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ABSTRACT 

Amorphous  S i -N films have  been synthesized f rom S i I ~  and N I ~  b y  re -  
act ive p lasma  deposi t ion at 275~ in an improved  rad ia l  flow reactor .  Wi th  
appropr i a t e  control  of machine  and process" var iables ,  films have  been made 
wi th  S i /N  rat io  of 0.75-1.5, dens i ty  of 2.8-2.2g cm -~, re f rac t ive  index of 1.9-2.3, 
stress of 2 • l0 s dynes  cm -2 compressive to 5 • 109 dynes  cm -2 tensile,  and 
electr ical  res i s t iv i ty  at  2 • 106 V/era  of I0~~ ~-cm.  The process is MOS 
compat ib le  and i t  produces  r e l a t ive ly  th ick  (1 ~m) c rack- res i s t an t  S i - N  films 
(at  450~ having  excel lent  s tep coverage and good adhesion to both 
Au  and A1 metal l izat ion.  This paper  describes the deposi t ion technique,  effect 
of deposi t ion pa rame te r s  on var ious  film propert ies ,  and the  advantages these 
films offer in sil icon in t eg ra ted  circui t  technology.  

In  MOS-LSI  technology, i t  is recognized tha t  the  ef-  
fect iveness of the  final pass ivat ion  l aye r  will,  to a la rge  
extent ,  de te rmine  the u l t imate  re l i ab i l i ty  of the pack -  
aged device. The pass ivat ion  l aye r  is in tended  to p ro -  
tect  sensi t ive areas  of the device f rom outside con- 
t amina t ion  by, e.g., Na + and moisture,  and also to p ro -  
vide scra tch  pro tec t ion  for the A1 metal l izat ion.  

A po ten t ia l ly  a t t r ac t ive  ma te r i a l  for this  purpose  is 
si l icon n i t r ide  which  provides  an iner t  b a r r i e r  (1, 2) 
to Na and H20 as opposed to phosphosi l icate  glass (3) 
which acts as a "get ter"  for  Na as wel l  as moisture.  
However ,  the  use of Si3N4 has been res t r ic ted  because 
of the  high t empera tu re s  (~>700~ requ i red  for 
chemical  vapor  deposi t ion of SisN~ films (4) and be-  
cause of high tensi le  stresses which l imi t  the  usable  
film thickness to ~2000A (5). 

Severa l  invest igat ions  have been made concerning 
deposi t ion of sil icon n i t r ide  films at  lower  t e m p e r a -  
tures  (<450~ using an rf  p lasma  to provide  some of 
the  ac t iva t ion  energy needed for the  react ion be tween  
SiH~ and NH3 or N~ (6-10). The ea r l i e r  systems u t i l -  
ized a quar tz  tube,  an induc t ive ly  coupled plasma,  and 
gases flowing at  a p ressure  of ~100 mTorr .  These tech-  
niques genera l ly  lead  to poor  un i fo rmi ty  f rom wafer  to 
wafer  and inadequa te  step coverage. Reinberg  (11) 
developed a rad ia l  flow reac tor  for S i -N deposit ion.  He 
ut i l ized a capaci t ive ly  coupled r f  d ischarge in a gas 
m ix tu r e  consist ing of Sill4, NHs, N2, and A r  at  r e l a -  
t ive ly  h igh  pressures  (0.5-1 Torr )  and low powers  
(~50 W), in o rde r  to achieve good thickness un i fo rmi ty  
and good step coverage. Rosler  et al. (12) recen t ly  de -  
scr ibed a CVD process which also uti l izes a r ad ia l ly  
symmet r i ca l  gas flow but  in a d i rec t ion  opposi te  to 
tha t  used by  Reinberg;  the  capaci t ive discharge oper -  
ates at a h igher  power  (500W) and a r e l a t ive ly  low 
f requency  (50 kHz) .  Deta i led  da ta  on the resul t ing  
Si=N~Hz film composi t ion (0.8 ~ y / x  ~ 1.0), dens i ty  
(2.5-2.8 g cm-~) ,  res i s t iv i ty  (1015 ~2-cm), stress (1 X 
109 dynes  cm -2 cOmpressive) etc., were  r epor ted  by  
K e r n  and Rosler  (13) for films deposi ted at  300~ 

We have devised cer ta in  improvement s  in the Rein-  
berg rad ia l  flow reac tor  design which al lows use of a 
wide r  range  of deposi t ion conditions and, consequently,  
a h igh degree  of f lexibi l i ty  in ta i lor ing  the film p rop -  
er t ies  (14). The main  improvemen t  consisted of a gas-  
flow discharge  l imi t ing shield which confines the 
p lasma to a region above the substrates .  I t  t he reby  en-  
ables  use of h igher  r f  powers  wi thout  the  adverse  ef-  
fects of a p r e m a t u r e  react ion be tween  Sill4 and NH~ 
unde rnea th  the  subs t ra te  table.  This paper  descr ibes  
the  deposi t ion technique,  effect of deposi t ion p a r a m -  
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eters  on var ious  film proper t ies ,  and  the advantages  
these films offer in sil icon in tegra ted  circui t  technology. 

Deposition Technique 
Apparatus.--Figure 1 schemat ica l ly  shows the depo-  

sit ion appara tus  consist ing of a reactor,  associated 
pumping  systems, gas lines, and an rf  power  source. 

The deposi t ion reac tor  was a meta l  bel l  j a r  wi th  a 
nominal  d iamete r  of 18 in. The  cathode (16 in. d iam)  
and the subs t ra te  tab le  were  made of A1 and separa ted  
f rom each other  by  about  1 in. Hea t ing  was accom- 
pl ished by  means of quar tz  lamps  mounted  under -  
neath  the subs t ra te  table.  A g low-d ischarge  l imi t ing 
shield was provided  concentr ic  wi th  the  hea te r  and 
separa ted  f rom it  by  ~Y4 in. The gases were  admi t ted  
undernea th  the  heater ,  d i rec ted  by  the shield to flow 
rad ia l ly  inward  over  the  surface of the  subs t ra te  table  
and then exi t  to the pump th rough  the center  of t h e  
subs t ra te  t a b l e / h e a t e r  assembly.  Use of the gas flow 
discharge l imit ing shield e l iminated  p r e m a t u r e  decom- 
posi t ion of si lane at h igher  r f  powers  since the  gases 
were  not exposed to the p lasma  unt i l  they  were  flow- 
ing over  the  substrates .  

The pumping  sys tem was compat ib le  wi th  a h igh  gas 
flow (>2  l i t e r s / ra in )  at  1 Torr  pressure.  I t  consisted 
of a 150 cfm Leybo ld -Hereaus  roots b lower  backed  by  
two 17 cfm mechanical  pumps  running  in paral lel .  The 
gas pressure  was control led by  a th ro t t l e  va lve  located 
in the roots b lower  line. The pressure  was moni tored  
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Fig. I. Schematic of the apparatus used for deposition of RPD 
Si-N films. 
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using a capacitance manometer  (MKS Baratron)  which 
provides measurements  independent  of the na ture  of 
the gas (and its conductivi ty) .  Faci l i ty was also pro- 
vided to pump the system ini t ia l ly down to a base 
pressure of ~ < 10 -6 mm with a cryopanel  and a 400 
liters/sec sput ter - ion pump. 

The reacting gases were 3% SiI-I4 in Ar and 5% NI-I3 
in Ar. The del ivery pressure was kept  at 15 psig. The 
gases were led through rotameters to leak valves, L, 
and then on to a mixing chamber and finally to the 
deposition system. Special care was taken to keep these 
lines leak-tight.  Similar  but  separate lines were pro- 
vided for CF4 and 02 and an appropriate mixture  of 
these two gases was used for plasma-etch cleaning of 
the station. 

The rf power to the cathode was supplied by a 
Varian (13.56 M H z ) p o w e r  supply and an impedance-  
matching network of the conventional  L-C type to 
which was added a fixed capacitor (Jennings,  220 pF) 
in parallel  with the tunable  load capacitor. This en-  
abled satisfactory tun ing  with less than 10W reflected 
power at ~1  Torr  pressure. The cathode d-c self-bias 
could be measured with a d-c vol tmeter  attached to 
the cathode power l ine via rf  chokes. 

Procedure.--The wafers (2 in. diam) were loaded in 
two concentric circles the bell jar  was closed, and the 
system pumped down to ,-,10-6 Torr  using successively 
the mechanical  pumps (to ~1  Torr) ,  the roots blower 
(to ,~3 mTorr) ,  and the cryopanel and the sput ter- ion 
pump (to ,~10-6 Torr) .  The final stage of the pumping 
added only 2-5 rain to the total pumpdown time (,~20 
rain).  Next, the sput ter - ion pump isolation valve was 
closed, the gases were admitted into the reactor, and 
the roots blower valve was opened again. A dynamic 
pressure (~600 mTorr)  was established in the system 
with the gases flowing at the desired flow rates. There-  
after the roots blower valve was thrott led to the de- 
sired pressure. 

The rf plasma was excited to the desired power level. 
The plasma ini t iated and sustained the reaction be- 
tween Sill4 and NH8 on the surface of the heated sub-  
strates. Typically, depositions were carried out for 1 
hr to give Si-N films 1.1(_+0.1)~m thick. The total 
tu rna round  time was ~2 hr. 

After every three runs, the system was cleaned 
in situ for 1-2 hr in a plasma (1000W) containing CF4 
-~ 8% 02 at a flow of ~--250 cm3/min and a pressure of 
~1000 mTorr  with the substrate heater on. Subsequent  
to the cleaning operation a predeposition run  (~15 
min)  was made with Sill4 and NH~ at the desired flows 
and pressure. 

Film Evaluation Techniques 
The film stress was deduced from change in curva-  

ture of the Si substrate due to the Si-N layer. For 
evaluat ion of 1 ~m thick films, use was made of an 
optically levered laser beam to determine the sub-  

strafe curvature  (15). A more sensitive method was 
used for measurements  on th inner  films (~200A);  
namely,  the ABAC ( a u t o m a t i c  Bragg angle control) 
x - r ay  technique (16). 

The refractive index w a s  m e a s u r e d  using an ell ip- 
someter (5461A). For film thickness and e t c h  r a t e  
measurements,  a step was etched in the film wi th  7:1 
buffered HF (BHF) and the resul t ing step height w a s  
measured with the Talystep. 

Rutherford backscattering analysis was used to de- 
termine the film composition and its density (17). 
Thinner  films (~2000A) on (111) s i  were employed so 
as to get "clean" spectra and to reduce the background 
due to Si substrate by channel ing along the [110] di- 
rection. 

The density measured by Rutherford backscattering 
analysis was always wi thin  10% and general ly smaller  
than that determined from weight gain measurements  
on certain thicker films deposited under  identical con- 
ditions (e.g., conditions A and B of Table I) .  

The growth morphology of the film and its step cov- 
erage for various device topologies were determined 
using scanning electron microscopy on cleaved sec- 
tions. The film structure was established using t rans-  
mission electron microscopy in  conjunct ion with s e -  
l e c t e d  area transmission electron diffraction. 

The crack resistance of these films on various device 
structures was ascertained by heating them up to 450 ~ 
550~ (1/2 hr periods, air ambient) ,  after which the 
films were examined in an optical microscope under  
interference contrast and /or  polarized light. Usually 
when cracking occurred, it was gross and easily re-  
vealed. Fur ther  confirmation of the film integri ty  was 
provided by exposing the device structures to a meta l -  
lization etch for 15 rain followed by examinat ion  in  the 
optical microscope. 

E f f e c t  o f  D e p o s i t i o n  P a r a m e t e r s  

Five main  process variables were investigated: (i) 
gas composition, (ii) total gas flow, (iii) pressure, (iv) 
substrate temperature,  and (v) rf power to the 
plasma. Table I contains a summary  of two "standard" 
processes (A and B) and the resul t ing film properties. 
Studies of variables (i) through (iv) were carried out 
in conjunct ion with process A, i.e., at an rf power of 
250W and with the remaining  three parameters  at the 
values given for process A. 

Most of the data points, except those per ta ining to 
"standard" processes A and B (Table I),  represent  
averages of a l imited number  of measurements  on 3-6 
2 in. diam Si wafers located in the main  outer  row of 
the substrate table. In  the worst cases, i.e., at condi- 
tions farthest away from optimum, variations in some 
properties such as film thickness and etch rate could 
be as much as +_15%, but  the uni formi ty  improved to 
well within --+10% as the conditions approached opti- 
m u m  values. 

Table I. Reactive plasma deposition conditions and resulting Si-N film properties for standard processes A and B 

Process A Process B 

SiI-I4/NI~/Ar A. Reacting gases 
B. Sill4 concentration (% flow) 1.70 

SiH4/NH~ 0.71 
C. Total gas flow (sccm) 2320 
D. Pressure (mTorr) 950 
E. Substrate temperature (~ 275 
F. RF power (fwd/rev. ,  W) 250/0 

1. Typical thickness (~m) 1.1 (• 
2. Stress ( 109 dynes cm -~) 1-5, T 
3. BHF etch rate (A/rain) 100-200 
4. Refractive index 2.05 (---+0.1) 
5. Deasity (g cm -~) 2.55 (• 
6. Composition ~SI/N) 1.05 (-----0.05) 
7. Cracking resistance (~ 450 
8. Adhesion Good 
9. Step coverage Excellent 

10. Scratch resistance Good 
11. Dielectric constant 6.4 
12. Breakdown strength (106 V/ern) 3.9 
13. Resistivity at 2 x 106 V/cm (~-cm) 4 x 10 TM 

1.78 
0.79 

300/0 

1, C 
75-150 

1.95 (-----0.1) 
2.75 (~0.05) 

0.8 
55O 

6.8 
5.0 

3 x 10 :~ 
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the Yolues given for process A). 

Gas composition.--Figure 2 shows the effect of in -  
creasing Sill4 concentrat ion (1.4 ~ % Sill4 ~ 1.9; 0.5 

SiH~/NH3 L 0.9) on film properties for total  flow of 
2.3 std liters min  -1. 

Increasing the Sill4 concentrat ion in  the gas led to 
a corresponding l inear  increase in the Si /N ratio in  
the film (from ,~1.0 to ~1.2) and a l inear  increase in  
the refractive index (from ~1.9 to ~2.2).  With increas-  
ing SiH4/NH3 ratio, the film density p Showed a broad 
peak (p ~ 2.55 g cm -3) for 0.58 ~ SiH4/NH~ ~ 0.79. 
The p decreased again at SiH~/NH~ ~0.9; however,  this 
was not accompanied by a corresponding increase in 
the BHF etch rate, presumably  because the films now 
had a much higher Si content  (Si /N ~1.2).  The film 
stress, .r always tensile, showed a peak at SiH~/NH~ 
~0.6; which is located at a slightly lower Sill4 concen- 
t ra t ion than  that for the peak in #. The choice of Sil l4/  
NH~ ~0.7 for process A was selected on the basis of 
data on ~ and p; one of the goals being to achieve a low 

in Conjunction with high p (see section on Crack re- 
sistance, below).  

Gas ~/ow.--The total gas flow was varied in  the 
range 1.0-2.5 liters rain - t ,  wi th the SiH~/NH~ ratio 
constant  at 0.71 (Fig. 3) (% SiH~ = 1.70). Under  these 
conditions, the Si /N ratio in the film varied from 0.8 to 
1.05; for this composition range, the film densi ty seems 
to have a dominant  effect on the BHF etch rate;  a 
broad m a x i m u m  in p corresponds to a broad m i n i m u m  
in the etch rate. The tensile stress decreases with in-  
creasing flow; this is probably  the result  of a higher 
film pur i ty  (with respect to possible N2 contamination,  
see below) as the flow is increased. 

Pressure.--The total pressure dur ing deposition was 
varied from ~700 to 1000 (_25) mTorr. As shown in 
Fig. 4, increasing the pressure led to a higher deposi- 
t ion rate, whereas the density or the BHF etch rate did 
not change much. The refractive index decreased l in-  
early. This general ly  (i.e., for pressures ~ 750 mTorr)  
correlates with a decrease in the Si /N ratio in  the film. 
The stress remains near ly  constant in the range 700- 
950 mTorr.  

Substrate temperature.--The range of substrate tem-  
peratures studied was 200 ~ Ts -~ 300~ (Fig. 5). 
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Fig. 3. Effect of gas flow on the properties of RPD Si-N films 
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Higher temperatures  were not investigated because the 
ni t r ide films were intended for use on T i / P d / A u  as 
well as A1 metallization. As shown in Fig. 5, Ts has a 
pronounced effect on the BHF etch rate, which de- 
creases almost exponent ial ly  with increasing Ts. The 
decrease in  BHF etch rate is associated with a l inear  
increase in  the film density, p, and in the refractive in-  
dex, n. Thus, for films deposited at 200~ the BHF 
etch rate was 700 A/min ,  the density was ~2.3 g cm -3, 
and the refractive index was ~1.85. Interest ingly,  these 
films also had a ra ther  large Si/N ratio (~1.2) and a 
high tensile stress (7 • 109 dynes cm-2) .  With in-  
creasing Ts, both ~ and S i /N ratio in the film displayed 
a shallow mi n i mum at ~250~C; however, a higher Ts 
of 275~ was preferred because it led to films with yet 
larger density (2.55 g cm -3) and somewhat lower etch 
rate without an excessive increase in  ~. 
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Rf power.--Tuned r f  powers  were  inves t iga ted  in 
the range  100-350W nominal ,  which were  read  off 
meters  located at the  power  supply  (Fig. 6). For  this  
series of exper iments ,  the  SiH4/NH3 rat io was kep t  
constant  at 0.8 and % SiI-I4 at 1.8. Wi th  increas ing rf  
power,  there  is a rap id  and l inear  increase  in the  film 
P (weigh t -ga in  measurements ,  using 1 #m thick films) 
'from 2.2 g cm -8 at  100W to 2.8 g cm -3 at  350W. Fi lms  
(1 ~m) wi th  S i /N  > >  1 and lower  dens i ty  had a ye l -  
lowish t inge when deposi ted on Al -me ta l l i zed  devices 
whereas  those wi th  S i /N < 1 and densit ies  >~ 2.4 g 
cm-~ appeared  to be gray ish  and more t ransparent .  
Both the film ~ and BHF etch ra te  showed a b imodal  
behavior  at  ~ 275W. Below this power  level  the  

stresses were  very  low tensi le  (~0.5 • 109 dynes  
cm -2) and the etch ra tes  were  re la t ive ly  h igh  (275- 
325 A/ ra in ) .  A t  r f  power• > 300W, the stresses were  
compress ive  (1-2 • 109 dynes cm -2) and the BHF 
etch rates  were  re la t ive ly  low (~100 A/ r a in ) .  S ig-  
nificantly, the  re f rac t ive  index  decreased wi th  in-  
creasing rf  power,  as did  the  S i /N  ra t io  in the  film. 
The lat ter ,  howeve r ,  tended to level  off at  the  stoichio- 
met r ic  va lue  (S i /N  ~ 0.75) for  r f  p o w e r  > 300W. 

The rf  power  readings  quoted above are  specific to 
the present  sys tem and its capaci t ive  and induct ive  
losses. I t  was found tha t  the  d -c  (negat ive)  vol tage  
measured  f rom cathode to ground  was ve ry  smal l  
(1-10V). P e a k - t o - p e a k  rf  vol tages were  not  measured,  
but  since the  cathode d -c  vol tages are  smal l  re la t ive  to 
gas ionizat ion potent ia ls  [e.g., 15.7 eV for A r  (18)],  i t  
is expected tha t  the (posi t ive)  p lasma  potent ia l  wi th  
respect  to ground mus t  be qui te  high. This effect may  
be re la ted  to the sys tem geometry ,  which  consists of 
la rge  electrodes (16 in. d iam)  in a r e l a t ive ly  smal l  
volume (1 in. in te re lec t rode  spacing) ,  and to the  r e l a -  
t ive ly  la rge  pressure  ( ~  1 Tor r )  of the  discharge.  
These vol tage character is t ics  m a y  be contras ted  wi th  
those presen t  in typica l  r f  sput te r ing  systems (19), 
where  the  d ischarge  opera tes  a t  5-10 mTor r  pressure .  
The rf  spu t te r ing  systems are  associated wi th  a ve ry  
la rge  cathode d-c  se l f -b ias  of ,~ 1 kV (19), which is 
nea r ly  half  the p e a k - t o - p e a k  or e lec t ron accelera t ing  
voltage.  In  such systems, the  p lasma  is only  s l ight ly  
posi t ive wi th  respect  to the ground. 

Effect of N2 and 02 Additions to the Preferred 
Gas Mixture 

Smal l  amounts  of a i r - l eaks  into the  system, or sub-  
s t i tu t ing  the  NHa wi th  N~ as the  source of N2, were  
found to severe ly  degrade  the crack  resistance.  This 
was an unexpec ted  observat ion  since the  l i t e ra tu re  
contains examples  of react ive  p lasma  and react ive  
sput te r ing  processes where  preference  is expressed for  
e i ther  N2 (9) or NH3 (6). Therefore,  mix tu res  of NH3 
and N2 were  not  suspect.  

F igures  7 and 8 show the effect of N2 addi t ion on 
Si -N film proper t ies .  The control  sample  had a low 
tensi le  stress of 5 X l0 s dynes cm -2, an etch ra te  of 75 
A/min ,  and a re f rac t ive  index  of 1.92. Addi t ion  of  smal l  
amounts  of N2 (up to 2%) caused a s teep increase  in 
tensi le  stress (up to 6 X 109 dynes  cm -2) as wel l  as 

~ 1 i I 1 I 1 _ 2 . 0 0  - -  
b - x  
( j w  
~ a  

~. 1.90 

v 

c 
@ 

CE 

p-  

10 

8 - -  

4 

Z 

o r I 
0 5 

o 

J 

% N  2 

I 
40  45 

Fig. 7. Effect of N2 additions to the reactant gas mixture (proc- 
ess A) on the tensile stress and refractive index of RPD Si-N films. 
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Fig. 8. Effect of N2 addition to the reactant gas mixture on the 
etch rate in BHF of RPD Si-N films. 

in the BHF etch rate (up to 700 A / m i n )  and a small 
decrease in  the refractive index. At higher 1%]2 concen- 
t ra t ion in the gas stream, all of these film properties 
tend to level off. The high etch rate implies that  these 
films have a lower density; ~he combinat ion of low 
density and high tensile stress has been found to cor- 
relate with poor crack resistance of Si-N films at tem- 
peratures ~> 450~ (14, 15). 

The addit ion of small  amounts  of 02 to the reactant  
gas mix ture  had an even greater effect on BHF etch 
rate. As shown in Fig. 9, the etch rate continues to in -  
crease exponent ia l ly  to ,-~3000 A/ ra in  for 0.65% 02, 
showing no sign of saturation. The effect on refractive 
index, n, is also quite severe (Fig. 10); n decreases 
from ,-~1.9 to ~ 1 . 6  for 0.65% O2. The effect on film 
stress, ~, is relat ively small. The ~ ini t ia l ly  increases to 
~3  X 109 dynes cm -2 and then it decreases to almost 
zero for 0.65% O2. It  appears that some of the 02 added 
to the  gas stream gets incorporated into the film, lead- 
ing to an oxynitr ide;  hence the low n, very h igh  etch 
rate, and the apparent  s tress-compensation effect (20). 
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Fig. 10. Effect of 02 addition to the reactant gas mixture on 
the tensile stress and refractive index of RPD Si-N films. 

] 
Discussion of  Fi lm Propert ies 

Crack resistance.--Thick Si-N films (1 #m) on A1- 
metallized wafers cracked on heat ing to 450~ i f  the 
film stresses were too high (~> 8 • 10 e dynes cm -2) or 
if the densities and deposition temperatures  were too 
low (<2.2  g cm -z and <<275~ respectively).  A n .  
example of extensive ni t r ide  cracking over both A1 
metal l izat ion and dielectric areas is shown in Fig. 11 
for a Si-N film made at 250~ with a density of ,~2.2 
g cm -3 and a tensile stress of ,--0.5 • 109 dynes cm 2. 
In contrast, films made using process A withstood 
450~ % hr t rea tments  and those using process B did 
not show any cracking even at 550~ 1/2 hr when the 
under ly ing A1 was properly stabilized and it did not  
form large hillocks that  punched through the Si-N 
film. Thermal  stresses in  A1, which form the dr iving 
force for hillock formation, have been shown to be a 
sensitive function of the film thickness and the ini t ial  
microstructure (21). Most of our studies involved A1 
metall izat ion (1-2 #m) evaporated at ,--300~ and H2 
baked at 450~ prior to Si-N deposition. 

It was recently proposed (14, 15) that  the cracking 
resistance, CR, of a thick Si-N film at a given tempera-  
ture  T is funct ional ly  related to its density, p, intr insic  
stress, r thermal  mismatch, Aa, with Si, and the depo- 
sition temperature,  Ts, through the following equat ion 
(14) 
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Fig. 9. Effect of 02 addition to the reactant gas mixture on the 
BHF etch rate of RPD Si-N films. 

Fig. 11. Effect of a 450~ 1/~ hr, air heat-treatment on the 
integrity of RPD Si-N film over AI-metallized Si wafer (film made 
at 250~ with a density of ~ 2.2 g cm - 3  and a stress of ,,~ 03  
X 109 dynes cm-2).  
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Where, Cu is the ul t imate tensile stress of a s t ructural ly  
"perfect" SisN~ film with density po, and E' and v' are 
the Young's modules and Poisson's ratio for the film. 
This equation correctly predicts that CR will  be im-  
proved if p is increased, ~i and As are made small, and 
Ts is made high relat ive to the test temperature.  A 
quant i ta t ive application of the above equation, includ-  
ing thermal  stress measurements,  for various Si-N films 
is described in Ref. (15). 

Thickness uniformity.--The radial  symmetry  of gas 
flow and of plasma electron density inheren t  in  the 
reactor design provides a useful means of a t ta ining 
good thickness uni formi ty  on wafers arranged in con- 
centric circles. There still remains  the problem of un i -  
formity as a function of radius of the circle in which 
the wafers are placed. Here, two opposing effects may 
be involved (11): (i) the reactant  gas concentration, 
which gets depleted as the gases flow inward;  high 
gas flow will prevent  such depletion, which is also 
countered by increased velocity as the gases approach 
the center of the substrate table, and (ii) the electron 
density which depends on the rf power and increases 
on going toward the center of the substrate table. 
Therefore, in principle, un i formi ty  can be optimized 
by adjust ing the gas flow for a par t icular  rf  power or 
vice versa. 

For the preferred processes (A and B of Table I) ,  
we employed both a relat ively high throughput  of the 
reactants (2.3 l i te rs /min)  and a high rf power (250 or 
300W); conditions which are compatible with a fair 
degree of uniformity.  The uni formi ty  was better  than 
__+10% from wafer - to-wafer  (arranged in  two circles 
containing 14 and 8, 2 in. diam wafers, respectively) 
and from one deposition run  to the other. The best 
thickness uni formi ty  was observed at the lowest 
powers investigated (100W at Ts = 275~ but  these 
films were unacceptable because of a tendency toward 
cracking at 400~ At the higher rf powers ( ~  350W), 
the thickness uni formi ty  got much worse and • 
uni formi ty  could be achieved only over wafers in  the 
outer circle. 

Structure and growth morphology.--The amorphous 
na ture  of the present  Si-N films was established by 
transmission electron microscopy. No contrast effects 
due to crystaIlites or voids could be seen in the br ight-  
or dark-field mode, and electron diffraction pat terns 
showed broad, diffuse halos characteristic of amorphous 
structure. Fur ther  insight into the na ture  of these films 
has been obtained by Lorentz-Lorenz correlation of the 
data on the film density, composition, and refractive 
index (17). The resul t ing magni tudes  of electronic 
polarizabilities (~) suggest that the effective size of "Si" 
in p lasm~ Si-N is quite high and probably corresponds 
to that of a Si-H complex. The ~si increases with Si /N 
ratio indicating that Si-H complexes assume an in-  
creasing role in Si-r ich Si-N films. 

The growth morphology, as revealed by SEM exam- 
ination, was always found to be smooth (layered) on 
the various surfaces investigated (Si, SiO2, A1208, 
SigN4, A1, Pd, Au) provided these surfaces were clean. 
However, in certain cases, we observed sporadic in-  
cidence of nodular  growth, or hillocks; an extreme 
case is shown in Fig. 12(a). The device area in Fig. 
12(b) shows nodules only in the dielectric areas, and 
with adequate cleaning, the situation corresponded to 
that of Fig. 12(c) where only a layered growth was 
observed. 

We have correlated the occurrence of nodular  
growth with surface contaminat ion (from baked-on 
residues of photoresist and intent ional ly  introduced Sn 
and Pb at monolayer  levels) and/or  part iculate 
matter.  The presence of such contaminat ion apparent ly  
triggers a vapor- l iquid-sol id  growth (22) and /or  gas 
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Fig. 12. Growth morphology of RPD Si-N films showing: (a) and 
(b) sporadic nodu!ar growth (hillocks) on contaminated areas of 
device wafers, namely, Au lines and dielectric areas, respectively, 
and (c) layered growth on properly cleaned device wafers. 
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phase reaction (13) in the vicini ty of the contaminated 
area. Such reactions in response to surface contamina-  
tion were found to be more l ikely to occur under  con- 
ditions of higher temperatures  and larger flows, which 
also lead to "superior" crack-resis tant  films. Proper 
cleaning of the metallized wafers to remove any par-  
ticulates and surface chemical contaminat ion prior to 
H2 bake was found to be desirable. One effective clean- 
ing process involved scrubbing both sides of the wafer 
in Tr i ton X (Rohm & Haas, Philadelphia,  Pennsyl -  
vania)  (1:20,000 di lut ion) ,  followed by boiling in a 
mixture  of 90% water  and 10% H202 (high puri ty)  for 
10 rain, followed by a cold deionized water  r inse for 
- -  15 min. 

Step coverage.--Use of high pressures (relat ive to 
sputtering) dur ing deposition and a surface-act ivated 
film growth process leads to excellent step coverage as 
i l lustrated in  Fig. 13 and 14 for T i / P d / A u  beam leads 
and A1 metallizati0n, respectively. As shown in  Fig. 
14(c), the Si-N layer  conforms well  to the under ly ing  
topology even where the walls are vertical  or they 
have a slight negative slope. Par t icu lar ly  impor tant  is 
the absence of any reen t ran t  angles at the bottom of 
the steps. Fur the r  evidence of excellent  step coverage 
was obtained by immersing the coated device wafers 
for ~15 min  in an appropriate metal l izat ion etch, such 
as hot H3PO4-CH3COOH-H20 for A1 and KI-I2 for Au, 
and then finding n o  attack on the under ly ing  metal.  

Si-gate MOS device compatibility.--MOS measure-  
ments were made on Si-gate MOS devices processed 
through second-level  metal l izat ion and then subjected 
to the Si-N reactive plasma deposition, plasma etching 
of Si-N, and 02 plasma stripping of the resist. The gate 
oxide capacitors showed no measurable  increases in 
the oxide fixed charge or the surface-state density at 
midgap nor any radia t ion- induced b ias- tempera ture  
instabil i ty.  The absence of radia t ion-damage in  above 
structures where the gate oxide is protected against 
soft radiat ion damage by the poly-Si  appears to be due 
mainly  to the use of relat ively high pressures in the 
plasma and low levels of cathode d-c bias, as com- 
pared to rf or d-c sput ter ing processes. 

Electrical properties of the present  films were found 
to be a funct ion of the film composition and its s truc-  
tures (23). The electrical resistivities (at 2 X 106 V/  
cm) for films with Si /N of 1.8, 1.0, and 0.75 were 4 • 
104, 4 • 101,3, and 5 • 1019 ~l-cm, respectively. The 
dielectric s t rength s imilar ly increased from 0.8 --> 3.9 --> 
8.1 MV/cm. The thermal  activation energy for con- 
duction was ~0.3 eV. The dielectric constant (1 MHz) 
ranged from 6 to 8. 

The Si-N films have been successfully utilized to 
form structures containing T i / P t / A u  beam leads on 
A1 (Fig. 15); the device is effectively sealed by the 
combinat ion of Au-beam leads and plasma SiN. Si- 
gate PMOS and CMOS logic devices have been fabri-  
cated with the above Structure in  plastic packages; the 
lat ter  devices showed an extrapolated median time to 
failure of > 40,000 hr under  b ias -humid i ty - t empera -  
ture (85~ RH) aging with in tent ional  ionic con- 
taminat ion  present. No cases were encountered of any 
cathodic corrosion of A1 after 106 device-hours of 85/ 
85 aging. 

Conclusions 
Certain plasma deposited Si-N films may compare 

favorably with PSG passivation layers and even with 
CVD SigN4. Thus, these Si-N films provide an iner t  
barr ier  to Na and H20, unl ike  heavily doped, low 
temperature  CVD (LTCVD) P-glass which is hygro- 
scopic and can react with H20 to form corrosive H3PO4 
(24). Si-N films have excellent step coverage whereas 
LTCVD often leads to films with a dog-bone type of 
feature on top and reen t ran t  angles on the bottom of 
the steps. Si-N films provide a suitable surface for 
subsequent  deposiiton of T i / P t / A u  films whereas the 
surfaces of undensified P-glass are such that  it is dif- 

Fig. 13. SEM photographs of step coverage by 1 ~m thick Si-N 
film on Au beams: (a) thick (12 Fm) Au on Au (1 ~m)/Pd/Ti 
metallization, (b) detail of base of the Au beam. 

ficult to deposit adherent  films on it. The electrical 
resistivity and the density of plasma SigN4 films are 
comparable with those of CVD Si3N4, but  the former 
can have much lower and compressive stresses which 
allows a higher usable thickness of 1 ~m. 

In conclusion, p lasma-enhanced CVD provides an at- 
tractive deposition technique for Si-N films for final 
passivation. Its advantages are: manufacturabi l i ty ,  low 
tempera ture  operation, good step coverage/uniformity,  
compatibil i ty with Si-gate MOS devices, and great 
flexibility with regard to control of stresses, film com- 
position, density, and cracking resistance. The dis- 
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Fig. 15. Ti /Pt/Au beam leads to AI metallization passivated with 
RPD Si-N (Si/N - -  1). 

Fig. 14. Step coverage by RPD Si-N films on an AI-metallized 
LSI device: (a) section showing contact areas and AI runners, (b) 
detail of Si-N on AI with tapered edges, (c) Si-N on AI runner 
with nearly vertical edges. 

advantages are: a relatively complex reactor and proc- 
ess (many variables) and a sensitive growth morphol- 
ogy under certain conditions. 

Acknowledgments  
The authors would like to thank P. D. Cruzan and 

J. V. Dalton for experimental assistance, J. M. Dishman 
for MOS evaluations, J. M. Poate and E. Lugujjo for 
Rutherford backscattering analysis, T. T. Sheng for 
transmission electron microscopy, and R. S. Wagner 
for many useful discussions. 

Manuscript submitted Oct. 19, 1977; revised manu- 
script received Dec. 1, 1977. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submitted by Aug. 1, 1978. 

Publication costs of this article were assisted by Bell 
Laboratories. 

REFERENCES 
1. J. V. Dalton and J. Drobek, This Journal, 115, 865 

(1969). 
2. M. T. Duffy and W. Kern, RCA Rev., 31, 742 (1970). 
3. D. R. Kerr, J. S. Logan, P. J. Burkhardt, and W. A. 

Pliskin, IBM J. Res. Dev., 8, 376 (1964). 
4.V.Y. Doo, D. R. Kerr, and D. R. Nichols, This 

Journal, 115, 61 (1968). 
5. W. A. Kohler, Trans. AIME, 246, 735 (1970). 
6. R. C. G. Swann, R. R. Mehta, and T. P. Cage, This 

Journal, 114, 713 (1969). 
7. H. F. Sterling and R. C. G. Swann, Solid-State 

Electron., 8, 653 (1965). 
8. Y. Kuwano, Jpn. J. Appl. Phys., 7, 88 (1968). 
9. R. Gereth and W. Scherber, This Journal, 119, 1248 

(1972). 
1O. O. Meyer and W. Scherber, J. Phys. Chem. Solids, 

32, 1909 (1971). 
11. A. R. Reinberg, Abstract 6, p. 19, The Electrochem- 

ical Society Extended Abstracts, Spring Meeting, 
San Francisco, California, May 12-17, 1974; U. S. 
Pat. 3,757,733. 

12. R. S. Rosler, W. C. Benzing, and J. Baldo, Solid- 
State Technol., 19, 45 (1976). 

13. W. Kern and R. S. Rosler, J. Vac. Sci. Technol., 14, 
1082 (1977). 

14. A. K. Sinha, Abstracts 242, 244, pp. 625, 626, 629, 
630, The Electrochemical Society Extended Ab- 
stracts, Fall Meeting, Las Vegas, Nevada, Oct. 
17-22, 1976. 

15. A. K. Sinha, H. J. Levinstein, and T. E. Smith, To 
be published in J. Appl. Phys. 

16. G. A. Rozgonyi and T. Ciesielka, Rev. Sci. Instrum., 
44, 1.0.53 (1973). 

17. A. K. Sinha and E. Lugujjo, This Journal, 123, 189C 
(1976) ; Appl. Phys. Lett., 32, 245 (1978). 

18. E. U. Condon and H. Odishaw, "Handbook of 
Physics," pp. 7-35, McGraw-Hill Book Co., New 
York (1967). 

19. J. L. Vossen and J. J. O'Neill, RCA Rev., 29, 149 
(1968). 

20. C. M. Drum and M. J. Rand, This Journal, 115, 
194C (1968). 

21. A. K. Sinha and T. T. Sheng, Thin Solid Films, 48, 
117 (1978). 

22. R. S. Wagner and W. C. Ellis, Trans. AIME, 223, 
1053 (1965). 

23. A. K. Sinha, J. Electron. Mater. 5, 441 (1976); 
A. K. Sinha and T. E. Smith, To be published in 
J. Appl. Phys. 

24. N. Nagasima, H. Suzuki, K. Tanaka, and S. Nishida, 
This Journal, 121, 434 (1974). 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-15 to IP 

http://ecsdl.org/site/terms_use

