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INTRODUCTION 

Higher energy prices, increasing energy consumption and depleting fossil fuels 
remind of the need of alternative energy sources like solar energy, wind power, 
hydropower, and other resources. The global energy demand is expected to rise 
further. Importantly, as a result, the studies in the field of solar energy have 
increased too. Renewable energy sources provide sustainable, clean green and 
environmentally friendly energy. As the Sun is freely shining, we need only to 
collect, convert and save its radiation energy. Hence, it is worth of finding out 
the most efficient way to do that, which should involve production of low-cost 
high efficient solar panels with minimum possible harm to the environment. 

To convert solar energy to electrical energy, semiconductor devices can be 
used. The creation of electric current is based on the photovoltaic effect in a 
semiconductor that is under light illumination. In a heterojunction solar cell, this 
effect occurs in the junction area formed by combining different semiconductor 
layers, i.e. absorber and buffer layers. However, producing such devices 
involves the possibility for creating material inhomogeneity as well as defects. 
This means that some energy levels in semiconductors band gap are created. 
These defects are caused during fabrication by different technology methods. 
These levels or states can capture charge carriers or as well give somehow a 
better solution for converting solar energy into electrical energy. For example, 
with specific defects, we are able to change the type of semiconductor 
conductivity and tune its magnitude. Thus, some defects can be bad, while other 
ones can be beneficial. 

To produce more efficient solar cells, it is required to characterize the defect 
levels in the prepared solar cells. This can be done, for example, by capacitive 
measurements methods, like capacitance-frequency dependence, capacitance-
voltage dependence and admittance spectroscopy (AS). For not to blame or 
criticize other methods, it is reasonable to mention that different methods give 
additional valuable knowledge, and vice versa, capacitive measurements 
methods include an essential extra picture for them. 

According to Losee [1], the capacitance spectroscopy and admittance 
spectroscopy are particularly suitable methods for detecting defect levels. Also, 
deep level transient spectroscopy (DLTS) can be used to analyze semiconductor 
materials [2]. This technique investigates the properties of trap states by time 
resolved measurements of the depletion region admittance at a fixed frequency. 
Moreover, admittance spectroscopy is an effective and non-destructive method 
for studying deep defects in solar cells, giving values for defect level activation 
energies. It is suitable for understanding some of the basic physical properties of 
absorber materials and will help to make it possible to achieve a breakthrough 
and show higher efficiencies. 

Currently, there are different solar cell technologies available, such as 
devices made with a silicon photoabsorber, and thin film or monograin layer 
solar cells with novel direct band gap absorbers. The production of large-scale Si 
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wafers for silicon solar cells is time consuming and expensive compared to thin 
film or monograin technologies. Moreover, silicon is an indirect band gap 
semiconductor, i.e. a thicker Si material layer is needed in the solar cell 
compared to the absorber material layer in solar cells with a direct band gap 
semiconductor, for example, Cu(In,Ga)Se2 (CIGSe) or CdTe. Record 
efficiencies for CIGSe and CdTe thin film solar cells are 22.3% and 21.5% [3], 
respectively. 

Unfortunately, CIGSe is not a good option as it includes rare and hence 
expensive element In [4, 5, 6]. Since Cd is toxic, the CdTe absorber is not a 
better solution either. Consequently, competitive absorber materials that consist 
of non-poisonous elements are in sufficient reserve in the Earth crust [7, 8, 9]. 

This thesis studies multinary compounds such as Cu2ZnSnS4 (CZTS) [I], 
Cu2ZnSnSe4 (CZTSe) [II, III] and their solid solutions Cu2ZnSn(S,Se)4 
(CZTSSe) [II]. These materials have kesterite crystal structure and belong to the 
class of kesterites. They all have direct band gap and high absorption coefficient 
( > 104 cm-1) [10] and are promising candidates for other solar cells with 
absorbers made from non-toxic and abundant elements [11, 12, 13, 14, 15]. For 
example, the quaternary compound Cu2ZnSnSe4 is an analogue of CuInSe2, 
where rare and expensive In is replaced with Zn and Sn [10, 16, 17]. 

It is known that intrinsic point defects in absorbers are playing a major role in 
determining their properties. Record efficiencies for best solar cells with 
absorbers CZTS, CZTSe and CZTSSe are correspondingly 8.4% [18], 11.6% 
[19] and 12.6% [20]. The calculated maximum theoretical efficiency of these 
types of single junction solar cells is around 28% - 31% [21]. However, without 
understanding the basic physical properties of these absorbers it will be 
impossible to make a breakthrough similar to CuInGaSe2 solar cells that show 
efficiencies over 21% [22]. The reason for further defect studies lies here.  

In this work, solar cells made with CZTS [I], CZTSe [II] and CZTSSe [II] 
monograin absorber layer and CZTSe [III] thin film solar cells were studied by 
exploiting the usefulness of the capacitive spectroscopy methods. The aim was 
to characterize the defect structure in these materials and to study a role of grain 
boundaries in thin film polycrystalline CZTSe solar cells. 
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1. LITERATURE OVERVIEW 

Quaternary compounds Cu2ZnSn(S1-xSex)4 (CZTSSe) are promising non-toxic 
semiconductor materials for the absorber layer in solar cells [7]. Nevertheless, it 
is very difficult to grow pure absorbers, i.e CZTS or CZTSe, because different 
secondary phases like ZnS and Cu2SnS3 are very easily formed and large 
compositional nonuniformity is present. For CZTS and CZTSe absorber 
materials, bandgaps of ~1.6 eV [23, 24, 25] and ~1 eV [16, 26] have been 
attributed, respectively. Optimal bandgap for solar energy conversion is 
achievable by choosing suitable S to Se ratio for the CZTSSe solid solution [27, 
28]. 

Photovoltaic performance is hindered by a large variety of intrinsic lattice 
defects, which influence optical and electrical properties of solar cells. 
Information about the defect structure of CZTS, CZTSe and CZTSSe in the 
literature is scarce. Defects have been studied mostly by photoluminescence 
spectroscopy (PL) [29, 16, 30, 31] and by capacitive spectroscopy methods. 
Capacitance and photoluminescence spectroscopy have proven to be very 
efficient methods in the defect studies of various semiconductors. To our 
knowledge, few papers cover capacitance spectroscopy of CZTS, CZTSSe and 
CZTSe. Hence, many physical properties of Cu2ZnSn(S1-xSex)4 compounds are 
still unknown and CZTS/CdS, CZTSe/CdS and CZTSSe/CdS heterojunctions 
have not been analyzed in detail. Moreover, there is lack of information about 
the point defects in these absorber materials [I, II, III]. 

Only few papers have described PL properties of CZTS. For example, a 
broad and asymmetric PL band at 1.3 eV has been detected in many papers [32, 
33, 34, 35]. Oishi et al. [34] have measured also a second PL peak at 1.45 eV in 
CZTS films grown on Si (100) surface by vacuum evaporation. This peak was 
attributed to the donor-acceptor pair transition. Recently, even more PL peaks 
were measured in the vapour phase grown CZTS crystals, including DA1 peak at 
1.496 eV and DA2 peak at 1.475 eV [33]. A low temperature (T = 10 K) 
bandgap energy was calculated to be Eg = 1.519 eV and the estimated room 
temperature bandgap energy was 1.43 eV. This bandgap value is definitely lower 
than the usually measured bandgap energy in CZTS thin film samples.  

Recently, Chen at al. [36] made first-principles calculations of defect 
structure of the quaternary absorber CZTS. They found that the p-type 

conductivity of CZTS is mainly determined by the 
ZnCu  antisite defect that has 

quite deep level at EA = 0.12 eV. At the same time, they showed that even 
deeper acceptors ZnSn and CuSn can be found in CZTS with EA > 0.2 eV. 

Fernandes et al. [37] determined CZTS defect activation energies 44.7 meV 
and 112.7 meV by admittance spectroscopy. They analyzed AS of Cu2ZnSnS4 
(CZTS) solar cells, applying various equivalent circuits to fit the measured data. 
They calculated deviation between measured and fitted data and found that their 
fitting of measured data is satisfied only by a quite complicated model. Usually, 
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the more elements are used in an equivalent circuit, the better the fit found is, but 
in that case, the interpretation is inappropriate or impossible. 

Besides point defects, the presence of various defect clusters is possible. It 
has been found that the formation energies of defect clusters are lower than the 
formation energies of individual defects [36, 38, 39, 40], which means that they 
are easily formed. Also, structural disorder in the lattice causes defect clusters to 
form. For example, one reason may be the disorder among the Cu and Zn 
cations, which means that not all the Cu and Zn atoms are located on the correct 
crystallographic sites [41]. Ordering in structure is determined by the proportion 
of atoms located on the correct lattice sites in the relevant substructure. While 
the perfectly ordered structure is the ground state (0 K), the entropy associated 
with the introduction of disorder acts in opposition, leading to a state where the 
crystal is being in dynamic equilibrium, with thermal fluctuations inducing 
interchange of atoms between lattice sites with quite small energetic differences 
[41]. Moreover, the degree of disorder depends on the cooling rate after sample 
synthesis [39]. Slow cooling rate helps to create ordered structure in the absorber 
material lattice [42, 43]. One effect that results from ordered and disordered 
material structure is different bandgap energy. 

These defect clusters may behave as recombination centres or trap charge 
carriers and hence affect solar cells performance, while being more prevailing in 
CZTS than in CZTSe [38]. 

In CZTSe, it was observed once that narrow PL peaks and a visible exciton 
emission indicated a good quality of crystals, where potential fluctuations were 
not seen. However, in addition to the edge emission, even these good crystals 
show a very wide PL band at 1.33 eV. It is obvious that this deep PL band must 
be related to deeper defects. For CZTSe, shallow defect levels with activation 
energies EA = 27 meV and EA = 7 meV have been found by photoluminescence, 
as presented in Ref. [44]. In addition, CZTSe monocrystalline powders have 
been studied by PL and a low-temperature PL band was found at 0.946 eV that 
results from band-to-impurity recombination. The ionization energy of the 
corresponding acceptor defect was found to be 69 meV [16]. 

Some studies are also for CZTSSe. Gunawan et al. [45] have studied 
Cu2ZnSn(S1-xSex)4 absorber layer in solar cells by admittance spectroscopy and 
have found EA values in the range 0.13-0.20 eV. 

Frequently, it is quite difficult to interpret results of capacitance spectroscopy 
because choosing a correct equivalent circuit to describe complicated 
measurement data is not straightforward. According to Weiss et al.’s studies [46] 
of modelling equivalent circuit responses in kesterite solar cells, the evaluation 
of the admittance data cannot be performed simply with the as-measured 
capacitance data, as an increasing series resistance with decreasing temperature 
results in a capacitance step within C-f profile. For instance, they suppose that 
measurements data need to be discarded at higher frequencies and at lower 
temperatures. In addition, they used volt-ampere characteristics (I-V) to extract 
series and shunt resistances, but resistances found by direct current (DC) 
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measurements are not perfectly suitable for replacing resistance values of 
alternating current (AC) measurements. Moreover, they used as-measured 
capacitance (meaning no series resistance exists) and later applied series 
resistance to it.  

Goodman [47] showed that accurate measurement of capacitance requires 
both Rs << Rp and Rs << (ωC)-1, so that the capacitive impedance Z is the 
dominant circuit element. Ordinarily, the quantity C is assumed to be frequency 
independent, but in an experiment, this is not always true. The reason may be, 
for example, in charge relaxation times. In general, such effects tend to 
disappear with increasing frequency and may place a lower limit on the 
trustworthy frequency range. Moreover, measurement equipment limitation may 
place further restriction upon the measurement frequency. These restrictions 
require that the resistance and the geometry of a solar cell be suitably chosen. 

According to Friesen et al.’s studies [48] of thin film CdTe solar cell, as 
commonly applied equivalent circuit models consist only of frequency-
independent circuit elements, they cannot be used to describe the frequency 
dispersion of the thin film solar cell. They replaced the capacitor with a 
frequency-dependent non-ideal capacitor called constant phase element (CPE). It 
is generally assumed that the non-ideal capacitance behaviour originates from a 
distribution in the current density due to material inhomogeneity and/or the 
grain-boundaries [48, 49]. The use of CPE gives a better fit for the depressed 
semicircle in the Nyquist plot, i.e Z’ versus -Z’’ graph, where Z’ and -Z’’ are real 
and imaginary parts of impedance, correspondingly [III]. 

Usually, impedance spectroscopy (IS) and AS measurements are conducted 
at higher temperatures because models are then being easily applied and 
understood. Unfortunately, at very low temperatures, interpreting of IS spectra is 
quite difficult. In fact, low temperature measurements show that some 
interesting changes appear. For example, cooling down of recombination 
processes occur. This thesis analyzes these complicated IS measurement data at 
very low temperatures also. Moreover, frequency range limits of IS 
measurements are shown and results of I-V measurements and IS of the CZTSe 
thin film solar cell are presented and analyzed.  
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2. THEORY 

Generally, in solar cells, the capacitance C represents the capacitance of the 
space charge region (SCR), which can be approximately described by a parallel 
plate capacitor with the equation: 

 

ܥ ൌ
ఌఌబ஺

௪
,    (1) 

 
where ε is the relative permittivity of the semiconductor material used in the 
solar cell and ε0 is the permittivity of free space, A is the contact area and w is 
the width of the junction. w is determined by the concentration and occupation 
of electrically active shallow levels and centres. For example, if a p-n junction 
contains only shallow acceptors and donors, the capacitance C represents the 
width of the space charge region, provided the majority carriers can respond at 
the frequency f of the measurement. In this case, the response of the majority 
carriers is limited by the dielectric relaxation time. The majority carriers cease to 
respond when the angular modulation frequency ω = 2πf exceeds the inverse of 
the dielectric relaxation time. The critical frequency will show a thermally 
activated shift. In addition, the free carriers freeze out at very low temperatures 
[50].  

Thus, at higher frequencies and/or at very low temperatures, the whole 
semiconductor behaves like a dielectric between two parallel plates and C 
reduces to the value determined by the sample geometry. The geometric 
capacitance is inversely proportional to the thickness of the device [50]. Due to 
the reason that as-measured capacitance data are not well suitable, it is advisable 
to measure impedance or admittance and then choose proper equivalent circuit 
and calculate capacitance. Both, impedance Z and its inverse admittance Y = 1/Z 
are complex functions, composed of real and imaginary parts. For example, 
Z = R + iX, where R is resistance and X is reactance. Further, Y = G + iB, where 
G is conductance and B is susceptance. Also, Y = G + iωC. Impedance and 
admittance spectroscopy are methods where correspondingly, impedance and 
admittance dependence of frequency f = ω/2π with varied temperature is studied. 
In particular, they are very useful to describe electrical and physical properties of 
solar cells. The admittance of the heterostructure is a superposition of the free 
carrier capacitance across the width of the space charge region and the 
contribution from the charging and discharging of deeper defect levels within the 
SCR of the junction [I]. Hence, the total capacitance consists of the free carrier 
capacitance across the width of the SCR and the additional capacitance 
contribution from charging and discharging of defect states at a location where 
the energy of electron (hole) states equals the electron (hole) quasi-Fermi level. 
In addition, energetically continuous but locally discrete density of interface 
states at junction contributes to total capacitance. The time constant for charging 
and recharging of defect states at energy equal to the quasi-Fermi level 
determines the inflection frequency, i.e. step in the capacitance vs. frequency 
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spectrum (see Fig. 1). The additional capacitance occurs if the AC modulation 
allows the establishment of equilibrium between the occupation of the defect 
levels and the free carriers [51]. 

 

 
Fig. 1. The two inflection points in the C-f plot 
correspond to the maxima in the -ωdC/dω vs ω graph [52]. 

 
 

 
2.1. Impedance spectroscopy 

Impedance spectroscopy is a powerful non-destructive tool for the 
characterization of semiconductors. The IS detects the AC response of a system 
to a small AC voltage signal with varied frequency. The impedance can be 
calculated by Z=V/I. The angle θ between R and X (real and imaginary part of 
impedance, respectively) can be calculated by θ = arctan(−X/R). From the 
complex impedance, the capacitance can be calculated, but this requires a certain 
equivalent circuit to be known. Fitting of high temperature (T ≳ 150 K) IS 
curves of a solar cell is usually satisfactory with an equivalent circuit, where a 
series resistor is followed by a resistor and a capacitor connected in parallel, see 
Fig. 2. 
  

 
Fig. 2. Equivalent circuit commonly used
for fitting high temperature (T ≳ 150 K)
impedance measurement data of a typical solar cell. 

 
 

 
At every measured temperature, values of the equivalent circuit elements can be 
found by exploiting the ZView (Scribner, USA) computer program for fitting. In 
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turn, Rs values can be used to calculate the capacitance. When assuming the 
series inductance to be insignificant or absent, this equivalent circuit can be 
described by the following equation [53]: 
 

,
)(1)(1 2

2

2 CR

CR
i

CR

R
RZ

P

P

P

P
S 


 




    (2) 

 
where ω, C, and RP are angular frequency, capacitance, and parallel resistance, 
correspondingly. After rewriting (2), the capacitance can be found by: 
 

  



22 )()( ZRZ

Z
C

S

,   (3) 

 
where Z’ and −Z’’ are the real and imaginary part of the complex impedance, 
respectively. Equation (3) can be used for capacitance calculation if the 
mentioned equivalent circuit is applied for the fittings. 

When measuring impedance Z and phase angle θ vs frequency f, then in (3) 
angular frequency ω=2πf, and real and imaginary parts of impedance Z (see 
Fig. 3) can be calculated by the formulas: 
 

ܼᇱ ൌ ܼ ∙ ݏ݋ܿ ቀߠ
గ

ଵ଼଴°
ቁ    (4) 

 

ܼᇱᇱ ൌ ܼ ∙ ݊݅ݏ ቀߠ
గ

ଵ଼଴°
ቁ.    (5) 

 
 

 
 

Fig. 3. Nyquist plot showing properties of an impedance
semicircle. 
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Capacitance versus frequency plot (see Fig. 4) shows a rapid decrease of 
capacitance at higher frequencies. Corresponding frequency of the capacitance 
response inflection point is a defect characteristic frequency. The same 
capacitance step is also visible in the capacitance versus temperature graph, but 
this brings us to the admittance spectroscopy. 

 

 
Fig. 4. Capacitance versus frequency plot of the CZTS
solar cell at 280 K [I]. The inflection point frequency
with the time constant are shown.

 
 
2.2. Admittance spectroscopy 

Admittance spectroscopy involves measuring the junction capacitance as a 
function of frequency ω and temperature T. The admittance of the 
heterostructure is a superposition of the free carrier capacitance across the width 
of the SCR and the contribution from the charging and discharging of deeper 
defect levels within the SCR of the junction [54]. In the case of heavily doped n-
type buffer layer (i.e Schottky barrier), the rectifying junction capacitance is 
given similar to that shown previously by the SCR capacitance [53]: 

 

ௗܥ ൌ
ௗொ

ௗ௏
ൌ

ௗሺ௤ேೌ௪஺ሻ

ௗሺ௤ேೌ௪మ/ଶఌఌబሻ
ൌ

ఌఌబ஺

௪
ൌ

ఌఌబ஺

ඥଶఌఌబ௏್೔/௤ேೌ
ൌ ܣ ቀ

ఌఌబ௤ேೌ
ଶ௏್೔

ቁ
భ
మ,  (6) 

where Q is space charge, V is voltage, q is elementary charge, Na is the acceptor 
concentration in p-type absorber, w is the SCR width, A is the contact area, ε is 
the relative permittivity of the semiconductor material used in the solar cell, ε0 is 
the permittivity of free space, and Vbi is the built-in voltage. In a semiconductor, 
Vbi equals the potential difference across the depletion region in thermal 
equilibrium. In thermal equilibrium, no external voltage is applied to the device. 
Moreover, the Fermi energy is constant throughout the heterostructure and the 
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built-in voltage equals the difference between the Fermi energies respectively in 
the buffer and the absorber, divided by the elementary charge. 

 

 
Fig. 5. Schematic of model semiconductor junction consisting of a CZTSSe 
absorber and having interface states and deep levels. 
 
 
If deeper carrier traps are present, the band bending in the SCR causes the Fermi 
level EF to cross the trap level Et at some distance from the interface (see Fig. 5), 
at the crossing point xt. A small AC oscillating voltage with the frequency 
ω=2πf causes the electric charge accumulated by traps to oscillate in the vicinity 
of this crossing point xt. The trapped electric charge follows the applied voltage 
oscillations and contributes to the total capacitance only if their frequency does 
not exceed the trap characteristic frequency ωt. Therefore, in the case of low 
frequency ωlf << ωt, the trap related capacitance is Ct = Clf , where Clf is the low 
frequency capacitance. The high frequency (ωhf >> ωt) measurements give the 
junction, i.e depletion area capacitance Cd = Chf, where Chf is the high frequency 
capacitance. Accordingly, in the case of a single majority carrier trap level, the 
total junction capacitance can be described by the equation [53, 55]: 

 

 
221 





 dlf

d

CC
CC

,      (7)  

where τ is the characteristic trapping time that depends on the trap density Nt, the 
acceptor concentration Na, and the depletion layer width. In the case of a small 
trap concentration Nt, the characteristic frequency ωt for the charging and 
discharging of defect levels is ωt=1/τ [56]. The inflection frequency ωt can be 
obtained from the analysis of the first derivative of the capacitance, dC/dω, 
which should demonstrate a maximum at the frequency ωt. The temperature 
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dependence of the inflection frequency ωt is determined by the following 
equation [53]: 

 

߱௧ሺܶሻ ൌ 2݁௧ሺܶሻ ൌ 2 ௖ܰ,௩߭௧௛ߪ௡,௣ exp ቀെ
ாಲ
௞்
ቁ ൌ ଴ܶଶߦ2 exp ቀെ

ாಲ
௞்
ቁ,	 (8) 

 
where et is the emission rate, Nc,v is the effective density of states in the 
conduction and valence band, νth is the thermal velocity of the minority carriers 
at the interface, σn,p is the capture cross-section for electrons and holes, 
EA = Et − Ebe is the activation energy of the defect level Et with respect to the 
band edge Ebe, k is the Boltzmann constant, and ξ0 covers all the temperature 
independent parameters [53]. After rewriting equation (8), it is clear that the 
activation energy of a defect level EA can be obtained from the temperature 
dependence of the capacitance spectra, i.e. from the Arrhenius plot of the 
quantity ln(ωt/T2) versus 1000/T, where the linear trend corresponds to the 
equation: 

 

ln ቀ
ఠ೟

்మ
ቁ ൌ െ

ாಲ
௞∙ଵ଴଴଴

∙
ଵ଴଴଴

்
൅ ݈݊ሺ2ߦ଴ሻ,     (9) 

 

where െ
ாಲ

௞∙ଵ଴଴଴
 is the slope of linear fit of the graph and knowing the value of the 

slope, the activation energy EA of a defect level Et can be calculated by 
EA = − slope·k·1000. Moreover, activation energy of interface states shows the 
location of the Fermi level EF at the interface. 

Since interface states and bulk defects show similar dependencies, 
measurements at different bias voltages can be done to distinguish between the 
two. For example, if capacitance-frequency dependence is measured at different 
bias voltages, which changes band bending near the interface, then it alters the 
crossing between interface states and the Fermi level. Consequently, time 
constant of charging and discharging of interface states varies with bias voltage 
[57] and hence, a maximum in capacitance derivative shifts on the frequency 
axis. If this happens, we have a contribution of interface states. Bulk defects do 
not reveal this behaviour. In the case of interface states, the activation energy 
found by admittance spectroscopy corresponds to the position of the electron 
quasi-Fermi level at the interface [50]. 

The theory described above is useful as it enables studies of solar cells and 
their properties, identification of defect levels or interface states, and finding out 
activation energy values. This theory was applied to the analysis of kesterite 
solar cells. 

 
 



20 

3. EXPERIMENTAL 

3.1. Fabrication of monograin layer solar cells 

Monograin layer solar cells were prepared at the Department of Materials 
Science in Tallinn University of Technology. Monograin is a crystalline powder 
particle consisting of one single crystal (~40 – 60 μm) or several single-
crystalline blocks grown into a compact grain [58]. The CZTS, CZTSe and 
CZTSSe monograin powder materials used for the solar cells studied were 
synthesized from binary compounds in a molten KI flux in an isothermal 
recrystallization process. Further details of the monograin powder general 
production process can be found in papers [14, 59]. The single phase 
composition of the CZTS, CZTSe and CZTSSe monograin powder crystals was 
confirmed by Raman spectroscopy. The chemical composition was determined 
by energy dispersive X-ray analysis: Cu/(Zn+Sn)=0.9, Zn/Sn=1.1 for CZTS [I] 
and Cu/(Zn+Sn)=0.88, Zn/Sn=1.0 for CZTSe and Cu/(Zn+Sn)=0.93, 
Zn/Sn=0.99 for Cu2ZnSn(Se0.75S0.25)4 [II]. 

Monograin crystals with diameters of 63–75 μm were selected by sieving and 
were used in the formation of a monolayer in the monograin layer (MGL) solar 
cell. The MGL solar cells have a layer of monograins in their structure. Powder 
grains are embedded into a polymer resin so that the upper part of the grains 
remains uncovered. CdS buffer layer was chemically deposited onto powder 
crystals, followed by RF-sputtering of i-ZnO and conductive ZnO:Al layers. 
Finally, highly conductive grid contacts are evaporated on top of the ZnO 
window layer, and the structure is glued onto a glass or on some flexible 
transparent substrate. For back contact, the bottom side of the MGL is polished 
to remove epoxy from powder crystals and to clear monograins before applying 
graphite contacts [58]. In summary, MGL solar cell structure is: 
graphite/Cu2ZnSn(S1-xSex)4/CdS/ZnO/glass [59], see Fig. 6. Typically, the MGL 
solar cells prepared have an area of about ~4 mm2. Firstly, 15 CZTS monograin 
layer solar cells were checked and measured at room temperature, while 2 best 
of them were chosen for temperature dependant measurements. Secondly 6 
CZTSe and 16 CZTSSe monograin layer solar cells were chosen for temperature 
dependant measurements after room temperature measurements of about 18 
CZTSe and 60 CZTSSe monograin layer solar cells. Results of one CZTS, one 
CZTSe, and one CZTSSe monograin solar cell are shown in this thesis. 
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Fig. 6. The structure of a monograin layer solar cell. 

 
 

3.2. Fabrication of thin film solar cells with CZTSe absorber 

Thin film solar cells were fabricated at Catalonia Institute for Energy Research, 
IREC, in Barcelona, Spain. They prepared a CZTSe absorber used in this study 
by reactive thermal annealing of metallic Cu/Sn/Cu/Zn precursor stack deposited 
by DC magnetron sputtering onto Mo coated soda lime glass substrates, as 
described elsewhere in more detail [60]. The CZTSe absorber composition was 
measured by X-ray florescence spectroscopy, showing cation ratios of 
Cu/(Zn+Sn)=0.69, Zn/Sn= 1.45, Cu/Zn=1.16, and Cu/Sn=1.69 [III]. The highest 
device performance is reported in this Cu poor Zn rich compositional range. 
According to a recent study, this was attributed even to very Cu poor absorber 
layer devices with especially high Voc values [61]. Solar cells were finished by 
depositing a CdS buffer layer by chemical bath deposition followed by DC-
pulsed sputtered i-ZnO (50 nm) and In2O3:SnO2 (90/10 wt.%; 350 nm, 
R□=50 Ωcm-1) window layer [60, 62]. Prior to CdS deposition, the CZTSe 
absorber was etched using an oxidizing etching to remove possible ZnSe 
secondary phases from the surface, as reported in [60]. The compositional values 
presented here were measured prior to the specific surface etching because time 
between surface etching and buffer layer deposition is crucial to avoid surface 
contamination. Thus, a reduction in Zn composition is expected in the final 
CZTSe absorber layer [63]. Totally we got 144 thin film solar cells (each sized 
with dimensions of 3x3 mm). About half of them were not working. 10 better 
solar cells were chosen for temperature dependant measurements after room 
temperature I-V and IS measurements. The best individual solar cell used for our 
capacitance spectroscopy study and presented in this thesis showed a power 
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conversion efficiency of η = 6.6% with Jsc = 27.2 mA·cm-2, Voc = 383 mV, and 
FF = 64% [III]. 
 

3.3. Admittance spectroscopy and impedance spectroscopy 

AS and impedance spectroscopy measurements were done with the same 
instruments and setup. The impedance Z and phase angle θ were both measured 
as functions of frequency f and temperature T. The temperature varied from 10 K 
to 325 K with a step ∆T = 5 K. For temperature dependent measurements, the 
selected monograin and thin film solar cells were mounted in the closed-cycle 
He cryostat (Janis). The frequency used in our experiments varied in the range of 
20 Hz to 10 MHz. In order to maintain the linearity of the response signal, AC 
voltage was kept as low as 10 mV. AC measurements were conducted in the 
dark and different DC biases were used, i.e 0 V and −0.5 V. The admittance and 
impedance spectra curves were recorded by a Wayne Kerr 6500B impedance 
analyzer. After each measurement, the real and imaginary part of the impedance 
Z’ and −Z’’ were calculated respectively. Measured data were fitted by using the 
ZView (Scribner, USA) computer program, which gives values for the elements 
used in an equivalent circuit, for example, parallel (Rp) and serial resistances 
(Rs), as well as parallel capacitance Cp. 
 
 

3.4. I-V and PL measurements. Temperature dependence of EQE 

Volt-ampere curves of solar cells were recorded using Keithley SourceMeter 
2401 under 100 mW/cm2 illumination. A standard 250 W halogen lamp with 
calibrated intensity was used as a light source.  

In addition, some monograin powders were studied by photoluminescence 
spectroscopy in the temperature range of 10 K to 140 K. For PL measurements, 
a He-Cd laser with the wavelength of 441 nm was used for PL excitation. The 
PL spectra were recorded by a computer controlled SPM-2 monochromator 
(f = 40 cm) together with an InGaAs detector and a DSP Lock-In amplifier SR 
810 [II]. 

To analyze the temperature dependence of the external quantum efficiency 
(EQE) curves, a 250 W calibrated halogen lamp as a light source together with a 
computer controlled SPM-2 prism monochromator were used. Temperature 
range was as wide as from 10 K to 300 K to find changes in the spectral 
response. The generated short circuit current was detected with a DSP Lock-In 
(SR 810) [I]. 

All measurement instruments were controlled by a highly automated 
computer program written in LabVIEW graphical software programming 
environment. 
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4. RESULTS AND DISCUSSION 

4.1. CZTS monograin layer solar cells (Paper I) 

Fig. 7 gives the I-V curve of a CZTS solar cell. As can be seen, this cell shows 
quite poor parameters: Voc = 582.4 mV, Jsc = 7.13 mA/cm2 and the fill factor 
FF = 32%, resulting in a solar energy conversion efficiency of only η = 1.3%. It 
is known that a low efficiency of CZTS cells is mainly related to the high 
recombination losses [64], which can be caused by deep defect levels that act as 
carrier traps or by interface states. However, there are quite few experimental 
results about the deep defect levels in CZTS. Knowledge about the absorber 
surface properties and defect structure enables the electrical properties of the 
CZTS material to be improved by changing the surface composition, e.g. by the 
additional thermal and chemical treatments [14]. 

 
Fig. 7. Current-voltage characteristic of a CZTS 
solar cell with conversion efficiency η = 1.3%. 

 
To study the defects in such CZTS monocrystalline powders, AS was applied to 
that CZTS MGL solar cell. Fig. 8 shows the frequency dependence of the 
capacitance of a CZTS solar cell in the temperature range from 95 K to 300 K. 
An equivalent circuit shown in Fig. 2 was used for the measured impedance data 
fittings and hence for applying equation (2). Formula (3) was used in the 
capacitance calculation. Spectra in Fig. 8 show two steps labelled N1 and N2 
(similarly found for CuInSe2 in [50]) that are attributed to the charging and 
discharging of two deep levels within the SCR of the heterojunction. The N2 
capacitance step appears at lower frequencies and higher temperatures and 
corresponds therefore to a contribution of deeper defect level than N1. In 
accordance with the theory, the steps in the C-f spectrum shift towards higher 
frequencies with increasing temperature T. The height of the capacitance steps 
corresponds to the defect level contribution to the total capacitance. 
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Fig. 8. The capacitance spectra of a CZTS solar cell 
as a function of frequency and temperature at 0 V 
bias. Two steps labelled N1 and N2 are indicated by 
arrows. 

 

 
Fig. 9. The Arrhenius plot showing the calculated 
activation energies of the defect levels EA1 = 120 meV 
and EA2 = 167 meV corresponding to the two 
capacitance steps N1 and N2, respectively, measured 
at bias 0 V. 

For the two capacitance steps, an Arrhenius plot of the quantity ln(ωt/T2) versus 
1000/T is shown in Fig. 9. The inflection frequencies ωt1 and ωt2 for every 
temperature corresponding to steps N1 and N2, respectively, were determined 
from the analysis of the first derivative dC(ω)/dω. The obtained activation 
energies EA1 = 120 ± 1 meV and EA2 = 167 ± 8 meV are attributed to a defect 
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distribution peaking at the corresponding energetic distance from the delocalized 
band edges. 

The deep defect state with an activation energy of 120 ± 1 meV was present 
in different CZTS solar cells while the second state with an activation energy of 
167 ± 8 meV had somewhat different properties in different cells. The activation 
energy of the latter defect state varied in different cells and was dependent on 
the applied bias voltage (0 V, -1 V). This is not expected for bulk defect states, 
which do not depend on different bias voltage. On the other hand, in the case of 
reverse biasing, the SCR is widened and the position of the interface states with 
respect to the Fermi level and the band edges changes. Consequently, we 
attributed the N2 capacitance step to the contribution of interface states. 

The temperature dependence of the external quantum efficiency curves of the 
corresponding monograin layer solar cells shows a shift of the long wavelength 
edge with increasing temperature by about 110 meV towards higher energy, see 
Fig. 10. At long wavelength side, no light is absorbed with lower than the 
bandgap energy. In reality, the EQE for solar cells is reduced due to 
recombination losses, low diffusion lengths and reflections. The inset in Fig. 10 
plots EQE curves with energy response is reduced at low energy side. Fig. 10 
shows also the maximum points of the first derivatives of the external quantum 
efficiency curves at different temperatures. This shift seems to be related to the 
first defect state found from AS experiments. At low temperatures, this 
(probably acceptor) state contributes to the absorption and causes a shift of the 
EQE curve. According to the first-principles calculations made by Chen et al. 

[36], the p-type conductivity of CZTS is mainly determined by a 
ZnCu acceptor 

defect having a quite deep level at EA = 0.12 eV. Accordingly, the deep acceptor 
level observed in AS measurements with the matching activation energy could 

be assigned to 
ZnCu  acceptor defect. Later, other research groups have come to 

the same conclusions [65, 66]. 

 
Fig. 10 Temperature dependence of the maximum 
points of the first derivative of the EQE curves. 
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4.2. CZTSe and CZTSSe monograin layer solar cells (Paper II) 

Defect levels in CZTSe and CZTSSe monograin layer solar cells were 
investigated by admittance and photoluminescence spectroscopy. Two defect 
states were seen in both materials by AS. While the prepared CZTSe/CdS 
heterojunction was measured twice by AS, the first measurement after the 
preparation is referred to as the measurement of the fresh device. Then, two 
months later, the same CZTSe/CdS heterojunction (called aged device) was 
measured again. Between the measurements, no treatments on this 
heterojunction were performed. Different solar cell CZTSSe/CdS 
heterojunctions were studied and results of Cu2ZnSn(Se0.75S0.25)4 absorber 
material are presented. 

 
 

4.2.1. Results found by admittance spectroscopy 
measurements 

Admittance spectroscopy studies of CZTSe/CdS heterojunctions showed that 
properties of a solar cell change during time. In this chapter, these results are 
presented. 

The temperature dependence of Z’ versus -Z’’ graph of an aged CZTSe/CdS 
heterojunction is shown in Fig. 11. At any temperature, each curve consists of 
one arc, and the corresponding equivalent circuit (see Fig. 11 inset) was used for 
fitting the arcs. From the fittings, the series resistance Rs values at each 
temperature were found. The Rs values were used to calculate the capacitance. 
The capacitance C versus ω graphs are shown in Fig. 12. 

 

Fig. 11. Z’ versus -Z’’ graph of the aged CZTSe/CdS 
heterojunction. Equivalent circuit shown was used 
for fitting the arcs and finding Rs values at each 
temperature. Y-axis offset for arcs is set to 50%. 
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Fig. 12. The capacitance C versus ω graph of the aged 
CZTSe/CdS heterojunction. Steps corresponding to 
inflection frequencies are indicated by arrows. Y-axis 
offset for lines is set to 25%. 

 

 
Fig. 13. The derivative -ωdC/dω versus ω graph of 
the aged CZTSe/CdS heterojunction depicts maxima 
where corresponding inflection frequencies ω0 are 
used for Arrhenius plot. Y-axis offset for lines is set 
to 50%. 

 
Fig. 13 shows the –ωdC/dω versus ω graph of an aged CZTSe/CdS 
heterojunction. This graph shows two maxima. Analogous dependences were 
found in the CZTSSe/CdS heterojunction. Fig. 14 shows Arrhenius plots for all 
CZTSe measurements. All activation energies found by AS are presented in 
Table. 1. The value of the activation energy at the higher frequency 
corresponding to EA2 state showed almost no changes during the ageing time. 
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Fig. 14. The Arrhenius plot of the CZTSe/CdS 
heterojunction showing the activation energy values, 
where EA2 are for defect state and EA1 for interface 
states. White symbols and EA2 and EA1 correspond to 
the fresh device measurement, the black filled 
symbols and EA2

* and EA1
* show results for an aged 

device. All dependencies were fitted with a linear 
function. 

 
At lower frequency (EA1 state), the fresh heterojunction shows quite different 
activation energy (87 ± 3 meV) compared to the same but aged heterojunction 
(100 ± 3 meV). These activation energies were found by measuring impedance Z 
and phase angle θ versus frequency f, and calculating capacitance C by 
employing an equivalent circuit, where a series resistor Rs is followed by a 
resistor Rp and a capacitor connected in parallel, (Rs and Rp cover series 
resistance of a structure, wires, contacts etc., and shunt resistance of the junction, 
accordingly). Inverse temperature versus the natural logarithm of angular 
frequencies ω that correspond to the capacitance step showed linear dependence 
and was used to calculate activation energy. 

 
Table 1. Activation energies found by AS of the measured heterojunctions and by 
PL of the monograin powders. Results for an aged device are in brackets.  

Material 
AS results PL results 

EA1, meV EA2, meV ET, meV 

Cu2ZnSn(Se0.75S0.25)4 154 ± 7 25 ± 5 39 ± 5 

Cu2ZnSnSe4 87 ± 3 (100 ± 3) 75 ± 2 (74 ± 2) 69 ± 4 
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The change (from 87 ± 3 to 100 ± 3 meV) in the second activation energy 
corresponding to EA1 state can probably be assigned to interface states. Possible 
change of interface properties with time could cause this change of activation 
energy. The stable activation energy at 74 ± 2 meV is obviously related to some 
deep acceptor defect state. In CZTS, the activation energy of 120 ± 1 meV 

belonged to 
ZnCu  acceptor defect [I, II]. Considering that the activation energy 

of a defect varies with the bandgap of different materials, i.e for similar 
compounds CuInSe2 and CuInS2 [67, 68], 74 ± 2 meV of CZTSe could to be 

related to the same 
ZnCu  acceptor defect. But this assumption needs some 

further studies. As in CZTSe, the p-d hybridization is smaller and the valence 

band is higher, it is expected that the activation energy of the 
ZnCu  defect 

decreases with increasing Se concentration in Cu2ZnSn(SexS1-x)4 [69]. As 

materials inspected are deficient in copper, 
CuV  acceptors should also be 

present. Moreover, donor-acceptor defect complexes are also expected in this 

material. In CZTS and CZTSe, the 
ZnCu  antisite is a deeper acceptor than 

CuV  

[36] and therefore can be detected by AS.  
In CZTSSe, activation energies of EA1 = 154 ± 7 meV and EA2 = 25 ± 5 meV 

were found (see Fig. 15). The EA1 with changing properties was attributed to the 
interface states and the second EA2 belongs to some acceptor defect. 

 

 
Fig. 15. Activation energies in CZTSSe
solid solution found by AS and PL
measurements. 
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4.2.2. Photoluminescence measurements  

CZTSe and CZTSSe absorber materials were studied also by photoluminescence 
spectroscopy. Fig. 16 (b) shows normalized PL spectra of the CZTSe and 
Cu2ZnSn(Se0.75S0.25)4 monograins measured at T = 10 K. Both PL spectra show 
an asymmetric PL band at 0.946 eV for CZTSe and at 1.028 eV for 
Cu2ZnSn(Se0.75S0.25)4 . The asymmetric shape of the PL bands is an indication of 
the presence of spatial potential fluctuations in the material [70] that is caused by 
high concentration of randomly distributed charged defects. The potential 
fluctuations are often found in multinary compounds where the native defect 
concentrations are usually very high [16, 26, 29]. These potential fluctuations 
lead to a local perturbation of the electronic band structure, thus broadening the 
defect level distribution and forming band tails [70]. Radiative recombination in 
the material containing spatial potential fluctuations can mainly arise from three 
different recombination channels. First, in a band-to-band recombination, a free 
electron recombines with a free hole. Second, in a band-to-tail recombination, a 
free electron recombines with a hole that is localized in the potential wells of the 
valence band tail. Third, in a recombination, a free electron recombines with a 
hole that is localized on a deep acceptor level, deep enough not to overlap with 
the valence band tail.  

Temperature dependent and excitation power dependent measurements of the 
PL spectra indicate that the PL bands result from the band-to-impurity 
recombination. A strong blue-shift with a magnitude of 17 meV per decade for 
CZTSe and 11 meV per decade for Cu2ZnSn(Se0.75S0.25)4 with increasing 
excitation power was detected. Arrhenius plots derived from the temperature 
dependencies of the PL spectra [29] together with the fitting curves are 
presented in Fig. 16 (a). For fitting the temperature dependence of the integral 
intensity, the following formula was used [71]: 
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where ET is the activation energy. ln I versus 103/T is used for Arrhenius plot 
that shows linear behaviour at high temperatures, which is characteristic for 
BI-recombination. The obtained defect ionization energies ET can be found in 
Table 1.  
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Fig. 16. The normalized PL spectra at 10 K (b) [29] 
and Arrhenius plot derived from the temperature 
dependencies of these PL spectra (a). 

 
By summarizing these AS and PL results, defect ionization energies found by PL 
are attributed to the same acceptor defects that were found from AS 
measurements, correspondingly (see Fig. 15). In CZTSSe, the activation energy 
of the EA2 state seems to be unrelated to the same defect as in CZTSe or CZTS. 

 
4.3. Thin film solar cells with a CZTSe absorber (Paper III) 

Impedance spectroscopy and current–voltage characteristics measurements were 
applied to investigate properties of the thin film solar cell made with the 
Cu2ZnSnSe4 absorber material. The solar cell showed efficiency of 6.6%. 
Temperature dependence of the open circuit voltage (Voc) derived from I-V 
measurements with varied temperature from T = 10 K to T = 325 K showed a 
linear part in the range of 250 K to 325 K (see Fig. 17). It is known that the 
temperature dependence of Voc near the room temperature can be presented as in 
[72, 73, 74]: 
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where IL, EA,Voc, n, k are the photocurrent, an activation energy, the diode 
ideality factor and the Boltzmann constant, respectively. The constant q is the 
electrical charge on the electron and I00 is obtained from the temperature 
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dependence of the dark saturation current I0. In good solar cells –IL ≈ Isc, where 
Isc is a short circuit current, I0 equals [72, 73]: 
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In general, the activation energy EA,Voc and also I00 depend mostly on the 
dominating recombination mechanism in the solar cell. In the case of the bulk 
recombination EA,Voc ≈ Eg, where Eg is the bandgap energy of the absorber 
material. 

Linear fitting of temperature dependence of Voc showed that 
EA,Voc= 962 ± 4 meV (see Fig. 17), which is in good agreement with the bandgap 
energy of CZTSe that is expected to be in the vicinity of 1 eV [75, 16]. Hence, 
the dominating recombination mechanism seems to be the bulk recombination. 
 

 
Fig. 17. Temperature dependence of Voc of the best 
CZTSe thin film solar cell. 

 
According to the temperature dependence of jsc, three different temperature 
regions can be distinguished, see Fig. 18. Similar behaviour with different 
temperature ranges where electrical parameters change was also seen in CZTS 
[76]. At temperatures T > 150 K (region I), the series resistance Rs decreases 
with increasing temperature, indicating the thermal activation of carriers. In this 
region, Rs can be calculated by: 

 

)/exp(0 kTERR ASS  ,    (13) 

where Rso covers all parameters that are temperature independent and EA is an 
activation energy. Using equation (13), the activation energy 
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EAI = 23.4 ± 0.2 meV was found in the temperature range from 175 K to 285 K 
(region I). Similar values in kesterites have been reported before, for example, 
29 – 48 meV [77, 78]. In our sample, the activation energy of 23.4 meV is 
related to grain boundaries or some shallow acceptorlike defect.  
 

 
 
Fig. 18. Temperature dependence of jsc. Insets show 
activation energies found in region I and II. 

 
At intermediate temperatures (region II, T = 50 K to 150 K), another thermally 
activated process appears. Using equation (13), the activation energy 
EAII = 33.8 ± 0.8 meV was found in the temperature range from T = 75 K to 
150 K. In our previous studies [29, 16, 26], this activation energy was related to 
the potential fluctuations of valence band edge, i.e. energy needed by holes to 
cross barriers created by these potential fluctuations. According to the literature, 
the root mean square depth of the potential well γ in CZTSe is usually in the 
range γ = 20 – 30 meV [29, 16, 26]. At the same time, it is shown that in region 
II, the dependence of the series resistance on the temperature changes and a 
typical Mott’s variable-range hopping conduction starts to emerge [79]. This 
behaviour is expected in all heavily doped materials where spatial potential 
fluctuations create deep potential wells for holes. At the same time, we also 
expect the increasing role of bulk recombination in region II, as previously seen 
in CZTS [76]. At low temperatures (T ≲ 150 K), the carriers, here holes, can 
occupy shallow acceptor states in the band gap. These states can arise from 
intrinsic defects or impurities or their interaction. At a sufficiently high 
concentration of these states, but below the critical Mott concentration, 
overlapping of carriers wave functions could form the so-called impurity band 
[80]. In such a case, charge carriers have the possibility of moving from one 
shallow impurity state to another one at their spatial neighbourhood and 
conduction in the impurity band is expected [79]. These different processes 
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could all be present and therefore we do not focus so much on activation energy 
here. 

At low temperatures (region III, T = 10 K – 50 K), maximum of series 
resistance is present. By analyzing jsc and I-V graphs (see Fig. 19), it can be seen 
that I-V curves have similar shapes symmetrically to both sides of 50 K. Also, 
impedance curves have quite the same patterns symmetrically to the temperature 
of T = 50 K in the Nyquist plot (compare the complex impedances at 10 K and 
100 K in Fig. 20). The sudden drop of resistance below 50 K seems to be related 
to the blocking of the interface recombination. The rapid change in the series 
resistance can occur because of cooling down of recombination processes: 
generated holes are unable to tunnel through the potential barrier into the 
interface region between CZTSe and CdS. Therefore, the interface 
recombination rate must be very small at these very low temperatures 
(T = 10 K – 50 K). Similarly, in CZTS, at very low temperatures (T < 40 K), the 
effective bandgap energy *

gE  and series resistance Rs showed steep changes and 

this behaviour was interpreted as a hole blocking at a CZTSe/CdS heterojunction 
[76]. 

 

 
 
Fig. 19. Temperature dependence of jsc. Inset shows
I-V curve shape similiarity equally to both sides of 
50 K at different temperatures. 
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Fig. 20. Nyquist plots. Selection of impedance curves 
of the CZTSe thin film solar cell in the logarithmic 
scale at temperatures 250 K, 100 K and 10 K. 
 

The temperature dependence of Z’ and −Z’’ of the CZTSe thin film solar cell is 
shown in Fig. 20. 

Our measured impedance curves in the Nyquist plot in the whole temperature 
range can be fitted by applying an equivalent circuit, where a series resistor is 
followed by a resistor and a capacitor connected in parallel and followed by 
additional elements (Rp2 and CPE) connected in parallel (circuit A in Fig. 21). 
The used complex impedance of a constant phase element ZCPE is expressed by 
the equation: 

,
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P

CPE
CPE iC

Z


     (14)  

where CCPE is equal to capacitance C if parameter P = 1. ω stands for an angular 
frequency. But fitting of high temperature IS curves is also satisfactory with an 
equivalent circuit, where a series resistor is followed by a resistor and a 
capacitor connected in parallel (circuit B in Fig. 21). Fig. 21 shows both 
theoretical fittings and experimental data curves. In Fig. 22, the deviation 
between theoretical and experimental impedance data is shown. It is clearly seen 
that at room temperature there is no difference between fittings with circuits A 
and B, but the deviation between fitted and measured |Z| is increasing at higher 
frequencies. At low temperatures, i.e T ≲ 150 K, the equivalent circuit B was not 
suitable at all, and the equivalent circuit A fitting deviation of measured |Z| is 
enormously high (more than 50%) at quite high frequencies. Obviously, 
condition Rs << (ωC)-1 [47] is not satisfied at higher frequencies. It was checked 
by calculations and found that this condition is satisfied at frequencies 
f < 3.7 MHz at 100 K and at f < 250 kHz at room temperature. 
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Fig. 21. Measured impedance of the CZTSe solar cell 
and fittings results with corresponding equivalent 
circuits. Better fit was obtained by A. Commonly 
used equivalent circuit B is unsuitable at lower 
temperatures T ≲ 150 K. At room temperature, the 
difference was insignificant. 
 

 

 
Fig. 22. Fitting deviations of |Z| vs. frequency at 
temperatures 295 K and 100 K of the CZTSe solar 
cell. 
 

 
Moreover, measurement instrumentation capabilities have limits and affect 
measurement data. At low frequency, fittings deviation of |Z| was not significant. 
Hence, IS results at higher frequencies are not trustworthy, and the fittings 
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deviation of measured |Z| coincides with neglecting of the condition 
Rs << (ωC)-1. 

When assuming series inductance to be insignificant or absent, equivalent 
circuit B can be described by equation (2) and the capacitance can be calculated 
by (3) if the equivalent circuit B is applied to the fittings. In the equivalent 
circuit A, CPE is used and in this case, equations (2) and (3) would take much 
more complicated form and the calculation of capacitance is not straightforward. 
Thus, in the case of our studied CZTSe thin film solar cell capacitance should be 
derived by using equivalent circuit B and valid results are obtained only at 
higher temperatures (T = 150 K to 325 K). However, IS results are also 
beneficial in this low temperature range because they add complementary or 
confirmative details about the processes. 

Temperature dependence of electrical parameters seen by IS in the CZTSe 
thin film solar cell at T ≲ 150 K can be explained by grain boundaries, see Fig. 
23. Some interface states at grain boundaries seem to be affected and change 
electrical properties of the studied cell at low temperatures. These states may not 
show a real capacitance, but can be explained by constant phase element in the 
equivalent circuit. This extra capacity is caused by holes being captured by 
interface states in grain boundaries, which are below the Fermi level and 
released by states, which are above the Fermi level. If the cell is contacted and is 
being electrically disturbed, then the band bending and hence crossing between 
the Fermi level and interface states change. As a result, the charging or 
discharging of these states appears and capacitance can be detected.  

 
Fig. 23. Grain boundary between grains in a thin film 
solar cell. Some interface states are affected at quite 
low temperatures, which influences fittings of the 
measured data. 

 
 
Resulting from such capacitance changes at low temperatures T ≲ 150 K, where 
grain boundary states are affected, we need to add extra elements to our 
equivalent circuit. At high temperatures (T = 150 K – 325 K), where grain 
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boundary states do not contribute to capacitance, both equivalent circuits give an 
excellent result. This low temperature (T = 10 K – 150 K) behaviour, which 
requires the use of CPE and is present in the studied CZTSe thin film solar cells, 
was not seen in our previous research on monograin solar cells, where the role of 
grain boundaries was not so notable [I, II]. 

Studies of the CZTSe thin film solar cell by IS and current–voltage 
characteristics showed some differences between thin film and monograin solar 
cells. The results obtained contribute to knowledge about the processes in these 
solar cells. 
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5. CONCLUSIONS 

1. Deep defects in CZTS monograin layer solar cells were studied by 
admittance spectroscopy and temperature dependence of the quantum 
efficiency curves. 

a. The AS studies revealed two deep defect states at 
EA1= 120 ± 1 meV and at EA2= 167 ± 8 meV that were assigned 

to a 
ZnCu  deep acceptor defect and to interface states, 

respectively. 
b. A shift in the temperature dependence of the EQE curves by 

about 110 meV towards higher energy resulted from the 
contribution of this deep acceptor to the absorption at low 
temperatures. 

2. Admittance spectroscopy and PL were used to investigate defect levels 
in CZTSe/CdS and Cu2ZnSn(Se0.75S0.25)4/CdS monograin 
heterojunctions. Two defect states were observed in both materials. 

a. The unstable defect state showed activation energies from 
87 ± 3 meV to 100 ± 3 meV in CZTSe. This was attributed to 
the interface states. The stable deep defect state in CZTSe was 

found to be at 74 ± 2 meV, which was attributed to 
ZnCu  

acceptor defect. A close activation energy was found also by 
PL. 

b. In CZTSSe, activation energies 154 ± 7 meV and 25 ± 5 meV 
were found by AS and were attributed to the interface states and 
to an acceptor defect, correspondingly. Similar activation energy 
was found by PL. 

3. Impedance spectroscopy and volt-ampere measurements were used to 
characterize the CZTSe thin film solar cell. Three different temperature 
ranges where electrical properties change were obtained. 

a. IS showed that some interface states at grain boundaries are 
affected at low temperatures. These states were described by a 
constant phase element in an equivalent circuit. 

b. Dominating recombination mechanism was the bulk 
recombination. 

c. Temperature dependence of jsc showed that in the range from 
175 K to 285 K, some shallow acceptorlike defect or the grain 
boundaries dominate. At intermediate temperatures from 75 K 
to 150 K, different processes like carrier localization in potential 
wells, radiative recombination and Mott’s variable-range 
hopping conduction start to affect. At low temperatures 
below 50 K, the blocking of the interface recombination is 
present.   
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ABSTRACT 

The aim of the present thesis was to characterize monograin solar cells 
consisting of absorbers Cu2ZnSnS4, Cu2ZnSnSe4 and their solid solution 
Cu2ZnSn(SxSe1-x)4, and thin film solar cells with a Cu2ZnSnSe4 absorber layer. 
The thesis is based on three publications. To study defects in these materials, we 
used mostly admittance and impedance spectroscopy methods. Volt-ampere 
characteristics, photoluminescence, and temperature dependence of the quantum 
efficiency were supplemental methods. Monograin solar cells were prepared by 
other researchers at the Department of Materials Science in Tallinn University of 
Technology (TUT). Thin film solar cells were sent to us from Catalonia Institute 
for Energy Research, IREC, in Barcelona, Spain. The author did his earlier 
measurements in the Department of Materials Science of TUT. Later, new 
equipment was set up by the author in the Department of Physics of TUT, where 
further measurements were conducted. 

In CZTS, two deep defect states (EA1 = 120 meV and at EA2 = 167 meV) were 

found by admittance spectroscopy and assigned to a 
ZnCu  deep acceptor defect 

and to interface states, respectively. A shift in the temperature dependence of the 
quantum efficiency curves by about 110 meV towards higher energy was 
suggested to result from the contribution of this deep acceptor to the absorption 
at low temperatures. 

Admittance spectroscopy was also used to investigate defect levels in 
CZTSe/CdS and Cu2ZnSn(Se0.75S0.25)4/CdS heterojunctions. Two defect states 
were observed in both materials by AS. The unstable defect state showed 
activation energies from 87 meV to 100 meV in CZTSe. This defect state was 
attributed to the interface states because a possible change of interface properties 
with time could cause a change of activation energy. The stable deep defect state 

in CZTSe was found to be at 74 meV and this could belong to 
ZnCu  acceptor 

defect. However, this assumption needs further studies. In CZTSSe, activation 
energies 154 meV and 25 meV were found. In addition, these materials were 
studied by photoluminescence spectroscopy. Activation energies for CZTSe and 
for Cu2ZnSn(Se0.75S0.25)4 found by AS were attributed to the same acceptor 
defects that was seen by PL.  

Impedance spectroscopy and volt-ampere characterization were used to 
characterize the CZTSe thin film solar cell. Different temperature ranges where 
electrical properties change were observed. Fittings of impedance data showed 
that some interface states at grain boundaries are affected at low temperatures. 
These states can be described by constant phase element in an equivalent circuit. 
Linear fitting of temperature dependence of Voc showed activation energy 
EA = 962 meV, which is in good agreement with the bandgap of CZTSe. Hence, 
the dominating recombination mechanism seemed to be the bulk recombination 
in the studied thin film solar cell. From the temperature dependence of jsc, the 
activation energies were found. In the temperature range from 175 K to 285 K, 
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the activation energy of EAI = 23.4 meV is related to the energy needed to cross 
the grain boundaries or some shallow acceptorlike defect. At intermediate 
temperatures from 75 K to 150 K, different processes like carrier localization in 
potential wells, radiative recombination and Mott’s variable-range hopping 
conduction start to affect, showing an activation energy of EAII = 33.8 meV.  
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KOKKUVÕTE 

 
Kaasaja päikeseenergeetika põhiprobleem on liiga kõrge energiahind. 
Odavamate päikesepatareide valmistamiseks saab kasutada näiteks uut tüüpi 
absorbermaterjale – kesteriite. Kuid nende materjalide kasutegurid on liiga 
madalad. Et teada saada, mis seda põhjustab, on vaja välja selgitada antud 
materjalide fundamentaalsed põhiomadused. Paraku on neid materjale eriti vähe 
uuritud just kõrgsageduslike mahtuvuslike meetoditega. Eesmärk oli täita see 
tühimik, kogudes teavet eksperimentaalsete mõõtmistega nende materjalide 
defektstruktuuri kohta.  

Käesolevas kolmel publikatsioonil põhinevas doktoritöös on kasutatud 
põhiliselt näivjuhtivuse- ja impedantsspektroskoopia meetodeid, et uurida 
kesteriitide Cu2ZnSnS4, Cu2ZnSnSe4 ja nende tahke lahuse Cu2ZnSn(SxSe1-x)4 
baasil valmistatud päikesepatareisid. Lisaks kasutati volt-amper karakteristikuid, 
fotoluminestsentsspektroskoopiat ja kvantefektiivsuse spektrite 
temperatuursõltuvusi. Monoterakihilised päikesepatareid valmistati Tallinna 
Tehnikaülikooli materjaliteaduse instituudis. Õhukesekihilised päikesepatareid 
valmistati Barcelonas IREC-i keskuses.  

Absorbermaterjalis Cu2ZnSnS4 leiti näivjuhtivuse spektroskoopiaga kaks 
defektitaset (EA1 = 120 meV ja EA2 = 167 meV), mis omistati vastavalt sügavale 

aktseptoritasemele 
ZnCu  ja piirpinna olekutele. Lisaks ilmnes kvantefektiivsuse 

spektrite temperatuursõltuvusest, et see leitud sügav aktseptordefekt mõjutas 
neeldumist ning põhjustas efektiivse keelutsooni energia nihke suurusega 
110 meV kõrgema energia suunas. 

Näivjuhtivuse spektroskoopiat kasutati ka Cu2ZnSnSe4/CdS ja 
Cu2ZnSn(Se0.75S0.25)4/CdS heterosiirete defektitasemete uurimiseks. Mõlemas 
materjalis leiti kaks defektitaset. Absorbermaterjali Cu2ZnSnSe4 ebastabiilse 
defektitaseme aktivatsioonienergiad muutusid aja jooksul vahemikus 87 meV 
kuni 100 meV. See tase omistati piirpinna olekutele, kuna ajas toimuvad 
piirpinna olekute muutused võivad põhjustada aktivatsioonienergia muutusi. 
Cu2ZnSnSe4 stabiilne defektitase oli aktivatsioonienergiaga 74 meV ja omistati 


ZnCu  aktseptordefektile. Absorbermaterjalis Cu2ZnSn(Se0.75S0.25)4 leiti 

elektriliselt aktiivsete defektide aktivatsioonienergiad 154 meV ja 25 meV. 
Lisaks uuriti neid materjale fotoluminestsentsspektroskoopiaga. Näivjuhtivuse 
spektroskoopiaga leitud defektide aktivatsioonienergiad langesid kokku 
fotoluminestsentsist leitud aktivatsioonienergiatega. 

Õhukesekileliste Cu2ZnSnSe4 päikesepatareide uurimisel kasutati 
impedantsspektroskoopia ja volt-amper karakteristikute temperatuursõltuvusi. 
Tehti kindlaks erinevad temperatuuripiirkonnad, kus elektrilised omadused 
oluliselt ja erinevalt muutuvad. Impedantsspektroskoopia mõõtmised näitasid, et 
terade piirpinna olekud avaldavad erilist mõju madalatel temperatuuridel. 
Vastavaid olekuid saab elektriskeemis kirjeldada konstantse faasielemendiga. 
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Volt-amper karakteristikutest leitud avatud ahela pinge Voc 
temperatuursõltuvusest saadi aktivatsioonienergia EA = 962 meV, mis on 
energeetiliselt küllaltki sarnane Cu2ZnSnSe4 keelutsooni laiusega. Seega on 
uuritud päikesepatareide domineerivaks rekombinatsioonimehhanismiks 
rekombinatsioon absorberi neutraalses ruumiosas. Lühisvoolu jsc 
temperatuursõltuvusest leiti samuti aktivatsioonienergiad. Näiteks, 
temperatuurivahemikus T = 175 - 285 K leiti aktivatsioonienergia 
EAI = 23.4 meV, mis suure tõenäosusega on seotud teradevaheliste barjääridega. 
Keskmiste temperatuuride (T = 75 - 150 K) juures kerkivad esile 
laengulõksudena käituvad potentsiaaliaugud, kiirguslik rekombinatsioon ja Motti 
muutuva kaugusega hüpakjuhtivus, mis näitab aktivatsioonienergiat 
EAII = 33.8 meV. 

Töö tulemusena võib öelda, et mahtuvusspektroskoopiliste meetoditega on 
võimalik saada väga olulist teavet uuritud kesteriitsete materjalide 
defektstruktuuri kohta. Saadud tulemused näitavad, et neid meetodeid võib 
rakendada edaspidigi selliste materjalide uurimiseks. Nende uurimuste 
tulemusena on võimalik tõsta nendest materjalidest valmistatud päikesepatareide 
kasutegureid. 
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APPENDIX A1 

 
 
 
 
 
 
 
 
 
 
 
 

Article I 
 

E. Kask, T. Raadik, M. Grossberg, R. Josepson, J. Krustok. Deep defects in 
Cu2ZnSnS4 monograin solar cells. Energy Procedia 10 (2011) 261-265. 
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APPENDIX A2 

 
 
 
 
 
 
 
 
 
 
 
 

Article II 
 

E. Kask, M. Grossberg, R. Josepson, P. Salu, K. Timmo, J. Krustok. Defect 
studies in Cu2ZnSnSe4 and Cu2ZnSn(Se0.75S0.25)4 by admittance and 
photoluminescence spectroscopy. Materials Science in Semiconductor 
Processing 16(3) (2013) 992 - 996. 
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Article III 
 

E. Kask, J. Krustok, S. Giraldo, M. Neuschitzer, S. López-Marino, E. 
Saucedo. Temperature dependent electrical characterization of thin film 
Cu2ZnSnSe4 solar cells. Journal of Physics D: Applied Physics 49(8) (2016) 
085101. 
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