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1. Introduction

The development of human civilization was fueled by different energy sources throughout
its history, with the past decades clearly showing a trend of using environment-friendly en‐
ergy. Among the energy sources available from the Nature, solar energy has a special place
[1, 2]. It is available in vast quantities, especially in countries with high insolation level such
as México. Transformation of solar light into electricity takes place in photovoltaic devices –
solar cells – that do not require much maintenance throughout their operation cycle and can
function as stand-alone devices allowing the use of electrical equipment even in most re‐
mote areas. The energy produced by the solar cells during the day can be stored in accumu‐
lators and used during the night, making solar-powered equipment practically self-
sustainable if the required number of sunlight hours per day is available.

Currently, most commercial solar cells are made of silicon due to its vast availability and sil‐
icon technology that reached the state of perfection, allowing to achieve the conversion effi‐
ciency of almost 28% (single silicon cell, [3]). Actually, world production of photovoltaics is
dominated by polycrystalline silicon cells representing 94% of the market [4]. These devices
based on silicon wafers are called the "first generation" of photovoltaic technology. Mono‐
crystalline silicon devices are effective but expensive. Similarly, solar cells based on other
semiconductor materials, called "second generation", such as group II-VI and III-V hetero‐
structures, are capable of efficiencies over 40% (GaInP/GaAs/GaInNAs, [3]) but depend sig‐
nificantly on the quality of the junction that may contain defects acting as effective
recombination centers, reducing considerably the concentration of photo-generated carriers.
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Finally, there is the "third generation" of photovoltaic devices that embraces solar cells based
on organic semiconductors. These materials usually afford moderate efficiency – about 11%
(dye-sensitized cells [3]); however, they are cheap and easy to obtain, which is a very attrac‐
tive point for industrial-scale production. Also, organic materials can be deposited on flexi‐
ble substrates, widening the spectrum of their possible applications.

In this chapter, we present the results for several types of heterojunction solar cells that are
particularly focused on the use of thin film devices for photovoltaic conversion [5]. We dis‐
cuss the benefits of computer simulations for improvement of AlGaAs/GaAs solar cells, sug‐
gesting the optimal values of aluminum contents and thickness of the window layer. We
propose the isovalent substitution method as a promising technological approach for craft‐
ing near-to-perfect junction boundary with reduced mismatch of lattice parameters and
thermal expansion coefficients, illustrating it for the case of CdTe/CdS heterostructures.
Aiming to lower the cost of solar cell production, we consider the option of chemical bath
deposition for CdS/PbS solar cell, proposing environment-friendly variation that significant‐
ly reduces (and even disposes of) the use of toxic ammonia that is characteristic for a com‐
mon chemical bath deposition process for CdS films. We also address the question of
organic solar cells, discussing the mechanisms of current transport in a cell based on poly (3-
hexylthiophene). Finally, we consider the question of excess heating that is characteristic to
the photovoltaic devices (especially those operating under concentrated light conditions),
proposing to use the experience gained from nano-thermoelectric formations used to re‐
move the extra heat from the devices composing microchips.

2. General theoretical modeling

Let us consider the basic physical processes taking place in a semiconductor solar cell with a
heterojunction (Fig. 1). The device is composed by two semiconductors with different band
gap values [1, 6]. The wider-band material forms so-called window layer (for which the cor‐
responding characteristics in Fig. 1 have the subscript “W”) and is used to process high-en‐
ergy photons, allowing low-energy photons to pass through. These became absorbed in the
narrower-band material forming the absorber layer (hence the subscript “A” in Fig. 1). The
thickness of the corresponding layers will be referred to as DW and DA, correspondingly,
making the total device thickness equal to DWA = DW + DA. The presence of window and ab‐
sorber layers allows to optimize solar spectrum use and reduce device heating that is more
prominent in p-n junctions, where more absorbed photons have the energies exceeding
band gap of the material. The other benefit consists in increase of material choice for creat‐
ing the junction, because not all semiconductors can be obtained in both modifications with
p- and n- conductivity. On the negative side, the mismatch of lattice parameters of junction
components create undesirable defects, and difference in thermal expansion coefficient may
be critical for stability of the device if used under the elevated temperatures.

The contact  of  two materials  with  different  conductivity  type  leads  to  the  formation of
space charge region [7] associated with diffusion potential  difference Ud.  Within this so-
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called depletion region of width wn  + wp  (Fig. 1) energy band bending occurs. In general
case,  due to the difference of band gap values of window and absorber layers (EgW  and
EgA,  respectively)  there will  be band discontinuities  ∆EV  and ∆EC,  introducing additional
energy barriers  for  the  carriers  and paving the  way for  different  types  of  tunneling ef‐
fects.  The band diagram of  a  heterojunction can be  constructed using electron affinities
for both materials – χW  and χA,  respectively, which allows to construct band diagram of
the structure.

Under illumination, the electrons obtain the energy sufficient for moving into conduction
band, creating holes in the valence band. The resulting non-equilibrium electron-hole pair
can disappear due to recombination. However, if it is generated in the vicinity of the junc‐
tion, the embedded electric field of the space charge region will exert different forces on the
carriers in accordance with their charges, moving them towards the contacts where they
contribute to the photo-current of the external circuit.

Figure 1. Band diagram of a heterojunction with main parameters denoted.

The transport of the carriers, in addition to the action of the embedded electric field, is also
governed by the diffusion caused by the difference in concentrations of electrons and holes
in the corresponding parts of the device. This mechanism can be described as [8]

( ) ( )n n n
dnJ en x E x eD
dx

m= + (1)

( ) ( )p p p
dpJ ep x E x eD
dx

m= - (2)
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where n, p are concentration of electrons and holes, μn and μp are their mobilities and Dn, Dp

are diffusion coefficients. The action of the electric field is limited to the space charge region
that is characterized by the thickness
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n p
D W D A A A W D A A

N U U N U U
w w
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e e e e
- -
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(3)

with dielectric constants of window and absorber materials εW and εA, respectively. The val‐
ues of ND and NA correspond to the concentration of donors and acceptors that define con‐
ductivity type of the materials forming heterojunction. The height of the energy barrier, Ud,
can be manipulated by application of a voltage U, which is also included into (3). Calculat‐
ing the value of wn + wp it can be shown that the space charge region usually is of negligible
thickness in comparison with that of the entire device. Therefore, one can simplify the equa‐
tions (1) and (2) by keeping only diffusion terms:

n n

p p

dnJ eD
dx
dpJ eD
dx

=

= -
(4)

The resulting expressions can be rewritten relating current variation to the difference of re‐
combination and generation rates. For simplicity, we will present here only equations de‐
scribing window layer, for which the minority carriers are holes:

2

2p p W
d pD r g
dx

= - (5)

Recombination rate rp =  (p – pn0) / τpW  depends on the difference between non-equilibrium

and equilibrium concentrations of holes given in numerator, and a characteristic time τpW
defined by recombination processes taking place in the system. Generation rate
gW =αWΦ0exp(−αW x) includes absorption coefficient of the material αW , spectral power of
incident light flux Φ0 and distance from the surface x. Substituting these expressions into
formula (5) one will obtain

2
0 0

2 2
Φ

W xn W

pp

p pd p e
Ddx L

aa --
= - (6)

where L p =  Dpτp is the diffusion length for the holes. Equation (6) should be solved taking
into account the boundary conditions. On the front of the cell, the variation of hole concen‐
tration is connected with surface recombination rate sp:
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At the boundary with space charge region, the concentration of holes is equal to:

( ) ( )0–   /W n n Bp D w p exp eU k T= (8)

where kBT  is a product of the Boltzmann constant and the temperature. The solution of the
equation (6) is usually written in the form

( ) / /
0 0

p pW
x L x Lxp

n p pp x p C e A e B ea --= + + + (9)

with C0
p =

αW Φ0L p
2

Dp(1 −αW
2 L p

2)  and coefficients Ap and Bp that can be found from boundary condi‐

tions. The similar equations can be obtained for electrons as minority carrier in absorber part
of the device, yielding the general solution for carrier concentration as

( ) ( ) / /
0 0

W W n nx D x L x Ln
p n nn x n C e A e B ea- - -= + + + (10)

where DW appearing in the first exponent denotes the decrease of light flux upon passing
through the window layer. Now, the total current through passing to the external circuit can
be obtained as the sum of electron and hole currents at the contacts together with total pho‐
to-generation current reduced by integral describing recombination losses:

( ) ( ) ( ) ( )
0 0

0 . 
WA WAD D

p n WAJ J J D e g x dx e r x dx= + + -ò ò (11)

Two first terms in (11) can be easily found using the expressions for carrier concentrations
(9), (10) and their relation to the corresponding current components (4):
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The generation term from (11) can be calculated analytically:
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The recombination term is calculated numerically, taking into account the distribution of
non-equilibrium carrier concentration in window/absorber and various recombination
mechanisms such as direct recombination, Hall-Shockley-Read recombination involving im‐
purity levels in band gap, and Auger recombination for high-energy carriers that transfer
their excess energy to another particle [8].

For numerical simulations we considered the heterojunction AlxGa1-xAs/GaAs [9] character‐
ized by a small lattice mismatch of 0.127%. The window layer remains direct-band semicon‐
ductor for aluminium contents less than 45%. Material parameters used in our simulations
are listed in Table 1 as functions of aluminium content x and temperature T.

Parameter Value or calculation formula

Dielectric constant ε 12.90 – 2.84x

Electronic affinity χ, eV 4.07 -1.1x

DOS effective masses mn*= (0.067 + 0.083x) m0; mp* = (0.62 + 0.14x) m0

Electron mobility µn, cm2/(Vs) ( 8 – 22x + 10x 2 ).103

Hole mobility µp, cm2/(Vs) ( 3.7 – 9.7x + 7.4x 2 ).102

Band gap Eg, eV 1.424 + 1.247x – (5.4.10-4T2)/(T+204[K])

Table 1. Parameters of AlxGa1-xAs used in calculations

In the framework of the current chapter, we studied the dependence of window layer thick‐
ness DW on the efficiency of AlGaAs/GaAs solar cell. All calculations were done for AM1.5
illumination [10]. First, we considered the question about the thickness ratio of window/
absorber layers (Fig. 2). The resulting plot has roughly triangular shape with the grayed out
area in the bottom left corner where the system is not converging to any solution. As one
can see from the figure, the efficiency η exceeding 24% is obtained for thicker cell (DWA = 300
μm), which is expected because the junction should have enough material for a considerable
absorption of solar light. When the cell is 3 μm thick, the value of η reaches 20% at most. It is
also clear from the figure that the cell performs better with a thin window layer. For exam‐
ple, the efficiency over 20% is reachable for a thick cell with window layer thickness under
0.5% of DWA, i.e., DW < 1.5 μm. This result proves that the embedded electric field of space
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charge region should be located quite close to the surface where the major photo-generation
of non-equilibrium carriers takes place, ensuring efficient separation of electron-hole pairs
and reducing losses due to the recombination processes. If the junction is located deeper into
the cell, the embedded field becomes less efficient. Also, thicker absorber layer augments the
number of processed photons that increases the current flowing to the external circuit.

Figure 2. Dependence of Al0.29Ga0.71As/GaAs solar cell performance as a function of window and cell thickness

Another important point is the adjustment of band gap difference between the heterojunc‐
tion components that modifies the percentage of light processed by window and absorber
layers. Having in mind that thicker cell has better overall performance, we performed calcu‐
lations varying the aluminum contents x in AlxGa1-xAs and thickness of the window layer.
These results are presented in Fig. 3. Similarly to Fig. 2, the case of ultrathin window pre‐
cludes numerical convergence and is greyed out. As one can see from the figure, the efficien‐
cy landscape has two prominent details. For comparative thick window layer with DW above
a micron, it has a pronounced maximum at x = 29.5%that does not shift with variation of DW

by two orders of magnitude. The maximum changes into a wide plateau with η > 17% for x
exceeding 20%, following with a quick drop of efficiency for decreasing aluminum content.
Increase of x above 30% also causes abrupt drop of the efficiency. We explain this behavior
by optimal adjustment of band gaps EgW and EgA ensuring good separation of solar spectra
into “high” and “low”-energy parts processed by window and absorber layer, respectively,
for 20% < x < 30%. For lower x, the difference of band gaps is insufficient. For higher x, the
difference is too big so that the energy of the photons passing the window layer is high in
comparison with EgA, which will result in excess Auger recombination rate and increased
cell heating.
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Figure 3. Efficiency of AlxGa1-xAs/GaAs solar cell as a function of window layer thickness DW and aluminum contents x

However, when window layer becomes very thin (DW < 1μm), the system starts to behave
differently. Now, the generation of the carriers in direct vicinity of junction boundary pro‐
vides a significant benefit by quick and efficient separation of carriers by electric field associ‐
ated with space charge region, reducing recombination losses. Nevertheless, even the
contour line for η = 23% shows that the cell performs slightly better when aluminum con‐
tents gravitates towards x = 30%.

Therefore, theoretical treatment of semiconductor solar cell followed by numerical simula‐
tions allowed to obtain useful information about the system, which can significantly simpli‐
fy the experimental optimization of solar cell parameters by suggesting the most promising
ranges of parameters that corresponds to the highest efficiency of photovoltaic conversion of
solar energy.

3. Solar cells with CdTe layers grown by isovalent substitution

Among the materials used for solid-state cells, cadmium telluride occupies a special place
due to its near-optimal band width of 1.5 eV at 300 K. Direct band of CdTe favors manufac‐
ture of thin-film barrier structures [5, 6]. However, despite it is possible to grow CdTe with
n- and p-conductivity, the p-n junction solar cells of cadmium telluride are impractical due
to high absorption and recombination. Schottky barriers are also not quite useful because
many metals form comparatively low barriers with p- and n-type cadmium telluride [11].
Under these conditions, the major flexibility in device design can be attained for heterojunc‐
tions, among which the most prominent are thin-film structures of p-CdTe/n-CdS. It is quite
easy to obtain solar cells with efficiency of η ≈ 16%, but much device optimization work is
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required to achieve the theoretical performance limit of 28% [6]. One of the main reasons re‐
ducing the efficiency of solar cell is a large concentration of defects NS at the junction boun‐
dary caused by a mismatch of crystalline and thermal parameters of device components
[12]. Therefore, it is important to search for the best material especially for wide-band win‐
dow layer and improve the reproducibility of technology aiming to create heterostructures
with a perfect junction boundary.

One of the promising approaches to solve this problem involves the method of isovalent
substitution (IVS) [13], offering considerable advantages over the traditional methods of het‐
erojunction manufacturing [5, 12]. The substituted heterolayers grows down into the sub‐
strate, which defines and stabilizes the crystalline structure of the layer. Thus, IVS is used to
obtain stable layers of materials with crystalline modifications that do not exist in bulk form.
The layers of intermediate solid solutions relax the difference of lattice parameters and ther‐
mal expansion coefficients, ensuring low Defect concentration at the junction boundary. Fi‐
nally, residual base substrate atoms act as isovalent impurities, significantly increasing the
temperature and radiation stability of the material [14]. This section reports successful use of
isovalent substitution method for formation of heterojunctions of CdTe with wide-band II-
VI compounds such as CdS, ZnTe and ZnSe.

The base substrates with the size of 4×4×1 mm3 were cut from bulk CdS, ZnTe and ZnSe
crystals grown by Bridgman method from the stoichiometric melt. At the room temperature
the substrates of CdS and ZnSe had n-type conductivity; ZnTe samples were of p-type due
to presence of intrinsic point defects. After mechanical polishing the plates were etched
chemically in the solution of Cr2O3 : HCl = 2 : 3, rinsed in distilled water and dried. These
operations ensured mirror-reflective surface of the substrates and bulk luminescence within
the corresponding spectral ranges. The heterostructures were formed by annealing of the
substrates in quartz containers pumped out to 10-4 Torr at the temperatures of TA=800 –1000
K. The additional charges loaded into containers are listed in Table 2.

Substrate n-CdS p-ZnTe n-ZnSe

Charge
Charge of CdTe, Te and

LiCO3 salt
Charge of CdTe and Cd Charge of CdTe

Table 2. Loads to the containers required to form heterostructures of corresponding type

Annealing process leads to formation of cadmium telluride layer on top of the base sub‐
strates, which was verified by spectra of optical reflectivity and transmittivity. The thickness
of CdTe layers is controlled by deposition conditions and film conductivity type results to
be opposite to that of the substrate. To make diode structures, we polished off the CdTe lay‐
er from one side down to the substrate. Ohmic contacts were deposited by melting in In for
n-type material and vacuum-sputtering of Ni for the p-type one. The sketch of resulting p-
CdTe/n-CdS structure is given in the inset to Fig. 4.
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Figure 4. Typical CVC of p-CdTe/n-CdS heterojunction at 300 K. The inset shows a schematic view of the structure.

The heterojunctions studied featured pronounced diode characteristics with rectification co‐
efficient above 104 at 300 K and voltage of 1 V. The typical dark current-voltage curve (CVC)
of an example p-CdTe/n-CdS heterojunction is given in Fig. 4. The potential barrier height φ0

can be estimated extrapolating the straight branch of the curve towards the intersection with
the voltage axis (Fig. 4). The value of φ0 depends on heterojunction type and technological
condition used to obtain it, with the maximum barrier values listed in Table 3.

Heterojunction p-CdTe/n-CdS n-CdTe/p-ZnTe p-CdTe/n-ZnSe

φ0, eV 1.25 1.4 1.3

VOC, V 0.6 0.8 0.7

Table 3. Maximum barrier height and open circuit voltage of heterojunctions at 300 K

Our analysis shows that current-voltage curves at lower bias obey the expression that corre‐
sponds to dominating carrier recombination in the space charge region [6]

0 exp( / 2 )gr grI I eV kT» (15)

with intercept current Igr
0  obtained for V=0. Energy slope of Igr

0 (T ) curve plotted in axis

frame ln(Igr0 −1 /T ) is about 1.6-1.7 eV, which agrees with the bandgap of cadmium telluride
at 0 K, proving that the space charge region is mainly localized in CdTe and recombination
takes part in the thinner component of the junction. Under the higher bias the formula (1)
transforms into less steep dependence [5]
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0 exp( V T)grt grtI I a b» + (16)

where Igrt
0  is the intercept current and parameters α =(5−15)  V −1,  β =  (0.01−0.02)  K −1 are

independent on both voltage and temperature. For the bias approaching φ0/e, current trans‐
port in the device becomes dominated by over-barrier current Id, which for the heterojunc‐
tions p-CdTe/n-CdS and p-CdTe/n-ZnSe is provided by electrons and for n-CdTe/p-ZnTe
diodes – by holes. The inverse current in obtained heterojunctions is determined by carrier
tunneling (low bias case) and avalanche processes (high bias case).

The current voltage curve of illuminated structures for eV ≥ 3kT obeys expression

0 exp( / 2 )SC SC OCI I eV kT= (17)

with short circuit current ISC and open circuit voltage VOC. The presence of two in denomina‐
tor of the exponent corresponds to the major carrier generation in the space charge region.
Thermal dependence of the intercept ISC

0  photocurrent value is determined mainly by the ex‐
ponential coefficient exp(–Eg/2kT). The band gap value Eg appearing here characterizes the
material in which the most intensive generation takes place. In the heterostructures synthe‐
sized under low TA the value of Eg is about 1.6 eV, which correspond to the band gap of CdTe
at 0 K. At higher synthesis temperature Eg increases up to 1.8-2.0 eV, suggesting that photo-
generation of the carriers takes place in solid solution layers at the junction boundary. De‐
pendence of short circuit current on the illumination intensity L remains linear even if the
latter varies by five orders of magnitude. The open circuit voltage changes proportionally to
lnL for low light, tending to saturation under high illumination intensity. Using 100 W tung‐
sten lamp as a power source, we were able to measure VOC values at 300 K (see Table 3).

In contrast to the above-discussed integral device characteristics, the spectral data are more
variable by depending significantly on heterojunction type and technological conditions
during its formation. It is worth noting general features of photosensitivity spectra S, in par‐
ticular, the fact that S curves are limited by photon energies corresponding to band gap val‐
ues of heterojucntion components (Fig. 5). The shape of the spectrum and position of its
peaks is again defined by the part of the device with major generation of photo-carriers.

Let us analyze this question in detail for a particular case of p-CdTe/n-CdS heterostructure.
As one can see from Figure 6, the photosensitivity of a junction synthesized at TA = 800 –
1000 K embraces a wide interval of photon energies and has a blurred peak. This is caused
by the presence of the solid solution layer of CdSхTe1-х responsible for smooth variation of Eg
in the area of generation and separation of non-equilibrium carriers.

High-energy edge ends at hν ≈ 2.5 eV, which is close to the Eg of cadmium sulfide. Photons
with hν > 2.5 eV are absorbed in CdS deeper than diffusion length of the minority carriers
and thus become lost due to recombination processes. The spectral sensitivity below the
band gap of cadmium telluride is caused by non-linearity of band gap dependence for solid
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solutions CdSхTe1-х on composition x, which is known [14] to have a minimum at Eg ≈ 1.2 eV

for x ≈ 0.2; the photons absorbed in this layer will contribute to sensitivity with hν < 1.5 eV.

Figure 5. Typical photosensitivity spectra of heterojunctions: 1) p-CdTe/n-CdS, 2) n-CdTe/p-ZnTe and 3) p-CdTe/n-
ZnSe at 300 K and illumination from wide-band component side

Figure 6. Normalized photosensitivity spectra of p-CdTe/n-CdS heterojunction formed under different temperatures:
1) 800 K, 2) 900 K, and 3) 1000 K
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We measured main parameters of heterojunctions related to their possible photovoltaic ap‐
plications. All measurements were done under AM2 illumination at 300 K and are listed in
Table 4. The density of short circuit current was calculated from the experimental ISC, ac‐
counting for the effective area of the diodes that is about 0.1 cm2.

Heterostructure ISC, mA/cm2 VOC, V η, % FF

p-CdTe/n-CdS 18 0.5 10 0.7

n-CdTe/p-ZnTe 10 0.7 5 0.5

p-CdTe/n-ZnSe 11 0.6 6 0.55

Table 4. Main parameters of solar cells based on heterostructures studied

As one can see from the table, the largest efficiency of 10% corresponds to the photovoltaic
device based on p-CdTe/n-CdS, which is below the theoretical limit of 28% due to several
reasons. Low fill-factor values FF are caused by a considerable series resistance of dozens of
Ohms. This problem can be amended by low-resistance substrates and optimization of ohm‐
ic contacts primarily to the thin film layers of cadmium telluride. The benefits of obtained
heterojunctions in first place is the low value of thermal efficiency variation dη/dT =
(0.02-0.03)%/K – that is, four times smaller than that of the silicon solar cells. This is impor‐
tant for solar concentrator applications, when the structure intensively heats. Thus, in spite
of modest η, our heterojunctions may compete with GaAlAs ones, because for the same
dη/dT they are significantly cheaper and simpler in manufacture. It is also worth mentioning
that the presence of isovalent impurities in CdTe heterolayers increments radiation stability
of the material, which is especially important for open space applications.

4. Heterojunction CdS/PbS cells obtained by chemical bath deposition

Continuing the discussion of solid state solar cells, let us perform optimization of absorber
layer keeping the window layer of wide-band CdS, paying a special attention to simplifica‐
tion of deposition technology with an aim to reduce the production costs. Among the main
techniques used for the deposition of CdS thin films, we highlight chemical bath deposition
(CBD) that produces layers with excellent characteristics because of their compactness and
uniformity due to congruent growth and high relative photoconductivity [16, 17]. Further‐
more, CBD is a good method for a large area deposition, which is convenient for solar cell
fabrication on industrial scale. In CBD technique, the properties of thin films can be control‐
led by several parameters such as pH of the reaction solution, concentration of the chemical
precursors, temperature, deposition time, etc. However, on the other hand, the CBD techni‐
que for the deposition of CdS films has serious drawbacks such as large amount of Cd-con‐
taining toxic waste produced in the process. Moreover, the classic CBD uses highly volatile
and harmful ammonia as the complexing agent in the reaction solution, which can become
even more critical in large scale production. These disadvantages catalyze intensive research
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aiming to improve the CBD process. For example, ammonia has been substituted with more
convenient complexing agents such as ethylendiamine, ethanolamine, triethanolamine, nitri‐
lotriacetic acid and sodium citrate. In particularly, we have developed CBD process based
on sodium citrate in place of ammonia [17].

Sodium citrate is a cheap and practically harmless organic compound widely employed in
food industry as flavoring or preservative, also as a common ingredient for drinks. We re‐
ported main characteristics of CdS films deposited over glass substrates by the partial and
complete substitution of ammonia by sodium citrate in the CBD process, resulting in thin
films of high crystallinity degree, homogeneity and compactness that performed pretty well
as window layers in CdS /CdTe thin film solar cells and as active layers in field effect thin
film transistors. Here we would like to discuss CdS window layers obtained by ammonia-
free CBD process for CdS/CdTe and CdS/PbS solar cell heterostructures.

The CdS/CdTe and CdS/PbS solar cells were deposited in superstrate geometry onto ITO-
coated glass substrates employing two types of chemically-deposited CdS window layers la‐
beled X-CdS and Y-CdS, respectively [18]. The CBD process for Y-CdS films is ammonia-free
sodium citrate-based process, consisted in a 100 ml reaction solution prepared in a beaker by
the sequential addition of 10 ml of 0.05 M cadmium chloride CdCl2, 20 ml of 0.5 M sodium
citrate Na3C6H5O7, 5 ml of 0.3 M potassium hydroxide KOH, 5 ml of a pH 10 borate buffer,
10 ml of 0.5 M thiourea CS(NH2)2 and deionized water to complete the total volume. The
deposition process for X-CdS films consisted in the reaction solution including 25 ml of 0.1
M CdCl2, 20 ml of 1 M Na3C6H5O7, 15 ml of 4 M ammonium hydroxide NH4OH, 10 ml of 1
M CS(NH2)2 and deionized water to complete the total volume of 100 ml. In this case, the
complexing agent is the mixture of ammonium hydroxide and sodium citrate. In both proc‐
esses, the beaker with the reaction solution was placed in a thermal water bath at 70 °C. The
deposition time was adjusted (20-60 min) to obtain CdS window layers some 100 nm thick.
The deposition rates depend on the concentration of the precursors in the reaction solution.
It was noticed that the amount of Cd ions is much higher in deposition of X-CdS films – 2.81
mg/ml; for Cd-Y films the numbers are lower – 0.56 mg/ml.

The CdTe thin films on ITO/CdS substrates were deposited by the close-spaced vapor trans‐
port-hot wall (CSVT-HW) technique using CdTe powders of 99.99% purity. The deposition
of CdTe was performed in Ar/O2 atmosphere, with each components having partial pressure
of 0.05 Torr. The temperatures of the substrate and the source were set to 550 °C and 650 °C,
respectively. The deposition process was carried out for 4 minutes. Under these conditions,
the resulting thickness of the CdTe layers was approximately 3 μm. After deposition, the
CdTe thin films were coated with a 200 nm CdCl2 layer and annealed at 400 °C for 30 min in
the air. To create back contact, we deposited by evaporation two layers of Cu and Au with
thickness of 20 Å and 350 nm, respectively. The area of the contacts on CdTe side was 0.08
cm2; after the deposition, the device was annealed at 180 °C in argon atmosphere. The effi‐
ciency of CdS/CdTe solar cells was determined from current-voltage measurements under
50 mW/cm2 illumination.

To produce PbS/CdS solar cells, we deposited PbS film over ITO/CdS substrates by the CBD
process that included 2.5 ml of 0.5 M lead acetate, 2.5 ml of 2M NaOH, 3 ml of 1 M thiourea,
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2 ml of 1 M triethanolamine and deionized water to bring the total volume to 100 ml. The
films were deposited at 70°C for one hour and their thickness was about of 4.2 μm. The solar
cell structures were completed with 0.16 cm2 printed layer of conducting graphite on the
PbS films, serving as back contact. The efficiency of the CdS/PbS solar cells was determined
from CVC measurements under 90 mW/cm2 illumination.

Figure 7 shows the CVC for the CdS/CdTe solar cells, with X-CdS and Y-CdS window lay‐
ers. The corresponding performance parameters of both types of solar cells are presented in
Table 5. It is observed that the performance of solar cells with X-CdS window layer is better,
featuring short circuit current density of 11.9 mA/cm2, open circuit voltage of 630 mV, fill
factor of 58%, yielding the efficiency of 8.7%.

Figure 7. Current density versus voltage measurements under illumination of X-CdS/CdTe and Y-CdS/CdTe solar cells
deposited on ITO conductive glass substrates.

Figure 8 presents the CVCs for X-CdS/PbS and Y-CdS/PbS solar cells. The performance pa‐
rameters determined from these measurements are also given in Table 5. As expected, the
performance of these solar cells is much lower because band gap of PbS is smaller, namely
0.4 eV. Nevertheless, the X-CdS window layer performs better also in these solar cells, al‐
lowing to reach short circuit current density of 14 mA/cm2, open circuit voltage of 290 mV,
fill factor of 36% and the efficiency of 1.63%. The low fill factor can be a consequence of high
porosity characteristic for semiconductors obtained by the CBD method.
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Figure 8. Current-voltage curves for illuminated X-CdS/PbS and Y-CdS/PbS solar cells deposited on ITO conductive
glass substrates.

Heterostructure VOC (mV) JSC (mA/cm2) FF (%) η (%)

X-CdS/CdTe 630 11.9 58 8.7

Y-CdS/CdTe 607 11.1 56 7.5

X-CdS/PbS 290 14 36 1.63

Y-CdS/PbS 310 12.37 28 1.22

Table 5. Parameters of the X-CdS/CdTe and Y-CdS/PbS solar cells with two types of CdS window layers on ITO
conductive glass substrates

The analysis of CdS/CdTe and CdS/PbS solar cells given above prove that both X-CdS and
Y-CdS are appropriate materials for window layers, with higher efficiency achievable for the
solar cells with the X-CdS window. The CBD process for CdS layers required to use both
ammonia and sodium citrate as complexing agents. Nevertheless, this variation of CBD is
more environmental-friendly with reduced ammonia use due to its partial substitution by
sodium citrate. For Y-CdS layers, our optimized CBD process also reduces the amount of
cadmium in the reacting solution by the factor of five comparing to the common process of
CdS film deposition. Therefore, despite of lower efficiency of cells with Y-CdS window lay‐
ers, completely ammonia-free process is more convenient for industrial-scale manufacture of
CdS/CdTe and CdS/PbS solar cells.
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5. Organic solar cells

The "third generation" of photovoltaic technology [19], appearing quite recently, divides in‐
to two principal approaches: achieving high efficiencies by creating multiple electron-hole
pairs (including thermo-photonic cells) with high cost of the cell or, alternatively, to create
very cheap cells with a moderate photovoltaic efficiency (~ 15-20%). Polymer solar cells have
a significant impact potential for the second approach. A key point in the development of
photovoltaic technology is reduction of cost for large scale production, which stimulates re‐
search for alternative materials (such as semiconductors, organics, polymers, heterostruc‐
tures or composites) for solar cells and photovoltaic devices. The efficiency of inorganic
solar cells reaches above 24% due to the use of expensive high purity materials. The produc‐
tion cost can be significantly reduced switching to cheaper constructions including nano‐
crystalline photoelectrochemical solar cells, pigment sensitivity (dye-sensitized cells),
heterojunction polymer/fullerene organic-inorganic hybrid devices and solar cells based on
inorganic nanoparticles. These solar cells are the classical example of an electronic device in
which organic and inorganic materials complement each other in photovoltaic conversion.
The nanomaterials and nanoparticles can also be used for development of energy saving
and efficient electronic devices.

The semiconducting conjugated polymers are attractive for their use in photovoltaic cells,
since they are strong absorbers and can be deposited onto flexible substrates at a low cost.
Cells made from a conductive polymer and two electrodes tend to be inefficient because the
photo-generated excitons (mobile excited states) are not separated by the electric field due to
differences in the work functions of the electrodes; intensification of such separation helps to
improve cell efficiency. Further performance boost can be achieved by optimization of cell
design aiming to enhance charge transport and reduce recombination losses.

Polymer photovoltaic devices have a great potential, representing technological alternative
to the classical solid-state renewable energy devices. The demand for low cost solar cells cat‐
alyzes new approaches and technological developments. In the past years, a significant sci‐
entific interest was attracted to solar cells based on organic molecules and conjugated
polymers [20], which benefit much from mechanical flexibility and low weight. The poly‐
mers’ band gap can be easily changed in organic synthesis, allowing production of polymers
that absorb light at different wavelengths – which in the case of solid-state photovoltaics
was achievable only by creating complicated tandem heterojunctions.

The main operation principles of organic photovoltaic cells differ from those taking place in
solid-state semiconductor devices. In the organic material, light absorption leads to genera‐
tion of excitons; in inorganic cells, illumination produces non-bound electrons and holes. To
create photocurrent, it is necessary to separate the exciton into electron and hole before they
recombine with each other. In a conjugated polymer, the stabilization of photo-excited elec‐
tron-hole pairs can be achieved by polymer compounds containing acceptor molecules with
electron affinity exceeding that of the polymer, but lower than the corresponding ionization
potential. In addition, the highest occupied molecular orbital (HOMO) of the acceptor must
have lower energy than those in the conjugated polymer. Under these conditions it becomes
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energetically favorable for conjugated polymers to transfer photo-excited electrons to the ac‐
ceptor molecule, keeping the hole at the lowest energy level corresponding to the valence
band of the polymer.

Conjugated polymers have de-localized π-electron systems that can absorb sunlight, pro‐
duce photo-generated charges and offer means for their transport. One of the promising ma‐
terials from the family of conjugated polymers used for solar cell applications is the poly(3-
hexylthiophene) P3HT [21, 22] with side chains that make it soluble in common organic
solvents (Fig. 9), which allows material deposition by wet processing techniques such as
spin coating (rotational coating), dip coating [23], ink jet printing [24, 25], screen printing
and micromolding [26, 27]. All these methods can be performed at room temperature, nor‐
mal atmospheric pressure and can be applied to the flexible substrates [28], paving an attrac‐
tive route for mass-scale production of large-area solar cells at low cost.

Figure 9. Chemical structure of poly (3-hexylthiophene) P3HT.

The optical bandgap of P3HT is about 1.9 eV that approaches the spectral peak of 1.8 eV (700
nm) of solar light corresponding to terrestrial illumination conditions of AM1.5. P3HT also
has high absorption coefficient permitting efficient processing of light with wavelengths up
to 650 nm using a film that is only 200 nm thick. The photoactive layer is composed by a
heterojunction of two organic semiconductors. Illumination generates excitons that become
separated at the junction, producing carrier flow that is collected at the contacts (Fig. 10).

One of the ways to increase current output of the cell is to improve light absorption in the
photoactive layer, which can be achieved by reducing the band gap of the polymer. The con‐
jugated polymers, characterized by a high value of absorption coefficient (105 cm-1) look as
promising candidates in this regard. While the crystalline silicon cells should be approxi‐
mately 100 μm thick for efficient absorption of the incident light, organic semiconductors
with direct bandgap will have the similar performance with reduced thickness of 100-500
nm. However, conjugated polymers are usually characterized with large gap values that are
not always sufficient for efficient absorption.
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Figure 10. Photovoltaic solar cell: organic material sandwiched between two electrodes. The electrons are collected at
the rear metal contact and the holes – at the front ITO contact.

In most organic semiconductors, excitons are comparatively tightly bound and do not disso‐
ciate easily. That is why it is useful to create a heterojunction of materials with distinct elec‐
tron affinities and ionization energies to favor exciton dissociation. In this way, the electron
is accepted by the material with higher affinity and the holes proceed to the material with
lower ionization energy, producing the effect of a local field separating carriers at the junc‐
tion. When the donor molecule is excited, an electron is transferred from HOMO to lowest
unoccupied molecular orbital (LUMO), forming a hole. If electron-hole pair recombines, lu‐
minescence is produced. However, if the LUMO of the acceptor is small enough compared
to that of the donor, the excited electron will end up at acceptor’s LUMO and the carriers
originating from dissociated exciton will be separated (Figure 11).

Figure 11. Exciton dissociation at the donor-acceptor interface

The heterojunction cells will be efficient in dissociation of excitons at the interface area [29],
requiring generation of an exciton within its diffusion length from the interface. As diffusion
length value is about 10 nm, it limits the thickness of light-absorbing layer. On the other
hand, for the majority of organic semiconductors it is necessary to have a film of more than
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100 nm thick to ensure sufficient light absorption, which, in turn, lowers the number of exci‐
tons that can reach the interface. For this reason, it is proposed to obtain dispersed (bulk)
heterojunctions, schematically depicted in Fig 12.

One of the main problems to create such type of solar cells concerns miscibility of the com‐
ponents. Conjugated systems – including polymer conjugates and dyes – are usually immis‐
cible, so that even a completed solar cell may represent a non-equilibrium system. To
improve the situation somehow, it is proposed to use the spin coating technique that is char‐
acterized with rapid solvent evaporation, requires little parameter adjustments and tolerates
a wide range of viscosities. The deposition process usually has three steps: dispersion of
nanoparticles in a solvent, mixing them with a polymer and finally molding of the com‐
pound. Other techniques, such as co-evaporation and co-sputtering allow better control over
morphology of the material; however, they are quite costly due to particular temperature
and pressure requirements (e.g., deposition should be carried out in vacuum).

Figure 12. Architecture of a photovoltaic cell with a dispersed heterojunction formed by conjugated polymer with
transparent ITO front electrode and Al, Ca, Mg rear electrode.

A new generation of solar cells called hybrid polymer solar cells attracts a considerable in‐
terest [30-31]. Recent studies have shown that nanoparticles incorporated into photoactive
layer improve light absorption and increase photocurrent. Nanoparticle polymer-based pho‐
tovoltaic cells have a long term potential for decreasing the cost and improve device efficien‐
cy. The maximum efficiency reported to date is around 5.55% (with theoretical predictions
of about 10%). Incorporation of 5-10 nm nanoparticles of gold into poly (9.9-dioctylfluorene)
results in significant improvement of cell efficiency and oxidation stability.

6. Heating issues and their treatment

Direct absorption of energy from the sunlight faces another considerable problem connected
with operation of electronic devices under elevated temperatures due to variation of band
gap of semiconductors, increase of thermal noise, etc. A partial solution to this problem can
be offered by the use of passive/active radiators that will dissipate some of excessive heat.
Further development of this idea leads to the use of hybrid systems that allow to process
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part of solar light via photoelectric conversion, storing thermal energy, for example, by heat‐
ing water that can be used for household needs. This, however, does not allow to reduce the
problems of high-temperature operation of an electronic device (solar cell) considerably. A
useful solution can be glimpsed from the nanoelectronics, which also have problems with
removal of excess heat from the integrated circuits. Thermal management in these devices
has become problematic because faster and denser circuits are required to meet the modern
needs, which, in turn, produces even more heat. Localized areas of high heat flux influences
the performance at both the chip and the board levels for the current nanotechnologies.

Key concepts like waste heat recycling or waste heat recovery are the basic ideas in the de‐
sign of the newest heat protection and dissipation systems. The potential applications of the
thermoelectric devices are thus enormous. Thermoelectricity is the revolutionary technology
that is currently under intense development aiming to find a solution to thermal manage‐
ment problem and protection of small-scale systems. However, due to relatively low effi‐
ciency (around 10%), thermoelectric cooling is generally only used in small systems; the new
concepts based on nanoscale heat transfer bring a new opportunity to widen the application
horizons for thermoelectric devices.

As expected, technology scaling significantly impacts power dissipation issues. The scale-
connected effects for silicon-on-insulator (SOI) technology affect electrical properties of the
material. Joule heat generated in SOI transistors may compromise long term reliability of the
device. The thermal conductivity of the channel region of nanometer transistors is signifi‐
cantly reduced by phonon confinement and boundary scattering. This increases the thermal
resistance of the device, leading to higher operating temperatures compared to the bulk
transistors of the same power input. However, ballistic transport between the material
boundaries impedes device cooling, so that temperature-dependent parameters of the de‐
vice such as source-drain current and threshold-current will increase significantly, generat‐
ing much Joule heat that will eventually lead to accelerated temperature degradation of the
gate dielectric [32, 33]. The recently developed germanium-on-insulator (GeOI) technology
combines high carrier mobility with the advantages of the SOI structure, offering an attrac‐
tive integration platform for the future CMOS devices [34].

SiGe nanostructures are very promising for thermoelectric cooling of microelectronic de‐
vices  and  high-temperature  thermoelectric  power  generation.  It  has  been  demonstrated
that the thermal conductivity is  significantly reduced in super-lattices [35-37]  and quan‐
tum dot  super-lattices  [38-40].  A  self-organized  set  of  vertically  stacked Si/Ge  quantum
dots is a good alternative to induce artificial scattering of phonons and reduce the ther‐
mal conductivity.  One of the ways to increase scattering even more involves creation of
the  structure  where  with  uncorrelated  vertical  positions  of  quantum dots,  reducing  the
effective thermal path of the phonon within the Si layer as shown in Figure 13. The pho‐
nons travelling by the pathway laid by Ge quantum dots will  experience higher scatter‐
ing than phonons travelling through the Si pathway only. This effect becomes even more
efficient because,  in fact,  the phonons spreading through Ge quantum dots will  suffer a
sequence of  scattering events  from one dot  to  another.  As one can see from the figure,
temperature-dependent  cross-plane  thermal  conductivity  reduces  dramatically  in  Ge
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quantum dot  superlattices  depending on vertical  correlation between dots,  with at  least
twice  lower  thermal  conductivity  value obtained for  the  case  of  uncorrelated dot  struc‐
tures in comparison with well-aligned dot array with the same vertical spacing of 20 nm.
The same result can be confirmed by Raman spectroscopy [41].

Figure 13. Dependence of thermal conductivity on the temperature for correlated and uncorrelated Ge quantum dot
structures

Thin film single-crystalline GeOI structures may be considered as potential candidates in the
field of CMOS microelectronics improving thermal performance of transistors due to superi‐
or mobility of carriers compared to other semiconductors. Recent predictions in the thermal
conductivity of ultra-thin germanium films suggest that the small bulk mean free path of Ge
will induce a weaker effect on the boundary scattering [42]. This thermal behavior is an ad‐
ditional reason that makes GeOI structures competitive with SOI for the case of small-size
thin film devices at the cutting edge of the technology. For example, it has been reported
from Monte Carlo modeling that electro-thermally optimized GeOI structures should be
30% more productive than the best SOI device examples [34]. In addition, the higher mobili‐
ty of germanium implies that GeOI devices might support the same amount of current at
lower operating voltage, so that the dissipated power is expected to be lower [42].

Figure 14 shows a plot of the intrinsic out-of-plane thermal conductivity variation with
thickness at 300 K. In spite of low thermal conductivity of bulk Ge compared to that of Si
(κGe/κSi ~ 0.4), ultra-thin films of germanium has smaller thermal conductivity due to re‐
duced mean free path. Hence, ultra-thin films of Ge suffer from a lower reduction of the
thermal conductivity compared to ultra-thin films of Si, which makes germanium-on-insula‐
tor structures promising candidates for devices with reduced self-heating effects compared
to silicon-on-insulator structures [43].
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Figure 14. Dependence of thermal conductivity κ on film thickness for different materials.

The experience obtained with aforementioned thermoelectric applications can be successful‐
ly applied to the field of photovoltaics, forming efficient heat-draining layers either on the
frontal surface of solar cells that suffer highest temperature increase or over the contact grid
that, in addition to solar heating, also experiments Joule heat.

7. Conclusions

This chapter addresses a wide number of topics concerning thin-film solar cells. It was
shown that the numerical modeling of current transport in AlGaAs/GaAs heterojunctions al‐
lows to determine optimal aluminum content (that defines band gap difference of the junc‐
tion components) ensuring the most efficient processing of the incident light flux by
window and absorber layers. We found that for very thin window layers the proximity of
the junction area to the surface of the cell has more prominent role, allowing the embedded
field of space charge region to function more intensively in separation of photo-generated
currents and reducing the effect of recombination phenomena.

The question concerning quality improvement of junction boundary is reflected in the sec‐
ond section that presents results concerning the use of isovalent substitution method for
manufacturing of heterojunction solar cells. As substituted layers grow into the substrate,
we obtain a smooth transition of one material into another that reduces the difference of lat‐
tice constants and thermal expansion coefficients, both of which are of high importance for
photovoltaic devices. Good efficiency values for non-optimized cells without any special an‐
ti-reflection coatings and with considerable series resistance paves the way for future im‐
provements.

A special attention is being paid to creation of cheap and environment-friendly technologies
for solar cells; this point is illustrated with an example of CdS/PbS heterojunctions created
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by ammonia-free chemical bath deposition. It is thought that these results will be interesting
for large-scale industrial production of solar cells.

We address the important questions of organic solar cells, which nowadays attract much at‐
tention of the scientific community. These photovoltaic devices has lower efficiency in com‐
parison with silicon or tandem multi-junction cells, but they are incomparably cheaper and
can use flexible substrates, which opens completely new and wide horizons for their possi‐
ble applications. We also discuss the problems of the proper choice of organic material for
the active element of the cell.

Finally, solar cells are always overheated due to exposure to a direct sunlight, which makes
a considerable problem concerning degradation of device parameters under prolonged op‐
eration under elevated temperatures, as well as mechanical stability of the cell due to ther‐
mal expansion of its components. We propose to make some useful parallels with nano-
electronics, which recently received promising solutions in a form of thermoelectric heat
transfer managing devices. We hope that the similar techniques could be applied to solar
cells, offering good results with temperature control for photovoltaics, especially those oper‐
ating under concentrated sunlight conditions.
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