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PACS.61.72.Ff - Direct observation of dislocations and other defects (etch pits, decoration,
electron microscopy, X-ray topography, etc.)

PACS.61.72.Lk - Linear defects dislocations, declinations

PACS.71.20 Mq ~ Elemental semiconductors

Abstract. — The thermal behaviour of deformation-induced traps in plastically deformed n-
type silicon has been investigated wa Deep Level Transient Spectroscopy. Among the four
traps usually detected in plastically deformed silicon only two have been found to survive upon
annealing trap A and trap C located at 0.18—0 23 eV and 0.38—0.43 eV from the conduction
band edge, respectively The last one has been related to dislocations.

1. Introduction

Plastic deformation introduces, besides dislocations, a large amount of point defects that
strongly influence the semiconductor electronic properties. Since the annealing process is the
most widely used method to decrease the point defect concentration, the study of the thermal
behaviour of the traps is of great interest. Several electronic studies of the annealing kinet-
ics of deformation induced states have been reported in literature [1], which, however lead to
different conclusions.

The thermal stability of deformation induced defects will be the subject of the present
paper. Annealing procedures have been carried out on plastically deformed (PD) Si in order to
decrease the point defect contribution and to check for possible modifications of the detected
levels. DLTS (Deep Level Transient Spectroscopy) analyses have been performed both on
as-deformed and on annealed samples. The results of these investigations have given further
insight on the microscopical identification of deformation-induced defects.

2. Experimental Details

High purity, float-zone, n-type, {111} Si single crystals, grown by Wacker Chemitronic with
free carrier concentration of 5 x 1013 (phosphorus atoms)/cm?, were used in this study. Details
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Table I. — Detasls of the deformation and annealing procedures. Ty and tq are the deformation
temperature and time, respectively, T the resolved shear stress.

SAMPLE | T4 ta T
() | () | (MPa)
DAT1 650 60 38
DAT3 750 24 25

of the deformation procedure can be found in [2] The treatment conditions (deformation
temperature Ty, duration tq and resolved shear stress 7) are reported in Table I. The annealing
procedure was performed by heating the samples at 850 °C for one hour in forming gas (92%
N2, 8% Hz). In set DAT3 we observed [2] overlapping peaks in the most dislocated samples and
clearly resolved peaks in the less dislocated ones, while in the set DAT1 we found detectable
DLTS peaks only in the most dislocated samples. Therefore we examined by DLTS before
and after annealing the less dislocated samples of DAT3 (dislocation density Np = 104 cm™2)
and the most dislocated ones of DAT1 (Np = 10% cm™2) After deformation, Schottky diodes
(Au dots 1 mm diameter) were prepared on the samples (2 x 5 mm? wide), while ohmic
contacts were realized with Ga-Al alloy on the back surface. Then the samples were analyzed
by DLTS. After removal of the diodes the samples were annealed and Schottky diodes realized
again in the previous position in order to avoid problems due to the inhomogeneous dislocation
distribution, especially in the set DAT1. Further details of the experimental methods employed
in this investigation have been described elsewhere [3].

3. Results

DLTS spectra of as-deformed and annealed samples are shown in Figure 1 for the set DAT1 (a)
and DAT3 (b), respectively. Here the peaks are labelled A, B, C, D, according to references [3]
and [4]. The main features common to both sets are the decrease of the amplitude of most
of the observed peaks, the disappearance of levels B and D, and the survival of levels A and
C after annealing. Other features differ between the two sets: in DAT1 samples the line
C contribution significantly decreases, while in DAT3 it remains almost unchanged, due to
the partial annealing occurred during the sample cooling after deformation that reduces the
concentration of pownt defects in as-deformed materials too {2]. The annealing influences also
the shape of the peaks: in DAT1 the peak C is made up of two different lines in the as-deformed
samples (see also Fig. 3) reducing to a single line after annealing, while in DAT3 peak C is a
single line peak both in deformed and annealed samples

In Figure 2 the thermal emission rates e, (T2-corrected) of A and C levels in as-deformed
and annealed samples are plotted as a function of inverse temperature for DAT1 (a) and DAT3
(b) sets, respectively. In DAT1 the line C can be resolved in two contributions (labelled C1
and C2) which reduce to one single line after annealing, while in DATS3 the “finger prints” of
lines A and C in the as-deformed samples overlap with those relative to annealed samples. By
comparing the Arrhenius plots in Figure 2, line C after annealing could be associated to line
Cl1.

The observed DLTS peaks, as often occurs in PD silicon, are Lroadened (Fig. 1). They
have been analyzed on the basis of the model reported in reference\ [4], in which prefactor Aps

was defined as Ape = 0, < nin > NcB X exp (T) with o, the majority carrier capture
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Fig. 1 — Deep Level Transient Spectroscopy spectra before (solid line) and after (dashed lLine) an-
nealing of a sample (dislocation density = 10° cm™?) of the set DAT1 (a) and of a sample (dislocation
density ~ 10* cm™?) of the set DAT3 (b) (emission rate. e, = 134 s, filling pulse height* U, =03V,
reverse bias. Ur = 7 V, filing pulse width. ¢, = 100 us).

cross-section, < 1y, > the electron average thermal velocity, Nog the density of states in the
conduction band, AS the change in entropy due to the emission of an electron from the deep
level to the conduction band edge, and k the Boltzmann constant The activation enthalpies E,
and prefactors Aps were evaluated by fitting the DLTS peaks with the above cited model and
from the Arrhenius plots, they are reported in Table II. It is worth noting here the different
characteristics of line C in DAT1 set before and after annealing: the peak in as-deformed
material could not be fitted with the above cited model, but it was deconvoluted in two peaks
C1 and C2 (Fig. 3). On the contrary, after annealing it could be analyzed on the basis of the
model as a broadened line C.

Furthermore, from the analysis of the capture kinetics, the level C was found to be associated
with a time-dependent potential barrier whose asymptotic value 1s 0.23 ¢V, in agreement with
the value obtained for the same level in the set DAT3 [2].
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Fig 2. — Thermal emission rates (T-corrected) as a function of inverse temperature for the traps

A, C, C1 and C2 before (W) and after (@) annealing referring to a sample of the set DAT1 (a) and to
a sample of the set DAT3 (b) The parameters of the lines A, C, C1 and C2 are reported in Table II

4. Discussion and Conclusions

The traps A and C survive after annealing, in both sets. The following characteristics must be
noted: i) the peak amplitude of trap A remarkably decreases after annealing; ii) peak C, bult
up by two peaks in the samples deformed at 650 °C, reduces to one broad peak in annealed
samples, and the concentration of the associated trap, strongly decreases after annealing in
DAT1 samples. Furthermore this level is associated with a time dependent potential barrier
whose asymptotic value is 0.23 eV. We can conclude that traps A and C are not associated
with the same defect: the potential barrier associated with trap C induces a band bending
that would shift, above the Fermi level, possible levels shallower than C and lying at the same
place, which hence would be undetectable by DLTS. Trap A could be identified {2, 4] with
point defect clusters related to dislocation motion. Trap C has been attributed [2] to defects
located at the dislocations and its survival after annealing once more confirm this conclusion.
The effect of the annealing on the shape of the peak, 2.e. its reduction from a double line
to a single broad line can be explained as follows. In Figure 4 the thermal emission rate
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Fig. 3. — Experimental spectra of the line C in the set DAT1: line C (M) is given by the sum of two
contributions C1(---) and C2 (- - -). Reverse bias and filhing pulses are the same as in Figure 1.

Table II. — Results of DLTS wnvestigations of trap C wn as-deformed and annealed samples of
the sets DAT1 and DATS3 obtained by fitting DLTS spectra and from the Arrhensus plot. E,
s the actwvation enthalpy, Ape the prefactor defined as: Aps = o < ven > X exp (ékﬁ) where
< iy > and Ngp are thermal velocity and density of states in the conduction band, respectively,
on majority carrier capture cross-section, AS change n entropy due to the emission of one
electron from the deep level to the conduction band and k Boltzmann constant.

E, Apt
Sample | Treatm. (eV) (s™H
Fit Arrh Fit Arrh
as-def C1 | 0.37%) | 0.37 | 81 x10° | 9.3 x 10°
DAT1 | as-def C2 | 0.43% | 0.43 | 40 x 107 | 1.2 x 108
annealed | 039 0.42 | 2.2x107 | 2.6 x 107
as-def | 0.43 0.45 | 2.0 x 107 | 9.8 x 107
DAT3 | annealed | 0.43 0.40 | 1.2 x 10® | 3.8 x 10°

a) Obtained from deconvolution (see Fig. 3).

(—T? corrected) of the levels C1, C2 and C referring to the present paper, are plotted vs.
inverse temperature together with literature results. Notwithstanding a large scatter in the
values of activation enthalpies given by different authors, by comparing the “fingerprints” of
these traps, two different groups of lines could be identified. The level C could be included in
the C1 group, as confirmed also by the results of the fitting procedure shown in Table II. As
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Fig. 4. — Comparison of thermal emission rates (T2-corrected) as a function of inverse temperature

for the traps C1(Hl), C2(®) and C(A) of the present work, with literature results: DE2: reference [6];
C1(lit),C2(lit): reference [4]; Linel and Line2: reference [6]

the levels C1 and C2 have very similar activation enthalpies but different prefactors, they are
attributed [4] to the same defect that could be located in different surroundings of the crystal.
According with this hypothesis the trap C2 could be related to point defect clusters located in
close proximity to the dislocations, while C1 could be due to the same defect cluster localized
at the dislocations. Some of the defects responsible for C2 would anneal out during annealing,
while others would move towards the dislocations contributing to the centres responsible for
C1. This hypothesis would explain the disappearance of line C2 and the broadening of line C.
Indeed, the resulting trap C corresponds to the trap Cl1, but with larger prefactor (1.e. with

larger capture cross section), and becomes broadened due to the increase in the crystal disorder
mn its surroundings (7].
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