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ABSTRACT 

This investigation explored the dependencies of source/drain (S/D) dislocation density, test circuit quiescent current, 
and junction leakage on processing variables in a titanium-salicided submicron CMOS process using Taguchi methodology. 
The primary factor affecting both gate and field edge dislocation densities was the type of polysilicon-to-metal dielectric 
(PMD) film. PECVD oxide PMD leads to lower defect densities than LPCVD oxides. Primary factor affecting quiescent 
current (lecQ) include PMD film type and S/D implant conditions. The observation of both lower dislocation density and 
lower IccQ leakage for similar PMD film type is taken as strong evidence linking dislocations with device electrical 
performance. 

Previous  inves t iga t ions  have  s h o w n  tha t  d is locat ions  at  
gate  and  f ield oxide  edges in A s - i m p l a n t e d  S/D regions  can 
be respons ib le  for  e lect r ical  leakage.  16 These d is loca t ions  
have  been  iden t i f i ed  as v a c a n c y - t y p e  hal f  loops or ig ina t ing  
dur ing  the  recrys ta l l i za t ion  of amorph ized  S/D regions.  6 It 
is well  k n o w n  tha t  me ta l  p rec ip i ta tes  in d is loca t ions  exac-  
e rba t e  junction leakage] ,8 A recent study indicates that 
leakage may also result from the propagation of localized 
dislocations into extended defectsJ 

This investigation explored the dependencies of S/D dis- 
location density, test circuit quiescent current, and junc- 
tion leakage on processing variables in a titanium-sali- 
cided submicron complementary metal oxide semicon- 
ductor (CMOS) process using Taguchi methodology. The 
relationship between physical defects and electrical leak- 
age is explored by identifying the factors that control dislo- 
cation density and correlating them with those that control 
Ice e. This approach is taken because we observe disloca- 
tions in device active regions that do not fail electrically. 
Hence, we use lecQ as a measurement of leakage over a large 
area involving hundreds of thousands of cells. This proce- 
dure provides a good statistical technique for sampling 
electrical leakage over a large area and numerically allo- 
cating the leakage to different physical phenomena. We 
supplement that technique by measuring junction leakage 
on isolated individual test structures fabricated adj aeent to 
test circuits. 

* Electrochemical Society Active Member. 

Table I. List of Taguchi variables investigated. 

Taguchi variables Reason 

The process variables in the current investigation 
(Table I) were expected to affect dislocation formation and 
propagation as well as junction leakage current. For exam- 
ple, the use of plasma-enhanced chemical vapor deposition 
(PECVD) oxide as a PMD layer has been shown to result in 
reduced S/D dislocation density. 9 Therefore, a gate sidewall 
spacer oxide deposited by PECVD may be advantageous in 
regard to dislocation formation when compared to a low- 
pressure chemical vapor deposition (LPCVD) oxide. Simi- 
larly, optimized titanium salicide thickness is important for 
reducing junction leakage and eliminating residual crys- 
talline damage from implant and annealJ ~ Implant 
parameters such as species, dose, energy, and screening 
f i lm also affect  the  ex ten t  of crys ta l l ine  damage,  2'~'1~'1~ and  
a low t e m p e r a t u r e  (450~ p reannea l  has  been  p roposed  to 
reduce  res idual  damage  in B - i m p l a n t e d  areas.I6 The condi -  
t ion of the  i m p l a n t e d  surface  (bare si l icon or oxide  capped)  
dur ing  annea l  was  inves t iga ted  here  to tes t  the  poss ib i l i ty  
of fo rming  si l icon la t t ice  vacancies  t ha t  reduce  defect  for-  
mat ion .  PECVD a n d  LPCVD oxides  were  also inves t iga ted  
as imp lan t  screening  films. S t -def ic ien t  screening  f i lms 
such  as PECVD S i Q  may  mi t iga te  d is loca t ion  fo rma t ion  if 
h igh  t e m p e r a t u r e  in ter rac ia l  reac t ions  lead to the  crea t ion  
of Si la t t ice  vacancies .  

Factor Name 

Table II. Taguchi matrix summary. 

1 PECVD vs. LPCVD TEOS a sidewall oxide Differential stress 2 
adjacent to gate 
conductor 

2 PECVD vs. LPCVD TEOS screen oxide Silicon to SiO2 3 
interfacial 
reactions 

3 n + and p+ S/D dose and energy Implant damage 
As + (i • I0 Is, 120 keY vs. 3 x I0 Is, 150 keV) 
B + (2 x 101% 15 keVvs. 3 • I0 Is 20 keV) 

4 S/D surface at anneal (bare vs. SiO2) Silicon vacancies 

5 S/D preanneal temperature (450 vs. 600~ Solid-phase 
epitaxy 4 

6 Titanium thickness (85 vs. 100 mn) Stress from TiSi2 
Damage consump- 
tion by TiSi2 5 

7 PECVD vs. LPCVD TEOS PMD Differential stress 
at steps 

6 

n + S/D implant consisted of a 4 x 1014, 100 keV phosphorus im- 
plant in addition to the arsenic implant described as a Taguchi 
variable. Phosphorus implant conditions were identical for all 7 
splits. 

a Tetraethylorthosilicate. 

J. Electrochem. Soc., Vol. 141, No. 7, July 1994 �9 The Electrochemical Society, Inc. 

Split identification 

A B C D E F G H 

Sidewall oxide 
PECVD X X X X 
LPCVD 

Screen oxide 
PECVD X X 
LPCVD X X 

S/D dose/energy 
Low X X 
As= i X I0 ~ ,120kev  
P = 4  x 1014 , 100keV 
B = 2  X 10 l~,15keV 
High X X 
As=3  x l 0  ts , 150keV 

1014 P = 4 • 1015, ' 100 keV 
B = 3 x 20 keV 

S/D anneal surface 
Bare silicon X X 
Oxide present X X 

S/D anneal 
450~ preanneal X X 
600~ preanneal X X 

TiSi 
85 nm Ti X X 
100 nm Ti X X 

PMD 
PECVD X X 
LPCVD X X 

x x x X 

x x 
x x 

x x 

x x 

x x 
x x 

x x 
x x 

x x 
x x 

x x 
x x 

1957 
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Fig. 1. (a) Top-angled SEM view 
and {b and c) cross-sectional 
views of gate edge dislocations 
near fieldboundary after Schlm- 
mel etching. 

Fig. 2. Top view SEMs of field 
edge dislocations after Schimmel 
etching. 

Experimental 
This investigation analyzed test devices using a Taguchi 

L8 matrix (Table II) to identify the factors responsible for 
controlling gate and field edge dislocation density, overall 
test circuit quiescent leakage current, and diode leakage 
currents in n-well and p-well. The fabrication process em- 
ployed localized oxidation of silicon (LOCOS) isolation 
and Ti-salicided polysi]icon and active areas. Two full 
Taguchi lots were processed with four wafers per split. Fol- 
lowing electrical testing, wafers for defect study were 
deprocessed to bare silicon before Schimmel etching ~7 
to bring out dislocations. Defect-etching methods have 
been described previously. 9 Defect densities were counted 
using scanning electron microscopic (SEM) photomicro- 
graphs. Various active area patterns were studied exten- 
sively using SEM to select a particular set of structures 
most prone to exhibit dislocations. These structures were 
then taken as a standard area for counting defects so we 
may compare different wafers and different process condi- 
tions. We observed that the defects revealed by this proce- 
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Fig. 3. Histogram of dislocation density vs. dislocation type show- 
ing distributions at n-well and p-well field edges and n-well and 
p-well gate edges, respectively. 

dure corresponded to those found using cross-sectional 
transmission electron microscopy (XTEM), always occur- 
ring at gate or field edges. 

Test circuit quiescent leakage current at room tempera- 
ture was determined by setting register files, input latches, 
and output buffers to known high and low states, measur- 
ing ICCQ, inverting these known states, and then remeasur- 
ing. Checkerboard (0-1-0-1) loading of the register file pro- 
vided greatest electrical stress between elements. Meas- 
urements were taken on a Polaris very large scale inte- 
grated (VLSI) tester made by Megatest Corp. 

We measured diode leakage currents on a Keithley Yield- 
max 450 automatic test station. Arrays of area devices, fin- 
ger devices, and gate diodes were analyzed. 

Results 
Dislocation density.--Schimmel etching revealed two 

types of dislocations: (i) gate edge defects protruding from 
S/D regions beneath sidewall oxide (Fig. 1) and (it) field 
edge defects protruding into field oxide from edges of S/D 
regions (Fig. 2). Field edge dislocations are layout de- 
pendent, typically occurring at points where the boundary 
between active area and field is curved? Both types of dis- 
locations originate when the amorphous implanted region 
recrystallizes during anneal, leaving incipient crystalline 
damage that is propagated into extended dislocations by 
stress.5,6,~8,19 

Figure 3 shows a histogram of the distribution of defects 
for different dislocation types. The distributions of field 
edge dislocations in both wells are remarkably similar, but 
gate edge dislocations are significantly more numerous in 
n-well than in p-well. 

The factor effects plot and Anova summary for n-well 
gate edge dislocation density are shown in Fig. 4a. These 
represent analysis of aggregated data from both lots. Nu- 
merical entries under each factor along the x-axis of 
Fig. 4a specify the factor effect, which is the difference 
between the mean values with that particular factor set 
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Fig. 6. Factor effects plot for p-well field edge dislocations. Mini- 
mum hurdle is 0 . 0 9 .  
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Fig. 4. Factor effectsplot for (a) n-well gate edge dislocations and 
(b) n-well field edge dislocations. Lots A and B are aggregated. 
Minimum hurdles, or 2 - cr confidence level, are 0.20 and 0 . 0 8 ,  
respectively. 
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Fig. 5. Factor effects plot for n-well gate edge dislocations (lots A 
and B separately). Minimum hurdles are 0.16 and 0.13 for lots A and 
B, respectively. 

high  or low. The p r i m a ry  Taguehi  fac tor  affect ing the  gate  
edge d is loca t ion  dens i ty  is the  type  of PMD film. A low 

Fig. 7. Histograms of log (IccQ) for lots A and B. 

t e m p e r a t u r e  PECVD oxide resul ts  in a r educed  dens i ty  of 
e x t e n d e d  dis locat ions  compa red  to the  case of LPCVD 
oxide.  One reaches  the  same conclus ion  if the  da t a  f rom 
each  lot are ana lyzed  separately,  as s h o w n  in Fig. 5. The 
inf luence  of the  PMD f i lm on the  contro l  of d is loca t ion  
dens i ty  is remarkab le .  For  example ,  the  pe rcen tage  of n -  

Table IlL Summary of important control parameters 
for dislocation density. 

Well Dislocation Control PC variance Confidence 
type type factor factor (%) level (%) 

n Gate edge PMD film 71 >99 
n Field edge PMD film 43 >95 

Titanium thickness 25 >95 
p Field edge PMD film 34 >95 

S/D surface (anneal) 26 >95 
Titanium thickness 19 >90 
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Fig. 8. Factor effects plot for/cce-mean (lot A). Minimum hurdle is 
0.09. 
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Fig. 10. Factor effects plot for IccQ-Cr (lot A). Minimum hurdle is 0.08. 
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Fig. 9. Histograms of log (IccQ) comparing distributions for different 
process conditions: (a) S/D implant dose and energy conditions and 
(b) different types of PMD. 

well  gate  edge d i s loca t ion  dens i ty  a t t r i bu t ab l e  to the  PMD 
f i lm type  is 68 and  75% for  the  two lots, respectively.  The 
benef ic ia l  effects of PECVD oxide  PMD on d is loca t ions  
have  been  a t t r i b u t e d  to r educed  d i f ferent ia l  s t ress  in re-  
gions where  the  PMD crosses topologica l  steps.  9 

In  n -we l l  f ie ld  edge d is loca t ions  (Fig. 4b), two  p r i m a r y  
control factors are observed, PMD film type and titanium 
thickness, accounting for 43 and 25% of the variation, re- 
spectively. The conditions that promote lower dislocation 
density in n-wells are PECVD oxide PMD and thin tita- 
nium. The observation of reduced dislocation density for 
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Fig. 11. Factor effects plot far IcQa-mean (lower Icca range, IccQ < 
400 A). Minimum hurdles are 0.08 and 0.10 for lots A and B, re- 
spectively. 

thinner salicide is consistent with the high stress level of 
titanium salieide, which is an order of magnitude greater 
than stresses associated with grown or deposited oxides. 2~ 

Analysis of p-well field dislocation density (Fig. 6) again 
reveals that PMD film type is the primary control variable, 
with PECVD films showing lower defect density than 
LPCVD films. For p-well field edge dislocations, however, 
a secondary control factor is the condition of the S/D sur- 

Table IV. Effects summary for quiescent circuit (IcQQ). 

Percent 
Low XccQ Effect variation 

Lot Parameter Factor condition (log 1~ (log 1~ 

Entire IccQ distribution 
A Average fCCQ S/D dose and Low -0.52 58 

energy 
A Average Icq Q Poly-to-metal PECVD -0.39 33 

dielectric 
A ~CQQ sigma Poly-to-metal PECVD -0.45 76 

dielectric 
Low ~CQQ distribution-Log (/CQQ) < --3.5 
A Average ICQ Q S/D dose and Low -0.58 82 

energy 
B Average ~CQQ S/D dose and Low -0.38 47 

energy 

Table V. Test circuit diode leakage structures. 

Structure Number of Size Area t~erimeter 
type units (~m) (~m ~) (~m) 

Area diode 1 cell 100 • 280 28,023 760 
Island diode 1,014 islands 2.5 x 2.5 6,338 10,140 
Finger diode 10 fingers 10 • 280 28,174 5,600 
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Table VI. Effects summary for n § diode leakage. 

1961 

Diode Low leakage Effect Percent variation I 
type Lot Factor condition (log ~~ (log ~~ (log ~~ 

Finger A PMD PECVD - 0.1 45 - 10.9 
B PMD PECVD -0.1 19 
B Sidewall oxide PECVD - 0.1 19 

Island A Poly-metal dielectric PECVD - 0.2 34 - 11.1 
B S/D preanneal temperature 450~ -0.1 24 

Area A PMD PECVD - 0.2 59 - 11.0 
B Titanium thickness 85 nm -0.1 33 

Gated ~ A Titanium thickness 85 nm - 0.2 20 - 11.1 
B Screen oxide PECVD -0.1 55 

Gated diode leakage is measured under accumulation. 

Table VII. Effects summary for p§ diode leakage. 

Diode Low leakage Effect Percent variation I 
type Lot Factor condition (log TM) (log 1~ (log 1~ 

Finger A Sidewall oxide LPCVD TEOS 0.9 56 - 8.9 
A S/D dose and energy Low -0.8 36 
B S/D dose and energy Low -0.7 47 
B Sidewall oxide LPCVD TEOS 0.7 40 

Island A Titanium thickness 85 nm - 0.7 40 - I 0.6 
B S/D dose and energy High 2.2 27 
B S/D preanneal temperature 450~ -2.2 25 
B Titanium thickness 85 nm -2.0 20 

Area A S/D dose and energy Low - 0.2 46 - 1 I.I 
B Titanium thickness 85 nm -0.6 45 
B Screen oxide PECVD - 0.5 26 

Gated ~ A S/D dose and energy Low - 0.1 47 - 11.3 
B Titanium thickness 85 nm - 0.2 35 
B Screen oxide PECVD - 0.1 23 

Gated diode leakage is measured under accumulation. 

face d u r i n g  annea l ,  w i t h  a b a r e  su r f ace  g iv ing  f ewer  d is lo-  
ca t ions  t h a n  a n  o x i d e - c a p p e d  surface.  I t  a p p e a r s  t h a t  a 
s i l icon su r face  w i t h  n a t i v e  ox ide  m a y  p rov ide  a source  of 
s i l icon la t t i ce  vacanc i e s  t h a t  m i t i g a t e  i m p l a n t  damage .  The  
volatilization of SiO gas from a thin native oxide on silicon 
in an oxygen-deficient atmosphere has been reported for 
temperatures as low as 900~ 2~ the loss of SiO from native 
oxide leading to silicon-deficient SiO= may lead to an inter- 
action at the oxide-to-silicon interface that produces sili- 
con vacancies. 

Another secondary factor for controlling p-well field 
edge dislocations is the titanium thickness. Again, thinner 
titanium results in fewer dislocations, in agreement with 
results reported previously. I~ 

Table III summarizes the major control factors for each 
dislocation type. PMD film type is important for con- 
trolling all three types of dislocations, while the titanium 
thickness plays a smaller role at field oxide edges and the 
condition of the S/D surface during anneal is influential at 
p-well field edges. At first glance, it is somewhat surprising 
that As-implant conditions (dose/energy) do not play a ma- 
jor role in controlling dislocation density, since previous 
studies have observed dose-related effectsJ TM This appar- 
ent discrepancy arises because, for the case of dual As and 
P S/D implants used in the current investigation, the P 
implant alone is sufficient to amorphize silicon, leading to 
incipient recrystallization damage. 9 

Quiescent leakage current--Histograms of IccQ d i s t r i b u -  
t ions  in  lo ts  A a n d  B show d i s t inc t ive ly  d i f fe ren t  c h a r a c t e r  
(Fig. 7). The  m a j o r i t y  of IccQ va lues  in  lo t  A fal l  i n to  the  low 
l eakage  regime,  w h i l e  lo t  B e x h i b i t s  a bimodal/CCQ d i s t r i -  
b u t i o n  w i t h  a n  a n o m a l o u s  s e c o n d a r y  p e a k  a t  va lues  of IecQ 
above  400 ~A. Not  surpr is ingly ,  s e p a r a t e  Taguch i  ana lyses  
on  a by - lo t  bas i s  i n d i c a t e  i n c o n s i s t e n c y  b e t w e e n  t he  impor -  
t a n t  Taguch i  f ac to r s  f o u n d  for  e a c h  lot.  Fo r  t h i s  reason ,  we  
be l ieve  t h a t  t he  two  l eakage  c u r r e n t  peaks  in lo t  B are  af-  
f ec ted  b y  d i f fe ren t  phys i ca l  m e c h a n i s m s .  Fo r  example ,  
phys i ca l  pa r t i c l e s  m a y  be  r e spons ib l e  for  h i g h  l e akag e  
even t s  in  lo t  B. We f u r t h e r  s u r m i s e d  t h a t  t he  h i g h e r  l e akag e  

current mechanism in lot B is not correlated to dislocations, 
which are present at the same levels in both lots. 

On the basis of the above observations, a two-pronged 
approach was taken to circumvent the difficulties encoun- 
tered from the bimodal distribution. First, the data from 
lot A were used to represent typical IccQ behavior over the 
complete IeeQ range. Then, to understand the lower IccQ 
regime, data from both lots were analyzed separately, and 
the important Taguehi factors for this regime are common 
to both lots. 

Analysis of entire IcQ Q distribution-mean IccQ value.--Fig- 
ure  8 shows  t h e  f ac to r  effects  p lo t  a n d  A n o v a  s u m m a r y  for  
t h e  IccQ-mean of lo t  A. P r i m a r y  con t ro l  f ac to r s  are  S /D 
i m p l a n t  dose / ene rgy  a n d  PM D  f i lm type,  w h i c h  a c c o u n t  for  
58 a n d  33 %, respect ively,  of the  obse rved  va r i a t ion .  Lowes t  
l e ak age  occurs  for  r e d u c e d  S/D dose  a n d  energy  as wel l  as 
for  PECVD oxide  as the  PM D  layer. The  i m p a c t  of S /D dose 
a n d  energy, as wel l  as PM D  oxide  f i lm type,  is i l l u s t r a t ed  b y  
Fig. 9, w h i c h  shows  t h a t  the  m a i n  p a r t  of the  Iccq d i s t r i b u -  
t i on  is sh i f t ed  to lower  va lues  by  u s i n g  low dose  a n d  energy, 
wh i l e  t h e  h i g h e r  c u r r e n t  even ts  are  v i r t ua l l y  e l i m i n a t e d  b y  
us ing  PECVD oxide  PMD. The  o b s e r v a t i o n  of b o t h  lower  
d i s loca t ion  dens i ty  a n d  lower  Iccq l eakage  w i t h  s im i l a r  
P M D  f i lm type  is t a k e n  as s t rong  ev idence  l i n k i n g  d i s loca-  
t ions  w i t h  device  e lec t r ica l  pe r f o rman ce .  

Severa l  poss ib i l i t i e s  ex is t  for  the  role  of the  S /D i m p l a n t  
in  a f fec t ing  leakage,  i n c l u d i n g  (ill e lec t r ica l  c h a r g i n g  ef- 
fects, (if) j u n c t i o n  p rof i l e  effects,  a n d  (iii) phys i ca l  d a m a g e  
r e l a t ed  to d is locat ions .  Ana lys i s  of ga te  ox ide  in t eg r i ty  
(GOI) d a t a  p rov ides  no  ev idence  of u n u s u a l  ga te  ox ide  
w e a k e n i n g  n o r m a l l y  a s soc ia t ed  w i t h  e lec t r ica l  charg ing .  
Junction profile effects, however, may be important be- 
cause S/D dose and energy are primary Taguchi factors 
controlling p+ diode leakage (see section on Diode leakage). 
The transistor characteristics, however, are not apprecia- 
bly affected by the choice of implant dose and energy 
within the range investigated. There also may be an inter- 
action between junction depth and dislocation electrical 
activity. More specifically, although the density of disloca- 
tions is not impacted by implant conditions, the electrical 
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