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Effect of Extremely  Thin  Nitrogenous  Surface 
Films  on  Phosphorus-impurity  Profiles  in  Silicon 

Abstract:  In open-tube diffusion furnaces,  nitrogen is often used as a carrier  gas  for  impurities.  Nitrogen  flowing  over  silicon  wafers 
at the diffusion temperature  creates extremely thin  surface  films,  which  act  as  strong  diffusion  barriers.  Similar  barriers  are  formed 
on silicon  wafers  even  in  capsule-diffusion  systems  because  of  the  residual  atmosphere.  Phosphorus-impurity  profiles  are  found to 
be  kinked  due to these  diffusion barriers.  The  position  and  dependence of the kinks on various  diffusion  parameters  such  as  time, 
temperature  and  impurity  concentration  in the carrier gas are discussed. The  kinks are eliminated  if the  formation of the thin-film 
barriers is  avoided  through  use of argon  or  other  noble  gases. A mathematical  model  is  presented to explain the  kinked  behavior  of 
the profiles. 

Introduction 
The shapes of phosphorus impurity distributions  in 
silicon deviate considerably from ideality when the 
diffusions are deeper than 4000 A [l] and the surface 
concentrations are as high as the solid-solubility limit [2-4]. 
The most important reasons [5] usually advocated by 
researchers to explain this deviation are 1) dislocation 
generation, 2) enhanced solubility of ionized point defects 
at high concentrations, 3) a built-in electric field, 4) solu- 
tion precipitation, and 5) nonideality of the boundary 
conditions. We do not  intend  here to  treat all of those 
considerations; instead we will focus on the last, which 
has not been much discussed in  the literature. 

A typical current practice [6] in  open-tube diffusion 
involves a three-stage cycle in which nitrogen gas flows 
throughout  the cycle. This cycle, designated by X/Y/Z, 
comprises three stages: 

X :  prediffusion stage 
The silicon wafers are allowed to reach diffusion temper- 
ature in the ambient  atmosphere of nitrogen. 

Y :  diffusion stage 
While the wafers are maintained at  the diffusion tem- 
perature, POCl, and 0, are introduced into  the carrier 
gas nitrogen. The oxygen helps to decompose the POCl, 
and  form phosphosilicate glass on the wafer surfaces. 

132 This glass acts  as  a diffusion source. 

2: postdiffusion stage 
The POC13 is withdrawn in this  stage from  the carrier 
gas. Afterward, the silicon wafers are removed from 
the furnace. 

Phosphorus-impurity  distributions  obtained through 
diffusion in an open-tube N2/POCl3/0, diffusion system, 
following the three-stage 5/30/5-min cycle at 970°C, 
are shown  in Fig. 1. We obtained these distributions by 
means of the four-point  probe differential conductance 
technique [2]. One of the most interesting features  common 
to all of these distributions is the presence of kinks, 
designated in the figure by the symbol K. In  the following 
discussion we  will show that  the prediffusion stage is 
responsible for  the kinks. Many researchers have obtained 
these kinks  in  their  phosphorus [7, 81 or  boron profiles [9]. 
However, they either have failed to notice them or have 
not  interpreted  them  as significant. We find that  the 
carrier gas  nitrogen,  during the prediffusion stage, builds 
extremely thin nitrogenous layers of chemical composition 
Si,N,O, on silicon. We show that these layers act  as 
powerful diffusion barriers and cause the kinks in  the 
profiles. 

Kinks in the phosphorus profiles also  often appear 
after diffusion in evacuated quartz-capsules. We interpret 
these kinks as being due either to indiscernible film 
barriers on silicon wafers existing prior to their  intro- 
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lo'"! Diffusion time cycle: 

Figure 1 Phosphorus  profiles  showing  kinks  under  various 
source concentration conditions.  Diffusions  were  done  in a 
POCL open-tube  system  s sing nitrogen  as  the carrier gas. 

duction into the evacuated capsule, or  to residual at- 
mosphere  buildup in leaky capsules during diffusion. To 
the  authors' knowledge, Knapp  and Stickler [lo] were 
first to study  this field  of evacuated-capsule diffusion. 

Finally, we show that profile kinks can be simulated 
in silicon wafers that  are free of film barriers simply by 
varying the POCI, source  concentration with time during 
the Y-diffusion stage. The formation of thin nitrogenous- 
film barriers is avoided through the use of very pure 
argon as the carrier gas. This  simulation leads us to 
suspect that varying the phosphorus  concentration in the 
silicon surface during diffusion in the POCl,/nitrogen 
open-tube system may be responsible for kink formation. 
A mathematical model using this clue is  given to describe 
the kinked behavior of phosphorus profiles. 

A(preheat in 12.4% O,/N,) 

p=3739Q/U 
I 
I 
I 
I 

, 20 40 60 80 

.( pin.)  

Figure 2 Phosphorus  profiles in silicon  wafers  with  different 
surface  treatments.  Diffusion into these  silicon wafers was 
done in evacuated quartz capsules. 

Experimental 
The phosphorus-impurity profiles described in  this in- 
vestigation were measured mostly by differential con- 
ductance techniques. There exists considerable controversy 
with regard to the  interpretation of electrically measured 
profiles. We have, however, confirmed the kinked nature 
of a few profiles using neutron  activation methods. The 
position of the kinks remained unaltered in  both  methods 
of measurement, although  concentration profiles near 
the silicon surface were quite different from those deeper 
in the material. Phosphorus-impurity profiles shallower 
than 4000 were found to be almost identical in all 
respects when measured by both electrical and neutron 
activation techniques. These latter profiles have been 
discussed elsewhere by one of the  authors [l]. 133 

'ROFILES MARCH 1971 PHOSPHORUS  IMPURITY 1 



Table 1 Dependence  of  capsule  diffusion  sheet  resistivity  upon  prediffusion  surface conditions. 

5 min. preheat in O Z / N Z  
C, (atoms/cm3) 

Wafer Temp (' c) % 0 2  P.(Q/O) xi (mils) (erfc assumed) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

A 

B 

C 

D 

E 

3739 

2750 

468 

387 

168 

154 

970 = 12 

885 =8 

885 ~ 0 . 7 5  

885 
26.05 

21.11 

2.3 

2.3 

All N2 

Control wafers 

0.0069 

0.0145 

0.0424 

0.0438 

0.0273 

0.0314 

0.087 

0.092 

0.119 

0.120 

8 . 0  x 1017 

3.2 x 1017 

3 . 0  X 1018 

3.0 X 10'8 

1 . 0  x 1019 

1 . 1 5  x 1019 

4.6 X 1020 

5 . 1  x 1 0 2 0  

1.17 X 1021 

1.16 x 1021 

Thin film  barriers and kinks in impurity  profiles 
Eight  p-type (1 0-cm) single-crystal silicon wafers were 
processed to undergo only the prediffusion stage for 
five minutes under the ambient  conditions  indicated in 
Table 1 .  Two more  p-type silicon wafers were used as 
control wafers and did not undergo the prediffusion stage. 
All ten wafers together were later  introduced into a 
quartz capsule with a high-concentration  phosphorus- 
silicon powder source  containing about 10" atoms/cm3 
of phosphorus. After evacuation and sealing of the capsule 
according to standard practice, diffusion was allowed to 
take place in  the ten wafers at 1108OC for 12.5 hours. 
The diffusion results expressed in terms of four-point 
probe sheet resistance, junction  depth xj , and  the estimated 
surface concentrations (C,) of phosphorus (erfc distri- 
bution is assumed) are given in  Table 1 .  From these 
results, it is obvious that  the prediffusion stage creates 
diffusion barriers, the strength of which depends on 
temperature,  concentration of O2 in  the carrier gas, and 
the  nature of the carrier gas. 

Impurity profiles for wafers A, C and E (Table 1) were 
obtained through layer-by-layer anodic sectioning and  the 
four-point-probe differential conductance technique [2]; 
these are shown in Fig. 2. These profiles conclusively 
show the  formation of a profile kink (Fig. 2, profile C) 
and  the reduction of C, due  to  the presence of thin-film 
barriers on  the silicon wafers prior  to  the beginning of 
the  actual diffusion. It is important  to  note here that  the 
barriers are so thin  that  the naked eye cannot see them; 

134 the wafers after the five-minute prediffusion-stage treat- 

ment look  as shiny as before. These very thin diffusion 
barrier films can be expected to influence the impurity 
distribution very strongly; such films might also  be 
expected to crumble  rapidly, however, during the  for- 
mation of glass in  an open tube process. Thereafter, the 
barrier effect should be much less severe. 

A quartz capsule may not always be perfectly sealed 
and, consequently, a kink might be observed occasionally 
in capsule-diffusion profiles. Out-diffusion of gases such 
as N, and 0, from a capsule, during the temperature 
rise of the capsule upon  its insertion in  the furnace or 
during diffusion itself, also may result in thin-film barrier 
formation  on silicon wafers. The diffusion profile E 
in Fig. 2 contains a small kink,  due probably to one of 
these causes. 

By taking  stringent  precautions to avoid thin-film 
barrier formation prior to the  actual diffusion, one expects 
to  obtain kinkless impurity profiles. In Fig. 3 we have 
such an example for  phosphorus  in silicon, obtained at 
970°C using a 5/10/5 three-stage cycle in a POCl, system 
with argon  as  the carrier gas. The surfaces of the wafers 
in which these profiles were obtained were cleaned with 
great  care and  the  argon  gas was preselected for  its 
purity. The  phosphorus profile appeared to obey the 
erfc  distribution. (Such well-behaved high-C, phosphorus- 
impurity  distributions are  not predicted [2] or described 
in literature. A detailed analysis of the implications of 
these well-behaved profiles is being published elsewhere [l].) 
Replacement of nitrogen by argon eliminates the kinked 
behavior of the profiles, as clearly seen in Fig. 3. 
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Figure 3 Ideal (erfc) phosphorus  distribution  in  silicon 
wafers diffused in a POCI, open-tube system  using  Ar as the 
carrier gas. 

Figure  4 shows phosphorus profiles in which either 
nitrogen or  argon was used as  the carrier gas. The time 
cycle of 5/20/5 minutes and  the temperature of 970°C 
are  the same for all four experiments. Figures 4(a) and (c) 
show the profiles in which nitrogen  carrier gas was used. 
Clearly, kinks are evident in  both profiles. Figures 4(b) 
and  (d) show profiles in which argon was used as  the 
carrier  gas and  no kinks are seen. The piped nitrogen 
used has  an oxygen content of 2 ppm; however, oxygen 
alone, as seen from  the profile in Fig. 4(d) for which 
oxygen was also used in  the preheat cycle, did  not  produce 
a  kink  in the profile. The essential point is that kinks are 
produced  only when nitrogen is present. 

Nature of the thin film barriers 
A transmission electron microscope (TEM) diffraction 
study of the silicon surfaces containing thin-film barriers 

Carrier gas: N2 
512015 min. 

Carrier gas: Ar 
5/2015 min. 

(10%  0, /10%  0,+P0cl3/10% 0,) (10% 0,110%  O2+PoC1,/1O% 0, 

Carrier gas: N, Carrier gas: Ar 
5/2015 min. 

(1% 0,/1% O,+POCl,/l% 0,) (1%  0,11%  O2+P0C1,/1% 0,) 
5120/5 min, 

\,, , 

(C )  

\ 
\ 
\ 

1 4 8 12 16 20 

.( pin. )  

Figure 4 Comparison of phosphorus  profiles  obtained from 
samples  prepared  in POCla open-tube  systems  using Ar and 
Na as carrier gases  under  two  different 0, concentrations. 

revealed diffused diffraction rings superimposed on  the 
single-crystal silicon reciprocal-lattice diffraction points. 
(Our E-test wafers did not show these rings.) Because of 
the extreme faintness and diffuseness of the rings, we 
could not establish the identity of the material from  the 
ring diameters. The extreme thinness of the film barriers 
is primarily responsible for  the faintness of the rings. 
In spite of this  failure to establish the identity of the 
thin-film material, our results from  the impurity profiles 
strongly indicate that  it  has  the composition Si,N,O,. 

When we conducted a test for  the uniformity of the 
surface films on all the samples (A, B, C and D) suspected 
to possess the film barriers, we found  that chlorine 
significantly attacks pure silicon at temperatures higher 135 
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Figure 5 Porosity of the film barriers revealed  through 
chlorine etching. 

Figure 6 Graph of ( A / C ) z  vs bias voltage obtained through 
electrical  study of MIS structures using the  thin  nitrogenous 
films as the insulating layer. 

I- 
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0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1.0  -1.1 

I Bias (volts) 

than 300°C. The samples possessing thin-film barriers 
and subjected to chlorine at 300°C showed high-density 
pinholes as depicted in  Fig. 5. The thin-film barriers are 
porous  and therefore  should crumble easily in an open-tube 
process during glass formation. 

Recent  literature indicates that considerable effort has 
been directed toward the study of metal-semiconductor 
contacts  containing very thin, insulating interfacial layers. 
Goodman  has discussed the influence of the interfacial 
layers on “barrier” height measurements in metal-semi- 
conductor  contacts [ll].  

To ascertain the electrical nature of the interfacial 
layer on silicon, an  attempt was made to use the  Goodman 
method, which involves capacitance measurements on  an 
MIS (metal-interfacial layer-semiconductor) structure [ll].  

136 The samples under  study were of D-type  as described in 

Table 1, onto which  30-mil aluminum dots were vapor- 
deposited through molybdenum masks. Prior to  the 
A1 deposition, the backside of each wafer was etched 
and cleaned. The A1 was then deposited and  the wafers 
were heat-treated at 550OC in  argon atmosphere for 
2 min to insure good ohmic  contact [12]. 

Capacitance  as  a  function of bias voltage was measured 
at 1 MHz.  More  than ten devices  were tested and  all 
indicated  a value of capacitance of more than 1,000 pF  
at biases above  approximately 0.8 V in  the accumulation 
region (i.e., metal biased negatively). Since the measured 
capacitance of MIS  structures biased strongly into  the 
accumulation region is that of the insulating layer only [13], 
it indicates the possibility of the existence of an insulating 
layer. Furthermore, a  capacitance  reading of more than 
1,000 pF  insures that  the existing insulating layer is 
very thin.  The absolute value of capacitance, however, 
could not be measured because the  range of the bridge 
available was limited to 1,000 pF. As previously mentioned, 
the insulating layers are porous;  therefore  capacitance 
readings are possible only when the  probe is incident on 
nonporous areas. Because of the nonhomogeneous dis- 
tribution of the pores,  not  all the 30-mil samples could 
be probed. However, a sufficient number of readings 
was obtained from  the large number of available samples. 
In Fig. 6 we show the results of capacitance-voltage 
measurements in  the  form of a  plot of (A/C)’ vs V,  in 
which C is the capacitance of the MIS  structure and 
A is the area. The linearity in Fig. 6 indicates the constancy 
of the acceptor  concentration N ,  which is determined by 
the following equation: 

- - 
N = -2L” d ( A / C y  q ~ ]  -l I 

where 

E = E” = 8.85 X F/cm; E, = 11.7. 

With 

from  the slope of the graph  in  Fig. 6, we find that 

N = 2.28 x 1016/cm3, 

which agrees well with the value corresponding to  the 
substrate silicon resistivity of 1 Q-cm. Realization of this 
value of N gives  us confidence in the technique for ascer- 
taining  the presence of an electrically insulating layer 
on  the silicon surfaces heated  in the N, atmosphere. 
The technique did not  produce a measurable effect on 
properly cleaned silicon surfaces heated in  an  argon 
atmosphere. 

Finally, ellipsometry was used to determine the thickness 
of the barrier layers on the samples described in  Table 1. 
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The barriers were  less than 75 A thick in all cases. For 
the purpose of ellipsometric thickness determination, 
knowledge of the refractive index of the thin film material 
is necessary. In  the absence of a definitive indentity for 
the barrier-layer  material, we assumed the refractive 
index to be 1.46. With that assumption the samples of 
A- and D-type had barrier layers of about 50 A and 70 A, 
respectively. 

Profile kink simulation in a POC& system using argon 
as  the carrier gas 
Earlier  in our experimental description we showed that 
one can obtain kinkless phosphorus profiles in an open- 
tube POCI, system using argon as the carrier gas. We 
believe that  it should be possible to produce  kinked 
profiles, even in this system, if the concentration of 
POCI, in the carrier gas is varied during the  actual Y -  
diffusion stage. Our feeling is supported by one  obvious 
possible consequence of the existence of a fragile thin-film 
surface-barrier during diffusion: a negation of the  other- 
wise-expected constant-C, condition. Purposeful variation 
of the concentration of POCI, in the carrier gas should, 
therefore, similarly negate the constant-C, condition and 
also produce the kinks. 

To confirm that supposition  the Y-diffusion stage was 
split into two stages to achieve some variation of C, 
during diffusion. In  one experiment, a split middle stage 
in the basic three-stage cycle process was adapted, resulting 
in a cycle (X/Y, ;  Yz/Z) of 5 min/20 min, 500 ppm  of 
POCI,; 10 min, 4000 ppm of  POC1,/5 min for diffusion 
at 900°C using argon as the carrier gas. The corresponding 
phosphorus profile a is shown in Fig. 7. The profile p was 
obtained  under the same conditions except that  the 
Y-diffusion stage was 15 min, 500 ppm of POCI,; 5 min, 
4000 ppm of POCI,. Kinks  in both the a and p profiles 
are obvious and must have been produced because of 
nonmaintenance of the constant-Co  condition  during 
diffusion. 

Summary of results 
We can summarize our results as follows: 

The use  of Nz as the carrier gas in an open-tube diffusion 
system creates thin films on silicon surfaces during the 
X-prediffusion stage. These films are ultra thin, namely 
less than 75 A, indiscernible to  the naked eye and  often 
porous. In spite of their extreme thinness, they act  as 
significant diffusion barriers.  Their composition is most 
probably Si,N,O,, and they possess the character of 
electrical insulators. 

Phosphorus diffusion profiles obtained  from samples 
prepared in a nitrogen carrier-gas, open-tube system 
exhibit kinks; no such kinks are observed in profiles 
obtained  under the same conditions except for  the use 
of argon as the carrier gas. The kinks are most likely to 
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POC1, system 

Temperature: 900 "C 
Carrier gas: Ar 
Total flow rate: 4 literslmin 
8% 0, during POCl, flow 

\, .\ \ '  
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:cmX 

Figure 7 Phosphorus profiles from samples  prepared  in a 
POC1,-Ar open-tube  system  with  the POCL concentration 
stepped  up  suddenly  during  the  course of diffusion. 

be the result of a deviation from  the expected constant-Co 
boundary  condition  during diffusion. 

Discussion 
The major conclusion drawn from  the experimental 
results is that  the nitrogen-induced surface films in a 
POCI, open-tube diffusion furnace  introduce  kinks  in the 
phosphorus  impurity  distributions. Since a kinkless 
complementary-error-function (erfc) distribution is  ex- 
pected for a constant surface concentration, the first 
interpretation of this conclusion is obvious. During the 
pre-diffusion part of the diffusion cycle, a relatively 
impermeable film is formed and  the initial concentration 
of phosphorus seen by the silicon surface [C(x = 0, t = 0), 
where x is the  distance  from the surface and t is time] is low. 
During  the course of diffusion the film  is ruptured.  The 
rupture of the film at a certain  time 7 admits  a much 
higher concentration [C(x = 0, t = TI] of phosphorus to 
the surface. The kinks in the phosphorus atom distributions 137 
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Figure 8 Representative  set of diffusion  profiles  calculated 
from Eq. (7). The maximum  concentration C, in  these 
profiles  is  normalized to unity. 

are  the result of such changes in the surface concentration 
during the course of a diffusion cycle. 

Now, for a semi-infinite solid, which is essentially the 
case here, when the surface concentration is maintained 
at a constant value of unity, the solution to the diffusion 
equation  is 

F(X,  I) = erfc x / 2  6, ( 1 )  

where D is the diffusivity. 
Thus, when the surface  concentration is given by some 

function of the time $(t), by using Duhamel's theorem [14] 
the  solution  can be written  as 

C ( x ,  t )  = /' dx $(X) ax F(x,  t - X). 
a 

( 2 )  

This simplifies to 

where 

138 /I = ~ / 2 4 D ( t  - X). 

Note  that this reduces to Eq. ( l ) ,  as  it should, when $ is 
a constant of unit value. 

Although  solutions have been found  for  Eq. (3) for 
certain special cases of $(t) [14], the difficulty lies in 
obtaining a $( t )  that correctly describes the surface 
concentration. 

An empirical clue is provided by the  shape of the 
experimental diffusion profiles (see Figs. 1,  4 and 7). 
It  appears  as though  two different erfc profiles have 
been joined where the kink  appears.  This might be con- 
strued to mean that  the diffusion barrier  ruptures at some 
time r after  onset of the diffusion cycle, and  that  one erfc 
describes the diffusion profile before r and  another after r .  
This suggests the following simulation of the  boundary 
condition, viz., the surface concentration has  one  constant 
value C, for values of the time less than r ,  and a much 
higher constant value C, for values of the time  greater 
than 7. The  boundary condition then becomes 

$(t)  = C,[1 - u(t - r)] + G u ( t  - 7 )  

where 

$(t)  is  the surface concentration at time t ,  
is the time at which the barrier film ruptures, 

C, is  the initial surface concentration for t < r,  
Cl is  the theoretical maximum surface concentration 
for t 2 T ,  

and  the unit  step  function 

u(t - 7 )  =: 
10 t < T  

11 t 2 7 .  

Substituting Eq. (4) into  Eq. (3) yields, for values of 
the time less than r ,  

C(X, t )  = C, erfc x / 2  f i .  

For values of the time  greater than r,  the solution is 

~ ( x ,  t )  = co ercf x / 2 & &  

+ (c, - c,) erfc [ x / 2  d ~ ( t  - T ) ] .  (7) 

We are concerned only with Eq. (7), which is a direct 
consequence of the stepwise discontinuity of the surface 
concentration at time T .  In this  equation the adjustable 
parameters are Cn and r. 

Solutions to E q .  (7) have been computed for various 
values of C, and r .  Figure 8 shows representative diffusion 
profiles of C(x,  f ) /Cl  for Cn = 10-3C1, t = 10, 15 and 
20 minutes and = 8, 12 and 16 minutes. It is remarkable 
that  in every case the experimentally observed kink is 
reproduced. Also, it may be  noted that  for larger values 
of r the kink is more  pronounced, occurs at higher  con- 
centrations, and lies less far  from  the surface. 
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These results may be interpreted to mean that,  from 
the onset of the diffusion cycle to some time T thereafter, 
the concentration is very small. At  time the film ruptures, 
the  concentration is at its maximum value, and there 
is a  sudden increase in concentration in  the wafer. The 
change in surface concentration manifests itself in  the  kink, 
the location of which (as noted  earlier)  can be altered 
by adjusting C, and r. 

Although it is remarkable that  the experimental data 
can  be  reproduced with such a simple assumption, the 
model is still quite artificial. Even if there is a  nitrogen- 
induced diffusion barrier film on  the silicon surface, as 
the experimental evidence strongly suggests, it is  rather 
unlikely that  it will rupture  abruptly  and always not 
long before the end of the diffusion cycle. It is more 
realistic to expect the film, which in reality is porous, to 
rupture  at  random locations of random size at random 
times. However, one  has  to look into  the details of the 
process. This process can be conjectured  as follows: 
Initially, a few small  randomly  located openings are 
formed in  the film and  the  phosphorus  atoms going 
through  them  not  only  penetrate into  the wafer but 
diffuse laterally, since there  are neighboring regions just 
beneath the surface where the film has  not been broken 
and where the concentration is  thus effectively zero. 
As time goes on more  openings are formed  in the film, and 
when the film ruptures significantly, the maximum con- 
centration C1 is quickly realized over the whole  surface, 
the surface diffusivity being orders of magnitude  greater 
than  the bulk diffusivity. All the  phosphorus  atoms  then 
diffuse inwards, with the surge showing up  as a kink  some 
distance from  the surface. 
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