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ABSTRACT 

This paper presents the results of chemical vapor deposited (CVD) silicon 
dioxide films on silicon from an Sill4 + CO2 + H2 system. The kinetics of this 
reaction have been studied with a barrel  reactor. The activation energy (hE) 
of the Sill4, CO2 reaction in  hydrogen is 106.7 J / g  mol (25.4 kcal /g  mol) in  the 
temperature  range 800~176 The Sill4 and CO2 reaction in hydrogen is 
shown to be a first-order reaction with respect to SiH4(CO2:SiH4 --~ 20). The 
deposition rates of SiO2 are dependent  only on deposition temperature  and on 
SiIq_~ mole fraction. They are independent  of the CO2:Sill4 ratio in the experi-  
menta l  range of 7: 1-120: 1. Electrical characterization was carried out on MOS 
capacitors of ~1300A dielectric thickness. The breakdown field was found to be 
(7.8 _+ 0.1 X 10 s V/cm) .  Measurements of oxide charges, of mobile charges, and 
of fast surface-state density show that these oxides are stable under  positive 
and negative bias, with max imum shifts of 250 mV after 50 hr stress at 200~ 
and --+2 X 106 V/cm electrical field. Postdeposition h igh- tempera ture  anneal  
deteriorates the VFB stabil i ty under  negat ive-bias  tempera ture  stress. The 
index of refraction depends on the CO2:Sill4 ratio, going above 1.46 at a ratio 
<10. Ratios of CO2:SiH4 --~ 50 give reproducible  results at an average index 
of 1.454 + '  0.001. Etch rates in "P-etch" for 1000~ deposited samples are 
,~50% faster than thermal  oxides grown at the same temperature.  

Chemical vapor deposited (CVD) SiO2 films have 
several advantages in p lanar  semiconductor device 
processing over the oxidation of silicon. Since no silicon 
of the substrate is consumed, the junct ion  movement,  
pileup, or depletion of dopants at SiO2-Si interfaces is 
minimized. Thick films of SiO2, which may be used in 
the.field region of integrated FET circuits, can be de- 
posited with greater ease than thermal  oxidation be-  
cause the deposition rates are not diffusion-limited in 
the solid. One application of CVD oxides where the 
thermal  oxide does not compete is the use of CVD ox- 
ides as photolithographic masks for films not etched in 
fluorides, such as silicon nitride. Finally,  CVD oxides 
lend themselves to in  situ processing where two or 
more films are required and one of these films is SiO2. 

Silica films have been deposited by a variety of 
chemical systems, at both high and low temperatures  
(1-10). It was desirable in  this case to select a process 
that would produce SiO2 films with etch rates close 
to those of thermal  SiO2, so as to avoid excessive u n -  
dercutt ing during etching. Since etch rate is inversely 
proport ional  to deposition temperature,  the process had 
to be carried out at a high temperature  (1000~ Sill4 
was preferred over other s i l icon-bearing compounds 
(e.g., SiCl4 or SiBr4) because of its gaseous na ture  and 
resul t ing ease of meter ing control. In  situ processing 
also favors Sill4 because one has only to replace the 
oxidant with NH3 to deposit silicon nitr ide or discon- 
t inue the oxidant  flow to deposit polysilicon. It was 
also desirable to use an oxidant  that  would have a 
min imal  gas-phase reaction with Sill4 so as to keep the 
reactor down time to a minimum.  This led to the in -  
vestigation of the Sill4 and CO2 reaction. Swarm and 
Payne (4) and Kroll  et al. (5) reported on the SiH4- 
CO2 system. Our purpose is to investigate fur ther  the 
deposition kinetics, to obtain an empirical rate expres- 
sion, and to examine the physical and electrical prop- 
erties of the result ing SiO2 films. 

Experimental 
Equipment.--The equipment  used for the entire ex- 

per imental  invest igat ion was a vertical, cold-wall,  bar -  
rel- type,  induct ion-heated reactor (11). The silicon 
"wafers" were placed on an SiC-coated graphite sus- 
ceptor. Figure 1 gives a schematic cross-sectional view 
of the reactor. The fused-quartz  chamber  is 18 in. 
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( ~  45 cm) long, with an  in te rna l  diameter  of 9 in. 
( ~  23 cm). The susceptor is placed in the chamber so 
that its leading edge is ~ 5 in. (12.7 cm) from the 
molybdenum distributor.  The susceptor is hexagonal  
and is divided into three tiers, or "rings." Each of the 
six faces of the susceptor makes an angle of ~3  ~ with 
the central vertical axis. The susceptor is placed on a 
fused-quartz  plate, which in  t u rn  is supported by a 
fused-quartz pedestal. The susceptor, approximately 
8.25 in. (21 cm) long, was rotated at about 8 rpm 
throughout  this exper imental  work. The volume of the 
annulus  between the susceptor and the chamber  (i.e., 
the volume of the deposition zone) is ,-,5 liters. 

The temperature  was measured with an optical py-  
rometer. 2 All temperatures  reported were corrected for 
system transmission losses and for emissivity (12). The 
reacting and the carrier gases were introduced from the 
top of the reactor after each had been metered through 
a separate rotometer. Each rotometer  was calibrated. 
The silane used was a 5% mixture  in  ni t rogen or hy-  
drogen. The Sill4, CO2, and the carrier gas (either If2 
or N2) were filtered (submicron filters) before they 
passed through their respective rotometers. 

Typical deposition conditions and measurement  tech- 
nique.--Three,  21/4 in. (5.7 cm) Si, 11-25 ohm-cm, p-  
type, <100> wafers were processed in each exper imen-  
tal run, unless otherwise indicated. One wafer each 

-~ The t e m p e r a t u r e  along the suseeptor  length  is -~-I0~ of a n y  re -  
ported value.  

Fig. 1. Schematic cross-sectional view of barrel reactor 
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was placed in rings 1, 2, and 3, at a predetermined 103 
fixed position. The remaining  positions on the suscep- 
tar were filled with dummy wafers. Before loading in  
the reactor, wafers were cleaned ul trasonical ly in hot 
(85~ deionized water  (for 5 min) ,  followed by 
H2SO4/HNO8 (3:1, at 120~ cleaning (for 10 min) ,  
followed by 10:1 dilute HF dip (10 sec). The wafers A 

were then rinsed in runn ing  deionized water (for 5 
min)  and subsequent ly  spin-dried.  The wafer surface 
was hydrophobic after this cleaning. 

During the exper imental  work, the carrier  gas flow z 
rate (H2 in  most cases) was varied between 60 and 
120 l i t e r s /min  and the Sill4 flow rate (5% in H2 or N~) ~1~ 
between 60 and 1000 cm3/min. The Sill4:CO2 ratio was 
changed between 7:1 and 120:1. The deposition tem-  
perature  range was 800~176 the deposition t ime 
was never  less than  5 rain or greater than  25 rain. 

The resul t ing SiO:2 film thicknesses were measured 
by CARIS z (>lS00A) and by ell ipsometry (~1500A). 
The index of refraction was always measured by el- 
lipsometry. Five thickness measurements  were taken 
per wafer; these five readings cover ,~80% of the total 
wafer area. Peripheral  readings were taken 0.125 in. 
(3.18 mm) away from the edge of the wafer. The 

typical w i t h i n - a - r u n  deposition un i formi ty  was --~ __.5% 
at 1000~ and at a total flow rate of ,-110 l i te rs /min;  
the worst case w i t h i n - a - r u n  uni formi ty  at any tem- 
pera ture  and flow (within the experimental  range) was 
,~ • The deposition rates used. in this report are 
therefore average deposition rates over three rings 
(i.e., 15 measurements ) ;  thus, as a first approximation, i03 

we neglected the silane concentrat ion variat ions along 
the susceptor length. 

Exper imenta l  Results 
Preliminary experiments.--Preliminary experiments 

were performed using an H2 and N2 mixture  as a carrier 
gas at a deposition temperature  of 1000~ The H2/N~ 
ratio was varied from 0.03:1 to 1.5: 1, with similar re- 
sults. The films deposited were dendrit ic in appearance. 
When these films were etched in 5:1 diluted HF, a 
brown film was left on the silicon surface. Swann  and 
Payne  (4) reported similar  observations when they 
used argon as a carrier gas. The brown film on the 
silicon surface was etchable only in I-etch, 4 suggesting 
that  the brown film is a si l icon-rich film (mostly poly- ~ lO 2 
silicon). 

The use of pure H2 as a carrier gas prevented the 
formation of either "dendritics" or the si l icon-rich 
brown film. The SiO2 films thus deposited were etch- 
able in diluted HF (5:1) and left the silicon surface 
clean (hydrophobic).  The remain ing  investigations 
used H2 as a carrier gas. 

Deposition rates (S.iH4-CO2-H~ system).~The pa- 
rameters whose effect on deposition rate of SiO2 has 
been investigated are Sill4 mole fraction, SiH4:CO2 
ratio, deposition temperature,  and He flow rate. 

Deposition rate vs. Sill4 mole ]raction.--Y~gure 2 shows 
the log of SiO2 deposition rate as a function of silane 
mole fraction (X0siH4), as determined by the enter ing 
gas composition. The slope of the graph is very near ly  
1, which shows that the SiH4-CO2 reaction in H2 is a 
first-order reaction with respect to Sill4. For Fig. 2, the 
deposition temperature  and the He and CO2 flow 
rates were kept constant. Note that the CO~: Sill4 ratio 
varied from ~20 to 200 dur ing this experiment;  how- 
ever, it is impor tant  to point out that only the Sill4 
concentrat ion is a variable for Fig. 2. Hence, Fig. 2 is 
the result  of a classical exper iment  to isolate the order 
of the reaction with respect to SiH~ (13). 

Deposition rate vs. SiH4:CO~ ratio.--Figure 3 graphs 
the deposition rate as a function of CO2/SiH4 ratio for 
the two Sill4 mole fractions. The deposition tempera-  

s C o n s t a n t  a n g l e  r e f l e c t i o n  i n t e r f e r e n c e  spec t ro scopy .  
4 I - e t c h  is a m i x t u r e  of  s t o c k  s o l u t i o n  a n d  HNO3 i n  t h e  r a t i o  of  

1:5.  T h e  s t o c k  s o l u t i o n  is a m i x t u r e  of CHsCOOH,  HF ,  HNO~ in  a 
1 :2 :5  r a t i o ,  s a t u r a t e d  w i t h  iodine and a l l o w e d  to  se t t l e  o v e r n i g h t  
(14 h r ) .  
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Fig. 2. Deposition rate as a function of Sill4 mole fraction in the 
feed. Deposition temperature, H2 flow, and C02 flow kept constant. 
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Fig. 3. Deposition rate as a function of C02:SiH4 ratio at two 
silane mole fractions, at I000~ and at constant H2 flow rate. 

ture and the H2 flow rate were kept constant. The 
deposition rate is independent  of the CO2"SiH4 ratio in 
the experimental  range of 7: 1-120: 1. Note that, for a 
fixed Sill4 mole fraction (e.g., 1.9 • 10-4), the deposi- 
tion rate is independent  of the COe concentration. 

These results are consistent with the classical "meth-  
od of excesses" or "isolation technique" (14); i.e., when 
a large excess of one chemical is used as compared 
with another, the reaction rate is independent  of the 
concentration of the chemical being used in large ex- 
cess. The lack of dependence of deposition rate on CO2 
concentration, however, is in total disagreement  with 
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the resul ts  r epor ted  by  Swann  and Payne  (4) and b y  
Kro l l  et  al. (5). Both  papers  repor ted  an increase  in 
deposi t ion ra te  wi th  increas ing CO2:SiH4 ratio.  The 
l ike ly  reason for this  d i screpancy  is the difference in 
reac tor  design. In  both papers,  a pedes ta l  or pancake -  
type  reac tor  was used where  the  flow of gas is at r ight  
angles to the  wafe r  surface.  In  our reactor ,  the  flow of 
gases is nea r ly  pa ra l l e l  to the  wafe r  surface. These two 
ve ry  different  flow pa t te rns  wi l l  have a m a r k e d l y  di f -  
ferent  mass and energy t ransfe r  and, hence, possibly,  
different  results.  

Deposition rate vs. deposition temperature.--Figure 4 
s h o w s  the deposi t ion ra te  as a function of reciprocal  
t empera tu re  at  a constant  in jec ted  Sill4 mole  fract ion 
of 1 . 9  • 10 -4. Two COs:Sil l4 rat ios were  used, 12 and 
40, and the H2 flow ra te  was kept  constant  at 110 l i t e r s /  
min. The act ivat ion energy  obta ined f rom Fig. 4 is 25.4 
kca l /g  mol (106.7 J / g  mol) .  

Deposition rate vs. flow rate.--To de te rmine  whe ther  
the deposi t ion ra te  of SiO2 is l imi ted  by  the surface 
chemical  reac t ion  ra te  or control led  by  mass t ransfer ,  
an exper imen t  was pe r fo rmed  in which the Hs flow 
ra te  was va r ied  f rom 60 to 115 l i t e r s /min .  The deposi-  
t ion t empera tu re  was kep t  constant  at  10D0~ The Sill4 
and COe mole  fract ions were  also constant  at 1.9 • 
10 -4  and 1.14 • 10 -2, respect ively .  F igure  5 shows the 
results,  wi th  the  deposi t ion ra te  p lot ted  against  the 
square  root  of the  flow rate.  

Fo r  all prac t ica l  purposes,  the  deposi t ion ra te  is in-  
dependent  of the flow rate, and, hence, the SiH4-CO2 
react ion in H2 is l imi ted  by  the su r face -chemica l - r eac -  
t ion rate,  wi th  the  exper imen ta l  flow range  60-115 
l i t e r s /min .  

Rate expression (empirical) .--Following the s tan-  
da rd  p rocedure  for obta ining an empir ica l  ra te  expres -  
sion for any  heterogeneous  react ion (13), and know-  
ing that  the react ion is (i) independent  of COs concen- 
t ra t ion  (Fig. 3), (ii) first order  wi th  respect  to Sill4 

Activation Energy = 25. 4 kcal/g tool (106 Jig mol) 
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Fig. 4. Deposition rate as a function of 1/T, at constant H2 flow 
rate and Sill4 mole fraction. Two CO2:SiH4 ratios, 12 and 40. 
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Fig. 5. Deposition rate as a function of square root of flow rate 
at 1 0 0 0 ~  Si l l4  m o l e  f rac t ion  constant a t  1.9 N 10 - 4 .  C o n s t a n t  
C02:SiH4 ratio of 60. 

(Fig. 2), and (~ii) su r face -chemica l - reac t ion- l imi ted  
(Fig. 5), we can ar r ive  at the  fol lowing ra te  express ion 

TSiO2 : K s  C ~  [1 - -  Y S i H 4 ]  [1] 

where  rsio2 ---- deposi t ion ra te  of SiO2 (moles /min ) ,  
C O s i H 4  : silane concentra t ion in the feed (moles / l i t e r ) ,  
Ks ---- the ra te  constant  for surface chemical  react ion 
( l i t e r s /min) ,  and YSIH4 : f ract ion of s i lane conver ted  
to deposit.  

The fract ion of Sill4 conver ted  to SiO2 can be caI-  
culated by  mass-balance ,  and its value  is small ,  i.e., 
0.02-0.15, depending on the deposi t ion tempera ture .  
Thus, neglect ing u and express ing  deposi t ion ra te  
in A / m i n  and concentra t ion as mole  fraction, we can 
rewr i t e  Eq. [1] as 

dsio2 : K's X0SiH4 [2] 

where  dsio2 is the deposi t ion ra te  in A/min ,  X0SiH~ is 
the mole  fract ion of si lane in the feed, and K's is the  
ra te  constant  in A/min .  The va lue  of K's has been cal-  
culated f rom the da ta  of Fig. 2, at 1000~ to be ap -  
p rox ima te ly  equal  to 106 A /min .  

Now 
K's -- K'o exp [ - -  AE/RT] [3] 

where  K'o is the  f requency factor  in A / r a i n  and AE the 
act ivat ion energy.  The act ivat ion energy is 25.4 kca l /g  
mole (Fig. 4), and the calculated value  of K'0 is 2 • 
1010 A/min .  

Thus, the empir ica l  ra te  express ion for SiO2 deposi-  
t ion is 

dsio2 ---~ 2 X 101~ [--25 400/RT] "XOsiH4 [4] 

where  R is the gas constant  (1.98 ca l /g  mole  ~ and T 
is t empera tu re  in ~ 

Physical properties.--Table I l ists the physical  p rop -  
ert ies of SiO2 grown f rom the SiH4-CO2-H2 system as 
a function of deposi t ion pa rame te r s  and anneal  condi-  
tions. 

Refractive index . - -The  re f rac t ive  index was measured  
by  e l l ipsomet ry  at 5460A (mercu ry - l igh t  wave leng th) .  
The refract ive  index of deposi ted SiO2 is ve ry  close 
to that  of the the rmal  SiO2 (1.462) (15). Owing to 
densification, the anneal ing t r ea tment  increases the 
ref rac t ive  index of as-deposi ted  samples. There  also 
appears  to be some effect due to the  COJSiH4 ratio. 
However,  a l though CO2:SiH4 ratios grea ter  than  20:1 
do not seem to affect the ref rac t ive  index wi th in  mea-  
surement  accuracy, for a deposi t ion t empe ra tu r e  of 
1050~ and a low COs/Sil l4 rat io  of 12, the ref rac t ive  
index goes up, indicat ing that  the  film may  be si l icon- 
rich. As Table I shows, only the  t h i rd -p l ace  decimal  in 
the ref rac t ive  index was affected by  the CO2:Sill4 ra t io  
from 20:!  to 120:1. Ratios of SiH4:CO2 --~ 50:1 are  
p re fe r red  because the r u n - t o - r u n  ref rac t ive  index re-  
p roduc ib i l i ty  is cons iderably  improved  (i.e., • 
r u n - t o - r u n ) .  
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Table I. Physical properties of Si02 grown from SiH4-CO2-H2 

Deposit ion 
t e m p e r a t u r e  

(~ 

Densif ica t ion in  N~ a m b i e n t  E tch  ra t e  in Etch  r a t e  in 
Refrac t ive  P - e t c h  a t  ~:1 H F  at  

CO~/SiI-I~ Temp  (~ Time (rain) i n d e x  (5460A) 25~ (A/sec)  25~ (A/sec) 

Sample  
Densl ty* th ickness  
( g / c m  8) (~m) 

950 12 - -  - -  1.460 3.21 9.S 2.19 0.36 
950 12 1100 30 1.462 2.1 7,2 2,28 0,38 

1009 12 - -  -- 1,458 2~97 7,9 2,25 0,33 
1060 12 1100 30  1.462 2 .07 7.2 2 .30 0.33 
10.~O 12 -- -- 1,469 -- 8.2 2,10 0,21 
1060 20 -- -- 1.458 2.92 8.5 2.20 0.40 

1050 20 ll0O 30 1.462 2.06 7.2 2.24 0.40 
lOOO 20 -- -- 1.458 -- 8.8 -- 0.I0 

I000 60 -- -- 1.455 -- 6.6 -- 0.12 

IOOO 60 -- -- 1.464 -- 9.1 -- 0.12 

I000 120 -- -- 1.453 -- 9.1 -- 0.I0 

* B y  w e i g h t  loss me tho& 

Infrared absorption spectra of a l imited number  of 
as-deposited samples were  taken. All  samples were  de- 
posited at 1000~ First  absorption max ima  lay at 
~1070 cm -1 for all samples. 

Etch rate . - -Etch rate  was determined by etching the 
samples in P-e tch  (15) [15 parts HF  (49%), 10 parts 
HNOs (70%), and 100 parts H20]. Typically, SiO2 de- 
posited at 1000~ etched ,~50% faster  than  thermal  
oxide. In P-etch,  the etch rate appears to be a function 
of deposition t empera tu re  (Table I).  Sample - to - sam-  
ple variations in etch ra te  decreased as the deposition 
tempera ture  was increased. All samples when annealed 
in N2 a'~ l l00~ for a ha l f -hour  had an etch rate of 
be tween  2.1 and 2.06 A/sec.  The etch rate in 5:1 diluted 
HF also showed a drop upon annealing; however,  this 
etchant  did not del ineate  the etch rate as a function of 
deposition temperature .  

De~si ty . - -Fi lm densi ty was measured by the weight -  
loss method;  i.e., deposited wafers  were  weighed and 
then stripped and reweighed.  The density of as-de-  
posited samples appears consistently lower  than that  of 
annealed samples. The density of all samples var ied  
be tween 2.1 and 2.3 g / c m  s. The density of the annealed 
sample approached that  of thermal  oxide (2.27 g / cm ~) 
within measurement  accuracy. 

Electrical propert ies.--Several  samples were  pre-  
pared f rom the SiH4-CO2-I-I2 system at 1000~ with  
the CO2:SiH~ ratio vary ing  f rom 40:1 to 60:1. All  
wafers were  n- type  St, <100>,  8.5-20 ohm-cm, 5.72 cm 
(21/4 in.) diameter.  The total  SiO2 thickness deposited 
was ,-~1350A. Most wafers  were  split in half  after the 
SiO2 deposition. One port ion of each wafer  was then 
annealed at 1050~ for 15 rain in N2 (standard anneal 
for thermal  SIO2). Then, clean 20-mil a luminum dots 
were  evaporated on both halves of the wafers. The 
metal l ized wafers were  annealed at 400~ for a hal f -  
hour  in 172. 

Fol lowing are the results of measurements  on MOS 
capacitors. 

Dielectric s t reng th . - -Twenty  MOS capacitor dots in 
each sample were  biased in accumulation, and the bias 
voltage was ramped at a rate of approximate ly  1 
VZsec. The capacitor leakage current  was monitored 
with a picoammeter.  The dielectric breakdown was 
considered to have  occurred when  the leakage was 
greater  than or equal to 2 hA. All  samples exhibited 
the same dielectric b reakdown field (EB). There was 
no dependence on CO2:Sill4 ratio or the postdeposition 
anneal. The EB value  obtained was 7.8 • 106 V/cm, 
and the breakdown distr ibution obtained was very 
t ight in every  case, with a standard deviat ion O'E B ~ 0.1 
• 106 V/Cm. 

Dielectric constant .--The thickness measured by ell ip- 
sometry and C-V measurements  agreed within  50A in 
all cases. This leads to the conclusion that  the dielectric 
constant lies be tween 3.8 and 4.0. Annealed halves of 
wafers were  th inner  by --30A than the nonannealed 
halves. This means that  there  is densification of the 
order  of 2-3 % upon annealing. 

Oxide fixed charges (Qox).--The fixed oxide charges 
were  measured by means of the C-V technique. There 
was no influence of CO2:Sill4 ratio on the fixed charges; 
however,  annealing showed the expected reduct ion in 
fixed charges. The Qox for nonannealed wafers  was 2.8 
(___0.2) • 1011 cm -2, and the Qox for annealed wafers 
was 1.3 (___0.5) • 1011 cm -2. 

Mobile charges (Qm).--Mobile charges were  measured 
by applying ___2 X 106 V / c m  for 10 rain at 200~ This 
technique is similar to the one used by Kriegler  et al. 
(16). The shift in flatband under  posit ive bias was con- 
ver ted  into mobile charge. In no case was the shift in 
the fiatband under  negative bias taken into account, for 
two reasons: 

1. In most cases, the shift in the flatband under  nega- 
t ive bias was negl igible  (i.e., ~25 mV).  This also 
means that  the mobile charges were  present at the 
metal /SiO2 interface. 

2. In some cases, the flatband shift was significant 
under  negat ive bias (i.e., ~50 mV),  but the direction of 
the shift was wrong, i.e., as if more positive charges 
were  being accumulated at the SiO2/Si interface. This 
effect (discussed in grea ter  detail  under  Stabi l i ty)  is 
due to fast surface-s ta te  generat ion at the SiO:2/Si in-  
terface (17). 

There was no measured effect of CO2:SiH4 ratio on 
mobile charge. The annealed wafers  had a mobile 
charge of <1 • 101~ whereas the nonannealed wafers 
showed a mobile charge of 2.7 (___0.5) X 101~ cm -2. The 
apparent  higher  mobile charges in nonannealed wafers 
are most l ikely due to r un - to - run  variat ions of the A1 
evaporator.  The nonannealed halves of wafers  were  
metal l ized first. Thermal  oxide monitor  wafers  in the 
above two metal l izat ion runs were  checked and showed 
the same general  t rend as the CVD oxide wafers. 

Fast surface states (NFs).--Fast surface states were  de- 
termined by the quasistatic technique of Kuhn (18). 
This technique was modified after Castange (19) and 
Ker r  (20). The modification involved the use of a high- 
f requency C-V trace in place of the ideal. The N~s was 
obtained from accumulation to onset of inversion by 
comparison of the high- and low-frequency C-V traces. 

CFS [ C L F [ C . o x  C H F "  C o x  ] 1 

N F s  - -  q - -  C o x  - -  C L F  C o x  - -  C H ~  q [ 5 ]  

where CFS = capacitance due to fast surface states, Cox 
= oxide capacitance, CLF = low-f requency  capacitance 
at a given voltage on the metal  electrode, CHF = high-  
f requency capacitance at a given voltage on the metal  
electrode, and q = electronic charge 1.6 • 1019. 

Equat ion [5], in which all capacitances are per unit 
area, determines NFS as a function of applied electrode 
voltage. This voltage can be readi ly  converted into 
surface potential  [e.g., Kuhn (18)], so NFS, as a func-  
tion of surface potential, is given in this investigation. 

The fast surface-s ta te  densities are general ly  small 
in aI1 samples. Annealed samples show somewhat  
higher NFS than nonannealed samples. The difference 
in the two cases, however, is not considered significant, 
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Fig. 6. Change of flatband voltage under the influence of tem- 
perature-bias stressing. 

and all samples measured can be adequately repre-  
sented by an N~s value of 1.5 (___0.5) • 101~ cm -2 �9 
eV -1 (at mid-bandgap) .  

Stabil i ty--As shown in Fig. 6, 50-hr stress data on 
some samples were accumulated at 200~ and 2 • 106 
V/cm with both polarities on the metal  of the MOS 
capacitor. The posit ive-bias data confirm the short- 
t e rm stress data. There is a shift in  the flatband volt-  
age wi thin  the first hour and then a fast leveling off. 
This can be explained by the movement  of mobile ions. 
Under  negative bias, there is again a negative shift, the 
final value of which is larger for the annealed wafers 
than  for the nonannea led  wafers. There was no dis- 
cernible dependency of VFB shift on the CO2:Sill4 ratio. 
Negative shifts under  negative bias are commonly at- 
t r ibuted to an increase of fast surface-state density 
(17). It was not expected that the nonannealed  wafers 
would display fewer fast surface states after tempera-  
ture  bias stressing. 

To check the above expectation, several MOS capaci- 
tors on both annealed and nonannea led  wafers were 
stressed for 20 hr at ___2 • 106 V/cm and 200~ Most 
of the observed shift in VFB occurs wi th in  this time 
span (Fig. 6). Table II presents the init ial  and final 
values of the NFS at mid-bandgap.  Note that there is a 
significant difference be tween annealed and nonan -  

Table II. Fast surface states as a function of temperature-bias 
stress and postdeposition high temperature (I050~ 15 min, N2) 

anneal 

NFS c m  -2 e V  -1 (a t  m i d - b a n d g a p )  • 10 lo 

A f t e r  20 h r  of A f t e r  20 h r  of  
+ 2  • l0  s V / c m  --2  • l0  s v / c m  

S a m p l e  I n i t i a l  a n d  200~ a n d  200~ 

As  d e p o s i t e d  1.1 (--~-0.3) 1.2 (-+-0.3) 2.5 ("~0.3) 
A n n e a l e d  1..8 (~0 .2 ) )  3.1 (~0 .5 )  6.6 (_0.7} 

* N o t e :  V a l u e s  in  p a r e n t h e s e s  a re  t w i c e  the  s t a n d a r d  d e v i a t i o n .  

nealed samples and, contrary to the above expectation, 
the annealed samples show higher, fast surface-state 
density after t empera ture-  and negat ive-bias  stressing. 
The behavior of the annealed samples is much like the 
dry, O2-grown thermal  oxides (17), whereas the nonan-  
nealed wafers appear to characterize the CVD oxides. 

The behavior of the CVD oxides investigated is not 
believed to be l imited to oxides deposited in  SiH4- 
CO2-H2. This effect is most l ikely due to the deposition 
tempera ture  used in this case (i.e., 1000~ Thus, the 
h igh- tempera ture  postdeposition anneal  deteriorates 
the stabili ty of the CVD oxides under  tempera ture-  and 
negat ive-bias  stressing. 

Discussion 
It has been shown that  the SiH4-CO2 reaction is first 

order with respect to Sill4. This was determined by 
using the "method of excesses," or "isolation," tech- 
nique (14); i.e., CO2 had considerably larger concen- 
t rat ion than Sill4. Therefore, as expected, the reaction 
rate was independent  of the CO2 concentration. The 
same technique (i.e., excess Sill4 compared with CO2) 
or the use of molar  ratios of Sill4 and COe cannot 
isolate the reaction order with respect to CO2, because, 
in  both cases, si l icon-rich films are deposited (i.e,, no 
longer SiO2). There is no other known technique that  
would isolate reaction order with respect to CO2. Thus, 
the experimental  data cannot firmly support  a reaction 
mechanism, and none will  be postulated here. However, 
we shall discuss our results in  the l ight  of the mecha- 
nism previously postulated. 

Tung and Caffrey (1), Steinmaier  and Bloem (21), 
and Rand and Ashworth (8) proposed a two-step ki-  
netic mechanism for SiO2 deposition from SiC14- 
CO2-H2 and SiBr4-CO2-H2. The first step involves so- 
called "water-gas" reaction 

H2 -i- CO~ ~ II20 + CO [6] 

The second step involves oxidation (hydrolysis) of 
silicon halides with H20. Similar  two-step kinetics may 
also be wr i t ten  for Sill4, the second step being 

Sill4 -t- 2H20-> SiO2 + 4H2 [7] 

These authors realized that in termediate-react ion steps 
must  exist, e.g., that reactions [6] and [7] may proceed 
via a free-radical  chain mechanism or any other 
equally probable path. It is also general ly  accepted that 
the water-gas reaction is the slower and, hence, the 
rate-control l ing step. 

Then, Tingey (22) exper imental ly  de termined the 
forward rate expression of reaction [6] in  the tem-  
perature  range of 800~176 The exper imenta l ly  de- 
termined activation energy for H20 formation from 
H2 and CO2 is 78 kcal /g  mole (22). Therefore, if the 
water-gas reaction is rate controll ing for SiO2 deposi- 
t ion from SiH4-CO2 reaction in H2, the observed acti- 
vation energy should be of the order of 78 kcal /g  mole. 
We have obtained an activation energy of 25.4 kcal/g 
mole for SiO2 deposition. These results are inconsistent 
with the water-gas mechanism. Only the Steinmaier  
and Bloem (21) results are consistent with water-gas 
reaction. These authors obtained an activation energy 
of 82 kcal/g mole for SIC14-CO2-H2. However, Tung 
and Caffrey (1), who also studied the SiC14-CO2-H2 sys- 
tem, reported an activation energy of 51.6 kcal/g mole. 
Similarly, Rand and Ashworth (8) reported an activa- 
tion energy of 30 kcal /g  mole for the SiBr4-CO2-H2 
system in the tempera ture  range of 800~176 Thus, 
hardly  any of the activation energy data involving CO2 
and H2 support the so-called water-gas mechanism. 

The inconsistency of the activation energy data led 
us to perform several experiments,  with hopes of an-  
swering a two-par t  question: (i) Does H20 form in  our 
reactor under  the exper imental  conditions of flow? (ii) 
What physical evidence would be produced if H20 were 
to form in the reactor? It was assumed that, if H20 
were formed, the thermal  oxidation of silicon would 
occur in the absence of Sill4. In  the presence of Sill4, 
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we expected some homogeneous reaction (manifested 
by react ion-chamber  clouding) besides the usual  het-  
erogeneous reaction. Several experiments,  with results, 
are presented below. 

Cleaned Si wafers were exposed to an H~ and CO2 
ambient  ( ~  1.2% CO2) at 1000~ for 1 hr. The wafers 
were hydrophobic before and after exposure to the H2 
and CO2 ambient.  Ellipsometric measurements  showed 
that  the wafers had --~ I5A of SiO~ before and after. 
Now the question arose whether  other oxidants pro- 
duced similar  results. This led us to repeat the above 
experiment  with NeO which resulted in the growth of 

600A SiO2 on the silicon wafers (23). To check 
whether  the formation of SiO2 from the N20 and H2 
reaction was due to the H20 formation or to the de- 
composition of NeO and subsequent  oxidation of silicon 
by oxygen, we repeated the exper iment  with N20 and 
N2. The result ing film was only N 150A thick (23). 
Clearly, H20 is formed when wafers are heated in NeO 
and He, whereas H20 is not l ikely to form from CO2 
and H2 under  the flow conditions of the reactor. This 
conclusion is consistent with, and supported by, two 
facts: (i) when the SiH4-N20-H2 system is used for 
SiO2 deposition (850~176 the reaction chamber 
clouds very  rapidly (23), whereas when the SiH4-COe- 
He system is used there is no evidence of reaction- 
chamber clouding; (it) the deposition rate of SiO2 from 
the SiH4-NeO-H2 system is ,~ 2-10 times higher than 
the SiH4-COe-He system, depending on deposition tem- 
perature  (850~176 for identical Sill4 and oxidant 
mole fraction (23). 

Experiments  with mixtures  of Ha and O2 and of Ne 
and O2 showed results similar to those of He and N20 
and of N2 and NeO; i.e., a higher thickness of thermal  
SiO was grown with the H2 and O2 mixture.  Clearly, 
HeO was being produced by  the reaction of hydrogen 
and oxygen. We then at tempted to study the rate of 
reaction of Sill4 with I-t20 using the SiH4-O2-H2 sys- 
tem. The task, however, was near ly  impossible because 
of the chamber clouding which necessitated reactor 
cleaning after every run. We were able to obtain depo- 
si t ion-rate data at 800~176 however, before aban-  
doning the effort. The deposition rate of SiO2 from the 
SiH~-O~-He system was near ly  an order of magni tude 
greater than that obtained from the SiH4-COe-H2 sys- 
tem for identical temperature,  Sill4, and oxidant mole 
fractions (24). The results of the experiments  with 
SiH~-Oe-H2 and SiH4-NeO-He are at var iance with the 
water-gas mechanism for the SiH4-COe-H2 system be- 
cause, if HeO is produced from COs ~- He, which sub- 
sequently reacts with Sill4 to produce SiO.2, then the 
deposition rate of SiO~ should not significantly change, 
irrespective of the source of H20. 

Finally,  Tingey (22) exper imental ly  showed that  the 
water-gas reaction is homogeneous, i.e., that HeO is 
produced in the gas phase. This should result  in the 
homogeneous reaction of Sill4 and H20; yet the SiH4- 
COe-He reaction is s ingular ly  characterized by the lack 
of homogeneous reaction, i.e., no clouding of the re- 
action chamber  by gas-phase reaction. The above ex- 
per imenta l  and activation energy data nei ther  support 
nor  are consistent with the water-gas reaction mecha- 
nism for SiH4-CO2-I-Ie. It is therefore pro~bable that the 
SiH4-CO2 reaction could proceed via direct oxidation 
of silane, as suggested by Swann and Payne (4), some 
complex free-radical  chain mechanism, as alluded to 
by Rand and Ashworth (8), or any other mechanism 
that does not include water-gas reaction as a step. 

Summary and Conclusion 
We have presented the results of SiH4-CO2 reaction 

in  He in the temperature  range 850~176 We have 
used a mul t ip le-wafer  reactor in sharp contrast to 
Swarm and Payne 's  s ingle-wafer  reactor. Our results 
should find more application in  CVD practice because 
the flow of gases is near ly parallel  to the wafer surface. 
Unlike Swann  and Payne, we have been able to isolate 
the order of the SiH4-CO2 reaction with respect to SiH~ 

and the activation energy and frequency factor of the 
reaction. However, care should be exercised in extrapo- 
lat ing and using these results to predict the SiO2 depo- 
sition rate for Sill4 concentrations larger  than 0.06- 
0.07% because, at higher concentrations than these, the 
SiO2 films become silicon-rich; i.e., codeposition of Si 
and SiO2 occurs. 

We have shown that the physical and electrical prop- 
erties of SiO2 deposited at 1000~ are comparable to 
those of s team-grown oxide. In  fact, the fast surface- 
state densities are considerably lower in these CVD ox- 
ides than in s team-grown oxides. The low level of fast 
surface-state density may be a t t r ibuted to the use of 
Ha dur ing deposition. The stabili ty of these oxides 
under  temperature  (200~ and bias • 2 • 106 V/cm 
has been demonstrated. The negative effects of post- 
deposition anneal  in N2 at a temperature  higher than  
the deposition tempera ture  have also been shown. 

The use of CO2 does not result  in a homogeneous re- 
action, especially at higher temperatures,  i.e., of the 
order of 1000~ This is a significant advantage, since 
it keeps the reactor down time to a minimum. However, 
the use of CO2 has often raised the possibility of car- 
bon inclusion. Though we do not have any direct evi- 
dence of the presence or absence of carbon in SiO2 films 
deposited from SiH4-CO2-He, trace quanti t ies of carbon 
may well be incorporated in these films. None of the 
measured physical and electrical properties, however, 
show any unusual  or det r imenta l  effects of these trace 
impurities,  if present. 

Finally, the CVD SiO2 film from SiH4-COe-H2 could 
be readily used as a photolithographic mask for films 
like Si.~N4 and in the field or the gate region of an 
integrated FET circuit. 
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Fabrication of P-Channel Silicon Gate LSI Devices 
with Si NJSi02 Gate Dielectric 
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Westinghouse Advanced Technology Laboratory, Baltimore, Maryland 21203 

ABSTRACT 

Processing of p-channel  silicon gate devices with a Si3N4/SiO2 gate di- 
electric is described in detail. Some attractive features of this par t icular  proc- 
ess include polysilicon to silicon contacts, improved metal  step coverage ob- 
tained with a glass flow anneal, low fast surface-state density for good 1/f 
noise performance, and high parasitic field threshold voltages obtained by ion 
implanta t ion  of arsenic. 

Because of the work function difference between 
p- type  polycrystal l ine silicon gate electrodes and 
l ight ly  doped n- type  silicon substrates, most p-channel  
silicon gate devices have been fabricated on <111> 
oriented silicon substrates. This avoids the possibility 
of very low threshold or depletion mode devices which 
can result  if <100> oriented substrates are used. This 
result  is a direct consequence of the lower fixed posi- 
tive charge density at the SiO2-Si interface of <100> 
oriented silicon substrates. However, for devices used 
in analog signal processing, the use of <111> mate-  
rial will  degrade the 1/f noise performance of such 
IGFET'S because of the high fast surface-state den-  
sity associated with this orientation. To take advantage 
of the better  1/f noise performance obtained on <100> 
mater ial  and still ma in ta in  a reasonable threshold 
voltage (--1.3V), silicon gate devices can be fabri-  
cated with a Si~N4/SiO2 gate dielectric. The desired 
threshold voltage can be obtained by controll ing the 
amount  of fixed positive charge at the ni t r ide-oxide 
interface formed dur ing the ni t r ide deposition. Other 
advantages of the dual  dielectric s t ructure are: (i) 
Si3N4 is superior to SiO2 as a boron diffusion barr ier  
(2), (ii) the composite s tructure has better  in tegr i ty  
than a SiO2 gate, and (iii) higher t ransconductance 
FET's  result  from the higher dielectric constant  of 
Si3N4. 

Other  at tractive features of this part icular  process 
are polysil icon-sil icon contacts which allow very high 
packing densities because they take up less area than 
metal-s i l icon contacts, improved metal  step coverage 
obtained with a glass flow anneal  (4), and high para-  
sitic field threshold voltages obtained by ion implan ta -  
tion of the surface (except active regions) with ar -  
senic. 

Process Sequence 
An outline of the process is given in the flow chart 

in Table I. The start ing wafer mater ial  is 4-8 ohm-cm, 
<100>,  n-type.  The first step is the formation o f  the 
gate oxide. This is thermal ly  grown in an atmosphere 
of 10% HC1 + 90% O2 for 13 rain at 1000~ The re-  
sult ing oxide thickness is about 300A. This is followed 
by the deposition of the gate nitride. About  800A of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  po lys i l i con ,  in su la to r ,  MOSFET,  noise .  

silicon ni t r ide  is deposited at  750~ with an ammonia  
to silane ratio of 250: 1. In  the next  step, the first photo- 
engraving operation is performed. A mask is applied 
to define islands of ni tr ide which will u l t imate ly  be-  
come the active devices. A photoresist mask is used 
and the silicon ni tr ide is plasma etched (5). The 300A 
of oxide under  the ni t r ide stops the plasma etching 
process. With the photoresist still on the wafer, an 
arsenic implant  is nex t  performed at an energy of 80 
keV and a dose of 5 X 1012 cm -2. The photoresist acts 
as a mask which prevents  penetra t ion of the arsenic 
into active device regions. After photoresist removal, a 
cross section of a transistor  s t ructure appears as in 
Fig. 1. The transistor gate, source, and drain  will be 
formed in the region defined by the is land of silicon 
nitride. The arsenic implant  in the sur rounding  re-  
gions will prevent  parasitic transistor  action by keep- 
ing the surface from inver t ing  at voltages less than 
--35V. The next  processing step forms the field oxide 
region by ste.~m oxidation at ll00~ 

About  10 kA of SiO2 is grown in 2.5 hr in the regions 
sur rounding  the ni t r ide islands. Only about 300A of the 
nitr ide is oxidized. This is removed by dip etching for 
30 sec in a 10:1 HF solution. At this point  in the proc- 
ess, the structure is annealed in dry O2 for 30 min  at 

Table I. Process flow chart 

1. S t a r t i n g  m a t e r i a l :  4-8 ohm-cm ,  < 1 0 0 > ,  n - t y p e  
2. Ga te  o x i d a t i o n :  30'0A (10% HC1 + 90% 02, 13 m i n  a t  1000~ 
3. Ga t e  n i t r i d e :  800A (NI~ /S iH4  = 250 a t  750~ 
4. Dev ice  w i n d o w  m a s k  (p lasma  e tch  Si3ND 
5. Ion  i m p l a n t  a rsen ic  (E = 80 keV, dose = 5 • 10 u cm -2) 
6. S t e a m  o x i d a t i o n :  10 k A  (H2 + 02, 150 ra in  a t  l l 0 0 ~  
7. E tch  ox id ized  n i t r i d e  (~300A)  
8. O_~ a n n e a l  (30 ra in  a t  1050~ 
9. Po ly s i l i con - s i l i con  contac t  w i n d o w  m a s k  

10. Po lys i I i eon  d e p o s i t i o n  (4 k A  a t  700~ 
11. Po ly s i l i con  ga te  and  i n t e r c o n n e c t  m a s k  (p l a sma  e tch  po ly  and 

n i t r ide ,  chem.  e tch  ga te  ox ide  to def ine s e l f - a l i gned  gate)  
12. Boron  d i f fus ion  (d iborane  source) 

a. Depos i t i on :  18 ra in  at  980~ 
b. D r i v e :  60 min ,  Oe at  1000~ 

13. P h o s p h o r u s - d o p e d  ox ide  d e p o s i t i o n  (~S% phospho rus ,  15 kA) 
14. Via and  con tac t  w i n d o w  m a s k  
15. Glass  flow a n n e a l  (Oe, 20 m i n  a t  1050~ 
16. H y d r o g e n  a n n e a l  (30 ra in  He at  800~ 
17. Dip  e tch  30 sec in  10:1 H F  ( r emoves  ox ide  f r o m  w i n d o w s  in 

doped  glass)  
18. Meta ] l i za t ion  (10 k A  of A1-Si) 
19. Me ta l  i n t e r c o n n e c t  m a s k  
20. S in t e r  m e t a l  (30 rain,  N.- a t  500~ 
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