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Energy is a main factor and it stays at the center of economic, social and ecological tasks of modern de-
velopment. The article suggests directions for improving the quality of traditional as well as the develop-
ment of new semiconductor materials and different types of metallization. The use of epitaxial composi-
tions for the production of photoelectric converters promises particularly great prospects. The tendencies of
creation of the most complex electronic devices on the basis of multilayer epitaxial structures are clearly
shown. At the same time, very high requirements are imposed on the electrophysical properties and perfec-
tion of the structure of each layer; the problems of creating perfect and sharp p-n junctions and hetero-
boundaries on large areas of epitaxial compositions are posed.
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1. INTRODUCTION

Nowadays solar energy is one of the most promising
ways of eco-friendly source of electricity. The main task
of the solar energy use is to reduce its price to mini-
mum or even to zero. As we know, photovoltaic method
of conversing solar energy is of the greatest interest
among methods, which are used in non-traditional
energy. The technology of photoelectric converters (PC)
creation includes production of plates and source com-
ponents, contact systems and voltage removing nets for
them, distribution of received samples for separate
elements and others.

The main benefits of silicon PC are high steady effi-
ciency (productivity is about 20 %); technology of silicon
epitaxial layers does not require further quick thermal
burn; rather low cost of electricity which is generated
by them; opportunity for production on different silicon
plates; technology does not require the use of rate ele-
ments; the absence of toxic elements that is very im-
portant regarding to the problem of their recycling
which serves their term.

Nowadays, the rate of useful effect of silicon PC is
about 15-20 % (polycrystals-monocrystals). Existing
laboratory samples of monocrystalline centers show
25 % productivity and of polycrystalline centers —
20.5 %. Theoretical efficiency of silicon single-junction
elements is 33.7 %.

However, this has not yet been achieved, and the
main task, apart from increasing the efficiency of the
cells, is to improve the production technology of cheaper
photovoltaic modules. Such modules on thin films are
produced using the method of deposition of amorphous
hydrogenated silicon in a glow discharge plasma of the
hushed discharge and advanced postgrowth technologies.

It is known that photovoltaic modules consist of two
monolithic interconnected transitions in amorphous
and nanocrystalline silicon. The introduction of the
nanocrystalline transition, which has significant light
absorption in the near infrared region, allows to extend
the light absorption band and, in turn, increase the
efficiency of PC. Another advantage is the possibility of
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reducing the thickness of amorphous transition, unsta-
ble relative to intense light, which reduces the degrada-
tion of the module.

Today the company “Oerlikon Solar” offers the most
advanced technology for the production of photovoltaic
modules, which is confirmed by two international
awards, the awarded this technology (‘Thin Film Inno-
vation Award 2009”7, “Cell Award 2009”). Equipment
company, “Oerlikon Solar” is intended for the manufac-
ture of plates of 1.1x1.3 m? (module 1.43 m2). The choice
of this size allows to optimally combine high perfor-
mance hardware with convenience in transportation
and installation of the photoelectric module.

Separately, it should be noted the PC of “Sanyo”.
They are produced according to HIT (Heterojunction
wit Intrinsic Thin layer) with the use of several silicon
layers similarly to tandem multilayer cells. Efficiency
of such elements from monocrystalline C-Si and several
layers of nanocrystalline nec-Si is 23 % [1]. Nowadays it
is the highest efficiency of serial PC. There are three
basic types of non-organic film solar elements: silicon
films based on the amorphous silicon (a-Si), films based
on cadmium telluride (CdTe) and films based on sele-
nide midi-indium and helium (CulnGaSez, or CIGS).

Efficiency of modern thin-film solar batteries based
on the amorphous silicon is 10-11 % (produced by First
Solar Company), based on selenide midi-indium and
helium is 12-13 % (Japanese solar modules SOLAR
FRONTIER), efficiency of separate thin-film solar bat-
teries is higher. For example, the figures on laboratory
samples productivity of amorphous silicon elements are
12.2 % (Unites Solar Company), of CIGS elements are
20.5 %. So far, solar converters based on thin films of
amorphous silicon are leading in production volumes
among other thin-film technologies. The global market
for Si thin-film elements is about 80 %, and solar cells
based on cadmium telluride are about 18 % of market.
First of all it is connected with the price and availabil-
ity of raw material and with higher characteristic sta-
bility. We note that silicon, one of the most widespread
elements in the Earth’s crust, Indium (CIGS elements)
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and telluride (CdTe elements) are diffuse and obtained
in small quantities. Besides, cadmium (CdTe elements)
is toxic though the most producers of such solar panels
guarantee the full recycling of their product. Fraunho-
fer institute that learns solar energy systems, Soitec,
CEA-Leti and Berlin Helmoltz center announced that
they reached a new world record of converting solar
energy into electricity, they used a new structure of
solar elements with four layers as some other multi-
layer photo elements. This micro-scheme is used for
work with a hub, which concentrates sunlight by 297.3
times that is the area of the hub’s lens is about 300
times bigger than photo element area. Efficiency of
44.7 % refers to a wide range of solar radiation: from
ultraviolet to infrared. Four layers of the center take
away energy waves with the length 200-1800 nm.

These solar elements are used in photoelectric hub,
its technology, productivity for converting sun light into
electricity. With such connection between solar ele-
ments, the cells made of semiconductors III-V are put
over each other. Each layer absorbs the waves of differ-
ent length solar spectrum.

2. DESCRIPTION OF THE OBJECT AND
METHODS OF RESEARCH

In modern production of semiconductor supplies and
integrated circuits, silicon one-layer epitaxial struc-
tures (SOES) and silicon structures with dielectric
isolation (SSDI) are widely used. The actual task is a
careful examination of the defects on different techno-
logical stages of PC production.

The goal is to learn the defects of SOES and to de-
velop a system that has a higher resistance to electro-
migration and at the same time prevents silicon erosion
in contact boxes.

The analysis shows that the most substantial source
of defect sib epitaxial structures is voltage that appears
in them during crystallization of further cooling from
production temperature. The main reasons of voltage
appearance are the following: the difference between
lattice periods of materials that are accompanied by
Aa, which leads to the voltage inconsistencyo,, the
difference AA between the indices of thermal expansion
of materials or unequal temperature distribution along
the thickness and surface of increased layer, that is a
source of thermal voltage in epitaxial composition; the
presence of the composition gradient according to
thickness of epitaxial layer; increased concentration of
structure defects on the interfaces.

In very thin films, the powers of surface tension on ex-
tra voltage source, according to the notice of surface ener-
gy, can lead to the clenching or stretching of increased
layer. The resulting stress, depending on their magnitude,
the plasticity of the material of the epitaxial structure, the
thickness of the growing layers, and the thermal condi-
tions of the treatment, may partially change with the
formation of dislocations. Residual stress causes elastic
deformation of epitaxial structures.

Inconsistency voltage is determined with incon-
sistency of lattice period f [1]:

J. NANO- ELECTRON. PHYS. 11, 05019 (2019)

fzi? (1)

where E is the elasticity unit,v is the Poison index,
Aa = a,—a, is the difference between periods of lattice

plate and a layer, that they increase, & is the average
value of material lattice period.

The index of voltage disparity depending on indexes
Aa differs within wide limits. The minimum is in a
homoepitaxy where disparity index of lattice periods is
not more than f<(2+4)-10* . Within heteroepitaxy, f

can represent units of percent, and relevant voltage
disparity counted in flexible approach can even exceed
the material.

As the voltage disparity appears in the process of
epitaxial layer increase under crystallization tempera-
ture, it means the maximum temperature in the sys-
tem; there is a good chance of their relaxation in the
very sludge progress causing disparity dislocations and
other defects.

It 1s established that the thermal stresses in the ep-
itaxial structures can be caused both by the difference
in the coefficients of thermal expansion of the materials
and by the uneven distribution of temperature within
the layer. In the first case, the thermal stress due to
the difference in the coefficients of thermal expansion
of the substrate and the layer of build-up occurs in the
process of heat treatment of the epitaxial structure.
Their value and sing are determined by the difference
between changes of lattice plate periods and the film
under increasing temperatures and are calculated:

oy = E J : @

R

) 7,

P

where 4,4 are the lattice plate and epitaxial layer
periods under increasing temperature; Af’,/llT“ are the

same periods under measuring temperature; Zp,}fl are

average indexes of lattice plate and layer periods with-
in the temperature range that is analyzed.

The second equation was voltage on the interface if
there is no plastic deformation relationship with the
famous term for thermal voltage calculation:

o, = iA/IAT , 3)

AT
1-v

where A1 is the difference between temperature index-
es of the plate (which increases) and epitaxial layer in
the analyzed temperature period.

Thus, o,, depending on their magnitude, as well
as the mechanical properties of the material and grow-
ing conditions, can lead to elastic, plastic deformation
or mechanical failure. It should also be noted that,
depending on the difference between Aa and AA, the
substrate and the voltage layer can both consist of g,
and compensate it. Because of the little index of AA
(~10-8K-1), g,, is usually less than o, ,, and the main
reason of dislocations appearing is the difference be-
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tween lattices periods.

For the investigation, dislocation-tree silicon plates
are widely used as linings in production of silicon epi-
taxial compositions. It is determined that in the process
of epitaxy besides thermal voltage, voltages from this
action are much stronger with epitaxial layer increase
300-500 pm long. In conditions of quite long (0.2-
3.0 hours) process of appearing voltage and high tem-
peratures (1400-1500 K), defect formation in the in-
creasing film and in the composition lining takes place;
structure deficiencies of the primary lining have a great
impact on their development [2].

3. DESCRIPTION AND ANALYSIS OF THE
RESULTS

Investigations took place on the linings for SOES
made of dislocation-tree monocrystalline silicon, alloyed
with the antimony for the resistance 10-* Ohm cm;
and linings of the silicon epitaxial structures are made
of non-alloyed dislocations with the monocrystals of
hole conductivity with the resistance 60-100 Ohm-m.
The linings completed standard cycle of mechanical
treatment that includes monocrystal’s cutting using a
skive with inner cutting edge on the plates 380 pm long
with 28, 40 or 60 mm diameter and 500 um long with
76 mm diameter, polishing with diamond compounds
and chemo-mechanical polishing with suspension based
on aluminosilicate. Growth of epitaxial layers was con-
ducted on setting of vertical type with a quartz reactor.
Epitaxial layers were settled from gas composition of
oxygen with trichlorosilane or dichlorosilane. For the
alloying of a settled layer in the steam-gas composition,
phosphine was imposed. For the trichlorosilane, the
temperature of linings was 1490 K and the growth rate
was 0.03 pum-s—1, and for the dichlorosilane — 1390 K
and 0.025 pm s~ 1.

The structural defects in the plates and ready com-
positions are found with the help of chrome etcher and
were explored by the metallographic methods including
biradial micro interferometry.

The use of interferometry method allowed to update
and clarify the information about the morphology of
increasing layers and the characteristic structural de-
fects that are found with the help of selective etching,
the major part of it was found with the help of metallo-
graphic microscope. Microinterferometer “MWM-4", used
while analyzing, allows making a visual value of the
sample micro relief, to distinguish accurately hollows
from projections and to measure their depth and height.

The analysis showed that mechanical treatment
method provided the achievement of quite high quality
surface. Except for periphery of the plate with the
0.5 mm width, which do, is not included in the plate
area, on its other area there are not any micro roughness
within the borders of separate capacity of micro interfer-
ometry method (0.03 um). There are no spaces with re-
sidual deformation of crystal lattice within the borders of
chrome etcher sensitivity. However, the edges of plates
have macro and micro cracks, micro scratches up to
100 um depth and areas with residual deformations of
the lattice.

The comparing analysis of the deficiencies, which
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measures the plate edges after each period of treatment,
allowed the authors to establish the concrete types of
defects formed under operations of technological process.
It is proved that chips are formed during the monocrys-
talline cutting for plates; while removing the broken
layer on further stages of mechanical treatment, the
quantity of chips, their area and depth decrease. Micro
cracks appear on the stage of mechanical polishing.
Chemo-mechanical polishing does not prove make any
new mechanical defects on the plate edges and area. The
influence of thickness and diameter of the plate and the
presence of alloying impurity in initial monocrystal in
the period of analyzed indexes of corresponding parame-
ters on the deficiency character and measure in the
plates is not found.

Then, the behavior of found defects of mechanical
treatment under plate’s effect of high temperatures was
analyzed. The plates of dislocation high-resistivity
silicon with 60 mm diameter and 300, 500 and 1000 pm
think were given into fallout of oxygen in the atmos-
phere under 1450 K temperature during 10 min.

Thanks to the selective etching, the dislocations in
the offshore area of plates were burnt. Authors deter-
mined that the active sources of dislocations generation
were microchips on the edges of plates but micro
scratches and areas with residual deformations of the
lattice were extra sources of their generation on the
edges of plates. The combination or generation process
of dislocation by macro and microchips, micro scratches
and areas with deformation bars is responsible for the
appearance of the offshore circle of silicon plates 1-3 mm
thick with high dislocation, density under (~ 102 cm-2)
different high temperature technological operations.

Micro cracks on the edge of plates caused the for-
mation of gliding lines spread along the crystallograph-
ic directions at the distance up to 1 mm.

In epitaxy, the length of gliding lines that have ap-
peared from micro cracks reaches 5, 15 mm; in some
cases micro cracks initiate stage shift formation, that
penetrates the whole thickness of the plate and epitax-
ial layer and have 0.7 diameter thick. The authors
made many experimental investigations for the value of
the impact of modes and improved technology on dislo-
cation structure of semiconductor structures. These
investigations were hold with the help of a microscope
“MIK 4¥” in reflected light increasing in the range from
600 to 1200 times (Fig. 1).

During experimental investigations, it was defined
that only micro cracks influenced on the structural
perfection of the working area of ready silicon composi-
tions, and to remove such defects it was necessary to
correct this operation.

For this purpose, the authors analyzed the quality of
polishing on CDP-100 machines, using a separator, and
on M-201 machines.

In another case, the plates were glued on the face-
plate and in comparison with the first one, there was
no tension on the edges while polishing.

It is determined that polishing with a free work-
space on M-201 machines does not lead to the for-
mation of micro cracks and areas with residual defor-
mations of crystal lattice.
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Fig. 1 — Dislocation structure of the sample on the working area
of the plate (a), where defects of mechanical treatment were
absent; the dislocation formation during burning was shown
only in the plates that had microdefects of A-type (b); having
micro defects of another types, the working area of the plates
was free from dislocations (c)

Use of the linings treated according to the above-
mentioned technology doing the operations of mechani-
cal polishing on M-201 machines, allowed removing
gliding lines and stage shift under epitaxial increasing
not only of one layer silicon structures (time of deposition
is about 15 min), but also of wrapped silicon structures
(2, 3 hours). The efficiency of M-201 machine is much
lower than CDP-100; that is why they can recommend
the first one only in the cases, when demands to struc-
tural perfection of epitaxial compositions are present.
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The raising of temperature causes a great impact of
defect formation in epitaxial structures on electrical
characteristics and parameters of photoelectrical con-
verters and on the quality of their contact systems that
must have high electro safety in exploitation. The au-
thors have proposed the optimal mode of contact systems
production, of contact resistance and stability of Al, Al-
Cu and Al-Cu-Si contacts.

The investigations were done on special test struc-
tures of 3.8x6.35 um?2 size. The plates were 76 mm di-
ameter and 500 um thick; Al, Al-Cu (2 %) and AL-Cu
(2%)-Si (1 %) metallization, 0.8 um thick with applied
on the relevant sets of plates.

Directly before deposition, the plates were polished
in HF solution (concentrate) for 30 s, after etching they
were washed in hot, then in cold distilled water,
washed in alcohol and dried in thermostat.

After that, plates were placed in the working cham-
ber of magnetron sputtering device. The interval be-
tween treatment operations of the linings and their
downloading into the working chamber was 30 min.

After formation of given metallization topology, the
plates were burnt in nitrogen under 450 °C temperature
during 15 min, and a protective SiOz layer of 0.9 um
thick was applied. Then oxide was removed and divided
into separate crystals. The test crystals installation into
the body was made using Au-Ge alloy [3].

At the finish stage, diversion was welded to diver-
sion areas with ultrasonic method and resealed a test
module with the glass under 450°C-500 °C. The average
index of contact resistance obtained from 20 measure-
ments for every metallization type is given in Table 1.

Table 1 — The average index of contact resistance for different
metallization types

. Contact resistance,
Metallization type Ohm
Al 2.80+0.1
Al-Cu 6.45 + 2.08
Al-Cu-Si 4.82 £ 1.60

The further development of PC on the basic epitaxial
composition is connected with improvement of produc-
tion technology and stabilization of their parameters.
The main task of producers nowadays is to increase the
PC efficiency, to improve the production technology and
to reduce the price of materials.

4. CONCLUSIONS

The optimal mode of contact systems production for
PC on silicon epitaxial structures was proposed, and the
analysis of contact resistance and stability of Al, Al-Cu
and AL-Cu-Si contacts that had higher persistence to
electro migration and at the same time removed silicon
erosion in the contact windows was hold. It is proven,
that temperature significantly affects the defect for-
mation in epitaxial structures on electrical characteris-
tics and parameters of PC, as well as on the quality of
contact systems, which should have a high thermal con-
ductivity, mechanical strength and reliability in opera-
tion. Defined voltage mismatch occurs directly in the
process of building epitaxial layer at a temperature of
crystallization, i.e. at maximum temperature in the
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system, so there is a large probability of their relaxation
in the process deposition with formation of dislocations
not matching and other defects. Found that the thermal
stress in epitaxial structures is able to cause the differ-
ence between the coefficients of thermal expansion of
materials, which are combined, and uneven distribution
of temperatures within the extended layer.

Thus, the voltage mismatch can depend on their
size, as well as the mechanical properties of the materi-
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Enepria e ximouoBuM (paxTopoM, a TAKOMK 3HAXOIUTHCA Y IIEHTPl eKOHOMIYHUX, COIIIAJIbHUX TA €KOJIOTI-
YHUX 3aBIAHb Cy4acHOTO PO3BUTKY. ¥ CTATTI 3aIIPOIIOHOBAHO HAIPSIMU IIOJIIIIIEHHS SKOCTI TPAJUIINHUX, a
TAKOK OCBOECHHSI HOBHMX HAIIBIIPOBIHUKOBUX MarepiaiiB i pisHux tumis Merasisaiii. OcobimnBo Besmki mmep-
CIEKTHBHU 00il[se 3aCTOCYBAHHS EIITAKCIHHUX KOMIIOSUIN [[JIsI BUTOTOBJIEHHS (DOTOEJIEKTPUYHUX IIePETBO-
proBauiB. YiTKO IPOSIBIISIOTHCS TEHIEHIN] CTBOPEHHS HANCKJIAJHININX eJIeKTPOHHUX IIPHUCTPOIB HA OCHOBL
baraToIapoBuUX emTaKkCiiHuX CTpyKTyp. [Ipy mpomy dopmyoTses mgyske BHCOKI BUMOTH J0 €JIeKTPOdi3md-
HUX BJIACTHBOCTEH 1 JOCKOHAJIOCTI CTPYKTYPH KOKHOIO IIApy, CTABJISITHCS 3aBIAaHHS CTBOPEHHS SKICHHX Ta
PI3KHX p-N II€PEXOiB 1 reTepOMesk Ha BEJIMKUX IIIOMIAX eIMITAKCITHNX KOMITO3UIIIH.
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