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Dislocation luminescence in plastically deformed silicon crystals: effect of dislocation intersection and oxygen decoration
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Abstract

This paper is addressed to the discussion of the effect of dislocation structure and impurity contamination on the photoluminescence of Czochralski (Cz) silicon in the range of the D1 emission at 0.8 eV. Two types of dislocation systems were considered. One consists of intersecting hexagonal half loops of screw and 60° segments. The other one consists of a set of non-intersecting, parallel 60° dislocations. In both cases the plastic deformation processes were carried out at 670°C having care to avoid unwanted impurity contamination. It is shown that the PL emission of pure 60° dislocations in the D1 region is missing of the 0.807 eV component and consists of a narrow band at 0.817 eV superimposed to a broad background centered at 0.830 eV. It is also shown that a system of intersecting half loops presents both the 0.807 eV and the 0.817 eV component. The effect of thermal annealing at 800°C was shown to induce oxygen precipitation effects, revealed by supplementary spectral features. It is eventually demonstrated that the set up of the D1 band is not necessarily connected with the contamination of 60° dislocations with metallic impurities. The major role of oxygen on the dislocation luminescence is eventually experimentally confirmed.

1.Introduction 

It is widely  known that dislocations in silicon are optically active and that their fingerprint is a quartet of emissions (the D1-D4 lines) in the 0.8-1.0 eV range [1-4].  It is also well known that dislocations in silicon are responsible of dramatic device degradation effects, as they behave as powerful carrier recombination centres. 

In a number of earlier papers [5-7] we have already shown that the optical activity of dislocations in silicon samples, plastically deformed in very clean conditions, significantly depends on the oxygen presence and concentration. As well, we have shown that the photoluminescence emissions of dislocations in the D1 range (0.8 eV) present common features with the emission of oxygen precipitates [8,9]  inducing some doubts about the intrinsic origin of the D1 emission at 0.807 eV, which seems to be intimately related with the presence of  C line of dislocations in DLTS experiments [7,10].

Photoluminescence (PL) spectroscopy measurements on suitably prepared dislocated samples have been therefore carried out in order to understand the true effect of the dislocation structure and the impurities contamination on their electronic properties. To this scope, we compared the PL emissions from Czochralski (Cz) silicon samples submitted to two different plastic deformation procedures at 670°C , ad hoc designed to obtain a dislocation system consisting of intersecting half hexagonal loops with their threading segments emerging at the surface, and a system of parallel, non-intersecting 60 ° dislocations in the absence of threading arms, respectively. The effect of  oxygen decoration has been studied by segregating it at dislocations  via a proper thermal annealing at 800°C.

2. Experimental

The samples considered here are dislocated Cz silicon samples, while as reference Float Zone (FZ) samples were used.

One set (#CZ111) of samples was prepared using (111) oriented oxygen-rich Cz (p-type,  = 7-17 Ohm cm) and oxygen- poor FZ (n-type,  = 800-1600 Ohm cm) silicon slabs. Samples have been deformed by scratching the surface along the 
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 direction at 670 °C for 1hr in a very clean air environment. The resulting system consists in intersecting half hexagonal loops, with emerging threading arms, which give the regular distribution of etch pits shown in Fig.1a.

In order to induce segregation of oxygen at dislocations, some dislocated samples (#CZ111 TT) were also subjected to a further annealing at 800°C for 24 hours.

A second set (#CZ100) of dislocated samples was prepared using (100) oriented (p-type  = 17-23 Ohm cm) silicon slabs, by scratching the surface along the 
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 direction for 1h at 670 °C in argon. The resulting dislocation system consists of four glide systems characterised by a non zero resolved shear stress corresponding to two glide planes containing each one two Burger vectors. Each emerging half hexagonal loops consists of a screw and two 60° segments.

In order to obtain a regular array of parallel 60° segments the samples were submitted to a second deformation procedure identical to the previously described one, after having chemically removed the scratch to allow dislocation loops expansion but to avoid a further dislocation nucleation.

On #CZ100-type samples, the effect of dislocations on oxygen precipitation has been as well studied by annealing the dislocated samples at 800 °C for 24 h in argon (#CZ100 TT).

The optical properties of these samples were studied using photoluminescence (PL) spectroscopy. The PL spectra were recorded at 12 K using standard lock-in techniques in conjunction with a grating monochromator, an InGaAs detector (detection range 0.75-1.4 eV), and a quantum well laser as excitation source ( = 805 nm). 

3. Results

3.1 Structural details

Selective etching with Sirtl or Schimmel etch and optical examination before and after 

scratch removal confirm the predicted dislocation structures as shown in Fig.1 a) and b) for the case of the first (#CZ111) and second (#CZ100) set of dislocated samples, respectively.

In the second case, the almost complete absence of etch pits confirms the predicted structure, consisting in parallel dislocation segments and the lack of threading arms intersecting the surface, as also demonstrated by X-ray topography experiments.

On both types of dislocated samples Deep Level Transient Spectroscopy  (DLTS) have been carried out in order to check the presence of metallic contamination. As no peaks related to metallic contamination  have been detected  it could be assumed  can deduce that metallic impurities, if present, are in the concentration lower that  DLTS sensitivity  (about 1012 at cm-3).

3.2 PL measurements on (111) dislocated samples (#CZ111)

The PL spectrum of (#CZ111) sample presents the typical features of dislocation luminescence, with the D2-D4 lines peaked at their literature values, respectively at 0.877, 0.945 and 0.999 eV. 

The band conventionally labelled D1, is however broad and asymmetric (see Fig. 2), peaking at the energy conventionally associated in literature to the D1 line (0.807 eV, FWHM=10meV) of dislocated FZ samples (see Fig.3) only at the lowest dislocation densities, while it shifts towards higher energies at increasing dislocation density. In every circumstance, it can be fitted with three gaussian curves peaked at 0.807, 0.817 and 0.830 eV (fig.2).
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Fig. 1 a) Optical micrograph of a #CZ111 silicon sample after Sirtl etching, b) optical micrograph of  #CZ100 sample after Schimmel etching. 

[image: image7.png]PL Intensity (arb. units)

0.004

0.003

0.002

0.001

0.000

0.76

0.78

0.80 0.82
Energy (eV)

0.84

0.86




Fig.2 PL spectrum in the D1 region  the sample #CZ111. The continuous line is the experimental spectrum (T=12 K, P=6W/cm2, dE=4meV), while the dotted lines are the result of a gaussian deconvolution of the band.
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Fig.3 PL spectrum (T=12K, P=6W/cm2, dE=4meV) of a plastically deformed (111) oriented FZ silicon sample.

It should be noted that the width (FWHM=30 meV) and the intensity of the 0.830 eV component of the D1 band is very close to that of the band observed in Cz samples heat treated as well at 650°C  for 48 h, which was attributed to the presence of oxide nuclei [7]. The catalytic effect of dislocations on the oxide nucleation is clearly evident, as the nucleation rate is shown here to be a factor of 50 larger than in the case of homogeneous nucleation.

The PL spectrum of a dislocated sample after annealing at 800°C (#CZ111TT-type samples) is displayed in Fig. 4 a) Here the spectrum consists of a relatively narrow peak at 0.817 eV superimposed to a broad band peaked at about 0.850 eV. Apparently, it shows features which are very close to the spectrum of a Cz sample annealed at 850 °C for 24 hr (see fig.4 b)) as well as to those of an oxygen precipitated sample (#62), displayed in Fig. 5. This last was submitted to a classic high-low-high cycle, with a short time of nucleation (4h at 800 °C), and precipitation (4h at 1000°C), in order to allow the formation of submicron-size precipitates in the absence of dislocations [7].

A summary of the PL emissions observed in these samples is reported in table I.
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Fig.4: a) PL spectrum (T=12 K, P=6W/cm2, dE=4meV) of a plastically deformed (111) oriented Cz and heat treated at 800°C for 24 hours (#CZ111 TT).  b) PL spectrum of a Cz sample heat treated at 850 °C for 24 h.  (T=12 K, P=6W/cm2, dE=4meV).

3.3 PL measurements on (100) dislocated samples (#CZ100)

A typical PL spectrum of #CZ100-type of samples is displayed in Fig.6.

Also in this case the PL spectrum exhibits the well known set of D1-D4 lines, where the D2-D4 emissions are peaked at their literature values, superimposed to a structured background consisting in two broad bands at 0.83 eV and at 0.96 eV. These bands are observed as well in the PL spectra (dotted lines in  fig. 6) of two samples annealed at 650 °C for 120 hrs with an initial oxygen concentration of 14 ppma (PL emission at 0.83 eV) and 16 ppma (PL emission at 0.96 eV) and thus, might be considered the fingerprints of two families of oxygen precipitates precursors [11]. 

The D1 band of #CZ100TT-type samples, submitted to an annealing process at 800°C after the plastic deformation, show spectral features which depend on the dislocation density (see Fig.7 a,b,c,d). The gaussian deconvolution of the D1 band at increasing dislocation density shows in fact the presence of four emissions: a line at 0.817 eV, one at 0.830 eV (typical of samples containing oxygen precipitation nuclei, as already shown in the previous paragraph ), a band at 0.850 eV and a further peak at 0.90 eV. The emission at 0.807eV is instead absent.

It should be noted that the spectral features of the #CZ100TT-type of samples do appear very close to those of the #CZ111TT-type samples, (see Fig. 4) but with a better-defined set of spectral components. 

A summary of the PL emissions observed in these samples is reported in table I.
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Fig.5 PL spectrum (continuous line) of an oxygen precipitated sample (#62) and its deconvolution (dotted lines) (T=14 K, P=27W/cm2, dE=1meV) 
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Fig.6 PL spectrum (T=12 K, P=6W/cm2, dE=4meV) of a plastically deformed (100) oriented Cz (#Cz100) sample. The dotted lines are  PL spectra of two samples containing oxide nuclei (samples #B111 and #S136).
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Fig.7 a) b) c) d) PL spectra (T=12 K, P=6W/cm2, dE=4meV) of a plastically deformed (100) oriented Cz sample heat treated at 800°C for 24 hours (#CZ100 TT) at increasing dislocation densities

	Emission energy (eV)
	#FZ 111


	# CZ 111


	#CZ 111TT


	#CZ100


	#CZ100TT


	#62


	#B111
	#S136

	0.807
	 X 
	X
	
	
	
	
	
	

	0.817
	
	X
	X
	X
	X
	X
	
	

	0.830
	
	X (b)
	
	
	X (b)
	
	X (b)
	

	0.850
	
	
	X
	X (b)
	X (b)
	X 
	
	

	0.92-0.96
	
	
	
	X (b)
	X (b)
	X
	
	X (b)

	D2, D3,D4
	X 
	X (n)
	
	X (n)
	
	
	
	


Table I: Summary of the PL emissions in plastically deformed and in oxygen precipitated silicon samples (n: narrow band, b: broad band)

4. Discussion and Conclusions

The results presented in the previous Sections are particularly useful for a  detailed discussion about the effect of dislocation structure on their luminescence, as it has been shown that the PL features strongly depend on the structure of the dislocation system considered. As well the same results could be used to understand the effect of dislocations on the homogeneous and heterogeneous segregation of oxygen, and the effect of oxygen on the dislocation PL, as oxygen is the main impurity present in our samples.

It should be noted, at first, that the main effect of structure, oxygen contamination and thermal treatments on the PL emission of dislocations is on the D1 band.

Considering the #CZ100 sample, which is a system in which only 60° dislocations occur, we could remark  the absence of the 0.807 eV component of the D1 band but the presence of an 0.817 eV emission over a broad background. In turn this  background has been fitted  by two gaussians  curves peaked at 0.83 and 0.92 eV. As the 0.817 eV component is present, among other samples, in the #62 sample, where nanometric oxide particles are distributed in the silicon matrix in the absence of dislocations, it should originate from a electronic transition among oxygen- associated centres, at a Si/SiOx interface, and not from dislocations.

The first  conclusion that could be drawn is that 60° dislocations and their partials are not involved in the 0.807 eV emission and that 60°dislocations activate both the heterogeneous and the homogeneous nucleation of oxide phases from a supersaturated solution of oxygen, as a Cz silicon crystal is.

In the #CZ111 sample, instead  which is a system in which intersecting 60° dislocations coexist with screw dislocations, the 0.817 eV spectral component is associated to the 0.807 eV one,  which is the only spectral component of the D1 band of the #FZ111 samples.

As it is known from the literature and by our own results [7] that the intensity of the 0.807 eV band increases with the dislocation density, it seems reasonable to conclude that the 0.807 eV band originates from dislocation intersection- associated defects, possibly  decorated with oxygen.

It seems difficult at the present  to reach any definitive conclusion about the broad bands  at about  0.830-0.850 and 0.920 eV which do occur in all the dislocated Cz samples,  and which seem to correspond to the emissions observed in the #62 sample as well as in samples #B111 and #S136  submitted only to nucleation annealing  step at 650 °C, in which a broad distribution of nanocrystallites is  present. 

We have discussed in a previous paper [12] about the origin of these broad bands, which was attributed to carrier confinement effects at potential wells at Si/SiOx interfaces, where the band gap reduction is due to strain field of the oxide particles [13]. In turn, the band gap reduction should depend on the shape/sizes of the particles, leading to a broad band for a broad distribution of shapes/sizes and to a narrow band for a narrow distribution of shapes/sizes. Apparently, dislocations activate the segregation of oxide particles, whose emission features are largely unaffected by the dislocation presence. 

A final comment should be deserved to the heat treated plastically deformed samples: it is apparent, in fact, that also in this case the original dislocation structure has a relevant effect on the oxygen segregation and, thus, on the PL features.

Considering the #CZ111TT sample, in fact, the only effect of heat treatment at 800°C is the broadening of the 0.830eV emission, which might be associated to the growth of oxide particles of different shapes and sizes from the pre-existing nuclei at intersecting 60° dislocations.

Considering instead the #CZ100TT sample, the heat treatment at 800°C induces the set up of a number of emissions in addition to that at 0.830 eV. These emissions  could be considered as the effect of a specific  oxygen catalytic effect of 60 ° dislocations , associated either to the microscope structure of particles or to the strain field.

Our future work will be explicitly addressed to the understanding of this property of 60 ° dislocations.
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