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a  b  s  t r  a  c  t

Photovoltaic  (PV)  technologies  which  play  a role in PV  market  are  divided  into  basic  two  types:  wafer-
based  (1st  generation  PV)  and  thin-film  cell  (2nd  generation  PV).  To the  first  category  belong  mainly
crystalline  silicon  (c-Si)  cells  (both  mono-  and  multi-crystalline).  In 2015  around  90%  of  the  solar  market
belonged  to crystalline  silicon.  To  the  2nd  generation  solar  cells  belongs  thin  film  amorphous  silicon  (a-
Si) or  a combination  of amorphous  and  microcrystalline  silicon  (a-Si/�c-Si),  compound  semiconductor
cadmium  telluride  (CdTe),  compound  semiconductor  made  of copper,  indium,  gallium  and  selenium  (CIS
or CIGS)  and  III–V  materials.  The  PV  market  for  thin  film  technology  is  dominated  by  CdTe  and  CIGS
solar  cells.  Thin  film  solar  cells’  share  for all thin  film  technologies  was  only  10%  in 2015.  New  emerging
eterojunction technologies,  called  3rd  generation  solar  cells,  remain  the  subject  of  extensive  R&D  studies  but  have  not
been used  in  the  PV  market,  so far.

In this  review  the  best laboratory  1st  and  2nd  generation  solar  cells  that  were  recently  achieved  are
described.  The  scheme  of  the  layer  structure  and  energy  band  diagrams  will be  analyzed  in order  to
explain  the  boost  of their  efficiency  with  reference  to the  earlier  standard  designs.

©  2017  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
ontents

1. Introduction  .  . . .  . . . . . . .  .  . . . .  . . .  .  . . .  .  . . . . . . . . . . .  . . .  . . . .  . . .  . . . . . . .  . . .  . . . . .  . . . . . . .  . . . . . .  .  . . . .  . .  .  . . . . . . .  . . . . . . . . . . . . .  . . .  .  . . .  . . . .  .  .  .  .  .  . .  .  . . . .  .  . . . . .  . .  .  . .  .  . .  . . .  55
1.1.  Shockley  - Quiesser  limit  . . .  .  . . .  .  . . .  .  . . .  . . . . . . . . . .  .  . . . .  . . .  . . .  .  .  . .  .  . .  .  . .  . . . . .  . .  . . .  . . . . .  . . . . . .  .  . . . . . .  .  . . . . . .  .  . . . . . . .  .  .  . .  .  .  . . .  .  . . . .  .  .  . . . .  .  . . . . .  . . .  .  . 56

2.  Modern  crystalline  solar  cell .  . .  . . . . . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . . . . .  .  . . . . . . . . . . .  .  . .  . . . . . .  . . . .  . . .  . . . .  . . . . . . .  . . . . . . .  . . .  . . . .  .  . . . . . . . . . .  .  .  .  .  .  .  . . . . .  . . . . .  . .  .  . .  .  . .56
3.  Thin  films  solar  cells  .  . . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  . . . . . . .  . . .  .  .  . . .  . . . .  . . . . .  . . .  . . . .  .  . . . . . .  . . . . . . .  .  .  .  . .  .  . .  .  .  . . .  . . . .  .  . . . . . .  . .  .  .  .  .  . . . .  . . . . . . .  . .  .  . . . . 58

3.1.  Homojunction  thin  films  SC  . .  . . .  .  . . .  .  . . . . . . . . . . . . . .  .  . . . . . . . . . . .  . . .  . . .  .  . . . . . .  . . . . . . .  . . .  . . . . .  . . . . . .  .  . . . . . .  .  .  . . .  .  . . . .  . . . . . . .  . . .  .  .  .  . . .  .  . . . .  . . .  . . .  .  .  .  58
3.1.1.  III-V  junction  SC  . . .  . . .  .  . . .  .  . . .  .  .  . .  .  . . .  . . . . . . .  .  . . . . .  .  .  . . . . . . .  . . .  . .  .  . .  .  . . . . . .  . . . .  . . .  .  .  . .  . . .  . . .  . . . . .  .  . .  . . . . .  . . . .  . . . . . .  . . . .  .  . .  . . .  .  . . . . .  . . . .  58
3.1.2. a:Si  SC  . . .  . . .  .  . . . . . . . . . .  .  . . .  . . .  .  .  . .  .  . . . .  .  . . .  . . . . . .  .  . . . .  .  .  . . . . .  .  . . .  . . . . . .  . . . . .  . . .  .  . . .  .  . . . . . . .  . . . . . . . . . . .  . . . . .  . . .  .  .  .  .  .  .  . . .  . .  . . . .  . . . .  .  .  . .  . .  .  58

3.2. Heterojunction  thin  films  SC  .  .  . . . .  . . .  . . . .  . . .  . . . .  .  . .  .  . . . . . .  .  .  . . . . . .  . . . . . .  . .  .  . . . .  . . . . . . . .  . . . . . . .  . . .  . . . . .  . .  . . .  . . . .  .  . . . .  . . . . .  .  . . .  . .  .  . .  . . . . . .  .  . . . .  . . .  58
3.2.1.  CIGS  SC  . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  .  . . .  .  . . .  . . . .  . . .  .  . . .  . . . .  . .  . . . . . .  .  . . . .  . .  .  . . . . . . .  . . . . .  . . .  . . . . . . . .  . .  .  . . . .  .  . . . .  .  .  . . .  .  . . . . . . . . .  .  .  .  .  . .  .  . .  .  . 59
3.2.2.  Kesterites  . . . . . . .  .  . . . .  . . .  .  . . .  .  . . .  . . . .  . . . .  . . .  .  . .  . . . .  . . . . . . .  .  . . . . . . .  .  .  . . .  . .  . . . . . .  . .  .  . . .  .  . . .  . . . .  . . . .  . . . . . . .  .  . . . . . . . . .  .  . . .  . .  . . .  . . . . . . .  .  . . .  .  .  59
3.2.3. CdTe  SC  .  . . .  .  . . .  . . . . . . . . . . .  .  . . .  . . .  .  .  . .  .  .  . .  .  . . .  .  . .  .  .  .  . . . . . .  .  . .  . . . .  .  . .  . . .  . .  . . . . .  .  . .  . . . .  . . .  .  . . .  . .  .  .  . . .  . .  .  .  . . .  .  . . . . . . . . . . .  . .  .  . .  .  . . . .  . . .  . . .  . .  61
3.2.4.  Multi-junction  SC  .  .  . . .  .  . . .  .  . . . . . . . . . . .  . . . . . .  .  .  . . . . .  . . . .  . . . . .  . . . . . . . .  . . . . . .  . . . . . . .  .  .  . . .  . . . . .  . . .  . .  . . . .  .  . . . .  .  .  . . . .  .  . . . . . . .  . .  .  . .  . .  .  .  .  . .  .  .  . .  61
3.2.5. III–V/Si  SC  . . .  . . .  . . . .  . . .  . .  . .  . . .  .  . . .  .  . . .  .  . . . .  .  . .  . . . .  .  . . . . .  .  .  . . .  . . .  . . . .  . . .  . . .  .  . . . . . . .  . . . . .  . .  .  . . . . . .  .  . . . .  . . .  . . . . . .  .  . . . . . .  . . .  .  . .  . .  . .  . . .  .  . .  .  . . 62

4.  New  emerging  technologies  .  .  . . .  . . .  .  . . .  .  . .  . . . . . . . . . . . .  . . . . .  . . .  . . . . . . .  .  . . .  . . .  .  . . . . .  . . .  .  . . . . . . .  .  .  . . .  . .  .  . . . .  .  . .  .  .  . . .  . . .  .  . . . . . . . . . .  .  . . .  . .  .  . .  .  . . . . . .  . . . . . . .  .  62
5.  Conclusions  . . . .  . .  .  . .  .  . . .  .  . . .  .  . . . .  . . . . . .  . . . .  . . .  .  .  . .  .  .  . .  .  . . .  .  . . . . . .  .  . . . . . . . . . . .  . . .  . .  . . . . .  . .  . . .  . . .  .  .  . . .  . . . . .  . .  . . .  .  . .  .  . . . .  .  . . . .  . . . . .  .  .  . .  .  .  .  . . .  .  . . . . .  . . . . . . . .  62

Acknowledgements .  . . . . . . .  .  . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . .  .  . . .  . . .  .  . . . . . . .  . . . . .  . . .  .  . .  . . .  . . .  .  . . . . .  .  . . . . . . .  .  . . . .  .  . .  . . . . .  . . .  . . .  .  . . . .  . . . .  .  .  .  . . .  . . . .  . .  .  . . .  .  . . .  . .  .  . .63
References  .  . . . . . . .  . . .  . . .  .  . . . .  . . . .  . . .  . . . .  . . . . . . .  . . . .  . . . .  .  . . .  . . .  . . . .  .  . . . . . . .  .  . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . .  .  . . .  . . .  .  . . .  . . .  .  . .  .  . . . .  .  .  .  .  .  .  .  .  .  . . . . .  .  . . .  .  . . .  .  .  . .  . 63
E-mail address: Ewa.Popko@pwr.edu.pl

ttp://dx.doi.org/10.1016/j.opelre.2017.03.002
896-3757/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier 
1. Introduction

According to the Photovoltaic (PV) Market Alliance (recent

report of 15th June, 2016) global PV markets should reach at least
60 GW in 2016 and more than 70 GW in 2017. Thus, by the end
of 2016, total installations will reach 321 GW [1]. This forecast
has been confirmed by the European Photovoltaic Industry Asso-

B.V. All rights reserved.
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iation (EPIA) reports that the 540 GW mark at a global level
ould be reached by the end of 2019 [2]. The increase in instal-
ations is accompanied by falling prices of solar cells. PV Magazine
eports that in June 2016 the price of the most efficient modules
ropped down to 0.7D /Wp, while the mainstream modules (typi-
ally with 60 cells, standard aluminum frame, white backsheet and
45–270 Wp) cost only about 0.5D /Wp [3]. Here Wp stands for the
odule power at maximum power point for Standard Test Condi-

ions. These numbers indicate that the PV market is growing rapidly
nd the prospects for the PV future are extremely promising.

PV technologies are divided into basic two types: wafer-based
V (called 1st generation PV) and thin-film cell PV (called 2nd gen-
ration PV). To the first category belong crystalline silicon (c-Si)
ells (both single crystalline silicon and multi-crystalline silicon)
nd gallium arsenide (GaAs) cells. So far silicon solar cells have
ominated PV market because of their mature technology. In 2015
round 93% of the solar market belonged to crystalline silicon with
4% – to monocrystalline and 69% to multicrystalline silicon solar
ells [4]. Crystalline silicon’s share has been rapidly growing during
ast few years due to the development of Chinese manufacturers.

Since solar cells were invented the scientists have been looking
or absorber materials alternative to silicon. The current standard
hickness of a crystalline silicon wafer is about 180 �m,  but the
im is to reach lower thickness of 100 �m since the pure Si wafer
reates the main cost of Si solar cells. Silicon in its pure form
of 99.9999% purity for solar applications) is very expensive and

akes up about 20%–25% of the cost of crystalline panels. The thin
lm technology (2nd generation solar cells) provides alternative
bsorber materials, such as amorphous silicon (a-Si) or a combi-
ation of amorphous and microcrystalline silicon (a-Si/�c-Si), the
ompound semiconductor cadmium telluride (CdTe), a compound
emiconductor made of copper, indium, gallium and selenium (CIS
r CIGS) and III–V materials (GaAs, InP and AlGaAs). Solar cells made
rom these materials are called thin-film solar cells because the
bsorbers have the thickness of a few micrometers. The semicon-
uctor cost of a thin film silicon is about 2% in thin film panels.
he thin film solar cells take advantage in lower costs, but they
enerally exhibit lower efficiency than crystalline solar cells.

In Europe the PV market for thin film technology is dominated by
dTe and CIGS solar cells. The leader by far in thin film technology is
irst Solar whose cadmium telluride module manufacturing costs
re less than those of most crystalline cell manufacturers.

In the laboratory, high concentration multi-junction solar cells
chieve an efficiency of up to 46.0% today [5]. However, due to
he high cost of their production, the only entry market is space
pplications.

Thin film solar cells’ share for all thin film technologies was  only
f 10% in 2015 and it is predicted to drop down to 7% by 2017
ccording to International Technology Road Map  for Photovoltaic
ITRPV) [6]. New emerging technologies, such as organic, dye sensi-
ized, quantum dot and perovskite solar cells (called 3rd generation
olar cells) remain the subject of extensive R&D studies but have
ot been used in PV market, so far.

In the article we shall focus on the best laboratory inorganic
st and 2nd generation solar cells which are potential candidates
or PV market. These are the recently announced top solar cells
nd those reported by Green et al. in the solar cell efficiency tables
version 48) [5]. The main criterion dictating whether these results
ere included in the Tables is that they must have been indepen-
ently measured by a test center listed elsewhere [7]. This review
resents current technologies for top high-efficiency 1st and 2nd
eneration solar cells. In particular the layer structure and energy

and diagrams of the solar cells are analyzed in order to shed light
n the progress of these technologies and origin of their efficiency
mprovement.
Fig. 1. S–Q efficiency curve for a single junction solar cell under AM1.5 illumination
from Wiki page. The points represent the best experimental single junction cells
fabricated to date.

1.1. Shockley - Quiesser limit

The efficiency of a solar cell is the main parameter characterizing
its operation. The theoretical limit of efficiency for single-junction
solar cells is usually referred to as the Shockley–Queisser (SQ) limit
[8]. In Fig. 1, the maximum efficiency of a single-junction solar cell
calculated using the Shockley–Queisser model as a function of band
gap energy is shown. The calculations were made with the assump-
tion that the incident solar spectrum is approximated as a 1.5AMO
spectrum, and that one electron–hole pair is excited per incoming
photon [9]. The points represent the best experimental single junc-
tion cells fabricated to date. In the article the reference to these
solar cells is included.

2. Modern crystalline solar cell

Silicon solar cells have the advantage of using an absorber mate-
rial that is stable, non-toxic, abundant and well recognized. It has
an energy band gap of 1.12 eV, not far from the optimal value for
a solar cell of 1.34 eV [9]. The record 25.0% power conversion effi-
ciency for crystalline silicon solar cells was set by the University of
New South Wales (UNSW), Australia, in 1999 [10,11]. This record
was broken in 2014, when Panasonic, Japan [12] and SunPower, USA
[13], announced independently certified efficiencies of 25.6% and
25.0%, respectively. The theoretical S–Q efficiency limit of a silicon
solar cell is 33.5% with the assumption that the radiative recom-
bination dominates [14]. However, silicon is an indirect band gap
semiconductor so Auger recombination is dominant instead of the
radiative recombination and this results in a lower theoretical limit.
As it was shown by Richter et al. a maximum theoretical efficiency
equals 29.43% for a 110 �m thick cell made of undoped Si [15]. As it
is shown below, the matured technology of silicon solar cells pro-
vides the solar cells of efficiency larger than 25%, so it is close to the
theoretical limit. Moreover, the efficiency of best modules is close
– 24% [5].

The scheme of a conventional crystalline solar cell produced
until 1999 is shown in Fig. 2. The cell is made of a p-type silicon
wafer, also called an absorber, of thickness of 180–300 �m.  N-type
layer, called emitter, has much lower thickness (∼1 �m).  This asym-
metry arises from the fact that the carriers generated by the light
must reach the junction area before they recombine. Therefore, the

thickness of the emitter has to be on the order of diffusion length.
The front metal contacts for the cell shown in Fig. 2 form a grid
pattern. These contacts collect electrons. The holes are collected at
the back contact. Since 1970 the technology of metal contacts is
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Fig. 2. The scheme of a conventional crystalline solar cell.
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Fig. 4. The structure of PERD solar cell (Trina Solar).
Fig. 3. The structure of PERL solar cell.

ominated by the screen-printing technique for its simplicity. The
op of the solar cell is covered with an antireflection coating (ARC).

Modification of this solution which in 1999 led to the 25% effi-
iency consisted of the Passivated Emitter Rear Locally (PERL) idea
10]. The PERL concept is based on the minimized optical and col-
ection losses. The top surface is textured with inverted pyramid
tructures, covered with an antireflection coating (ARC) and pho-
olithography is used to create a metal grid. Light reflected from
he pyramid may  again fall on the absorber, so that its path length
nhances. ARC minimizes light reflection and the metal grid pro-
essed by the photolithography reduces the absorber’s shading. A
are surface of a c-Si layer contains many dangling bonds which act
s recombination centers. In order to reduce the surface recombi-
ation, a passivation layer of silicon oxides or silicon nitrides is
eposited on top of the emitter and at the rear of the absorber

ayer. The metal electrodes buried in the passivation layer collect
lectrons from the emitter. The metal-semiconductor interface is
sually defected, therefore it is the source of undesired recombina-
ion. In order to avoid this recombination, the area of the interface is

inimized. Additionally, the emitter below the interface is heavily
oped for a better metal-semiconductor contact.

For the same purpose also in the case of the back contact, the
rea of the contact is minimized and the highly doped p+ region is
ealized. The potential barrier at the p+/p interface hinders minority
lectrons in the p-region from diffusing to the back surface. This
ffect is called the back surface field (BSF). In the case of the PERL
esign the p+ doping layer is realized locally (cf. Fig. 3) while in the
ERD solar cells, the p+ layer is missing (cf. Fig. 4).

PERD-type technology has become the focus for the mass pro-
uction for its lower cost, compared with the PERL-type solar
ell. In Fig. 4 the structure of the PERD solar cell realized on a
-multicrystalline Si wafer by Trina Solar [16] is shown.

Let us remind that the multicrystalline (polycrystalline) silicon
s a material consisted of multiple small silicon crystals. Polycrys-

alline cells can be recognized by a visible grain, a “metal flake
ffect”. The lower cost of the polycrystalline solar cells compared
o the single crystal silicon is related primarily to the cheaper tech-
ology of the wafer growth.
Fig. 5. The scheme of an IBC solar cell.

Using the interdigitated back contact (IBC) technology, the U.S.
company SunPower has demonstrated the efficiency of 25.25 under
1 Sun operation [17]. In the IBC cells the metal grid shading at the
front surface is missing (Fig. 5). Both electron and hole collection
occurs at the rear side of the device. The back surface consists of
interdigitated regions doped with boron or phosphorus. The former
selectively collects holes whereas the latter – selectively collects
electrons. Hence, the cell structure consists of alternating stripes of
n-type and p-type doped regions. It has to be pointed out that in
this solution, the wafer may  be n-type, as it is shown in the case of
the cell presented in Fig. 5. N-type Si material has been proven to be
more suitable for IBC solar cells due to its larger tolerance to most
common impurities compared to a p-type Si [18]. Moreover, n-type
Czochralski (CZ) Si is free of light-induced degradation related to
boron–oxygen complexes. Additionally, the passivation layer at the
back side is made from the material of low refraction index and acts
as a mirror for the longer wavelengths.

Recently [18,19] Trina Solar achieved the record-breaking for an
n-type mono-crystalline silicon solar cell fabricated with a process
that integrates the advanced Interdigitated Back Contact structure
with industrial low-cost processes. The best 156 × 156 mm2 solar
cell fabricated entirely with a screen-printed process reached a
total-area efficiency of 23.5%.

Recently a new design of the silicon solar cell has been elabo-
rated. This is the heterojunction with an intrinsic thin layer, called
the HIT solar cell. Fig. 6 shows the structure of a two-side contacted
HIT solar cell.

The HIT solar cell, is comprised of an intrinsic (i-type) a-Si:H
layer and a p-type a-Si:H layer deposited on a randomly textured
n-type Czochralski (CZ) crystalline silicon wafer to form a p/n het-
erojunction and i-type and n-type a-Si:H layers deposited on the
opposite side of the wafer. The energy gap of an amorphous hydro-

genated Si is in the order of 1.6–1.8 eV depending on the amount
of hydrogen. It is a direct band gap semiconductor, thus its optical
properties are better compared to crystalline silicon. Hydrogena-
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Fig. 6. The layer structure of a HIT solar cell.

Fig. 7. Energy band diagram of a silicon HIT solar cell.
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transparent for the photons of energy less than the band gap of the
absorber. The disadvantage is the heterojunction itself because of
an interface recombination and band edge discontinuities at inter-
face.
ion is necessary because it leads to passivation of numerous defects
n amorphous silicon (around 1019 cm−3) [20].

The thickness of a wafer in the HIT cell is of 150 �m.  On both
ides of the doped a-Si:H layers, transparent conductive oxide (TCO)
ayers and metal grid electrodes are fabricated. By inserting the
igh-quality intrinsic a-Si:H layer between the c-Si wafer and the
oped a-Si:H layer using a low-damage process, the surface dan-
ling bonds of c-Si can be well passivated. The advantage of using
he wider band gap material is that minority-carrier concentra-
ions are greatly suppressed by the wider bandgap, correspondingly
educing recombination rates.

In Fig. 7 the energy band diagram for of the HIT solar cell with an
-Si wafer is shown. Due to the band gap of a-Si:H and c-Si differing
y about 0.5–0.7 eV, offsets between the conduction- and valence
ands of a-Si:H and c-Si are present. The state of knowledge is that
he valence band offset is larger than the conduction band offset by

 factor of 2–3 [21]. The minority carriers – holes are collected in
he front side electrode while the majority carriers – electrons are
ollected in the back side electrode. The thickness of the (i)a-Si:H
ayer is low enough to prevent holes from trapping at the potential

ell, so that holes tunnel to the (p)a-Si:H emitter. On the back side,
he large valence band offset repels holes from the back contact
indering recombination. The same holds for electrons at the front
ontact (the arrows in Fig. 7). The small conduction band offset
llows efficient for electron collection at the back side contact.

In 2014 Panasonic demonstrated a new world record efficiency
f 25.6% by combining their HIT technology with the IBC concept
12].

The review on the modern high efficiency technology of silicon
olar cells can be found in the paper by Xiao and Xu [22].
cs Review 25 (2017) 55–64

3. Thin films solar cells

3.1. Homojunction thin films SC

3.1.1. III-V junction SC
In 2012 Alta Devices reached record efficiency (28.85%) of a

direct thin film band gap GaAs solar cell. The band gap of GaAs is
1.424 eV, very close to the optimal value for a band gap of a semicon-
ductor material S–Q limit [9]). The theoretical S–Q limit for a GaAs
homojunction solar cell equals 33.5% [23]. The record breaking
efficiencies were achieved through the phenomenon called pho-
ton recycling. In this process photons bounce off the back of the
solar cell which allows them to be recaptured by the material and
converted to electricity. The structure of the GaAs solar cell is a stan-
dard structure as that shown in Fig. 1, with Si material replaced by
a GaAs epitaxial layer. Single-crystalline III–V materials are well-
suited to exploiting photon recycling, because they can approach
near-ideal internal fluorescence yield (i.e. the fraction of absorbed
photons that are re-radiated as photons, under open-circuit condi-
tions) [24]. Moreover, in order to optimize the reflection of photons
and enhance the photon recycling the thin epitaxial layer of GaAs
is separated from the substrate by the lift-off process (ELO process)
allowing access to the back of the device.

3.1.2. a:Si SC
Record efficiency of the amorphous silicon solar cell belongs to

the Japanese Institute of Advanced Industrial Science and Technol-
ogy (AIST) and it was  announced in 2014 [25]. Typically a:Si solar
cells are realized as a p-i-n junction with very thin p and n sides and
a thick intrinsic region. The one of record efficiency was also made
in the same configuration. The efficiency increase was  the result
of a modified growth method of absorber [25]. Thin film silicon is
usually deposited with a chemical vapour deposition (CVD). This
technique was replaced by a remote plasma process using a triode
PECVD technique. Due to this modification the suppression of the
light-induced degradation of an a-Si:H solar cell was obtained.

In Fig. 8a the layer structure of a:Si:H p-i-n solar cell is shown
and in Fig. 8b the energy band diagram.

Transparent conductive oxide is at the front of the cell while
at the back of the cell – reflecting contact. The i-region of a p-i-
n junction built-in electric field makes electrons and holes move
to relevant electrodes. The electrical transport is no longer due
to diffusion like in a p-n junction but rather due to drift. This is
very important since diffusion length in a hydrogenated amor-
phous silicon is in the order of 100–300 nm. This short diffusion
length is connected with a very high density of defects in an amor-
phous hydrogenated Si in the order of 1016 cm−3 [26]. The interfaces
within the device are rough in order to increase light scattering and
effective light path.

Thin solid films silicon solar cells are also made of a
hydrogenated nanocrystalline silicon (nc-Si:H) known also as a
microcrystalline Si. Record efficiency 11.8% of a microcrystalline
Si cell belongs to AIST Company and it was  announced in October
2014.

3.2. Heterojunction thin films SC

Heterojunction solar cell comprises a window material with a
wider band gap and a lower band gap absorber (Fig. 9). The main
advantage of the heterojunction solar cell is that the front surface
recombination does not affect its operation because the window is
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cell and (b) corresponding energy band diagram.
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Fig. 8. (a) The scheme of a:Si:H p-i-n solar 

.2.1. CIGS SC
Germany’s Center for Solar Energy and Hydrogen Research

aden-Württemberg (ZSW) announced in June 2016 that it had set
 new world record for thin film solar technology with a 22.6%
fficient solar PV cell based on a semiconducting chalcopyrite
u(InxGa1−x)Se2, copper indium gallium diselenide (CIGS) technol-
gy [27]. The efficiency was verified by the Fraunhofer Institute for
olar Energy Systems (ISE). ZSW achieved the 22.6% efficiency on a
.5 square centimeter test cell. The boost of efficiency was  achieved

.e. by the post-deposition treatment of the CIGS surface with alka-
ine metal compounds being incorporated into this layer. ZSW has
eaten the record achieved by an Hanergy’s Solibro cell of efficiency
qual to 21%, announced in June 2014 [28].

Standard layer structure and energy band diagram for the CIGS
olar cell is shown in Fig. 10. The absorber layer comprises of p-type
olycrystalline CIGS (typically 2 �m thick) grown on glass (prefer-
bly lima-glass) substrate covered with a molybdenum layer. The
atter accomplishes back ohmic contact. On top of the absorber a
dS buffer layer of 50 nm thickness is deposited. It serves as the

 partner for the p-CIGS side of a heterojunction. The CdS layer
s followed by ZnO and subsequently ZnO:Al layers. The ZnO:Al
s a transparent conductive oxide (TCO) providing front contact.
ypically Cu(InxGa1−x)Se2 with x = 0.2–0.3 of energy gap equal to
.1–1.2 eV is used [29] and it forms a heterojunction with CdS of
nergy gap equal to 2.5 eV. In Fig. 10b the band diagram of the CIGS
eterojunction is shown. The crucial parameters – valence band
nd conduction band offsets between CIGS and CdS were found
o be equal to 0.9 eV and, therefore, a conduction band offset of
.45 eV [30]. The conduction band offset between the buffer and
he ZnO window was determined to be 0.4 eV [31]. The role played
y each of the layers is explained in Ref. [32] and recent review on
he energy band alignment in chalcogenide thin film solar cells is
iven in Ref. [33].

The success of high efficiency of CIGS solar cells started when it
as found that sodium coming from the glass substrate diffusing

nto an absorber is responsible for efficiency boost [34]. The role
hat alkali ions play in CIGS solar cells is still under debates, however
t is known that it leads to a reduced recombination rate in the
bsorber and enhanced the open circuit voltage Voc. The absorber
s a polycrystalline material and, therefore, the grain boundaries are
he source of undesired recombination centres. In Ref. [35] the CIGS

olar cells with post-deposition treatment (PDT) using NaF and KF
ere studied and it was  shown that whereas Na is more effective in

ncreasing the hole concentration in CIGS, K significantly improves
he pn-junction quality. The beneficial role of K in improving the
Fig. 9. Energy band diagram of a HJ thin film solar cells.

PV performance is attributed to a reduced recombination at the
CdS/CIGS interface [35].

CIGS solar cells may  be deposited on flexible substrates. In this
case Na is incorporated by the use of Na-containing precursors. Very
recently, efficiencies above 20% have been achieved with flexible
polyimide substrates using a potassium fluoride post-deposition
treatment (KF PDT) [36].

3.2.2. Kesterites
Indium, a crucial component in CIGS solar cells is a very rare

element. Therefore, many researchers focused on finding new
materials that could replace indium. Kesterite Cu2ZnSn(S1−xSex)4
(CZTSSe) compounds are very promising because the raw material
costs are extremely low, the elements are abundant and non-toxic.
Their band gap may  be tuned from 1.0 eV (Cu2ZnSnSe4) to 1.5 eV
(Cu2ZnSnS4) and absorption coefficient is higher than 104 cm−1. In
April 2016 IMRA Europe announced a new record efficiency 9.8%
of a CZTSSe solar cell [37] and University of New South Wales,
Australia [36] – 7.6% of a CZTS solar cell. In the former case, the solar
cells with Al/ITO/ZnO/CdS/CZTSSe/Mo-glass structure were fabri-
cated employing a fast and low-cost technology using an aqueous
ink deposited by a nonpyrolytic spray, followed by high tempera-
ture crystallization and selenization steps [37]. In the latter case
the boost in efficiency was  obtained by utilizing Zn1–xCdxS film
instead of a traditional CdS buffer layer [38]. The energy gap of
Zn1–xCdxS film can be tuned to minimize the conduction band align-

ment between a Cu2ZnSnS4 absorber and a buffer. As a result, the
recombination decreased improving the open circuit voltage and
fill factor efficiently.
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Fig. 10. (a) Layer structure and (b) band diagram of a conventional CIGS solar cell.

Fig. 11. (a) Layer structure and (b) band diagram of a CdTe solar cell.

Fig. 12. Distribution of the AMO  spectrum by the 3J solar cell and its layer structure.
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Fig. 13. Distribution of the AMO  spectrum by

.2.3. CdTe SC
The record efficiency of 21% for a CdTe based SC belonged to First

olar since it was announced in 2014. In February 2016 First Solar
nnounced new record – 22.1%. This result has been certified at the
ewport Technology and Applications Center Lab, and recognized

n NREL’s most recent “Best Research Cell Efficiencies” reference
hart [39]. CdTe is a II–VI direct band gap semiconductor of energy
ap equal to 1.44 eV, very close to the optimal band gap energy
9]. The theoretical S–Q limit is equal to 33.5% (cf. Fig. 1). As grown
dTe is a p-type and in the HJ solar cells it serves as a p-type partner
absorber) to an n-type CdS. The structure and energy band diagram
f typical CdTe/CdS HJ solar cells is presented in Fig. 11.

The record efficiency was obtained by doping the CdTe with
hosphorus atoms [40] (the collaboration of National Renewable
nergy Laboratory (NREL) with Washington State University and
niversity of Tennessee researchers). The standard processing step
sing cadmium chloride has been replaced by inserting a small
umber of phosphorus atoms on tellurium lattice sites. This pro-
ess has been followed by a careful formation of ideal interfaces
etween materials with different atomic spacing. Furthermore, the
anocrystalline CdS layers were deposited on CdTe. It was shown
hat in spite of the fact that they form non-ideal heterointerfaces
ith a 10% lattice mismatch they show excellent junction transport
roperties [40]. These results enable for the first time the fabrica-
ion of CdTe solar cells with an open-circuit voltage greater than

 V.
.2.4. Multi-junction SC
The concept of multijunction solar cells is based on the idea

f converting the whole energy of a solar spectrum into electric
J solar cell and the layer structure of the cell.

energy. The simplest multijunction solar cell is composed of three
(3J) junctions of three various energy gaps matching different parts
of the solar spectrum (cf. Fig. 12). The highest energy band gap
junction is located at the top of the 3J solar cell, the bottom cell is
the cell with the lowest band gap and that of the middle energy
gap is placed among them. Such a design is the result of the fact
that the most energetic photons are absorbed close to the surface
while the lower energy photons have larger penetration depths.
Among these junctions, tunneling junctions are processed in order
to prevent formation of reversely biased p–n junctions between top
p-material and middle n-material, as well as between the middle
p-material and bottom n material. The tunneling junctions are of
wider band gap to prevent optical losses.

In Fig. 12 the partition of the AMO  spectrum corre-
sponding to the layer structure of the lattice matched
Ga0.5In0.5P/Ga0.99In0.01As/Ge 3J is shown.

The subcells are connected in series, therefore the total volt-
age equals the sum of voltages of the subcells whereas the current
equals the minimum current out of the subcells. For such triple
junction solar cells the efficiencies are approaching 40% under
concentrated light [41]. The multijunction solar cells are very
expensive and this limits their application to the space. In order
to reduce their cost solar concentrators are used and, therefore,
the efficiency for the MJ  cells are usually measured under concen-
trated light. Concentrated sunlight usually increases the efficiency
of a solar cell and reduces the solar-cell area, resulting in a lower

cost due to a reduced amount of semiconductor material.

In order to reach higher efficiency, the number of subcells in MJ  is
increased. The best multijunction solar cells achieve the efficiency
beyond the Shockley–Quiesser limit. The top five junction (5J) solar
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ell record of efficiency 38.8% under a 1-sun illumination belongs
o the Spectrolab and was announced in 2014 [42].

The cell voltage is comprised of 3.68 V from the top 3 junctions
n GaAs of energy gap equal to 2.17, 1.68 and 1.4 eV and of 1.08 V
rom the bottom 2 junctions on InP of energy gap equal to 1.06
nd 0.73 eV. These energy gaps are close to the optimal band gap
ombination for a 5J cell on InP, i.e. 2.1/1.64/1.3/1.02/0.74 eV (0.59,
.76, 0.95, 1.21, 1.68 �m)  [41]. The efficiency boost of this solar cell

s due to the development of a specific wafer-bonding process for
ntegrating InP- and GaAs-based materials. The bonding includes
ernary and quaternary epilayers, enabling comfortably tuning of
and gaps. Cell measurements at concentration indicate efficien-
ies approaching 41% at low concentration. Modeling indicates the
otential to reach close to 47% at 500 suns [42].

In 2015 Suzhou Institute of Nano Tech and Nano Bionics
nnounced 5J InGaP(1.64 eV)/InGaP(1.64 eV)/InGaAsP(1.3 eV)/
nGaAsP(1.02 eV)/InGaAs(0.74 eV) solar cell structure on InP sub-
trate [43]. Its efficiency as high as 46.2% is estimated under
oncentration at ∼1500 suns. The layer structure of this solar cell
s shown in Fig. 13. The bottom three subcells are lattice-matched
o InP while the top two InGaP subcells are tensile-relaxed using

etamorphic growth technology. Metamorphic growth means
attice-mismatched MJ.  This technology demands buffer layers to
t in the lattice constants of neighboring p–n junctions.

.2.5. III–V/Si SC
Recently scientists from the Energy Department’s National

enewable Energy Laboratory (NREL) and from the Swiss Cen-
er for Electronics and Microtechnology (CSEM) announced a new
orld record for a tandem solar cell made of III–V/Si under a 1-sun

olar irradiation [44]. They have elaborated a mechanically stacked
aInP/Si dual-junction solar cell. The solar cell is composed of a

ear-heterojunction GaInP top cell and a HIT Si bottom cell. The two
ells were made separately and then joined by mechanical stacking
sing glass as an electrically insulating optically transparent inter-

ayer. The glass is a low-refractive-index material, which enhances
he photon path length in the top cell. The cells operate indepen-
ently (four terminal mode) and exhibit a total 1-sun efficiency of
29.8 ± 0.6)% (AM1.5 g). The scheme of the cell is shown in Fig. 14.

. New emerging technologies

In the past few decades several new technologies emerged
hich pave the way toward reducing the cost of a solar cell pro-
uction. These are so called 3rd generation solar cells, but the
echnology is currently in its early stage so they do not play a role
n the PV market entry, so far. These are organic, dye-sensitized
DSSC), perovskite and quantum dot cells. According to the solar cell
fficiency tables [5] the record efficiency of the organic cells equals
1.2% and it belongs to Toshiba, 10.2015, and that of the DSSC –
1.9% and it was  announced by Sharp, 09.2012. The status of these
olar cells has been classified as an advanced demonstration, some
roducts for sale [45]. There are numerous review articles concern-

ng these cells, i.e. [32,46–49 and references therein]. As regards
uantum dot and perovskite solar cells these technologies are in
he commercial state called as “development and no products” [45].
or the quantum dot solar cells the record efficiency of 11.6% was
nnounced recently by researchers from East China University of
cience & Technology [50]. The review on perspectives of these
olar cells can be found in [51–53] and references therein. Impres-
ive rapid increase of perovskite solar cells efficiency starting from
 to 4% in 2009 up to the recent record efficiency of 22.1% (the lat-
er belongs to KRICT/UNIST, 03.2016) boosts this technology to the
eading position out of all 3rd generation solar cells [54]. Perovskite
olar cell technology was selected as one of the biggest scientific
Fig. 14. The layer structure of the 5J solar cell.

breakthroughs of 2013 by the editors of Science and Nature [55,56].
The review on the state of art and perspectives of perovskite solar
cells’ improvement is given in Refs. [54–59]. The number of refer-
ences concerning the perovskite solar cells is huge – according to
ISI Web  of Knowledge this year it has already exceeded 1200 which
testifies that this subject is at the center of interests of researchers
all over the world and emphasis its significance. With perovskite
solar cells there are still problems to be addressed. Among them
the water solubility of perovskite based materials and the problem
of scaling are listed as the main obstacles against their entry into
the PV market.

Summing up, solar cell efficiency improvement has been one
of the major concerns to produce the cost effective efficient solar
cells. Among various solutions leading to the improvement of solar
cell efficiency, plasmonic light trapping mechanism has been con-
sidered as promising solution for better photon harvesting. The
review on the recent advances on the application of plasmonics
in inorganic semiconductor solar cell efficiency improvements can
be found, i.e., in Ref. [60] and references therein, while those con-
cerning organic solar cells in Ref. [61]. An excellent review on
perspectives of plasmon-enhanced solar energy is given in Ref.
[62] and references therein. A brief overview of some of the key
developments of the field of nanoplasmonics is given in [63].
5. Conclusions

In the paper the review on the top 1st and 2nd generation
solar cells is elaborated. The presented examples of solar cells
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ere chosen from a vast number of solutions and many significant
chievements are not addressed here. In the review the scheme of
he layer structures are shown and for some of the cells, energy
and diagrams are presented. The latter enables explanation of the
fficiency improvements for relevant designs of solar cells. For a
ingle junction solar cell there is still a lot of problems to be solved in
rder to approach the S–Q limit. Assuming that the problems with
arasitic light absorption, recombination due to defects and resis-
ive losses are overcome, the Auger recombination in Si solar cells
oses an inevitable barrier for efficiency improvement. Considering
hin films heterojunctions, CIGS and CdTe solar cells their efficien-
ies are also far from the S–Q limit in spite of the fact that these are
irect band gap materials. The most promising is a tandem technol-
gy, i.e., the III–V/silicon tandem solar cell. Multijunction solar cells
each efficiency far above the S–Q limit but their technology is very
xpensive so that they are used only in space. Eventually the status
f the 3rd generation of solar cells has been briefly reported. It has
o be emphasized that nowadays the greatest hope of PV commu-
ity is related with the latter generation, because it is bringing a
reakthrough in a solar cells’ technology, as the simplest and most
ost effective out of all generations.
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