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Infrared characterization studies 
of poly-crystalline silicon annealed 
in a nitrogen atmosphere 
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A systematic study of the effect of annealing treatment in a nitrogen atmosphere on the 
oxygen and carbon impurities present in solar grade polysilicon has been conducted in the 
spectral region 4000-400 cm -1 employing infrared spectroscopy. Thermal treatment was 
provided for 30 min at temperatures varying from 100-1300~ Results of the present study 
are in conformity with the reported annealing results on resistivity and photoconductivity. 

1. Introduction 
Polycrystalline silicon, a suitable material for cheap 
solar cells, contains high contents of impurities be- 
cause of the presence of a large number of structural 
defects (grain boundaries and dislocations). The role 
of oxygen and carbon impurities present in mono- 
crystalline silicon during thermal treatment has been 
studied systematically [1-6].  However, in the case of 
polysilicon [7-10], the behaviour of these impurities is 
more complicated because of their segregation close to 
structural defects, especially the grain boundaries, 
This affects the conduction mechanism to a con- 
siderable extent [7, 8, 10]. Because segregated oxygen 
is infrared invisible at room temperature, thermal 
treatment provides realistic evaluation of oxygen pre- 
sent in polysilicon [9]. Hence, a systematic study of 
the effect of annealing treatment in a nitrogen atmo- 
sphere on the oxygen and carbon impurities present in 
polysilicon, has been conducted employing infrared 
spectroscopic techniques. 

2. Experimental procedure 
The polycrystalline silicon under study was prepared 
in the laboratory by chemical vapour deposition 
(CVD) technique. The high-purity SiHC13 was re- 
duced in the presence of hydrogen and was made to 
deposit over a resistance-heated silicon filament en- 
closed in a quartz reactor [11]. All the infrared spectra 
were obtained at room temperature using an infrared 
spectrophotometer, Perkin Elmer 399, operating in 
the spectral region 4000-400 c m -  1 (2.5-25 gin). The 
ASTM method [12] was employed for the evaluation 
of the concentration of oxygen and carbon impurities. 
The thickness of the samples used was kept to 
1-5 ram. The samples were annealed in a nitrogen 
atmosphere (ultrahigh purity) for 30 rain at temper- 
atures varying from 100-1300~ The annealed 
samples were cooled slowly to ambient temperature 
by gradually decreasing the furnace temperature. 

3. Results and discussion 
Fig. 1 shows the infrared spectrum of polysilicon in the 
spectral region 4000-400 cm-1 without any thermal 
treatment. The bands appearing at 1108 and 
615 cm -1 correspond to Si-O and Si C modes, re- 
spectively, and are generally employed to evaluate the 
oxygen and carbon contents in silicon. The concentra- 
tions of oxygen and carbon in polysilicon as deter- 
mined by the ASTM method [12] are 1.327 x 10 is 
and 4.14 x 1017 atoms cm - 3, respectively. These high 
contents of impurities are responsible for the reduc- 
tion in the efficiency of a solar cell produced from 
polysilicon, compared to that produced from mono- 
crystalline silicon. 

The results of the variation of oxygen and carbon 
concentrations and frequencies of Si-O and Si-C 
modes with different annealing temperatures are pre- 
sented in Table I. Fig. 2 shows spectral changes 
occurring in the finger print region of 1200-400 cm - 
due to annealing treatment. It has been observed that 
with increasing annealing temperature, while the car- 
bon concentration does not vary considerably, oxygen 
content is enhanced to a reasonable extent. The tem- 
perature dependence of oxygen concentration has also 
been reported by Boyed et al. [6] in monocrystalline 
silicon. Further, the position of the Si-C band does 
not change significantly due to annealing, whereas the 
Si O mode becomes softened. Schroder et al. [3] have 
also reported the shift in position of Si-O mode 
during thermal treatment in single-crystal silicon. Car- 
bon is distributed uniformly at substitutional posi- 
tions and has a nearly constant concentration at all 
the annealing temperatures. This means that there is 
no migration of carbon from grain boundaries to the 
grain with increase in annealing temperature. This is 
further confirmed by the fact that there is no con- 
siderable shift in the position of the Si-C band due to 
annealing effects. The diffusion coefficient of carbon in 
silicon at 700~ is nearly zero, and at 1000~ is 

10 - 13 cm 2 s - 1 which is small compared to that of 
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T A B L E  I Oxygen and carbon concentrations and frequencies of 
Si 0 and Si-C modes at different annealing temperatures 

Serial Temperature Concentration Frequency 
no, (~ (1017 at units) (cm ~) 

Oxygen Carbon S i -O Si C 

1 Ambient 13.27 4.14 1108 615 
2 100 13.52 3.81 1106 605 
3 300 13.43 4.05 1105 606 
4 500 13.43 4.02 I105 604 
5 700 13.57 3.88 1100 606 
6 800 14.69 4.05 t093 606 
7 900 15.32 3.81 1085 607 
8 1000 16.51 4.07 1080 607 
9 1100 16.55 4.05 1080 604 

10 1300 16.78 3.99 1080 605 
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Figure 3 Plots  of (a) concentration of oxygen, and (b) Si -O 
stretching frequency versus annealing temperature. 
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Figure I Infrared spectrum of polycrystalline silicon without an- 
nealing treatment. 
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Figure 2 Infrared spectra of annealed polycrystalline silicon in the 
finger print region of 1200-400 cm ~. 

oxygen (-~10 - la  cm2s -1) [14]. A weak band has 
appeared at 960 c m - t  in annealed samples which 
possibly indicates the presence of some nitrogen [15]. 

However, annealing effects seem to be important only 
for oxygen in the present study. 

The behaviour of oxygen with thermal treatment is 
better explained by the plots shown in Fig. 3. Curve (a) 
in Fig. 3 shows the plot of oxygen concentration 
against the annealing temperature. The oxygen con- 
centration is considerably enhanced between 700 ~ 
and 1000~ However, below 700~ and above 
1000 ~ the variation in oxygen content is very small. 
This is explained on the basis that segregated oxygen 
precipitates are dissolved upon annealing treatment 
between 700 ~ and 1000~ Grain boundaries are 
acting as a source of oxygen, being diffused into grains 
in polysilicon. The diffusion coefficient of oxygen in 
silicon [12] is 8 x 1 0  16cm2s-1 at 700~ and 2 
X 1 0 - t 2 c m  2 s - 1 at 1000 o C. Segregated oxygen is 
normally not detected by infrared spectroscopy. Only 
oxygen at well-defined positions (such as the inter- 
stitial position) can be measured by this means. The 
dissolution of segregated oxygen leads to its homo- 
genization and its placement at the interstitial position 
through the bulk of the material [9]. The small vari- 
ation in oxygen content below 700~ and above 
1000~ is understandable, because the process of 
dissolution of segregated oxygen does not start below 
700 ~ and above 1000 ~ there is no further dissolu- 
tion of segregated oxygen. The diffusion coefficient of 
oxygen in silicon is very low ( _  10 -16 cm2s -1) [12] 
below 700~ However, above 1000~ though the 
diffusion coefficient is high ( _  10 -12 cm2s -1) there is 
no concentration gradient and only a marginal migra- 
tion of oxygen takes place from grain boundaries to 
grains. This provides an interpretation of the variation 
of oxygen content at different annealing temperatures. 
The maximum oxygen content measured at 1300 ~ is 
1.678 x 1018 atoms cm -3. The content of segregated 
oxygen in the samples under study has been deter- 
mined as 3.5 x 1017 atoms cm -3 

The variation of frequency of the Si-O mode with 
annealing temperature is shown in Fig. 3b. Curve b in 
Fig. 3 seems to be mirror image of Curve a. While 
there is enhancement of oxygen content with increase 
in annealing temperature, the Si-O mode frequency is 
shifted to a lower wave number. The position of the 
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Si-O mode in unannealed polysilicon is 1108 cm-1 
and shifts to 1100 cm -1 at 700~ and 1080 cm -1 at 
1000 ~ The shift of Si-O mode towards a lower wave 
number leads to a reduction in the strength of a bond 
between silicon and oxygen. In other words, the Si-O 
mode becomes softened [16] and the shift of 28 cm - 1 
in position of Si-O frequency may be explained by 
the dependence of mobility of oxygen on annealing 
temperature. As the temperature rises, the interstitial 
oxygen atoms become mobile and are trapped by 
substitutional carbon to form simple carbon-oxygen 
pairs [17]. The softening of the Si-O mode is inter- 
preted as a modification of the absorption of inter- 
stitial oxygen at 1108 cm - 1, because of the existence 
of carbon-oxygen pairs [3, 16]. 

The present results based on the infrared studies are 
in conformity with the annealing results on resistivity 
and photoconductivity reported by Jain et al. [10]. 
Their studies were conducted in the temperature range 
900-1100~ which is necessary for processing the 
material for solar-cell fabrication, and their results 
were found to be independent of the annealing envir- 
onment. Jain et al. E10] reported that the value of 
(the ratio of resistivities of annealed and unannealed 
samples) increased with increasing annealing temper- 
ature and attributed it primarily to the bending of 
electronic bands at the grain boundaries [18], and not 
to oxygen precipitation. Results of the present study 
also indicate that at higher annealing temperatures 
(above 700~ oxygen does not exist in precipitate 
forms but is dissolved uniformly within the bulk of the 
material [9]. 

A better understanding of the earlier results of Jain 
et al. [10J could be achieved from the present results. 
They have shown that the photoconductivity ratio, 13, 
of annealed and unannealed samples also varies more 
or less like the resistivity ratio, cz, and these variations 
in [3 may be due to the acceptor traps at the grain 
boundaries [18] whose concentration seems to in- 
crease with annealing temperature. However, the 
present results predict that the increase in photo- 
conductivity may be due to mobile oxygen atoms 
becoming electrically active centres with annealing 
treatment. 

In a recent publication, Borghesi et al. [19] reported 
an absorption peak at 1230cm -1 in Czochralski- 
grown silicon and attributed it to t he  existence of 
SiO 2 precipitates in the sample. This absorption peak 
at 1230 cm -1 due to precipitates was missing in the 
infrared spectra of the present study and it may be 
because the absorption peak at 1230 cm-  1 is due to 
longitudinal optical phonon vibrations of S i O  2 pre- 

cipitates which is normally infrared inactive, but can 
become active for particles in platelet shape and with 
size < 0.36gm. Thus, the appearance of the 
1230 cm -1 absorption band seems to be dependent 
on both the size and the shape of particles in the 
silicon matrix. 
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