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Solar radiation is one of environmentally clean
renewable sources of energy viewed as a possible way in
which countries and regions lacking their own
resources of traditional kinds of fuel can solve the
growing problems of ensuring energy security and
environmental safety already in the foreseeable future
[1]. The amounts in which solar energy arrives to the
earth surface are almost unlimited, they are available
everywhere, they are many times greater than the fore-
seeable demands of the mankind in energy, and they
are continuously replenished.

Solar radiation features high quality from the view-
point of thermodynamics: theoretically, it can be con-
verted with high efficiency into electric energy and
heat required for a human. As regards heat, it can be
obtained with almost any temperature potential (the-
oretically, to almost the Sun’s radiating surface tem-
perature equal to 6000 K). Owing to this fact, it is in
principle possible to convert solar energy into electric
energy with high efficiency both directly (in solar
cells) and via thermodynamic cycles (with the use of
radiation concentrators and thermal cycles).

Unfortunately, solar radiation as primary source of
energy has some essential drawbacks: its flow has
rather low power density (up to 1000 W/m? in clear
noon and up to 250 W/m? on the average a year in the
sunniest regions on the globe); besides this, solar radi-
ation arriving to the earth surface features seasonal
and daily variations and depends on the weather. Thus,
in making large-capacity solar power installations,
solar radiation receivers of a large surface area need to
be constructed, which entails relatively high costs for
equipment and results in that such devices are less
competitive as compared with more compact tradi-
tional fossil-fueled power installations, the power
flows in which have densities of several hundred kilo-
watt per square meter. Clearly, solar power installa-
tions can be made more competitive, first, by increas-
ing their efficiency (due to which a smaller required

surface area of the cells is achieved) and, second, by
reducing their specific cost per unit surface area of the
receiver.

Photovoltaics is the most rapidly developing sector
of solar power engineering. This can be seen from the
following figures. The amounts by which power instal-
lations other than solar ones, as well as the production
of alternative fuels, increased in 2009 were as follows:
wind power, 32%; thermal power (water heating),
21%; geothermal power, 4%; hydraulic power, 3%;
and production of ethanol and biodiesel, 10 and 9%.
As regards solar cells (SCs), the amounts of their sales
in the world’s market grew on the average by 60% in
2004—2009 (Fig. 1), by 66% in 2009, and by 74% in
2010. The overall capacity of SCs produced in 2010
totaled 20.5 GW,, [2], of which 18.2 GW,,, were
commissioned, and the overall capacity of the
installed photovoltaic (PV) systems reached almost
43 GW,,. For comparison, the overall capacity of
SCs produced and commissioned in 2009 totaled 11.8
and 7.6 GW,., and grew by 74 and 139%, respectively.

In 2009, the annual production of electric energy
totaled 23.9 trillion kW h. The average cost of 1 W,
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Fig. 1. Annual amounts of SCs produced in the world.
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Table 1. Some parameters of photovoltaics in 2009
Country Installlv%iv capacity, Pﬁ&lced, Budget of R&D Cost* of PV system, Tariff**,
peak peak works, $million $/Woeak cent/(kW h)
Australia 183.7 12 9.8 4.7-7.8 10.2—15.6
Austria 52.6 7.5 5.3-7.6 26.4
Belgium 363 - — — —
United Kingdom 29.6 — — 8.1-8.7 —
Germany 9845.0 2456 73.5 3.9-5.3 31.5
Denmark 4.6 — 4.7 3.7-9.3 37.5
Israel 24.5 — 0.5 3.6—5.9 12.5
Spain 3523.0 23 4.2-59
Italy 1181.3 66.1 6.9 4.2—6.3 23.6
Canada 94.6 0.3 3.2 - 6.1
China 305.0 3800 - — —
Korea 441.9 231 55.4 6.2 13.3—-19.6
Malaysia 11.1 780 — 6.2 <13.5
Mexico 25.0 - 0.5 6.5 <36.2
The Netherlands 67.5 — 16.7 — -
Norway 8.7 180 14.5 11.1-14.3
Portugal 102.2 5.5 5.6—6.9 10.3—19.2
The United States 1641.6 770 145 3.5-5.0 10.4
Taiwan — 1400 — - —
The Philippines — 400 — — —
France 430.0 — — 3.5-6.3 -
The Czech Republic 411.0 — — — —
Switzerland 73.6 >0.8 — 5.1-6.7 14.7
Sweden 8.8 — 7.6 6.1 18.3—-20.9
Japan 2627.2 1487 44.5 5.8 19.1-25.8

Notes: * For PV systems connected via a network with a capacity of higher than 10 kW.

** Feed-in Tariff.

in a solar module (SM) dropped as compared with
2008 by 35% from $3.5/W,.. to $2.6/W,., and in
some cases to $2/W,,, [3]. According to forecasts, this
cost will drop by 37—50% a year in the next five years
[2], and the cost of 1 W ., in PV systems united by a
network dropped by 30% to $4.8/W,, (it sometimes
reached $3.5/W,, on the average) [3].

China (which accounts for more than 30% of the
market), Germany, Japan, and Taiwan are the leaders
in production of SCs (in 2009) (Table 1), whereas the
countries occupying leading positions in purchasing
PV systems include Germany (9.8 GW,,), Spain
(3.5 GW,¢u, of which around 3 GW,,,, was commis-
sioned in 2008), Japan (2.6 GW,,, which was the
leader up to 2004), the United States (1.6 GW,,),
and Italy (1.2 GW,,; for comparison, the installed
capacity of PV systems in 2007 totaled 120 MW ., ). If
we recalculate these figures per capita, the three lead-
ing countries remain the same, but the United States
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drops to tenth place, whereas Switzerland rises from
the fourteenth to the fifth place. With such a boomlike
growth of photovoltaics, changes may occur in the list
of leaders. For example, India intends to install PV
systems with a total capacity of 20 GW,,, by 2022 and
100 GW,., by 2030.

It should be pointed out that photovoltaics is
actively developed not only in countries with high
insolation. For example, the insolation in Germany is
at the same level as it is in Moscow, whereas the inso-
lation in the Netherlands, Belgium, United Kingdom,
Norway, and Sweden is even lower than in Moscow.
The insolation in the south of Russia, in the Magadan
oblast, and in the Primorsky krai is at the same level as
in Italy and France [4]. Therefore, the fact that Russia
does not have any essential PV installations is due to
lack of the appropriate political decisions and state
grants rather than due to insufficient insolation. The
Feed-in Tariff law, which has been adopted in 63
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Fig. 2. Forecast of the annual production (/), (2) and
installations (3), (4) of PV systems for two scenarios: with
an annual growth of production equal to 30 (2), (4) and
10% (1), (3).

countries, is applied around the world as a political
mechanism for stimulating the development of photo-
voltaics to the parity with power systems. For example,
when the Czech Republic, the insolation in which is
the same as in Moscow, adopted this law in 2008, the
overall capacity of PV installations in it increased by a
factor of 9 (to 411 MW,,,,). The adoption of this law
caused the capacities of PV installations to grow by a
factor of 19 in Israel, by a factor of 9 in Canada, and by
a factor of 2—4 in Austria, Switzerland, and other
countries.

COST OF PHOTOELECTRICITY

The main question that is usually of concern for a
customer is how much the electricity in a receptacle
will cost if a PV system is installed. It is rather difficult
to give an exact answer to this question, but a simpli-
fied algorithm for making an estimate is as follows [5].
Suppose that we wish to install a PV system with an
area of 1 m2. The following two alternatives are consid-
ered: the system has an efficiency equal to 10 or 20%;
i.e., its capacity is equal to 100 or 200 W,,,. We assume
that the system is supposed to be used in locality with
insolation equal to 1200 (kW h)/m? a year (Moscow,
the Czech Republic, and Germany). Then, the PV
systems with efficiencies equal to 10 and 20% will pro-
duce 120 and 240 kW h a year, respectively, while hav-
ing the same amount of energy produced per watt of
installed capacity, equal to 1.2 (kW h)/W,,. Thus,
irrespective of the PV system efficiency, each watt of
installed capacity will produce 1.2 kW h a year and
36 kW h for 30 years (such service life is now guaran-
teed by manufacturers of silicon SMs). Finally, if the
PV system was bought at a price of $3.6/W,,.,, the cost
of 1 kW h of photovoltaic energy will be $0.1/(kW h).
This is the minimal value, because it was determined
without taking into account many other factors, such
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as expenditures for maintenance of the PV system, for
land lease, interest for bank credit, profit, etc. Clearly,
if insolation is higher (1400—1700 (kW h)/m? a year in
the Krasnodar krai and 2000 (kW h)/m? a year in
Spain), the amount of produced energy will increase
proportionally, and the cost of photoelectricity will be
lower. For a PV system be able to compete with other
sources, the cost of photoelectricity must be reduced.
It is commonly adopted that $3/W,,,, for a PV system
(8$1.5/W,eq for an SM) is the threshold below which
photovoltaics can freely compete with other sources of
energy in the market.

Silicon-based semiconductor devices play the
leading role among different types of PV systems that
are being developed. It is exactly this line of works in
the field of photovoltaics the state of the art and pros-
pects for future development of which are discussed in
this paper.

IS PHOTOVOLTAICS ABLE TO OCCUPY
A NOTICEABLE PLACE IN POWER
ENGINEERING OF THE FUTURE?

Let us estimate what power capacity of PV systems
is required for producing, say, 1.2 trillion (kW h)/year,
i.e., 5% of the amount of electric energy produced
presently around the world (by 2010, a total of
4.8 TW,ea Of power capacities had been installed
around the world, which produced approximately
24 trillion (kW h)/year, i.e., around 5 (kW h)/W,,,). We
assume that all these systems are installed in a locality
with insolation equal to around 1400 (kW h)/m? a year
(Moronezh, Tambov, Penza, Ul’yanovsk, and Ufa).
Earlier, it was shown that under these conditions, each
installed watt of peak capacity will produce 1.4 kW h a
year; hence, approximately 860 GW,,, of installed PV
capacities, or 5700 km? of PV systems with efficiency
equal to 15% must be available for producing 1.2 tril-
lion (kW h)/year. Since the service life of a PV system
is equal to 30 years, 28.6 GW,, (190 km?) of PV
capacities must be installed every year for maintaining
this level (860 GW,,). It should be reminded that
18.2 and 7.5 GW,,, were installed in 2010 and 2009,
respectively.

What is the expected date by which the amount of
electricity produced by PV systems can reach 5% of
the present-day consumption of energy? This moment
of time can be predicted if we specify certain produc-
tion growth rates. Of course, there are no grounds to
figure that the production of solar cells will grow by
50% every year; this is impossible. Therefore, we will
consider two scenarios: with a 30% growth (moderate)
and a 10% growth (very moderate).

As is shown in Fig. 2, with the production growth
rate equal to 30 (10)%, 1 TW,, of capacities will be
installed in 2020 (2028), i.e., quite soon on a historical
scale. It is interesting to point out that the commis-
THERMAL ENGINEERING  Vol. 58
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sioning of the present-day 4.8 TW,,, of capacities can
be expected in 2026 (2043).

A FORECAST OF THE PRICE FOR SOLAR
MODULES

The price of 1 W, in SMs varied in the period
from 1979 to 2009 (Fig. 3) according to the classic law,
namely, a linear dependence of the price vs. the accu-
mulated amount in the logarithmic coordinates: it
dropped by 20% as the amount of installed SMs
increased by a factor of 2. Extrapolation shows that the
price will drop to $1/W,.,x when 200 GW,,., of capac-
ities are installed. With the growth rate equal to 10%,
this will occur already in 2016 (see Fig. 2).

Thus, the potential for development of photovolta-
ics is so great that it soundly pretends to occupy a
noticeable place in power engineering of already the
foreseeable future. New approaches should be devel-
oped for achieving this goal, the use of which will
make it possible to increase the efficiency, decrease the
consumption of materials, and reduce the cost of
1 W,ea Of installed capacity.

SILICON AS THE BASIS OF MODERN
PHOTOVOLTAICS

Photovoltaics reckons its history from 1954, the
year in which a solar cell with an efficiency of 4.5% was
obtained at Bell Laboratories (the United States). This
cell was made of crystalline silicon (c-Si), material
that dominates in the production of SCs still at
present.

It follows from Table 2 that in 2008, as in 1999,
around 90% of all solar cells were made of multicrystal
silicon (mc-Si), ribbon silicon, and single-crystal sili-
con grown according to Czochralski’s method (Cz-
Si), and the amount of production had increased for
that period of time by a factor of 36.5. Thin-film SMs
made of amorphous silicon (a-Si) CdTe and modules
made on the basis of a cuprum-indium-selenium alloy
(CIS) have been trying to compete with c-Si for
already 30 years, but attempts to do so have not hith-
erto met with success. Apart from being toxic (Cd) and
available in limited amounts (Te and In), SMs made of
these materials have considerably poorer efficiency.
According to forecasts, if the production of SCs made
of CdTe increases in scale, the prices for tellurium will
rise by a factor of 10—100, and their cost will be no
lower than that of silicon cells [5].

Since the amount in which SCs are produced is
supposed to be increased further by a factor of 1000, an
unlimited source of raw materials for producing them
is necessary, which, however, must not pollute the
environment. Silicon SCs comply with this require-
ment; the source material for manufacturing them
(quartz) is not only readily accessible but also widely
abundant (one-third of the Earth consists of silicon),
due to which the danger of monopoly is excluded. A
2011
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Fig. 3. Reduction of the price of 1 W, in a solar module
with the accumulated amount of SMs.

forecast shows that c-Si will continue to dominate in
photovoltaics in the medium-term prospect, and there
is no alternative to it as yet. Therefore, the European
Photovoltaic Power Industry Association (EPIA),
which has plans to bring the share of solar electricity to
12% in Europe and to 5% in the world, stakes exactly
on silicon-based photovoltaics [6].

THE OUTLINE OF THE MODERN SILICON-
BASED PHOTOVOLTAICS

Screen Printed Solar Cell. In 1975, a simple and
cheap technology for manufacturing contacts by
alloying silicon with metal-containing pastes applied
using the screen printing method was developed. The
design of a SC called a screen printed solar cell was
developed on the basis of this technology (Fig. 4a).

Wafers of p type are used. The wafer surface having
the orientation (100) is subjected to texturing in a
solution of alkali with isopropyl alcohol to reduce
reflection loss, as well as for refracting light in order to
increase the optical path. A p-n junction is formed by
diffusion of phosphorus. A film of hydrogenated sili-
con nitride (a-SiN:H) is applied to the face side serves
as antireflection coating and at the same time passi-

Table 2. Fraction of semiconductor materials in the pro-
duction of SCs in 1999 and 2008

Fraction in the total amount of SCs, %
Material
1999* 2008**
mc-Si 47.5 49
Cz-Si 39.8 38
Ribbon Si 3.8 1
a-Si 8.3 5
CdTe 0.4 6
CIS 0.2 1
Notes: * Goetzberger A. et al. Mat. Sci & Engnf. 2003. R 40.
p. 1—46.
** Hesse K. Proc. 24th EU PVSEC. Hamburg, 2009.
p. 883—885.
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Fig. 4. Designs of solar cells. (a) Screen printing, (b) with
buried Saturn contacts produced by BP Solar, (c) with the
HIT-structure produced by Sanyo, and (d) Laminated
Grid Cell produced by the Moscow State University’s
Research Institute of Nuclear Physics and the Solnechnyi
Veter Firm.

vates the surface. After that, contact fingers (CFs)
made of silver past are applied to the face side, and a
continuous layer of aluminum paste is applied to the
back side; the contact fingers and the layer of alumi-
num paste are fired in at a temperature of above 800°C.
Owing to its simplicity and high output, the screen
printing technology has remained a commercial stan-
dard since the early 1980s and dominates in the indus-
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try. However, essential drawbacks inherent in screen
printed contacts limit the efficiency of SCs at a level of
14—16%.

SCs with buried contacts. In 1985, a solar cell with
(Ni/Cu/Ag) contacts buried in 20-um wide and 60—
100-um deep grooves made using the laser technology
was developed, which was commercialized by BP
Solar (England) (Fig. 4b). The efficiency of this SC,
called a laser grooved buried contact (LGBC), reaches
18.3%.

High-efficient SCs. In the early 21st century, two
designs of high-efficient solar cells emerged in the
market. In 1997, the Sanyo Co. (Japan) began to man-
ufacture so-called heterojunction with intrinsic thin-
layer (HIT) solar cell on the basis of the a-Si/c-Si het-
erojunction (Fig. 4c), and in 2003, the SunPower Co.
(the United States) began to manufacture so-called
interdigitated back contact (IBC) solar cells with
backside opposite-comb contacts. These SCs had effi-
ciencies equal to 23 and 22%, respectively. However,
the designs of HIT and IBC solar cells require expen-
sive silicon with the lifetime of carriers more than
1 ms, i.e., by more than an order of magnitude longer
than in the bulk of routine c-Si wafers.

PURPOSES AND OBJECTIVES OF
PHOTOVOLTAICS: THE EPIA ROAD MAP

Photovoltaics is viewed as power engineering of the
21st century able to make serious contribution in the
supply of energy to the mankind. To this end, the task
is set forth to increase the amount of production by
around a factor of 1000 and reduce the cost of photo-
voltaic electricity. What ways have been contemplated
for achieving this? In 2004, the EPIA formulated the
objectives of the further development of silicon photo-
voltaics in its road map up to 2010 (2020). The main of
these objectives are as follows [6]: to reduce the con-
sumption of ¢-Si from 16 to 10 g/W,e. (8 8/W,ear), tO
reduce the thickness of silicon plates from 300 to
180 um (160 pm), to increase the efficiency of SCs
made of Cz-Si from 16.5t0 20% (22%), to increase the
efficiency of SCs made of mc-Si from 14.5 to 17%
(19%), and to develop high-efficient contacts.

HIGH-EFFICIENT CONTACTS

Electrical contacts determine the “face” of a solar
cell both in literal and figurative senses. High-efficient
metallization must allow the following parameters to
be minimized: the width of contact fingers, the longi-
tudinal resistance of CFs, the area of the contact with
silicon, and the resistance of the contact to emitters
with low surface concentration. In addition, the emit-
ter must not be shunted; the process must go at low
temperature in order to keep the passivating films
made, e.g., of a-Si, from degradation; and finally, the
process must not exert mechanical pressures for the
possibility of applying it for thin c-Si wafers. Contacts
THERMAL ENGINEERING  Vol. 58
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evaporated in vacuum comply with these require-
ments; however, they are not acceptable for the manu-
facture of SCs. Screen printing is a simple and cheap
process, due to which it has still been dominating in
the production; however, it has essential drawbacks:
the CFs have a large width (approximately 125 pm)
and moderate conductivity (0.24—0.4 Q/cm), the
metal/Si contact has considerable resistance (around
5 mQ cm?), the CFs are characterized by a low aspect
ratio, mechanical pressure is exerted during the print-
ing process, high-temperature annealing (800—
900°C) has to be used, and the technology can be
applied only for heavily doped emitters with a sheet
resistance of approximately 40 Q/sq.

Plating. The approach used in LGBC solar cells,
the idea of which is to precipitate metal in windows
opened in the dielectric film of antireflection coating,
has recently been actively developed as an alternative
to the screen printing method. Various methods for
opening windows and shaping the metallization pat-
tern are investigated, including laser-assisted shaping
of grooves, laser ablation of dielectric, laser ablation of
resist, application of resist using a jet printer followed
by chemical etching, and printing of etching pastes. As
a rule, nickel is first deposited into the windows using
a chemical method followed by thermal treatment,
after which galvanic or light-induced electric deposi-
tion of metal is carried out. As a result, the possibility
of making 50—60-pum wide CFs with a contact resis-
tance of less than 1 mQ ¢cm? was demonstrated. Solar
cells made of Fz-Si and Cz-Si with efficiencies equal
to 20.7% and 17%, respectively, have been obtained.

Laser fired contacts. A process for making high-
efficient metallization for the back side of monofacial
SCs has been developed at Fraunhofer ISE (Ger-
many). This process, called the technology of laser
fired contacts (LFC), consists in the following: a pas-
sivating SiO, or SiN, film and a layer of aluminum are
applied on the SC back surface, after which the alumi-
num layer is locally heated using a Nd:YAG laser due
to which the passivating film is burnt and a local p*
layer is formed with the Al/p*-Si contact having a spe-
cific resistance of 0.3—1 mQ cm?. Aluminum is depos-
ited by thermal vacuum evaporating (for which special
high-output equipment is developed), as well as using
the screen printing method, and even in the form of
foil. Solar cells with efficiency higher than 20% have
been obtained.

Ink-jet printing of contacts. In recent years, use of
jet printers in the manufacture of SCs has intensely
been studied, also for printing contacts with special
metal-containing ink made using nanoparticles of sil-
ver. A nucleating layer of silver is applied on the antire-
flection coating (SiN,), and a contact is formed by
high-temperature firing (at 880°C) in a way similar to
the screen printing process, after which silver is grown
by electroplating, due to which the fingers become
wider. Contact fingers with a width of around 45 pm
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and having the aspect ratio equal to 1/3—1/5 have been
obtained. Unlike the screen printing technology, this
method does not exert mechanical pressure on the SC,
and the contact fingers obtained using this method are
thinner and have lower specific resistance. The draw-
backs of this method are that it gives large contact
resistance (5—8 mQ cm?) and that the process has to
be carried out at high temperatures.

Laser grooved buried contacts. In the initial LGBC
technology, nickel was chemically deposited into
grooves made using the laser method, and the contact
was grown by electroplating. For making the process
cheaper, a hybrid version was developed within the
framework of the Lab2Line project of the FP6 pro-
gram, in which CFs are applied into grooves but using
the screen printing method. The efficiency equal to
17.5% has been obtained.

Films of transparent conducting oxides (TCO). The
idea of introducing TCO films into the design of a SC
made of ¢c-Si with a p-# junction as a transparent elec-
trode and simultaneously as antireflection coating has
long been attracting attention due to its great poten-
tial. However, TCO films are not used in the manufac-
ture of “standard” SCs, because they are incompatible
with screen printed contacts due to their becoming
degraded during high-temperature annealing. Spe-
cialists of Sanyo have succeeded in solving the prob-
lem of making contacts to the TCO film in the HIT
solar cells, which are presently the only and the most
efficient commercially available type of SCs made of
c-Si. Intense efforts are being taken to repeat the suc-
cess achieved by Sanyo, and different consortiums are
being created to this end in Germany, France, and
other countries. Since Sanyo produces SCs made of -
Si, HIT-type solar cells made of p-Si were initially
developed, but the efficiency that had been achieved
with this material by 2008 was as low as 18.4%, and
that with n-Si, 19.8% (HMI, Berlin). In recent years,
the Roth&Rau Co. has actively joined to the develop-
ment of this line and, working in cooperation with
EPFL (Neuchatel), it achieved the efficiency equal to
21% for a SC with a size of 4 cm? and 19.3% for a solar
cells with an area of 148 cm?in 2010. Poorer efficiency
of the SC of a larger size is due to problems with con-
tacts. Attempts to develop high-efficient contacts to
TCO are taken, as a rule, with the use of low-temper-
ature pastes.

The LGCell design and its advantages. Specialists of
the Moscow State University’s Institute of Nuclear
Physics and the Solnechnyi Veter (Solar Wind) Firm
(SINP MSU & SV) develop a new low-temperature
method for making high-efficient contacts called a
laminated grid cell (LGCell) [8] for SCs with TCO
films. In this case, the method involves two processes
(Fig. 4d): application of a film of transparent conduct-
ing metal oxide (TCO) and formation of a contact
comb of a wire coated by a contact composition
attached to the TCO surface using the low-tempera-
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Table 3. Parameters of SCs made using the LGCell and
screen printing methods

Parameter LGCell Screen printing

W, pm 60 125

W*, um ~42 125

R;, mQ/cm 54 400—1300

Rc, mQ cm? <0.8 5—15

Ry, ©/sq Emitter + TCO Emitter
30-50 40—60

Shunting No Yes

Temperature, °C ~150 800—900

Note: Wis the width of contact fingers (CFs), W* is the effective
width of CFs, R; is the longitudinal resistance of CFs, R¢
is the contact resistance, and Rgjy is the sheet resistance
between the CFs.

ture lamination method, also with the use of transpar-
ent conducting polymer; the current collecting bus-
bars are located near the SC. If the contact to the back
side is made using the screen printing method, a con-
tact to the metal is organized on the back side of the
wire. The LGCell technology has a few essential
advantages as compared with other metallization
methods:

—Contact fingers can be made of a very thin cop-
per wire, the effective width D 4 of a CF finger made of

round wire is a factor of ﬁ smaller than the diameter
D (with D = 60 um, D= 42 um).

—Owing to the aspect ratio equal to around unity
and the specific resistance of the metal, it becomes
possible to obtain the minimal possible longitudinal
resistance of CFs (54 mQ/cm for D = 60 um).

—The resistance of the CF/TCO contact is less
than 1 mQ cm?.

—In the LGCell there is no need to form a selec-
tive emitter, because the TCO film forms a contact to
the emitter over the entire surface area.

—In the LGCell it is possible to use a high-effi-
cient homogeneous emitter (with a sheet resistance of
higher than 100 QQ/sq), because the sheet resistance of
TCO is around 40 Q/sq.

—The LGCell contact fingers are uniform and
have no breaks, which is an essential problem for other
technologies, which aggravates as the CF width
becomes narrower.

—A unique feature of an LGCell solar cell is that
the current collecting busbars in it are located near the
SC, which is more preferable than making them on the
back side (the developers of the back-contact-solar-
cell line strive to do so), which makes it possible to
exclude not only shading from the busbars, but also
damaging the SC by soldering when the cells are con-
nected in series in a module.
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—Cracks that may emerge in an LG Cell photovol-
taic converter do not lead to a break in the CFs; there-
fore, the efficiency degrades to the minimal extent, a
feature that is especially important during operation of
an SM.

—The symmetrical contact system and the fact
that the technology for soldering the LGCell busbars
does not involve the effect of a soldering iron are espe-
cially useful in the case of using thin SCs.

—Shunting of the emitter in an LGCell is
excluded owing to a suitable choice of TCO, whereas
in the case of using electroplated contacts this problem
arises during the nickel annealing process.

Table 3 gives a comparison between the parameters
of LGCell contacts and those obtained using the
screen printing method. It can be seen that the param-
eters of LGCell contacts are considerably superior to
those of contacts obtained using the screen printing
method and are at least as good as the parameters of
contacts obtained using other more intricate methods.

The TCO selection principle. In developing the
LGCell design, we formulated and experimentally
confirmed the fundamental principles of adequately
selecting TCO films for use as transparent electrodes
to n*-Si and p*-Si emitters. In particular, a TCO film
must form a barrier contact to the base; i.e., the film
used on an n*-Si (p*-Si) emitter must create a barrier
contact TCO/p-Si (TCO/n-Si). This requirement is
extremely important, because high surface conductiv-
ity, which is the advantage of TCO, may lead to the
emitter becoming shunted through holes, i.e., through
regions without diffusion, which appear due to imper-
fectness of the diffusion process (for HIT TCO/a-
Si/c-Si solar cells these are holes in the film of amor-
phous silicon). The risk of shunting becomes several
times higher in the case of using a high-efficient shal-
low emitter.

It should be pointed out that the range of TCO
films used in the industry is quite narrow and includes
the most popular tin-doped indium oxide (ITO), fluo-
rine-doped tin oxide (TO), and zinc oxide films doped
with indium, aluminum, gallium, etc. According to
the TCO selection rule, all of them are applicable only
for a p*-Si surface because they form a barrier contact
to n-Si (the SCs obtained from different structures
have the following efficiencies: 1TO/n-Si, 16.2%;
Zn0/n-Si, 8.5%; and TO/n-Si, 12.3%).

Thus, none of all widely known TCO films is suit-
able for being used as an electrode to an n*-Si surface.
Figure 5 illustrates how the faulted (n*pp*)Si structure
became shunted due to application of ITO. Therefore,
since numerous attempts to introduce TCO films into
the design of a silicon SC were based exactly on using
the ITO/(n*pp*)Si structure, they were doomed to
obtain a negative result. It should also be noted that
ITO is used in the HIT structure, but the solar cell is
just made of n-Si, and, possibly, the use of ITO or ZnO
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in designing HIT SCs made of p-Si is one of factors
due to which they have poorer efficiency.

The only TCO film that forms a barrier contact to
p-Si was developed at the Moscow State University’s
Institute of Nuclear Physics. This is a film made of flu-
orine-doped indium oxide (IFO) [9]. The obtained
SC with the IFO/p-Si structure had efficiency equal to
17.8%, which is a record for SCs made on the basis of
a TCO/Si heterojunction. Application of IFO on an
n*-Si emitter with “holes” does not degrade but
improves the parameters of the (n*pp™)Si structure
(see Fig. 5).

An LGCell made on the basis of the
IFO/(n*pp*)Cz-Si structure obtained by diffusion of
phosphorus and boron showed the efficiency equal to
19.2%. For comparison, in 2008, the efficiency equal
to 19.1% obtained for a SC with contacts made by
means of the screen printing method but using float
zone (Fz) silicon was claimed as a record one [10].
Screen printed contacts are considerably inferior to
LGCell contacts, and the efficiency equal to 19.1%
was obtained exclusively owing to the use of Float zone
silicon.

A SELECTIVE EMITTER

A highly doped deep emitter with sheet resistance
equal to 10—20 Q/sq is required for obtaining a low-
resistance contact with the minimal risk of being
shunted. Emitters with sheet resistance of no less than
100 Q/sq are high-efficient ones. Therefore, a com-
promise homogeneous emitter with resistance equal to
40—50 Q/sq is used in standard SCs. In a selective
emitter, it is possible to separately optimize the metal-
lized and nonmetallized regions. A few technologies
have been actively developed in recent years. It should
be pointed out once again that SCs with transparent
electrodes made of TCO films (HIT and LGCell) do
not require a selective emitter.

Silicon ink. The Innovalight Co. (the United
States) has developed a technology on the basis of
“ink” prepared from silicon nanoparticles highly
doped with phosphorus, which are applied using the
screen printing method prior to diffuse phosphorus
only on the places where the contacts will be located.
After completing the diffusion of phosphorus, sheet
resistances equal to 30—50 €2/sq are obtained in the
highly doped region and 80—100 €/sq in the lightly
doped region. Solar cells with efficiencies equal to
19% made of Cz-Si and 17% made of mc-Si have been
obtained.

A SiO, mask. A method based on slowing down the
diffusion of phosphorus by a mask made of SiO, has
been developed by the Centrotherm Co. (Germany).
Silicon dioxide is structured by subjecting the regions
in which contacts will be formed to laser ablation.
Laser-induced flaws are etched by chemical methods.
Highly doped regions (with a width of 30 pm with
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Fig. 5. Irradiance U, curves for three structures. (I)—
(n*pp*)Si, (2—ITO/(n* pp™)Si, and (3—IFO/(n" pp*)Si.

sheet resistances equal to 10—20 and 110 /sq in the
masked region are obtained. Efficiencies equal to
18.6% have been obtained for a SC made of Cz-Si and
17.1% for a converter made of mc-Si.

The etch back process. This process, which has
been developed at the Konstanz University (Ger-
many), is based on applying a mask using the screen
printing method or using an ink-jet printer in the loca-
tions on a heavily doped emitter at which the contacts
will be made, after which the dead layer is subjected to
etching by forming porous Si, due to which a few tens
of nanometers of thickness are removed in a controlled
manner. Efficiency equal to 19% has been obtained.

Ion implantation carried out in two stages (over the
entire surface and through a mask) was proposed by
the Varian Co. (the United States). The advantages of
this approach are that the method is “dry” in nature,
no phosphosilicate glass (PSG) is produced, which
must be removed afterwards, and there is no need to
insulate the edges because the emitter is formed only
on the face side. Solar cells with efficiency equal to
18.5% have been obtained.

Laser-assisted doping from PSG. Specialists of the
Stuttgart University proposed to use the PSG layer
formed after carrying out gas diffusion of phosphorus
and obtaining a homogeneous emitter with sheet resis-
tance equal to 110 Q/sq as a source of phosphorus dur-
ing the subsequent laser-assisted diffusion of the
regions under the contacts. The Manz Co. (Germany)
has commercialized the technology. The Centrotherm
Co. develops a similar approach, and a SC with effi-
ciency equal to 18.6% has been obtained.

The laser chemical processing method (LCP) for
carrying out selective doping was worked out at Fraun-
hofer ISE, and the RENA Co. (Germany) is actively
developing this method. The method is based on sub-
jecting the PECVD SiN; layer to ablation with simul-
taneously melting the underlying emitter layer (with
sheet resistance equal to around 120 €)/sq) by means
of a laser beam directed by a jet of liquid containing
atoms of phosphorus, due to which a high degree of
doping is achieved after the molten Si becomes recrys-
tallized. The use of this process makes it possible to
form self-aligned contacts by light-induced deposition
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of NiAg. Efficiencies equal to 19% have been obtained
for a SC made of Cz-Si and 16.5% for a cell made of
mc-Si.

Laser-assisted doping through SiN_:H is being
developed at UNSW (Australia). After forming a
homogeneous emitter with sheet resistance equal to
100—120 Q/sq and a SiN,:H layer, selective-laser-
assisted doping is carried out, e.g., from the applied
phosphoric acid. Windows are opened in SiN:H dur-
ing this process, due to which it becomes possible to
form self-aligned contacts by electrically depositing
Ni/Cu/Ag. The efficiency of SCs made of Cz-Si is up
to 19%. The technology is commercialized by
Roth&Rau.

Above, some of the main methods for obtaining a
selective emitter were considered. All of them made it
possible to obtain SCs with efficiencies up to 19%,
which is by 0.6% higher than in cells with a homoge-
neous emitter. However, none of these methods has
gained the status of a commercial standard as yet. The
number of additional operations required for imple-
menting each of the methods is the criterion for com-
paring them, because it has been commonly adopted
that the efficiency must increase by at least 0.2% (abs.)
per each additional operation.

A SHIFT FROM p-Si TO n-Si:
IS THE PHOTOVOLTAICS ON THE VERGE
OF RADICAL CHANGES?

Use of n-type silicon for making SCs is more pref-
erable than p-type silicon doped with boron for two
reasons: first, #n-Si is less sensitive to usual impurities
(e.g., Fe) and flaws than p-Si, due to which the life-
time of carriers in it is longer and, accordingly, the
maximal SC efficiency is higher, and second, SCs
made of n-Si are stable, whereas cells made of p-Si
doped with boron are susceptible to light-induced
degradation (LID) connected with formation of
boron—oxygen complexes under the effect of light,
and their efficiency drops by approximately 1% (abs)
as time passes. To overcome the LID problem, it has
been recognized that a shift has to be made for using
either p-Si doped with Ga or n-Si. Works with Ga have
not received development, but works on constructing
SCs made of n-Si have become a top-priority line. Two
concepts of SCs are being studied: with the p-n junc-
tion on the back side and on the front side.

SCs made of n-Si with the junction on the back side.
Naturally, the manufacturers began to integrate n-Si
into the screen printing technology; namely, they
began to obtain a p* emitter by alloying silicon with
aluminum paste. In this case, the p-#z junction is on the
back side, and the p* surface is not passivated. For
achieving higher efficiency, the p* surface had to be
passivated; therefore, the manufacturers began to
remove the layer of paste, make the p* emitter thinner
by etching, and passivate it. A selective n* layer was

UNTILA, ZAKS

also used to form an isotype barrier of the front sur-
face, the so-called front surface field (FSF). Table 4
demonstrates the level of the obtained results. The
main drawback of this concept of SCs made of n-Si is
that their efficiency is very sensitive to the quality of
silicon, because the p-#n junction is on the back side.

SCs made of n-Si with the junction on the front side.
Diffusion of boron is another way in which a p* emitter
can be obtained. In this connection, we should point
out the priority of the Russian companies Kvark and
Solnechnyi Veter (Solar Wind) (Krasnodar), which
developed SCs with a boric p* layer as far back as the
1990s and were the first who began to produce bifacial
devices made of both p-Si and n-Si. Although these
cells had rather moderate efficiency (around 16%) due
to a weakly passivated boron p* emitter, it is the Rus-
sian companies that pioneered the use of boron diffu-
sion in the manufacture of SCs. Abroad Russia, the
Shell Solar Co. (Germany) took one of the first
attempts to develop a SC made of »-Si with a boron
emitter only in 2005, as a result of which a monofacial
cells with efficiency equal to 14% was produced by the
screen printing method. The results of the develop-
ments are summarized in Table 4.

It should be reminded that high-efficient industry-
grade SCs (produced by Sanyo and SunPower) are also
made of »n-Si; however, the specific features of their
designs imply the use of exclusively high-quality sili-
con.

Thus, efforts are being taken in the photovoltaic
industry to make a radical shift for using n-Si with p*
emitters obtained both by alloying silicon with alumi-
num and by diffusion of boron. In all likelihood, spe-
cial aluminum pastes will have to be developed for the
first approach. It should be pointed out that the use of
n-Si was also retarded due to the fact that attempts to
efficiently passivate p-Si- and p*-Si surfaces were not
met with success. It is only in a few recent years that
positive results have been obtained with using films of
aluminum oxide Al,Os.

DEVELOPMENT OF INDUSTRIAL
TECHNOLOGY FOR PASSIVATING BOTH
p AND p*-Si SURFACES

The passivating films developed for n*-type emit-
ters (e.g., a SiO, film is the most efficient one of them)
do not show equally good performance on a p* surface.
This is due to the fact that boron has high solubility in
SiO, taken in combination with the existence in SiO,
of small built-in positive charge. In addition, the intri-
cate technology used for carrying out passivation and
the high temperature required to obtain SiO, result in
that this material is unattractive for the industry. The
second passivating film for an »*-Si surface that is
widely used in the manufacture of SCs, namely, a-
SiN,:H, does not passivate the p*-Si surface due to
large built-in positive charge. The a-Si:H and a-SiC:H
THERMAL ENGINEERING  Vol. 58
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Table 4. Solar cells made of n-Si
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Organization Efficiency, % Details
Backside alloyed p-#n junction
Fraunhofer ISE 20.1 Fz 4 cm? p*/Al,04/SiO,
19.0% Fz 4 cm?
Fraunhofer ISE, Bosch Solar 18.6%* Fz 125 x 125 mm
18.5% Cz 125 x 125 mm
ISFH, Centroterm, Solland Solar, Ferro 19.8 Fz 4 cm?, FSP, pt/ALO5/SiN,
18.0%* Cz 100 cm?, FSF
Konstanz University 17.7* Cz6"
18.5% Cz6" selective FSF
ECN Solar 17.4* Fz 140 cm?
ISC Konstanz, Isofoton Hitachi Chemical 17.0* Cz 156 x 156 mm selective FSF
INES-CEA 17.7* Cz 148 cm? selective FSF
p-n junction obtained by diffusion of boron
Fraunhofer ISE, Eindhoven University 234 Fz 4 cm?
Fraunhofer ISE 19.6 Fz 140.5 cm?
CEA, LITEN, INES 18.4 Fz 148.6 cm?
ECN, Yingli Solar 18.65 Cz 239 cm?
Moscow State University and Solnechnyi Veter 17.7/13.2 Cz 20 cm?, bifacial

* Without passivation of the p* surface.

films feature considerable absorption in the visible
region of the solar spectrum and are thermally unsta-
ble; therefore, only low-temperature processes can be
used after applying these films.

An Al,O; film is presently the only candidate for the
role of an efficient passivator of a p*-Si surface. Thus,
a transparent film with negative built-in charge is
required for passivating the p*-Si emitter. Aluminum
oxide Al,O; is the only film among the known ones
that satisfies these requirements. The lowest surface
recombination rate up to 2 cm/s per 2 2 cm in Fz p-Si
is achieved using the method of plasma-assisted
atomic layer deposition (PA-ALD). The Al,O; PA-
ALD films have successfully been applied for labora-
tory-grade SCs: efficiency equal to 20.6% has been
obtained with Fz p-Si, as well as the record efficiency
for a converter made of n-Si equal to 23.4% (2009).
However, the ALD method is characterized by a low
film growth rate (around 1.5 nm/min), due to which
its use in production is doubtful. Therefore, efforts are
presently focused at studying other, more productive
methods, e.g., plasma enhanced chemical vapor dep-
osition (PECVD), atmospheric pressure CVD, sol-
gel, and evaporating.

In 2010, specialists of the Moscow State Univer-
sity’s Research Institute of Nuclear Physics and the
Solnechnyi Veter Firm used a simple and cheap
method of spray pyrolysis for this purpose for the first
time and obtained results at the level of the world’s best
2011
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achievements commensurable with the PA-ALD
method.

REDUCING THE FRACTION OF SILICON IN
THE COST OF SOLAR CELLS

Reducing the expenditure of silicon, also by mak-
ing SCs thinner, is a top-priority objective of the
EPIA. This is because silicon plates account for more
than 50% in the cost of solar modules: 31% for crystal-
lization, 24 % for plate cutting, 12% for manufacturing
the cell, and 33% for manufacturing the SM [these
data relate for large-scale production of SMs
(500 MW,,,/year) made of mc-Si; this fraction will be
still higher for SMs made of Cz-Si].

Three approaches to solution of this problem can
be pointed out. The first approach, which can be
called an evolutionary one, consists in gradually thin-
ning “traditional” SCs to the technological limit (160,
120, and 60 um). The second approach, which can be
called a radical one, implies construction of SCs on
the basis of a thin (20—50 pum) layer of high-quality sil-
icon grown on a cheap substrate made, e.g., of low-
grade silicon. This design was called crystalline silicon
thin film solar cells (cSiTF). Finally, the third
approach, called a revolutionary one, presumes man-
ufacturing high-efficient SCs of low-grade silicon;
various versions of this approach are based on the idea
of a penetrating emitter. Below, these approaches are
considered.
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Table 5. SCs with the cSiTF structure with contacts made
using the LGCell, ECO, and screen printing methods

Moscow State

Fraunhofer ISE %ﬁﬁfﬁf

Contacts Veter, EPIEL

ECO |screen printing LGCell

J., mA/cm? 29.0 22.9 31.7
U, mV 651 615 629
FE % 79.7 78.1 79.8
R, Q cm? 0.3—-0.7 0.6 0.12
Efficiency, % 15.1 11.7 15.9

Making SCs thinner. Calculations show that by
making a SC thinner it is possible not only to preserve
its efficiency at the same level, but even to increase it
provided that it is furnished with high-efficient con-
tacts and subjected to high-efficient passivation,
which is incompatible with the screen printing
method. Therefore, new designs and new technologies
are required.

The key problem that arises when attempts are
taken to make a SC obtained using the screen printing
method thinner is that the call may fail as a result of
becoming sagged after unsymmetrical metallization is
burnt in (the sag may be as large as 5 mm with the crit-
ical value for an SM assembly equal to 1.4 mm), as
well as after soldering the busbars. For solving this
problem, it is proposed to use a symmetrical
(face/back) contact comb, to use a low-temperature
conducting adhesive for attaching the busbars, and to
subject the SC to thermal treatment (cooling to —60°C)
to relieve the stresses that arise after the metallization
is burnt in.

We cannot but point out the advances made by
Sanyo, which obtains nondeformed HIT SCs with a
thickness of 85 and even 58 um. The 98-pm thick SC
had efficiency equal to 23.7%, which is 0.7% lower
than in “standard” cells (with a thickness of more than
200 pm). These results show quite convincingly the
advantage of using low-temperature processes and
symmetrical contacts. It should be noted that the use
of symmetrical contacts in fact means a shift from the
manufacture of monofacial SCs to bifacial ones,
which is an additional positive feature. The results
obtained for thin bifacial SCs will be considered below.

The c¢SiTF line. A thin (10—50 um) high-quality
layer of the p type or n type is applied on a low-grade
substrate [which is as a rule of a p type and highly
doped one (0.005—0.02 Q2 cm) (e.g., made of deeply
purified metallurgical-grade mc-Si)] using the CVD,
epitaxy, or zonal recrystallization methods, after
which an n* layer is formed by diffusion or also by
growing. Table 5 lists the parameters of SCs with the
cSiTF structure obtained by Fraungofer ISE using
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vacuum-evaporated contacts (ECO) and screen
printed contacts, as well as the parameters of the cells
obtained by specialists of the Moscow State Univer-
sity’s Research Institute of Nuclear Physics and Sol-
nechnyi Veter Firm jointly with the EPIEL Firm
(Zelenograd), in which the LGCell contacts are used.
The LGCell contacts outperformed not only the
screen printed contacts, but also the ECO contacts in
the value of series resistance Ry LGCell showed effi-
ciency equal to 15.9% at C = 1X and 17% at 10-x con-
centration of solar light.

A penetrating emitter. Solar cells made of cheap
low-grade silicon using the traditional designs and
technologies have moderate efficiency due to a low
diffusion length of nonequilibrium carriers. To over-
come the problems caused by a low diffusion length,
the SC design with a penetrating emitter made in the
form of deep parallel vertical grooves was proposed
more than 30 years ago. Works carried out in this line
became noticeably more active after theoretical calcu-
lations, which had demonstrated the advantage of a
penetrating emitter over a planar one (the calculation
was carried out for a radial p-» junction). In practice,
deep pores (porous silicon) were, in particular, made
by chemical etching, as well as matrices of various 3D
structures: pillar, wire, whiskers, and rods using differ-
ent methods, such as reactive ion etching (Fig. 6a), the
vapor-liquid-crystal method (Fig. 6b), laser-assisted
texturing (Fig. 6¢), and chemical etching (Fig. 6d).
No high-efficient solar cells made on the basis of these
structures have been obtained as yet; however, the fol-
lowing result should be pointed out: a SC with effi-
ciency equal to 8.7% made on the basis of the struc-
tures shown in Fig. 6a has been obtained from silicon
doped to 5 x 10'® cm~3 with a diffusion length as small
as 10 pm (the planar version of the cell had efficiency
as low as 4.6%).

BIFACIAL SOLAR CELLS

There is an impression that, when methods of
increasing the efficiency and reducing the cost of solar
modules made in a monofacial version have been
exhausted, the next step is to make a shift to a bifacial
SM able to convert into electricity the solar light fall-
ing not only onto its front, but also onto its back sur-
face. Indeed, after the thickness of a SC is decreased
with a view to increase its front-side efficiency, and
passivation and point contacts are used on the back
surface, the only thing that remains to do is to open
this surface for light to obtain a bifacial SC and addi-
tional power output. This regularity can be clearly seen
in the works of Sanyo, which, after having reached
efficiency equal to 23%, which is the record one for
industry-grade SCs, focuses its further efforts on
development of four tasks, including elaboration of
the HIT Double bifacial module. Sanyo has demon-
strated that for the year of observations, the HIT Dou-
ble solar module generated by 11% more electricity
THERMAL ENGINEERING  Vol. 58
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than the monofacial HIT Power solar module due to
albedo of the environment. In some cases, this addi-
tion may be as much as 50%. Bifacial SCs are par-
tially transparent for infrared radiation; therefore,
solar light heats them to a lower extent, and their effi-
ciency degrades to a lesser extent than in a usual
monofacial SC.

It should be pointed out that Sanyo and Solnechnyi
Veter are the only companies that supply bifacial mod-
ules to the market.

The Solnechnyi Veter Firm (Russia) has developed
and implemented a technology for small-series pro-
duction of bifacial SCs made of standard Cz-Si. The
cell efficiency is equal to 17—18% when irradiated on
the front side and 11—13% when irradiated on the
back side. Formally, if proper irradiation on the back
side is organized, the energy output from these mod-
ules recalculated for the same overall area of an SM
will correspond to the energy output from standard
monofacial modules with efficiency equal to 25—28%.
In our opinion, the bifacial makeup of SCs and SMs
may become the deciding advantage in the competi-
tion between manufacturers of products for photovol-
taic power engineering.

A lot of research projects have been implemented
in Europe, the results of which are summarized in
Table 6. Since the back side efficiency increases with
decreasing the SC thickness, and since bifacial cells
have symmetrical (face/back) metallization, which
gives rise to smaller stresses, due to which they can be
made of very thin silicon plates, thin plates were often
used in developments of bifacial SCs, as is seen from
Table 6. It should be pointed out that the parameters of
the laboratory-grade SCs of the LGCell design
obtained at the Moscow State University’s Research
Institute of Nuclear Physics and the Solnechnyi Veter
Firm considerably outperform the level achieved in
the world for SCs with screen printed contacts and are
commensurable with the parameters of cells with vac-
uum-evaporated contacts (ECO).

Thus, we can state that it is perhaps in the field of
bifacial SCs, which is the line in which photovoltaics is
unavoidably developed, that the Russian develop-
ments outpace and outperform in their parameters the
level reached in the world, and it should be noted that
these advances have been made not only in industrial
production, but also in prospective samples of new
more efficient designs of SCs.

CONCENTRATOR PHOTOVOLTAICS

The concentrator approach has a large potential for
solving the problems of photovoltaics, because the
expenditure of silicon decreases in proportion to the
degree to which light is concentrated (C), and the effi-
ciency can increase due to higher irradiance. The
advantage of concentrator systems was demonstrated
by carrying out comparative tests under the conditions
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Fig. 6. Matrices of pillar structures. Production methods:
(a) reactive ionic etching with photolithography, (b) using
the vapor—liquid—crystal method, (c) laser-assisted tex-
turing (developed jointly by the Moscow State University’s
Research Institute of Nuclear Physics and IPLIT), and (d)
photoelectrochemical etching (developed by the Moscow
State University’s Research Institute of Nuclear Physics).

of the PTS measurement standard, which is maxi-
mally close to real operation (AM1.5, 1000 W/m?,
ambient temperature equal to 20°C, and wind velocity
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Table 6. Review of the main developments of bifacial SCs made of Cz-Si

Efficiency, %
Organization (year) Details

front | back side
IES-UPM 15.2 17.7 High-resistance n-Si 300 pm, ECO

14.9 17.0 n-Si 140 um, ECO

14.2 14.9 n-Si 240 um, ECO

16.0 13.0 p-Si 140 um, ECO

13.8 13.7 p-Si240 pm, ECO
ISFH 14.6 13.0 p-Si 140 um, screen printing
ISC Konstanz (2010) 17.3 15.0 p-Si 200 um, screen printing
ISC Konstanz, University of Stuttgart 15.9 14.1 Screen printing, selective B-BSF
ITM, University of Pais Vasco 13.6 11.0 n-Si 120 um, boron diffusion, screen printing
TiM-EHU, Isofoton, Fraunhofer ISE, CENER, | 13.0 13.0 n-Si 120 pm, boron diffusion, screen printing
NPC, USE Ferro
Aachen University, Deutsche Cell, Solland Solar | 17.0 10.3 p-S1200 pm, boron diffusion, SiN, on the back side
Moscow State University & Solnechnyi Veter 18.1 16.3 p-Si200 pm, LGCell

17.7 13.2 n-Si, LGCell

equal to 1 m/s) rather than the unrealistic laboratory
standard SRC (AM 1.5, 1000 W/m?, and SC tempera-
ture equal to 25°C). It has been obtained that the effi-
ciency of flat-panel modules is in the range 5—12%
(PTC), which is essentially lower than the efficiency of
laboratory-grade SCs. Only concentrator systems have
demonstrated efficiency higher than 20%.

Decreasing the cell’s internal series resistance Ry is
the key problem of a concentrator solar cell (CSC). If
a SC had zero Ry, its efficiency would grow continu-
ously with increasing C. In reality, the dependence of
efficiency as a function of C passes a maximum at
Copt = 1/Rg [Q cm?], after which it rapidly decreases.
Therefore, if a CSC is intended to operate in a system
with the concentration C,, the condition Rg < 1/C,
must be satisfied; i.e., the higher the concentration of

light, the smaller the value of Rgshould be.

Below, three concepts of concentrator photovolta-
ics are considered: high-concentrator, low-concentra-
tor, and hybrid photovoltaic/thermal ones.

High-concentrator systems. Such systems domi-
nated at the initial stage. Concentrator photoelectric
cells were developed using the standard set of methods:
contacts fingers were made closer to each other to
reduce the fraction of emitter resistance; however, this
entailed a growth of shading. Therefore, CFs were
made radically thinner by shifting for the use of ECO
contacts with photolithography, and a selective emitter
was added. As a result, C,,, of a CSC became higher,
but its cost increased accordingly; therefore, the need
arose to decrease Ry still more. To do so, low-resis-
tance Si was used, but the efficiency of a CSC drops
considerably if this is Cz-Si; therefore, Fz-Si was
taken, which, however, is an order of magnitude more
expensive, and the cost of a CSC increases again.

There is one else regularity: the higher the concentra-
tion for which a CSC is intended, the smaller the size
of the device, which entails a stronger adverse effect of
the edges, as well as higher labor expenditures per
W,

peak*

The most significant developments of CSCs are
given in Table 7, from which it can be seen that the
most efficient and highest-concentration CSCs are
made of Fz-Si with ECO contacts and photolithogra-
phy; the LGBC design gives lower efficiency and is
designed for lower concentration. However, this is the
only industry-grade design using which CSCs made of
Cz-Si can be obtained.

Unfortunately, the potential of a high-concentrator
SC has not been realized to the full extent as yet, and
the state of things is such that in 2008, no commer-
cially available CSCs were available in the market;
they were fabricated only for specific projects. Out of
more than 20 GW,, of installed PV systems, concen-
trator systems provide only around 20 MW,,,.. This is
because a balance between the concentration degree
and cost of the system has not been obtained. For
example, it turned out that the use of high-efficient
CSCs (with a efficiency of higher than 26%) in a PV
station (Australia) with C = 20—50 X is unprofitable,
because they require the concentration C > 100 X.
Therefore, stations with higher concentrations began
to be constructed, which adds difficulty to the prob-
lems of ensuring precise tracking of the Sun and heat
removal.

Low-concentrator systems. Recent years have seen
a noticeable growth of interest in development of low-
concentrator systems with C = (3—5)X made using
simple and cheap reflectors and tracking systems, as
well as low-concentrator solar modules. Some of these
THERMAL ENGINEERING  Vol. 58
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Table 7. Review of the main developments of concentrator SCs

Organization Efficiency, % C(X) Details
Stanford University 27 100 IBC, Fz, afew photolithographies
26 250
IES-UPM 21 36 Fz, implantation of boron,
20.7 102 photolithography, ECO
ANU 22-23 30 Fz, photolithography, ECO, plating
IES-UPM 21 100 Fz, two photolithographies, ECO
18.5 5
ANU 20 10-30 Silver, Fz, bifacial
ENEA 18—20 1—-100 Fz, photolithography, ECO
Fraunhofer ISE 18.3—19.5 1-15 Fz, MWT (Metal-Wrap-Through)
IES-UPM 21.7 100 LGBC, Fz, best cell
NaREC 19.3 50 LGBC, Fz
18.7 100
19.0 5 LGBC, Cz
18.2 100
IES-UPM 14.0—15.5 1-14 Cz, screen printing, plating
Moscow State University, 18.0—18.5 1-5 Cz, LGCell
Solnechnyi Veter 17.7-18.0 1-6 Cz, LGCell, bifacial

systems are designed so that both surfaces of the mod-
ule are illuminated; therefore, bifacial SMs should
preferably be used in them.

Bifacial SMs can be used as conventional ones in
power systems of any type (on the roof, in fields of
modules, etc.) and in this case they outperform the
standard modules with the same efficiency in the
energy output. But the advantages of bifacial SMs are
realized to the full extent in special designs developed
by a few companies, e.g., Poulek Solar (the Czech
Republic) and Prism Solar (the United States). Prism
Solar has suggested an interesting design of a planar
holographic concentrator (3X) for which a Sun track-
ing system is not required. Prism Solar has carried out
comparative energy production tests of different mod-
ules, including the most efficient commercially avail-
able modules HIP-J54BA2 of Sanyo (n = 17.3%),
SPR-215-WHT of Sun Power (1 = 19.7%), and mod-
ules of its own design furnished with bifacial SCs pro-
duced by Solnechnyi Veter (n = 17.2%). A consider-
able increase in the specific power output in the case of
using bifacial SCs was obtained due to a specific design
of the Prism Solar module furnished with a planar
concentrator which irradiates also the cell’s back side.
The bifacial SC used in this module (n = 17.2%) is
equivalent in energy output to the standard SC with
efficiency equal to 21—-22%. Appearance of other no
less efficient designs for operation with bifacial SCs
can also be expected.

Bifacial SMs modules have one else advantage. The
results of our studies show that bifacial SCs subjected
2011
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to intense irradiation are heated to a considerably
lower temperature than monoifacial devices, due to
which their parameters degrade to a lesser extent. This
is also confirmed by the experience gained at Poulek
Solar, which has carried out field tests of monofacial
and bifacial SMs from one producer at a concentra-
tion ratio as low as C = 1.6 X, wind velocity less than
1 m/s, and ambient air temperature equal to 22°C.
The working temperature of monofacial SMs was
53°C and that of bifacial ones was by 12°C lower
(41°C). As a result, it has been obtained both theoret-
ically and experimentally that the tracking concentrator-
type (C= 1.6X) monofacial and bifacial SMs produce
energy outputs that are 80% and a factor of 2 greated,
respectively, than the standard fixed monofacial SM.

For low-concentrator PV systems cheap CSCs are
required; therefore they are now made using SMs
either with usual screen printed contacts or with addi-
tionally improved by electro-plating growing, which,
however, have rather low efficiency equal to 14—15.5%
(monofacial ones, with C = 1—14 X). The CSCs of the
LGCell design developed at the Moscow State Uni-
versity’s Research Institute of Nuclear Physics and the
Solnechnyi Veter Firm have considerably better
parameters: 18—18.5% (C = 1-5 X) for a monofacial
CSC and 17.7—18% for a bifacial one (see Table 7). It
should be pointed out that the latter result is a unique
one because according to the data from the literature,
these are the only high-efficient concentrator and at
the same time bifacial SCs made of Cz-Si. Bifacial
concentrator SCs are not available in the market, and
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all developments are directed at obtaining a monofa-
cial concentrator-type photovoltaic converter.

Hybrid concentrator photovoltaic/thermal systems.
In implementing photothermal systems it is supposed
to use solar light for heating a heat carrier (water), pos-
sibly, by concentrated solar light. However, hot water
does not satisfy all demands of the mankind, for which
electricity is required to a larger degree. On the other
hand, only 10—18% of the incident solar power is con-
verted into electricity in a silicon SM, and the remain-
ing part of light is uselessly lost as it converts into heat,
which causes the SM becoming heated, due to which
its efficiency drops. Concentration of light, as was
considered above, is useful for making photoelectricity
cheaper; however, this results in that the SM is heated
and its efficiency drops still more intensely. It is pro-
posed to combine these two lines in hybrid concentra-
tor photovoltaic/thermal (CPVT) systems and use the
thermal energy released in the SM module for heating
heat carrier, due to which the module will be cooled
and its efficiency regenerated. This approach has also
received active development in recent years, and an
analysis of the last developments can be found in 2010
reviews, e.g., [11, 12].

It is important to emphasize that, as experimental
investigations have shown, the hybrid CPVT system
equipped with bifacial SMs produced by 40% more
electricity than a usual system equipped with monofa-
cial SMs, which is another evidence showing that bifa-
cial solar modules are superior to monofacial ones.

SUBJECTING SOLAR CELLS MADE
OF mc-Si TO TEXTURING

It is commonly known that plates made of multic-
rystalline silicon are cheaper, but the SC made of mc-
Si has efficiency lower than that of the cell made of c-
Si. Apart from the obvious degradation of their char-
acteristics due to recombination at grain boundaries,
there is also the problem of texturing the surface of
mc-Si, which stems from the fact that the known sur-
face texturing technologies are either inapplicable or
are inefficient for mc-Si. Therefore, new methods are
required that will make it possible to decrease reflec-
tion of light from a SC made of mc-Si.

Reactive ion etching (RIE) and isotropic acid etch-
ing are the main methods for texturing SCs made of
mc-Si. However, none of these methods has reached
the status of mass production technology, because RIE
iS an intricate process requiring expensive vacuum
equipment, as well as gas supply and entrapping sys-
tems, whereas reflection from mc-Si wafers treated in
an acid etchaut is no less than 20%. In resent years,
active research works have been conducted on micro-
and nanostructuring of silicon surface using impulse
laser radiation; the researchers who carry out these
works often claim the possibility of applying this
method to silicon SCs. However, developments of

UNTILA, ZAKS

solar cells implementing this approach are extremely
few in number, and their results are far from being
complete.

Specialists of the Moscow State University’s
Research Institute of Nuclear Physics and the Sol-
nechnyi Veter Firm, working jointly with specialists of
the IPLIT enterprise (Shatura) have obtained a
record-breaking low reflection less than 3% (weighed
by the solar spectrum in the wavelength range 300—
1100 nm) using the developed method of laser-assisted
texturing of mc-Si wafers by a matrix of pillar struc-
tures (see Fig. 6¢). For comparison, the reflection
ratios obtained at Fraungofer ISE, UNSW, and the
CNRS laboratory are less than 20%, less than 15%,
and 6%, respectively.

CONCLUSIONS

(1) The photovoltaic power industry, which firmly
demonstrates exceptionally high development rates
[the amount of SCs produced in 2010 totaled 20.5
GW,, (their production increased by 74%), and the
amount of PV systems installed in 2010 totaled 18.2
GW,, (their commissioning increased by 139%)] and
steadily reduces the cost of PV systems, soundly pre-
tends to occupy a noticeable place in power engineer-
ing of the future.

(2) Silicon solar modules were and have been the
basis of photovoltaic power engineering.

(3) The developments of prospective designs and
technologies are focused on simultaneously solving
two opposite objectives: increasing the efficiency of a
solar module and reducing its cost.

(4) The main lines of studies and developments in
the field of silicon photovoltaics can be briefly summa-
rized as follows: a SC must be high-efficient, it must be
made of cheap thin silicon plates (preferably multic-
rystal ones and of the n-type), and it must be of con-
centrator type and bifacial. To achieve this goal, new
technologies are being developed: for producing high-
efficient contacts, a selective emitter, a p* emitter by
alloying silicon with aluminum, for passivation (this
problem is especially acute for p*-type surfaces), for
texturing multicrystal silicon plates, etc.

(5) Unfortunately, any noticeable production of
photovoltaic devices or their installation (in compari-
son with the scales on which they are used around the
world) is lacking in Russia, nor is there a law similar to
the Feed-in Tariff. The same dismal situation we have
also in the photovoltaic science: the reports presented
from Russia at annual European conferences devoted
to photovoltaics (one of such conferences held in 2010
included 4540 representatives from 83 countries, who
made 1643 presentations) are as a rule limited to those
from the loffe Physical-Technical Institute (SCs made
on the basis of A;Bs), NPP Kvant, and, finally, the
Moscow State University’s Research Institute of
Nuclear Physics jointly with the Solnechnyi Veter
THERMAL ENGINEERING  Vol. 58
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(Solar Wind) Firm (silicon SCs), which clearly points
to insufficient financial support provided for Russian
science.

At the same time, it should be pointed out that the
level of results obtained from investigations carried out
in Russia is at least as high as the level achieved around
the world and in some fields even outperforms it.
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