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Abstract 
The paper presents unique functional capabilities of silicon with nanoclusters 
of impurity atoms with various characters. It is shown that, depending on the 
nature of the clusters, it is possible to expand the spectral diapason of sensitiv-
ity towards the IR region and obtain silicon with anomalously high negative 
magnetoresistance (Δρ/ρ > 100%) at room temperature. The formation of clus-
ters of impurity atoms with different nature and concentration in the lattice of 
semiconductor materials is a new approach for obtaining bulk-nanostructured 
silicon with unique physical properties. 
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1. Introduction 

Practically all of the main functionalities of existing semiconductor materials 
have been entirely well studied and used in the sphere electronics [1] [2]. 

The forward electronics development requires semiconductor materials with 
the new basic properties, fundamental parameters and physical phenomena in 
them. At the same time, the development of semiconductor materials science 
should focus on ensuring the development of new electronics industries: new 
directions in functional and integral electronics, the use of nanophotonic mate-
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rials in nanoelectronic devices, and also photovoltaic energetics and optoelec-
tronics. 

Each of these fields required individual class of materials with certain physical 
properties and fundamental parameters. So, for instance, to provide cheap and 
highly efficient fiber-optic communication based on passive optical network 
technology, it would necessary to create low cost prices of LED emitters in the 
range of λ = 1.5 - 1.6 micron, as well as photodetectors with highly sensitive 
high-speed for working in this spectral region. However, at present, there are 
practically no existing low cost semiconductor materials and respectively tech-
nologies make it possible to massively create such devices [3]. 

The development of some nanoelectronic directions is determined due to 
need of developing technology for bulk nanostructured semiconductors with 
controlled parameters of the structure, composition, and other properties of na-
noobjects. Obtaining such materials will allow a creation of new types of mate-
rials photon, as well as materials unique functionality of nanoscaled superlattic-
es. However, the modern technology of nanostructure formation also does not 
allow obtaining such materials on a wide scale [4]. 

As is known, a low of efficiency of modern industrial silicon photovoltaic cells 
(up to 20%) is associated with inefficient use irradiation of solar energy in the 
region of the spectrum with the range λ = 1.2 - 3 micron (about 40% of the total 
solar irradiation), and also with the effect thermalization of photogenerated 
charge carriers associated with the absorption quants of light with the energy 
hν > Eg. Some calculations [5] show that the loss of efficiency in single-cascade 
photovoltaic cells due to such effects is about 50%. 

The high efficiency of multicascade photovoltaic cells which based on semi-
conductor compounds of АIIIВV [6] are subjected to quite a complicated tech-
nology for their fabrication and require expensive equipment, which finally de-
termines their high cost. Apart from this, their widespread application in terre-
strial conditions is of particular difficulty. 

There is some question arises: can we create semiconductor materials, in 
terms of their physical properties and fundamental parameters, to ensure the 
development of modern electronics and photovoltaic energetics? 

2. Materials and Methods 

Studies carried out in the last 15 - 20 years have shown the technology of 
“low-temperature” diffusion doping developed [7] [8] [9] [10] [11], with subse-
quent annealing of the material under certain conditions, which has made it 
possible not only to significantly change the state of impurity atoms in the sili-
con lattice, but also to obtain silicon with absolutely new electrical and photoe-
lectric properties. The result of application of the developed technology consists 
of formation atomic or binary, monomolecular and more complex clusters of 
impurity atoms in the lattice of silicon [12]. Such nanostructures in the bulk of a 
silicon lattice with controlled concentration, size, composition and structure 
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make it possible to change a lot of properties of the original silicon, including the 
structure and size of the forbidden band, carrier mobility, and others. 

Depending on the nature of impurity atoms, it is also possible to form mag-
netic and multicharged atomic clusters [13], which have a sufficient magnetic 
moment and a large electrical potential, as well as binary (consisting of atoms of 
different types) clusters with various sizes, structure and composition, and, con-
sequently, with their own basic features. Such nanoclusters manifested them-
selves as quantum dots with special magnetic, optical and electrical properties 
and, respectively new functional possibilities of their application. 

The sample was a p-type single-crystalline silicon with a resistivity of ρ = 3 - 5 
Ω * cm, with an oxygen concentration N = 4 × 1017 cm−3, a dislocation density of 
S ~ 10 cm2, and a surface orientation. Samples with nanoclusters of nickel and 
manganese atoms were prepared according to the technology developed [14], the 
maximal diffusion temperature of nickel was T = 1200˚C and time t = 30 mi-
nutes, for manganese T = 1080˚C for 40 minutes. To form binary clusters, the 
samples were first doped with sulfur at T = 1200˚C for 15 hours, then manga-
nese diffusion was carried out at T = 1160˚C for 40 minutes. After alloying, the 
samples were subjected to additional thermal annealing at a temperature of 
1100˚C for 2 hours. Dimensions of samples 8 × 3 × 0.1 mm3 electrical parame-
ters before and after diffusion were investigated by the Hall effect method, and 
the state of the clusters by the methods of AFM, EPR, and also states of clusters 
are observed in the bulk and surface with an infrared microscope. Photovoltaic 
cells were created using conventional technology by diffusing phosphorus at a 
temperature of T = 1050˚C for 30 minutes. 

3. Results and Discussion 

In Figure 1 shows the state of impurity nickel atoms in silicon after diffusion, 
which was studied by means of an infrared microscope. The cooling rate was T = 
100˚C/s. Similar samples were subjected to additional annealing at T = 850˚C 
and T = 650˚C during those hours (Figure 1(a)). As can be seen in the diffu-
sion-doped samples, a uniform distribution of dark points is observed that indi-
cates the formation of clusters of nickel impurity atoms with a size d ≤ 0.5 mi-
cron and a density of S ~ 107 - 108 cm−2 as a result of their self-organization.  
 

 
Figure 1. State of clusters of Ni atoms in silicon. (a) After diffusion; (b) After thermal 
annealing at T = 850˚C; (c) After thermal annealing at T = 650˚C. 
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From the surface of the samples obtained, 50 micron silicon was removed step 
by step to the middle of the sample thickness and the state of the clusters was 
studied using an IR microscope. 

As the results showed, no significant changes were observed. This means that 
the clusters are distributed uniformly throughout the bulk of the crystal. At the 
same time, in the samples subjected to additional thermal annealing at T = 
850˚C an interesting phenomenon is observed, that is, the clusters are enlarged 
and their ordering begins (Figure 1(b)). This process intensifies with a decrease 
in the annealing temperature and practically reaches its equilibrium state at T = 
650˚C (Figure 1(c)). These results show that changing the conditions for tem-
perature annealing can control not only the dimensions of the clusters, but also 
their state in the lattice. These amazing phenomena require more detailed stu-
dies, since the mechanism for the formation, integration and ordering of clusters 
in certain directions has not yet been entirely studied. Preliminary results 
showed that the cluster-silicon structure is a Schottky barrier with an ideal I-V 
characteristic and special thermal and optical properties. 

As is known in silicon [15], nanoclusters are formed consisting of four man-
ganese atoms located in the vicinity interstices around the boron atom. Based on 
the results of the investigation of the state of atoms in a silicon lattice by the EPR 
method, AFM and electrical measurements, it was shown that to maximize the 
participation of manganese atoms in the formation of clusters, it is necessary to 
satisfy the condition NMn ≤ 2NB (where NMn is the concentration of electroactive 
manganese atoms and NB is the boron concentration). The samples (initially 
were a p-type single-crystalline silicon with a resistivity of ρ = 3 Ω * cm) after 
diffusion of manganese are of p-type with ρ ~ (3 - 4) 103 Ω * cm. In them, the re-
sidual, that is, non-compensated, hole concentration was p = (1.5 - 2) * 1013 cm−3 
at T = 300˚C. In such samples, the manganese atoms are in the form of (Mn)2 
and accordingly one can assume that the manganese clusters are in the maxi-
mum-multicharged state [(Mn)4

+8B−1]+7 [16]. In this case, the band structure of 
silicon with multicharged clusters can be represented as follows (Figure 2), 
which explains entirely the characteristics of the photoelectric properties of such 
materials. 

The spectral dependence of the photoconductivity of the samples under study 
is shown in Figure 3. As can be seen, a number of anomalous phenomena are  

 

 
Figure 2. The band structure of silicon with multicharged clusters. 
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Figure 3. Spectral dependence of photoconductivity (PC) with 
the sample of multicharged nanoclusters of manganese atoms 
(1) and a similar sample without formation of nanoclusters 
(2). 

 
observed in them. Firstly, the photoresponse begins at hλ = 0.12 - 0.13 eV (λ ~ 
10 micron, at T = 100 K), which can not be explained from the standpoint of 
electron statistics. In addition, as known, manganese atoms in silicon create two 
donor levels with an ionization energy E1 = EC - 0.27 eV, E2 = EC - 0.5 eV [17], 
and in the samples under study if these levels are maintained, they will be 100% 
empty, since the samples were of p type. Therefore, we can say that the observed 
photoresponse is associated only with the transition of electrons from the va-
lence band to the energy levels near the valence band. Secondly, as seen, the val-
ue of the photocurrent continuously increases with increasing energy of the in-
cident photon up to hλ = 0.7 - 0.8 eV (λ ~ 1.5 - 1.6 micron). This behavior of the 
photocurrent can not also be explained by the presence of any discrete energy 
levels in the forbidden band in silicon. Third, in the samples under study in the 
region hλ = 0.7 - 0.8 eV (λ = 1.5 - 1.6 micron), an anomalously large impurity 
conductivity is observed, the value of which practically does not differ from the 
value of the photocurrent in the intrinsic conductivity region (hλ ≥ 1.12 eV). 
This behavior of photoconductivity can be only in the case of the formation of a 
subband or mini zone, which provides interband optical transitions. The expe-
rimental results obtained testify to the existence of a rearrangement of the band 
structure of silicon, where multicharged clusters are localized (Figure 3). The 
spectral dependence of the photoconductivity of silicon doped with manganese 
atoms without the formation of clusters (Figure 3 of curve 2) can serve as a 
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proof of this. 
The “low-temperature” diffusion technique developed [16] has made it possi-

ble to form magnetic clusters of manganese and gadolinium atoms in a silicon 
lattice. The presence of such magnetic clusters was proved by the investigation of 
the state of impurity atoms by the EPR method. In the samples with magnetic 
clusters of manganese atoms, a number of new magnetic phenomena were dis-
covered. Anomalously large magnetoresistance (Δρ/ρ > 100%) was found in 
them at room temperature, the magnitude of which is mainly determined via 
concentration and nature of the magnetic clusters (Figure 4), while in other 
semiconductor materials, negative magnetoresistance (NMR) was detected at 
T = 4.2 - 100 K, and its value does not exceed 10% [17]. 

Moreover, a very interesting and new phenomenon was discovered—the pos-
sibility of controlling the value of NMR over a wide range of values, including 
even the possibility of changing the sign of the MR (the transition from NMR to 
positive MR) under the influence of illumination in the region of intrinsic ab-
sorption. As was shown in Figure 5, range intensity of illumination from 1 to 80 
lux, the value of the NMR decreases from 100% to 0, and when the sample is il-
luminated above 80 lux, a positive MR takes place, that is, the sign of the MR 
changes. 

These results indicate that a photomagnetic phenomenon is observed in the 
materials under study, which is absent in ordinary magnetic semiconductors. 
Therefore, we can say that these amazing phenomena in silicon with magnetic 
clusters will lay the foundation for a new scientific direction in the field of semi-
conductor materials science with the possibility of using them for developing 
fundamentally new photomagnetic devices. 
 

 
Figure 4. Effect of anomalously large (more than 100%) nega-
tive magnetoresistance (NMR) at room temperature. 
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Figure 5. Changes in NMR on intensity of illumination. 

 
The developed technology of successive doping of silicon with impurity atoms 

of sixth group (sulfur, selenium) and iron group with subsequent heat annealing 
under certain thermodynamic conditions made it possible to form binary clus-
ters in the silicon lattice, creating nuclei of a new phase in the bulk-new elemen-
tary cells in silicon. At the same time, silicon, sulfur and manganese atoms are 
located at the adjacent lattice sites and formed electrically neutral molecules as a 
type S++Mn−−. As a result, a new elementary lattice cell of the type Si2S++Mn−− is 
formed (Figure 6(a)). Such a cell does not violate tetrahedral bonds in silicon 
and is built into the lattice without violating its structure. The formation of such 
cells provides a more thermodynamically advantageous state of the system and 
substantially increases the solubility of these impurities in silicon. 

All this stimulates their self-organization and self-restructuring. The results of 
the research show, with an increase in the concentration of impurities, the asso-
ciation of elementary cells of the Si2S++Mn−− type occurs, with the formation of 
more complex structures that form nucleus of a new phase (nanocrystals) of 
sulphides, selenides or tellurides (SMn compounds) in the silicon lattice (Figure 
6(b) and Figure 6(c)). Each nanoclusters of a new phase, due to the difference in 
their dimensions, has its own fundamental parameters, which differ substantially 
from both the parameters of silicon and the parameters of the new phase. It 
should be noted that choosing the pairs from the elements of the sixth and tran-
sition groups, taking into account their physical and chemical parameters, as 
well as the diffusion coefficient in silicon, one can control the composition, 
structure, concentration of new elementary cells, and their fundamental para-
meters. This means that by creating such binary nanoclusters in a silicon lattice, 
the spectral region of the photosensitivity can be substantially expanded both in 
the direction of the IR and in the direction of the photon energies hν > Eg. 
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Figure 6. Formation of new elementary cells of the type Si2S++Mn−− (a), S++Mn−− 
(b), and their associations (c) in the silicon lattice. 

 
This is due to the fact that unlike silicon, new phases can have a direct-band 

structure, which increases the probability of interband optical transitions by 
several orders of magnitude. 

Therefore, it can be argued that silicon materials with binary nanoclusters can 
be used as promising materials for photovoltaic energetics, allowing them to 
create more efficient photovoltaic cells [18] [19] [20] replacing expensive multi-
cascade structures on their basis. This can be proved by the results of a study of 
photovoltaic cells with binary clusters of SMn composition. 

There is main parameters (Isc and Vov) were investigated in a special setup, 
which practically completely excluded light from the incident solar radiation 
with a quantum energy corresponding to intrinsic absorption in silicon. Lighting 
of the photovoltaic cells was carried out through a 5 mm thick silicon filter made 
of high-resistance silicon providing absorption of radiation with hν > Eg, but 
transmitting more than 30% of the long-wavelength infrared solar radiation. As 
a control, a solar cell was used for industrial production. 

As can be seen from Table 1, the contribution of the long-wave part (hν < Eg) 
of solar irradiation for an element of industrial production does not exceed 0.5% 
(1/203), and for a sample with a concentration of sulfur and manganese 1017 
cm−3 reaches 1/40 - 2.5%, that is, increases fivefold. Taking into account the ref-
lection coefficient of the infrared radiation of the sun from the front and rear 
surfaces of the silicon filter (not less than 70%), it is possible to assume an in-
crease in the short-circuit current of photovoltaic cells with clusters by 8%. Then 
the absolute increase in the efficiency of such a photovoltaic cell may be 1%. 

Figure 7 shows the spectral dependence of the short-circuit current of the ex-
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perimental and the reference photovoltaic cell obtained on the monochromatic 
spectrometer of IKS-21. 

As can be seen from the figure, an appreciable short-circuit current appears 
even at hν > 0.4 eV (λ = 3 micron). All these data allow us to state that when de-
veloping optimal alloying conditions using specially selected impurity atoms, it 
is possible to expand the spectral region of silicon sensitivity substantially and, 
on this basis, to develop more efficient solar cells. 

The sensitivity of photovoltaic cells made on the basis of silicon with binary  
 
Table 1. Dependence of the IR sensitivity of photovoltaic cells with binary clusters on the 
concentration of impurities Se and Mn. 

In the presence of 
filter 

Industrial photovoltaic cell 
Photovoltaic cells based on binary cluster 

I II III IV 

O

Si

I
I

 203 170 150 90 35 

NS и NMn – 1016 3 × 1016 5 × 1016 1017 

 

 
Figure 7. Spectral dependence of the short-circuit current of the experimental and con-
trol photovoltaic cell. 
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clusters in the long-wave part of the IR spectral region (λ = 3 micron) will allow 
them to be used as IR photodetectors necessary for creating pyrometric temper-
ature with the range 500 - 900 K. 

4. Conclusion 

All of the results obtained give reason to believe that silicon with nanoclusters of 
various nature is indeed a unique material in the field of semiconductor mate-
rials science. Therefore, the main task is the further development of technologies 
for obtaining such materials with controlled properties and composition of clus-
ters, as well as the study of their electrical, photoelectric optical and magnetic 
properties, which will allow us to correctly estimate their functional capabilities 
for photoenergetics and electronics. 
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