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The influence of diffusion of phosphorus from a liquid source (POCl3) and a solid 
source (aluminum metaphosphate (AMP)) on the formation of local defects in SiO2 
layers on the silicon surface has been analyzed. The probable cause of defects 
formation has been established to be local melt-through of the oxide layer by liquid 
phosphorus-silicate glass due to a silicon-rich solid phase formation. The defect depth 
is proportional to its diameter and decreases as the process temperature drops. 
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1. Introduction 
 
The cycle of manufacturing silicon 

photodiodes typically involves the diffusion 
of high concentrations of boron and 
phosphorus to form doped regions and p–n 
junctions. The process of phosphorus 
diffusion often leads to the formation of local 
defects in the dielectric layers acting as a 
protective mask [1–4]. The said defects can 
give rise to the local n+ channels in р+–n 
junctions, thus causing leakage currents 
therein, as well as defects in MOS-IC and 
CCD structures. 

The goal of this paper is to study the 
formation patterns of these defects in order to 

determine the conditions reducing their 
influence on leakage currents of р+–n 
junctions.  

 
 

2. Experiment  
 
To determine the defect parameters 

(morphology, size and concentration), 
samples with р+–n junctions sized 
1.41.4 mm2 were made using wafers of 
monocrystalline silicon (Cz-Si) of n-type with 
a diameter of 100 mm, a specific resistance of 
4–5 Ωcm and orientation (100).  

The manufacturing cycle included  
the oxidation in H2O+HCl, vapor, 
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photolithography, predeposition (deposition) 
of boron from boron nitride BN wafers at a 
temperature of 1000 C, boron diffusion 
(drive-in), predeposition (deposition) of 
phosphorus from a liquid source (POCl3) and 
solid source wafers (aluminum 
metaphosphate (AMP) at temperatures of 
900–1050 С. The duration of phosphorus 
predeposition at different temperatures was 
selected within the range of 10–40 minutes in 
order to ensure the same thickness of the 
phosphorsilicate glass (PSG).  

The concentration and distribution of 
local defects over the plate were determined 
on the manufactured samples using an optical 
microscope. A scanning electron microscope, 
an atomic force microscope and a 
profilometer were used to determine the size 
and shape of defects. The constituent 
elements of defects were determined by X-ray 
spectroscopy.  

 

3. Results 
 

 

Major results are summarized below. 
1.  Most oxide defects that can be 

observed are pits of round shape with a 
diameter of 2 to 40 µm, with the depth 
proportional to their diameter (Fig. 1). When 
the defect depth reached the value equal to 
the SiO2 thickness, through holes could be 
seen (in an oxide of 0.4 µm in thickness with 
a pit diameter more than 10 µm). The 
distributions of defects by diameter and depth 
are correlated with each other and are shown 
in Fig. 2. 

2.  The defect surface profile depends on 
its depth and diameter. Smooth walls can be 
observed on the surface profile of the defect 
with a depth of 0.15–0.2 μm.  If the defect 
depth increases and approach to the dielectric 
thickness, a rough profile can be observed 
(Fig. 3). 

 
 
 

 
 

Fig. 1. Defect depth vs defect diameter 
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а) 

 

 
 

b) 
 

Fig. 2. Frequency of defect occurrence vs. diameter and depth 
 

Fig. 3. Defect surface 
profil 
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In the center, the defect is often shaped 
as a rosette (Fig. 4). The atomic fraction of 
silicon in the defect reaches 65–68% (in SiO2 – 
47 %), the atomic fraction of oxygen is  
19–35 % (in SiO2 – 53 %), and that of 
phosphorus is 0.7 %. The accuracy of 
determining the concentration of elements 
ranged from 5 to 20 % of the given values for 
different elements and samples (Table 1). 

3.  The distribution of defects over the 
plate area is random, regardless of the source 
of diffusant (POCl3 or AMP) used and layout 
of plates in the reactor: vertical or horizontal 
relative to the gas flow. 

 4.  The density of defects depends on 
the quality and thickness of the protective 
dielectric film: the film of the same sample is 
thinner over a thicker (field) oxide formed in 
the n-region than over an oxide grown in the 
р+-region pre-doped as a result of boron 
diffusion. Boron diffusion did not result in the 
formation of defects in the field oxide. 
Decrease of the phosphorus concentration 
(increase of surface resistance Rs) leads to 
decrease of the defects density (for example, 
when the process temperature drops) 
(Table. 2). 

 
 

Fig. 4. Optical view of the 
“rosette” defect in the 

central area 

 
 
 

Table 1 
 

Content of elements in the solid phase (Net Int. – Total intensity  
of the peak corresponding to the element, minus the background) 

 

Element Weight % Atomic % Net Int. Error % 

C  K 5.8 11.6 15.1 12.0 

O  K 13.1 19.5 197.2 10.5 

Si K 80.2 68.2 15980.8 4.5 

P  K 0.9 0.7 39.4 11.3 
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Table 2 
 

Defect density vs. surface resistance (Rs) and diffusion temperature 
 

Temperature, C 900 970 1000 1050 

Defect density 
D < 10 μm, mm-2 

8.1 13.8 13.0 46.6 

Defect density 
D= 10-40 μm, mm-2 

2.0 2.5 3.0 8.9 

Defect density 
D> 40 μm, mm-2 

0.4 0.5 0.7 0.7 

Average value of surface resistance, Rs, Ω/□ 157.4 24.5 12.4 4.5 

Diffusant source POCl3 POCl3 AMP POCl3 

 
 
5.  Heat treatment in the reactor in the 

absence of a diffusant does not lead to 
defects. Consequently, formation of defects 
has nothing to do with particles entering the 
samples from the reactor walls or from the 
carrier gas flow (N2, O2). 

 
 

4. Discussion  
 
 Mechanism of microdefect formation 

[7] can be local melt-through of the oxide 
layer by liquid phosphorus-silicate glass 
(PSG) at the diffusion temperature. When the 
PSG layer solidifies during cooling of the 
samples, local areas with the increased 
concentration of phosphorus (P2O5) may 
form, their solidification temperature being 
lower than in the rest of the PSG layer. Such 
liquid drop dissolves phosphorus and other 
impurities when cooled, which further 
reduces its solidification temperature. Liquid 
phase regions that diffuse into the SiO2 layer 
are formed, which results in pits of various 
depths determined by the defect radius (liquid 
phase amount) (see Fig. 1). When the pit 
depth exceeds the oxide thickness, the liquid 
glass interacts with silicon to form a silicon- 
and phosphorus-rich crystalline phase at the 
pit bottom (see Fig. 3, 4 and Table 1). 

Formation of the crystalline phase while 
a through defect is developing may be related 
to the devitrification of amorphous SiO2 
under the influence of liquid phosphorsilicate 
glass acting as a mineralizer, with the silicon-
rich phase formed. Local melting of the oxide 
can be accelerated by defective areas formed 
in it during growth [1]. 

As can be seen on the curve in Fig. 1, 
defects larger than 10 µm in diameter have a 
depth more than 0.4 µm, which results in a 
through hole in the oxide of the specified 
thickness and interaction with silicon to form 
n+-channels and a rosette-shaped solid phase. 
Smaller defects do not reach the silicon 
surface and cannot be a reason for impaired 
current-voltage characteristics. The curve 
shows that the more the oxide thickness, the 
weaker the influence of larger diameter 
defects on the current-voltage characteristics 
is. Thus, when the oxide thickness is 0.6 µm, 
defects with a diameter of about 20 µm are 
not through.  

Maxima occurring in the size 
distributions of pit diameters and depths (see 
Fig. 2) may be caused by the curve of the 
density of liquid phase nucleation centers vs. 
substrate temperature, which has a maximum 
at a certain value of liquid vapor 
supersaturation [5, 6]. Since the diffusion 
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process was completed by slow cooling of the 
samples in the furnace, there is a temperature 
range where the maximum number of centers 
form. The radius of the arising particles of the 
new phase is determined by the 
supersaturation value [5]: 
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2
,
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R

p
RT

p




  
 

where  is surface tension at the liquid-vapor 
interface, v is molar volume of the liquid, ln 
p/p0 is supersaturation value, p, p0 are vapor 
pressure over the drop and equilibrium 
pressure value.  

Since decrease in the phosphorus 
concentration in PSG should reduce the 
probability of local areas with the increased 
concentration of P2O5, decrease of the surface 
resistance as the diffusion temperature grows 
leads to the increase of defect diameter (see 
Table 2) and depth, thus impairing the 
current-voltage characteristics of the p–n 
junctions. It should be considered that the 
surface resistance shall not exceed 150 Ω/□ to 
ensure low contact resistance. 

 
 

Conclusions 
 

1. The influence of diffusion of 
phosphorus from a liquid source (POCl3) and 
a solid source (aluminum metaphosphate 
(AMP)) on the formation of local defects in 
SiO2 layers and on the silicon surface has 
been analyzed.  

2. The probable cause of defect 
formation has been established to be local 
melt-through of the oxide layer by liquid 
phosphorus-silicate glass due to a silicon-rich 
solid phase formed. 

3. The defect depth is proportional to its 
diameter and decreases as the process 
temperature drops and the oxide thickness 
increases, which reduces the probability of n+ 
channels in silicon. 

4. The defect density is higher on the 
oxide built up on the boron-doped р+-regions. 
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