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Introduction: Solar cells with extremely thin absorber (eta) [1] are based on a very thin inor-
ganic absorber sandwiched at the interface between a transparent electron and hole conduc-
tors. The local thickness of the absorber has to be thin enough in comparison to the diffusion 
length in the (low-cost) absorber but thick enough with respect to the tunnelling length. A 
local absorber thickness between 10 and 30 nm seems to be close to an optimum from this 
point of view. The first big challenge of eta solar cells is to find out combinations of materials 
and technologies which might give a minimum of losses in chemical energy during separation 
of photo-generated charge carriers. Further, an increased internal interface area is demanded 
in order to increase the effective absorber thickness, i.e. to increase photo-generation. The 
need of the increased internal interface opens the chance for implementation of geometrical 
structures suitable for photon management which is the second big challenge of eta solar cells. 
Theoretically, it should be possible to reach high energy conversion efficiencies with eta solar 
cells [2]. A first eta solar cell was realized with ZnO nanorod arrays as structured electron 
conductor, CdSe as absorber and CuSCN as hole conductor [3]. In this work, it will be shown 
that In2S3 in combination with the In2S3 / CuSCN interface region can be used as an absorber 
as well and that the local absorber thickness and the length of the ZnO nanorods are crucial 
for the performance of respective eta solar cells. Efficiencies above 2.5% were realized.

Preparation and characterization: Undoped compact ZnO layers (thickness 100 nm) were 
sputtered on glass/SnO2:F (TEC8) substrates. ZnO nanorod arrays were deposited on compact 
ZnO in a chemical bath (0.4 M NaOH and 0.01 M ZnNO3) at 80°C. The average length of 
ZnO nanorods was varied between 0.3 and 2 µm. As a well reproducible model system for 
conformal coating, In2S3 absorber layers have been deposited by spray ILGAR (ion layer gas 
reaction) on ZnO nanorod arrays. Spraying was performed with a 0.025 M InCl3 solution fol-
lowed by sulphurisation at 200°C in Ar:H2S = 95:5 [4]. The thickness of the In2S3 layers was 
varied by the number of cycles. The local absorber thickness was changed between 7 and 90 
nm (measured with electron microscopy), the effective absorber thickness reached values of 
up to 300 nm (measured with x-ray fluorescence). CuSCN was deposited by impregnation 
from a 0.05M CuSCN in propyl sulfide solution. The In2S3 / CuSCN interface was condi-
tioned by annealing in air for 1…2 min at temperatures of about 200°C. Gold contacts with 
diameter of 2 mm were evaporated on the CuSCN. Small area solar cells were characterized 
by current-voltage measurements under illumination with a halogen lamp (intensity about 100 
mW/cm²) or in the sun-simulator and by spectral response.

Annealing and formation of the In2S3 / CuSCN junction: The critical charge-selective 
junction is at the In2S3 / CuSCN contact. It has been shown recently by our group that states in 
the In2S3 / CuSCN interface region contribute significantly to the photocurrent generation in 
ZnO / In2S3 / CuSCN eta solar cells [5]. We assume that intermixing of Cu and In2S3 at the 
interface region is responsible for the formation of the charge selective In2S3 / CuInxSy junc-
tion. Due to penetration of cupper into the near interface region of In2S3, the charge selective 
contact has been shifted from the junction between In2S3 and CuSCN into the less defective 
“bulk” In2S3 region. For this reason, the open circuit voltage (VOC) increased by about two 
times to more than 0.6 V (for compact ZnO layers) after annealing.



On the role of the local absorber thickness at fixed length of ZnO nanorods: The light 
absorption increases with increasing local absorber thickness. However, the largest short cir-
cuit current density (ISC) has been reached for a very low local absorber thickness of 10 nm 
and the value of ISC decreased with increasing local absorber thickness. Therefore, the diffu-
sion length of the absorber is of the order of 10 nm. On the other side, the value of VOC was 
less than 0.2 V for very low absorber thicknesses and increased strongly with increasing local 
absorber thickness between 10 and 25 nm. At the same time, the shunt resistance and the fill 
factor increased. For large (nominal) local absorber thicknesses, i.e. when the space between 
the ZnO nanorods is filled completely, the value of VOC increased to values which are charac-
teristic for compact ZnO substrates while ISC was even less than for the compact ZnO sub-
strates (illumination from the SnO2:F contact side). This shows the importance of recombina-
tion and of the increased interface area of the charge-selective junction for the diode satura-
tion current.

On the role of the length of ZnO nanorods: The effective absorber thickness increases with 
increasing length of ZnO nanorods (fixed local absorber thickness). The value of ISC increased
systematically with increasing length of ZnO nanorods. However, the increase of ISC was less 
than the increase of the internal surface area (local absorber thickness was kept nearly con-
stant in an optimized monolithic experiment). For ZnO nanorods longer than 3 µm, the local 
absorber thickness became inhomogeneous, i.e. significantly lower at the interface with the 
compact ZnO, and the energy conversion efficiency saturated or even decreased. This shows 
the importance of recombination of separated excess charge carriers along their collection 
paths in ZnO or CuSCN. In addition, the quantum efficiency increased stronger for longer 
wavelength when light scattering becomes more important.

Conclusions: The ZnO / In2S3 / CuSCN system is suitable for solar cells with extremely thin 
absorber. It can serve as a model system to study systematically the influence of local ab-
sorber thickness, aspect ratio, morphology and interfaces on limitations of related solar cells. 
For long-term stability of the charge selective junction the diffusion of Cu in In2S3 is critical. 
The incorporation of more stable semiconductor nanoparticles into the extremely thin ab-
sorber and the proof-of-concept of multiple exciton generation in quantum dots for solar cells 
[6] are major issues for future investigations.
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