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ABSTRACT

The types and nature of structural defects of n-type silicon with clusters of impurity atoms of copper and iridium were
determined by the method of non-stationary capacitive spectroscopy (DLTS), measurements of the resistivity, concentration and
lifetime of charge carriers, as well as using infrared and atomic force microscopes Solver-NEXT. It was found that after high-
temperature diffusion, star-shaped defects are observed in rapidly cooled Si <Cu> samples, while in rapidly cooled Si <Ir>
samples they are subsequently embedded in a chain and in the form of a needle, and in both slowly cooled samples, only round-
shaped inclusions are formed, however, the density is low. The absence of dislocation decoration in slowly cooled Si <Cu> and Si
<Ir> samples is associated with the formation of point defects of the [Cu — O] type, [Cu — Si] silicides, and pairs of Cui [Cus— Cui]
and Iri [Irs — Iri] atoms. An increase in the lifetime of charge carriers caused by the formation of an adhesion level associated with
the [Cu — O] complex in silicon.
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INTRODUCTION

The use of semiconductor crystals, in particular silicon, doped with fast-diffusing impurities, for the manufacture of
microelectronic products largely depends on the presence of defects in the starting material. The main defects in silicon single
crystals are dislocations, micro-defects, accumulations of impurity atoms in the form of clusters, precipitates, etc. [1]. The
presence of such defects in silicon wafers can lead to a deterioration in the characteristics of the manufactured devices up to
their failure. Therefore, the identification of these defects in crystals, the determination of their structure, properties,
dimensions and concentration is of great practical importance. Despite the publications devoted to the study of the
electrophysical, recombination and photoelectric properties of silicon doped with nickel impurities [2, 3], the formation of
various structural defects in these materials and their rearrangement under external influences has not yet been studied.

The use of high-temperature diffusion with subsequent sharp cooling can be used to obtain nanoclusters of impurity atoms [4,
5]. At the same time, changing the diffusion temperature within 750 ... 1050 °C and the cooling rate, it is possible to control the
sizes of nanoclusters in the range of 10 ... 900 nm. On this basis, in this work, the effect of the temperature of diffusion and
isochronous annealing, as well as the cooling rates on the formation of clusters copper and iridium atoms in silicon.

EXPERIMENTAL TECHNIQUE

Silicon samples n-Si <P> with a dislocation density of about 10* cm™ and an oxygen content of about 107 cm™, grown by the
Czochralski method, with p = 3 Om-cm were cut in the form of a parallelepiped. Before alloying, the samples were processed
mechanically and chemically. To carry out the diffusion of copper and iridium, metallic copper of 99.99% purity was sprayed on
the cleaned surface of the samples in a vacuum, and an iridium solution was precipitated.

The alloying of silicon samples with copper and iridium was carried out by the thermal diffusion method in a horizontal furnace
in quartz ampules at a temperature from 1050 to 1300 °C in an open volume for 5 hours. The diffusion temperature was
controlled by a platinum-platinum-rhodium thermocouple. Diffusion cooling was carried out at different rates:

1) slow cooling in a furnace at a rate of voxi = 30 ... 40 grad / min - type | samples;

2) rapid cooling in air at a rate of vox = 250 ... 300 grad / min - type Il samples.
]
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To take into account the effect of heat treatment, the control samples were annealed under the same conditions without nickel
impurity. Before investigating the properties to remove the damaged surface layer of silicon from all sides of the samples, near-
surface regions with a thickness of about 50 um were removed.

Structural defects in the obtained samples of Si <Cu> and Si <Ir> were investigated using an infrared microscope, the surface of
the samples - with an industrial atomic force microscope (ACM) Solver-NEXT, which makes it possible to measure the surface
relief and potential distribution over the surface. The electrical and recombination properties were determined by measuring
the resistivity p, the concentration of charge carriers n by the Hall effect method, and the lifetime of minority charge carriers by
the stationary photoconductivity method. To determine the energy of the levels and the concentration of impurity-defect
centers, the method of non-stationary capacitive spectroscopy (DLTS) was used [6].

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

In the DLTS spectra n — Si <P, Cu> of type Il samples (Fig. 1), two maxima are observed, E1 = Ec - <0.15+0.02 eV (on = 5-:107*% cm?)
and E; = Ec - (0.22 +0.02) eV (on = 6-10°%° cm?) after thermal diffusion at a temperature of 1150 °C, in n-Si <P, Ir> samples of
types | and I, three maxima are observed E1 = Ec — (0.17+0.02); E2 = Ec —(0.33+0.02); E3 = Ec— (0.54+0.02); at a temperature of
1200 °C. It should be noted that the concentration of the detected energy levels is no more than 5-:10%3 cm™ and depends on the
diffusion temperature and rates of post-diffusion cooling. In n —Si <P, Cu> samples of type |, the concentration of these levels is
5-10 times lower than in samples of type Il. The indicated energy levels were not observed on control samples. This means that
the appearance of these centers is possibly associated with complexes of the type copper - uncontrolled impurity and iridium -
vacancy and iridium - uncontrolled impurity.
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Figure: 1. DLTS spectrum n-Si <P, Cu>; 1- type Il E1 = Ec —(0.15+0.02) eV; E; = Ec — (0.2210.02)eV; 2- type | E1 = Ec -
<0.15+0.02eV; (Tqir. = 1150 °C).

Next, we studied the structure, size, and distribution of impurity defects in silicon doped with nickel. The results of studying the
morphology of the surface relief of n-Si <P, Cu> and n-Si <P, Ir> samples obtained using ACM are shown in Fig. 2. In the surface
region n — Si <P, Cu> (Fig. 2, b), islands with a height of h = 160 nm and a width of d = 150 nm are formed, and in the surface
region n —Si <P, Ir> (Fig. 2 , c) islands with a height of h = 40 nm and a width of d = 30 nm are formed.

The data obtained using ACM show that the nanoislands of honey and iridium in the solid solution n-Si <P, Cu> and n-Si <P, Ir>
have a geometric dome shape, i.e., the so-called dome - islands with a characteristic lateral size 30 ... 160 nm with a round base
(see Fig. 2, b and c). The appearance of such forms of honey and irid nanoislands is usually explained by the strong relaxation of
elastic stresses in the configuration of the dome-phase. According to the data presented in [7], these nanoclusters are called
hut-clusters with lateral sizes of 15 ... 25 nm, they are absorbed by dome-clusters. This process is often accompanied by a
bimodal size distribution of islands corresponding to the coexistence of hut and dome phases
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Figure: 2. Two-dimensional (a) and three-dimensional (b) images of the n-Si <P, Cu> and n-Si <P, Ir> surfaces type Il samples.

Micrographs of Si <Cu> samples in which star-shaped defects are observed, which are numerous interconnected clusters of
copper atoms in the form of six- and four-lobed rosettes, are shown in Fig. 3. and Si <Ir> in which needle-shaped defects are
observed. The sizes of copper clusters reach 10 ... 35 um, the sizes of iridium clusters reach 1 ... 5 um, they are distributed over
the volume of the crystal in the form of chains. Experiments show that the type and nature of the distribution of these structural
defects in doped silicon play a decisive role in the formation of the electrophysical properties of doped silicon under external
influences. For example, with a decrease in the size of clusters, the temperature and radiation stability of the electrophysical
parameters Si <Cu> increases, while Si <Ir>, vice versa[5].

b

Figure: 3. Micrographs of copper-doped silicon samples with subsequent fast (a) and slow (b) cooling (micrometric scale with
a step of 10 pkm)
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Micrographs of iridium-doped silicon samples with subsequent rapid (a) and slow (b) cooling (micrometric scale with a step of 10
pkm)

Figure: 4. Micrographs of variously oriented p-type silicon samples ((p= 20 Om) doped with copper: a - <100>; b - <110>; c -
<111> (the insets show a scale with a step of 10 pkm [9] ...

In doped silicon single crystals, the size of the forming defects was found to depend on the orientation of the grown crystal
(Fig. 4). In this case, the introduction of a copper impurity into silicon leads to the formation of low-dimensional defective
complexes with sizes of 10+15 um, with their subsequent incorporation, depending on the diffusion temperature, boron
concentration and irradiation fluence, into multi-lobed compositions growing in the form of a tree (Fig. 3, 4), the sizes of which
reach 70 + 100 um.
The effect of the concentration of copper and iridium atoms on the lifetime of minority charge carriers n — Si <P,> and in
samples of types | and Il was studied, the results of which are given in the table. Analysis of the results shows that the lifetimes
of minority charge carriers, first, are greater in n-Si <P,> than in the control silicon sample, and secondly, with an increase in the
concentration of copper and iridium atoms, the lifetime of minority charge carriers slightly increases ...
Lifetime of minority charge carriers in doped and control silicon samples with fast and slow cooling (types | and Il)

Taif, °C
Tun obpasuos 1070 1120 1170

| Il | Il | Il
n-Si<P>

1-107 1,4-107 1-107 1,4-107 1,2-107 1,3-107
(pu=3Qcm)
n-Si<P Cu>

3-10° 3,7-10° 4.10° 5-10° 5,6-107° 6-10°
(pu=3Qcm)
n-Si<P Ir>

2,3-10° 3,5-107 4,210 5,8-107° 6,6-107° 8,8-107
(pu=3Qcm)

If the concentration of the formed recombination centers in silicon is less than the concentration of sticking levels, then the total
lifetime of minority charge carriers increases and is determined by the sticking levels. An increase in the lifetime of minority
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charge carriers in doped samples as compared to the control one (see table) is possible, which is associated with the appearance
of the E1 level caused by a point defect in silicon doped with copper, ie, with the formation of defects of the [Cu — O] type [8],
which create adhesion levels for charge carriers. In addition, during the doping of silicon with a copper impurity, silicides [Si — O]
also appear, which reduce the concentration of oxygen-containing recombination centers of the A-center type. It should be
noted that, during cooling, the probability of the formation of a pair of Cu (Cus — Cuii) atoms is low due to the weak binding
energy of the copper atom at the lattice site. Therefore, the maximum observed values of the concentration of complexes of the
[V — Cu] type did not exceed 5 - 10*3 cm ~3.

Experimental results on the determination of the state of impurity atoms and their clusters, the mechanisms of interaction with
defects in the crystal structure of silicon, leading to the observed effects in the electrophysical and recombination properties of
doped samples, the establishment of optimal technological conditions for the production of compensated silicon with specified
properties provide thermal stability of the parameters of semiconductors and devices on their basis.

CONCLUSION

It is revealed that, during the formation of clusters of copper atoms in the bulk of silicon, star-shaped impurity-defect low-
dimensional compositions are formed, having a layered distribution over the plane perpendicular to the direction of copper
diffusion. Depending on the annealing temperature, an increase in the size of impurity-defect low-dimensional compositions can
range from 10 ... 15 to 30 ... 100 microns.

It is shown that, during the formation of clusters of iridium atoms in the bulk of silicon, needle-shaped impurity-defect low-
dimensional compositions are formed, having a layered distribution over the plane perpendicular to the direction of copper
diffusion. Depending on the annealing temperature, the increase in the size of impurity-defect low-dimensional compositions
can range from 5 to 30 mkm.

It was found that when silicon samples are doped with compensating impurities with an increase in the concentration of
clusters of copper and iridium atoms, the lifetime of minority charge carriers increases. The observed anomalous effect is
explained by the formation of various low-dimensional defect structures in the bulk of silicon, caused by nanocompositions of
the impurity - oxygen and impurity - impurity type.
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