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Abstract. In this work, features of solar cells of lateral type were analyzed. The authors
offered a design of a monolithic compact solar module with cells electrically connected
in series and with a dispersion element (holographic grating). Simulation of a multistage
converter was carried out. It has been shown that with increasing the number of cells n
the maximum limited efficiency m increases. Its maximum values up to n~= 53.6% are
reached for n =15 (in the case of perfectly matched semiconductors and conditions
AMO). With further increase of n, the efficiency decreases. For a set of concrete
semiconductors 1 =~ 45% the maximum efficiency for AMO conditions may be achieved,
when the number of cells equals 4. It has been shown that the calculation results agree
with experimental data. The possibility of technical implementation of solar cells with
using inkjet printers was investigated, too. Briefly discussed have been the properties of

these printers, as well as metal, semiconductor and dielectric inks.
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1. Introduction

Currently, there is an intensive search for ways to
improve the efficiency n of converting solar energy into
electricity to achieve the limit efficiency m, and
technical realization of solar cells with efficiency close
to m,. Various approximations were used to estimate 1,
[1-3]. In the Carnot approach, the entropy, dissipation of
entropy and entropy generation free from work are taken
into account, and the efficiency reaches the value n,,
95%. At the same time, losses caused by reradiation are
not taken into account. This process is accounted in the
Landsberg approach, and the values m, = 93.3% are
obtained. These estimates are made being based on the
first and second laws of thermodynamics and
substantially inflated. To find a more realistic
assessment of n,,, Shockley and Quaisser used the model
detailed balance between absorption and emission [4].
This model takes into account the following features.
1) Semiconductor absorbs light quanta with the energy
hv, exceeding the band gap E,. 2) The excess energy of
hot electrons is consumed for heating the semiconductor.

3) Generated charge carriers can recombine before field
of the p — n junction separates them. 4) Some carriers are
lost during their separation in this field. Under these
limitations for silicon solar cells n =30% was get [4].
Calculations that made by Henry gave n=31% for

structures with an optimum band gap [5]. The maximum
efficiency of manufactured silicon cells and modules is
respectively equal to 25 and 22.9% [6].

Something closer to the maximum value of the
thermodynamic efficiency mn,, =93.3% can be achieved
by concentration of light onto the entrance surface of the
solar cell and formation of semiconductor structures
with multiple p — n junctions. We must remember that
the concentration of light leads to an increase in the
temperature of a p — n junction, which is accompanied
by decreasing the efficiency of solar cells [7, 8]. So,
when the temperature of Si and GaAs cells is increased
by 1°C, their power decreases approximately by 0.45
and 0.21% [9]. Increasing the efficiency of solar
modules can be realized using the cascade structures
with multiple p —n junctions (Fig. 1) [10, 11]. Thus,
when using the detailed balance model to calculate the
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efficiency of each p — n junction structure with multiple
p — n junctions, the efficiency value can be achieved as
N, =63% (Fig. 1) for the structure with 9 p—n
junctions. For a structure with an infinite number of
p —n junctions 1, = 68.2% [3].

The structure with multiple p —#n junctions can be

realized either staked multijunction solar cells with each
junction by using the corresponding part of the solar
spectrum (vertical structure), or the arrangement of
several cells laterally (lateral structure). In vertical
structures, several semiconductors with different band
gaps are deposited layer-by-layer. In each
semiconductor, the perspective p—n junction is

formed. Used at the bottom is semiconductor with the
smallest forbidden gap, and at the top — with the largest
one. Each semiconductor layer absorbs only a part of the
sunlight spectrum, generating a certain amount of
electricity. p—n junctions are connected either by

electrical conductors (mechanical structure) or by tunnel
junctions  (monolithic  structure). In the best
experimentally realized structures with three junctions,
the achieved value is n=42.3% at 406 suns of the light
intensity [6].

However, the vertical structure with a large number
of p—n junctions is very difficult for manufacturing

because of the need for careful matching the lattice
parameters of semiconductors. The number of
semiconductors with closed lattice parameters is limited.
In addition, technology of manufacturing these
structures is difficult and requires to use high vacuum
and high temperatures. In mechanically stacked
structures, there are significant difficulties with
connecting many p — n junctions electrically.
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Fig. 1. Theoretical efficiency as a function of the number of
p—n junctions under AM1.5G conditions. Calculations are
carried out for four intensity sunlight conditions (1x = AMI,
5G; 10x = 10AM1.5G; 20x = 20AM1.5G; 50x = 50AM1.5G,
G indicates that the intensity of light corresponds to the ground
level). The numbers near the lower curve correspond to the
values of efficiency for the given number of p—» junctions
(taken from [11]).
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Fig. 2. Schematic design of a solar module with a lateral
dispersion element operating on the transmission.

Potentially more attractive is the idea to
manufacture solar modules of the lateral type (Fig. 2). In
this case, the solar spectrum is proposed to split into
several bands using dichroic elements (holographic
gratings, dichroic mirrors, prisms) [10-14]. Light from
each spectral interval is sent to the respective cell. This
structure allows to minimize losses of the sunlight
energy and to optimize solar cells for each spectral
interval. In the experimental verification of performance
of such structures (module with 5 cells and illumination
of 20 suns), the obtained maximum efficiency is
n=42.9% [12].

In recent years, such printer technologies as screen
printing, flexography (printing with stamps), engraving
printing, offset lithography and inkjet printing are used
to manufacture these solar modules and elements,
including modules of the lateral type. From all these
technologies, only inkjet printing allows one to create
three-dimensional (3D) structures [15]. Inkjet printers
are used for manufacturing the microelectronic elements:
conductive tracks and coplanar waveguides [16],
microelectromechanical systems, inductance coils,
electrostatic motors [17] light-emitting diodes [18]. In
the manufacture of solar cells, inkjet printers are used for
forming metal contacts and interconnections of
conductive tracks [19, 20].

In this work, we have carried out a research of the
possibility to manufacture a lateral solar module using
inkjet printer technology. The paper consists of two
parts. The first one is a review of the current state of
solar photoenergetics. It contains material relating to
existing calculations for the limited efficiency of
multijunction solar cells. Besides, we consider the
factors and conditions for the possibility to manufacture
the module type by using lateral inkjet printer
technology. We briefly review the module architecture
of the lateral type; properties of dispersive elements
(interference filters, diffraction gratings) holographic
focusing lenses, inkjet printers, ink, suitable for the
formation of the elements of solar cells. The structure of
the possible lateral module is proposed.

In the second part of the paper, we research more
realistic approach, as compared to the existing ones, to
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estimate the limited efficiency of multiple p-—n

junction solar cells. With computer simulation included,
considered are such important effects as the cooling
effect of multiple p—n junction solar cells and the

effect of shifting the energy range of solar radiation into
the region of the absorption edge. Both of them are
inhanced with increasing the number of cells. If the
former effect leads to an increase of the photo-EMF and
efficiency of phototransformation, the latter leads to a
decrease in the photocurrent and efficiency of
phototransformation. It is shown that, as a result of their
joint action, the maximum attainable efficiency of
phototransformation for p—n junction solar cells has

its peak with an increase in the number of cells.

We must point out that outside of this paper there
remain technological aspects of the synthesis of
nanoparticles with nanometer sizes, manufacturing inks
with their cost analysis and application life, analysis of
the possibility of manufacturing thick diffraction
gratings with efficiency close to 100% within the
spectral range 400-1700 nm. We did not examine the
characteristics of light concentrators. Outside this paper,
there remain cost analysis for modules, panels, technical
realization of tracking systems, methods of
nondestructive testing the properties of cells at all stages
of their production, from the deposition control of layer
homogeneity, their annealing and finishing their
encapsulating for protection from ambient factors.

2. Lateral solar modules

Any solar module consists of a set of electrically
connected cells. Transformation of the sunlight energy
into the electrical one takes place in the cells. In the
lateral panel, each cell converts into electricity a narrow
spectral interval of sunlight. To increase the intensity of
light falling onto cells, concentrators are used. Below,
we will study the properties of each module element and
possible technology to manufacture it.

The design of a lateral solar module is
schematically shown in Fig.2. According to the
principle of lateral solar module operation, sunlight falls
on the dispersive element. It splits light into a spectrum.
Different spectral bands are sent to a set of focusing
lenses that focus the light onto the surface of solar cells.
This means that every cell gets a given spectral interval
of incident light. This allows to optimize each cell in
order to achieve maximum efficiency of converting solar
energy into electrical energy. Below, we will consider
the properties of each element of the module and its
manufacturing technology features.

2.1. Dispersion element

The main function of the dispersive element is splitting
the sunlight into such minimum number of bands, which
is sufficient to obtain the maximum efficiency of solar
energy conversion into electricity. There are two variants

of forming the bands. In the first case, the spectrum
divider creates bands of large extension. Sunlight on
each band is sent on mechanically folded stack of p—n

junctions or monolithic cells. In a second case, sunlight
splitting into spectrum by diffraction grating (usually
holographic grating). Spectral bands selected by
holographic lenses. The size of the lens determines the
width of the spectral interval sent to one or another cell.

2.2. Interference filters

The splitting of the solar spectrum into two or more
spectral intervals can be achieved using multilayer
dielectric mirrors or filters. Multilayer dielectric layers
are deposited onto a thin glass plate. This plate is
installed at the angle 45° to the direction of propagating
sunlight (Fig. 3a) [21]. The violet part of the spectrum is
reflected from the plate and sent to the input surface of
the first solar cell. The rest wavelengths passes through
plate and fall onto the second solar cell. Each of these
cells can be mechanically stacked or monolithic. These
cells are optimized for maximum efficiency of
converting the solar energy into electricity. Technical
realization of solar module with dielectric mirror and
two cells is shown in Fig.3a [21]. Ultraviolet
wavelengths (A <400 nm) reflected by the mirror on
AlGaAs cell and infrared wavelengths (A >780 nm) pass
through the plate and fall onto the polycrystalline silicon
cell. The resulting efficiency reached by this solar
converter is 19.3% [21]. In the case of separation of the
solar spectrum into two parts and using GalnP/GaAs and
InGaAsP/InGaAs cells, the total efficiency of individual
cells and of the whole system equals, respectively, 31.8
and 29.2% [22].

a

Fig. 3. Schematic representation of the principle of separation
of the solar spectrum band using one interference filter and two
cells (a), two interference filters and three cells (b) (taken
from [22]).
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Fig. 4. Reflection spectrum of the interference filter (taken
from [21]).

To increase the maximum efficiency, they use
separation of the solar spectrum into several intervals. In
particular, the use of two interference filters (Fig. 3b)
allows to separate the solar spectrum into three intervals:
380-850, 850-1100, and 1100 —1800nm [14]. Light

from the first interval falls onto Si cell with one p—n
junction, the second — onto GaSb cell with one p—n

junction, the third — onto the cell Gag s;Ing49P/GaAs with
two p—n junctions. The total efficiency of this lateral

modulus is higher than 34% [14].

Using interference filters for the splitting of the
spectrum, one obtains the following advantages. 1) The
possibility of formation of spectral bands of step type
(see Fig. 4). 2) Small losses of light (<2%) in reflection
from the filter in the 45° geometry. The transmission
filters exceed 90-95%. 3) The possibility to separate
narrow (<30 nm) bands at the filter output.

The disadvantages of the splitter are as follows.
1) The availability of polarization dependence of light
that passes through the filter [23]. 2) Necessity using
vacuum technology for the manufacture of filters.
3) Necessity to deposit a large number of dielectric
layers. For example, for the formation of the step-like
spectral characteristics within the region 380-850 nm,
depositing of 200 layers of TiO, and SiO, [14] is
necessary. 4) The cost of interference filters is high.
5) The size of the operation surface in interference filters
is limited.

2.3. Diffraction gratings

In the lateral type modules for the splitting of light into a
spectrum, one can use diffraction (better holographic)
gratings that operate as transmission or reflection
elements (Fig. 5 [24]). For splitting light, in 1991 it was
proposed to use a volume phase grating [25]). Such
grating (with the thickness up to several tens of
micrometers) is formed in a layer of transparent material
(mainly in layer dichromatic gelatin). The gelatin film
with the grating is placed between two plates of pure
glass, silica or dielectric. In a narrow spectral band, the
efficiency of volume gratings achieves 90-95%. In a

broader spectral range, the efficiency value (Fig. 6 [26])
is much lower and lies within the range between 40 to
70% [26, 27]). Manufacturing the volume grating is also
known ([27, 28]). The main advantages of the volume
grating are as follows: weak dependence of the
efficiency on light polarization (Fig. 6), the possibility to
manufacture gratings of large size up to 0.5 m’,
sandwich structure of the volume grating provides
protection from influence of the external environment
and simplifies cleaning the surface grating structure. The
main disadvantage of the volume grating is complicated
manufacturing technology.

The main feature of the reflection grating is the
strong dependence of the efficiency on light polarization
(Fig. 7 [29]). The spectral region for reflection gratings
with double blaze angle extends from 400 to 2500 nm
(Fig. 8 [30]). Such a grating can get full sunlight.
Features of gratings for reflection can be found in the
works ([31, 32]). The main advantage of reflection
grating is as follows: it possesses a greater width of the
spectral region for the splitting of sun light. This grating
is easy to replicate by stamping techniques with using a
master grating. The disadvantage is a relatively low
diffraction efficiency, which is dependent on light
polarization.
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Fig. 5. Demonstration of the principle of diffraction grating
operation on the reflection (left) and transmission (right) (taken
from [24]).

~]
(=]

Wl

538

(=1

— e
c o o

Diffraction cfficiency [%]

1 I 1 Il

550 650 750
Wavelength [%0]

1
T

450 850 950

Fig. 6. Polarization dependence of the phase volume

holographic gratings. The light polarization: [ parallel, L
perpendicular (taken from [29]).

© 2013, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

4



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2013. V. 16, N 1. P. 1-17.

100-
90
80
70
60+ 1
50
40
30
204 3
10-

0
200

Absolute efficiency, %

600 800 1000 1200 1400 1600

Wavelength, nm

400

Fig. 7. Polarization dependence relief of the reflection grating
operating in the reflection mode. Light polarization: 1 —
perpendicular, 2 — unpolarized, and 3 - parallel light (taken
from [29]).
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Fig. 8. The relative efficiency of the reflection grating with the
double blaze angle. Within the range 400 to 1000 nm, the
spectral efficiency was measured in the second order, within
the 1000-2500 nm range — in the first order (taken from [30]).

2.4. Lenses

The main function of lens is to focus certain parts of the
solar spectrum on the input surface of the corresponding
solar cells. In this case, an increased efficiency of solar
cells is achieved and light losses caused by the necessity
to lay power cables that connect cells in module and
modules in the panel are decreased. Both holographic
and refractive lenses can be fabricated by hot stamping
of polymers (acrylic, silicone) or by cylindrical rolling
[33] and by forming lenses by using inkjet printer [34].
The typical spectral efficiency of a lens array made from
polymethylmethacrylate shown in Fig. 9 [35]. Within the
range 400-800 nm, the optical efficiency exceeds 80%.
Lenses form an ensemble that provides operation of the
lateral solar converters.
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Fig. 9. Spectral dependence of the optical efficiency of the
polymethylmethacrylate lens system (taken from [35]).

3. Solar cells

The main function of the solar cells is to convert solar
energy from the given spectral interval into electrical
energy with the highest possible efficiency. This occurs
in p — n or anisotype heterojunction. The efficiency of
light energy conversion into electricity in cells with a
p—n junction is slightly higher compared to the cells

with p—i—n junction [36]. One must choose the

construction and materials for solar cells in agreement

with the following considerations.

1) If semiconductor material can be doped by donor
and acceptor impurities, one can form the p—n

junction. If semiconductor have only electron or
hole conductivity, one can form the anisotype
heterojunction.

In most cases, holographic gratings concentrate
light into the first order within the range 0.4 to
1 um. This determines the choice of materials for
forming solar cells. One can use diffraction
gratings with two blaze angle to produce electricity
from the energy of the whole solar spectrum.

A typical solar cell consists of several layers of
different materials. In the simplest case, on the
substrate one deposits consistently the layer of metal,
semiconductor with a p — n junction, a transparent
conductive electrode and antireflection layer.

When manufacturing cells should give preference
to non-vacuum, low-temperature technology
deposition layers. But only inkjet technology
allows to create a three-dimensional structure (3D
technology) [15].

We must select the following milestones jet
technology of solar cells. 1) Determination of the optimal
number of cells to obtain maximum efficiency of solar
module. 2) Development of ink to print p and » layers, the
metal contacts, insulative and protective films.
3) Development of technology for deposition and annealing
the ink used to form these elements. 4) Selection of an
inkjet printer that can deposit these layers of materials.

2)

3)

4)
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3.1. Materials to form the solar cell

In experimentally realized lateral converters of solar
energy into electricity, solar cells fabricated using
chemical vapor deposition (CVD) or metal-organic
chemical vapor deposition (MOCVD) technologies are
mainly used. The most promising technology is inkjet
printer technology. Its use is based on the dependence of
the melting temperature of the material on its size. Its
existence follows from the thermodynamic model for
clusters [37]. Solid body begins to melt when the
amplitude of thermal vibrations of atoms exceeds the
minimum distance between them. With decreasing the
particle size, interaction of surface atoms with the bulk
atoms decreases. As a result of increasing the amplitude
of thermal fluctuations, the melting temperature of the
particles decreases. Theories that describe the influence
of particle size on their melting point differ from one
another only due to assumptions about the mechanism
responsible for weakening interaction of surface atoms
with the bulk [38-40]. In particular, the typical
dependence of the melting temperature of gold
nanoparticles on size is shown in Fig. 10 [41]. In
particular, such changes were observed by changing the
particle size of silver [42], aluminum [43], platinum and
palladium [44], tin [45], ZnO [40], CdS [46] and in a
number of other materials. Analysis of these changes
suggests that the melting point of the particles can be
less than 300-400 °C, when the size of nanoparticles is
smaller than 3-5 nm.

In the case of lateral solar modules, semiconductor
nanoparticles of a mixed type (for example Zn,Pb,_,S)

and one-component (Ge, Si) or two-component (for
example semiconductors A’B® or A’B’ type) can be
synthesized. In the first case, the simplified separation of
the spectrum into bands of desired width. However, in
this case, you need to solve the problem to synthesize
nanoparticles of nanometer size with a desired
composition. In the second case, for the synthesis of
However, in the case of single-component or two-
component structures, the length of the spectral bands is
rigidly defined.
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Fig. 10. Relationship between the particle size and melting
point for gold nanoparticles (taken from [38]).
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3.2. Ink for solar cells

If liquid contains nanoparticles of metal, insulator,
semiconductor, it could be designated ink. Droplets of
small size (diameter from a few to several tens of
micrometers) are deposited onto appropriate substrates,
to form the desired pattern structure. After evaporation
of liquid, they obtained a pattern of metal,
semiconductor or dielectric structure. Parameters of the
material structure, close to the parameters of the bulk
material, we get after annealing of the structure. The
required resistance of the deposited metal and
semiconductor layers is achieved through the consiquent
the deposition of several layers on each other [47].

It should be noted that only after annealing
semiconductor ink semiconductor have properties of solid
material. In the case of silicon, to manufacture highly
efficient solar cells silicon must have a long lifetime of
charge carriers. Obviously, inkjet printer technology
inexpediently to use for getting this material. In direct-gap
semiconductors, particularly group A’B’, carrier lifetime
is many orders of magnitude smaller than in silicon.

At a sufficiently high doping level, required to get a
large photo-EMF value, radiative recombination must
dominate in direct-gap semiconductors. In particular, in
GaAs the carrier lifetime due to radiative recombination

equals 5-10%s for the doping level 107ecm™ and

5.-10s for the doping level 10'®cm™. These values

are comparable with the lifetime for Shockley-Read

recombination through the deep impurities. Taking into
account the values of the lifetime and high values of
light absorption coefficients in direct-gap
semiconductors, inkjet technology can be used for
manufacturing the solar cells made from these materials.

To provide the necessary properties of solar cells,
the composition of ink must satisfy the following several
rigorous requirements.

1. The size of metal or semiconductor nanoparticles
should not exceed 3...5nm. It is necessary to
implement the annealing temperature of
nanoparticles below the temperature of softening
the plastic substrates and organic or inorganic
insulating materials.

2. A liquid with nanoparticles should be solution with
a maximum content of nanoparticles. You must
provide an environment in which there is no
deposition of nanoparticles on the bottom of the
reservoir, i.e. to ensure homogeneity of the
suspension.

3. The ink have additive compound to ensure isolation of
nanoparticles and thus prevent their coagulation. It is
desirable that these admixtures opposed oxidation of
nanoparticles, which are not oxides. There are two
types to stabilize the nanoparticles, namely:
electrostatic and steric. According to classical
colloidal science, formed around a charged particle is
the double layer of electrically charged ions (Fig. 11),
which prevents approach of nanoparticles and their
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coagulation [48]. Steric stabilization is provided by
adsorption of polymer chains on the surface of
nanoparticles (Fig. 11). When nanoparticles are
approaching to each other, polymeric shells begin to
interact and do not allow for nanoparticles to
coagulate. To stabilize the nanoparticles that are in
non-polar solvents, long alkyl chains (like trioles,
amines or carboxylic acids) with polar head are used
as anticoagulants [49].

4. Dispersant, i.e. additives, that reduce the viscosity
of the ink, is introduced into ink composition.
These can prevent nozzle clogging in the printer.

5. Adhesion activators, i.e. additives that promote
formation of a strong bond of the coating with
medium, to which the ink is applied, are introduced
into ink. These prevent spreading the lines of
picture structure and implement the ability to create
three-dimensional structures.

6.  Special additives in the ink composition promote
connections between nanoparticles during the ink
annealing.

7. Components of ink should be compatible to ensure
their viability for a long time.

8. The ink should dry quickly, but not clog the nozzle
and allow to clean it easy. To ensure a better
quality of solar cells, the ink is overlay on the hot
substrate. This ensures evaporation of the solvent
and formation of a picture from surrounding
anticoagulant nanoparticles.

9.  Temperature sintering of ink (usually over 300 °C)
should be sufficient for the destruction of organic
additives that protect the nanoparticles from
coagulation, and sufficient to stimulate association
of nanoparticles in a continuous layer of metal,
semiconductor or insulator [49, 50]. Sintering can
be performed by thermal heating, heating layer
structure of laser light [17, 51], high temperature
radio frequency plasma, by passing an electric
current [17, 50, 52].

electrical double-layer

the formation of p—n junction), plastic (they provide

isolation between lines of the circuit and minimize

leakage currents).

3.2.1. Metal ink

In microelectronic technology, to form contacts and
circuit lines inks with gold can be used (the resistivity of
the obtained gold coatings is only three to four times
higher than that of bulk gold) [44, 53], silver (the
resistivity obtained in silver coatings only 2 times higher
than that of bulk silver) [47, 52-55], copper (the obtained
resistivity of copper coatings 10 times higher than that of
bulk copper) [55-58], nickel (the obtained resistivity of
nickel coatings ~10 times higher than that of bulk nickel)
[59, 60], aluminum (there observed extremely fast
oxidation of deposited Al layers in air) [19].

With this brief review of metallic ink properties,
we can conclude that, to form the conductive tracks and
contacts, it is preferable to use Ag ink owing to their
stability and low cost in manufacturing.

3.2.2. Semiconductor inks

The main purpose of this ink is formation of p—n and
p—i—n junction solar cells. Up to date, already

synthesized have been the following semiconductor inks
with: Si [61, 62], ZnS [63, 64], ZnO [65, 66], ZnSe [67],
Se [68, 69], CdS [70, 71], CdSe [72, 73], CdTe [74, 75],
GaAs [76,77], GaSb [78]. The Ge ink was not
synthesized but Ge nanoparticles have been already
synthesized [79].

3.2.3. Insulators

Used in manufacturing the solar cells is sintering most of
the material at temperatures from 200 to 400 °C. For this
reason, insulating materials should remain stable at these
temperatures. From all the variety of electrical insulating
materials [80], the highest heat resistance is inherent to

Stabilizing compound

/N

Fig. 11. Model of electrostatic (left-hand) and of steric stabilization (right-hand) (taken from [48]).

Usually, the technical implementation of solar
modules of lateral type required such ink: metal (they
provide the formation of contacts and communication
lines between solar cells), semiconductors (they provide

polyimide films. These films are known as Kapton,
Apical, Upilex. Polyimide films are incombustible,
insoluble, have a greater resistance to acids, oils, organic
solvents, have high thermal resistance up to 400 °C.
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Polyimide films of the thickness 30, 40, 50, 60 um and
width up to 1000 mm are produced in rolls with the
minimum length up to 100 m. Silver adhesion to these
films is rather high. To isolate conductive silver lines by
using inkjet printer, we can use polypirometylamidoacid
solution in dimethylformamide (or dymetylatsetamitsidi)
followed thermoimidesing. To form the insulating
structures, one can use polyvinylpyrrolidone (PVP) ink
in the following composition: water — 83%, isopropyl
alcohol — 4%, PVP — 13% [81, 82].

4. Inkjet printers

In the manufacture of solar cells, only inkjet technology
allows one to create three-dimensional structures (3D
technology) [82, 83]. Principal advantages of inkjet
technology are as follows: a low cost technology, high-
speed manufacturing structures, low-temperature drying
ink, low temperature annealing under heat or infrared
light, or laser radiation, no need to use masks, easily
automated, fewer restrictions on the choice of substrates
and their morphology. The most powerful argument in
favor of choosing inkjet technology for forming the
structures of solar cells is a simple technology deposition
of metal, semiconductor, dielectric layers (with
parameters close to the parameters of bulk materials) at
low melting temperatures, which simplified the selection
of flexible substrates and insulating materials.

In manufacturing the microelectronic elements and
solar cells, mainly used are piezoelectric inkjet printers of
the drop type. For more expedient choice of the printer,
one may use Table [84] that shows the characteristics of
printers used to form elements of solar electronics. Also, a
large number of printers (except listed in Table) are used
for manufacturing different devices [85].

When manufacturing solar modules, the lateral type
often needs cleaning substrates, acids and alkalines
etching the metal and semiconductor layers. Therefore,
in this case it is necessary to choose a printer with a
sufficient amount of nozzles. As an example of a printer

with a large number of nozzles in the print head, one can
use the printer Trident’s “256Jet-S ™ [86] with
stainless steel head [87] and stainless steel diaphragm
that isolates piezo elements from the liquid. The head of
this printer with 100 mm width have 256 individually
controlled nozzles.

Nozzles can be arranged in rows and columns in
order to form an image of the structure by drops falling
on the substrate. The printer has the ability to make one
or more passes. This ensures the formation of the desired
thickness of the structural elements and the formation of
three-dimensional structure. The printer head can be
heated up to 70 °C, providing partial evaporation of
liquid ink. The printer is equipped with a laser, which
allows locally heat the printed elements and materials to
form components of cells with parameters close to the
bulk parameters of relevant material.

5. The possible variant of the lateral type
of a solar module

A solar module of the lateral type consists of three main
blocks (Fig. 12): dispersion element, concentrator and
array of solar cells. When you select each of these
blocks, preference should be given to those that have lost
solar minimum.

When choosing the dispersive element, we took
into account: 1) absolute diffraction efficiency n of
dispersive element in the spectral region of sunlight
should be as close to 100%; 2) module with dispersion
element should be compact; 3) manufacturing dispersive
elements of large size must be proven and provide its
automation. These requirements are satisfied in the best
suited volume transmission gratings. The only lack is
their relatively small spectral region, where m is close to
100%. However, in a sufficiently thick volume
diffraction grating can be implemented sufficiently high
diffraction efficiency within the spectral range from 400
to 1000 nm. The possible implementation of gratings
with high diffraction efficiency in the whole spectral

Table. Product data of the Galaxy, SX3 and DMC printheads (available from [84).

Parameter Spectra Galaxy Spectra SX3 DMC-11601/
PH 256/30 AAA DMC-11610

Number of addressable jets 256 128 16
Nozzle spacing 254 pm 508 um 254 pm
Nozzle diameter 36 um 27 pm 9 um/21.5 um
Calibrated drop size 28 pl 12 pl 1 pl/10 pl
Adjustment range for drop size 25-30 pl 10-12 pl N/A
Drop size variation 5% <2% 3.5%
Nominal drop velocity 8 m/s 8 m/s 8 m/s
Drop velocity variation 5% +10% N/A
Operation temperature range Up to 90 °C Up to 70 °C Up to 70 °C
Fluid viscosity range 8-20 cP 10-14 cP 10-12 cP
Compatible jetting fluids Organic solvents, UV curables, aqueous, acidic, basic
Maximum operating frequency 20 kHz | 10 kHz | 80 kHz

Note. UV — the flow of ultraviolet light.
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range of sunlight is not considered. Also, an additional
analysis of manufacturing technology for such arrays is
required.

The sheet which contains a volume grating is
placed between two polymethylmethacrylate wafers
(Fig. 12, dotted line) or between two other wafers of
transparent material. At the bottom of the wafer, by
using the hot stamping method one creates array of
concentrators (Fig. 13), which do not form images. Its
work is based on using the effect of total internal
reflection. A part of rays directly falls to the bottom of
the concentrator and therefore to the entrance surface of
solar cells, and part of the side surface. Light falling on
the side edge of the concentrator by total internal
reflection is transported to the entrance surface of solar
cells (Figs 12, 13). For placing of conductive track and
isolation of cells, it is enough to provide 2-3-fold
concentration of light.

Solar light

Protective film
Diffractional grating

Concentrator

Solar cells array
Polyimid film

Fig. 12. Schematic design of a possible variant of a lateral
solar module.

Solar rays

Fig. 13. One element of the concentrator for the solar module
of the lateral type.

The array of solar cells can be produced as follows.
The silver ink is used to form the contact layer and
conductive tracks by inkjet printer (Fig. 14). On upper
surface of the hot polyimide film the silver tracks and
contacts are deposited using the same printer (Fig. 14).
Metallic conductive tracks and contacts are formed after
evaporation of solvent and annealing by laser light. Note
that the operation of solvent evaporation and annealing
performed at each stage of ink formation of a solar cell
element. Then, the contact layers and tracks are insulated
with polyimide coating. The array of contact layers is
covered with polyimide ink. After annealing, the
insulating layer is formed. Nickel ink is used to form an
anti-diffusion layer on the silver contact. The polyimide
insulating layer is deposited between contact pads.
Further semiconductor p-type material is deposited on
contact pads. Between pads, p-type semiconductor is
deposited on polyimide insulating material. After the p-
type material, deposited is the n-type material, forming a
p —n junction. Polyimide layers are deposited between

semiconductor pads. Then, on the array of the n-type
material pads, by suitable ink, deposited are transparent
conductive contacts. The array of cells is attached with
polymethylmethacrylate glue to array of concentrators.
To protect the module from external factors, the upper
face and the sides are covered with a transparent
polymethylmethacrylate film.

6. Simulation

When estimating the efficiency of a solar module, it is
usually considered that in every individual cell the
efficiency is independent of that in other cells [3]. In this
case, the efficiency of module is determined using the
formula [88]

S
n=-_t——,

P, (1

where 7!, and V. are the maximum values of initial
current and voltage, and P is the power of sunlight.

Following (1), it is possible to consider that generated in
every individual cell is its own current. However, during
technical realization of cells of vertical (mechanical or
monolithic) or lateral (similar to that shown in Fig. 14)
type elementary cells are connected in series. In these
converters, the value of current is controlled by the cell
in which the current is minimum [94]. The maximum
efficiency will be realized then, when a current in all the
cells is identical [95]. Below, we will define influence of
a current matching on the efficiency of converters with
many individual cells connected in series. We will
execute our calculations under condition of AMO
illumination. The areas of all the elements are
considered to be identical.

Foremost, it is necessary to note that, contrary to
the approach of the work [3], in the course of
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calculations of the maximum efficiency for
multijunction solar cells, it is necessary, at first, to
refuse from the assumption that in every individual cell
photoconversion takes place independently. Secondly,
it is necessary to take into account that if the number of
cells increases, the energy range of photons incident on
each cell becomes more narrow. As a result, weight of

coefficient is increased, and the temperature of each
cell is reduced.

Therefore, as far as narrowing of energy interval
the temperature of surface of concrete cell must
decrease. In the case when heat conductivity of materials
of individual cells is great, the same stationary
temperature is set for all cells. For its finding it is needed

the energy range with a decreased

absorption

to use the following balance equation:

)
(I 0707077

JT

'. r F r F F F i
/

4
)

Fig. 14. Simplified version of the array design for solar cells. On the
left — the sequence of formation of layers for the cell array. On the
right — assembled array of the module. Color designation: grey —
polyimide film and polyimide insulating layers, yellow — metal pad,
red — p-type semiconductor, green — i-layer (in each cell for forming
the i-layer used is individual semiconductor), blue — transparent
conductive  electrode; colourless —  transparent protective
polymethylmethacrylate film.
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Here P(E,) is the power density of solar radiation

for a given photon energy; E;, and E, are boundary

energies of photons giving the entire spectrum absorbed
by the multijunction solar cell; J,,(T) and V,,(T) are

the specific density of the photocurrent and photovoltage
at the maximum power extraction, respectively. For
conditions AM1.5 T =T_, +AT, where T, is the

temperature of the environment, AT — excess of the
total temperature 7' as compared with 7, , B — a

numerical factor of the order of unity. It depends on the
proximity of the radiation surfaces in the solar cell to
radiation of a black body. o is the Stefan-Boltzmann
constant.

Note that in the case of a sequence of
interconnected elements, the expression (1) is valid if all
the multijunction solar cells are at the same temperature,
i.e. in the case of sufficiently high thermal conductivity
of individual elements and connections between them.

Let us obtain further expressions that define the
relationship between the photocurrent and photovoltage
in conditions of maximum power extracted when
consecutively connected solar cells are matched by
current. Here, we neglect the influence of the in-series
resistance on the characteristics of the resulting solar
cell. We will consider also the case when the faultiness
factors for all the elements of the current-voltage
characteristic (CVC) of multijunction solar cells are
close to unity. This, in particular, corresponds to a
situation when the dominant recombination channel is
the radiative recombination one, and the excessive
concentration of electron-hole pairs is much lower than
the equilibrium concentrations of major carriers. We also
assume that the inequality d; <<L;, where d; and L,

are the thickness and length of the diffusion of non-
equilibrium carriers for i-th cell, respectively. In this
case, for the CVC of multijunction solar cells the
approach [95] can be used. This yields the following
expression for the open circuit voltage of cells in series

n kT n
VsumZZEgi'i‘—Zh’lVi , (3)
i 9
where
J,
= : ;- (4)
T
d AN N .| ——
qa; AV co; v01(300j
Here, n is the number of a cells, Egi — band gap,
A. — coefficient of radiative recombination, d, —

7 7

thickness of a solar cell, and N,y and N, — effective
density of states in the conduction and valence bands for

i -th cell. The value J, is equal to short-circuit current

for current matched cells.

It was shown in [96] that between the short-circuit
and photocurrent in the point of maximum power the
following relations are fulfilled with a good accuracy:

nkT
Jn=J g(l - ], (5)
q sum
kT InlgV,,  /nkT
Vm = Vsum (1 - . n(q sum 1 )) (6)
quum
We use these relations to determine the

photoconversion efficiency for multijunction solar cells
n=J,V,/F, (M

where P, is the power of solar radiation falling on the

solar cell.

We present further theoretical relations for the
value of the short-circuit current. At the same time, we
take into account the real value of the quantum yield of
the photocurrent. Then,

Egi+1

[Jai (B, JalEg £ )
E..

L
Jgi(Egi) =8
gi

(®)

where s; =S;/S is the specific area factor of the i -th

element, j,(E,) — photocurrent density for a given
photon energy E, determined by the product of the

electron charge ¢ and solar radiation flux density

a(Ey, E )L
1= (a(Egi. E )L

9(Eg,Ef)= Ep)L; x

L &

1

X {i +o(E

X exp(_a(Egi > Ej )dl ) - (X‘(Egl- > Ej )Ll:| s

©)
where q(E o E f) is the quantum yield of photocurrent,
a(Eg E ;) light
L, =(D;/ An, )l/ * _ diffusion length of non-equilibrium
minority carriers, D; — their diffusion coefficient, n, —

absorption coefficient,

doping level of the semiconductor.
Note that this expression for the quantum yield of
the photocurrent is valid if inequality L; >>d; is

fulfilled.
Thus, to find the function m for the number of

elements in the case of lateral multijunction solar cell
design, it is necessary to solve the system of equations
(2)-(8) with current matching. The latter condition
corresponds to the case when the photocurrents of each
element are equal, i.e.
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ng(Egl):JgZ(EgZ)="':ngz(Egn)' (10)

Then, let us continue the analysis of the values of
minimum temperatures in the solar illumination
conditions AM1.5 and AMO. Obviously, in AM1.5 the
minimum temperature is the ambient one. Under AMO
conditions, mechanisms for heating and cooling of solar
cells are pure radiation. So, the heating of solar cells
occurs both through conversion into heat of the energy
of solar spectrum and through absorption of heat that
transferred from a satellite and solar light reflected from
the satellite. We neglected influence on 7., the satellite

thermal radiation associated with the heating of
equipment of the operating satellite. In this work, all the
calculations were performed for the case when the entire
solar spectrum is absorbed by the solar cell. During
calculations, we limited the spectral range of the solar
spectrum by the wavelengths 0.3< A <2 pm.

Shown in Fig. 15 is the dependence of the
maximum achievable efficiency of photoconversion in
lateral multijunction solar cells on the number of solar
cells for the lighting conditions of AM1.5 and AMO.
During the calculation, it was assumed that all the values
v, are equal, and we used the following parameters:

A= 210"em?/s, D=50cm’/s, N, =
5.10"em™, N,y= 110"ecm™, d= 2-107cm,
ng = 107 em™, B=1. It was assumed that as the
elements of the lateral solar cells used are direct-gap
semiconductors A’B’ with arbitrary band gaps. As for
the reference semiconductors, such as GaP, InN,
GaAs, InP, GaSb, radiative recombination constants
and the effective mass of electrons and holes are very
close, then it gives us the opportunity to consider all v;
values to be equal to one another in this calculation.

Fig. 15 shows the dependence of the obtainable
efficiency m(n) of multijunction solar cells on the

number of solar cells n for the lighting conditions
AML1.5 and B =2. This value is equal to 53.6%. For the

lighting conditions of AM1.5 and B =2, n(n)=49.6%.
For =1 the maximum mn(n) value for AMO and

AM1.5 are respectively equal to 48.7 and 47.2%. The
maximum efficiency are achieved when n ~15.

Recall that Fig. 15 was plotted using the
assumption that, for any number of elements, these are
optimized to the band gap of direct-gap semiconductors
A’B°. On the prima facie, this is true, since the use of
ternary semiconductors A, B, ,C provides a range of

semiconductors with continuously varying width of the
bands, when the x value is changed [13]. However, as
shown by the detailed analysis, in the range >2.0 eV for
semiconductors based on binary and ternary compounds
that usually are indirect it requires a large d value
(approximately 100 um), which makes it difficult to use
them to create a lateral multijunction solar cell.

Efficiency, %

Fig. 15. Dependence of the efficiency on the number of cells.
Curved line corresponds to the AMO conditions, dashed line —
to the AM1.5 conditions. B =1 (), B =2 (/). Parameters of
idealized semiconductor are used in these calculations.

So, it makes sense to get a dependence 1 (n) using
the  parameters of the existing direct-gap
semiconductors. In this case, the current matching in
different solar cells means to reduce the efficiency.

The results of this simulation are shown in Fig. 16.
As one can see, in this situation the value of the
efficiency is quite strongly reduced as compared with the
first (idealized) case, and its sharp maximum is attained
at a small number of n (4 for AMO and 5 for AML.5).
The result will depend on the choice of specific
semiconductors, but the qualitative picture does not
change.

Fig. 16 shows the theoretical dependence m(n)
calculated using parameters of the existing direct-gap
semiconductors. During calculation of curves 1 and 3,
we used 3 =2, while for curves 2 and 4 we used = 1.
In the first case, the temperature is lower, and the
efficiency is higher. The maximum values of m(n) are
reached for n=4. For AMO and =2, Ny = 45.1%.
Shown in the insert to Fig. 16 is the theoretical
dependence for AML1.5 and experimental dependences
taken from [97-100]. As seen from the figure, we
calculated the theoretical dependence sufficiently close
to the experimental values.

The results of this approach, in principle, differ from
the traditional estimates for the influence of the number of
solar cells on the efficiency of photoconversion of solar
energy to electricity (see, for example, [3,11]). The
maximum photoconversion efficiency is calculated by us
in sufficiently real assumptions taking into account, in
particular, dependences of open-circuit voltage and factor
of filling of current-voltage characteristic on the level of
doping the semiconductor. The unique simplification is
the assumption that the main recombination channel is the
radiative recombination one, rather than Shockley-Read
recombination. Since for direct-gap semiconductors we
use assumptions close to reality, the resulting maximum
efficiency is much closer to reality than the value of
63.2% obtained in [11].

© 2013, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

12



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2013. V. 16, N 1. P. 1-17.

444
40
X
>
2
g 36
O
&
w 3o
2 % 6
28 L} L} L} 1
2 3 5 6

Fig. 16. Dependences of the efficiency on the number of solar
cells. The set of GaSb, GaAs,;Sbys, GaAs, Aly;5GajgsAs,
Aly3Gag7As, AlyssGagssAs is used for combinations of cell
materials. Curved line corresponds to the conditions AMO,
dashed line — to the conditions AM1.5. B =1(1), B =2 (J).
The insert: comparison of the calculated and experimental
dependences of the efficiency on the number of solar cells.
Experimental values for the efficiency were taken from the
papers [97-100]. The curved line corresponds to the conditions
AML1.5. B =1 (1), dashed line — experiment.

7. Conclusions

Today, conditions for making the monolithic lateral
photoconverter that consists of a dispersion element,
concentrator and array of the elementary cells connected
in series are created.

From all of the types of dispersion elements
(prisms, holographic gratings, multilayered dielectric
dividers of spectrum) only thick transmission
holographic grating capable to provide compactness.
The diffraction efficiency of such a grating in a narrow
spectral range is close to 100%. Analysis of the
possibility to make thick holographic gratings with the
maximum possible efficiency within the spectral region
of sun radiation is quite necessary. Such grating needs to
be placed between plates from transparent dielectric (for
example, polymethylmethacrylate or vinyl). An
overhead plate safeguard solar cell. On a lower plate, hot
pressing forms the array of concentrators. In this case, a
dispersion element forms a combine unit with the array
of concentrators. The coefficient of light concentration
gets out small values (1.5...2), sufficient for the lay of
electrical line links between cells and for providing
isolation between cells. To provide equal number of
light quanta on the output of every concentrator, their
entrance areas are optimized, and output areas are made
identical.

In accord with the results of simulation for the solar
cells connected in series at a certain choice of solar cells,
the maximum efficiency can be obtained at the level
45%. In the case of specific semiconductors, the value
n(n) is much lower (= 42%) and has a maximum at

n =5 . In this case, calculation results are consistent with
experiment. However, it is necessary to optimize
selection of materials for cells and to study its impact on
the value of efficiency in equal numbers of light quanta
incident on the input surface of each cell.

For making the array of cells, the most perspective
is inkjet technology that is able to form three-
dimensional structures. Industry produces the inkjet
printers of various modifications. Their modernization is
needed only to form arrays of solar cells.

To use three-dimensional technology for formation
of solar cells, it is necessary to have a set of inks to form
contacts and conductive tracks, semiconductor and
isolating layers.

Currently, inkjet technology is already used for
manufacturing the elements of solar cells (see, for
example, [84,91]). The following technological
operations are already used: 1) deposition (with the use
of silicon inks) of silicon layers of n-type on silicon
substrates of p-type [84, 91]; 2) doping the silicon layer
with a donor type impurity in the process of its
deposition [84]; 3) deposition of a protective dielectric
layer [84, 91]; 4) etching the dielectric and silicon layers
[97]; 5) deposition of metallic contacts (a silver [91-93]
contact with a nickel thin-film adhesion layer [94]) on
the entrance and rearward surface of a silicon solar cell;
6) deposition of transparent conductive contacts
(semiconductors of ZnO, SnO,) [93].

Nowadays, majority of solar cells are manufactured
using the method of the screen printing [84]. Today the
efficiency of such silicon solar cells is close to 17%
[84,91]. In the National Laboratory of Renewable
Energy of the USA, in standard screen printing
technology, operations of the local deposition of dopant
for creation strongly doped under-contact areas in the
high-performance selective emitters deposition of n-type
silicon on silicon substrate of p-type and deposition of
silver contacts were replaced by inkjet operations of
these materials. Changed in this manner technology
enabled to produce 15000 solar cells. The average
efficiency equals 18.6% [91]. Consequently, it is
possible to expect transfer to fully inkjet technology of
manufacturing the solar cells in the nearest future.
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Abstract. In this work, features of solar cells of lateral type were analyzed. The authors offered a design of a monolithic compact solar module with cells electrically connected in series and with a dispersion element (holographic grating). Simulation of a multistage converter was carried out. It has been shown that with increasing the number of cells 
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 the maximum limited efficiency 
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 increases. Its maximum values up to 
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≈ 53.6% are reached for n = 15 (in the case of perfectly matched semiconductors and conditions AM0). With further increase of 
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, the efficiency decreases. For a set of concrete semiconductors 
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 ≈ 45% the maximum efficiency for AM0 conditions may be achieved, when the number of cells equals 4. It has been shown that the calculation results agree with experimental data. The possibility of technical implementation of solar cells with using inkjet printers was investigated, too. Briefly discussed have been the properties of these printers, as well as metal, semiconductor and dielectric inks.
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1. Introduction 

Currently, there is an intensive search for ways to improve the efficiency ( of converting solar energy into electricity to achieve the limit efficiency (m and technical realization of solar cells with efficiency close to (m. Various approximations were used to estimate (m [1-3]. In the Carnot approach, the entropy, dissipation of entropy and entropy generation free from work are taken into account, and the efficiency reaches the value (m = 95%. At the same time, losses caused by reradiation are not taken into account. This process is accounted in the Landsberg approach, and the values (m = 93.3% are obtained. These estimates are made being based on the first and second laws of thermodynamics and substantially inflated. To find a more realistic assessment of (m, Shockley and Quaisser used the model detailed balance between absorption and emission [4]. This model takes into account the following features. 1) Semiconductor absorbs light quanta with the energy h(, exceeding the band gap Eg. 2) The excess energy of hot electrons is consumed for heating the semiconductor. 3) Generated charge carriers can recombine before field of the p – n junction separates them. 4) Some carriers are lost during their separation in this field. Under these limitations for silicon solar cells ( = 30% was get [4]. Calculations that made by Henry gave 
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= 31% for structures with an optimum band gap [5]. The maximum efficiency of manufactured silicon cells and modules is respectively equal to 25 and 22.9% [6]. 

Something closer to the maximum value of the thermodynamic efficiency (m = 93.3% can be achieved by concentration of light onto the entrance surface of the solar cell and formation of semiconductor structures with multiple p – n junctions. We must remember that the concentration of light leads to an increase in the temperature of a p – n junction, which is accompanied by decreasing the efficiency of solar cells [7, 8]. So, when the temperature of Si and GaAs cells is increased by 1 ºC, their power decreases approximately by 0.45 and 0.21% [9]. Increasing the efficiency of solar modules can be realized using the cascade structures with multiple p – n junctions (Fig. 1) [10, 11]. Thus, when using the detailed balance model to calculate the efficiency of each p – n junction structure with multiple p – n junctions, the efficiency value can be achieved as 
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= 63% (Fig. 1) for the structure with 9 p – n junctions. For a structure with an infinite number of 

[image: image8.wmf]n


p


-


 junctions 
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= 68.2% [3].


 The structure with multiple 
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-


 junctions can be realized either staked multijunction solar cells with each junction by using the corresponding part of the solar spectrum (vertical structure), or the arrangement of several cells laterally (lateral structure). In vertical structures, several semiconductors with different band gaps are deposited layer-by-layer. In each semiconductor, the perspective 
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 junction is formed. Used at the bottom is semiconductor with the smallest forbidden gap, and at the top – with the largest one. Each semiconductor layer absorbs only a part of the sunlight spectrum, generating a certain amount of electricity. 
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 junctions are connected either by electrical conductors (mechanical structure) or by tunnel junctions (monolithic structure). In the best experimentally realized structures with three junctions, the achieved value is 
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= 42.3% at 406 suns of the light intensity [6]. 


However, the vertical structure with a large number of 
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 junctions is very difficult for manufacturing because of the need for careful matching the lattice parameters of semiconductors. The number of semiconductors with closed lattice parameters is limited. In addition, technology of manufacturing these structures is difficult and requires to use high vacuum and high temperatures. In mechanically stacked structures, there are significant difficulties with connecting many p – n junctions electrically.
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Fig. 1. Theoretical efficiency as a function of the number of  p(n junctions under AM1.5G conditions. Calculations are carried out for four intensity sunlight conditions (1× = AM1, 5G; 10× = 10AM1.5G; 20× = 20AM1.5G; 50× = 50AM1.5G, G indicates that the intensity of light corresponds to the ground level). The numbers near the lower curve correspond to the values of efficiency for the given number of p(n junctions (taken from [11]).
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Fig. 2. Schematic design of a solar module with a lateral dispersion element operating on the transmission.


Potentially more attractive is the idea to manufacture solar modules of the lateral type (Fig. 2). In this case, the solar spectrum is proposed to split into several bands using dichroic elements (holographic gratings, dichroic mirrors, prisms) [10-14]. Light from each spectral interval is sent to the respective cell. This structure allows to minimize losses of the sunlight energy and to optimize solar cells for each spectral interval. In the experimental verification of performance of such structures (module with 5 cells and illumination of 20 suns), the obtained maximum efficiency is η = 42.9% [12].


In recent years, such printer technologies as screen printing, flexography (printing with stamps), engraving printing, offset lithography and inkjet printing are used to manufacture these solar modules and elements, including modules of the lateral type. From all these technologies, only inkjet printing allows one to create three-dimensional (3D) structures [15]. Inkjet printers are used for manufacturing the microelectronic elements: conductive tracks and coplanar waveguides [16], microelectromechanical systems, inductance coils, electrostatic motors [17] light-emitting diodes [18]. In the manufacture of solar сells, inkjet printers are used for forming metal contacts and interconnections of conductive tracks [19, 20].


In this work, we have carried out a research of the possibility to manufacture a lateral solar module using inkjet printer technology. The paper consists of two parts. The first one is a review of the current state of solar photoenergetics. It contains material relating to existing calculations for the limited efficiency of multijunction solar cells. Besides, we consider the factors and conditions for the possibility to manufacture the module type by using lateral inkjet printer technology. We briefly review the module architecture of the lateral type; properties of dispersive elements (interference filters, diffraction gratings) holographic focusing lenses, inkjet printers, ink, suitable for the formation of the elements of solar cells. The structure of the possible lateral module is proposed. 


In the second part of the paper, we research more realistic approach, as compared to the existing ones, to estimate the limited efficiency of multiple 
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 junction solar cells. With computer simulation included, considered are such important effects as the cooling effect of multiple 
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 junction solar cells and the effect of shifting the energy range of solar radiation into the region of the absorption edge. Both of them are inhanced with increasing the number of cells. If the former effect leads to an increase of the photo-EMF and efficiency of phototransformation, the latter leads to a decrease in the photocurrent and efficiency of phototransformation. It is shown that, as a result of their joint action, the maximum attainable efficiency of phototransformation for 
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 junction solar cells has its peak with an increase in the number of cells.


We must point out that outside of this paper there remain technological aspects of the synthesis of nanoparticles with nanometer sizes, manufacturing inks with their cost analysis and application life, analysis of the possibility of manufacturing thick diffraction gratings with efficiency close to 100% within the spectral range 400-1700 nm. We did not examine the characteristics of light concentrators. Outside this paper, there remain cost analysis for modules, panels, technical realization of tracking systems, methods of nondestructive testing the properties of cells at all stages of their production, from the deposition control of layer homogeneity, their annealing and finishing their encapsulating for protection from ambient factors.


2. Lateral solar modules


Any solar module consists of a set of electrically connected cells. Transformation of the sunlight energy into the electrical one takes place in the cells. In the lateral panel, each cell converts into electricity a narrow spectral interval of sunlight. To increase the intensity of light falling onto cells, concentrators are used. Below, we will study the properties of each module element and possible technology to manufacture it.


The design of a lateral solar module is schematically shown in Fig. 2. According to the principle of lateral solar module operation, sunlight falls on the dispersive element. It splits light into a spectrum. Different spectral bands are sent to a set of focusing lenses that focus the light onto the surface of solar cells. This means that every cell gets a given spectral interval of incident light. This allows to optimize each cell in order to achieve maximum efficiency of converting solar energy into electrical energy. Below, we will consider the properties of each element of the module and its manufacturing technology features. 


2.1. Dispersion element


The main function of the dispersive element is splitting the sunlight into such minimum number of bands, which is sufficient to obtain the maximum efficiency of solar energy conversion into electricity. There are two variants of forming the bands. In the first case, the spectrum divider creates bands of large extension. Sunlight on each band is sent on mechanically folded stack of 
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 junctions or monolithic cells. In a second case, sunlight splitting into spectrum by diffraction grating (usually holographic grating). Spectral bands selected by holographic lenses. The size of the lens determines the width of the spectral interval sent to one or another cell.


2.2. Interference filters

The splitting of the solar spectrum into two or more spectral intervals can be achieved using multilayer dielectric mirrors or filters. Multilayer dielectric layers are deposited onto a thin glass plate. This plate is installed at the angle 45º to the direction of propagating sunlight (Fig. 3a) [21]. The violet part of the spectrum is reflected from the plate and sent to the input surface of the first solar cell. The rest wavelengths passes through plate and fall onto the second solar cell. Each of these cells can be mechanically stacked or monolithic. These cells are optimized for maximum efficiency of converting the solar energy into electricity. Technical realization of solar module with dielectric mirror and two cells is shown in Fig. 3a [21]. Ultraviolet wavelengths (
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<400 nm) reflected by the mirror on AlGaAs cell and infrared wavelengths (
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>780 nm) pass through the plate and fall onto the polycrystalline silicon cell. The resulting efficiency reached by this solar converter is 19.3% [21]. In the case of separation of the solar spectrum into two parts and using GaInP/GaAs and InGaAsP/InGaAs cells, the total efficiency of individual cells and of the whole system equals, respectively, 31.8 and 29.2% [22]. 

[image: image23.png]





Fig. 3. Schematic representation of the principle of separation of the solar spectrum band using one interference filter and two cells (a), two interference filters and three cells (b) (taken from [22]).
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Fig. 4. Reflection spectrum of the interference filter (taken from [21]).


To increase the maximum efficiency, they use separation of the solar spectrum into several intervals. In particular, the use of two interference filters (Fig. 3b) allows to separate the solar spectrum into three intervals: 
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 [14]. Light from the first interval falls onto Si cell with one 
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 junction, the second – onto GaSb cell with one 
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 junction, the third – onto the cell Ga0.51In0.49P/GaAs with two 
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 junctions. The total efficiency of this lateral modulus is higher than 34% [14]. 


Using interference filters for the splitting of the spectrum, one obtains the following advantages. 1) The possibility of formation of spectral bands of step type (see Fig. 4). 2) Small losses of light (<2%) in reflection from the filter in the 45º geometry. The transmission filters exceed 90-95%. 3) The possibility to separate narrow (<30 nm) bands at the filter output. 


The disadvantages of the splitter are as follows. 1) The availability of polarization dependence of light that passes through the filter [23]. 2) Necessity using vacuum technology for the manufacture of filters. 3) Necessity to deposit a large number of dielectric layers. For example, for the formation of the step-like spectral characteristics within the region 380-850 nm, depositing of 200 layers of TiO2 and SiO2 [14] is necessary. 4) The cost of interference filters is high. 5) The size of the operation surface in interference filters is limited. 


2.3. Diffraction gratings


In the lateral type modules for the splitting of light into a spectrum, one can use diffraction (better holographic) gratings that operate as transmission or reflection elements (Fig. 5 [24]). For splitting light, in 1991 it was proposed to use a volume phase grating [25]). Such grating (with the thickness up to several tens of micrometers) is formed in a layer of transparent material (mainly in layer dichromatic gelatin). The gelatin film with the grating is placed between two plates of pure glass, silica or dielectric. In a narrow spectral band, the efficiency of volume gratings achieves 90-95%. In a broader spectral range, the efficiency value (Fig. 6 [26]) is much lower and lies within the range between 40 to 70% [26, 27]). Manufacturing the volume grating is also known ([27, 28]). The main advantages of the volume grating are as follows: weak dependence of the efficiency on light polarization (Fig. 6), the possibility to manufacture gratings of large size up to 0.5 m2, sandwich structure of the volume grating provides protection from influence of the external environment and simplifies cleaning the surface grating structure. The main disadvantage of the volume grating is complicated manufacturing technology. 

The main feature of the reflection grating is the strong dependence of the efficiency on light polarization (Fig. 7 [29]). The spectral region for reflection gratings with double blaze angle extends from 400 to 2500 nm (Fig. 8 [30]). Such a grating can get full sunlight. Features of gratings for reflection can be found in the works ([31, 32]). The main advantage of reflection grating is as follows: it possesses a greater width of the spectral region for the splitting of sun light. This grating is easy to replicate by stamping techniques with using a master grating. The disadvantage is a relatively low diffraction efficiency, which is dependent on light polarization.
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Fig. 5. Demonstration of the principle of diffraction grating operation on the reflection (left) and transmission (right) (taken from [24]).
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Fig. 6. Polarization dependence of the phase volume holographic gratings. The light polarization: [image: image33.png]



 - parallel, [image: image34.png]



 - perpendicular (taken from [29]).
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Fig. 7. Polarization dependence relief of the reflection grating operating in the reflection mode. Light polarization: 1 – perpendicular, 2 – unpolarized, and 3 - parallel light (taken from [29]).
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Fig. 8. The relative efficiency of the reflection grating with the double blaze angle. Within the range 400 to 1000 nm, the spectral efficiency was measured in the second order, within the 1000-2500 nm range – in the first order (taken from [30]).

2.4. Lenses 


The main function of lens is to focus certain parts of the solar spectrum on the input surface of the corresponding solar cells. In this case, an increased efficiency of solar cells is achieved and light losses caused by the necessity to lay power cables that connect cells in module and modules in the panel are decreased. Both holographic and refractive lenses can be fabricated by hot stamping of polymers (acrylic, silicone) or by cylindrical rolling [33] and by forming lenses by using inkjet printer [34]. The typical spectral efficiency of a lens array made from polymethylmethacrylate shown in Fig. 9 [35]. Within the range 400-800 nm, the optical efficiency exceeds 80%. Lenses form an ensemble that provides operation of the lateral solar converters.
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Fig. 9. Spectral dependence of the optical efficiency of the polymethylmethacrylate lens system (taken from [35]).

3. Solar cells


The main function of the solar cells is to convert solar energy from the given spectral interval into electrical energy with the highest possible efficiency. This occurs in p – n or anisotype heterojunction. The efficiency of light energy conversion into electricity in cells with a 
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 junction is slightly higher compared to the cells with 
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 junction [36]. One must choose the construction and materials for solar cells in agreement with the following considerations. 


1)
If semiconductor material can be doped by donor and acceptor impurities, one can form the 
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 junction. If semiconductor have only electron or hole conductivity, one can form the anisotype heterojunction. 


2)
In most cases, holographic gratings concentrate light into the first order within the range 0.4 to 1 μm. This determines the choice of materials for forming solar cells. One can use diffraction gratings with two blaze angle to produce electricity from the energy of the whole solar spectrum. 


3)
A typical solar cell consists of several layers of different materials. In the simplest case, on the substrate one deposits consistently the layer of metal, semiconductor with a p – n junction, a transparent conductive electrode and antireflection layer. 


4)
When manufacturing cells should give preference to non-vacuum, low-temperature technology deposition layers. But only inkjet technology allows to create a three-dimensional structure (3D technology) [15]. 


We must select the following milestones jet technology of solar cells. 1) Determination of the optimal number of cells to obtain maximum efficiency of solar module. 2) Development of ink to print p and n layers, the metal contacts, insulative and protective films. 3) Development of technology for deposition and annealing the ink used to form these elements. 4) Selection of an inkjet printer that can deposit these layers of materials.


3.1. Materials to form the solar cell


In experimentally realized lateral converters of solar energy into electricity, solar cells fabricated using chemical vapor deposition (CVD) or metal-organic chemical vapor deposition (MOCVD) technologies are mainly used. The most promising technology is inkjet printer technology. Its use is based on the dependence of the melting temperature of the material on its size. Its existence follows from the thermodynamic model for clusters [37]. Solid body begins to melt when the amplitude of thermal vibrations of atoms exceeds the minimum distance between them. With decreasing the particle size, interaction of surface atoms with the bulk atoms decreases. As a result of increasing the amplitude of thermal fluctuations, the melting temperature of the particles decreases. Theories that describe the influence of particle size on their melting point differ from one another only due to assumptions about the mechanism responsible for weakening interaction of surface atoms with the bulk [38-40]. In particular, the typical dependence of the melting temperature of gold nanoparticles on size is shown in Fig. 10 [41]. In particular, such changes were observed by changing the particle size of silver [42], aluminum [43], platinum and palladium [44], tin [45], ZnO [40], CdS [46] and in a number of other materials. Analysis of these changes suggests that the melting point of the particles can be less than 300-400 °C, when the size of nanoparticles is smaller than 3-5 nm.


In the case of lateral solar modules, semiconductor nanoparticles of a mixed type (for example 

[image: image41.wmf]S


Pb


Zn


x


1


x


-


) and one-component (Ge, Si) or two-component (for example semiconductors A2B6 or A3B5 type) can be synthesized. In the first case, the simplified separation of the spectrum into bands of desired width. However, in this case, you need to solve the problem to synthesize nanoparticles of nanometer size with a desired composition. In the second case, for the synthesis of However, in the case of single-component or two-component structures, the length of the spectral bands is rigidly defined.

3.2. Ink for solar cells


If liquid contains nanoparticles of metal, insulator, semiconductor, it could be designated ink. Droplets of small size (diameter from a few to several tens of micrometers) are deposited onto appropriate substrates, to form the desired pattern structure. After evaporation of liquid, they obtained a pattern of metal, semiconductor or dielectric structure. Parameters of the material structure, close to the parameters of the bulk material, we get after annealing of the structure. The required resistance of the deposited metal and semiconductor layers is achieved through the consiquent the deposition of several layers on each other [47]. 


It should be noted that only after annealing semiconductor ink semiconductor have properties of solid material. In the case of silicon, to manufacture highly efficient solar cells silicon must have a long lifetime of charge carriers. Obviously, inkjet printer technology inexpediently to use for getting this material. In direct-gap semiconductors, particularly group A3B5, carrier lifetime is many orders of magnitude smaller than in silicon. 


At a sufficiently high doping level, required to get a large photo-EMF value, radiative recombination must dominate in direct-gap semiconductors. In particular, in 
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 the carrier lifetime due to radiative recombination equals 
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. These values are comparable with the lifetime for Shockley-Read recombination through the deep impurities. Taking into account the values of the lifetime and high values of light absorption coefficients in direct-gap semiconductors, inkjet technology can be used for manufacturing the solar cells made from these materials.

To provide the necessary properties of solar cells, the composition of ink must satisfy the following several rigorous requirements.
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1.
The size of metal or semiconductor nanoparticles should not exceed 3…5 nm. It is necessary to implement the annealing temperature of nanoparticles below the temperature of softening the plastic substrates and organic or inorganic insulating materials.


2.
A liquid with nanoparticles should be solution with a maximum content of nanoparticles. You must provide an environment in which there is no deposition of nanoparticles on the bottom of the reservoir, i.e. to ensure homogeneity of the suspension.


3.
The ink have additive compound to ensure isolation of nanoparticles and thus prevent their coagulation. It is desirable that these admixtures opposed oxidation of nanoparticles, which are not oxides. There are two types to stabilize the nanoparticles, namely: electrostatic and steric. According to classical colloidal science, formed around a charged particle is the double layer of electrically charged ions (Fig. 11), which prevents approach of nanoparticles and their coagulation [48]. Steric stabilization is provided by adsorption of polymer chains on the surface of nanoparticles (Fig. 11). When nanoparticles are approaching to each other, polymeric shells begin to interact and do not allow for nanoparticles to coagulate. To stabilize the nanoparticles that are in non-polar solvents, long alkyl chains (like trioles, amines or carboxylic acids) with polar head are used as anticoagulants [49].

4.
Dispersant, i.e. additives, that reduce the viscosity of the ink, is introduced into ink composition. These can prevent nozzle clogging in the printer.


5.
Adhesion activators, i.e. additives that promote formation of a strong bond of the coating with medium, to which the ink is applied, are introduced into ink. These prevent spreading the lines of picture structure and implement the ability to create three-dimensional structures.

6.
Special additives in the ink composition promote connections between nanoparticles during the ink annealing.


7.
Components of ink should be compatible to ensure their viability for a long time. 


8.
The ink should dry quickly, but not clog the nozzle and allow to clean it easy. To ensure a better quality of solar cells, the ink is overlay on the hot substrate. This ensures evaporation of the solvent and formation of a picture from surrounding anticoagulant nanoparticles.


9.
Temperature sintering of ink (usually over 300 °C) should be sufficient for the destruction of organic additives that protect the nanoparticles from coagulation, and sufficient to stimulate association of nanoparticles in a continuous layer of metal, semiconductor or insulator [49, 50]. Sintering can be performed by thermal heating, heating layer structure of laser light [17, 51], high temperature radio frequency plasma, by passing an electric current [17, 50, 52].
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Usually, the technical implementation of solar modules of lateral type required such ink: metal (they provide the formation of contacts and communication lines between solar cells), semiconductors (they provide the formation of 
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 junction), plastic (they provide isolation between lines of the circuit and minimize leakage currents).


3.2.1. Metal ink

In microelectronic technology, to form contacts and circuit lines inks with gold can be used (the resistivity of the obtained gold coatings is only three to four times higher than that of bulk gold) [44, 53], silver (the resistivity obtained in silver coatings only 2 times higher than that of bulk silver) [47, 52-55], copper (the obtained resistivity of copper coatings 10 times higher than that of bulk copper) [55-58], nickel (the obtained resistivity of nickel coatings ~10 times higher than that of bulk nickel) [59, 60], aluminum (there observed extremely fast oxidation of deposited Al layers in air) [19]. 

With this brief review of metallic ink properties, we can conclude that, to form the conductive tracks and contacts, it is preferable to use Ag ink owing to their stability and low cost in manufacturing.

3.2.2. Semiconductor inks


The main purpose of this ink is formation of 
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 junction solar cells. Up to date, already synthesized have been the following semiconductor inks with: Si [61, 62], ZnS [63, 64], ZnO [65, 66], ZnSe [67], Se [68, 69], CdS [70, 71], CdSe [72, 73], CdTe [74, 75], GaAs [76, 77], GaSb [78]. The Ge ink was not synthesized but Ge nanoparticles have been already synthesized [79]. 


3.2.3. Insulators

Used in manufacturing the solar cells is sintering most of the material at temperatures from 200 to 400 ºC. For this reason, insulating materials should remain stable at these temperatures. From all the variety of electrical insulating materials [80], the highest heat resistance is inherent to polyimide films. These films are known as Kapton, Apical, Upilex. Polyimide films are incombustible, insoluble, have a greater resistance to acids, oils, organic solvents, have high thermal resistance up to 400 ºC. Polyimide films of the thickness 30, 40, 50, 60 μm and width up to 1000 mm are produced in rolls with the minimum length up to 100 m. Silver adhesion to these films is rather high. To isolate conductive silver lines by using inkjet printer, we can use polypirometylamidoacid solution in dimethylformamide (or dymetylatsetamitsidi) followed thermoimidesing. To form the insulating structures, one can use polyvinylpyrrolidone (PVP) ink in the following composition: water – 83%, isopropyl alcohol – 4%, PVP – 13% [81, 82]. 


4. Inkjet printers

In the manufacture of solar cells, only inkjet technology allows one to create three-dimensional structures (3D technology) [82, 83]. Principal advantages of inkjet technology are as follows: a low cost technology, high-speed manufacturing structures, low-temperature drying ink, low temperature annealing under heat or infrared light, or laser radiation, no need to use masks, easily automated, fewer restrictions on the choice of substrates and their morphology. The most powerful argument in favor of choosing inkjet technology for forming the structures of solar cells is a simple technology deposition of metal, semiconductor, dielectric layers (with parameters close to the parameters of bulk materials) at low melting temperatures, which simplified the selection of flexible substrates and insulating materials.


In manufacturing the microelectronic elements and solar cells, mainly used are piezoelectric inkjet printers of the drop type. For more expedient choice of the printer, one may use Table [84] that shows the characteristics of printers used to form elements of solar electronics. Also, a large number of printers (except listed in Table) are used for manufacturing different devices [85]. 


When manufacturing solar modules, the lateral type often needs cleaning substrates, acids and alkalines etching the metal and semiconductor layers. Therefore, in this case it is necessary to choose a printer with a sufficient amount of nozzles. As an example of a printer with a large number of nozzles in the print head, one can use the printer Trident’s “256Jet-S ™” [86] with stainless steel head [87] and stainless steel diaphragm that isolates piezo elements from the liquid. The head of this printer with 100 mm width have 256 individually controlled nozzles. 

Nozzles can be arranged in rows and columns in order to form an image of the structure by drops falling on the substrate. The printer has the ability to make one or more passes. This ensures the formation of the desired thickness of the structural elements and the formation of three-dimensional structure. The printer head can be heated up to 70 °C, providing partial evaporation of liquid ink. The printer is equipped with a laser, which allows locally heat the printed elements and materials to form components of сells with parameters close to the bulk parameters of relevant material. 


5. The possible variant of the lateral type 
of a solar module 


A solar module of the lateral type consists of three main blocks (Fig. 12): dispersion element, concentrator and array of solar cells. When you select each of these blocks, preference should be given to those that have lost solar minimum.

[image: image153.png]electrical double-layer

L \

“





When choosing the dispersive element, we took into account: 1) absolute diffraction efficiency ( of dispersive element in the spectral region of sunlight should be as close to 100%; 2) module with dispersion element should be compact; 3) manufacturing dispersive elements of large size must be proven and provide its automation. These requirements are satisfied in the best suited volume transmission gratings. The only lack is their relatively small spectral region, where ( is close to 100%. However, in a sufficiently thick volume diffraction grating can be implemented sufficiently high diffraction efficiency within the spectral range from 400 to 1000 nm. The possible implementation of gratings with high diffraction efficiency in the whole spectral range of sunlight is not considered. Also, an additional analysis of manufacturing technology for such arrays is required. 

The sheet which contains a volume grating is placed between two polymethylmethacrylate wafers (Fig. 12, dotted line) or between two other wafers of transparent material. At the bottom of the wafer, by using the hot stamping method one creates array of concentrators (Fig. 13), which do not form images. Its work is based on using the effect of total internal reflection. A part of rays directly falls to the bottom of the concentrator and therefore to the entrance surface of solar cells, and part of the side surface. Light falling on the side edge of the concentrator by total internal reflection is transported to the entrance surface of solar cells (Figs 12, 13). For placing of conductive track and isolation of cells, it is enough to provide 2-3-fold concentration of light.
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Fig. 12. Schematic design of a possible variant of a lateral solar module.  
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Fig. 13. One element of the concentrator for the solar module of the lateral type.

The array of solar cells can be produced as follows. The silver ink is used to form the contact layer and conductive tracks by inkjet printer (Fig. 14). On upper surface of the hot polyimide film the silver tracks and contacts are deposited using the same printer (Fig. 14). Metallic conductive tracks and contacts are formed after evaporation of solvent and annealing by laser light. Note that the operation of solvent evaporation and annealing performed at each stage of ink formation of a solar cell element. Then, the contact layers and tracks are insulated with polyimide coating. The array of contact layers is covered with polyimide ink. After annealing, the insulating layer is formed. Nickel ink is used to form an anti-diffusion layer on the silver contact. The polyimide insulating layer is deposited between contact pads. Further semiconductor p-type material is deposited on contact pads. Between pads, p-type semiconductor is deposited on polyimide insulating material. After the p-type material, deposited is the n-type material, forming a 
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 junction. Polyimide layers are deposited between semiconductor pads. Then, on the array of the n-type material pads, by suitable ink, deposited are transparent conductive contacts. The array of cells is attached with polymethylmethacrylate glue to array of concentrators. To protect the module from external factors, the upper face and the sides are covered with a transparent polymethylmethacrylate film.


6. Simulation


When estimating the efficiency of a solar module, it is usually considered that in every individual cell the efficiency is independent of that in other cells [3]. In this case, the efficiency of module is determined using the formula [88]
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where 
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 are the maximum values of initial current and voltage, and 
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 is the power of sunlight. Following (1), it is possible to consider that generated in every individual cell is its own current. However, during technical realization of cells of vertical (mechanical or monolithic) or lateral (similar to that shown in Fig. 14) type elementary cells are connected in series. In these converters, the value of current is controlled by the cell in which the current is minimum [94]. The maximum efficiency will be realized then, when a current in all the cells is identical [95]. Below, we will define influence of a current matching on the efficiency of converters with many individual cells connected in series. We will execute our calculations under condition of AM0 illumination. The areas of all the elements are considered to be identical. 


Foremost, it is necessary to note that, contrary to the approach of the work [3], in the course of calculations of the maximum efficiency for multijunction solar cells, it is necessary, at first, to refuse from the assumption that in every individual cell photoconversion takes place independently. Secondly, it is necessary to take into account that if the number of cells increases, the energy range of photons incident on [image: image154.png]Stabilizing compound
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each cell becomes more narrow. As a result, weight of the energy range with a decreased absorption coefficient is increased, and the temperature of each cell is reduced. 


Therefore, as far as narrowing of energy interval the temperature of surface of concrete cell must decrease. In the case when heat conductivity of materials of individual cells is great, the same stationary temperature is set for all cells. For its finding it is needed to use the following balance equation:
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Here 
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 is the power density of solar radiation for a given photon energy; 
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 are boundary energies of photons giving the entire spectrum absorbed by the multijunction solar cell; 
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 are the specific density of the photocurrent and photovoltage at the maximum power extraction, respectively. For conditions AM1.5 
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 is the temperature of the environment, 
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 – a numerical factor of the order of unity. It depends on the proximity of the radiation surfaces in the solar cell to radiation of a black body. 
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 is the Stefan-Boltzmann constant.

Note that in the case of a sequence of interconnected elements, the expression (1) is valid if all the multijunction solar cells are at the same temperature, i.e. in the case of sufficiently high thermal conductivity of individual elements and connections between them. 


Let us obtain further expressions that define the relationship between the photocurrent and photovoltage in conditions of maximum power extracted when consecutively connected solar cells are matched by current. Here, we neglect the influence of the in-series resistance on the characteristics of the resulting solar cell. We will consider also the case when the faultiness factors for all the elements of the current-voltage characteristic (CVC) of multijunction solar cells are close to unity. This, in particular, corresponds to a situation when the dominant recombination channel is the radiative recombination one, and the excessive concentration of electron-hole pairs is much lower than the equilibrium concentrations of major carriers. We also assume that the inequality 
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-th cell, respectively. In this case, for the CVC of multijunction solar cells the approach [95] can be used. This yields the following expression for the open circuit voltage of cells in series 
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Here, 
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 is the number of a cells, 
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 is equal to short-circuit current for current matched cells.


It was shown in [96] that between the short-circuit and photocurrent in the point of maximum power the following relations are fulfilled with a good accuracy: 
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We use these relations to determine the photoconversion efficiency for multijunction solar cells




[image: image85.wmf]s


m


m


P


V


J


/


=


h


,
(7)


where 
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 is the power of solar radiation falling on the solar cell.


We present further theoretical relations for the value of the short-circuit current. At the same time, we take into account the real value of the quantum yield of the photocurrent. Then, 
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where 
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where 
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 is the quantum yield of photocurrent, 
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Note that this expression for the quantum yield of the photocurrent is valid if inequality 
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Thus, to find the function 
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 for the number of elements in the case of lateral multijunction solar cell design, it is necessary to solve the system of equations (2)-(8) with current matching. The latter condition corresponds to the case when the photocurrents of each element are equal, i.e.
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Then, let us continue the analysis of the values of minimum temperatures in the solar illumination conditions AM1.5 and AM0. Obviously, in AM1.5 the minimum temperature is the ambient one. Under AM0 conditions, mechanisms for heating and cooling of solar cells are pure radiation. So, the heating of solar cells occurs both through conversion into heat of the energy of solar spectrum and through absorption of heat that transferred from a satellite and solar light reflected from the satellite. We neglected influence on 
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 the satellite thermal radiation associated with the heating of equipment of the operating satellite. In this work, all the calculations were performed for the case when the entire solar spectrum is absorbed by the solar cell. During calculations, we limited the spectral range of the solar spectrum by the wavelengths 0.3< λ <2 μm. 


Shown in Fig. 15 is the dependence of the maximum achievable efficiency of photoconversion in lateral multijunction solar cells on the number of solar cells for the lighting conditions of AM1.5 and AM0. During the calculation, it was assumed that all the values 
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. It was assumed that as the elements of the lateral solar cells used are direct-gap semiconductors A3B5 with arbitrary band gaps. As for the reference semiconductors, such as 
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, radiative recombination constants and the effective mass of electrons and holes are very close, then it gives us the opportunity to consider all 
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Fig. 15 shows the dependence of the obtainable efficiency 
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 value for AM0 and AM1.5 are respectively equal to 48.7 and 47.2%. The maximum efficiency are achieved when 
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Recall that Fig. 15 was plotted using the assumption that, for any number of elements, these are optimized to the band gap of direct-gap semiconductors A3B5. On the prima facie, this is true, since the use of ternary semiconductors 
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 provides a range of semiconductors with continuously varying width of the bands, when the x value is changed [13]. However, as shown by the detailed analysis, in the range >2.0 eV for semiconductors based on binary and ternary compounds that usually are indirect it requires a large d value (approximately 100 μm), which makes it difficult to use them to create a lateral multijunction solar cell.
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Fig. 15. Dependence of the efficiency on the number of cells. Curved line corresponds to the AM0 conditions, dashed line – to the AM1.5 conditions. ( = 1 (1), ( = 2 (1). Parameters of idealized semiconductor are used in these calculations.


So, it makes sense to get a dependence ((n) using the parameters of the existing direct-gap semiconductors. In this case, the current matching in different solar cells means to reduce the efficiency.


The results of this simulation are shown in Fig. 16. As one can see, in this situation the value of the efficiency is quite strongly reduced as compared with the first (idealized) case, and its sharp maximum is attained at a small number of n (4 for AM0 and 5 for AM1.5). The result will depend on the choice of specific semiconductors, but the qualitative picture does not change.


Fig. 16 shows the theoretical dependence ((n)  calculated using parameters of the existing direct-gap semiconductors. During calculation of curves 1 and 3, we used ( = 2, while for curves 2 and 4 we used ( = 1. In the first case, the temperature is lower, and the efficiency is higher. The maximum values of ((n) are reached for 

[image: image133.wmf]4


=


n


. For AM0 and ( = 2, (max = 45.1%. Shown in the insert to Fig. 16 is the theoretical dependence for AM1.5 and experimental dependences taken from [97-100]. As seen from the figure, we calculated the theoretical dependence sufficiently close to the experimental values.


The results of this approach, in principle, differ from the traditional estimates for the influence of the number of solar cells on the efficiency of photoconversion of solar energy to electricity (see, for example, [3, 11]). The maximum photoconversion efficiency is calculated by us in sufficiently real assumptions taking into account, in particular, dependences of open-circuit voltage and factor of filling of current-voltage characteristic on the level of doping the semiconductor. The unique simplification is the assumption that the main recombination channel is the radiative recombination one, rather than Shockley-Read recombination. Since for direct-gap semiconductors we use assumptions close to reality, the resulting maximum efficiency is much closer to reality than the value of 63.2% obtained in [11].
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Fig. 16. Dependences of the efficiency on the number of solar cells. The set of GaSb, GaAs0.7Sb0.3, GaAs, Al0.15Ga0.85As, Al0.3Ga0.7As, Al0.45Ga0.55As is used for combinations of cell materials. Curved line corresponds to the conditions AM0, dashed line – to the conditions AM1.5. 
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 = 2 (1). The insert: comparison of the calculated and experimental dependences of the efficiency on the number of solar cells. Experimental values for the efficiency were taken from the papers [97-100]. The curved line corresponds to the conditions AM1.5. 
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7. Conclusions 


Today, conditions for making the monolithic lateral photoconverter that consists of a dispersion element, concentrator and array of the elementary cells connected in series are created. 


From all of the types of dispersion elements (prisms, holographic gratings, multilayered dielectric dividers of spectrum) only thick transmission holographic grating capable to provide compactness. The diffraction efficiency of such a grating in a narrow spectral range is close to 100%. Analysis of the possibility to make thick holographic gratings with the maximum possible efficiency within the spectral region of sun radiation is quite necessary. Such grating needs to be placed between plates from transparent dielectric (for example, polymethylmethacrylate or vinyl). An overhead plate safeguard solar cell. On a lower plate, hot pressing forms the array of concentrators. In this case, a dispersion element forms a combine unit with the array of concentrators. The coefficient of light concentration gets out small values (1.5…2), sufficient for the lay of electrical line links between cells and for providing isolation between cells. To provide equal number of light quanta on the output of every concentrator, their entrance areas are optimized, and output areas are made identical.


In accord with the results of simulation for the solar cells connected in series at a certain choice of solar cells, the maximum efficiency can be obtained at the level 45%. In the case of specific semiconductors, the value 
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. In this case, calculation results are consistent with experiment. However, it is necessary to optimize selection of materials for cells and to study its impact on the value of efficiency in equal numbers of light quanta incident on the input surface of each cell. 


For making the array of cells, the most perspective is inkjet technology that is able to form three-dimensional structures. Industry produces the inkjet printers of various modifications. Their modernization is needed only to form arrays of solar cells. 


To use three-dimensional technology for formation of solar cells, it is necessary to have a set of inks to form contacts and conductive tracks, semiconductor and isolating layers. 


Currently, inkjet technology is already used for manufacturing the elements of solar cells (see, for example, [84, 91]). The following technological operations are already used: 1) deposition (with the use of silicon inks) of silicon layers of n-type on silicon substrates of p-type [84, 91]; 2) doping the silicon layer with a donor type impurity in the process of its deposition [84]; 3) deposition of a protective dielectric layer [84, 91]; 4) etching the dielectric and silicon layers [97]; 5) deposition of metallic contacts (a silver [91-93] contact with a nickel thin-film adhesion layer [94]) on the entrance and rearward surface of a silicon solar cell; 6) deposition of transparent conductive contacts (semiconductors of ZnO, SnO2) [93]. 


Nowadays, majority of solar cells are manufactured using the method of the screen printing [84]. Today the efficiency of such silicon solar cells is close to 17% [84, 91]. In the National Laboratory of Renewable Energy of the USA, in standard screen printing technology, operations of the local deposition of dopant for creation strongly doped under-contact areas in the high-performance selective emitters deposition of n-type silicon on silicon substrate of p-type and deposition of silver contacts were replaced by inkjet operations of these materials. Changed in this manner technology enabled to produce 15 000 solar cells. The average efficiency equals 18.6% [91]. Consequently, it is possible to expect transfer to fully inkjet technology of manufacturing the solar cells in the nearest future. 
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Fig. 14. Simplified version of the array design for solar cells. On the left – the sequence of formation of layers for the cell array. On the right – assembled array of the module. Color designation: grey – polyimide film and polyimide insulating layers, yellow – metal pad, red – p-type semiconductor, green – i-layer (in each cell for forming the i-layer used is individual semiconductor), blue – transparent conductive electrode; colourless – transparent protective polymethylmethacrylate film.
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Table. Product data of the Galaxy, SX3 and DMC printheads (available from [84).











Parameter�





Spectra Galaxy



PH 256/30 AAA�





Spectra SX3�





DMC-11601/



DMC-11610�

�

Number of addressable jets�

256�

128�

16�

�

Nozzle spacing�

254 μm�

508 μm�

254 μm�

�

Nozzle diameter�

36 μm�

27 μm�

9 μm/21.5 μm�

�

Calibrated drop size�

28 pl�

12 pl�

1 pl/10 pl�

�

Adjustment range for drop size�

25-30 pl�

10-12 pl�

N/A�

�

Drop size variation�

5%�

<2%�

3.5%�

�

Nominal drop velocity�

8 m/s�

8 m/s�

8 m/s�

�

Drop velocity variation�

5%�

±10%�

N/A�

�

Operation temperature range�

Up to 90 ºC�

Up to 70 ºC�

Up to 70 ºC�

�

Fluid viscosity range�

8-20 cP�

10-14 cP�

10-12 cP�

�

Compatible jetting fluids�

Organic solvents, UV curables, aqueous, acidic, basic�

�

Maximum operating frequency�

20 kHz�

10 kHz�

80 kHz�

�

Note. UV – the flow of ultraviolet light.
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Fig. 11. Model of electrostatic (left-hand) and of steric stabilization (right-hand) (taken from [48]).
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Fig. 10. Relationship between the particle size and melting point for gold nanoparticles (taken from [38]).
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