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Probing back contact interfaces and hole tunneling in Cu2ZnSnS4 solar cells 
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A B S T R A C T

The temperature-dependent behavior of the short-circuit current density JSC in Cu₂ZnSnS₄ (CZTS) thin-film and 
monograin layer solar cells was investigated over a wide temperature range (20–320 K) to clarify the properties 
of the back contact. All measured JSC(T) characteristics exhibited a distinct S-shaped dependence, indicating the 
presence of a transport barrier at the back interface. A modified Pöschl–Teller potential barrier model, which 
captures the temperature-dependent tunneling of holes, was successfully used to describe this behavior. 
Furthermore, spatial inhomogeneities at the back contact were identified, and the obtained data can be described 
by a Gaussian distribution of barrier heights across the interface.

1. Introduction

Kesterite-based thin-film solar cells, most commonly employing 
Cu2ZnSn(S,Se)4 (CZTSSe) or Cu2ZnSnS4 (CZTS) absorbers, are promising 
photovoltaic devices composed of earth-abundant and non-toxic ele
ments. The current record efficiency of CZTS is 13.2%, and the CZTSSe 
kesterite cells show efficiency of 16.6%. [1] However, their performance 
remains limited by non-ideal recombination and carrier transport 
mechanisms, many of which originate from bulk band tailing and 
interface-related barriers. [2,3] In particular, the back contact as a 
Schottky junction between metal and CZTS has been repeatedly identi
fied as a critical interface where band misalignment, secondary phases, 
or defect-induced dipoles can give rise to an extraction barrier that limits 
carrier collection. [4,5] Temperature-dependent photocurrent mea
surements provide a powerful method for probing such barriers. Under 
short-circuit conditions, the current density JSC is determined by the 
balance between photogeneration and carrier collection. It is shown that 
the typical Mo/CZTS back contact of kesterite solar cells includes a 
beneficial MoS₂ thin layer, and this layer makes the back contact even 
more complicated. [6] In the absence of transport limitations, one ex
pects only a weak temperature dependence of short circuit current JSC. 
Typically, JSC decreases slightly at low temperatures due to bandgap 
widening and reduced absorption near the band edge. However, at lower 
temperatures, the carrier mobility becomes essential. It is known that 
CZTS is a highly defective material with quite deep potential 

fluctuations. These valence band potential wells can effectively trap 
holes, which decreases both hole mobility and Jsc. For a spatially uni
form barrier, this would lead to a monotonic and strongly activated 
temperature dependence of JSC. Schottky barrier is always composed of 
two contributions: thermionic emission and the tunneling process. 
Thermionic emission is highly sensitive to both the barrier height and 
temperature. [7] Strong electric fields can effectively thin the barrier, 
enabling carriers to tunnel through it, whereas higher temperatures 
facilitate carrier transport over the barrier. In this work, we investigate 
the temperature dependence of JSC in CZTS solar cells over the range 
20–320 K. We observe a pronounced S-shaped behavior that deviates 
strongly from the simple exponential thermionic emission model. 
Furthermore, we find that solar cells fabricated with different back 
contact materials exhibit systematic variations in the shape and slope of 
the JSC(T) dependencies.

2. Experimental details

For a more detailed analysis of JSC (T) dependencies, we selected 
four different CZTS solar cells. Two of them were thin-film (TF) solar 
cells, and two were monograin layer (MG) solar cells. Each cell category 
includes one high-performing cell and one with lower performance. This 
cell selection was made in order to examine the changes in the Jsc(T) 
dependences of CZTS solar cells with widely disparate characteristics as 
well as of back contacts prepared differently. Fig. 1(a) shows the J-V 
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curves for each cell, and obtained parameters can be found in Table 1.
As an illustration, we also show the temperature dependence of the 

TF2 cell's J-V curves in Fig. 1(c). All room-temperature J-V curves were 
measured under standard test conditions (AM 1.5, 100 mWcm⁻²). A 
halogen lamp was employed for low-temperature measurements. 
Temperature-dependent J-V measurements were carried out in the 
temperature region from 20 K to 320 K by using a closed-cycle helium 
cryostat (Janis CCS− 150). The temperature was adjusted up to RT via a 
temperature controller (LakeShore Model 335). Janis cryostat typically 
achieve temperature stabilization accuracies of ±50 mK or better. JSC vs 
T curves are presented in Fig. 1(b). Every curve exhibits a characteristic 
S-shaped behavior.

Thin-film solar cells with the structure Mo/CZTS/CdS/i-ZnO/ITO 
were fabricated using a spin-coated CZTS absorber prepared in 
ambient air from DMSO-based precursors. Mo- coated soda lime glass 
was used as a substrate. Then, the sulfurization process was carried out 
in a graphite box containing 200 mg of sulfur, using an OTF− 1200X 
tube furnace. The temperature was ramped to 650 ◦C within 33 min and 
held at the target temperature for 20 min under an Ar atmosphere at a 
pressure of 8 × 102 Torr. During this process, a thin MoS2 layer was 
formed between the Mo substrate and the CZTS absorber. Post-annealing 
of the complete devices was conducted in air on a hot plate at 300◦C for 
different times using a graphite box. The CZTS absorber layer thickness 
in TF solar cells ranged from 800 and 1200 nm thick. Further details on 
TF solar cell preparation can be found in [8]. CZTS monograin layer 
solar cells are made by first growing tiny single crystals (size ≈ 50 μm) 
of CZTS in a molten KI salt solution at high temperature. These crystals 
are then embedded into a thin polymer layer on a substrate. A thin 
n-type CdS buffer layer is deposited on each grain to form a p–n junction, 
followed by conductive layers for charge collection. Finally, the struc
ture Au/CZTS/CdS/i-ZnO/ZnO:Al is encapsulated to create a functional 
solar cell, where each grain acts as a miniature photovoltaic unit. More 
detailed description of the preparation of MG solar cells can be found in 
[9–11].

3. Results and discussion

The back contact formation differs significantly between the two 
types of solar cells. In TF cells, the Mo/MoS2/CZTS interfaces is formed 
during the high-temperature sulfurization, whereas in MG cells, the p+- 
layer is created by mechanically polishing the CZTS grains before the 
deposition of gold back contacts. The model for CZTS cell back contact is 
given in Fig. 2(a). In both situations, a particular kind of potential 
barrier is present. For actual physical processes, where potential barriers 
are typically defined by bell-like shapes, more straightforward poten
tials, such as rectangular or triangular, are not very suitable. We choose 
the modified Pöschl-Teller potential model for this reason. Naturally, 
this model has an analytical solution, which makes it more appealing 
than, say, a Gaussian potential barrier. Alternatively, tunneling 

processes in semiconductors can be calculated using the Eckart barrier 
model. [12] The Pöschl-Teller barrier has a shape U(x) = U0/cosh ( x

a)
2, 

where (U0, a > 0), a is related to the width of the barrier, U0 is the height 
of the barrier, see Fig. 2(b). This modified Pöschl–Teller potential barrier 
has a solution: [13–15]

TR =
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where u0 = m∗a2U0/ℏ2 and ϵ = m∗a2E/ℏ2, m* is a hole effective mass in 
CZTS (m* = 6.47*10− 31 kg [16]), and E = kT is a holes thermal energy, 
where k is the Boltzmann constant. TR has values between 0 and 1, u0 
and ϵ are dimensionless parameters. In this case the temperature 
dependence of JSC can be fitted with 

JSC (T) = Jmin +(Jmax − Jmin) ∗ TR(T) (2) 

where Jmin and Jmax are JSC values at T = 20 and 320 K, respectively. A 
theoretical TR(T) shape with various barrier height U0 values is dis
played in Fig. 2(c). The experimentally measured S-shape curves and the 
TR (T) shape are similar. Consequently, we fitted measured curves using 
Eq. 2. The fitting parameters are listed in Table 1, and the fitting results 
are shown as continuous lines in Fig. 1(b).

The Jsc(T) fittings in Fig. 1(b) exhibit significantly different 
Jminvalues at low temperatures, where the theoretical TR approaches 
zero. This behavior suggests that the barrier height U0 is not uniform, 
but instead follows a spatial distribution. The spatial distribution of 
barrier heights is clearly absent in a fully homogenous Schottky junc
tion, and the JSC(T) curve will have longer horizontal sections close to 
Jmin and Jmax. The behavior of TF2 cell is a good example, see Fig. 1
(b). However, the spatial homogeneity of the junction will not have an 
impact on the barrier height determined by the fitting. For inhomoge
neous back contact, it is simply an average barrier height. In Ref. [17], 
the spatial distribution of solar-cell properties in CZTSSe monograin 
solar cells was investigated using light-beam-induced current (LBIC) and 
electroluminescence (EL) measurements. The study showed that the 
spatial distribution of the generated current and the EL intensity follows 
a Gaussian profile. The same distribution function has been widely used 
to describe the spatial variation of barrier heights in inhomogeneous 
Schottky diodes. In this case, the barrier height is assumed to follow a 
Gaussian distribution: 

P(ϕ) =
1

σ
̅̅̅̅̅̅
2π

√ exp

(

−
(ϕ − ϕ0)

2

2σ2

)

, (3) 

where P is a probability, ϕ0 is the mean barrier height, ϕ is a local barrier 
height, and σ is the standard deviation characterizing barrier-height 
fluctuations. Since the current preferentially flows through regions 
with lower barrier heights, an effective barrier height ϕeff can be 

Fig. 1. (a) Room temperature J-V curves and (b) temperature dependence of JSC for 4 different CZTS solar cells. The fitting result is shown as continuous lines. (c) 
Temperature dependent J-V curves of the TF2 cell.
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defined: [18]: 

ϕeff = ϕ0 −
qσ2

2kT
, (4) 

where q is the elementary charge, k is the Boltzmann constant, and T is 
the absolute temperature. According to Eq. 4, the effective barrier height 
decreases with decreasing temperature because charge transport be
comes increasingly dominated by low-barrier regions. Conversely, at 
higher temperatures, the contribution of regions with different barrier 
heights becomes more uniform, causing ϕeff to approach the mean 
barrier height ϕ0. The parameter σ, which determines the width of the 
Gaussian distribution, governs the temperature dependence of ϕeff : 
larger values of σ indicate greater barrier-height inhomogeneity and 
result in a more pronounced reduction of the effective barrier height at a 
given temperature. Barrier inhomogeneity can be caused by a variety of 
factors, including non-uniformity of the interfacial charges, grain 
boundaries, and compositional or potential fluctuations. [19–22] Larger 
values of the distribution width indicate more inhomogeneous junction 
properties. At low temperatures, regions with lower barriers dominate 
the current transport and give rise to Jmin. Consequently, the current 
predominantly flows through these low-barrier regions, leading to 
non-zero Jminvalues. As the temperature increases, more carriers acquire 
enough energy to overcome higher barriers, resulting in an increase in 
Jsc. [20,23] Near room temperature, nearly all generated holes can 
penetrate the barriers, causing the JSC behavior to exhibit a saturation; 
see Fig. 1(b). Although some extremely high barriers continue to affect 
hole tunneling at room temperature due to the Gaussian distribution of 
barrier heights, the TF cells exhibit nearly perfect saturation, as shown 
in Fig. 1(b). It means that MG cells have a wider distribution of barrier 
heights. Although we did not consider the temperature dependence of 
the series resistance Rs, barrier height, or the band gap energy Eg, the 
fitting results indicate that the hole transport at low temperatures of all 
cells may be affected significantly by quantum mechanical tunneling 
through the back-contact barrier, while at room temperature all cells 
approach ohmic behavior.

4. Conclusions

In conclusion, we investigated the temperature dependence of JSC in 
various CZTS solar cells over the 20–320 K range to examine back 
contact behavior. All measured JSC(T) curves exhibited an S-shaped 
profile, which was analyzed using a modified Pöschl–Teller potential 
barrier model. The tunneling probability of holes through this barrier 
also displayed an S-like temperature dependence. The average barrier 
height was found to range from 36 to 64 meV. In addition, the experi
mental data can be satisfactorily described by assuming a Gaussian 
distribution of the back-contact barrier height. Such a distribution is 
physically plausible, as the barrier height is expected to vary spatially 
due to interface nonuniformities and irregularities at the back-contact 
interface. While all solar cells approach ohmic behavior at ambient 
temperature, hole tunneling through the rear contact barrier becomes 
important at temperatures below 300 K.
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Table 1 
Parameters obtained from J-V curves and fitting parameters for all solar cells. The last column shows the quality of fitting (R² values).

Cell η (%) VOC (mV) FF (%) JSC (mA/cm2) Uo (meV) a (nm) Jmin (mA/cm2) Jmax 

(mA/cm2)
R2

MG1 9.0 735.4 69.0 17.7 59.2 2.4 6.7 19.6 0.9993
MG2 5.1 725.9 55.7 12.7 38.3 1.9 3.7 12.1 0.9978
TF1 8.9 670.3 61.3 21.8 35.8 3.2 11.1 20.1 0.9988
TF2 6.9 616.6 53.3 21.2 64.0 4.5 2.9 20.6 0.9994

Fig. 2. Back contact model for CZTS solar cells (a); the shape of a potential barrier for holes in CZTS solar cells (b); calculated transmission TR for different heights of 
the barrier (c).
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