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1. INTRODUCTION
In recent years there has been a significant 
increase in interest in solar cells on flexible 
substrates ("flexible" solar cells) and, accordingly, 
the number of  papers devoted to a study. 
Although flexible substrates include stainless 
steel foil and plastic, however, in most cases, 
speaking of  the "flexible" solar cells have a mean 
solar cells formed on a flexible plastic. On the 
one hand, marked interest stems from the fact 

that such batteries have a small thickness and, 
accordingly, light weight, which facilitates the 
delivery of  their use in those places where it is 
difficult to deliver solar cells formed on heavy 
glass substrates [1]. On the other hand, such solar 
cells can be attached to objects having a complex, 
not a smooth surface, including clothing [2]. The 
low cost, simplicity and light weight of  solar 
cells on flexible substrates, according to some 
researchers, making them attractive for a variety 
of  energy facilities operating in outer space.

The comparative cheapness of  solar cells 
formed on flexible substrates, as compared to 
solar cells on glass, associated primarily with 
the possibility of  their production by so-called 
method "from roller to roller" (roll-to-roll 
method). In addition the reduction of  energy 
consumption in creating solar cells on flexible 
substrates in comparison with batteries formed 
on the glass is related to the use of  plastic 
substrates that do not require essential energy 
during their formation. Therefore, despite the 
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fact that in recent years the production of  thin-
film silicon solar cell formed on ~6 m2 glass 
substrate has increased [3, 4], there is need for 
new approaches to the creation of  solar cells 
that enable to considerably increase productivity 
in production lines with significantly reducing 
costs. A method of  roll coating, which in 
recent years has been used successfully [5] and 
investigated in detail [6, 7], apparently, is one 
possible approach, allowing to solve the problem 
set forth above. However, to compete with the 
“large area” photovoltaics formed on the glass 
plates, the production method of  photovoltaic 
modules based on the "roll coating" should solve 
a number of  problems associated with a decrease 
in the cost of  the substrate, technological 
simplicity and low cost of  solid encapsulation. 
Taking into account the importance of  all of  the 
above problems associated with the production 
of  "flexible" solar cells, we consider below the 
problems associated with low-temperature 
deposition and the formation of  a successive 
structure of  the solar cell. Note here that the 
encapsulation process also requires the study and 
currently adds 50% to the value of  the "flexible" 
solar module [8]

In addition to the applications associated 
with the creation of  networks, in particular, 
photovoltaic integrated into buildings, the interest 
to photocells on flexible substrates increases 
with the development of  autonomous systems 
and orbital stations of  telecommunications 
satellites, as well as professionals working in 
the field of  rural electrification in developing 
countries. Small airplanes, cars and other 
electricity consumers can get their part of  the 
necessary energy from the ambient illumination 
of  the exposed surfaces using flexible solar cells. 
Another application of  "flexible" photovoltaics 
is to integrate photovoltaic systems in small sizes 
in clothing to power portable electronic devices 
[2, 9, 10]. More broadly speaking, the creation 
of  technology for integration of  photovoltaic 
systems with a flexible textile material can be 
used for covering buildings and provide an 

autonomous control of  heating, ventilation and 
lighting of  the building.

It should be noted that "flexible" PV based 
on amorphous silicon have been laid by Izu and 
Ovshinsky in 1984 [11], when they offered to 
form a thin-film solar modules by «roll to roll» 
method on rolls of  stainless steel foil. This 
technology led further to the creation of  the 
"roll coating" method [5, 12]. In 1985 Jeffrey and 
co-workers introduced first flexible solar cells 
based on a-Si, formed on a polyimide (PI) and 
discussed the fundamental problems associated 
with substrate thermal expansion and impurity 
control [13]. These issues remain unresolved to 
this day. Yano and co-workers in 1987 formed 
a-Si solar cell on a polyethylene terephthalate 
(PET) substrate with 9% efficiency using the 
"roll-to-roll" method [14]. More recently, Haug 
and co-workers reported the creation of  a 
single-cell a-Si solar cells on nanostructured 
PET with stabilized conversion efficiency of  
8.7%, as well as the formation of  a two-part, 
a tandem, so-called micromorph solar cell 
composed of  a-Si element made on the surface 
of  the microcrystalline element with conversion 
efficiency of  10.9% [15]

Currently, "flexible" photovoltaic cells were 
developed, which do not use technology based 
on a-Si. In particular, there are reports on flexible 
solar cells based on monocrystalline silicon with 
a conversion efficiency of  14.6% [9]. It should 
be noted that the parameters of  optimized 
solar cells based on single crystal silicon exceed 
parameters of  elements based on a-Si in the 
illumination intensity from medium to low level 
due to the greater efficiency of  conversion. At 
the same time at a very low level of  less than 
500 lux solar cell based on a-Si is superior 
solar cell based on c-Si [2, 16]. The conversion 
efficiency of  flexible solar cells based on copper 
indium gallium diselenide (CIGS), formed on 
the stainless steel foil, reaches efficiency of  
17.4% [17, 18] At the same time, the conversion 
efficiency of  cells based on CIGS, formed on 
PI substrates at low deposition temperature is 
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reduced to 11% [18-20]. Tiwari and co-workers 
reported the creation of  flexible solar cells 
based on CdTe with a conversion efficiency of  
8.6% [21]. Besides it seems promising flexible 
solar cells, based on organic semiconductor 
and the so-called solar cells sensitized with 
dyes. This type of  battery can be applied by 
printing on a polymer foil [22]. An example 
of  some progress in the area of  organic solar 
cells is the representation made by Brabec and 
co-workers on the bulk heterojunction battery 
with a conversion efficiency of  5% [23]. Major 
problems when creating organic solar cells and 
solar cells, used the dyes, is the need to increase 
the absorption of  visible light by layer to increase 
the sensitivity [22] and photochemical stability 
of  dyes [24]. The most important problem is 
the durability of  the use of  organic solar cells 
[25].

Apart from the need to optimize the material 
and structure of  the solar cell in the case of  
flexible substrates it is necessary to solve the 
problems associated with series connection of  
individual solar cells in photovoltaic module 
[1]. Monolithic series connection of  individual 
elements increases the power of  photovoltaic 
modules for cheap photovoltaic systems [26]. 
Commonly used laser scribing technique has 
been used successfully for the elements formed 
on the high-temperature glass substrates. At 
the same time, this technology meets many 
problems in the case of  its use to create panels 
on flexible polymer foils, resulting in an increase 
in the width of  the incision, as well as problems 
associated with bypass surgery. Therefore, a 
technique of  coupled elements using masks 
directly during different stages of  deposition has 
been proposed [27, 28].

Authors of  [1] presented the results of  
studies on optimization of  low-temperature 
deposition of  solar cells based on hydrogenated 
silicon and consisting of  amorphous 
hydrogenated silicon (a-Si:H), nanocrystalline 
silicon (nc-Si) and protocrystalline silicon (pc-
Si). In the same paper, the authors developed 

a technique for formation of  cells in series in 
situ, which allows to avoid the technology of  
laser scribing and interrupting the deposition 
process in a vacuum.

The authors of  [1] studied the solar panels 
made from optimized solar cell using the pc-Si, 
deposited on a flexible cheap polymer substrate 
at substrate temperatures of  40°C < Td < 110°C. 
Experiments have shown that in the case of  non-
textured PET foil for the substrate temperature 
of  Td = 110°C the conversion efficiency was 9% 
[29]. Solar module with the area of  4×10 cm2 that 
used a single-cell a-Si pin structure and formed on 
a polyethylene naphthalate (PEN) demonstrates 
a conversion efficiency of  3% [27].

2. SELECTION OF THE OPTIMAL 
UNDOPED LAYER TO FORM A SOLAR 
CELL ON FLEXIBLE SUBSTRATES

 It is assumed that an optimum material 
for absorbing layer of  silicon solar cell is 
protocrystalline undoped silicon (pc-Si) [30], 
which is superior in electronic parameters 
compared to a-Si and nc-Si. Pc-Si is the only best 
material when using low substrate temperatures 
Td <100°C  for producing thin-film solar cells 
based on Si [31]. At the same time, if  Td > 200°C 
the parameters of  the solar cell is improved by 
the transition from a-Si to pc-Si when forming a 
light-absorbing layer [32]. Protocrystalline silicon 
is a material which is formed at the process 
conditions at the transition boundary for forming 
of  a-Si and nc-Si. Therefore, its structure consists 
of  amorphous silicon matrix containing discrete 
inclusions of  nanocrystalline silicon. Thus, the 
volume fraction of  nanocrystalline phase XC in 
pc-Si is close to zero contrast to the nc-Si.

Protocrystalline silicon was the result of  
experiments on the optimization of  the active 
layer of  thin film cells based on Si and SiGe 
[32], which led to the creation of  structurally-
modified material called protocrystalline silicon 
[30]. Review of  the structural properties 
of  the material containing uncontrollable 
concentration of  silicon nanocrystals, carried 
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out in [33]. The primary goal in forming a solar 
cell based on the pc-Si is to select the process 
conditions that can form silicon nanocrystals in 
the amorphous matrix which are not in contact 
with each other.

The formation and increase of  nanocrystal 
concentration in material depends on the 
deposition temperature, the proportion of  
hydrogen in the hydrogen-silane, gas mixture 
and the film thickness [34, 35]. The result is 
determined by a rather narrow range of  process 
parameters that provide a pc-Si [36]. If  the 
process does not use fluorinated or chlorinated 
gases [37], then, as a rule, the volume fraction of  
a nanocrystalline phase increases with the film 
thickness [34, 35, 38-41].

The formation of  pc-Si requires a large 
proportion of  hydrogen in the gaseous medium 
using the method of  plasma chemical vapor 
deposition (PECVD) or other gas-phase 
method (CVD), for example, thermal vapor 
deposition method (hot-wire CVD) [41-43]. The 
increasing of  relative proportion of  hydrogen 
in the hydrogen-silane gas mixture R = [H2]/
[SiH4] results in sharp change of  optoelectronic 
material properties in the R region from 15 to 
50. The optimum value of R, needed to obtain 
pc-Si, depends on the substrate temperature Td 
and the geometry of  the reaction chamber in 
which deposition of  material takes place [44].

The dependence on R of  optoelectronic 
properties of  films obtained by PECVD at Td 
= 40°C and Td = 75°C have been studied in 
[36] in order to analyze the properties of  the 
film formation conditions, which allow the Si 
deposition on flexible cheap PET substrate 
at low temperatures (Td < 100°C). Pc-Si film 
forming in the transition region from a-Si to 
the nc-Si showed optoelectronic properties that 
are superior to the corresponding properties 
of  a-Si and nc-Si. The results are shown in Fig. 
1. Measurements of  photosensitivity (the ratio 
of  photoconductivity to dark conductivity) 
were carried out under illumination of  the 
films by light with photon energies hν = 1.96 

eV and intensity 1.3∙1015 cm-2s-1. The thickness 
of  the films was ≈1μm. The rate of  deposition 
of  the films decreased significantly with 
increasing R.

As can be seen, the annealing results in an 
increase of  photosensitivity of  the films, due, 
apparently, to the redistribution of  hydrogen 
in the structure of  a-Si and pc-Si. Thus films 
obtained at R = 29 (Td = 75°C) and R = 45 
(Td = 40°C), demonstrate not only the highest 
photosensitivity, but the best parameter stability 
under light exposure [45].

Koch and coworkers [31, 36, 46], and Ishikawa 
and Schubert [29] demonstrated that the creation 
of  undoped pc-Si at substrate temperatures of  
40°C < Td < 110°C with good optoelectronic 
properties and photosensitivity (more then 105) 
requires appropriate selection of  R and a plasma 
discharge with sufficiently high frequency.

Fig. 1. Dependences of  photosensitivity of  the films made at 
Td = 40°C and Td = 75°C on R. The data show the results 
of  the measurements made immediately after preparation of  
the films (a) after film annealing at 110°C for 16 hours (b) 
after film illumination at T <50°C with light intensity of  

AM 1.5 for 100 hours (c) [1].
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3. FORMATION OF THE DOPED 
LAYERS FOR SOLAR CELLS ON 
FLEXIBLE SUBSTRATES
The necessity of  using low substrate temperatures 
(Td < 100°C) in the case of  forming a solar cell on 
a cheap flexible PET foil leads to some problems 
of  obtaining doped layers, associated with low 
efficiency of  doping a-Si at low temperatures [47]. 
The authors of  [43] compared the parameters 
of  a-Si and nc-Si films, obtained by method of  
high-frequency plasma chemical deposition and 
method of  "hot wire" at substrate temperatures 
Td = 25°C and Td = 100°C, and doped with 
donor (n-type) or acceptors (p-type). It was 
noted monotone change in the structure from 
amorphous to nanocrystalline with increasing R 
in the case of  "hot wire" method and a dramatic 
change in the structure in the case of  "high 
frequency method". In addition there was a 
significant increase in the efficiency of  doping 
of  the films after annealing at 300°C, resulting in 
increased of  a-Si films conductivity two orders 
of  magnitude [48].

Koch found a significant reduction (four 
orders of  magnitude) conductivity of n-type 
a-Si films when substrate temperature decreases 
from Td = 150°C to Td =100°C in the case of  
high-frequency plasma chemical deposition 
method [31]. Studies have shown that the 
problem of  high concentration of  defects and 
low efficiency of  doping can be overcome in the 
case of  silane-hydrogen mixture with R > 3 [31, 
36]. Thus it is possible to raise the conductivity 
of  the n-type film obtained at Td = 100°C, to a 
value 5∙104 Ohm-1cm-1. Unlike the n-type material, 
in the case of  p-type material the problem of  
obtaining doped a-Si or pc-Si film at low substrate 
temperatures requires solutions.

Fig. 2 shows the results of  measurements 
of  the conductivity and photoconductivity 
of  n- and p-type films, made at low substrate 
temperatures, obtained by Koch and co-workers 
[31, 36], and Ishikawa and Schubert [29]. It was 
noted that the p-type film with high conductivity 
can be made only in the case of  large plasma 

discharge excitation frequencies (80 MHz). At 
the same time, a high conductivity n-type films 
could be made when using medium frequency 
of  13.56 MHz.

4. FORMATION OF SOLAR CELLS ON 
FLEXIBLE SUBSTRATES
Koch and co-workers showed [36], that pc-
Si as an active layer of  the solar p-i-n element 
gives the best parameters in the case of  film 
deposition at low temperatures (Td < 100°C). 
When Td = 75°C conversion efficiency of  
obtained element was 3.8%. At the same time, 
conversion efficiency of  6% was obtained for Td 
= 100°C [31]. After photo-induced degradation 
the conversion efficiency decreased somewhat 
and amounted ≈5% for structures formed at Td 
= 110°C [49].

Fig. 3 shows the correlation between 
photosensitivity and ambipolar diffusion 
lengths for the active layer formed of  pc-Si at a 
low temperature Td = 110°C (Fig. 3a) and p-i-n 
conversion efficiency of  the solar cell, deposited 
on the substrate Asahi-U and using this film (Fig. 
3b) [1]. The values are shown for p-i-n element 
efficiency before and after the lighting for 100 
hours of  light with an intensity of  AM 1.5.

Fig. 2. Conductivity (σd) and photoconductivity (σph) of   n- 
and p-type films made at low substrate temperatures and at 

different R values [1].
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The ability to change the optical band width 
when changing R allows to form multi-element 
solar cells at low temperatures [31, 46, 50]. Fig. 
4 shows the current-voltage characteristics  for 
two-element (tandem) and  four-element solar 
cells formed on a flexible PET foil [1].

Koch and co-workers reported on creation 
of  a "low-temperature" p-i-n/p-i-n and n-i-p/n-i-p 
solar cells with an initial (before light degradation) 
conversion efficiency of  6% [31]. Researching 
the effect of  the sequence of  formed layers on 

the stability of  the structure parameters Ishikawa 
and Schubert showed that n-i-p structure with a 
pc-Si active layer is more stable under exposure 
to light [49].

Fig. 5 shows current-voltage characteristics 
obtained for a p-i-n structure formed on  glass 
substrate and 50 μm PET foil substrate [1]. 
Both the solar cells with the area of  9 mm2 
were formed under the same conditions. As 
can be seen, the conversion efficiency of  the 
optimized "low temperature" solar cell formed 
on a PET foil is almost identical with the 
conversion efficiency of  the element formed 
on the glass.

In the case of  solar cells, integrated into 
clothing, the substrates of  the solar cells must 
be sufficiently thin not to change significantly  
the "flexibility" of  the material on which 
they are placed. Fig. 6a and 6b show an array 
of  pc-Si  solar cells, formed on thin PET 
foil with the thickness of  23 μm. Since the 
thickness of  the active layer of  the battery is 
1 μm, the mechanical strength of  the battery 
is determined by PET foil. However, as can 
be seen from the figure, the solar battery 
follows the shape of  the material to which 
it is attached. The conversion efficiency of  
shown solar cell is 5%. Note that we also 
need to create a thin and durable material for 

Fig. 3. The effect of  R on the photosensitivity and on 
the charge carrier ambipolar diffusion length of  undoped 
hydrogenated silicon film made at a low substrate temperature 
(a), and on conversion efficiency of  p-i-n solar cell before (ηini) 

and after (η) extended lighting (b) [2].

Fig. 4. Current-voltage characteristics of  two-element and 
four-element solar cell formed on a flexible PET foil [1].

Fig. 5. Current-voltage characteristics of  "low-temperature» 
p-i-n solar cells formed on glass and PET foil [2].
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encapsulation of  solar cells. Fig. 6c and 6d 
show examples of  commercial photovoltaic 
modules, which are integrated in jackets to 
supply emergency LEDs (Fig. 6c), mobile 
phone, MP3 player and other electronic 
devices that use a standard USB connector 
(Fig. 6d) [2]. Fig. 7 shows estimated areas [2] 
which are needed to power these electronic 
devices using currently established various 
thin film solar cells on flexible substrates. 
The authors noted that as it is possible 
to integrate 1000 cm2 solar cell into adult 
clothing, flexible solar cells can provide the 
necessary power.

5. CONCLUSION
Review of  the literature devoted to solar cells 
on flexible substrates shows that the use of  
flexible substrates (stainless steel foil or plastic 
foil) is somewhat easier and cheaper process of  
forming a solar cell, which is partly due to the 
possibility of  using the "roll-to-roll"  technique. 
The production of  solar cells based on 
hydrogenated silicon films on flexible polymeric 
substrates requires development of  the solar 
cells technology based on this material prepared 
at relatively low temperatures (< 150°C). A 
preferred material for forming the active layer in 
this case is protocrystalline hydrogenated silicon 
pc-Si:H, whose parameters depend strongly on 
the ratio of  hydrogen-silane gas mixture and 
reactor design for deposition of  films. Currently 
available silicon solar cells made on the non-
textured PET foil at substrate temperature of  
Td = 110°C show a conversion efficiency ≈5% 
[1]. The flexible solar battery, with an area of  40 
cm2, consisting of  10 solar cells, demonstrates 
the conversion efficiency of  3%. Studies show 
that there are opportunities to improve the 
conversion efficiency of  these cells associated 
with a corresponding change of  the structure of  
the layers forming the solar cell and the structure 
of  the element.
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