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The diffusion technology has been developed for the formation of binary clusters involving elements of
group III and V in silicon. It is shown that by controlling the concentration of elements of group III and V
atoms, multilayer silicon-based heterojuns can be formed in the surface region of silicon with enriched
AIIIBV nanocrystals, followed by enriched with various combinations of Si2AIIIBV unit cells (1 — 5 pm thick).
This creates a practical new material based on silicon - a continuous graded-gap structure, i.e. heterojuns by
a smooth transition from the band gap of III — V semiconductor compounds to the band gap of silicon.
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1. INTRODUCTION

In modern electronics and photovoltaics, silicon still
remains as the main material. Further use of silicon is
significantly limited due to its functionality. For exam-
ple, the value of the silicon band gap limits the absorp-
tion both in the UV and in the visible region of the solar
energy spectrum. The relatively small value of electron
mobility limits the use of this material in the develop-
ment and creation of high-speed electronic devices. Also
indirect band gap structure of silicon does not allow cre-
ating lasers based on it [1].

In this work, a new technological approach is pro-
posed for forming heterostructures in a silicon lattice.
The heterojunction structure is formed on the basis of
binary unit cells of III-V semiconductor compounds in
the silicon lattice with specified parameters [2-5].

2. THEORETICAL ANALYSIS

The results of our studies over the past 15 years show
that there are optimal conditions for doping of silicon with
impurity atoms of groups III and V, which allow impurity
atoms to be inserted adjacent to neighboring sites in the
silicon crystal lattice (Fig. 1), where they form the electro-
neutral molecule AIIBV. In this case, a completely newhid-
den heterostructure with unit cells of the SisATBY type in
the silicon lattice (dashed lines indicate the conditional
boundary of the heterostructures).

This is due to the fact that, firstly, during the formation
of electroneutral molecules AIBY, the electric potentials of
ions Al and BY almost completely shield each other, while
these atoms do not create any additional energy levels in
the band gap of silicon, i.e. “impurity” electrons do not ap-
pear in the conduction band or holes in the valence band.
This means that the level of defectiveness of the system is
significantly reduced. Secondly, the formation of new bi-
nary unit cells of Si2ATBV practically does not violate the
tetrahedral covalent bond in the silicon lattice. Therefore,
the formation of electrically neutral molecules between at-
oms of groups III and V stimulates the self-organization
and independent formation of binary unit cells in the silicon
lattice.
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Fig. 1 — Heterostructure with unit cells of the type Si2A!'BV in
the silicon lattice

According to [6-7], for the formation of such unit cells
it is necessary to fulfill a number of conditions:

1) The sum of the covalent atomic radius of atoms
of groups III and V should not differ significantly from
the sum of two covalent silicon atoms:

2) The sum of the valence electrons of these impu-
rity atoms must be equal to 8.

3) The electronegativity of atoms of groups III and
V should not differ significantly from the electronegativ-
ity of silicon atoms.

4)  Atoms of groups IIT and V in the silicon lattice
should be located close enough.

5) It is necessary to select the optimal conditions
for sequential diffusion doping, taking into account the
diffusion coefficients of atoms of groups III and V, so that
the concentration distribution of these impurity atoms
coincides as much as possible [8].

Our analysis and calculations taking into account the
physical and chemical, as well as diffusion parameters of
elements of group IIT and V in silicon, showed that the pairs
BP, AIP, GaP, BSb, GaSb, GaAs are most suitable [7-8]. As
the concentration of introduced impurity atoms of groups
IIT and V increases, the probability of the formation of var-
ious types of binary unit cells of Si2AT'BV in the silicon lat-
tice (Fig. 2) increases significantly.
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Fig. 2 — Heterostructure with unit cells of type ATBY in a silicon
lattice.

At higher concentrations of impurity atoms in the
crystal lattice, it becomes possible to form III-V semicon-
ductor compounds on the basis of such unit cells of local
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nanocrystals (Fig. 3). The solubility of impurity atoms of
groups III and V can reach 1020 — 102! cm -3, while the dis-
tance between atoms of groups III and V is 1 — 3 nm,
which ensures the formation of nanoclusters of AIBY
semiconductor compounds and various associations based
on Si2ABV unit cells in the crystal lattice silicon.

The size, structure, and concentration of the emerg-
ing nanocrystals of III-V semiconductor compounds are
mainly determined by the thermodynamic conditions of
doping. As the results of the study showed, for the for-
mation of unit cells and their associations, it is necessary
to conduct additional thermal annealing at lower tem-
peratures than the diffusion temperature after diffusion
doping [9-10].

Si

Fig. 3 — Heterostructure with Al'P+ (AIIBY) nanocrystals in a silicon lattice

The temperature and time of additional thermal an-
nealing depends on the electrophysical, chemical, and dif-
fusion parameters of impurity atoms of groups III and V. It
was established that, depending on the nature of the impu-
rity atoms of groups III and V, the temperature of addi-
tional thermal annealing is in the range from 650 to
1000 °C with an annealing time of 2 to 10 hours.

In contrast to the silicon crystal lattice, new Si2AIBY
unit cells are being formed that have an ion-covalent
bond; therefore, the necessary energy for the release of
electrons from these unit cells (i.e., the energy of the
band gap) will differ significantly from the energy of the
band gap of pure silicon. Depending on the structure and
composition of the unit cells, it can be more or less than
the energy of the band gap of silicon.

For nanocrystals formed in the silicon crystal lattice,
the energy of the band gap will be close to the corre-
sponding energy of the III — V semiconductor compound.
On the other hand, the various associations of binary
cells based on Si2AMBY and AIBY nanocrystals formed
in the silicon lattice act as quantum dots that change not
only the energy state of electrons, but can also create en-
ergy minibands [11].

At a sufficiently high doping level, each of the unit
cells, their associations, and nanocrystals will make a
significant contribution to the absorption of light in the
UV, visible, and IR spectral regions, i.e. an almost new
silicon-based semiconductor material with an expanded
spectral sensitivity region is obtained.

The formed local AIBY nanocrystals of various sizes
in the silicon lattice should have an energy band struc-
ture corresponding to III-V semiconductor compounds,
i.e. a local nanoscale site with a direct-gap structure ap-
pears. This means that a local region with high emissiv-
ity appears in the crystal lattice of silicon.
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Fig. 4 — The structure of the AIIBV — Si heterostructure in the
silicon lattice. a) enriched regions of nanocrystals and unit cells,
b) is the band diagram of the AlP — Si heterostructure

Thus, choosing the optimal pairs of atoms of ele-
ments of groups III and V, as well as determining the
optimal conditions for doping and the formation of bi-
nary unit cells with the participation of elements of
groups IIT and V, one can control the basic fundamental
parameters of silicon, i.e. Based on silicon, it is possible
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to create a new material with the necessary fundamen-
tal parameters, which can have unique electrophysical,
photoelectric, optical and magnetic properties and other
functionalities that not only silicon, but also the III-V
semiconductor compounds themselves do not have. This
means that such materials in the future can replace the
unique, but very expensive semiconductor compounds
ATIBY and even ATBVI,

Preliminary results of the study showed that doping
of silicon with impurity atoms of groups IIT and V under
optimal thermodynamic conditions forms a near-surface
region 5 — 6 um thick consisting of several separate re-
gions (Fig. 4) (this value can be changed by changing the
diffusion conditions). The first region 0.1 — 0.5 um thick
is enriched with AIBY nanocrystals, followed by the sec-
ond region 0.5 — 2 um thick enriched with associations
of AIIBV unit cells, then the third region is 2 — 5 um thick
enriched with SieAMBVY unit cells, followed by silicon
substrate (Fig. 4).

3. EXPERIMENTAL

For fabrication of silicon samples with AMBV com-
pounds using the low-temperature gradual diffusion [12],
we use single-crystalline silicon with p-type conduction
and resistivity of p = 0.5 Q cm. The doping temperature
was chosen at 1200 °C to obtain the maximum solubility
of phosphorus and aluminum introduced into silicon. Ini-
tially, silicon was doped with phosphorus for 8 hours, then
aluminum was diffused for 5 hours. The temperature of
additional thermal annealing was 800 °C with an anneal-
ing time of 4 hours. After the diffusion process, the sam-
ples were chemically treated in hydrofluoric acid (HF) to
remove aluminum and phosphorosilicate glass from the
front surface.

To practically confirm the formation of AIBY com-
pounds in the silicon crystal lattice by X-ray energy dis-
persive and X-ray diffraction analysis, in order to exceed
the sensitivity threshold of these methods, sequential dif-
fusion of phosphorus and aluminum into single-crystal
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silicon was carried out, which ensured the highest concen-
tration of the resulting AIBY compound.

4. RESULTS AND DISCUSSION

The elemental composition of the surface of Si (Al+P)
samples was studied using an EVO MA-10 scanning elec-
tron microscope with an X-ray microanalysis mode. The
results of X-ray energy dispersive microanalysis of the ob-
tained clusters are shown in Fig. 5 (spectrum 35 and spec-
trum 37). As can be seen from the obtained results, Al and
P have an equal percentage of about 2 %, which indicates
the formation of the AIP compound and corresponds to a
concentration of introduced elements of 102! c¢cm —3. It
should be noted that similar results were observed over
the entire surface of the samples, as well as the fact that
the AIP compound is rapidly destroyed in the air atmos-
phere and can be present in the stable state only in the
bulk of silicon.

Fig. 5 — Theresults of X ray energy dispersive microanalysis of the
obtained binary AlP clusters (spectrum 35 and spectrum 37)

Further, the obtained samples were subjected to X-ray
diffraction analysis. The results of X-ray diffraction anal-
ysis of Si (Al + P) are shown in Fig. 6. As can be seen from
the obtained results, the probability of coincidence for the
AlP crystal structure is more than 99 %, for AIPO4 and
AlSiPs3 structures less than 1 %.
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Fig. 6 — Results of X-ray diffraction analysis of the obtained binary AIP clusters
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5. CONCLUSIONS

As the results of the study showed, with an increase
in the concentration of introduced impurity atoms, mol-
ecules are associated with the formation of more com-
plex structures, which at the end form the nuclei of a
new phase of the semiconductor compound. In this case,
the formation of nanocrystals of semiconductor com-
pounds AIP and Si2AIP in the crystal lattice of silicon
creating burial heterostructures. We hope that the im-
provement of the technological processes of cluster for-
mation and the implementation of more detailed theo-
retical calculations will make it possible in the future to
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Hoge TexHosioriune pimeHHs 1Jid CTRBOPEHHA 0AaraTomapoBuX CHCTEM Ha OCHOBI KpeMHi0 3 Oi-
HapHUMU HAHOKJAacTtepamu ta ejxemenramu III Ta V rpyn
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Pospobiiero qudyysitiny TexHoJIoTII0 (hopMyBaHHSA GlHAPHHUX KJIACTEPIB B KpeMmii 3a yuacTtio esiemeHTiB 111
1V rpym. [Torasamo, 1110 nmissxoMm KOHTPOJTIO KoHIeHTparii elemenTiB aromis [111V rpynu moskua chopmyBatn
faraToIrapoBl reTeporepexoir Ha OCHOBI KPEMHI0 B IIOBEPXHEBIN 006J1aCTI KPEeMHII0 31 30arayeHuMu HaHOK-
pucramamvu AIIIBV, a morim 36arauyennmu pisHuME KOMOIHAIIAMA eeMeHTapHUX KoMmipor Si2AIIIBV (1 -5
MEM ToBIIMHOW). lle cTBOpioe mpakTWyHMI HOBMI MaTepiasl HA OCHOBL KPEMHIKO - Oe3IIepepBHY BapU30HHY
CTPYKTYPY 3aBISKY IUIABHOMY II€PEXO/Ty Bl 3a00pOHEHOI 30HH HAMBIPOBITHUKOBHUX croiyk 111 —V o 3abo-

POHEHOI 30HH KPEMHIIO.

Komouosi ciiosa: Hamisoposinauk, Binapsi kiaacrepu, Enemenrapsi kiaitnau, Camoopranisartis, Camoctpy-
krypa, Hasocrpyrrypa, Hamoxkpucran, Ceitimouyrimeicts, Komb6inanii, Bararocrynenesi doroenemenTn.
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