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ABSTRACT 

Produc t ion  of sil icon films by  a silicon fluoride t r anspor t  reac t ion  is de -  
scr ibed here.  The effect of various deposi t ion pa rame te r s  inc luding t e m p e r a -  
ture, pa r t i a l  pressure ,  and gas flow rate  on the deposi t ion kinet ics  was inves t i -  
gated. X - r a y  analysis,  surface e lec t ron spectroscopy, opt ical  absorbance  and 
reflectance, and e lec t r ica l  measurements  indicate  that  the  films have  p rop -  
er t ies  s imi lar  to those of silicon films obta ined  by  CVD from silane.  

The silicon fluoride t r anspor t  react ion has been 
suggested b y  Wolf  et al. as a low cost purif icat ion 
process of me ta l lu rg i ca l -g rade  silicon. Combined wi th  
a s imul taneous  on- l ine  CVD process the method  can 
be used for the  product ion  of silicon sheets for  photo-  
voltaic solar  cell  a r r ays  (1, 2). The purif icat ion capa-  
b i l i ty  of this process has been fu r the r  inves t iga ted  by  
Ingle  et  al. (3). The process makes  use of the cyclic 
react ion sequence 

T1 
S i ( so l id )  4- SiF4(gas)  -> 2SiF2(gas)  [ la ]  

T~ 
2SiF2(gas)  -> S i ( so l id )  + SiF4(gas)  [ lb]  

Tt is a t e m p e r a t u r e  above l l00~ and T2 is in the 
range of 450~176 In a complete  cycle of the  p ro -  
cess the SiF4 gas reacts  wi th  silicon at  t empera tu re  
Tt to y ie ld  SiF2, which in tu rn  decomposes on a sub-  
s t ra te  he ld  at  t empera tu re  T2, resul t ing  in the  deposi -  
t ion of a solid sil icon film and the release of SiF4 gas. 
The SiF4 is c i rcula ted in the sys tem in a closed loop. 
The purif icat ion potent ia l  of the process resul ts  f rom 
the p re fe ren t i a l  react ion of SiF4 wi th  the silicon 
r a the r  than  wi th  its impur i t ies  at  the  t e m p e r a t u r e  
T1, and f rom the higher  condensat ion t empe ra tu r e  of 
the metal f luor ide  impur i t i es  which m a y  be fo rmed  in 
the  high t e m p e r a t u r e  zone (1-3).  

We have s tudied  the above t r anspor t  react ion for  
i ts th in  film deposi t ion capabi l i ty ,  w i th  pure  solid 
sil icon as the  s ta r t ing  mater ia l .  This process m a y  be 
useful  in polysi l icon deposi t ion for microelectronics  
purposes  since deposi t ion takes  place  even at  the  
r e l a t ive ly  low t empera tu r e  of 550~ and the films 
have high specular  reflectance, which is des i rable  for 
photo l i thographic  processing. F i lms  deposi ted at  550~ 
however ,  are  amorphous  and for  some app]icat ions 
might  have to be annea led  at a h igher  t empera tu re  
for a short  per iod  of t ime to increase  the charge car -  
r i e r  mobi l i ty .  A fu r the r  advantage  of the  CVD process 
ut i l iz ing the silicon fluoride t r anspor t  react ion is tha t  
oxygen  leak ing  into the  sys tem m a y  be eas i ly  ad -  
sorbed on an appropr ia t e  get ter ,  as discussed below. 
In the sil icon fluoride t r anspor t  process the  SiF4 may  
be cycled again  and again  th rough  the deposi t ion in 
cost savings. 

We have repor ted  p rev ious ly  (5) on a deposi t ion 
system where  SiF2 is t r anspor ted  from the high t em-  
pe ra tu re  zone to the subs t ra te  wi thout  going th rough  
an in te rmedia te  zone wi th  a t empe ra tu r e  lower  than  
that  of the substrate .  In  the  presen t  work  we have 
s tudied a deposi t ion sys tem where  the gas is quenched 
clown to room t empera tu re  at  the exi t  of the  high 
t empera tu re  zone (T1) and is t r anspor ted  at  room 
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t empera tu re  to the substrate ,  which is he ld  at t em-  
pe ra tu re  T2. The effect of var ious  deposi t ion p a r a m -  
eters  on the deposi t ion kinet ics  and  the proper t ies  of 
the resul tan t  film are  descr ibed below. 

System Descript ion 
The deposi t ion system is schemat ica l ly  depic ted  in 

Fig. 1. About  200 silicon cubes 2.5 m m  on edge each 
were cut from a Czochralski  grown silicon single 
crystal .  The cubes were  held  in a ver t ica l  quar tz  tube 
which was mounted  in a res is t ive ly  hea ted  furnace. 
The t empera tu re  of the silicon (Tt)  was moni to red  
by  an ex te rna l  thermocouple .  The t empe ra tu r e  of the  
sil icon cubes was be tween  0 ~ and 20~ h igher  than  
the  read ing  of the ex te rna l  thermocouple ,  depending  
on the height  level  of the sil icon in the column. The 
wal ls  of the tube at  the  exi t  of the furnace  were 
cooled, forming a t e m p e r a t u r e  grad ien t  of approxi- 
mate].y 200~ be tween  1000 ~ and 100~ in the gas. 
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Fig. 1. Schematic illustration of the deposition system 
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The gas was t ransported from the high temperature  
zone to the deposition zone in a 70 cm long glass tube. 
The substrates in  the deposition zone were supported 
on a radiat ively heated graphite holder, placed in a 
horizontal  quartz tube 45 mm in diameter.  The walls 
of the deposition reactor were air-cooled. The tem- 
pera ture  gradient  over the deposition region was less 
than l~ A Dia-Vac TM pump was used to cir- 
culate the gas in the system. A Matheson Model 603 
ball type flowmeter monitored the gas flow rate. The 
total volume of the system was approximately 1.5 
liters. 

In a typical deposition cycle the silicon cubes were 
rinsed in HF acid to remove any  oxide layer. The 
silicon cubes were placed in the quartz tube and the 
system was pumped, purged with ni t rogen and he-  
l ium, and again pumped down to a vacuum of 0.05 
Torr. The pump was tu rned  off and SiF4 from an ex-  
ternal  tank was admit ted into the system unt i l  the 
desired SiF4 ini t ial  pressure was achieved. The SiF4 
was then solidified in a l iquid-a i r  t rap inside the sys- 
tem. Once the SiF4 completely solidified the heaters 
were turned on and the system was pumped again to 
remove any volatile species. Once the temperatures  
T1 and T2 had stabilized the vacuum pump was dis- 
connected, the SiF4 was re-evaporated into the sys- 
tem, and the circulation pump was tu rned  on. The 
pressure in the hot system was usual ly  7% higher than 
the SiF4 ini t ial  pressure of the room tempera ture  
system. In  a typical  deposition cycle (e.g., sample 
E-14) we used the following deposition parameters :  
SiF4 ini t ial  pressure = 80 Torr, T1 = ll00~ T~ -- 
600~ and flow rate 0.3 mol/hr .  No carrier gas was 
used. Unless otherwise specified, each deposition run  
lasted 30 min. At the end of each deposition run  the 
SiF4 gas was re turned  to the storage tank by refreez- 
ing it. The SiF4 pressure in the system and the sili- 
con weight were de termined before and after the 
deposition. 

Fused silica substrates were used in most deposi- 
tions. The gas source was Matheson 99.7% pur i ty  
SiF4 (6). As indicated above, the gas was fur ther  
purified by freezing it to 77 K and pumping  off the 
volatile species. 

Effect of Deposition Parameters on Deposition Kinetics 
ExperimentaL--The thickness of the films was 

rout inely  de termined from their  reflectance traces 
in an infrared spectrophotometer by the interference 
fringes method (7). For  the calibration of these mea-  
surements  we determined first the wavelength  de- 
pendence of the refractive index, n (k) ,  of one of our  
samples whose thickness was determined with an 
interference microscope. This refractive index was 
used in  tu rn  to calculate the thickness of all other 
samples according to 

N �9 X~ 
d -- - -  (N = 1,2 . . . .  ) 

2n 0.N) 

where d is the film thickness, N is the order of the 
reflectance minima,  and ZN is the wavelength of the 
minima of order N. 

Thickness uniformity.--The uni formi ty  of the film 
thickness was found to depend mostly on the method 
of cooling the walls of the deposition reactor, prob-  
ably due to its effect on convection currents  in the gas. 
Under  usual  deposition conditions the film thickness 
un i formi ty  was better  than l % / c m  perpendicular  to 
the gas flow direction, and monotonical ly  decreasing 
at about  4%/cm over an 8 cm long sample paral lel  to 
the gas flow direction. The lat ter  effect was probably  
associated with the deplet ion of SiF2 from the gas 
along the direction of flow. In the experiments  re-  
ported below we used 1 cm 2 samples placed repro- 

ducibly on the substrate holder about 3 cm from its 
leading edge. 

Time dependence of film thickness.--Figure 2 shows 
the dependence of the sample thickness on the deposi- 
tion time for periods between 20 and 60 min. The 
l inear  curve which passes through the origin indicates 
that the deposition rate is constant  with time. I t  im-  
plies that any t ime-dependent  variables in the depo- 
sition system (such as the SiF2 and SiF4 part ial  pres-  
sures) ei ther reach their  s teady-state values quickly 
relative to our deposition t ime scale, or their t ime-  
dependent  effect on the var ia t ion of the deposition 
rate is negligible. 

Reaction temperature (T1).--The tempera ture  T1 
was varied be tween 1060 ~ and 1200~ Figure  3 shows 
a semilog plot of the film thickness deposited in 30 min  
vs. the reciprocal of temperature  T1. For temperatures  
lower than  1060~ the deposited layer  was too thin 
to be measured by our optical technique. We did not  
exceed 1200~ because of mater ia l  l imitat ions imposed 
by the quartz tube. As shown below, the deposition 
rate is proport ional  to the SiF2 generat ion rate, so that  
Fig. 3 indicates a generat ion rate activation energy of 
54 _+ 4 kca l /mol  (2.3 __ 0.2 eV). 

Deposition temperature (T2).--The temperature  T2 
was varied between 475 ~ and 675~ Figure 4 shows a 
semilog plot of the 30 rain deposition thickness vs. 
reciprocal substrate temperature.  Below 550~ the 
deposition rate increased with tempera ture  with an ac- 
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Fig. 2. Dependence of the deposited silicon film thickness on the 
deposition time. 
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Fig. 4. Dependence of the deposition rate on the substrate tem- 
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t ivation energy of 29.0 • 1.5 kcal /mol  (1.26 eV). The 
max imum deposition rate was achieved around a sub-  
strate tempera ture  of 620~ and was almost constant  
over the tempera ture  range 600~176 Depositions 
made with a different setup (5) indicated that above 
675~ the deposition rate decreases with temperature,  
and above 900~ no silicon deposition could be de- 
tected even after extended deposition periods. 

Flow rate .--The gas flow rate (measured in uni ts  of 
moles per uni t  time) was determined from a cal ibra-  
tion curve of the 603 flowmeter for SiF4 under  s tand-  
ard conditions (760 Torr, 21~ by mul t ip ly ing  the 
standard flow rate by  (P/760) '/~ where P is the system 
pressure in Torr. As shown below, under  most deposi- 
tion conditions the molar  fraction of SiF2 in the sys- 
tem was small, par t icular ly  in the section of the sys- 
tem following the deposition reactor. Since the flow- 
meter  was mounted  after the deposition reactor the 
monitored flow was practically that  of the SiF4 alone. 
Figure 5 shows the dependence of the deposition rate 
on the gas flow rate for flow values between 0.18 and 
0.63 mol/hr .  As seen from the figure, in  this range the 
deposition rate increases l inear ly  with flow rate. 

Pressure .~Since the molar  fraction of SiF2 in the 
system was relat ively low the total pressure of the 
system was approximately the par t ia l  pressure of the 

SiF4 gas. Depositions were made with SiF4 ini t ia l  
pressures between 70 and 220 Torr. In  these experi -  
ments  we kept  the setting of the bal l  of the flowmeter 
at a constant  height for all  pressures. Under  these con- 
ditions (8) 

pv ~ = constant  [2] 

where p is the density of the gas in  the system in  uni ts  
of mass per uni t  volume (or moles SiF4 per uni t  vol-  
ume) and v is the gas flow velocity in uni ts  of volume 
per uni t  time. From Eq. [2] we obtain that  

v--A �9 p-v,__ A. 135 .p-v= [8] 
and 

flow rate = ~ �9 p _ A �9 P'h/135 [4] 

where P is the ini t ial  pressure in Torr  in  the room 
temperature  system, p,v, and the flow rate are given in  
units  of real/ l i ter ,  l i ters /hr ,  and mol /hr ,  respectively, 
and A is a system constant  obtained exper imenta l ly  by  
mul t ip ly ing  v by / / %  and it depends on the sett ing of 
the flowmeter. The constant  135 is the square root of 
the s tandard pressure (760 Torr) times the specific 
volume of SiF4 at room tempera ture  at 760 Tor t  
(24.08 liter/tool) (6). Under  the condition of Eq. [2], w e  

observed no difference in deposition rate for the var i -  
ous SiF4 ini t ial  pressures. For A 2 _-- 21 tool �9 li ter/hr2, 
we obtained a deposition rate of 0.32 _ 0.03 ~m per  30 
rain deposition or 1.8 _ 0.2 A/sec (see Fig. 6, left 
scale). 

During depositions, which all started with given 
ini t ial  SiF4 pressures, a pressure drop varying  be-  
tween 5 and 40% was observed. This pressure drop 
was near ly  l inear  with deposition rate with vary ing  T1. 
The pressure drop hP for exper iments  with various 
ini t ia l  SiF4 pressures, at constant  T1 and pv 2, is shown 
in Fig. 6 (right scale). From the slope in Fig. 6 and the 
deposition parameters  given in the figure one gets a 
pressure drop hP/P  = 12%. It can be seen that  the 
absolute pressure drop was l inear  with the ini t ia l  
pressure, for a constant  pp2 value, while under  the same 
conditions the deposited film thickness was independ-  
ent of the pressure. (The scatter of the exper imenta l  
results probably  reflects the degree of control we had 
on the parameter  A 2 = p~2 and on the system tempera-  
tures in the various depositions.) From the above 
considerations we obtain the empirical  relat ion 

~P/P : B(T) �9 f(pv ~) �9 at [ 5 ]  

where B is a constant depending on the system tem- 
peratures, At is the deposition time, and f is a function 
of the parameter pv 2, determined by the kinetics of the 
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mechanism causing the pressure drop. From measure-  
ments  of aP  under  constant  ini t ia l  P and varying  flow 
rates we obtained ~P cc ~1.s-+0.3 which suggests that  
in Eq. 5, f(p~2) __ p~2. The probable reason for the 
pressure drop has been identified as condensation of 
SiF2 molecules in the form of (SiF~)n polymers on the 
water-cooled walls of the tube following the high tem- 
pera ture  zone (9). In  Table I the results of two 
similar deposition runs - -one  with, and one without  
water-cooled wal l s - -a re  given. The original  reason for 
water  cooling the walls at the exit of the high tempera-  
ture zone was to reduce the length of the tube section 
over which the wall  tempera ture  was between 450 ~ and 
900~ thus l imit ing the back-react ion given by Eq. 
[ lb]  in the unwan ted  sections of the system. The re- 
sults shown in Table I demonstrate,  however, that  
with no water  cooling, where the tube walls were 
heated to 100 ~ ,-~300~ by the hot gas flow, polymeriza-  
t ion was significantly reduced and the deposition rate 
was increased. As seen from the table, without  water  
cooling the percentage pressure drop was reduced by  a 
factor of 4, and the deposition rate was increased by  
a factor of 1.8. The pressure drop in  depositions E-44 
and E-45 implies a loss of 11 X 10 -4 and 2.5 • 10 -4 
mol of SiF4 from the gas, respectively. Assuming (9) 
that the major i ty  of the polymerizat ion is of the form 
(SiF2)n, this SiF4 gas loss is equivalent  to the removal  
of an equal n u m b e r  of mols of silicon t ransported 
from the high tempera ture  zone, i.e., 31 and 7.7 mg 
silicon, respectively. The loss of the t ransported sili- 
con due to polymerizat ion is significant in view of the 
fact that  the total silicon weight deposited on the sub-  
strate and substrate holder in these two depositions 
was on ly  6.8 and 12.4 rag, respectively. 

Other  obse rva t i ons . - -A  direct correlation between 
the total silicon mass tranport ,  as measured by  the 
loss of silicon weight in the high tempera ture  reaction 
zone dur ing  a deposition, and the thickness of the de- 
posited film was observed. The weight loss in a typical 
deposition run  (e.g., in deposition E-14) was 120 mg. 
However, only approximately  3% of the t ransported 
silicon coated the substrate and substrate holder in 
that deposition e x p e r i m e n t  From the observed value 
of ~P we know that  13% of the t ransported silicon was 
lost in condensation of (SiF2)n polymers. The rest of 
the t ransported silicon appeared as deposits on the 
walls of the tube at the exit of the high tempera ture  
zone where the tempera ture  was in the range of 450 ~ - 
900~ Silicon deposits were observed also on the walls 
of the deposition reactor. A th in  silicon deposit was 
also observed on the hot wall  at the entrance to the 
high tempera ture  reactor, probably  due to SiF2 which 
did not decompose in the deposition zone and so com- 
pleted a ful l  cycle in the system. This happened par-  
t icular ly  with low substrate tempera ture  depositions. 
A full flow cycle in the system at F.R. _-- 0.3 mo l /h r  
took 1.25 rain, which sets a lower l imit  on the l ifetime 
of the SiF2 molecule in the gas. 

The diffuse part  of the reflectance of the films de- 
posited below T2 ---~ 700~ was equal to or lower than 
that of silicon films deposited from silane. Dur ing  
deposition, under  intense i l luminat ion  of the gas 

Table I. Summary of results of two similar d:positions, one with 
water cooling of the walls of the glass tube at the exit of the high 

temperature reaction zone, and the ether without water cooling. 

= 1160~ T~ = 600~ = T1 P 8O T o r r  
Deposition F.R. = 0.3 m o l / h r ;  dep. t ime  = 30 rain. 
parameters 

Deposition ~ With  w a t e r  Wi thou t  w a t e r  
r e su l t s  ~ cool ing cooling 

Sample No. E - 44 E - 45 
Depgsited film thickness 0.58 ~m 1.05 ~m 
Pressure drop  17% 4.3% 
Source silicon weight loss 293 m g  335 m g  

white smoke could be observed, probably  arising 
from (SiF2),~ long polymer chains swept along by t h e  
gas stream. This smoke was minimized by water  cool- 
ing the tube between the high tempera ture  reactor and 
the deposition reactor. However, the presence of this 
smoke did not  affect the smoothness of the deposited 
silicon films. In fact, the smoothness of the films was 
so high that  it was difficult to focus the beam of a 
scanning electron microscope on the sample surface 
because of lack of features. 

After  some depositions, a th in  oxide layer  could 
be observed on the silicon cubes at the bot tom o f  
the silicon column in the high tempera ture  reactor. By 
weighing the silicon at the end of each deposition run  
before and after r insing it in  HF acid we estimate a 
a typical  oxidation rate of 2 mg SiO~ per deposition 
cycle, which is equivalent  to an oxygen leak of 4.5 X 
10 -5 mol per deposition cycle. No other effects of 
this oxygen leak (or outgassing) could be observed 
in the system and in par t icular  no oxygen was ob- 
served in the deposited films. In  view of the fact that  
there was no outlet for this gas dur ing  the deposition 
we conclude that  the lower section of the silicon col- 
umn  in the flow system acts as a getter to remove 
oxygen from the circulating gas. 

Discussion of Deposition Kinetics Experimental Results 

Our results for depositions at T~ > 550~ are con- 
sistent wi th  the assumption that  the ra te - l imi t ing  
process of the t ransport  reaction is the conversion o f  
SiF~ into SiF2 in  the h igh  tempera ture  zone (2). In 
the high temperature  reaction zone equi l ibr ium con- 
ditions prevai l  and the reaction there can be wri t ten  
a s  

Si (s) + SiF4(g) ; e  2SiFt(g) 

K p ( T ) ,  the pressure equi l ibr ium constant  of the re- 
action, is given by 

K p ( T )  - -  PSiF22/PsiF4 [6] 

where PSiF2 and PSiF4 a r e  the part ial  pressures of the 
SiF2 and SiF4 gases, respectively. Out of each mol of 
SiF4 enter ing the high temperature  reaction zone, a 
fraction ~ is converted into pairs of SiF2 molecules. 
The part ial  pressures in the high temperature  reactor 
can be wr i t ten  as 

PsiF4 = [ ( 1 - - ~ ) / ( 1  + ~)] �9 P [7a] 
and 

Psi~2 -- [2a/(1 + a ) ]  �9 P [Tb] 

where P is the sum of the part ial  pressures Psif4 "~- 
PSiF2. In terms of , ,  the pressure equi l ibr ium constant  
can be wri t ten  as 

K p ( T )  = 4d2P/ (1 -- a 2) [8] 

which for small  values of = g i v e s  

~-- ( K p ( T ) / 4 P )  v2 [9] 

The exper imental  value of ~ can be obtained by divid-  
ing the total number  of t ransported silicon tools per 
deposition r u n  by the total number  of SiF4 tools that  
flowed through the reactor. Equat ion [9] predicts that  
under  equi l ibr ium conditions in the high tempera ture  
reactor ~ will  be proport ional  to the inverse square 
root of P, and will  be tempera ture  activated with 
half  the activation energy of K p ( T ) .  Fit t ing the re-  
sults of our weight-loss measurements  to the func-  
t ional dependence given by Eq. [9] we obtain 

= [1.15 • IOs/pv,] �9 exp ( - - E / R T 1 )  [1O] 

where E = 54 _+ 4 kcal/mol,  R = 1.987 • 10 -3 kcaI/  
mol �9 K, T1 is the temperature  in K, and P is given 
in Torr. The highest value of a in our exper imenta l  
regime, ~ _~ 0.13, was obtained for T1 = 1473 K a n d  
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P ~- 80 Ton' .  In  most of the  deposi t ions ~ was less 
than  0.1, which  justifies the approx imat ion  ~ < <  1 
made  in Eq. [9], and  the  assumptions  made  above 
regard ing  the moni tor ing  of the  to ta l  pressure  and the 
flow rate.  We found the value of ~ to be independen t  
of the flow rate,  which justifies the  assumpt ion of 
equ i l ib r ium condit ions at  the high t empe ra tu r e  reac tor  
u n d e r  our  expe r imen ta l  conditions.  Equ i l ib r ium at the  
high t empera tu re  reac tor  m a y  be ma in ta ined  as long 
as the  flow veloci ty  of the gas th rough  the reac tor  is 
slow re la t ive  to the length  of the  sil icon column di-  
v ided by  the react ion rate .  

As indica ted  above, the r a t e - l im i t i ng  process was 
found to be the  reac t ion  in the high t empe ra tu r e  (T1) 
zone. I t  is thus consis tent  to assume that  the  deposi t ion 
ra te  is p ropor t iona l  to the  n u m b e r  of SiF2 molecules  
a r r iv ing  at  the deposi t ion reactor  per  uni t  t ime, which 
is p ropor t iona l  to the  value  of ~ t imes the SiF4 flow 
rate.  Indeed,  as can be seen f rom Fig. 5, i t  was found 
that  the deposi t ion ra te  is l inear  wi th  the flow rate .  
In  the exper imen t s  in which we var ied  the  total  p res -  
sure and kep t  the  value  of p~2 constant,  the flow ra te  
was p ropor t iona l  to p'/2 (Eq. [4] ) and, since ~ is p ro -  
por t iona l  to p,/2 (Eq. [9)] ,  the deposi t ion ra te  is ex -  
pected to be independen t  of P, as was observed (Fig.  
6). F rom these resul ts  we also conclude tha t  under  a 
constant  flow veloc i ty  (in units  of volume per  uni t  
t ime)  the  deposi t ion ra te  should increase  wi th  the 
square  root  of the SiF4 pressure ,  and  under  constant  
flow ra te  (in mols pe r  uni t  t ime)  the  deposi t ion ra te  
should v a r y  as the inverse  square root  of the pressure .  

As for the po lymer iza t ion  dynamics,  i t  is recal led  
that  under  constant  P and ~ the t empe ra tu r e  (T1) de -  
pendence of AP/At scaled l inea r ly  wi th  the deposi t ion 
rate.  This impl ies  a l i nea r  dependence  of AP/At on ~, 
that  is, on the pa r t i a l  pressure  of SiF2 in the system. 
This would  be consistent  wi th  a monomolecular  p ro -  
duct ion mechanism for (S iFf )n  polymers .  On the 
other  hand, f rom measurements  of the dependence  of 
AP/at on the flow rate  and on the total  pressure ,  i t  was 
found that  AP/At is p ropor t iona l  to p ~ .  P, which in 
tu rn  is p ropor t iona l  to p 2 .  ~ (see Fig. 6 and Eq. [5]) .  
This implies  that  AP/At is p ropor t iona l  to p~/2.92 af te r  
one takes  out  the  monomolecu la r  react ion dependence  
on aiD. This h igher  o rder  p r e s s u r e  dependence  of 
AP/At m a y  imp ly  tha t  the  pressure  of SiF4 at  the  
po lymer iza t ion  sites enhances the (SiF2)n po lymer iza -  
t ion rate.  The mechanism for the observed pressure  
and veloci ty  dependence  of the po lymer iza t ion  kinet ics  
st i l l  remains  to be expla ined.  

Film Properties 
The opt ical  t ransmi t tance  and reflectance of the 

films were  measured  wi th  Beckman Models  ACTA 
MVII  and IR 4250 spectrophotometers .  F rom these 
measurements  the  ref rac t ive  index and the absorpt ion  
coefficient were  der ived.  Within  expe r imen t a l  ac-  
curacy  these resul ts  are  ident ica l  to prev ious ly  pub-  
l ished resul ts  on CVD silicon deposi ted below 675~ 
from silane (10). 

The  opt ical  p roper t ies  of al l  films deposi ted be low 
675~ were  identical .  Debye -Sche r r e r  x - r a y  diffrac- 
t ion analysis  of films deposi ted in another  reac tor  (5) 
indica ted  that  films deposi ted be tween  700 ~ and 900~ 
are  polycrys ta l l ine ,  whi le  be low 700~ the films are  
amorphous,  as indica ted  b y  the broad  diffraction halos  
and indis t inguishable  second and th i rd  r ings in the 
diffraction pat terns .  At  deposi t ion t empera tu res  be -  
tween 850 ~ and 900~ a thin ye l low powdery  deposi -  
tion was observed.  No deposi t ion could be observed 
above 900~ The room t empera tu re  e lectr ical  r e -  
s i s t iv i ty  of the films deposi ted  be low 700~ was 2 • 
105 ~ .  cm. F rom photoconduct iv i ty  measurements  a 
car r ie r  l i fe t ime of the order  of 10 -10 sec is es t imated,  
assuming a mobi l i ty  of 1 cm~/V sec. The resul ts  of the 

electr ical ,  optical ,  and  ESR measurements  of these 
films were  publ i shed  e lsewhere  and t hey  are  charac te r -  
istic of annea l - s t ab le  amorphous  sil icon films (5).  

Impur i t i es  in the  films have  been s tudied  b y  surface 
e lect ron spectroscopy (Auger  and XPS)  wi th  a PHI  
sys tem Model  590A and 555. Depth  profi l ing Auger  
spectroscopy under  Ar+  spu t te r  e tching showed 
99.6 • 4% pur i ty  silicon. Oxygen  and ca rbon  signals 
could no t  be observed  wi th in  a de tec tab i l i ty  l imi t  of 
0.2 a /o  XPS  ( x - r a y  photoelec t ron spectroscopy)  c o n -  
f i rmed  these resul ts  r egard ing  oxygen  and carbon, bu t  
i t  showed about  0.6 a /o  f luorine in the film. The fluo- 
r ine in the  film. The fluorine concentra t ion  in the film 
has been fu r the r  s tudied  b y  the nuc lear  react ion 
19F(P,~)160*, as descr ibed prev ious ly  (5). This tech-  
n ique was found to have a resolut ion  of 50 p p m  wi th  
our counting times. The resul ts  showed a concentra t ion 
be tween  0.5 and 1.5 a /o  fluorine, depending on the 
subs t ra te  t empera tu re  dur ing  deposi t ion (5).  The r ea -  
son we were  not  able to detect  this  fluorine b y  Auge r  
depth  profi l ing and got sma l l e r  values  in XPS than  
wi th  the ion implan ta t ion  sys tem is p robab ly  because 
the fluorine in the samples  is in the form of SiF4 
gaseous molecules  which were  t r apped  in the  film 
dur ing  deposit ion.  Dur ing  depth  profil ing sput te r  e tch-  
ing these molecules  a re  f reed  and p u m p e d  out  of the  
e lect ron spectrometer ,  so they  could not be detected 
b y  the A u g e r  technique which is sensi t ive only  to the 
composit ion of the first two or  three  monolayers  of 
the film. The XPS  technique probes  at  a dep th  of ap -  
p rox ima te ly  20A, while  the  nuc lea r  react ion probed  
the fluorine concentra t ion at  a depth  of 500A below the  
surface, where  the SiF4 molecules can be found. This 
point  has recen t ly  been suppor ted  b y  in f ra red  spec-  
t roscopy associated wi th  Auge r  spectroscopy measu re -  
ments  (11). These silicon fluoride molecules  were  
found to be e lec t ron ica l ly  inactive,  and there  is ev i -  
dence that  when the sample  is anneal  c rys ta l l ized  at  
800~ they  leave the film (3, 11). 

In summary,  we have demons t ra ted  a new deposi t ion 
method of silicon films f rom SiF2 vapor.  Deposi t ion 
t empera tu re  can be as low as 550~ with  acceptable  
deposi t ion rates.  The proper t ies  of the  films were  
found to be s imi lar  to the  p roper t i e s  of sil icon films 
p repa red  in the same t empe ra tu r e  range  b y  CVD from 
silane. The t r anspor t  react ion given b y  Eq. [1] was 
s tudied and the f rac t ional  conversion of SiF4 into SiF2 
at  equi l ib r ium at t empera tu re s  above 1060~ was de-  
duced. This t r anspor t  react ion can also be used in 
conjunct ion wi th  glow discharge  deposi t ion sys tem of 
f luorinated amorphous  sil icon (a-Si :  F )  where  the  SiF~ 
decomposi t ion is assisted b y  an electr ic  field. This a p -  
proach is cu r r en t ly  being inves t iga ted  in our  l abo ra -  
tory.  
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ABSTRACT 

Surface  photovol tage  spectroscopy was successful ly  appl ied  to s i l icon-on-  
sapphi re  and i t  enables  s imul taneous  de te rmina t ion  of band  s t ructure ,  t r a p -  
p ing  centers,  deep levels,  the re f rac t ive  index,  and the film thickness.  
Studies  of "as -g rown"  and i on - imp lan t ed  films revea led  a not iceable  degree  
of amorphiza t ion  mani fes ted  by  1.45 eV energy  gap s t ruc ture  c lear ly  r e -  
solved in addi t ion to s t anda rd  1.1 eV s t ructure  of bu lk  St. Three  deep levels 
were  identified, i.e., elect ron t rap  at Ec --  Et ---- 0.25 eV, hole t rap  at  Et --  Ev 
_-- 0.15 eV, and deep centers  at  Ec -- Et ~ 0.6 eV. I t  has  been  found tha t  the  
degree  of amorphiza t ion  and concentra t ion of deep centers  in the l a y e r s  d e -  
p e n d s  on the the rmal  h is tory  of the SOS film. 

Rap id ly  growing need for high speed, rad ia t ion  re-  
sistance CMOS memories  and microprocessors  wi th  
large  capaci ty  and high packing dens i ty  puts  new de-  
mands  on SOS technology. One of the factors which 
c a n  l imi t  c ircui t  pe r fo rmance  is the presence of deep 
levels  in the  s i l icon-on-sapphire .  Deep levels  act ing as 
t raps  can decrease speed, shift  threshold  voltage, a n d /  
or  cause excessive junct ion leakage  of t ransis tors  in 
the  circuit.  A nonuni form dis t r ibut ion  of deep centers  
across a - w a f e r  can resul t  in nonuni form yie ld  and 
circui t  pe r fo rmance  on the wafer .  These facts em-  
phasize the impor tance  of developing methods to ex-  
pe r imen ta l l y  assess the sources of deep centers  in as- 
grown layers  and processed sil icon films. 

Techniques for the charac ter iza t ion  of he te roep i t ax -  
ial  silicon have been rev iewed  by  H a m  (1). Most of 
these methods re ly  on the measurement  of test s t ruc-  
tures  on processed wafers  or on res is t iv i ty  and ca-  
paci tance  measurements  on a s -g rown  films. Recent ly  a 
u.v. reflectance method has been developed which  al -  
lows quant i ta t ive  charac ter iza t ion  of the c rys ta l l in i ty  
in SOS films (2). These techniques have  been  de-  
s igned as effective and prac t ica l  tools for establ ishing 
screening cr i ter ia  to inspect  the  qual i ty  of as -grown 
wafers  used for  fabr ica t ion  of device s tructures.  They 
do not p rovide  direct  in format ion  about  deep levels  in 
SOS films. 

Previous  studies of po lycrys ta l l ine  and amorphous  
sil icon and of dis locat ion s t ructures  in e lementa l  semi-  
conductors  have demons t ra ted  the promis ing charac te r  
of photoelectr ic  measurements  in assessing the elec-  
t ronic  and opt ical  p roper t ies  of silicon, and in iden t i fy -  
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photovoltage. 

ing the mechanisms of phenomena  re la ted  to defects 
and d isorder  (3-5).  The photovol tage spectroscopy 
technique selected for the present  s tudy  is r a the r  
specific among photoelectr ic  effects as i t  permi ts  the 
measurement  of bu lk  ma te r i a l  as wel l  as the conduct-  
ing or  high res is t iv i ty  films on insula t ing  or metMlic 
subs t ra tes  (6-8).  Fur the rmore ,  this technique does not  
requi re  ohmic contacts, and if necessary it can be 
ut i l ized in a nondestruct ive,  contactless,  configurat ion 
employing  capaci t ive coupling to the sample. There-  
fore, a s -g rown wafers  and wafers  af ter  different  p ro-  
cessing steps can be analyzed  wi thout  the fabr ica t ion  
1of test  s t ructures.  Also a l ight  spot can be easi ly  
focused to a smal l  a rea  which permi t s  the charac te r iza-  
t ion of defect  d i s t r ibu t ion  on a microscale.  

This invest igat ion has been unde r t aken  to assess the 
feas ibi l i ty  of using photovol tage  measurements  for 
charac ter iza t ion  of defects in SOS. In format ion  con- 
cerning the deep states  ( their  energy  levels  and  r e -  
l axa t ion  t ime)  and the basic pa rame te r s  of SOS layers  
(the band structure,  the film thickness,  and the re f rac-  
t ive index)  were  obta ined  f rom the spectral ,  t ransient ,  
and t empera tu re  dependence  of the photovoltage.  The 
measurements  pe r fo rmed  on layers  af ter  different  
stages of processing (as-grown,  ion- implan ted ,  and 
hea t - t r ea t ed )  show that  the photovol tage  technique is 
able to detect  a va r i e ty  of defect  s t ructures  in SOS 
films. 

Experimental 
In the present  s tudy  the photovol tage  genera ted  by  a 

monochromat ic  l ight  (energy  range 0.5-3.5 eV) was 
measured  wi th  respect  to a semi t r anspa ren t  gold e lec-  
t rode separa ted  f rom the SOS film by a 10 ~m thick 
Myler  foil  (MIS configuration) or d i rec t ly  evapora ted  
on SOS film (MS configurat ion) .  
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