all somewhat less than for lot
610 , indicating better processing on lot 618 . The results 01
Table 3- 11 indicate that cleaning procedure III (no detergents
or organics) leads to a sli g ht improvement in radiation - induced
threshold shift on p -channel transistors over the othei two
cleaning procedures . This advantage is only on the order of lO tu
and is somewhat questionable , in view of the poor stati sti :s in
the case of positive bias where there are results from only two
wafers using cleaning procedure III .

Radiation - induced n-channel leakage currents are shown in Table
3-12 , The maximum leakage current (measured at VGS = -10 V ,
V 0 — +10 V) often occurred at doses below I me garad , in which
cases the maximum value i s  tabulated instead of the 1 megarad
value. The max imum leakage current always occurred at a
radiation bias of V 0 +10 V , V GS = 0. Also shown is the initial
thickness of the silicon film at the location on the wafer from
which the device was taken , In terms of radiation -induced
l e a kage , the  c l e a n i ng p r o c e d u r e s  are c l e a r l y  r a n k e d  I I , I I I , I ,
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T a b l e  3 - 1 1 . E f f e c t  of S ap p h i r e  C l e a n  on
R a d i a t i on  I n d u c e d  T h r es h o l d  S h i  f t

Sa pp hire Wafer \-Ch a nnel ~~~~~ P-Ch annel M~(‘lean Number ~T = -10 V V ~~ YTiT V = _ 111 ~~~~~~~
_______ 

G G

-0 .08 -0 .58 — 0 .57 -2 22
\ l c o h o l  6 18 , 2 -0 , 06 -0 . 21  -0 . 39

F i n a l 618 , 3 -0 .08 -0 .58 -0 .58 -2 12
Rinse 618 4 -0 .05 -0 .2 7 -0 .47 

_ _ _ _

A ver age -0 .0~ -0 .53 - 0.Sf l

I I  6 1 8 . 5 -0 . 05 -0 . 2 (  - 0 , 19 -2 . 31
A l c o h o l  Pl 8 ,( — 0 .11 — 0 . 52  — 0 . 72 - 2 . 49
Scrub- P1S T’ -0 . 1 0  -0 , 2 9  -0 . 60 - 2 , 1 2
- \ c i d  6 18 . 8 -0 . 09 -0 , 18 -0 . 40  -1 . 55
Wash Av erage -0 .09 -0 .36 -2 , 12

III (18 .9 -0 .0’ -0 , 23 -0 , 37 - 1 .55
618 . 10 -0 . 0 7  -0 4 2  - 0 , 53  -2 . 13

Oe tergents 618 .11 -0 .08 -0 .37 -0 .46 -
or 0r~~anics Avera ge 1~7ii -0 .34 -0 .4 5

w i t h  I I  ( a l c o h o l  s c r u b  f o l l o w e d  by acid wash) g i v i n g  a factor of
four less leal - age than I (alcohol final rinse). I t is interest-
ing to note that w h i l e  the maximum r a d i a t i o n - i n d u c e d  leakage is
a s ; i a l l v  a decreasing function of sili c o n  film thickness (as in
lot (‘1 0), th is was not the case for wafers 618 .1 , 618 .3 , and
618 ,6 . In  the f i r s t  two cases , in spec t ion  of t he d r a i n  c u r r en t
v ersus gate v oltage curies showed that wh il e  the 1ea~~age at 0 .1 V
on the drain did show the normal leakage versus s i l i c o n  t h i c k n e s s
behavior , the measurements at a drain voltage of 10 1’ showed the
reverse behavior .

To further understand the anomalous leakage current behavior , on
a l l  t h e  s u b s e q u e n t  m e a s u r e m e n t s  ( f o l l o w i n g  618 . 3 ) ,  t h e  n - c h a n n e l
leakage current was measured as a function of drai n  voltage with
V GS = -10 V following each radiation expo sure . A result typ ical
of wafer 618 .4 is shown in Fi gure 3-6 . The str i k i n g  feature of
these curves is that the 3 x ~~~ rads curve comp letely lost the
shape characteristic of a normal channel , hut that the normal
shape returned to the curve after 10 6 rads , This behavior was
not seen on wafers from the other two cleaning procedures , and is
believed t o  he due to impurities left at the silicon _ sapp hire
interface by the alcohol final rinse ,
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Table 3 — 1 2 , I f f e c t  o~ S ap p h i r e  C l e a n  on
Radi at i o n - I n d u c e d  l e a k a g e

S ap p h i r ’  51
C l e a r  W a f e r  D e v i c e  L e a k a g e ( i i -\ ) D o s e i r a d s )  T h i c ~~n e s s  (~~m

~ 18 , 1 2 0 0 8  2 5 9  3 l 0~ . 73
\ 1 coh~ 1 2 020 IS3 1 x I )~ . 78
F i n a l  2 130 305 1 x i~~6 , 80
R i n s e  6 l~~, 2 0720 15 .9 3 x 10~ . 53

2018 “5 1 x 1U ~’ . 75
311 5 181 1 x 1D~ .71

618 .3 2008 2(’l 1 x 10 6 • 50
212 0 152 1 x I0~ -
21 3)) 235 1 ~ l0 ~ . 74

1 1 5 . 4 0708 (85 1 x 10~
1720 220 1 ~ . 72
3130 1 1 5  1 x I0~ . 75

\ve ra ge

II (‘IS . S 0~~08 7 1 . 2 1 ‘ - ( ‘ 4

\l c o h o l  202 0 4 6 , t 1 ~ l~
)
~ • 7 5

Scrub - 313 (1 47~~4 I x l0~ . 78
\ c i d n l S . 6 07 30 52 . 1  3 x 10~ . 8 1

2 ( 2 3 0  3~’ , 1) 1 -\ 1 ) 1 1 
,

303 1)  10 . -) 1 x l t ( ~ . 67
(1 5 . 7 2008 123 .6 1 x lM 1’ . 72

2020 93 .6 1. x l (~ . 7”
2030 1 1 3 .9 1 x i0 6

618 .8 0”20 S t  1 x 10 6
2 0 2 0  17 7 1 x i o 6 . 75
3 0 2 0  3 1 .( 1 x , 70

A v e r a g e  55

I T T  6 1 8 , 9 1)720 252 1 ~ l 0~ .P7

No 2020 103 1 x 1 ) 6 .80
Deter g ents 3120 36 , 2 1 x l 0~’ . 53

o r  61 8. 10 071 0 17 7 1 x l O ~ 65
Org a n i c s  1414 .107 .5 3 x l O~ . 7 3

1818  77 , -) 3 x 10 . 7 5
2 4 2 4  4 8.0 1 x l 0~ . 52
3 0 2 6  12 .1 1 x 10 6 .85

618 .11 2 0 0 8 ~8 , 2 3 x 10~ . 79
2 1 1 8  134 1 x 10~ .76
2 0 3 0  2 3 7 1 x l 0~ .71

Average 140
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3 .6 S t a b i l i t y  Under Bias - Temperature Stress - Lot 618

These measurements were done on two d i c e  from each wafer as
described in Appendix I. . The result s are summarized in Table
3 - 1 3 . A l t h o u g h changes induced by t h e  bias temperature stress
here small , the y were larger for both c l e a n i n g  p r o c e du r e s  I a n d
I I  a n d  s m a l  l e r  f o r  c l e a n i n g  p r o c e d u r e  I I I  than had been observed
fo r the wa fers usin g the standard cleanin g procedure ~n the
poli shin g v a r i a t i o n  experiments . Also for cleanin g procedure II
(a lc o h o l  scrub - acid wash) , a co n s i d e r a b l e  numb er of t ransistors
were destro yed (loss of transistor action) b y the bias tempera-
t ure stress . T h u s , i t is apparent that c l e a n i n g  procedure III is
d i s t i n c t l y superior to either I or II under B-T stress . W h i l e  i t
i s  clear that the alcohol final rinse is detrimental to the bias
temp e rature s t a b i l i t y  in regard to threshold voltage shift ,
trancconductance , a n d  d r a i n  l e a k a g e , it i s  no t c l e ar w h e t h e r  i t
jc the u se of alcohol or the use of the acid as a final wash
wh i c h  has led to the poor res ults of cleaning procedure II . It —
is felt that the sing le dev ice from wafer 618 .11 exhibi ting a very
hi gh d r a i n  l e a k a g e  f o l l o w i ng  R-T stress should be regarded as an
an om a l l y a n d  t ha t c l e a n i n g  p r o c e d u r e  I I I  i s  t he preferred one
from the bias -temperatur e stand p o i n t .

3 .7 S ap p h i r e  C l e a n  R e s u l t s

The mos t definite feature of the sapp h i r e  c l e a n  da t a i s  tha t
c l e a n i n g  procedure I (alcohol final rin se) yi e l d s  the least
d e s i r a b l e  resul ts on most parameters measured--namel y , y i e l d ,
v o l t a g e  d r o p , n -channel field -effe c t m o b i l i t y ,  radia tion-induced
th reshold volta ge shift , on n-channel transistors , and  r a d i a ti on
induced n - channel leakage. The choice between cleaning pro-
cedures II and III then rests with which parameters are con-
sidered most important. Thus , cleaning procedure II (alcohol
scrub followed by an acid wash) provided sl i ghtly better yield
and si gnificantl y lower radiation - induced n - channel leakage than
I I I , w h i l e  g i v i n g  the lowest p - channel field-effect mobility and
h i g hes t p-c hannel threshold shift of the three cleaning pro-
ced u r e s , and exhibiting inferior s t a b i l i t y  plus some complete
failures under bias -temperature stress . Cleaning procedure III
(no detergents or organics) , on the other hand , provid ed the best
field -effect mobility for both n- and p -channel transistors and
also showed the lowest radiation - induced threshold voltage shifts
and best bias -tempera ture stability. From the stand poi nt of
radiation hardening, however , the radiation-induced n-channel
lea ka ge advantage of cleaning procedure II would outwei gh the
small threshold shift advantage of cleaning procedure I ll . No
comparison with the standard cleaning procedu re could be made due
to processing variations in other lots where standard wafers were
included .

In general , it appears that cleaning procdure I is detrime ntal to
n - channel transistors , while cleaning procedure 1! is s o m e w h a t
detrimental to p - channel transistors and generally beneficia l to
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n - c h a n n e l s . I n  an~’ case , it i s  a p p a r e n t  t h a t  t h e  d e t r i m e n t a l
e f f e c t s  of  a l c o h o l  i n  t h e  c l e a n i n g  p r o c e d u r e  a r e  l a r g e l y  r e m o v e d
by the use of an a c i d  f i n a l  w a s h . The acid fin al wash may offer
it s o w n  a d v a n t a g e s  i n  t e r m s  of the s i l i c o n - s a p p hire int erfac e ,
possibl y etching the sapp hire somewhat or removing p o l i s h i n g
deb ris to p roduce a roug hened su rface . This would he i n  a g r e e -
men t w i t h  the sapp hi re p olish f i n d i n g s  where the i n f e r i o r  p l i s h
prod uced the Pest n -c hannel transistors . IJ n f o r t t i n - i t e l v , t h e
scope of this p rogram is not s u f f i c i e n t  to in c l u d e  c o m b i n a t i o n s
of  po lish and cleanin g to see if , for examp l e , ~h e  a p p a r e nt
adva ntages of a s l i ght l~ ’ roug h s a p p hire surf ace in term s of ha d ’-
cha nnel effects on n -c hannel transistors could he comhi n e d  with
the advantages of removing detergents and organics in terms of
field-effec t m o b i l i t y  and r a d i a t i o n - i n d u c e d  threshold s h i f t s .



3 . }IYIRO ~~I \ R f  I - t i - t i \ . E I  \~~N l . ’ l . . I ’ ~ G L X 1 ~1 RI’- tL: \iS

I n  t h e  s t C n d I r t  lI( ( SOS f a b r i c a t i o n  p r o c e d u r e , the l a s t  treatment
of ‘h e ~~i 1’1 h i  re  1 e f - r e  ‘~ I i c o n  g I e i ~ th i s  an ann e al ing step i n  t h e
p r e s e n c e  of h v d r o ~~en I S , Th i s S t e) ~ i s  u s u a l l y k n o w n  as  h y d r o g e n
;- r et i r i - . l ie i~ i ’post O f  th e p ref i re step is to etch off a s m a l l

C I C l O U f l t  O f  th e s:ipp h i re w C f e I - -~ , removing m a t e r i a l  damaged d u r i n g
p o l i s h i n g ,  n d  p r o v i d i n g  a fresh surface u p o n  w h i c h  t o  g r o w  t h e
c’p j a -\ i a 1 s 1 1 i c o n  . I ii o r d e r t o  c - s t  a h i i  s h t h e  op t i m u m  de  rye o I
p r e t  i re , i t  w a s  d e c i d e d  t o  e ’  m ine the e f f e c t  o f  d i f f e r e n t  h y d r o -
gen p r c f i r e  t in ie s ~mfl ~~~ m a t e r i a l  q u a l i t y .  A l s o , it was d e c i d e d
to in v e s t  i : - ~~~ e the effect of a second anneal ing ste p , in the

r r sen c~ o f  a d i f f e r en t g a s , in a d d i t i o n  to the n o r m a l  h y d r o g e n
p r e f i r e . f e  a d d i t i o n a l  a n n e a l i n g  ste p w as v i e w e d  as a supp ie-
m e n  t a r e  c I can i n ~t p r o c e s s  , and so o c c u r r e d  a f t  e r the r e g u i  ar  c I can -
i n g  p r o c e d u r e  a n d  i m n n u - d i a t  c l v  h e f re  t h e  h y d r o g e n  p r e f i r e . The
a n n e a l  i n g  a m b i e n t s  c h o s e n  w e r e  I I C l  g a s  a n d  o x y g e n  g a s , e a c h  o f
whi ch is e~~p e cte d to react w i t h  d i f f e r e n t  t y p e s  o f  i m p u r i t i e s .

ih e SOS (4a t 1’T~ U S C  ~I ~~fl th e se e (p eri e n t s  w ere from t i l e  ~e c o n d
g roup of wa fe~~ d e s c r i b e d  in Table 1 -2 . This g d - u p  i n c o r p o r a t e d
f o u r  v a r i a t i o n s  i n  the p r e - e p i t a x i a l  m n n e a l i n g  p r o c e d u r e  i n c l u d i n g
two v m r i : i ti on s in t h e  d u r a t i o n  o f  th ~’ h y d r o g e n  a n n e a l  or  p r e f i r e
a n d  t w o  v a r i a t i o n s  in the gas ambient i n  an  a d d i t i o n a l  a n n e a l i n g
s t e p , T i e s t ; u i d a r d  h y d r o g e n  p 1- c f i r e  c y c l e  i s  c a r r i e d  out i n  the
same reactor as the s i l i c o n  growth for a p eriod of five m i n u t e s  at
- C  telii j’ e r a t U r e  of  1 1 5 0°C . This f irst v a r i a t i o n  on t h i s  pro cedure
w as to c- n t e n d  the d u r a t i o n  t o  30 m i n u t e s , a n d  t h e  s e c o n d  v a r i a t i o n
wa~ t o  r e d u c e  the t i m e  to zero m i n u t e s . Th e third variation w as
to anne a l t h e  s ap p h i r e  s u h s t  r a t e s  i n  -in a t m o sp he r e  o f  ox y g e n  ~ O 2 )
f o r  I~ h o u r s  a t  1 10 0 ° C i m m e d i a t e l y  b e f o r e  p l a c i n g  t h e m  ~n t h e
re a ct o r for a n o r z ~a l  ( 5 - m i n u t e )  h ydr ogen pre fire and s i l i c o n
e p i t i x y. The f o u r t h  v a r i a t i o n  w a s  t o  p l a c e ’  the s a p p h i r e  sub-
st-ra t es in the reactor and t r e a t  th em in IIC I gas a t  500°C and t w o
l i t r e s  p e r m i n u te f o r  ~ pe riod of t w o  m i n u t e s  p r i o r  to a normal
h ydrog en prefire and s i l i c o n  e p i t a x v .

A l l  the f i l m s  i n  the second group were m ade ‘v t h e  s i ne  o p e r a t o r
in the same re a ctor (- \l200 ), usin g the same s i l a n e  cy l i n d e r a nd
on con secut ive d a y s . The reac tor and silane cy lin d e r  we re b o t h
diffe rent than used for the first group of waf ers . T w o  different
s a pp h i r e houles w ere used in the second group of w i t ers . F o r  e a ch
o f  t h e  f u r  p r e - e p i t : i x i a 1  anne a l v a riations , f i v e  wafers we r e
t a k e n  f r o m  h o u l e  k 0 08 -1  a n d  s e v e n  w e r e  f r o m  h o u l e  K C O O I  33 . S i n c e
a l l  the wafer a from the first group were from b o u l e  K C O O S 4 , t h e
experiments described in t h i s  section w ere also done on w afers
f r o m  t h i s b o u l e . -A s before , t he s i l i con  f i l m s w e r e  i n t r i n s i c a n d
—0 75 am thick . 

~~
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1 . 1 h y d r o g e n  P r e f i  r e  I x p e r i m e n t  s

4 . 1 .  1 e c h n i c a l  A pp roach a n d  Rat io n ;I l

S e v e r a l  v e u r s  a g o , l o n g  h i g h - t e - - p e r a t u r e  p r e f i r e s  w e r e  n e c e s s a r y
o r e m o v e  p o l i s h i n g  d a m a g e  i i i  t h e  s i i h s t  r a t e , ii order to de p o s i t

s i n g l e — c r y s t a l  f i l m s . ~s p o l i s h i n g  t e c h n i q u e s  d e v e l o p e d , 1’ l i s h —
i n g  d a m a g e  s - i s  m i n i m i z e d , a l l o w i n g  c h o r t e r , l o w e r  “ m i e r a t u r e  p r e —
f i r i n g  c y c l e s . ) c i t h  t h e  d e v e l o p m e n t  o f  t h e  c h e m i c a l - m e c h a n i c a l
p o l i s h , i t  w a s  found that h y d r o g e n  p r e i i r e s  w e r e  n0t n e c e s s a r y  t o
o b t a i n  h i g h — u u a l ~~ t y ,  s i n g le~~c r v s t a I  s i i i c n r i  f i l m s .

A t U ni on C a r b i d e , t h e  h y dro g en p r e f i r e  h a s a l w a y s  been a p ar t of
t h e  s t a n d a r d  ep i t a x i a l  p r o c e d u r e . I h e  t ~m e  a n d  t e m p e r a t u r e  h a ve
b e e n  r e d uc e d as  t h e  p o l i s h i n g  q u a l i t y  h a s  i n i - r o v e d . T h e  p r e f i r e
h a s  b e e n  r e t a i n e d  a s  i t  i s  f e l t  t h a t  i t  - p e r f o r m s  a b e n e f i c i a l
T i g h t  e t c h  a n d  c l e a n i n g  s t e p .  \ a r i o l m - - - e x p e r i m e n t s  h a v e  b e e n  rn •~de
in cooperation w i t h  several SO’~ u s e r s , a t t e m p t i n g  t o  d e t e r m i n e
t h e  e f f e c t  of e l i m i n a t i n g  the p r e f i r e  cycle on d e v i c e  p a r a m e t e r s .
The- se e x p e r i m e n t s  w ere not con~~l u s i v e , and ii is felt that o t h e r
paramet ers , p robably surface c l e a n l i n e s s , i n t e r f e r e d  w~~ti these
t e s t s .  One user has re quested that U n i o n  Car b ide c o n t i n u e  to
supp l y w af ers using a h y d r o g e n  p r e f i r e  o f  a t  l e a s t  f i v e  m i n u t e s

C I  1 1 5 0 ° C . T h i s  u s e r  i n s i s t s  on a h v .l ro g en ri refire , as he has
i d e n t i f i e d  t h i s  as  c r i t i c a l  t o  d e v i c e -  p e r f o r m a n c e . l i e  state s
t h a t  s e v e r a l  l o t s  o f  w a f e r s  r e c e i v e d  t r o n i  a n o t h e r  v e n d o r  ga~~n-
d e v i c e s w i t h  u n a c c e p t a b l e  e l e c t r i c a l  p r o p e r t i e s . l n v c - s t  i g a t  i o n
r e v e l l e d  t h a t  t h i s  v e n d o r  h a d  n o t  u s e d  a h y d r o g e n  p r e f i r e  c y c l e
w h e n  m a f i n g  t h e s e  w a f e r s .  C o r r e s p o n d i n g l y , w a f e r s  f r o m  U n i o n
C a r b i d e  g a v e  d e v i c e s  w i t h  a c c e p t a b l e  e l e c t r i c a l  i - r o p e r t i e s , h a v i n g
b e e n  p r e p a r e d  w i t h  I f i e  s t a n d a r d  p r e r i r e  c y c l e . \t th a t t i m e , th e
hn’ dr cgen p r e- fire c y c l e  used at Union C a r b i d e  was 3 m i n u t e s  i t
l l 5 0°~~ . T h i s  c y c l e  w a s  e s t a b l i s h e d  as standard and has been con-
t in u e d  throug h t h e  p res e n t  t i m e .

It w a s f e l t  t h a t  t h e -  p ref ire c y c l e  should be e x a m i n e d  i n  t h i s
p r o g r a m  a n d  w a f e r s  w e r e  f a b r i c a t e d  w i t h  v a r i a t i o n s  o f  t i m e  a n d

e ; : p e r a t  u r e  . I t  h a s  b e e n  p o s t u l a t e d  t h a t  t h e  h y d r o g e n  ~ r e  I i  r e
c o n t r i b u t e s  t o  a u t o d o p i n g  o f  A l  i n t o  t h e  s i l i c o n  f i l m , e s p e c i a l l y
du r i n g  the fi r s t  stages of n u c l e a t i o n  and gro wth . The eff ec t of
t h e  p r e f i r e  c y c l e  on d e v i c e  p a r a m e t e r s  h a s  not been rep orted , and
it was hoped that this program mi g ht i n d i c a t e  the r e l a t i v e
import ance of the prefir e .

l h e  s u b s t r a t e  l o t  selection and v a r i a t i o n s  i n  hydr og en pr et ire
c o n d i t i o n s  are g i~~-n in Table 4 - 1 . L p i t a x i a l  run i d e n t i f i c a t i o n
f i r  t h i s  t h i r d  e x p e r i m e n t a l  set is l i s t e d  in F a b l e  - 1 - 2 .

The h y drogen p r e f i r e  cycle is done in the same reactor used for
fil m  dep o s i t i o n . be p osit ion i m m e d i a t e l y  follow s t h e  p r e f i r e  c y c l e ,
so t h a t  s ub s t r a t e s  a r c  n o t  e x p o s e d  t o  any atmosp here ot h e r  than
h y drogen from the start of the prefire cycle t o  p o s t - d e p o s i t i o n
c o o l i n g .  In p r a c t i c e , substrates ire loaded onto the susce p tor in
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T a l l e I — I . H v d  r o e -  Pre ‘ rt l a ,  - at i o n - -

EXPERIMENTAL S ET III

Substrate Lot KC0084
- 

~~~
— -—-— Substrate Lot K COOl 33 —___ 1~ 4,

Select 2 subs trates from KC00133 Select 5 substrates fro m KCOOB4 Select 5 substrate s from KC0084
f o r Lot Sb, Set I Standard Final for Lot h a .  Select ? substrates for Lot 12a . Select ? substrates
Clean. Load into reactor an d from KC00133 for Lot hib. Do from KCOQ 13 3 for Lot 12b.
depo s t film using st andard standard final clean . Keeping Keeping lots separate , load into
pre fire cycle of S mm at 1150°C. lots separate , load into reactor reactor and deposit film with a

and deposit film without the pre fire cycle of 30 miii at
pre fire cycle 1150°C -

T a b l e  1 2 . E x p e r i m e n t a l  S e t  I T T  I d e n t i f i c a t i o n

Epit axial
Ext ~~~i~~tNu. Wafer 5 Substrate L’t Exp . Conditions Run No.

Sb 2 KC00133 Standard A1Z050605

h a  
- 

S KC0084 No pre-fire A12O505O)~
lib 7 KC00133 No pre-fire A12.050603

iZa 5 KC0084 30 rniri. at 1150°C AIZC)50506

l2b 7 KC00133 3Orrsin. at 1150°C A 1H50611



the r eactor. A b e l l  jar covers t h e  s u sce p tor and n i t r o g e n  is
u s e d  t o  p u r g e  a l l  e n t r a p p e d  a i r  f r o m  t h e -  s y s t e m .  A f t e r  t h e  p u r g e ,
h~ - d r c g e n  i s  m t  r o d - , c r d , a t  f l o w  rates a p p r o a c h i n g  80 l i t e r s  per
m i n u t e . ‘I h e  s u b s t r a t e s  — i r e  h e a t e d  t o  1 1 3 0 ° C , h e l d  a t  t e m p e r a t u r e
f o r  t h e  s p e c i f i e d  t i m e  t h e n  c o o l e d  i n  the h Y drogen atmos p here to
t h e  d e p o s i t i o n  t e m p e r a t u r e , m d  th e s i l i c o n  f i l m  is d e p o s i t e d .
A f t e r  d e p o s i t i o n , f i l m s  a r e  p a r t  i : m l l v  c o o l e d  i n  the h y d r o g e n
-i t mos p h e re , then t h e  atmosp here is chan ged t o  n i l  r o g e r , l i n t  i i  a l l
h y drogen i s  p u r g e d  o u t  m l  the h e l l  t a r  c a n  1 e  o p e n e d  t o  a i r .

E x c e p t  I- or  the p r e f i r e  step, a l l  s a f - r s  d e l i v e r e d  for e x p e r i m e n t a l
Se t  I I I  w e r e  f a b r i c a t e d  i n  a c c o r d a n c e  w i t h  t h e  s tandard 11CC
‘~p e c i  f i  cat ions .

. 2 \ n n e a l  i n _f L x t e r i m e n t s

L2 .l T e c h n i c a l A pp roach a n d  h a t  ion m Ic

1 l ie  s i 1 i c o n  — s a p p h i r e  i n t er f a c e  h a s  b e e n  i d e n t  i t i ed a s  n ’ x t r e m e  y
i m p o r t  a n ’  t o  d c v i  ce  p e r f o r m a n c e . P r e v i  o h s  e p e r i m e n t  S w ere

€- s i gn  t’ d t o s t  ud y s u r f a c e  f i n i sh q h l  a i i  t y , c 1 e an 1 i n e s s , and P r e —

l i r e ’  e f f e c t s  on  t h e  s u ’l st r i t e  s u r f a c e  a n d  s u b s e q u e n t  i n t e r t a c e
q u a l i t y . T h o s e  e x p e r i m e n t s  u s e d  v a r i a t i o n s  o f  s t a n d a r d  q u a l i t y
o r  p r o c e d u r e s  c u r r e n t  l v  i n  us e . F o r  t h i s  s e t  o f  e x p e r i m e n t s ,
t e n - e d  a n n e a l i n g  e x p e r i m e n t s , n e w  a r e a s  w e r e  i n v e s t i g a t e d  t h a t
are not current 1~ - a p a r t  o f  t h e  s t a n d a r d  w a f e r  f a b r i c a t i o n  p r o c e s s .

T wo - i p p r o a c h e s  w e r e  a t t e m p t e d  t o  c h a n g e  t h e  s u r f a c e  c o n d i t i o n s  a t
the i n t e r f a c e . One app roach w a s  to expo se the s u b s t r a t e  to an
oxid i z i n g  atmosphere , j ust p rior t o  f i l m  de p osition . I t  w a s
tho’ ght tha t t h i s  a t mos p h e r e  m a~ affect the c h e m i s t r y  o f  the su r—
.Thc~~, p r o v i d i n g  a n  o x y g e n - r i c h  c o m p o s i t i o n  t h a t  w o u l d  favorabl y
- m i t e - c t  f i l m  n u c l e a t i o n . In a d d i t i o n , it s-as thoug ht that any
o r g a n i c  residues on the surface w o u l d  be o x i d i z e d  b y t h i s
atmo sp he r e , p r o v i d i n g  very clean surfaces prior to ep i t a x y .
w y g e n  w a s cho s en , since i t  s h o u l d  h e  m o s t  e f f i c i e n t .

Fhe oI l i er a p p r o a c h  w a s  t o  e ‘ipose  t h e  s u b s t r a t e  t o  r e d u c i n g  a t  m o s  -
p here p rior to f i l m  d e p o s i t i o n . Th is atmos p h ere should also
a f f e c t  t h e  c h e m i s t r y  of the surfa ce , p r o v i d i n g  an ox y g en -
d e f i c i e n t  surface and a f f e c t i n g  f i l m  n u c l e a t i o n .  A d d i t i o n a l l y ,
this r e d u c i n g  atmosp h e r e  w o u l d  p ro v i d e  c l e a n i n g  ac tion just p r i o r
to epi t a y  t hat would he q uite d i fferent from the o x i d i z i n g
atmosp here . Gase ous hvdro i’en c h l o r i d e  was chosen as the r e d u c i n g
atmos p he re , s ince it e f f e c t i v e l y  etches sapp hir e above 900°C .
IIC I is also used in the s e miconductor industry - is a getter for
sodium con t i~m i n a n t s  on surfaces , so that an HC l pr e -ep i an neal
should pr o vide a sodium-free sapp hire surface a n d  f i l m  interface .

Fo ur l o t s  were fabricated with oxygen and IIC1 annealing c y c l e s .
Ox y gen a n n e a l i n g  was done i n  a di ffusion furnace at 1100 °C f o r  l e
hours . The substrates were then transferred to the reactor for
de position. MCi a n n e a l i n g  w a s done in the e p i t a x i a l  reactor just
prior to f i !rn d e p o s i t i on , so that the sub strates were not exposed
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t o  o x y g e n  p r i o r  t o  f i l m  d e p o s i t i o n . -A t mp erature of 800°C w as
chosen as tests showed that this woul d avoid the heavy e t c h i n g
ac tion and d e t e r i o r a t i o n s  of surface f i n i s h  q u a l i t y ,  w h i l e  pro-
v i d i n g  clean ing a c t i o n .

The substrate lot selection and a n n e a l i n g  c o n d i t i o n s  are g i v e n  in
the flow chart of Table 4-3 . l - p i t a x i a l  run i d e n t i f i c a t i o n  f o r
this fourth experimental set is l i s t e d  in Table -2- 2 .

T ab l e  1 - 3 . A n n e a l i n g  I x p e r i r e n i s

EXPERIMENTAL SET IV

Substrate Lot KC0064
Substrate Lot KC00133

4
Select S substrates from KC0084 for Select 5 substrates from KC0084 for
Lot iSa . Select 7 sub strates from Lot 1 la. Select 7 substrates from
KC0013 3 for Lot 16b . Keeping lots KC0013 3 for Lot 17b. Keeping lots
separat e, th an subs t rat es w ith standard separate , clean substrates using standard
procedur e. Load into di ff us ion f urna ce procedure. Load into rea ctor and
and anneal at 1100°C in 02 for 16 hour s , annea l at 800°C for 2 minutes in Hc
Remove and load into epitaema~ reactor at 2 liters per minute. Change to hydrogen
Use st andard hydrogen pre.f il te e cyc le atmosp here and do standard hydrogen
and deposit film, pee-fire cycle. Deposit f i lm.

I uti le 2 - 4 . I xper i m e n t a l  Set IA Iden t i f i c i t  ion

E pit axial
Exp . Lot No. Wafers Substrate Lot Exp. Condit ions Run No.

16a 5 KC0084 16 hr . m O 2 at I100°C A12050608

16b 7 J~C00l33 16 hr. m O 2 at 1100°C A12050607

17a 5 KC0084 2 m m .  in HC1 at 800°C A12050609(2)
A 120506 12(3)

17b 7 KC00133 2 m m ,  in YC1 at 800°C A 1205 06 06
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Iw o ep i t a ~~ial runs were necessary - to comp lete lot F’a . Some
subs t r a t e s  selected for t h i s  run wer e l a t e r  found to have been
cont aminated durin g c l e a n i n g ,  l e a v i n g  s m e a r s  a n d  boa t m a r k s .
Other substrates were selected and us e d t i  c o m p lete the lot . Iw o
( 2 )  w a f e r s  fr om \ l 2 0 5 0 6 0 9  were u sed; the r e m a i n d e r  ( 3  w a f e r s )
were from A 1 2 0 5 0 6 1 2 .

the oxY gen anneal i n g  w a s  done in a quartz tube di I f u s  i o n  f u r n a c e .
[)rv , pur e oxyg en was used a t  a flow rate of 15 cubic feet/hour .
Subs trates were heated at 1100 °C and held at t e m p e r a t u r e  for 16
hours . ~f t e r c o o l i n g ,  the substrates were loaded into the
ep i t a x i ~1l reactor and taken through the standard hy drogen p r e f i r e
c ycle p rior to f i l m  d e p o s i t i o n .

The hydr ogen chloride a n n e a l i n g  was done in the ep it axial reactor .
Substrat es were loaded into the reactor , h e a t ed t o 80 0°C w h i l e  in
a h y d r o g e n  a tm o sp h e r e , then gaseous HC1 was introduced at a flow
rate of 2 liters per m i n u t e . A f t e r  2 m i n u t e s , the flow of tI Cl
w as e x t i n g u i s h e d , and the heating continued in h ydrogen throug h
the prefire cycle and fi l m  deposition .

Exce pt fo r the an ne a l step , all wafers del ivered for L x p e r i m e n t a l
Set IV were fabricated in accordance with the standard UCC
spec i Ii ca t ions .

- 1 . 3 S t a r t i n g  ~I m t e r i a 1  Wafer Insp ection Results - L o t  ( 2 7

b re -proc ess ing insp ection was conducted usfng the techni q u e s
described i n A p p e n d i x  A . A v i s ua l s c a n  of t he  w a f e r s  u s i ng  the
Nomars ki fil t e r  techni q u e r e v e a l e d no sc r a t c h e s , p i t s or h um ps in
th e s i l i c o n  f i l m . There w as no no t i c e a b l e  difference in the
g ene-ral texture of the si l i c o n  film from wafer to wafer.

The results of the IR sp e ctro p hotometer measurements a n d  s o d i u m
l i ght topograp h s , as s h o w n  i n  l al~le - 2 -5 , sh ow e d  a t y~~i c al  s i l i c o n
film thi ckness variation of 700 A , t he  s m a l l e s t 00 A , and the
largest 1800 ~~~. The film r;is gen erall y found to be thi n n e r  at one
ed ge of the wafer and to increase in thickness in a monotonic
manner t oward the opp osite ed ge . There was no indica tion of a
‘ r i pp le effect” of alt e rnately thinner and thicker s i l i c o n . The
ivera ge f i l m  th jckness on wafers in lot (-~27 was 0.798 ~.m .
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T a b l e  4_ S . Ici fe t - In s p e c t i o n  P rior to l )evic e F a b r i c a t i o n
‘ 1i n  i m i i m  T h i c k n e s s  ‘ l i x  i m u m  T h i c k n e s s

(‘ i f e r  N o .  N o .  o f  F r i n g e s  ( c m )  
— 

( u n )

(27 . 1 0 . 2 (1 .85 0.55

. 2 0.-I 0.83 0 ,85

. 11 0 .6 0~~79 U .S-I

. 12 0.5 0 . 81 0.85

627 .3 ((. 9 0 .75 0.82

. 1 0.8 0.78 0.82

.13 0. -I 0.83 0 , 86

.1- 2 1 .0 0.72 0.90

627 .5 0 . 4 0 ,8u 0 .59

. 6 1 . 1 0.77 0 . 8t~
0 . 2 ((.84 0 .87

.16 0.5 0.83 0.87

1 .2 0 .73 0.83

.8 1 .1 0 .75 O .s4

. 17 0. 1 0 , 73 0.76

.18 1 .7 0 .73 0.87

h27 .~ 0.9 0.u5 0.7 2

.10 2 .0 0 .u4 0 .80

.19 1 .1 0 .u5 0.74

.20 1, 0 6 7 0  0.78
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-2 ,4 [)evmce F a b r i c a t i o n  - Lot 627

F o u r  w a f e r s  o f  e a c h  of  t h e  f o u r  p r e - e p i t a x i a l  a n n e a l i n g  v a r i a t i o n s
p lus four standard wafers (from the first group of wafers received
f r o m  1.1CC) were processed in a 20-wafer lot desi gna ted lot 627 .
Only wafers from substrate lot KC0084 were used . (~~t0 S i n v e r te r
circuits were fabricated on these wafers as outlined in A ppendix
B , Since some processing steps were limi t e d  to a maximum of 12
wafers , the 20 wafers were sp lit into two groups of ten with two
wafer s from each of the five variations in each g r o u p , as s h o w n
in l a b l e  4-6 . Processing steps which could accommodate all 20
wafers were don e with all the wafers at once , while steps which
were limited to less than 20 wafers were done in the two separa te
g r o u p s  o f  t en . Because of rep airs being done on the n~

’ diffusion
f u r n a c e , t he  n~ d iffusions were done in the Rockwell Advanced
Device Research Lab , while the other pro cessing steps were done
in the Rockwell Hard ‘lOS Processing Lab . O n l y one wafer , 627 .12 ,
was broken during processing, and it was not used in the character-
ization experiments. The use of a faulty metal mask led to an
open circui t between the source pad and source contact metal on
the middle n-channel transistor on each die on eve t y wafer of this
lot.

Table 4- 6. L ot 627 Wafer Identification

Wafer No. Pre-~ p itaxia l Anneal Processing Sub group

627 .1 No Prefire A
(>2 7 2 “ A
627 .11 “ “ B
627 . 12 “ Broken

6 2 7 .3 30-Minute Fl~ Prefi re A
6 2 7 . 4 A
t> 27 .13 B
>27 .l4  B
627 .5 16-Hour 0 Anneal A
(>27 .6 followed b y A
627 .15 Standard H2 Prefire B
(> 2 7 . 16 B

627 .7 2-Minute IIC 1 Anr .eal A
627 ,8 followed b y A
627 .17 Standard 11 2 P r e f i r e  B
627 .18 B

627 .9 S t a n d a r d  11 2 P r e f i r e  A
627 .10 (5 minu te) A
627 .19 B
6 2 7 . 20 B
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1 .5 W afer Probe R e s u l t s  Lot 627

The wafers were p r o b e d  and the result ing dat a ni ap p ed i r i d s o r t e d
a S  d e s c r i b e d  i n  A p p e n d i x  ~~. Because 0f some r > e c u l i r i t i e s , the
p ara meter d i s t r i b u t i o n s  w i l l  he d i s c u s s e d  f i r ~. t . rhe r e s u l t s  of
s o r t i n g  the m easurements ire shown in th e d i s t r i h u ’ i o n  cu rves o f
- i gure s 2 — 1  to 4- -I . T h e  l e a k a g e  c u r r e n t  d i  s !  r i b u t  i o n s  i n d i c a t e -

s o m e  l o w e r i n g  o f  n - c h a n n e l  l e a k a g e  h~ - i l l  t h r e e  a n n e a l  i n ~ pro -
c e d u r e s  w h i c h  i n v o l v e d  a d d i t i o n a l  a n n e i l  i n g  be yond the no rmal
f i v e — m i n u t e  h y d r o g e n  ~ r e f i r i ’ . Th e le a s t  l o w e r i n g  was obtained
w i t h  the 30 -minute h ydro gen pr e fir e , w h i l e  the most l o w e r i n g

— 1 ~, n A ) w a -~ o b t a i n e d  w 1 t ii t he l~~ — hour o xv yen i - n e  a 1 . I n  t he’
l e i k a r e  c u r r e n t  d i s t r i b u t i o n  c u r v e s  a~ i n  i l l  t h e  o t h e r  I t  ( t 7
p a r ameter d i s t r i h i ’ i o n  c u r v es , ‘be low e r hei g ht of the n - c h , i r i n e l
c urves , comp ared w i t h  th e p-~~h i t n e l  c u r v e s , r e f l e c t s  t h e  fact
that o n e - t h i rd of the n — c h a n n > l s  w e re not o p e r . i t i o n a l  due to use
of  a f a u 1 t y met a I m i  ~ , I t  a LI I n g t o n o  c o n  n e c  t i on be t w e e  n t he
s o u r c e  c o n t a c t  a n d  t h e  s o u r c e  p a d . L i k e w i s e , t h e  l o w - e r  h e i g h t  o f
‘he curves for d e v i c e s  h a v i n g  no p re’ t i r t -  comp a red to the o t h e r
curve s reflects a lower y i e l d  of both n - and p _ c h a n n e l s  f i r  the
no p refire case .

T h e  v o 1 t s g e d ro d i s t r i ha  t i on s a r e s h o w - n i n  I - i gu r e -I — 2 in  J
i n d i c a t e  s i g n i f i c a n t l y  h i g h e r  v o l t a g e - d rops than encou n tered in
t h e  o t h e r  t w o  d e v i c e  f a b r i ~~ a t  i o n  l o t s  ( ( 1 0  and 6 1 8 ) .  T h u s , f o r
all pre .-ep i ta x i a l  a n n e a l  c a se s , a si g n i f i c a n t  fraction of the n-
c h i r i n e l s  e x c e e d e d  0 . 5 ~ vol tage drop, which .~ is th e fa i l u r e  level
a ss ume d i n  p r e v i o u s y i e l d  a na l y s e s . This is par t icul ,i  r i  y s t  r i k  -
i n g  in the case of the IIC1 a n n e a l  w h e r e  t h e r e  a r e  two d i s t i n c t
1~e.i i s  in t he d i s t r i b u t i o n  curve . The lower peak is a s s o c i a t e d
w i t h  w a t e r s  (>27 .8 m d  (>27 . 17 , w h i l e  the upp er pe ak is associated
w i t h  w a f e r s  m 2 7 .7 mo d (27 . 18 . Exam i n a t i o n  of the conductance vs.
gate v o l t a g e  curv e s for devices from these wafers indicates a
rap id decrease in transconductance as the gate voltage increas es
above 3 v o l t s . Transconducta n ce below V GS = 3 A’ was normal .
T h i s  p henomenon was not observed on ann of the other wafe r s .

I )i stri b utions of the other parameters were not v e r y  different for
the five pre -ep itaxial annealing procedures . On breakdown voltage ,
the m e d i a n  of the d i s t r i b u t i o n  for the standard p r e f ir e ca se w a s
a l i t t l e  hi gher (-2 V) than for the other wafers , however , which
m i ght reflect the fact that the standard wafers were from the
first group of wafers received from Union Carbide , w h i l e  the
w ;ifers for the other four pre _ ep itaxia l ann eal conditions were
from the second group . On threshold voltage , the lid anneal gave
a somewhat narrower distribution for the n - channel transistors .
These differences are pro b abl y not important as far as device
performa nce is concerned.

Due to the abnormally h i g h values of voltage drop , which occurred
f o r  the standard wafers as w e l l  as the waters having variations
in the pre -ep itaxial annealing procedure , it was decided to
increase the failure threshold for voltage drop to 0 .8 V for the
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—

m a p p i n g  a n d  y i e l d  a n a l y s i s  o f  l i  ( > 2 7 . T h i s  d e c i s i o n  r e f l e c t s
the b e l i e f  that the hi gher v oltage drops were’ due to variations
i n  d e v i c e  p r o c e s s i n g  r a t h e r  t h a n  to  v a r i a t i o n s  i n  s a f e r  f ab r i c a -
t i on .

0 ~~‘~~~~~
‘ r~~ ” z~~ o 6~~o L~e .J  ~o .“ : > > ~~~ n~ 1 - ‘ al ~‘1r~~-~ t -‘on s oe jn~

‘ho r~~~”oo~~ and were used onl y to identify good d e v i c e s  for
rad i a t i o n  and b i a s - - t e m p e r a t u r e  t e s t i n g .  The y ield  anal y s i s
r e s u l t s  a r e  s h o w n  in Table 1- 7 . h u e  to t he sing le i n o p e r a t i v e  n-
ch annel devi ce on ever r- die (due to the faulty mask) , t h e r e  w e r e
no  co m p le t e l y  good dice on any of the wafers on lot e27 . H e n c e ,
the compar ison of p r e - ep i t a x i a l  a n n e a l i n g  procedures must he
b a s e d  on i n - v e r t e r  y i e l d s  a n d  y i e l d s  o f  n - a n d  p - c h a n n e l  t r a n ~
s i s tors . In calc u l a t i n g  inverter and n - c h a n n e l  y i e l d s , the sing l e
h a d  n - c h a n n e l  on e v e r y  d i e  w a s  i g n o r e d . On t h i s b a s i s , i t i s
a p p a r e n t  f r o m  t h e  d a t a  o f  T a b l e  4- 7 t h a t  t h e -  w i f e r s  h a v i n g  n o
hydroge n p refire e x h i b i t e d  decidedl y l ower yi e l d s  than the other
w a f e r s , t h e  d i f f e r e n c e  b e i n g  a c o n s i d e r a b l y h i g h e r  n u m b e r  o f  n-
channel le akage failures and a s omewhat h i g h e r  n u m be r o f  p-
channel gate leakage fail ures . Of the o~~~er four pr e - ep i t a x i a l
a n n e a l  v a r i a t i o n s , onl y t h e  l l C l  a n n e a l  i s  n o t i c e a b l y d i f f e r e n t
from the others , g iving a si g n i f i c a n t  reduction in number of p-
c h a n n e l l e a k a g e f a i l u r es .

‘teasuren ents of fi e l d - e f f e c t  m o b i l i t y  wer e made at three loca-
t i o rs on each wafer using the method o u t l i n e d  in Section C .- 2 of
A p p e n d i x  C . The re s u l t s  are shown in l able -1 - 8 , where the
avera ge v a l u e  of field - effect m o b i l i t y  for each wafer is listed
f o r  b o t h  n -  a n d  p - c h a n n e l  t r ansistors. These values are in turn
a v e r a g e d  f o r  e a c h  g r o u p  o f  w a f e r s  c o r r e s p o n d i n g  t o  a s i n g l e
ann ealing variation . The no-pre l ir e case g ives the lowest value
o f  p _ c h annel m o b i l i t y  and the hi ghes t mi - channel m o b i l i t y , w h i l e
the 30 -m inute h yd r o g e n  p r e f i re g ives the lowest n - channel m o b i l i t y ’
and the second lowest p_ channel m o b i l i t y .  The oxygen and HCI
a n n e a l s  bo t h g i v e  h i g h v a l u e s  for both n- and p-c hannel
m o h i l i t i e s , In genera l , the p - channel no h il i t i e s  in t h i s  lot
(62~~) ar e low - e r  than for the other lots . Th e d i f f e r e n ce b e tw e e n
the field -eff e c t  m o h i l i t i e s  obtained for the different pre-
ep i t a x i a l  annealin g v a r i a t i o n s  are not s u f f i c i e n t l y  large to have
a s i g n i f i c a n t  e f f e c t  on d e v i c e  p e r f o r m a n c e .

-2 . (> St a b i l i t y  i n  Co 60 E n v i  r o n m e n ’  — Lot (>27

The Co 6° t e s t i n g  w a s  d o n e  as described in -A p p e n d i x  P . T h e  d i c e
to be tested were selected on the basis of the wafer map s .
Becau se the silico n film thickness was quite un i form on the wafers
u s e d  i n lo t (>27 , a n d  b e c a u s e  o~ the large number of w a f e r s  ~~. .  t h e
lot , devic es were taken onl y from one loc ation near t h e  c e n t e r  o f
each w afer to reduce test time . Rad i a t i o n - i n d u c e d  threshold
vol tage sh i f t s  are shown in Table -1~~9 , where it is appar ent that
there i s very li t t l e  difference between the five p r c _ e p i t a x i a l
anneal v a r i a t i o n s . One s t r i k i n g  fact that was revealed b y the
cond uctance ’ curves , however , w as that devices from wafers 627 .7
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‘l ’ a h l c - 1 - 8 . L f f e c t  of 1> re- l p i t a x i a l  Annealin g
on F i - l d - E ff e ct M o b i l i t y

Pt - e -l p i t a x i a l  ~‘ a f e r  - A v e r a g e  F i e l d - I f f e c t  ‘ l o ! i l i t y
-Anne al Number p — c h a n n e l  n — c h a n n e l

N o
h’ r efire 62 7 .1 17 2 . 1

6 2 7 . 2 l 7 2 .~~ 4 2 - 1 . 0
o27 , 11 1 9 3 . -I 3 82 . 3

-A vera ge f~~
). T •1 i ) ,

8 ’  anda m d  (2 7 . 9 188 . 1 382 .
5 M inut e - 627 .10 1 9 4 . 5 388 .9

II 6 2 7 . 19 185 , 7 580 . 4
P r e f i r e 62 7 .2 0 1 9 2 . 1 371 , 5

A v e r a g  e f~Y1~ . I

30 M i n u t e  o 2 7 , 5 105 . 9 3 89 • 7
112 o 2 7 .4 185 . 3 375 .1

h> refire (>27 13 184 .0 3 S5 1)

627 .1-i 183 ,~ % 3 0 _ S
A v e r a g e  i ’

~
_
~~

10 H o u r  o 2 7 . 5 ,~o2 . 3 4 1 9 . ~
627 .6 ioo , -i 593 e

Ann eal 627 .15 199 .2 57 1 .3
6 2 7 .16 190 . 3

Average 197 , 1 -2 0 1 , )

2 M i n u t e  627 .7 2i)e . 9 430 .5
l id o 2 7 , 8 l 9l.~ 393 .

_

- A n n e a l  ( 2 7 . 17 17 o . 3 384 , 1
6.1 7 . 18 1 07 . 1 4 0 o . 7

-A v e rage 193 .6
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Table - 1 - 9 , Effec t of Pr e- -E p i t a x i a l  Annea l on
R adi a t i o n - I n d u c e d  Threshold Shift

Pre-E p i t a x i a l  ~afer n-Channel t - V- ~ (Vo1 ts) p -C hannel M’T (Volts
A n n e a l  N umb e r V FT~T~~~ ’~~~~~ +Tr’T’

- V ( - b y  i vy

No 627 ,1 - 0 .05 -0 . 17 — 0 . 57 - 2 . 19
l’ refir e h2~~.2 -0 .10 -0 .50 -0 . 60 -2 2 5

627 . 1 1 — 0 .10 -0 .35 -0 .55 - 1 .97
Avera ge -0 .09 -0 , 5~ .T4~~

St anda rd 127 , 9 -0 .08 -0 , 1> ’ -0 , 52 -2 , 15
5 -M i n ute 627 .10 -0 .09 — O , 3o -0 .61 -2 .2 1

112  6 2 7 . 19 — 0 . 12 — 0 . 2 2  — 0 . -I t> — 1 . 95
Pret ’jr

~ o2~
’,20 — 0.10 — 0 40 — 0 .47 — 1 ,91

Aver age -0 .10 
~~ “Th~ -0 .515 -2 .

30_ ’’inute 027 , 3 — 0 , 1 0 — (‘ .66 — 0 .59 — 2 .34
1 1 2  62 . 4 -0 , jo — 0.3o — 0 .46 -1 .93

P refir e 627 .13 -0 , 09 -0 , 13 -0 .54
(s 2 ’ . 1 - 2  -0 .05 -0 .50 0 , 55 -2 ,13

Aver a ge -0 .08 - 0 , 4 9 ~~ _ 0 , S~
’, - 2 . 10

10-Hour 0.17 .5 -0 . 12 — 0. 35 — 0 .60 -2 , 16
0- > t 2 7 , o _ 0 . 1’ -0 , o l  — 0 . 55 - -2 . 05

Anneal 6.7 , 15 -0. 1 1 -0 , ho -0 .53 -2 .25
o 2 7 , l 6  -0 , 12 -0 . 4 3  -0 , 55

-A vera ge . ~1 - ~

2 - M i n u t e  627 .7 -0 .12 -0 .67 -0 .5- h -2 .05
HCI 627 .8 -0 .08 - 0.60 -0 ,50 -2 ,05

A n n e a l  62 7.17 -0 ,07 -0 .60 -0 ,56 -2 . 12
62~~ . 18 -0 . 10 -0 . 52 -0 . 2 ”  - 1 . 8 9

Avera ge -0 .09 -0 .60 -0 . 52
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and n27 .1S bo th showed a rap id de crease in n -c hannel tr ar scon-
duc tan ce for gate voltages above -3 . 5 v o l t s . Th i s e f f e c t w a s  no t
seen on any other wafers and acc n ants for the hi gh vol tage d r o p —
ohs er ’ed during w afer p robing on n-channel transistors on wafers
627 , ” a n d  6 2 7 , 18 . )Th e t r a n s c o n d u ct an c e “roll-off ” effec t was not
a l t e r e d  b y  t h e  CO > i r r a d i a t i o n .

R a d i a t i o n - i n d u c e d  ! e a k a g e  c u r r e n t s  a r e  s h o w n  i n  T a b l e  1 - 1 0 . Here
th e max imum leaka ge current , which a i w a c s  occurred under bias
c o n d i t i o n  n u m b e r  I , i s  s h o w n , a l o n g  w i t h  the i o n i z i n ,~, r a d i a t i o n
cl o se  f o r  w h i c h  t h e  maximum l e a k a g e w a s  o b s e r v e d , a n d  t he  m i t  i a l
t n i c b n e s s  of the s i l i c o n  film . As can he seen from Fable 4-10 ,
t h e r e  i s  a w i d e  w a f e r - t o - w a f e r  v a r i a t  i on  w i t h i n  the  g r o u p  of
w a f e r s  f o r  a g i v e n  p r e - e p i t a x i a l  a n n e a l  p r o c e d u re , hu t  t~~e
va r i a t i o n  between th e ave -rages for each pro cedure is no t dra - a t i c .
Based on these av erages , i t app ers that both the 02  a n d  H C 1
a n n e a l i n g  m a y  b e s l i g ht l y de trimental to the goal of m inim i: ir .g
r a d i a t i o n - i n d u c e d  leakage , and thai some h y d r o g e n  p r e~~ire is
desirable , the lo west ave-ra ge leakage occurrin g with the 30-
min ute H2 prefire . F i n a l l y ,  i t should be noted that the rather
lar ge wafer-to -w a ter v a r i a t i o n  is apparently not correlated w i t h
the s i l i c o n  f i l m  t h i c k n e s s , hu t some correlation with the I
t lc ”ou g h 1 0 and 11 t h r >ni g h 20 process ing sp lit ma be presen t .

-1 , 7 S t a b i l i t y  Onder Bias -Temp erature Stress - L o t  6 2 ”

Hue to the large number of wafers in this lot , this exp e riment
w a s  d o n e  on o n l y one die from eac h waf ,’r. The exp erimen t was per-
fnr :~- ed - As o u t l i n e d  in -A pp endix F e x c e p t  t h a t only the s t a t i c  bias
c o n d i t ~~oii s , I a nd  2 , w e r e  u s e d . Th i s w as done r eca use only two
in verter p a i r s  were operational on each die inc lot 627 , and
b e c a u s e  t h e  d yn amic bias condition , 3 , fai l2 d to p roduce any
m e a s u r a b l e  c h a n g e  i n  d e s i gn parameters in the previous B-T
exr c erimen ts. The results are summarize d in Table 4 - 1 1 .  Ii , a l l
c ases ~ xc e p ’ on e (627 , 1-2) , threshold shifts were less than 0 . 35
volts , wh ile in a l l  cases hut two (627 . 1-I and t> 2” .18) , chang es in
n ia -~ i m u m  t r a n s c o n d u c t a n c e  w e r e  l e s s  t h a n  10% . It is of in terest
to note here th a t  in most cases the tr anscon d uctan ce i.as actuall y
increased very s l i g h t l y  b y the bias-temperature s t r e s s , w h e re a s
in previous e x p e r i m e n i s  (Sections 2 .6 and 3 ,6) , t he t e n d e n c y  w as
for the trans c onductance to decrease . In the case c > f leakage
cur rent s , i n five na se s (627 , 19 , (>2 7 . 2 0 , 6 2 7 ,-I , 027 .14 , a n d
027 . 1 (3 there were large in creases in drain leakage pro duced 0v
the 1~-T stress .

F i n a l l y , no dev ices were rendered comp le tely i n o p e r a t i v e  hr the
B-i stress , and  i n f a c t , some were a c t u a l i v  improved , espec~~a 1 l y
those from 027 , r and (27 .18 , where the ra ther extrem e roll-off in
t ra ri sconductance observed i n i t i a l l y  was appreciably reduced by
the B— T Stress
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1-a bl e 4- 10 . E ffect of P re - I p i t a x i a l  Anneal on
R.- i di a> ion - Induc ed leaka g e Current

Pre— E p it a x i a l  Wafer E )evice Le a kage Hose Si Thi ci ness
A n n e i l  , N u m b e r  N u m b e r  C u r r e n t  - A )  ( r a d s ) 

_____

No (>2 7 .1 222 0 128 1 x 10~ 86
P r > -  fire (2” .2 1920 6e(i 3 x l0~ 11 , 5 )

6.~7 . 11 1 8 2 2  38 1 x I C 0 0 , 81
A v e r a g e

Sta ndard 627 .9 1 82 2  151  1 x 1 06 0 . 0 9

5-M in ute (>27 .10 1920 ~~~2 3 x 10~ 0 .71
11 - 627 .19 Ol b t57 I x l 0~>

P r e - f i r e  o27 , 20 18 2 2  3 18  1 .x J Q 6 i i ,

-Av e rage

30-M i note (>27 .3 1718 182 1 10~ 0 . 78
1 1 2  6 2 7 . 4 2 0 2 2  -2 . 68 ~ I H ~ 0 5 0

P r e f i r e  627 .13 1 82 0  2 0 1  1 x 10 6 0 . 5 2 .
6 2 7 . 14 2 0 2 2  3-1 1 x 0 . ~

A v e r a g e  2 2 1

16-Hour 6 2 7 . 5 2 4 1 5  338 3 x J u 1 ~ 0.57
0-, 6 2 7 , n 1 8 2 0  2 9 4  1 x 10 ’>> 0 , 82

\ nine a l (2 2 .15 1916 137 3 x i~ -~ 0 . 85
e 2 7 . l o  2 1 1 6  2 2 3  1 ~ 1 , 10 0 . 85

-\ i- e i’age

3 M j f l , L t P  (>2r .7 1 9 1 8 102 3 x 1H~ 0 . 7S
Hf 1 (>2 7 .8 1916 -11 S 1 x 10 ’> 0 .

A n n e a l  (>27 . 17  2 0 2 0  ( o S  x 10 0 0 , 7 5
6 2 7 . 18 1 918 1 > 7  1 x 10 ’> 0 . Se

-Av e rage
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I n  g e n e r a l , the devices were so stable that no measura b le change
was induced by the B-i stress . I t is believed that in tho se few
c a s e s  w h e r e  s i g n i f i c a n t  changes did occu r , this could have been
due to the choice of dice , g i v i n g  r e s u l t s t ha t m a~- not hav e been
ch aracteri o tic of the whole wafer. The conclusion from th ese
da ta is that all of the pre -ep i t a x i a l  annealing pro cedures tried
p r o d u c e d  e x c e l l e n t  b i a s - t e m p e r a ~~u r e  s t a b i l i t y .

4~~8 Pre- fi p i t a x i a l  Hydrogen Prefire and Annealing R e s u l t s

The results of these exp eriments did not identif y a p r e f e r red  p re_
ep itaxial annealing procedure , bu t did indicate the de sirability
of  h a v i n g  s o m e  h y d r o g e n  p r e f i r e .

The oOission of the h y d r o g e n  p r e f i r e s t ep p ro d u c e d a s i g n i f i c an t
decrease in  y i e l d  and  perh aps some increase in radiation - induced
leakage . Otherwise , differences be tw een the results of the pre-
ep i t - i x i a l  annealin g varia t ions were not si gnifi cant , b e i n g  m u ch
less than wafer -to -wafer variations within a group .

In general , the yields on this lot were lower t h a n  f o r  l o t  o 1 8
a n d  a p p r o x i m a t el y the same as yields measured for lo~ 610 . llo w--
e v e r , the voltage drops were higher than in the pr evious lots ,
and the failure threshold for voltage drop ‘nder 3 mA load had to
be r a i s e d  t o  0 . 8 V i n  o r d e r  to  p a s s  m o s t  of the usable devices .
A l s o , p- channel field -effec t mobility tended to be lower and
b i a s - t e m p e r a t u r e  s t a b i l i t y  b e t t e r , while radia tion -induced leak-
age  w a s  h i gher thar for the previous lot s . T h e s e  c o m m e n t s app l y
to all groups of waf ers in this lot , including the four standard
wafers which were part of the first ship tien t of wafers received
from Unio n Carbide and used in lots 610 and 618 . Thus , t h e
differences between lot 627 and the two p revious lots are believed
to be p rocessin g related rather than s t a r t i n g - m a t e r i a l  re ated .
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5 .  P }IASF II 8~IMMA R ’i , ( 1 0 0 N f L U S I O N S  A N t )  R 1 - f 0 M M I  N f J A T [  ~1S

The  e f f e c t of  pr e-ep i taxial treatmentc of sapp hire on th e q u a l i t y
of silicon-on-sapp hire se m i c o n d u c t o r  n a t e r i a l  has he ’n i i> ve st i-
ga t ed to define impr oved p r o c e d u r e s f l - I ’ f a b r i c a t i n g  SOS start in g
materi al. The p re - e p i t a x i a l  t r e a t m e n t s  i n v e s t i gated were
s a p p h ire p o l i s h i n g ,  s a p p hire c l e a n i n g ,  -h Id pre- ep i t - i x i a l  anneal-
i n g .  The q u a l i t y  of the r e s u l t i n g  SOS m a t e r i a l  was assessed in
terms of its s u i t a b i l it y for the fabrication of radiation hard
LMOS /SOS integrated c i r c u i t s , as determined by ev a l u a t i n g  CM O S
d evices fab ricated in the 808 mat e r i a l . The d evices used for the
evaluation were -200~~Sp -H inv erter ci rcuits , and these were
e v a l u a t ed in  t e r m s  of  y i e l d , e l e c t r i c a l  para meters , r a d i a t i o n
tolerance , and s t a b i l i t y  under b i a s - t e m p e r a t u r e  stress . The
f o l l o w i n g c o n c l u s i o n s  w e re re a c h e d .

1. T h e  r e d u c t i o n  in  f i n a l  p o l i s h i n g  t i m e , f r o m  t h e
standard Union (lar h ide pro cedur e , p rovides a definite
imp roveme nt in both n -cha nnel y ield and radiation -
ind uced hack -c hannel leakage , w h i l e  having no me asurable
d e leterious effect s on e i t h e r  n- or p-channel
t r a n s i s t o r s .  T h i s  s u r p r i s i n g  c o n c l u s i o n  i s  b a s e d  on
a very limi ted samp l e  size , using repo lished wafers
which ini tiall y had the standard polish . T h e r e f o r e ,
confirmation studies are required before any changes
i n  s t a n d a r d  p o l i sh i n g  p r o c ed u r e s  c ou l d  be r e c o m m e n d e d .

2 . The rad i a t i o n - i n d u c e d  hack-channel leakage is very
ser .siti ve to s i l i c o n  f i l m  thickness and can fall to
-0 .2 ~~ >- m i 1  or b elow (after irr a d i a t i o n  of up to 10 6

r a d s ( S i )  i n  a Co f>>
~ environmen t) when the film thick-

ness is corre ct . This effec t is believed to he due
to the use of a deep b o r o n  i mp lan t on n -channels in
orde r to increase the inversion potential of the
h a c k  in t e r f a c e , and the correc t sili con film thick-
n e s s  ( ah o u ’  0.8 tin for the process used here) is
ex n ected to depend upon the boron imp lant energy.

3 . The use of alcohol in the final rinse during
s a p p hire cle aning is detrimental to almos t every
inv esti gated aspect of the devices. A lthoug h the
use of an acid wash following an alcohol scrub
removed the detrimental effects of th e alcohol ,
other disadvantages were incurred , p a r t i c u l a r l y  i n
terms of s u r v i v a b i l i t y  under bias -temperature stress.

4. The removal of detergents from the scrubbing cycle
of the sta n dard Union Carbide cleaning procedure may
prod uce sl i ght advantages in terms of field -effect
m o b i l i t y  and bias -temperature stabili ty .

5 . Some h ydrogen prefire is desirable , both from the
po i n t of v i e w of device y ield and radiation - induced
n-channel lea kage . Other pre -epitaxial annealing
variations had no s > gnifica n t effect .
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The p rinci p a l  f a c t or i n bo t h y i e l d  and  r a d i a t i o n
ha rdness was n - channel leaka ge. The differences
be tween the results of the different p o l i s h i n g ,
cleaning, and annealing pr a cedu res in terms of y i e l d
and r a d i a t i o n  h ardness are reflected a lmost e n t i r e 1~ ’
in the n-channel leakage results .

The fi rst conclusion (number 1 , above) is also supported h
results o b t a i n e d  in Phase I . In view of these conclu sions , the
mos t p r o m i s i n g  areas for SOS f i l m  improvement appear to he
s a pp h ire p o l i s h i n g  and silicon film thickness u n i f o r m i t y .
F u r t h e r , it is believed that it is not sin ip l ’- th e sapp hi re po lish
w h i c h  requires further stud y, but , in fact , a l l  p r o c e d u r e s  u s e d
t o deter mine the mechanical proper ties , i n c l u d i n g  crysta llo-
gr: iphic o r i e n t a t i o n , of  the  s a p p hi re surface . S i m i l a r l y , i t is
not s i m p l y s i l i c o n film  thickness u n i f o r m i t y  w h i c h  requires work ,
h ut in fact , a l l  procedures which deter n ine the boron d oping
l e v e l  in  t he v i c i n i ty of the silicon-sapp h i r e  i n t e r f a c e , includ-
ing both the heron implantation procedure and the duration and

~emp c r a t u r e  of subsequent hi gh - temp erature proc essing steps.
Thus i t ma n he mor e fruit4ful to attem p t to develop an imp lanta-
t i o n  process whic h  is not sensitive to the lO~l t o 15% s i l i c o n
t h i c kness v ariation seen across a typ ical SOS wafer than to
att e m p t  to dev e lo p a s i l i c o n  epi proc edure which y i e l d s  v er y
unifo rrt s i l i c o n  film .

A l t h o u g h the total nu r iber of devices measured was extremel y large
x 1O~~), the number of wafers per vari a tion was very small

(~~- 1 ) , Since th e wafer -to-wafer variations were r e l a t i v e l y l a r g e ,
the st a t i s t i c s  on a wafer-to-wafer basis ire d o m i n a n t
Thus a l arger number of wafers PCT v a r i a t i o n  w ould be d esirable
for - future investi ga t i o n s , al t h o u g h ther e w i l l  a1\ ~avs he the
l i m i t ations of w afer-processing lot size . S i n c e  d i f f e r e n c e s i n
resul ts observed for different proc essin g lots is qui~~e large , a
l a r g e  n u m b e r o f proc essin g runs is also desirable .

-\l thoug h i t ha s not been po s s i b l e  to o b t a i n  e x c e l l e n t  s t a t i s t i c s
on t h i s  study p rogram , the c o n s i s t e n c e  of many of the resu l t s  is
very good . For examp l e , in  t he a r e a of d e v i c e  y i e l d , on l o t 62 7
t h e  y i e l d  result s for all the p r e - e p i t i x i a l  anne a l variations
are v i r t u a l l y i d e n t i c a l , excep t for the wafers where no hydrogen
pref ire was used (see Table 4-7).

l - i n a l l v , i t must he noted that the present studies a l l  used a
p a r t i c u l a r  p r o c e s s  d e s i g n e d  t o  p r o d u c e  r a d i  at ion - h a r d  C’I()S/SOS
clev ice s, The  re s u l t s ob t a i n e d , therefore , d e r i v e f r om t he
in t e r a c t i o n  of the device p rocessing w i t h  the SOS material and
m i g ht , theref ore , be d i fferent for different processes . ‘this is
probabl y particularly true of the effects of non -uniform s i l i c o n
thickness on radi a t i o n - i n d u c e d  n - channel le akage . th erefore ,
onl y to the extent that the p resent process is t y p i c a l  of other
r a d i a t  i o n - h a r d  CMOS/SOS p r o c e s s e s  or t o  the extent t h a t  the
interactions between proc esses and SO~ m a t e r i a l  are understood ,
can the results d e scri b ed in this report he  a pp l ied in general to
r a d i a t i o n - h a r d  CMOS/SOS device fabric ation .
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APPLN [)IX A

W A F E R  I N S P E C T I O N  T E C H N I Q U E S

This app endix de scribes the techni q u e s  us e d i n  t h e  s tu d y to
cha racterize SOS star t i n g - m a t e r i a l  wafers pr ior to the St  art of
CthoS /SOS wafer pro r essing.

.-\ . l S o d i um L i ght In terferoneter

Top ogr aph s of the s i l i c o n  f i l m s  on the SOS wafers used in the
stud y w e r e  o b t a i n e d  by  m a k i n g  p hot o macr ogr ap hs of the safers
under monochromat ic sodium li g h t  (wa vel emgth , = 5893

Vari ations in the s i l i c o n  f i l m  t h i c k n e s s , as show n in Fi g u r e  A l ,
are revealed be interference fringes w h i c h  result from the
i n c i d e n t  b e t  and the li g ht transm i t t e d  throug h t h e s i l i c o n  a n d
refle cted from the sapp h i r e s u r f a c e .

Bec au s e t h e  s o d i u m  l i gh t t o p o g rap hs we re made after the i s l a n d
e t c h , i t  w a s  p o s s i b l e  t o  e s t a b l i s h  p e r m a n e n t  r o w  a n d  c o l u m n
i d e n t i f i cation numbers for the d e v i c e s  (see A p p e n d i x C , F i g u r e
Cl) and to correlate test results on subs e q u e n t l y  fabricated
device s with t h e i r  relative s i l i c o n  t h i c i - n e s s e s .

\. 2 \omarski Interference Contrast F i l t e r

The N o m a r s k i  interference contrast f i lter * pe r m i t s  d i f f e r e n t i a l
surface a n a l y s i s  where surface v a r i a t i o n s  are so sl i g ht that they
are not revealed by the usual o p t i c a l  t echni q u es .

T h e  N o m a r s ~~i f i l t er  is  p l a c e d  be t w e en t he  i l l u m i n a t or  a n d  t h e
ob jec tive of an i n c i d e n t - l i g h t microsco p e having a p olarizer-
a n a l yzer , as s h o w n  i n  F i gu r e A 2 . A modified Wo l l .s ton prism
sp l i t s t he l i g ht from the samp le in to two superim pose d images
that are slig htl y disp laced from o ne  an o th e r  g i v i n g  t h e  d e s i red
t h r e e - d i m e n s i o n a l  effect .

A .~ Infrared (IR) Spec trophotometer

The Beckman IR -SA spectrop hotometer used i n  t h e  e x p e r i m e n t s
consists of an IR radiation source and a monochromator containin g
a prism which disperses the li g ht so that a l i m i t e d  wavelength
range is allowed to irradiate t he SOS s a m p l e . The  l i g ht
r e f l e c t e d  f rom t h e  w a f e r  i s  d e t e c t e d  by a p h o t o d e t e c t o r , t h e
output of which is used to drive a strip -chart recorder.

Th . Nomarski and A . P.. W e i l l , R ev .  1)eM~ ta l1 urg ie , l9S5 .
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F i gure A3 show s the detect or output trace s for three locations
on o n e  SOS w a f e r , and  the equation used to cal culate the silicon
thickness , This techni que , coup led wi th the sodium li ght
topograp h , p rovides a quick visual i n d i c a t i o n  of silicon film
thickness v a ri a tions on SOS wafers ,
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- \ P P E N D I X  B

CMOS / SOS DEVICE FA BR ICA1 ’ION

-\ s i mp le , meta l ga te p rocess which e x h i b i t s  excellent e l e c t r i c a l
c h a r a c t e r i s t i c s , radiation hardness and h ias - tem peratu c e
s t a b i l i t y  was used to Fabricate devices on the SOS samp les. A
I O O 7 S R  t es t v e h i c l e  c o m p r i s e d o f  a b a s i c  du a l co m p lemen tary p a i r
p l us inv e rter circuit (CDIOO 7 equivalent ) and special test
structures was chosen for fabrication using the following process
s e q  u en cc

1 . The silicon i s l a n d s  were formed by first o x i d i z i n g  the
s i l i c on su r f a c e  in  a s t e a m  a m b i e n t f o l l o w e d  h~- a dryin g
cycle . The is land swere define d h-v stand -ird pho to-
l i thogra p h i c  te c h n i q ues , a n d  t he  o x i d e  w a s  e t c h e d  in  a
b u f f e r e d  HF s o l ut i o n . Fo l l o w i n g  the oxide etch , the
p h otoresist was removed and the s i l i c o n  was etched in a
KO hl solu tion .

2 . A t h i n  thermal oxide was grown on the s i l i c o n  islands
f a l l o w e d  b y a d e p o s i t i o n o~’ S i l ox . The so urce and
d r a i n  reg ion of the n-channel transistors was then
def ined w i t h  p ho toresist , a n d  t h e  ox i de w a s  e t c h e d  t o
s i l i c on . The N’~ r e g i on s w e r e  t h e n  d o p e d  us i n g  P O d 3
as t he  s o u r c e .

~~. The wafers w e r e  t h e n  o x i d i z e d  to form an oxide over the
N~ re g i ons . The p_ c h a n n e l  transistor source-drain
a reas were then defined w i t h  p hoto resist . and the oxide
w a s  e t c h e d  t o s i l i c o n , h o l l o w i n g  the removal of the
p ho t o r e s i s t , t he P~ r e g i ons  w e re  d o p e d  u s i n g  boron
ni t r i d e  wafers a s a dop in g so u r c e . A l l  o x i d e  w as t h e n
rem o v e d  f o l l ow e d  b y a short thermal oxidation .

4 . The p- w e l l  was then defined usin g p ho to r e s i s t as  an
imp l antation mask - . The p _ w e l l  was ion imp l a n t ed a t
200 heV to a dose of 1 , 5 x i0 13 atoms/cm 2 a n d  40  k e V
to a dose of 3 x i~~l 2  a tom s/cm 2 . The diffusions
were then driven at 1000 °C for two hours .

5 . A l l  o x i d e  w a s  s t r i pped. Th e gate oxide was then grown
in a steam ambient with -1% lId pres ent at 8 5 °C a n d
annealed at 875 °C in dry nitrogen .

6 . The contacts were defined by ph otoresist and etched .

7 . Met a l l i z a t i o n  was de posi ted usin g an AM T Insource 1500
RF evaporation system . T h e  m e t a l  w a s  d e f i n e d  u s i n g
p hotores i s t  and etched . F o l l o w i n g  p ho toresist removal ,
the wafers were si n t e r e d ,
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8. F i n a l l y  a S i lo.\ over coa t was deposite d and the bond~
i n g a n d  p r o b e  p ad s w er e  opened usin g stan d ard pho toli thograp hic techn f q u e s .
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(‘. 1 D a t i  A c q u i s i t i o n

F o l l o w i n g  device fa b r i c a t  ion , t h ~ ’ w a f e r s  w e r e  p r o b e d  on an  a u t o -
m - i t i c  w afer pr obing setup con t ro l led b y a He w lett Pack ard 3 i l ~~B
m i n i - c o mp u t e r . -\ p r o g r a m  w a s  w r i t t e n  t o  p r o b e  t h e  t O1 )~~~~H
i n v e r t e r s , m e a s u r i n g  t h e  f o l l o w i n g  p a r a m e t e r s  on  e a c h  t r a n s i s t o r :
( 1 )  d r a i n  j u n c t i o n  l e a k a g e  c u r r e n t  ( c h a n n e l  l e a k a g e )  w i t  Ii t h e
d r a i n  j u n c t i o n  reverse bi a s e d  at 10 V and w i t h  the gate gro un ded ,
(2) volt a g e  drop at 3 mA load with the gate biased str ong l y on
(IV Gs ! 1 0 V ) , (3) gate lea kage current w i t h  12 v o l t s  ap p i le d
b e t w e e n  t h e  g a t e  and the source , (- 1) gate leakage current w i t
1 2 v o l t s a p p l i e d  be tween the gate and both drain and source , (5)
d r a i n  j u n c t i o n  b r e a k d o w n  v o l t a g e  w i t h  10 u- \ throu g h the h ack-
biased drain j unction , (6) turn-on threshold v o l t a g e , t aken b y
m easuring the gate to source voltage produced by forcing lOt ) ;~~\

t h r o u g h t h e  b a c k - b i a s e d  d r a i n  junction w i t h  the g a t e  t i e d  t o  t h e
d r a i n . The measurements were done on each transistor in t h e
order o u t l i n e d  above . If any of the first four measurements
e ’c e e d e d  c e r t a i n  l i m i t s , t h e  r e m a i n i n g  m e a s u r e n ~~n t s  on t h e  d e v i c e
w e r e  a b o r t e d  a n d  the nex t device was tested . T h e s e  1 m i ’  s w e r e
100 n-\  f o r  t h e  d r a i n  l e a k a g e , 2 vo l t s  for the v o l t a g e  drop , an!
I u\ f r  the gate leakages .

R ather than probing all the devices on a wafer , i n order to speed
up t h e  probing p rocess and to f a c i l i t a t e  comp letely automat ic
p r obing , onl y the dice w i t h i n  a square area inscribed in the
c i r c u l ar wafer were pro b ed . Because alternate dice along
ev ’~ry other ro w were speci al ten-pad test d e v i c e s  r a t h e r  t h a n
-1 007-H inverters , o n l y alt ernat e d i c e  were probed on every row- .
T h u s  t h e  p r o b i n g  w a s  done on 12 dice on each of 25 rows , g i v i n g  a
tota l o f  300 d i c e  p r o b e d , i n c l u d i n g  900 inverters consi s t i ng of
900 n -c hannel and 900 p-ch annel transistors . The  p r o b e d  a r e a  i s
i l l u s trated in Fi gu re C l . T h i s  s c h e m e  a l l o w e d  t he  p r o b i n g
oper ation ‘u he co m p letel y automatic and quite rap i d , so that
aft er the prob e was started a~ the upp er lef t -hand corner of the
a r e a  t o he  p r o b e d , the operat i on proceeded witho u t requiring ,in~
a t t e n t i o n  from the opera tor ri~r t i 1  the 300 dice had been p robed
about 3 - 1/ 2  hours later . The da ta were stored on ma -~net ic ~,t r e
a n d  w e re t h e n  a n a l y z e d  b y other computer programs w r i t t e n  for t t t ’

m i n i  - comput er .

C .2 tiafer ‘lapp i n g

Device fail u res were m a p p e d  f o r  t h e s q u a r e , prob ed ire t -

wafer , using the device measurements stored on the m ug - - ’
~
4 tipp ing wa s done on one row at a tine by reading h~’ ~
12 dice on a r ow into the compu ter from the m a g n e t L
co m p a r i n g  the v a l u e s  of the d r a i n  junction l e a k a g e  -~~~~~r~-
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voltage drop, and gate leakage current with failure threshold
values . The failure threshold values were read-in at the begin-
ning of each mapp ing operation and were ordinaril y chosen to be
100 nA for drain leakage , 0.5 V for voltage drop , and 1 MA for
gate leakage. If a dev ic e passed  all fo ur comp ari s ons , a zero
was printed as its position within V die a~ the p roper  d ie
location within the row . If a device failed one of the compari-
son s , then subsequent comparisons for the devi..e were aborted and
a number between 1 and 4, corresponding to the test failed , was
printed in the position corresponding to that device . Thus the
number 1 corresponds to drain leakage failure , 2 to voltage drop,
and 3 and 4 to gate leakage .

In addition to mapping the failures , the computer program kept
track of the total numbers of failures of various types and ,
after all 25 rows had been mapped , the number of die containing
one or more failed devices , number of failed inverters , number of
failed n-channel transistors , numb e r of fa i led p-channel tran-
sistors , p lus numbers of n-channel and p-channe l transistors
failing each of the four tests was printed. A typ ic al m app ing
and yield analysis result is shown in Figure C2 . Individual dice
are outlined on this figure , and the first test number failed for
each of the three n-channel and three p-channel transistors is
shown within each die , w ith the n-channels on the left and the p-
channels on the ri ght . The y ield analys is res ult s appear be l ow
the map. It should be noted that devices failing the drain
leakage test are automatically recorded as also failing the
vol tag e drop an d gate leakage tests.

C .3 Parameter Distributions

The w a f e r  probe meas uremen t s , stored on the magnetic tape
casse tt e , were read into the computer and sorted into ten ranges
for each pa rame ter . The ranges  fo r l e a k a g e  curr en t we re f rom 0
to 200 nA in steps of 20 nA ,~ for  vol tage drop were  f r o m  0 to 1
volt in steps of 0.1 V , fo r g ate l e akage  were  f rom 0 to 2 ~A in
steps of 0.2 MA , for breakdown voltage were from 5 to 25 volts in
s teps of 2 volt s , and fo r  th r e s h o l d  vol t age were f ro m 0.5 to 5 .5
volts in steps of 0.5 volts . In add ition , the n umb er of dev i ces
fall ing above the sorted range and the number of devices not
tes ted w ere de t erm ined fo r each type of meas ur emen t . A typical
result is shown in Figure C3 . The tes t numbers , 1 throug h 6, on
this figure correspond to the measurements in the order per-
formed --namely , (1) drain leakage , (2) voltage drop , (3) gate-
to-source leakage , (4) gate-to-drain and source leakage , (5)
dra in breakdown voltage , and (6) turn-on threshold voltage .

C .4 Field-Effect Mobility Measurements

The se measu remen t s are made on the special  tes t di ce loca ted
between 4007SR dice on alternate rows of the wafer . The test is
made under the control of the mini -computer using the automatic
probe table in the manual mode . The comp uter obtains measure-
men ts of channel current versus gate voltage using 0.5 V gate

89



~.—7, .~~, ~.—6 . 1.—6

0 DEVICE MAP 1—DL 2.V0 3.01.1 l~.0L2

0 2 3 0 9 6 7 8 9 10 11 12

1 2 21 1 0 2 0 o[ 0 0 0 0 0 0 0 0 r 0 0 Oj  3 0~ JO 0
0 0 .1 0 . 0 0 01 .0 0 .0 0, 0 0 0 O~ O

~ . 0 0 ! 0 0’ ‘0
‘1 0 0 0 .~~~~l _ . Oj .. . J j.,,0 _ 0. 9 ~ ~~0 0 Lfl~~ j  0 LO 01 0 0’ 1

2 ‘ 1 0 ‘0 O~ 0 O~ ~ 
0 ,~~~b lT~~T ’  8 8

1 0 0 0 0 01 0 0 0 ‘ 0  0 1 0 0 ‘ 0~ 0 0 0
!..1. .9 __

~ 0 ....Q _  .. . — 1 .P ~  ~0 0 . 1 3 0 0 0 ! . 0 0 0
3 T~ ~ 0 0 0 0 0 ‘1 0 a 0 0 . 0 0 0 0 7

1 0  0’  0 0 . 0 1 0 :  0 0  n C  1j  I 0 f l~ 0 0  0
1 0 . 8 . 9 4  ,0 — •. 1, . 0 8 0 ,’ ~ ~~, . .  ‘ 1 0 4 n 10 ~~~~ 3 l j  0
1 1 0 0 0 0’ 1 0: ~0 ~ 0 0 :  n ’ 0 oj t0~~8J~~1 0 1 0 0 0 0 0 ’ 0 0 0 ~ . 1’ : 0 0: 0 0 1 0 

~~~~~~~ ~
. ~ ~~~~~ - ‘ 2 ~~~—~ ~ ~~~ 4 g 1  ~~0 0 0 3 . 0 0 0 0 0, 0 01 0 0 0 I 0 0 0 1 0

0 0 0 0 0 0 0 0, 0 0 0 0.  0 0 Ii 0 ’ .0 1
6 •

~~~~~~~~
- ~~~~~~~~~~~~~~~~~~~~~~~~ 

.
~~~~ 

~
4 • b •~~ t~~~’ ‘ i 0

0 0 0 0 0 0! 0 0’ 0 1 0 a o ’ 0 1 0 0’ 0 0
o 1 1  ~0 0  0 0 0 _ c: .. 0 0 , 0 0 .  1) 0 0 ’ 0 0  0 0 !
a ‘ 0  0 0 0 0 0 0 01 ‘ 0 a 0 0 0 0 oy ~~o 0 0 : o 0 0 0 0 0: 0 0 0 .  1 0 0 0 0 01 0 0
0 0 1 1 0 0 • 0 0 0 0 0 0 0 0 0 1 0 0 0 0!

B ~~~~ ‘o l~~ 0 ’ . 0 0 0 0 0 01 0 0 ’ O~ 0 ‘—~i-— ~i’-—— ~0 0 0 0 0 0  0 0 , 0 0 0 0 0 0 0 1  .0 0: 
0. 0 0 0 0 0 04 0 0 , 0 0 0 0 ... .0 0~ ~0 9~9 3 0 I C’ ~0 0 0 0 0 0 0 0 0 0 0 0 0’

0 0’ 0 0 0 0 01 0 0’  0 0 ‘ 0 0 Ia  o 0 0

11 +—+}
~~4+—+f + .. ~~~~~~~~ 0 , ~ 

..
~1 ~~~~~0 0 C’ 1 0 0 0 o 0 0.  0~ 0 1 0 0 1 .0 o~

11 ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~0 0 . 0 :  0 0 0 0 0 0 ’ o !  0 0 0 : 0 0

1 2 1  g~~~~~ f ’  ~~~~~~~ 
...

~~~~~~~ 
.
~~~~~ ~~~~~~~~~~ H

0 0 0 0 0  0 1  0 0  I 0 ’  8 0 ~ 0 0

• 0 L.. . C , 0 n 1° 0 0 ’ 0~ 0 0 0 01 
13 . 0 0 0 l 0 0 0 0 ~~, o~ 0 1 0 0~ JO

0 0 0 0 ‘ 0 0~ 0 0 0 0 0 0 1 0 0 0 ‘0 0
0 0 , 0 0 , L..0 ..... .~~~ 0 . 0 ~~, C , n , I o; . o . .~~. ~~~~ 0 1 0 0  0 0 0 0  0 , 0 : 0 0 0 1 .0 0]

:0 0 0 0 0 0 0’ :0  0 1 0 0 0 1 0 0 :

~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ g: ~~~ ~ ~~~ .~ 0

0 0 0 1 . 0  0 0 . 0 I 0 ‘ 0  Of 0 0! 0 ]  0 ’ 0 0’  0

16 +1 ‘ 8 ~ ~g—I~---1 +-—4 ’~ —Hf-9
~
----

~~
-ii- .. 

~~ 
0 0

.0 0 ‘ 0  0’ 0 0 0 3 Of 0 0 0 0 0

~~~~~~~~~~~~~ ~.J .g~
,.._ g.~ 4 .  

~~~~~~~~~ 
. .

~~~~~~~~~ ~

! Q ,. .D . ~~~ ..L .. . .10. 2. I 0 • Q 0 0 ~ 0 0 0 0 0~ 0
19 0 0 0 0 0 0 0’  1 0 0 ~~ 0 0 0! 0 0 ‘O~~ 0 0

20 
0 0 

— H— + I ~~~4qL. ~ 
_ _ _ _ _ _ _ _

21 “1_~‘~~‘~M~’ ° ~Ht~r’~ ~ j
~4 8 ~ 3

33 ~~~~~~~~~~ 81~ f’... ,—.. 

~~~~~~

23 ~
‘ ~ ——- f t~ j ’ 

.
~~ 8 ‘ 8 8 .3~ 

.,
~~ 2

0 . ‘ 0l 0 I 0 I 0 0 0 0 0 0 1 0 0

a, 
~

‘ 

~ ~4 ~~~~ ~
. 

~~~~ ~~~~~ ~~~~~~~~~~~~ 

..
~ ~ 

— - ____

O 4 0 ~ P ~~~ ~
.. J-~ -~--~- h_____ ..

~

iii__ JL.JU . .. Lo ..J~.i . L ,.. UI Li .J J ...J~ J~
ND lIt NP m. NiP WiN NV? NW N09 Nfl~JI NOIP NOiN
63 76 ~3 U U 36 U 3S ~ U U U
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both types of gate l eakage .
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vol tage steps and with the drain biased at 0.1 V. The computer
then s e l ec ts th e reg ion of m ax imum tra n sconduc tance  ( 6I

D/6V ~from these points and determines the field-effect mobility ~romthe fo rmula

z
= t M J~ C0 VD

max

Where ilL is the channel width -to-length ratio , ‘~FE is the field-
effect mobility, C0 is the oxide capacitance per unit area , and
V D is the drain voltage . The ox i de capac it ance  was ob tai ned  f ro m
measurements of minimum and maximum gate capacitance of a 4 mil x
4 mu transistor on the special test dice . From these measure-
men ts , bo th ox ide th i c k n e s s  and subs tra te dop ing were obtained.
The ox ide capac itance was the n ca lc u la ted from the ox ide thickness .
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A P P E N D I X  D

CHARACTERIZATION IN Co 6° ENVIRONMENT

Devices repres entative of the fabricated wafers were character-
ized prior to and following Co6° exposure under various bias
conditions. The primary purpose of these experiments was to
determine the gate oxide radiation hardness by monitoring the
shifts in threshold voltage and to determine the hardness of the
silicon -sapphire interface by measuring the increases in drain
leakage current with increasing ionizin g radiation dose . The
dice selected for radiation testing were chosen on the basis of
the wafer mapping and the silicon film thickness measurements .
Six dice containing at least two full y functional complementary
pairs were taken from three locations covering the range of film
thicknesses present on the wafer .

The threshold shift data were obtained from shifts in conductance
versus gate voltage curves . The conductance measurements were
made on each transistor with the source at 0.1 volt , the drain
co nnec ted to the input of an opera tio nal ampl i f i er , and the gate
swept with a positive or negative ramp . The output of the
operational amplifier was used to drive the vertical Y axis of an
X-Y recorder , while the ramp used to sweep the gate was connected
to the horizontal X axis.

The drain junction leakage measurement was made by grounding the gate
and source and measuring the current in the drain using a Fluke
Digital Multimeter with +10 volts on the drain for the n-channel
and -10 volts on the drain for the p-channel devices , as illu-
strated in Figure Dl . Also gate leakage measurements were made by

f lew - 1IV

• 
_ _IF* _ _

~~

-

~~~

• 

_  _

Figure Dl . Drain Leakage Measurement
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app ly 10 volts between the gate and source with zero drain bias
and measuring the current into the gate with a Fluke Di gital
Multimeter .

Two dic3 from each wafer location were irradiated with each of
the four comp lementary pairs in a different one of the four bias
conditions illustrated in Figure D2 . The four bias conditions
provide a positive and negative gate bias condition for a zero
drain bias condition p lus a zero gate bias for both a zero and 10 .
volt drain bias condition for each transistor . The three measure-
ments --conductance , drain junction leakage , and gate leakage --
were made prior to the first irradiation and after a series of
radiation doses (.01 , .03 , .1 , .3, and 1 megarad) . A typic al set
of conductance results for one of the four bias conditions is
shown in Figure D3 . Under this bias condition , the n- channel is
seen to develop leakage during irradiation . The leakage currents
measured under 10 volt drain bias usually behaved in a similar
manner with radiat i on dose as the 0.1 volt conductance measure-
ment . After noting cases in lot 618 where the 10 volt and 0.1
volt n -channel leakage behavior with radiation dose did not
correspond well , a leakage characteristic curve was also
generated on subsequent tests by sweeping the r.-channel drain
between zero and +10 volts with the gate held at -10 volts.
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Fi gure  D2 . Bias Conditions Used During Co 6° Irradiati on
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APPENDIX E

BIAS-TEMPERATURE CHARACTERIZATION

Comple tely functional dice were selected from each wafer on the
basis of the wafer maps and packaged in TO-100 packages . The
devices were characterized prior to and following bias temperature
stress using the same characterization procedure as for the Co6°
characterization described in A ppe ndix 1’ . Th us , the characteri-
zation consisted of conductance measurenents , drain junction
leakage measurements , and gate leakage measurements . The bias-
tem~ erature stress consisted of placi ng the devices in an oven at
260 C for 16 hours with each of the three inverters in a package
in a different one of the three bias conditions shown in Fi gure
El . Two of these c-onditions are static , giving an “on” and “off”
gate bias condition for both the n- and p-channel transistors.
The third condition is a dynamic condition in which each tran-
sistor is switched on and off at a 1 MHz rate.

I
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