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INTRODUCTION
There is a growing need for energy in the world and since the traditional
energy sources based on fossil fuels are limited and will be exhausted in the
future, solar energy conversion by photovoltaic (PV) is considered as a
promising candidate for an energy source. One way of solar energy direct
conversion into electricity is by using the photovoltaic effect in a semiconductor
device that is called a solar cell. A basic process behind the photovoltaic effect,
on which the operation of solar cells is based, is the generation of the electronhole pairs due to the absorption of visible or other electromagnetic radiation by
a semiconductor material, also called as an absorber material. The generated
electron-hole pairs are then separated by the p-n junction.
The main obstacle for broad solar energy use is the price of the solar cells.
However, in today’s conditions, the abundance of elements to be contained in
the materials used to produce solar cells is of essential importance. As the share
of the PV energy among the traditional world’s energy sources grows, more
material is needed to produce PV modules for large-scale terrestrial
applications. To reduce the amount of active material in a cell, from the late
1970s, thin film technologies have been introduced. There are three main thin
film technologies commercially available: cadmium telluride (CdTe), copper
indium gallium diselenide (CIGS), and amorphous thin film silicon (a-Si).
Regardless of thin film technology advances, the conventional crystalline
silicon technology is dominating at 93% of the market-share and is projected to
remain through 2019 [1]. Though a majority of thin film panels have 2 – 3
percentage points lower conversion efficiencies than crystalline silicon, the
usage of rare elements as tellurium and indium may also become a limiting
factor to the industrial scalability of CdTe and CIGS. For that reason, new costeffective processes and materials are needed. One of the alternatives could be
so-called kesterite based solar cells: Cu2ZnSn(SxSe1-x)4 (0 ≤ x ≤ 1). A promising
approach for the production of the kesterite absorber materials for solar cell
applications is the monograin layer (MGL) solar cell technology. The principle
of using unisize powder particles to form a single layer membrane for the PV
application was proposed almost 50 years ago by the studies of the Philips
company [2, 3]. The MGL consists of a thick layer of monograin powder grains
embedded into an organic resin. The MGL solar cell technology combines the
advantages of high quality absorber material production and device assembly
with continuous throughput capability by using roll-to-roll technology [4]. The
main advantages of MGL solar cell technology are relatively low production
costs and the potential of covering unlimited areas [5].
Regardless of efforts, the performance of current kesterite solar cells lags
essentially behind its predecessor and the main competitive material CIGS.
Narrow phase stability, existence of competitive secondary phases and defects
are reported as the main factors that constrain the target efficiency of
Cu2ZnSn(SxSe1-x)4 solar cells. As a result, structural inhomogeneity, local
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fluctuations of open-circuit voltage and high carrier recombination rate finally
lead to poor device performance and repeatability issues [6]. Almost all basic
solar cell parameters are limited by recombination and parasitic losses. It is
known that several semiconductor properties as well as semiconductor junction
properties are dependent on temperature.
For deeper understanding of these different influences on the PV properties
of kesterite MGL solar cells, detailed investigations of the current-voltage and
quantum efficiency temperature and light intensity dependences have been
conducted in this thesis. Quantum efficiency can be used to determine optical
losses, optical enhancements, and voltage-dependent photocurrent mechanisms.
Current-voltage measurements can be used to separate diode and parasitic
effects.
The studied compounds are Cu2ZnSn(S0.7Se0.3)4 [I], Cu2ZnSnSe4 [II] and
Cu2ZnSnS4 [III]. In papers [I, III], temperature and illumination intensity
dependent current-voltage analysis were performed to evaluate the dominating
recombination processes and the behaviour of solar cell parameters as a
function of temperature. In papers [II, III], we used temperature dependent
external quantum efficiency to evaluate effective band gap energy and its
temperature behaviour and also to study spatial potential fluctuations in
compensated absorber materials.
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1. LITERATURE REVIEW AND AIM OF THE STUDY
1.1 Solar cells
Solar cells are the only devices capable of direct light energy conversion into
electricity without any interim steps. Solar cells are also called photovoltaic
cells according to the phenomenon called photovoltaic effect. Photovoltaic
effect is a physical phenomenon whereby voltage or electric current is created in
a material upon exposure to light [7]. The conversion is accomplished by
absorbing light and generating either electron-hole pairs or excitons. Then the
generated charge carriers of opposite types will be separated by internal built in
the electric field. Finally, those separate charge carriers are extracted to an
external circuit.
Solar cell technology has some very attractive features [8]:
 Solar resource, the total amount of solar energy available, is abundant.
 No pollutants are emitted during operation.
 Solar cells are quiet. There are no moving mechanical parts in a solar
cell.
 Solar cells are durable; 20-year warranty is standard today.
 The technology is modular and scalable.
But solar electricity is also facing some important challenges:
 Relatively large areas are needed because solar energy is not highly
concentrated. However, only ~10 m2 per capita would be needed to
satisfy the total world need for electricity.
 Electricity is produced only when the sun is shining. This implies a
need for energy storage or combination with other sources to meet
electricity demand all around the day. In off-grid applications, energy
storage, such as batteries, is needed.
 The cost of solar electricity is high, in an order of 0.55€/kWh [9].
 PV generates direct current: special DC inverters are needed.
Solar cells can be made from single crystals, polycrystalline and amorphous
semiconductors. PV cell technologies can be classified into first, second and
third generation, depending on the basic material used and the level of
commercial maturity. The first generation cells—also called conventional,
traditional or wafer-based cells—are made of crystalline silicon. This is the
commercially predominant PV technology, which includes materials such as
single crystalline silicon and multi-crystalline silicon. Second generation PV
systems are based on thin film solar cells, which include three main families:
amorphous and micromorph silicon, CdTe and CIGS cells. Second generation
solar cells are commercially significant in utility-scale photovoltaic power
stations, building integrated photovoltaics or in small stand-alone power
systems. The third generation of PV systems, often described as emerging
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photovoltaics, includes novel technologies such as concentrating PV
technology, dye-sensitized solar cells, organic solar cells, quantum dot solar
cells, and inorganic solar cells that are still under demonstration or have not yet
been widely commercialized. According to National Renewable Energy
Laboratory classification, kesterites belong to emerging inorganic solar cells [10,
11
].

1.2 Chalcopyrite and kesterite solar cells and absorber materials
Solar cells based on chalcogenide films, such as CdTe and CIGS, are at the
forefront in thin film solar cell technology in terms of commercial production
and laboratory record efficiency. CdTe solar cells are now the largest thin film
technology in production with typical commercial module efficiencies of >17 %
and record cell efficiencies of 21.5 % [12, 13], respectively. In the meantime,
CIGS technology, as the main thin film competitor, has also reached module
and cell efficiencies of >17 % and 21.7 % [12, 14]. However, reliance on the
heavy metal Cd and non-abundant elements In and Te present a barrier toward
meeting the multiterawatt-scale target for renewable energy supplied by
photovoltaics [15].
Multinary kesterite structured semiconductor compounds Cu2ZnSnS4
(CZTS), Cu2ZnSnSe4 (CZTSe) and their solid solutions Cu2ZnSn(SxSe1-x)4
(CZTSSe) with x = 0 – 1 are considered as promising alternative chalcogenide
candidates for emerging photovoltaics with absorber materials made from nontoxic and earth abundant elements, except selenium. These semiconductors can
be obtained by replacing half of the indium atoms in chalcopyrite CuInSe2 or in
CuInS2 by zinc, and by replacing the other half of the indium atoms by tin.
Kesterite structured p-type semiconductors with optimal direct band gap for
solar energy conversion and high optical absorption coefficient in the order of
104 cm-1 are believed to be suitable alternatives for CIGS absorbers that contain
rare and expensive indium [16, 17, 18]. The band gap energy of CZTS is around
1.5 eV [19], CZTSe has band gap energy around 1.0 eV [20] and the band gap of
CZTSSe lies somewhere in-between, depending on the sulphur to selenium ratio
in the material [21].
However, current kesterite CZTSSe solar cells have much lower efficiency
than CIGS solar cells. The CZTSSe solar cells have achieved a record power
conversion efficiency of 12.6 % [22]. Currently, the power conversion efficiency
records of CZTS and CZTSe devices are 9.2 %, and 11.6 %, respectively [23, 24].
The CZTSSe MGL solar cells have shown power conversion efficiency up to
8.4 % [25]. While these are promising efficiencies for early-stage development,
there is an urgent need to identify the main performance-limiting factors in an
effort to improve the solar cell characteristics to a level more on par with CdTe
and CIGS [26]. Kesterite solar cells show the highest efficiency when the
absorber layers (Cu2ZnSnS4, Cu2ZnSnSe4 and their solid solutions) are nonstoichiometric with copper-poor and zinc-rich conditions, as reported in the
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literature [22, 23, 24]. The fundamental cause of this composition range is not
completely understood.
This performance gap between kesterites and chalcopyrites is caused by the
narrow phase stability of the quaternary kesterite phase, Cu2ZnSn(SxSe1-x)4, and
the existence of other competitive and complex secondary phases and defectcomplexes along with interfacial carrier recombination [6]. If successfully
developed to reach efficiencies beyond 18%, the CZTSSe devices have the
potential to replace the existing thin film solar cell technologies, such as CIGS
and CdTe, which are faced with elemental abundance and toxicity [27].

1.3 Factors limiting kesterite structured solar cell working ability
A possible reason for main performance-limiting factors in kesterite
structured thin film solar cells is that their absorber material often contains
different additional binary and ternary phases. Due to the presence of four or
even five elements in this compound semiconductor, there are many
possibilities for the formation of secondary phases such as ZnS, ZnSe, CuS,
Cu2S, Cu2-xSe, SnS2−x, SnSe, SnSe2, Cu2SnS3 and Cu2SnSe3, which constitute a
serious problem for the preparation of kesterite absorber material [28, 29]. The
investigations on the phase diagrams of the Cu2Se-ZnSe-Cu2SnSe3 and Cu2SZnS-SnS2 systems by I.D. Olekseyuk et al. [30, 31] show that the homogeneity
range of the single phase CZTSe and CZTS are present only within a rather
narrow range of compositions. According to the phase diagram, the single phase
area of CZTSe is slightly wider to the Zn rich side than the CZTS single phase
area. Even slight deviations from the optimal growth conditions of CZTS will
result in the formation of secondary phases like ZnS, Cu2SnS3, SnS, SnS2, and
CuS, depending on whether the composition is more Cu, Zn or Sn rich.
Theoretical calculations have shown that thermodynamically, the most stable
defect in kesterites is Cu at Zn (CuZn) antisite defect with fairly high
concentration. The spontaneous formation of CuZn antisite defects up to the
dilute limit is favoured due to the negative formation energy for the entire
stability range of CZTS. The high concentration of intrinsic point defects places
the Fermi energy at the valence band maximum, creating rather extended and
shallow hole states. One way to optimize the carrier concentration in CZTS by
controlling the CuZn antisite concentration is by introducing compensating
donors or employing Cu-poor and Zn-rich growth conditions. Under these
growth conditions, ZnS is the main competing phase. [32]. Zinc sulphide is also
the most stable binary phase with high negative enthalpy of formation. At the
same time, ZnS has a much larger band gap than CZTS and will lead to the
formation of internal barriers, which are expected to degrade solar cell
performance [29].
Additionally, CZTS and CZTSe absorber materials can exist as ordered or
disordered kesterite crystal structures, which are related to the nature of
intrinsic defects that causes structural disorder in the cation sub lattice of the
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host lattice [33]. Zn and Cu elements are close neighbours in the periodic table
with almost similar atomic size. So it is highly likely for Zn and Cu to occupy
vacancies of counterparts and result in a disordered kesterite structure [34].
It is known experimentally that the band gap energy of CZTSe compound at
room temperature is about 1.0 eV [20, 35], which is also confirmed by theoretical
calculations [36]. Ideally, a single junction thin film solar cell absorber material
should have direct band gap energy around 1.35 eV [37]. Therefore, it is required
to adjust the band gap energy. One possible way to do so is to use solid
solutions with an overall stoichiometry of Cu2ZnSn(SexS1-x)4 with x = 0 – 1.
High series resistance, the presence of blocking back contact and
buffer/absorber interface recombination, is also reported as the main limiting
factor in kesterite solar cells from the temperature dependent electrical analysis
[26, 27, 38]. Several other key loss mechanisms have been identified, such as
small minority carrier diffusion length, as estimated by bias-dependent external
quantum efficiency measurements, and very low minority carrier lifetime, as
revealed from the time-resolved photoluminescence measurements [39, 40]. Both
of these parameters are related to high recombination current, which limits the
open-circuit voltage and leads to weak long wavelength external quantum
efficiency response that, in turn, limits the short-circuit current. A blocking
behaviour at the absorber/back contact interface limits the fill factor [26].
E
ρc

Ec
Eg
γ
Ev

ρv
r

Figure 1: Schematic plot of the fluctuating band diagram of a heavily doped
semiconductor. As a reason of heavy doping, the band edges start to fluctuate in space.
Larger fluctuations may be related to a defect phase, defect region, or compositional
fluctuations. The recombination paths are indicated with vertical arrows. On the left are
presented, the density of state functions ρc, and ρv of the conduction band, and the
valence band, respectively.

Hence, almost all basic solar cell parameters are limited by recombination
and parasitic losses. Moreover, most of kesterite absorber materials used in
solar cells show properties of so-called heavily doped semiconductors, where
high concentration of randomly distributed charged point defects leads to the
formation of spatial electrostatic potential fluctuations. As a result, this will lead
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to a local perturbation of the band structure, band tails are formed and the
density of state functions of the valence (ρv) and conduction bands (ρc) are
broadened (Fig. 1) [41]. The average depth of the potential fluctuations γ is the
mean difference of the energy of holes (electrons) in the valence (conduction)
band fluctuation minimum and maximum (Fig. 1). The γ value is dependent on
the defect concentration. The larger potential fluctuations may be related to the
presence of a defect phase or defect region that has a larger defect
concentration. At the same time, high γ values can be a result of compositional
fluctuations where some crystal regions have different band gap energy than
others (Fig. 1) [21].
Accordingly, different types of current transport have been observed. In
principle, two temperature regions can be observed for heavily doped
semiconductors. At high temperatures, the current flow is limited by the
thermionic emission over the potential barriers and at low temperatures, when
the energy of the majority charge carriers is less than the height of the potential
barriers, the current flow is limited by the tunnel effect [42, 43]. The potential
barriers could be formed due to the following: grain boundaries in
polycrystalline materials or the spatial potential fluctuations, the high defect
concentration, or the compositional fluctuations [44, 45, 46]. Many investigations
of temperature-dependent conductivity of different kind polycrystalline
semiconductors [47, 48, 49] including kesterites have been reported [50, 51, 52]
where at high temperatures, the electrical conductivity is dominated by the
thermionic emission and at lower temperatures, by the Mott variable-range
hopping.

1.4 Recombination losses and defects in kesterite absorber materials
In kesterite solar cells, recombination losses are not only related to the
interface between the absorber and buffer layers but also to different bulk
defects or band tails. Many researchers have made the first-principles
calculations for a series of intrinsic defects and defect complexes in CZTS [32,
53
]. It has been shown that the intrinsic p-type conductivity in CZTS is attributed
to the CuZn antisite defect, which has a low formation energy and relatively deep
acceptor level at EA = 0.12 eV compared to the Cu vacancy (0.02 eV). This deep
acceptor CuZn antisite defect was also found by admittance spectroscopy [54].
Even a deeper acceptor (EA = 0.28 eV) was detected in CZTS by
photoluminescence spectroscopy [55]. These quite deep defects can be efficient
recombination centres even at temperatures close to room temperature. In
addition, Chen et al. [53] have found that the donor level is shallower in CZTSe
than in CZTS, which could explain the higher efficiency obtained in CZTSSe
cells with high Se content.
The calculations of band alignment between Cu2ZnSnS4 and the n-type
counter partner CdS made by Chen et al. [53] reveal that a cliff-like (type IIstaggered) band alignment exists for the CdS/Cu2ZnSnS4 heterojunction, i.e.,
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the conduction band minimum is lower on the CdS buffer layer and the valence
band maximum is higher on the CZTS absorber layer, which facilitates electronhole separation. A typical energy band diagram of the TCO/CdS/CZTS
heterostructure in Fig. 2 is modelled in [56]. The band alignment is defined
simply as the discontinuity in the band edge at the interface between two
semiconductors. A type II staggered alignment occurs when the band gaps of
the two materials overlap but one does not completely enclose the other [57].
The results are expected to be relevant also to other I2-II-IV-VI4 semiconductors
[53].
CZTS

Ec

ΔEc < 0
(3)

TCO

EFn

Et
(2)
(1)

EFp
Ev

hω
ΔEv < 0
CdS

(1) Direct recombination
(2) Tunneling enhanced SRH
recombination
(3) Interface recombination

Figure 2: Energy band diagram of a typical CdS/CZTS heterostructure with the
conduction band offset ΔEc and the valence band offset ΔEv between CdS and CZTS.
The quantities Ec, Ev, Et, and EFp,n denote the conduction band minimum, the valence
band maximum, the trap level, and the quasi-Fermi energy of holes and electrons,
respectively. The possible main recombination paths in the space-charge region are
shown.

At the same time, using the first-principles theory, Chen et al. [58] showed
that the compensation between the dominant acceptor defect CuZn and the donor
defect SnZn can significantly decrease the formation energies of the defect
clusters (CuZn + SnZn and 2CuZn + SnZn), leading to high concentrations of these
clusters even in stoichiometric samples with Cu/(Zn + Sn) and Zn/Sn ratios near
1. The partially passivated CuZn + SnZn cluster produces a deep donor level in
the band gap of CZTS, and the fully passivated 2CuZn + SnZn cluster causes a
significant local band gap decrease. Both effects are detrimental to photovoltaic
performance, so Zn-rich and Cu, Sn-poor conditions are required to prevent
their formation and increase the efficiency. Temperature dependent
photoluminescence (PL) study of Cu2ZnSnS4 polycrystals showed that the
recombination through these defect clusters dominates in most CZTS samples at
low temperatures [45]. The presence of different defect complexes in CZTS was
also proposed by Huang et al. [59]. According to their calculations, these
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complexes can cause a significant local band gap decrease and boost the
recombination.

1.5 Electrical conductivity in kesterite materials
The temperature dependent conductivity of polycrystalline kesterite thin
films [26, 38, 50–52] and single crystals [60] has been studied in many papers. The
referenced samples were prepared by various physical and chemical thin film
deposition technologies, including vacuum [38, 43, 50, 52, 60] and nonvacuum [26,
51
] processes. To investigate the temperature dependence of resistivity, ρ(T),
series resistance values obtained from the solar cells current-voltage curves
were used [26, 38], the standard two probe DC current-voltage measurement of
Ohmic contacts through-thickness [50] and on planar configuration [51] were
applied, and the van der Pauw method in darkness was frequently employed [43,
52 60
, ].
The studied samples were prepared by different technologies and electrical
conductivity investigated by different methods; however, kesterites seem to
have one common conductivity mechanisms profile over temperatures ranging
from 10 – 300 K and beyond. Different conduction mechanisms dominate over
different temperature ranges in polycrystalline kesterite photovoltaic absorber
materials [50]. Typically, the conductivity σ(T) data have been divided into two
different regions: high and low temperatures.
At high temperatures (T > 180 K), the electrical conductivity of the
polycrystalline kesterite thin films is dominated by thermionic emission across
potential barriers due to grain boundaries. As temperature decreases, for a ptype semiconductor, most of the free holes are recaptured by the acceptors.
Then the holes do not have sufficient thermal energy to be excited from the
acceptor levels to the valence band. In this case, the band conduction becomes
less important, and the hole hopping directly between the acceptor states in the
impurity band will be the main contributor to the conduction mechanism. If the
compensation ratio is very high, the Fermi level will be located in the impurity
band. Conduction of a compensated sample in this case is realized through
nearest-neighbour hopping (NNH) of charge carriers with small activation
energy directly over impurity states [43].
At lower temperatures, charge carrier hopping between nearest neighbour
sites is not always favoured due to the significant energy difference of the
levels. Then holes prefer to jump to a more energetically similar but remote site.
Therefore, in disordered or highly compensated materials, the mechanism of
electrical conduction changes from NNH to Mott variable-range hopping (MVRH) at a critical temperature. As the temperature decreases further, the
Coulomb effect becomes important and the conductivity crosses over from the
M-VRH to the Efros–Shklovskii variable-range hopping (ES-VRH) regime [43].
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Many different analysis of electrical transport showed a large degree of
disorder due to high doping levels and large compensation ratio that creates
potential fluctuations in the bulk of the kesterite grains [43].

1.6 Kesterite structured monograin materials
To avoid additional phases, it seems to be more appropriate to use higher
temperatures for material growth to improve the control of the phase
composition of the product. For this reason, so-called monograin solar cells [35,
61 62
, ] look very promising. At the same time, many physical properties of these
kesterite monograins are still unclear and also solar cells made on their basis
need to be studied in more detail. For further use of these materials as absorber
materials for PV applications, it is essential to find out the temperature
dependence of solar cell parameters since solar cell performance generally
decreases with increasing temperature. Fundamentally, the solar cell
performance decreases with increasing temperature due to increased internal
carrier recombination rates caused by increased carrier excitation.
Correlations expressing the temperature dependence of the PV module’s
electrical efficiency are numerous, although many of them assume the familiar
linear form, differing only in the numerical values of the relevant parameters
which are material and system dependent [63, 64]. Knowing these parameters is
crucial for predicting the temperature dependence of kesterite-type modules also
in the future.

1.7 Aim of the study
Derived from the literature review above, the objectives of the present
doctoral thesis were to study the temperature and spectrally dependent electrical
properties of different kesterite type absorber material MGL solar cells to
identify loss mechanisms and reveal current transport properties. To
characterize recombination and parasitic effects, current-voltage (J-V)
characteristics and external quantum efficiency (EQE) curves were used. In
order to investigate the spatial electrostatic potential fluctuations in the
kesterite-based MGL solar cells, the aim of the study was to propose a new
simple method by using temperature and spectrally dependent photo-current
response measurement analysis.
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2. THEORY OF SOLAR CELL ELECTRICAL
CHARACTERIZATION
2.1 Electrical characterization methods
In the research of possible improvements to solar cell designs and the
underlying physical processes limiting their performance, it is important to
characterize the electrical performance of the devices. In the wide range of
characterization methods available for thin film solar cells, the simplest and the
most common tool for solar cell evaluation and characterization is the
measurement of current-voltage (I-V), or more often current density versus
voltage (J-V) curves under standard illumination conditions, 100 mW/cm2
AM1.5 spectrum at 25 C. Frequently, J-V characterization means
determination of the basic parameters: open-circuit voltage (VOC), short-circuit
current density (JSC), fill factor (FF), and efficiency (η). However, besides the
basic characteristics of conversion efficiency, there is a wealth of additional
information that can be obtained by analyzing the entire
J-V curve. This is particularly so if the dependences on light intensity and
temperature are considered. One extension of a regular J-V measurement is the
measurement of the wavelength-dependent current response, typically
performed at zero bias. This is referred to as the “quantum efficiency” as after
proper normalization, it represents the fraction of photons of wavelength λ that
are converted into electron-hole pairs and collected as current [65, 66].
Solar cell operation can be characterized by identifying loss mechanisms.
These loss mechanisms can be divided into three basic categories. First,
recombination losses limit the VOC. Second, parasitic losses, such as series
resistance, shunt resistance, and voltage-dependent current collection that
primarily impact the FF, but can also reduce JSC and VOC. Finally, optical losses
limit the generation of carriers and, therefore, JSC [66].

2.2 Current-voltage analysis
2.2.1. Solar cell basic parameters
An example of a typical solar cell light and dark J-V curves is shown in Fig.
3 and from three points on the light J-V curve, basic parameters of the solar cell
can be deduced: open-circuit voltage VOC, short-circuit current JSC and fill-factor
FF. The fill-factor is defined as FF = (VMPP JMPP)/(VOC JSC), VMPP and JMPP,
being the voltage and current density at the point of maximum power, and it
represents the ratio between the two squares marked in the fourth quadrant of
Fig. 3. From these, the efficiency η of a cell is defined as
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Figure 3: Light and dark J-V curves and output power curve of a CZTS solar cell [III] at
room temperature. The basic parameters: short-circuit current density JSC, open-circuit
voltage VOC and the maximum power point PMPP with the associated current density
JMPP and voltage VMPP are marked.

Here PAM1.5 is the incident light power at AM1.5 illumination and PMPP is the
maximum output power of the solar cell.

2.2.2. Idealized analytical solar cell model
The basic solar cell parameters, however, are not the only information we
can obtain from J-V data. Interpretation of J-V measurements can give much
information about the diode parameters. From the dark and light J-V curve
analysis, the quality of the p-n junction and losses related to resistive
components of the device can be concluded. Quantitative analyses can be
derived from diode equations based on a one or two diode model [67]. These
models are based on the exponential Shockley equation for a diode. The
simplest form of the Shockley ideal diode equation reads

  qV  
J D V   J 0 exp
  1 ,
  nkT  

(2)

where JD [mA/cm2] is the diode current density, J0 [mA/cm2] is the saturation
current density of the diode, V [V] is the voltage applied across the diode, k
[J/K] the Boltzmann constant, T [K] the absolute temperature of the p-n
junction, q [C] is the elementary charge and, n is the dimensionless diode
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ideality factor, also known as quality factor. For an ideal diode, n is constant
and J0 is only dependent on temperature.

Jph

JD

Rsh

RS

V

Figure 4: Equivalent circuit diagram of a solar cell using a one diode model, including a
diode (the p-n junction) with an associated current density JD, a current source
accounting for the photo-generated current density Jph, as well as series resistance RS
and shunt resistance Rsh.

Ideally, a solar cell J-V curve can be described by a single Shockley ideal
diode equation (2) shifted by the photo-generated current density Jph. Kesterite
solar cells are not really ideal. Extending the ideal diode equation (2) for the
case of constant Jph based on the equivalent circuit diagram for a solar cell
shown in Fig. 4, it is necessary to take into account also series resistance RS and
shunt resistance Rsh of solar cells. Then the idealized solar cell equation will be
given by

  q V  RS J    V  RS J 
J  J 0 exp
 J ph ,
  1 
nkT
Rsh
 
 

(3)

where the photo-generated current density Jph, the dark saturation current
density J0, and the diode ideality factor n, generally can all be dependent on
both bias voltage V and temperature T. Series resistance RS, shunt resistance Rsh,
and diode ideality factor n describe non-idealities that limit the performance of
the solar cells. The ideality factor is a measure of the junction quality and the
type of recombination in a solar cell. For the thermionic emission, the n has a
value of 1. However, some recombination mechanisms, particularly if they are
large, may introduce an ideality factor of 2. A high value of n not only degrades
the FF, but since it usually indicates high recombination, it gives low VOC as
well.

2.2.3. J-V curve parameter extraction
There are several ways to extract the parameters of J-V characteristics such
as RS, Rsh, J0, n, and Jph. One way to extract the parameters is to fit the whole
solar cell equation (3) to the measurement data in one least squares fit procedure
or by several consecutive linear fits to different representations of different parts
of the J-V curve [68]. The J-V curve analysis used in this thesis follows the
procedure outlined by Hegedus and Shafarman [66].
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The plots in Fig. 5(a)–(d) illustrate the analysis procedure.
(a) A standard linear J-V curve where the main solar cell parameters VOC,
JSC, FF, and η are derived The next three plots are derived from these
light or dark J-V curves.
(b) A plot of the derivative g(V)≡dJ/dV against V near JSC and in reverse
bias. If the term is ohmic and Jph is constant, g(V) will be flat with the
value in reverse bias equal to G = 1/Rsh.
(c) A plot of the derivative r  J   dV dJ  RS 

nkT
q

J  J 

1

ph

against

(J+JSC)-1 will yield a straight line if Jph is independent of voltage. RS is
given by the intercept with y axis and n can be calculated from the slope
nkT/q. A correction can be made for the case in which Rsh is not
negligible by plotting (J+JSC – V/Rsh)-1 on the abscissa. For the analysis
of the dark J-V curve, JSC=Jph=0.
(d) A semilogaritmic plot of J+JSC against V-RS J using the value of RS is
obtained from plot (c). A linear region over at least 1–2 orders of
magnitude in current indicates a good fit to the diode equation. The
intercept then gives J0 and the slope in this case equals q/nkT; so, n can
be calculated and compared with the value from plot (c). Again, a
correction for Rsh can be made, in this case by plotting J+JSC – V/Rsh on
the ordinate.
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Figure 5: Four step analysis of J-V curves. The details of these four steps (a)–(d) are
given in the text. The data presented are an example of a four step analysis procedure
applied to one of the light J-V curves of CZTS absorber material MGL solar cells
studied in the paper (III).
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2.2.4. Parasitic effects
In most cases, deviations from the behaviour predicted by Eq. (3) can be
attributed to parasitic effects such as non-ohmic or blocking contributions in
series with the primary diode or shunt-like effects in parallel with the primary
diode. The parasitic effects pointed out below are described in more detail by
Hegedus and Shafarman [66].
Resistive effects in solar cells reduce the efficiency by dissipating power in
the resistances. The most common parasitic resistances are series resistance RS
and shunt resistance Rsh. In most cases, the key impact of parasitic resistance is
the reduction of FF, although excessively high parasitic resistance may also
reduce JSC and VOC, respectively.
A common cause for the light J-V curve deviation from the diode behaviour
is a voltage-dependent photocurrent collection, Jph(V). In general, there are
several possible explanations as any of the parameters in the diode equation
could be illumination dependent. Jph(V) could be caused by field-dependent
collection in the absorber layer or there could be a voltage-dependent barrier
height to the current collection. These can be separated by the wavelength and
voltage-dependent QE. Similarly, the difference in FF under blue and red light
can be used to distinguish Jph(V) losses. Generally, the shunt term, which
describes a parallel path to the main diode current, is assumed to be ohmic, i.e.,
G is assumed to be independent of V. A voltage-dependent shunt, G(V), would
affect light J-V measurements identically to Jph(V), but G(V) could be
distinguished from Jph(V) as it would be expected to have the same effect on the
dark data. Experience with many thin film solar cells has shown that voltagedependent photocurrent collection Jph(V) is the most likely explanation when the
dark J-V curve is well behaved, but the light J-V curve deviates.
Other common parasitic effects that are observed in thin film solar cells
include blocking behaviour, which can originate at a second junction in the
device, such as non-ohmic contact, or from an interface barrier that may block
carrier collection in the forward bias. The latter situation could arise, for
example, due to a spike in the conduction band alignment at the p-n junction
interface.
Another cause for non-ideal J-V curve behaviour is the light-to-dark
crossover, which can be caused by photoconductive effects or a light-dependent
barrier. Other more fundamental reasons for the inability to describe the data
with Eq. (3) include the contributions of more than one recombination
mechanism or a voltage-dependent diode quality factor n(V).

2.2.5. JSC-VOC method
In case the dark and illuminated J-V characteristics exhibit rather different
voltage dependences, it is indicative that the superposition principle is not
fulfilled for solar cells. Therefore, it cannot be expected that the recombination
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process determined for solar cells in the dark stringently describes behaviour
under illumination. On the other hand, neither is a straightforward evaluation of
the J-V curve under illumination possible, as the voltage-dependent
photocurrent Jph(V) leads to an incorrect determination of the diode parameters.
Furthermore, neither is it straightforward to extract the diode parameters from a
measurement that is influenced by RS and Rsh [69, 70].
Therefore, we can use another method to determine the solar cell diode
parameters by measuring JSC and VOC for different light intensities, with
identical spectral content at a given temperature. Inserting, respectively, V = 0
and J = 0 in Eq. (3) gives

  qR J   R J
 J SC  J 0 exp  S SC   1  S SC  J ph
nkT  
Rsh
 
  qV   V
J ph  J 0 exp OC   1  OC
  nkT   Rsh

(4)
(5)

If RS is small compared to VOC / JSC (less than 1%) and RS / Rsh << 1, then in
Eq. (4), JSC = Jph and in Eq. (5), JSC and VOC satisfy the diode law without the
influence of series resistance. The influence of the shunt resistance remains, but
at high-enough light intensities, VOC remains unaffected. Using Eq. (5), we are
able to extract J0 and n. A semilogarithmic plot of (Ln JSC) vs. VOC will yield a
straight line for high-enough VOC. At a given temperature, n can be calculated
from the slope and J0 can be found by taking the intercept of the plot with the
JSC-axis. A small error in the estimation for n results in a large error in J0 due to
the use of the logarithmic scale. Therefore, the value of J0 will generally be less
accurate than that of n [69].
It is worth reminding that JSC vs. VOC method works only for a well-behaved
case of Jph. In the case of voltage-dependent Jph(V) or G(V), this method could
also give erroneous results, overestimating n. One advantage of this method is
that RS correction can normally be ignored since it makes no contribution at
VOC, or at JSC, except at an extremely large RS [66].

2.2.6. Temperature dependences of J-V parameters
Like all other semiconductor devices, solar cells are sensitive to temperature.
Increase in temperature reduces the band gap of a semiconductor, thereby
affecting most of the semiconductor material parameters. The main temperature
dependence in solar cells arises from the variation of three main parameters: JSC,
VOC, and FF, which are commonly used to characterize the solar cell outputs
[71]. In a solar cell, the parameter most affected by change in the temperature is
VOC.
A specific objective in the characterization of the J-V behaviour of a solar
cell is to determine a mechanism that limits VOC. It is helpful to look at VOC as a
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function of T to determine the dominant recombination path. Any of several
different recombination paths could dominate the device behaviour at VOC,
including recombination currents in the space-charge or quasi neutral regions of
the absorber layer or at any of the critical interfaces, including the
absorber/buffer interface or the absorber/back contact interface. In addition to
the recombination paths, the tunnelling contribution can be estimated using the
temperature dependent J-V characterization method [66]. The different dominant
recombination paths in thin film solar cells are illustrated in Fig. 6 [8]. These are
in the direction of the incoming light:
 TE-IFR Tunnelling-enhanced recombination at the buffer/absorber
interface
 TE-SCR Tunnelling-enhanced recombination in the space charge
region
 QNR Recombination in the quasi-neutral region
 BCR Recombination at the back contact

Figure 6: Schematic illustration of the dominant recombination paths in thin film solar
cells. The vertical arrows indicate how electrons from the bottom of the conduction
band (EC) can recombine with holes from the top of the valence band (EV) via defect
states within the band gap. The horizontal arrows indicate how recombination can be
enhanced by tunnelling in regions with high electric field. In the direction of the
incoming light, the recombination paths are: tunnelling-enhanced recombination at the
buffer/absorber interface (TE-IFR), tunnelling-enhanced recombination in the space
charge region (TE-SCR), recombination in the quasi-neutral region (QNR), and
recombination at the back contact (BCR). Reproduced from J. Malmström dissertation
[8].

Normally, tunnelling enhancement is important only for interface
recombination and for recombination in the space charge region, as indicated by
the horizontal arrows in Fig. 6. However, tunnelling can be important also for
recombination at the back contact if there is a strong band bending close to this
interface. In addition, tunnelling can contribute to recombination at grain
boundaries or at band tails due to potential fluctuations, even in the formally
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quasi-neutral region. Recombination in the buffer and window layers is not
included in the list. Under dark conditions, these recombination paths can
clearly be neglected because of the wider band gap Eg of these layers [8].
The open-circuit voltage, VOC, is the maximum voltage available from a solar
cell, and this occurs at zero current. The open-circuit voltage is the voltage at
which the forward bias diffusion current is balanced by the photo-generated
current. The forward bias diffusion current is dependent on the amount of
recombination in a p-n junction and increasing the recombination increases the
forward bias current. Consequently, high recombination increases the forward
bias diffusion current, which, in turn, reduces the open-circuit voltage. VOC can
be obtained from Eq. (3) by setting the net current J = 0. Therefore,

VOC 

J 
nkT 
V
ln 1  OC  ph 
q
 Rsh J 0 J 0 

(6)

The above equation shows that VOC depends mainly on J0 of the solar cell and
on the photo-generated current. While JSC typically has a small variation
depending on the temperature, the key effect on the performance of the solar
cell is J0, since it may vary by orders of magnitude. The recombination is
controlled by the concentration of minority carriers at the junction edge, i.e.,
how fast they diffuse into the quasi-neutral region of the junction and how
quickly they recombine. Therefore, VOC is a measure of the amount of
recombination in the device. According to theory, J0 is a function of material
properties and it is also sensitive to temperature. In general [71, 72],

 E 
 E 
J 0  J 00 exp  A   AT 2 exp  A  ,
 nkT 
 nkT 

(7)

where the activation energy EA and the saturation current density prefactor J00
depend mainly on the dominating recombination mechanism (tunnelling or
thermal activation) in the solar cell. J00 is also proportional to the density of
recombination centres in both cases [73]. The parameter A includes the
Richardson constant.
According to Eq. (6), if n, J00 and Jph are only weakly dependent on or
independent of temperature, we expect a linear dependence of VOC on
temperature if Jph >> VOC / Rsh and Jph >> J0, then from Eqs. (6) and (7), we have

VOC 

E A nkT  J 00 
ln 


q
q
 J ph 

(8)

From the extrapolation of VOC to T = 0 K, the activation energy EA can be
determined. This method of extracting the activation energy is useful only when
the ideality factor is independent of temperature, which is rarely the case with
CZTS-based cells [66, 70, 74].
However, as soon as tunnelling becomes important, the ideality factor
becomes temperature dependent, inducing nonlinear terms into Eq. (8). Hence, a
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more refined evaluation scheme is required. Temperature dependence of n and
J0 gives indications on what the main recombination paths are [69]. From Eq. (7)
for the J0, the following expression can be derived:

 J   EA
ln 0  
 J 00  nkT

(9)

Assuming that the activation energy has linear temperature dependence; this
assumption is reasonable since the temperature dependence of the band gap
energy is close to linear [75] in the temperature region where temperature
dependent J-V measurements are typically performed. By reorganizing Eq. (9),
we obtain

n ln  J 0   n ln J 00  

EA
kT

(10)

A plot of n lnJ 0  versus 1 kT should yield a straight line with a slope
corresponding to the activation energy EA. For the two models considered above
[Eqs. (8) and (10)], in case EA is equal or close to the value of Eg of the absorber
material, VOC is determined by recombination in the SCR or in the QNR. In case
EA < Eg, the interface recombination is dominating. In practice, the
recombination often may not fit the textbook cases due to, for example,
recombination through defect bands rather than discrete states or by tunnelling
or multistep processes. A quantitative analysis of the temperature dependence of
the ideality factor is required to decide in either case whether or not tunnelling
contributes significantly to recombination [66, 68, 74].
Ideality factor of a well-behaved device is typically in the range 1.3 ≤ n ≤ 2.
The results for EA ≈ Eg and n indicate that the solar cell operates with the diode
current controlled by recombination through trap states in the space-charge
region of the absorber layer. The variation in n between 1 and 2 depends on the
energies of the deep defects that act as dominant trap states and relatively small
temperature dependence of n has been attributed to a distribution of trap states
or a tunnelling contribution to the space-charge recombination current [66].

2.3 Hopping conductivity
Hopping conduction is defined as electric conduction in which the carrier
transport via electrons is hopping from one localized state to another. Electron
transport through localized states (shallow-level states or deep-level states)
within the band gap of a semiconductor includes (as shown in Fig. 7) [76]:
1. Electron hops from one state to another state that has a higher energy. A
thermal energy is required for that move. Let us denote the energy
difference as Ehop. This process is thermally assisted tunnelling. It
depends on temperature.
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2. Electron hops from one state to another state that has equal energy. This
is a tunnelling process. It does not depend on temperature.
3. Electron hops from one state to another state that has a lower energy.
This transport is a tunnelling process with the emission of a phonon(s). It
does not depend on temperature.

Conduction band

Ehop

(2)

(1)

(3)

Valence band
Figure 7: Electron transport between localized states: (1) thermally-assisted tunnelling;
(2) tunnelling; and (3) tunnelling with the emission of a phonon(s).

The conditions necessary for the occurrence of hopping are:
1. Wave functions of two localized states must overlap.
2. Both occupied and unoccupied states must be present for the hopping to
occur. This condition requires that the hopping should happen between
states close to the Fermi level.
3. Additional energy is necessary for the electron hopping from one
localized state to another localized state with a higher energy level.
The hopping conductivity is given by a universal expression:





 T   0 T exp T0 T  p ,

(11)

where the prefactor  0 T   AT m , A is the prefactor constant and T0 is the
characteristic temperature. Exponents m and p are interrelated and depend on
the mechanism of the hopping charge transfer. The NNH conductivity is given
by m = p = 1. The VRH conductivity is described by the values of p = ¼ (the
Mott type) and p = ½ (the Efros–Slovskii type). The M-VRH conductivity takes
place when the Coulomb interactions between the carriers are unimportant.
Otherwise, such correlations lead to a soft Coulomb gap, Δ, in the density of the
localized states around μ and to the ES-VRH conductivity [77].
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2.4 Quantum Efficiency analysis
Quantum Efficiency (QE) measurement is a valuable tool to characterize
solar cells photocurrent collection. This analysis method is commonly used to
determine the losses responsible for reducing the measured JSC from the
maximum achievable photocurrent. Typical measurement equipment is very
simple and consists of a calibrated light source, wide enough to simulate the
solar spectrum, optics, monochromator and electronics to measure the generated
photocurrent. QE is a dimensionless parameter given by the number of charge
carriers generating external photocurrent per incident photon at each
wavelength [66].
There are two types of quantum efficiency of a solar cell often considered:
 External Quantum Efficiency (EQE) includes the effect of optical losses
such as transmission and reflection.
 Internal Quantum Efficiency (IQE) is defined as a probability that only
photons neither reflected nor transmitted out of the cell contribute to the
photocurrent, as a function of the photon wavelength.
In this thesis, EQE has been studied. The product of the measured EQE with
the whole solar electromagnetic spectrum, typically AM1.5G for terrestrial solar
cells, integrated over wavelength will give the amount of photocurrent that the
cell will produce when exposed to sunlight. Thus, a good verification of the QE
measurement is that the current calculated by integrating the EQE measured
with 0 V bias, with the AM1.5G spectrum agrees with JSC. Although significant
differences between the integrated QE and the measured JSC may occur when
the collection of the charge carriers depends on the intensity and/or spectrum of
the incident illumination [66].
Ideally, the QE has a square shape, where the QE value is fairly constant
across the entire spectrum of wavelengths measured. However, the QE for the
real solar cells is reduced due to the optical and electronic losses. Optical losses
are related to:
 Shading from the collection grid;
 Reflection from the front-surface and from the interfaces of materials
used to build the device;
 Absorption in the window and the buffer layers;
 Incomplete absorption in the absorber layer near the band gap;
 Transmission through the non-active area (peculiarity of MGL solar
cells).
Electronic losses are related to incomplete collection of photogenerated
carriers in the absorber. Thus, electronic losses can be separated from the
optical losses by the QE measurements at different voltage bias since only
electronic losses should be affected by the applied bias [66].
The quantum efficiency of a solar cell can be calculated from the equations
for minority carrier continuity and current density [78]. The QE resulting from
depletion-region photon absorption should be
28

QEdr  1  exp W 

(12)

and that from bulk absorption followed by carrier diffusion should be

QEbulk 

Leff exp W 
,
Leff  1

(13)

where α is the absorption coefficient for wavelength λ, W is the depletion width,
and Leff is the effective diffusion length for electrons in the absorber after
correction for the finite thickness of the absorber. These equations combine for
a total quantum efficiency

QE  1 

exp W 
.
Leff  1

(14)
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3. EXPERIMENTAL
3.1 Synthesis of Kesterite monograin powders
All the kesterite monograin powder absorber materials for studied samples in
this thesis were synthesized from Cu2S or CuSe, SnS or SnSe and ZnS or ZnSe
powder binary and elemental sulphur and/or selenium precursors in molten
potassium iodide (KI) by the isothermal recrystallization process by Dr. Kristi
Timmo and Dr. Jaan Raudoja at Tallinn University of Technology. The quartz
ampoules with mixtures of grounded precursors in intended quantities were
degassed under dynamic vacuum, sealed and isothermally annealed at 740 °C
for 90 hours. After the synthesis, ampoules were quenched to room temperature,
opened and the flux material was removed by leaching with deionised water.
The released monograin powder was dried and sieved to narrow granulometrical
fractions. During the cooling of the batch of the material, part of the dissolved
chalcogenides and/or dissolved kesterite precipitates on the surfaces of the
monograins, therefore, additional chemical and thermal post treatments are
needed to remove them. The details of the monograin growth technology can be
found elsewhere [79].

3.2 Preparation of monograin layer solar cell
Post-treated powder crystals were covered with chemical bath deposited CdS
buffer layers. For MGL formation, a monolayer of kesterite type powder
crystals were embedded into a thin layer of epoxy such that the upper part of
each grain sticks out of the polymer film. After polymerization of this epoxy, iZnO and conductive ZnO:Al were deposited by radio frequency (RF) sputtering
onto the open (i.e., not covered by epoxy) surface of the layer. Solar cell
structures were completed by vacuum evaporation of 1–2 μm thick In grid
contacts onto the ZnO window layer. Finally, the glass substrate was glued onto
the front surface of the MGL membrane and the back contact area of crystals
was opened by chemical etching and by additional abrasive treatment methods.
Graphite paste was used to apply the back contacts. The analysis area of the
solar cell is determined by the back contact area, which is typically about 0.04
cm2. The active area of the MGL solar cells is around 75% of the total analysis
area. The other 25% of the total area, comprising epoxy between the absorber
crystals, is passive. More details about the solar cell preparation can be found in
[80].
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Glass substrate
Glue
ZnO:Al
i-ZnO
CdS
Absorber crystal
Epoxy
Graphite back contact
Common collector front contact
Figure 8: Monograin layer solar cell structure.

In principle, all of the MGL solar cells studied in this thesis research are of
superstrate structure: graphite/MGL/CdS/ZnO/glass, as shown in Fig. 8, were
made from post-treated monograin powder crystals with a diameter of 56–63
μm, as selected by sieving. The CZTSe, CZTS and CZTSSe solid solution
absorber materials were Cu-poor and Zn-rich [35, 61, 62].

3.3 Current-Voltage
measurements

and

External

Quantum

Efficiency

All the experiments were conducted at the Department of Materials Science,
Tallinn University of Technology.
For the temperature dependent J–V and EQE measurements, the solar cells
were mounted in a closed-cycle He-cryostat (Janis) where the temperature of
the cell can be controlled in the range of T = 10–300 K. J–V measurements
were done by decreasing the temperature while EQE measurements were done
by increasing the temperature.
For the temperature dependent J–V measurements, an Autolab PGSTAT30
potentiostat/galvanostat instrument was used as a source meter. The same
instrument was also used as a potentiostat and a current amplifier for the EQE
measurements to detect the generated photocurrent at 0 V and -1 V bias
voltages.
Standard halogen lamp with calibrated intensity was used as a light source
for both J–V(Φ,T) and EQE(V,T) measurements. The maximum intensity of the
J–V(Φ,T) measurements was 300 mW/cm2. Lower intensities were realized by
using spectrally neutral net filters.
For EQE measurements, the same calibrated halogen lamp was used as a
light source together with computer controlled prism monochromator Carl Zeiss
SPM-2 (f = 40 cm). Monochromatic and modulated (120 Hz) light was focused
on the front surface of the solar cell. The generated short-circuit current signal
was converted to potential with an Autolab instrument and detected with a
Stanford Research Systems lock-in amplifier (SR810DSP). The software that
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controls the EQE system was written on the LabView platform by my co-worker
Erkki Kask. The software scans the spectrum that exits the monochromator slit
from the desired range, at the same time recording the signal from the lock-in
amplifier. Also, the software controls the temperature controller.
The output parameters JSC, VOC, FF and η of MGL solar cells were deduced
from J–V characteristics measured routinely using a Keithley 2400 source meter
with the Oriel class A solar simulator (19159A, Newport).
The measured J–V curves and EQE spectra were analysed with the MS
Excel or Origin software.
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4. RESULTS AND DISCUSSION
4.1 Temperature and illumination intensity dependent J-V analysis
of Cu2ZnSn(Se0.3S0.7)4 monograin layer solar cells
The studied Cu2ZnSn(SxSe1-x)4 solid solution material had a sulphur to
selenium ratio x = 0.71 and the composition Cu1.90Zn1.01Sn(Se0.29S0.71)3.88 as
determined by the energy dispersive X-ray analysis (EDX).
I–V curves of a CZTSSe MGL solar cell measured at different temperatures
under 100 mW/cm2 illumination are presented in Fig. 9. It can be seen that
increasing the temperature leads to a decrease of Voc and an increase of Isc, as
expected according to the theory.

Figure 9: Temperature dependence of I–V curves of CZTSSe monograin solar cells
obtained in a light intensity of 100 mW/cm2.

The thermal behaviour of the Voc under different light intensities is shown in
Fig. 10. As shown here, with an illumination intensity of 100 mW/cm2, the
open-circuit voltage Voc increases with a decreasing temperature by 1.91 mV/K.
According to Eq. (8), the linear behaviour for all light intensities indicates that
the temperature dependence of n and of J00 has only a minor effect on the
temperature dependence of Voc. According to theory, all Voc(T) curves measured
for different intensities must show different slopes but the same EA at 0 K. In
case of bulk recombination EA ≈ Eg where Eg is the band gap energy of the
absorber material. The extrapolation to 0 K results in EA ≈ 1.2 eV for all
intensities. This is consistent with the spectral response [35] and
photoluminescence [20] measurements and shows that EA ≈ Eg in this material.
This, in turn, is direct evidence that in these CZTSSe MGL solar cells, the
dominating recombination (at least at temperatures close to room temperature)
is a recombination in the space-charge region. All the measured Voc(T) curves
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were fitted with linear functions and the corresponding fitting parameters are
given in Table 1.

Figure 10: Open-circuit voltage Voc of the CZTSSe MGL cell as a function of
temperature illuminated with different light intensities. The straight lines are linear fits
of Eq. (8).

Especially important is the temperature dependence of the relative efficiency
η of solar cells. Therefore, we plotted also η(T) curves measured at different
light intensities, see Fig. 11. Calculated efficiencies are not calibrated because
we used a simple halogen light source and therefore AM1.5G spectral
conditions were not followed. It can be seen that the efficiencies have a
maximum value below room temperature. The corresponding maximum
efficiency temperature increases with light intensity and at 100 mW/cm2, it is at
about 250 K. At low temperatures, the efficiency starts to decrease with
decreasing temperature. The same decrease can be observed with increasing the
temperature above 250 K. At this “high” temperature region, the decrease of the
efficiency is nearly linear with temperature. Table 1 shows the corresponding
slopes. This curved η(T) dependence is caused by the temperature dependence
of the fill factor FF.
Table 1: Parameters obtained from fitting temperature dependent J–V curves

Φ (mW/cm2)
100
47
35
15
2.2

-dVoc/dT (mV/K)
1.91
2.02
2.06
2.17
2.51

EA (meV)
1190
1193
1193
1189
1193
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dη/dT (%/K)
-0.013
-0.016
-0.020
-0.022
-0.025

Figure 11: Temperature dependence of the relative efficiency η of a CZTSSe MGL solar
cell illuminated with different light intensities. Linear fitting was used for the high
temperature region and fitting results are presented as lines.

Measured temperature coefficients of CZTSSe MGL solar cells indicate that
in many cases they are lower than those of other types of solar cells. For
example, Cu(In,Ga)Se2 cells usually show dVoc/dT values from -2.01 to-3.3
mV/K and dη/dT values from -0.017 to -0.064%/K [81]. Si cells show dVoc/dT
values from -2.07 to -2.17 mV/K and dη/dT value about -0.042%/K [82]. The
same is true in CdTe cells, where dVoc/dT is typically in the range of -2.1 to -2.2
mV/K [83]. These low values of measured temperature coefficients of CZTSSe
solar cells show a great potential of this compound.
According to Eq. (5), a semi logarithmic plot of Isc versus Voc will yield a
straight line for high-enough Voc. From this slope, n can be calculated if one
knows the temperature. I0 can be found by taking the intercept of the straight
part of the plot with the Isc-axis. In Fig. 12, Isc(Voc) curves for different
temperatures are plotted. It can be seen that all curves show a simple
exponential behaviour. All experimental curves were fitted using the
exponential part of Eq. (5). Fitting results show that the diode ideality factor n
exhibits no remarkable temperature dependence and only slightly increases
from n = 1.85 to n = 2.05 in the temperature range T = 175–300 K. This is quite
surprising because in most solar cells, the ideality factor decreases with
temperature [72, 84]. One reason for this different trend in our cells can be the
temperature dependent bulk recombination current, which increases at higher
temperatures. Therefore, we observe an ideality factor very close to n = 2.
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Figure 12: Isc–Voc-curves for temperatures in the range of 175–295 K. Every
measurement was done with five different illumination intensities ranging from 2.2 to
100 mW/cm2. Lines represent the least square fit, showing good correlation with Eq.
(5).

From Fig. 12, we also extracted I0 values and the temperature dependence of
I0 is shown in Fig. 13. We fitted these calculated points with Eq. (7), by using
an average value on n (n = 1.87). Although this fitting is not very accurate, we
still obtained EA = 1.24 eV, which is very close to the EA value we found using
Voc(T) curves. This coincidence supports our assumptions regarding the role of
Rsh and RS and the use of a simplified theoretical model where we did not
directly take into account the decrease of the band gap energy with temperature.

Figure 13: I0–T -graph. Experimental points were fitted using Eq. (7).
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4.2 Temperature dependent EQE analysis of Cu2ZnSnSe4 monograin
layer solar cells
The chemical composition Cu/(Zn+Sn) = 0.87; Zn/Sn = 0.97 of the studied
monograin powder was determined by the EDX. In the record cells, the
composition Cu/(Zn+Sn) = 0.8; Zn/Sn = 1.22 was reported [85]. In our
experiment, crystals were Cu-poor and slightly Sn-rich while in record cells [85]
Zn-rich composition was used. The CZTSe phase was confirmed by the X-ray
diffraction (XRD) measurements.
A typical J–V curve of a CZTSe cell is shown in Fig. 14. It can be seen that
this CZTSe cell has quite low solar cell parameters. Especially low is the opencircuit voltage Voc. In this cell, we assume to have quite large recombination
losses. However, we see that even this “bad” cell generates current and
therefore it is possible to use it to study the temperature dependence of its
quantum efficiency.

Figure 14: Dark and light I–V curves of CZTSe cell measured at room temperature.

The low-energy side of the EQE spectrum near the band gap energy Eg of the
absorber
can
be
fitted
by
the
equation
of
Klenk
and
Schock [86]:
(15)
QE  K 1  exp  Leff ,







where Leff  W  Ld is the effective diffusion length of minority carriers, Ld is
their diffusion length in the absorber material, W is the width of the depletion
region, and α is the absorption coefficient of the absorber material. The constant
K is unity in absolute measurements. It is obvious that in the case of a
compensated absorber material, the effective diffusion length of majority
carriers must also be taken into account. Therefore, in compensated CZTSe, we
expect to see a more pronounced role of the hole mobility on the temperature
dependence of EQE curves.
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The fundamental absorption edge in most semiconductors follows an
exponential law and for energies E < Eg, the absorption coefficient can usually
be described by the so-called Urbach rule [87, 88]:


E  E0  ,
 kT


 E    0 exp 

(16)

where σ is a steepness parameter, and E0 and α0 are characteristic parameters of
the material.
Assuming that in this region EQE is mostly determined by the absorption
coefficient, i.e.
QE  E E    E 
(17)
the QE·E curves must also have an exponential part where it is possible to find
σ, E0, and α0. Indeed, Fig. 15 shows the exponential part of the QE·E curves at
different temperatures.

Figure 15: Typical QE·E curves obtained at different temperatures showing the
exponential Urbach behaviour with E0 at 1.73 eV. Solid lines are the fitting results with
Eq. (16).

All these QE·E curves were fitted using Eq. (16). From these fits, we found
E0 and the temperature dependence of the steepness parameter σ, as shown in
Fig. 16. It should be mentioned that at low temperatures, where T < 60 K we
have slightly lower E0 values. One reason for this could be a too low mobility of
carriers on the EQE curve at very low temperatures. Therefore, the assumed
relation (17) is not valid any more in this temperature region.
The data from Fig. 16 are fitted to the following empirical relation [87, 88]:
   0 2kT  p tan h  p 2kT ,
(18)









where σ0 is a constant and ħωp the energy of the phonons associated with
Urbach’s tail. According to the fitting results, we obtained ħωp = 85 meV (686
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cm-1) and σ0 = 1.46. Our latest Raman measurements showed that the highest
phonon energy in CZTSe is about 250 cm-1 [20]. It was shown [89, 90, 91] that in
the case of a structural and electronic disorder, the corresponding phonon
energy found from Urbach’s tail always seems to be much higher than the
energy of measured phonon modes. For example, in CuInSe2, phonon energies
as high as 60 meV were found from Urbach’s tail measurements while the
highest optical mode energy obtained from Raman measurements was only 29
meV [91]. Similarly, in our CZTSe crystals with their quite high defect
concentrations, the high value of the observed phonon energy seems to be
realistic. The most important result of this kind of analysis is that we really can
use EQE curves to obtain information about the behaviour of the absorption
coefficient.

Figure 16: Temperature dependence of the steepness parameter σ. Solid line represents
the fit using Eq. (18).

Above the exponential tail, the absorption coefficient of a direct band



semiconductor has been observed to obey the equation:  E   B E  E g



12

.

If the absorption coefficient is small, i.e., near the band gap energy E ≈ Eg, then
Eq. (15) can be simplified as



QE  KLeff  A E  E g*



12

E,

(19)

where E g* is an effective band gap energy and constant A includes all the
parameters that are independent of E. Therefore, (E·QE)2 vs. E curves should
have a linear segment from which a value for E g* can be found. In the case of
spatial potential fluctuations, the effective band gap energy is lower than the
band gap energy of the “ideal” semiconductor without potential fluctuations,
because the shape of the α(E) curve does not completely follow the E1/2 rule, see
for example [92]. At low temperatures, in particular, when electrons and holes
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can occupy localized states inside the potential wells, the difference between Eg
and E g* can be rather large. At the same time, when potential fluctuations are
very small, we will often find Eg ≈ E g* [92].
Typical EQE curves measured at different temperatures are given in Fig. 17.
All curves have an E1/2 behaviour in the energy range of about E = 1.02–1.12
eV. From these curves, E g* was found for every temperature used, see Fig. 18.

Figure 17: Normalised EQE curves vs. photon energy measured at different
temperatures. Solid lines are fits using Eq. (19).

It can be seen from Fig. 18 that at low temperatures, E g* is almost constant
but drops at T = 60 K. At T > 60 K, the effective band gap energy increases with
the temperature until at T ≈ 250 K it starts to decrease again. The overall
increase of E g* at T = 60–250 K is about 23 meV.
This kind of dependence can be explained if we take deep potential
fluctuations into account in our sample. It is obvious that EQE depends not only
on the absorption coefficient but also on the ability of generated charge carriers
to reach the front and back contacts. At low temperatures, in particular, the
heavier holes tend to localize inside the potential wells. Although at low
temperatures, we probably have absorption at E < Eg, here the EQE curves show
no remarkable current. The reason could be that this spectral region belongs to
the deepest potential wells and the generated holes cannot move and hence the
EQE remains small. Therefore, we started to measure a current only at higher
photon energy, where the potential wells are not so deep and photo-generated
holes can move. At higher temperatures, also the current generated from the
deepest wells increases. They can now move and thus the decrease of the
effective band gap energy is small at T = 60 K. Because the concentration of
these deep wells is small and only a fraction of all charges is liberated, we
should see here also a decrease in the integrated EQE at the same temperature.
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Figure 18: The temperature dependence of the effective band gap energy E g .

The temperature dependence of the integrated quantum efficiency Φ is given
in Fig. 19. In the range of T = 60–250 K, we see an increase of Φ with
temperature. It is obvious that this increase is related to thermally activated
liberation of charges from the potential wells. If we assume that the average
depth of these energy wells is γ, then there must be a temperature region where
   0 exp kT 
(20)
Indeed, from the inset of Fig. 19 we see that the fit to Eq. (20) gives γ = 25 ± 1
meV. This energetic depth correlates with the shift of E g* with temperature in
the same region if we also take the decrease of the band gap energy with
temperature into account. Therefore, the observed shift of E g* is slightly smaller
than γ.

Figure 19: Temperature dependence of the integrated quantum efficiency Φ. The inset
shows an exponential part fitted with Eq. (20).
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The value of γ found from the EQE curves is actually very close to the
corresponding value obtained from photoluminescence measurements, for
which γ = 24 meV was determined for our CZTSe crystals [21].
At higher temperatures, all charges possess enough activation energy to be
free and therefore E g* ≈ Eg. From Fig. 18, we can find the band gap energy for
CZTSe at room temperature to be Eg = 1.017 eV. Our previous PL studies [20]
showed that the low temperature band gap energy of CZTSe must be in the
range of 1.02 eV. The band gap energy obtained from EQE curves confirms this
value. It is obvious that if the concentration of majority carriers (holes) is high,
then EQE is mainly determined by the effective diffusion of minority carriers
(electrons). At the same time, electrons generally have a smaller effective mass
and therefore they usually have no localized states inside the potential wells.
Therefore in this case, the temperature dependence of EQE curves should not
show such a pronounced shift of the effective band gap energy with
temperature. Thus, this kind of analysis is more suitable for compensated
absorber materials and can be used to study spatial potential and probably also
compositional fluctuations in these materials.

4.3 Temperature and illumination intensity dependent J-V and EQE
analysis of Cu2ZnSnS4 monograin layer solar cells
This section presents the results of the temperature and illumination intensity
dependent J-V and EQE analysis of Cu2ZnSnS4 MGL solar cells. The CZTS
room temperature J-V characteristics of a studied CZTS MGL solar cells
showed the following properties: open-circuit voltage Voc = 709 mV, shortcircuit current density Jsc = 13.8 mA/cm2, fill factor FF = 61.4 %, and
efficiency η = 6.0 %. Due to the peculiarity of the MGL solar cell structure, the
active area where the photocurrent is actually produced is smaller than the
analysis area.

Figure 20: Temperature dependence of dark J-V curves.

42

The active area is estimated to be 75% of the back contact area after
excluding the area of the binder material between the absorber material powder
crystals. After such consideration, the current density per absorber material
active area is estimated at J scabs . = 18.4 mA/cm2 and the efficiency is estimated
at ηabs. = 8.0%. In spite of that, solar cell parameters are still limited due to
recombination and parasitic losses. The series resistances obtained from the
light and the dark J-V curves determined at room temperature by the process
described by Hegedus and Shafarman [66] are rather high, R slight = 3.6 Ωcm2 and
R sdark = 4.5 Ωcm2, accordingly. The temperature dependence of the series

resistance Rs was found from Fig. 20 by the procedure described in section 2.5.
The thermal behaviour of the Voc under different light intensities is shown in
Fig. 21. It is known [I] that the temperature dependence of Voc near room
temperature can be expressed as Eq. (6). In general, the activation energy EA
and also J00 depend mainly on the dominating recombination mechanism in the
solar cell. In case of bulk recombination EA ≈ Eg, where Eg is the band gap
energy of the absorber material. The band gap energy of CZTS slightly depends
on the type of crystal structure [55], but is usually higher than 1.5 eV. In our
sample, EA ≈ 1.26 eV was determined from the Voc(T) plot (see Fig. 21). In
general, according to the theory [74], at EA < Eg, the interface recombination is
dominating.

Figure 21: Temperature dependence of Voc measured at different light intensities.

The temperature dependence of the series resistance Rs found using Fig. 20
is shown in Fig. 22a where three different regions can be distinguished. At
temperatures T > 90 K (region I), Rs decreases with increasing temperature,
indicating the thermal activation of carriers [93]. In this region, Rs can be
presented as:
RS  RS 0 expE A kT  ,
(21)
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where the exponential prefactor RS0 contains all the parameters that are
independent or weekly dependent on temperature. Using Eq. (21), the activation
energies EA, d = 87 ± 3 meV and EA, l = 43 ± 1 meV for dark and light curves
were found, respectively. These activation energies are in the same range as
those found in [43, 50, 94].

Figure 22: Temperature dependencies of the series resistance

Rs obtained from the dark

*

and light J-V curves (a), the effective band gap energy E g (b), and integrated EQE
area(c). Solid lines correspond to the fitting of Eq. (15) to the experimental data.

At intermediate temperatures (T = 90–40 K, region II), the dependence of the
series resistance on temperature changes and a typical M-VRH conduction starts
to dominate [95]. This type of behaviour is expected in all heavily doped
materials where spatial potential fluctuations create deep potential wells for
holes [21, 50, 96]. At the same time, we also expect the increasing role of bulk
recombination in this temperature region and therefore the M-VRH model is not
completely valid here. At about T = 40 K, a rapid change of Rs can be seen. In
the low temperature region (T < 40 K, region III), Rs drops down more than
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one order of magnitude and remains almost constant down to the lowest
measured temperature. At these very low temperatures, generated holes are
unable to tunnel through the potential barrier into the interface region between
CZTS and CdS and therefore, the interface recombination rate must be very
low.
Quantum efficiency measurement is a well-known method to describe
optical and electronic losses in solar cell devices. From the low-energy side of
the EQE curve, i.e., near the band gap energy E ≈ Eg, the effective band gap
energy E g* can be determined [II] by the approximation (15) used in Section
3.2. Consequently, the E g* value can be determined from a plot of E  EQE 

2

vs. E at the low energy side of the EQE spectrum. Therefore, temperature
dependence of a quantum efficiency curve presented in Fig. 23 can be used to
analyse the temperature dependence of the effective band gap energy.

Figure 23: Temperature dependence of EQE at 0 V. The arrows guide the trend of the
EQE temperature dependence.

The temperature dependencies of the series resistance Rs, the effective band
gap energy E g* and the integrated EQE are presented in Fig. 22. It can be seen
(Fig. 22b) that in the temperature region from room temperature to T = 180 K,
E g* follows the model of temperature dependence of the band gap energy
proposed by K.P. O’Donnell and X. Chen [75]. Then E g* starts to decrease with
further decreasing of the temperature until the “critical” temperature at about 40
K where the rapid increase of E g* starts. Similar behaviour can be seen for
integrated EQE, see Fig. 22c. It was shown in [II] that the changes at 40 K < T <
180 K are related to the localization of holes inside deep valence band potential
wells. As a result, an exponential Urbach tail starts to affect the absorption and
the effective band gap E g* starts to decrease due to holes localization in deeper
potential wells. At the same time, hole mobility also decreases and the bulk
recombination through these deep wells increases, reducing the overall EQE.
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The observed sudden increase of E g* to the “normal” band gap value Eg at 40 K
together with the increase of the generated current (EQE) and decrease in Rs
have to be related to the step-like change in the Fermi level position at the
interface. This change could cause the blocking of hole transport to the interface
states and as a result, the interface recombination decreases. This is why the
photocurrent and E g* increase. However, there might be also other processes
taking place, causing the same kind of behaviour. Consequently, further studies
are needed to explain this peculiar behaviour of the CZTS solar cell parameters
at very low temperatures.

46

CONCLUSIONS
From the temperature dependent current–voltage parameter analysis of the
Cu2ZnSn(SexS1-x)4 MGL solar cells, the following conclusions were made:
 for a light intensity of 100 mW/cm2, the temperature coefficient is
dVoc/dT = -1.91 mV/K and the activation energy EA is close to the value
of the band gap energy of 1.2 eV;
 the diode ideality factor n is close to a value of 2 and shows very small
increase with temperature; as a result, the dominating recombination is
related to recombination in the space-charge region;
 the relative efficiency of the solar cell decreases with temperature with
a slope of 0.013%/K. The temperature coefficient measured indicates
that in many cases it is lower than that of other types of solar cells.
From the temperature dependent quantum efficiency analysis of the
Cu2ZnSnSe4 MGL solar cells, the following conclusions were made:
 temperature dependence of the effective band gap energies and the
average depth of potential wells of 25 meV of Cu2ZnSnSe4 absorber
were calculated by the use of low energy side of the quantum efficiency
curves; the determined value of potential wells was found to agree very
well with the value determined in photoluminescence measurements;
 it was shown that the room temperature band gap energy of Cu2ZnSnSe4
is Eg = 1.017 eV.
From the temperature dependent analysis of Cu2ZnSnS4 MGL solar cells, the
following conclusions were made:
 the main recombination losses are related to interface recombination
that was found to be blocked at T < 40 K;
 part of the losses originate also from bulk recombination, associated to
potential fluctuations of the valence band edge.
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ABSTRACT
This thesis is focused on the studies of temperature dependent electrical
properties of monograin layer (MGL) solar cells with the kesterite type absorber
materials: Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), and Cu2ZnSn(S0.7Se0.3)4
(CZTSSe).
These multinary kesterite type semiconductor compounds are promising
absorber materials for photovoltaic applications. These materials are direct band
gap semiconductor compounds with a high absorption coefficient. Their band
gap energy is in the favourable range for optimal solar energy conversion and
their constituent elements are abundant and non-toxic. Currently, the power
conversion efficiency (η) record of solar cells with kesterite type absorber
material has achieved 12.6 %. Still, the main limiting factor of the efficiency of
kesterite type solar cells is too large deficit of open-circuit voltage (VOC) from
the maximum theoretical value. The limited value of VOC is directly related to
the recombinational losses, which are related to the bulk and interface defects of
the absorber material. The parasitic losses, such as high series resistance, limit
the fill factor (FF).
Derived from the literature review, the objectives of the present doctoral
thesis were set to study the temperature and spectrally dependent electrical
properties of MGL solar cells with different kesterite type absorber materials
and to identify recombinational loss mechanisms and parasitic losses limiting
VOC and FF. In order to investigate the current transport properties and
recombinational losses, the temperature and illumination intensity dependent
current-voltage (J-V) and external quantum efficiency (EQE) measurements
were conducted. Another aim of the study was to propose a new simple method
by using temperature dependent EQE analysis to investigate the spatial
electrostatic potential fluctuations in the kesterite-based solar cells.
The extrapolation of VOC to 0 K under different light intensities in CZTSSe
MGL solar cells results in the activation energy (EA) value of 1.2 eV. This value
is about equal to the band gap energy of the studied CZTSSe absorber material.
The extrapolated value is in accordance with the data found by
photoluminescence (PL) and EQE measurements. This, in turn, is direct
evidence that in CZTSSe MGL solar cells, the dominating room temperature
recombination process is related to the recombination in the space-charge
region. At the same time, the extrapolation of VOC to 0K in CZTS MGL solar
cells results in the EA value of 1.26 eV. According to the PL and EQE data, the
band gap energy of CZTS material at room temperature is about 1.5 eV. Based
on the PL data and according to the theory if EA is smaller than the band gap
energy, the dominating recombination process is related to the recombination in
the interface region.
The temperature dependencies of the saturation current density (J0) and the
ideality factors of the CZTSSe and CZTS MGL solar cells were obtained from
the J-V curve measurements at different illumination intensities. For both
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absorber materials, the fitting of JSC-VOC curves shows that the ideality factor is
weakly temperature dependent in the wide temperature range. The temperature
dependence of the J0 of the CZTSSe MGL solar cells yields the EA value of 1.24
eV, which is comparable to the value found from the VOC (T) data. This is in
accordance with the value of the band gap energy found by PL and EQE
analysis and supports the assumption of the recombination in the space-charge
region. The temperature dependence of the J0 of the CZTS MGL solar cells
results in the EA value of 1.28 eV, which is in good agreement with the value
found from the VOC (T) dependence experiment.
The relative efficiency of CZTSSe MGL solar cells was found to decrease
with the increasing temperature by -0.013 %/K. The measured temperature
coefficient indicates that according to the literature, it is lower than for solar
cells made from other types of absorber materials, for example Cu(In,Ga)Se2,
CdTe and Si. The curved η (T) dependence is common for all kesterite MGL
solar cells and is caused by the temperature dependence of the FF, which in
turn, is caused by the magnitude and the temperature dependence of the series
resistance.
The temperature dependences of the effective band gap energies (Eg*) of
MGL solar cells based on CZTS and CZTSe absorber materials were found very
similar in their behaviour. The temperature dependence of the Eg* can be
divided into three different regions. At temperatures around room temperature,
Eg* follows the model describing the temperature dependence of the band gap
energy. Then at about 250 K for pure selenide and at about 180 K for pure
sulphide, the Eg* values start to decrease while temperature decreases. This
uncommon behaviour of Eg* is explained by the presence of potential
fluctuations where the charge carriers relaxed to the deeper states of potential
wells can be photo-generated by the photons with energy smaller than the band
gap energy to contribute to the photocurrent. For pure selenide at about 60 K
and for pure sulphide at about 40 K, Eg* does a step-like change to a higher but
rather temperature independent value. This sudden rise of Eg* at very low
temperatures can be explained by the decreased mobility of the holes that are
generated from the deepest potential wells. As a result, charge carriers photogenerated by the higher photon energies can contribute to the photocurrent
collection.
At the same time, the step-like change of the Fermi level position at the
interface could block of the hole transport to the interface states. As a result, the
interface recombination decreases and the photocurrent collection increases.
This hypothesis is supported by the step-like change in the absolute value of the
photocurrent of the solar cells. For CZTSe at about 60 K and for CZTS at about
40 K, the sudden rise of the photocurrent to the rather constant value was
measured. The scale of the spatial potential fluctuations with the average
energetic depth (γ) of 25 meV for the CZTSe and 12 meV for the CZTS MGL
solar cells was calculated from the integrated EQE area data. In both cases,
the γ value found from EQE is in good correlation with the corresponding
value obtained from the PL measurements.
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KOKKUVÕTE
Antud doktoritöö on keskendunud kesteriitse struktuuriga puhastest
nelikühenditest Cu2ZnSnS4 (CZTS) ja Cu2ZnSnSe4 (CZTSe) ning nende tahkest
lahusest Cu2ZnSn(S0.7Se0.3)4 (CZTSSe) valmistatud monoterakihiliste
päikesepatareide elektriliste omaduste temperatuursõltuvuste uurimisele.
Kesteriitse struktuuriga mitmikpooljuhtühendid on lootustandvad materjalid
rakendamiseks päikeseenergeetikas. Need on otsese ja optimaalse keelutsooni
laiusega pooljuhtmaterjalid, millel on suur neeldumiskoefitsient ja mis
koosnevad laialdaselt maakoores levinud mittetoksilistest elementidest. Seni on
kesteriitide baasil valmistatud päikesepatarei suurimaks efektiivsuseks (η)
mõõdetud 12,6 %. Kesteriitse struktuuriga absorbermaterjalidest valmistatud
päikesepatareide kõige põhilisemaks efektiivsust piiravaks teguriks loetakse
liiga suurt erinevust avatud-ahela pinge (VOC) ja selle maksimaalse võimaliku
teoreetilise väärtuse vahel. VOC puudujääk on otseselt seotud
rekombinatsiooniliste kadudega, mis on tingitud suurest defektide hulgast
absorbermaterjalis ja selle piirpindadel. Teiseks oluliseks efektiivsust piiravaks
teguriks on erinevad parasiitkaod (näiteks liiga suur järjestiktakistus), mis
vähendavad täituvusastet (FF).
Kirjandusülevaates välja toodud probleemidest lähtuvalt seati doktoritöö
eesmärkideks uurida erinevate kesteriitse struktuuriga absorberitega
monoterakihiliste päikesepatareide elektriliste omaduste temperatuur- ja
spektraalsõltuvusi eesmärgiga selgitada välja võimalikud rekombinatsiooniliste
kadude mehhanismid ja parasiitkaod, mis piiravad VOC ja FF väärtusi. Voolu
transpordiomaduste ja rekombinatsiooniliste kadude mehhanismide uurimiseks
teostati voolu-pinge sõltuvuste (J-V) ja kvantefektiivsuse (EQE) mõõtmisi
erinevatel temperatuuridel ja sõltuvalt valgustamise intensiivsusest. Samuti oli
töö eesmärgiks pakkuda välja lihtne meetod elektrostaatiliste potentsiaalifluktuatsioonide uurimiseks kesteriitse struktuuriga päikesepatareides kasutades
EQE temperatuursõltuvuste analüüsi.
Erinevate valguse intensiivsustega mõõdetud VOC temperatuursõltuvuste
ekstrapoleerimisel 0 K juurde määrati Cu2ZnSn(S0.7Se0.3)4 päikesepatareis
laengukandjate aktivatsiooni-energia EA väärtuseks 1,2 eV. See tulemus on
kooskõlas fotoluminestsentsi (PL) ja EQE meetoditel saadud tulemustega ning
on ligikaudu võrdne antud absorbermaterjali keelutsooni laiusega. See
kokkulangevus kinnitab, et CZTSSe absorbermaterjaliga monoterakihilises
päikesepatareis domineerib toatemperatuuri lähedastel temperatuuridel siirdel
toimuv rekombinatsioon. Cu2ZnSnS4 absorbermaterjaliga monoterakihilise
päikesepatarei VOC temperatuursõltuvuse ekstrapoleerimine 0 K juurde andis
tulemuseks 1,26 eV. Tuginedes eelnevalt PL meetodil leitule ja vastavalt
teooriale võib järeldada, et juhul kui EA väärtus on keelutsooni laiusest väiksem,
siis domineerivaks mehhanismiks on kontaktpinnal toimuv rekombinatsioon.
CZTSSe ja CZTS monoterakihiliste päikesepatareide küllastusvoolu (J0) ja
ideaalsusteguri n temperatuursõltuvuste uurimiseks kasutati pinge-voolu
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mõõtmisi erinevatel valguse intensiivsustel. Mõlema absorbermaterjali
ideaalsustegurid väärtusega 2 lähedal on peaaegu temperatuurist sõltumatud
laias temperatuuride vahemikus. CZTSSe päikesepatarei küllastusvoolu J0
temperatuursõltuvusest leitud EA väärtus 1,24 eV on lähedane VOC(T)
sõltuvusest määratud väärtusega. See tulemus on kooskõlas PL ja EQE
meetoditel määratud absorbermaterjali keelutsooni laiusega ja toetab järeldust
siirdel toimuva domineeriva rekombinatsiooni kohta. CZTS päikesepatarei
küllastusvoolu temperatuursõltuvusest leitud EA väärtus 1,28 eV on heas
kooskõlas VOC(T) sõltuvusest määratud väärtusega.
CZTSSe päikesepatarei efektiivsuse temperatuursõltuvusest saadi suhtelise
effektiivsuse muutumise koefitsiendiks -0,013 %/K. See väärtus on madalam
võrreldes mitmete teist tüüpi absorber-materjalidega. Efektiivsuse
mittelineaarne
käitumine
on
iseloomulik
kesteriitse
struktuuriga
absorbermaterjaliga päikesepatareidele. See on tingitud FF väärtuse sõltuvusest
temperatuurist, mis on omakorda tingitud parasiitse järjestiktakistuse
temperatuursõltuvusest.
CZTS ja CZTSe absorbermaterjalidega monoterakihiliste päikesepatareide
effektiivsete keelutsooni laiuste temperatuursõltuvused Eg*(T) on väga sarnase
käitumisega. Eg* temperatuursõltuvustes võib esile tuua kolm erinevat
piirkonda. Toatemperatuuri ümbruses käitub Eg* vastavalt keelutsooni laiuse
temperatuursõltuvust kirjeldavale mudelile. Seejärel, temperatuuri alanedes,
seleniididel alates 250 K ja sulfiididel alates 180 K madalamatel
temperatuuridel, hakkab Eg* hoopiski vähenema. Ebatavalist Eg* käitumist võib
seletada
potentsiaalifluktuatsioonide
olemasoluga,
kus
foto-voolu
genereeritakse temperatuuri alanedes potentsiaalikaevude üha sügavamatelt
täidetud energianivoodelt. 60 K juures seleniidide puhul ja sulfiididel 40 K
juures toimub Eg*(T) käitumises järsk astmeline kasv suurema, kuid
temperatuurist suhteliselt sõltumatu väärtuseni. Väga madalatel temperatuuridel
toimuvat Eg* järsku tõusu võib seletada sügavatel energianivoodel fotogenereeritud laengukandjate liikuvuse vähenemisega nii madalatel
temperatuuridel.
Samadel madalatel temperatuuridel võib toimuda ka Fermi nivoo asukoha
järsk muutus absorbermaterjali ja puhvermaterjali kontaktpinnal, põhjustades
aukude liikumise blokeerimist kontaktpinna olekutele, mille tulemusel väheneb
kontaktpinna olekutel toimuv rekombinatsioon. Antud hüpotees tugineb
päikesepatareis mõõdetud foto-voolu hüppelisele kasvule. Foto-voolu hüppelist
kasvu madalatel temperatuuridel on näha nii CZTS kui ka CZTSe
absorbermaterjaliga päikesepatareides. Suhteliselt konstantse väärtusega fotovool ja Eg* mõõdeti seleniid-absorbermaterjaliga päikesepatareidele alla 60 K ja
sulfiid-absorbermaterjaliga päikesepatareidele alla 40 K. Integraalset EQE
pindala kasutades määrati potentsiaalifluktuatsioonide keskmiseks sügavuseks
(γ) CZTSe päikesepatareides 25 meV ja CZTS päikesepatareides 12 meV.
Mõlemal juhul on EQE kaudu leitud γ väärtused heas korrelatsioonis PL
mõõtmistelt leitud väärtustega.
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Paper III
M. Danilson, E. Kask, N. Pokharel, M. Grossberg, M. Kauk-Kuusik, T.
Varema, J. Krustok. Temperature dependent current transport properties
in Cu2ZnSnS4 solar cells, Thin Solid Films 582 (2015) 162-165.
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