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Dear Foundation C.M. Lerici, 
the present document is the report of my six-months internship you have financially supported. It was  carried 
out in the Thin Film Solar Cell Group led by Prof. M. Edoff (Marika.Edoff@angstrom.uu.se), at the Department 
of Engineering Sciences, Solid State Electronics Division of Ångström Laboratoriet, Uppsala University. The 
supervisor of my research in Uppsala was T. Törndahl (Tobias.Torndahl@angstrom.uu.se). 

The research project is focused on the development of the thin-film solar cell technology based on 
Cu(In,Ga)Se2 (CIGS) absorber layer. The main topic concerns the buffer layer, extremely important material 
in the photovoltaic device. Nowadays the buffer layer providing the most efficient CIGS-based solar cells is 
cadmium sulphide (CdS), deposited by chemical bath deposition (CBD). Since Cd is classified as toxic and 
carcinogenic and limitation to its usage are present in several regions of the world, recently research has put 
a great effort into alternative materials. The purpose is to substitute CBD- CdS with a cheaper in-line vacuum 
process to deposit a safer and possibly more efficient buffer layer. Our project aims to investigate the growth 
of zinc oxide-sulphide (Zn(O1-xSx)) by Atomic Layer Deposition (ALD). This material is a promising candidate 
potentially able to improve the efficiency of the solar cell without containing any heavy metal. 
During the six-months internship I deposited thin films of Zn(O,S) by ALD first on glass, to study the deposition 
rate and the concentration trend in function of the chemical precursor ratio: water (H2O), which provide 
oxygen to the material, and hydrogen sulphide (H2S), for sulphur. Diethyl zinc (DEZ) was the precursor for Zn. 
Many ALD parameters, such as substrate temperature and valve opening times, were the same as previous 
works on Zn(O,S) carried out by the same group. 
The initial study concerns the thickness of the material in function of the number of ALD pulses (from 80 to 
700), with fixed precursors ratio H2S/H2O (0.2). It demonstrated there is a linear correlation between the 
number of pulses and the film thickness (measured by profilometer and XRR): this excludes nucleation time 
due to CVD process that can modify the growth.  Moreover, both Zn and S contents (determined by XRF) and 
even their ratio (S/Zn) are linear functions with the number of cycles/thickness of the films. 
The second series was carried out to determine the variation of S content in the film varying H2S/H2O ratio 
(from 0.04 to pure ZnS) maintaining fixed the number of cycles (175, roughly 40nm). It turns out that the S 
content is not simply linear function of the precursors ratio, but its trend changes the slope for high and very 
low S content. However, there is a wide range in precursors ratio between 0.2 and 0.5 in which the S content 
is fairly linear. Thanks to this calibration, we can control the composition of Zn(O,S) from low S content to 
pure ZnS. From the same series, we identified a drop in the growth rate increasing S content. Comparing XRF 
and profilometer data, we suppose that O-rich Zn(O,S) and S-rich Zn(O,S) and ZnS have different density. 
Later we moved to the fabrication of solar cells. Initially we deposited the buffers on CIGS produced by Solibro 
GmbH Company by co-evaporation. All the devices are then completed by the sputtering deposition of the 
TCO (transparent conductive oxide), i.e. the bi-layer of i-ZnO and Al-doped ZnO, followed by the front-contact 
evaporation, Ni/Al/Ni. Eventually, each 5cmX5cm sample was scribed in 32 0.5cm2 solar cells. 
A first series of samples was targeted to find out the best buffer composition for this kind of absorber 
material. The best efficiency has been achieved for Zn(O1-xSx) with x=0.37, mainly due to a maximum in both 
fill factor (FF) and Voc trends. Lower S content (x) brings to slightly lower FF and a drop in Voc, probably due 
to a non-optimal passivation of the CIGS surface, while for higher S dose the blocking behaviour of the buffer 
causes a huge drop in FF. The current of the device is not affected by the buffer composition. 
Then, solar cells fabricated with different Zn(O1-xSx) layer thicknesses (from 5 to 70nm), keeping x=0.37, were 
investigated. The FF and Voc are maximized for 40nm, while the current is quite independent of the thickness. 
FF losses for thicker film are probably due to the high resistivity of the film and the conduction band offset 
between CIGS and Zn(O,S): the buffer layer cannot be tunnelled anymore and acts as a barrier for charge 
carriers. Lower Voc and FF of thinner films were not expected. It is important to keep the same parameters 
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even for thinner film hence reducing the time, the energetic cost and the chemical waste for the buffer 
deposition, which all affect the cost of the process, particularly important for the industrial production. These 
losses could be caused by a non-uniform coverage of the absorber, which in some points may be in direct 
contact with the TCO, causing detrimental consequences for the device (shunts). Tunnelling recombination 
promoted by thinner film could be another explanation. In addition, the sputtering deposition of the TCO 
may damage the buffer layer, implanting high energetic atoms/ions in it, and thus deteriorate the quality of 
the pn-junction. This detrimental effect should be more important for very thin buffer layer. To investigate 
the impact of this phenomenon on our devices, we substitute the sputtering deposition of i-ZnO and Al-
doped ZnO with the chemical vacuum deposition (CVD) of B-doped ZnO (a very transparent TCO), developed 
by Solibro GmbH Company. Such new configuration of the solar cells shows dramatic losses of both FF and 
Voc, than the one with the sputtered TCO. This is the proof that sputtering damage is not the main FF limit 
and marks a point for the non-uniform coverage of the CIGS surface and/or the tunnelling recombination. 
Similar results have been obtained for series on pure ZnS buffer layer, which has a larger CBO than Zn(O1-xSx) 
and therefore the thickness has to be reduced (thickness study from 2 to 7nm). Unfortunately, it seems that 
when a good coverage is realized (about 6 nm) the film is already too thick and the blocking behaviour limits 
the FF to a max value of 60%. 
The best solar cells realized with Zn(O1-xSx) buffer layer on Solibro CIGS is found for the composition of x=0.37 
with a thickness of 40nm. The parameters of this device are shown in the table below, compared with the 
reference device realized on the same CIGS but buffered with the standard CdS by CBD. The best solar cells 
results are related to the most efficient one (0.5cm2) of the sample, while the average data are the mean 
values of the 32 solar cells of each 16cm2 sample (4cmX4cm area). 

Best Solar Cell 

Buffer Jsc (mA/cm2) Voc (mV) FF (%) Efficiency (%) 

CdS 29.8 655 75.0 14.6 

Zn(O1-xSx) x=0.37 33.6 649 73.9 16.1 

Average 

Buffer Jsc (mA/cm2) Voc (mV) FF (%) Efficiency (%) 

CdS 29.3 648 71.4 13.6 

Zn(O1-xSx) x=0.37 33.0 644 72.4 15.4 

A good improvement in the solar cell efficiency has been achieved thanks to the alternative buffer, on Solibro 
GmbH CIGS. The reason for such a result is the greater current, as expected. The FF is quite the same for the 
ALD Zn(O,S) and the CBD CdS while the Voc is slightly better with the standard buffer. Both FF and Voc of 
Zn(O,S) devices could be increased enhancing the temperature of the ALD deposition to promote the 
sulphurization of the CIGS surface. Currently, we are exploring new routes for Zn(O,S) buffer, such as very-
thin ZnS passivation layer on the CIGS surface or applying a S-gradient in the buffer. Further investigation on 
the interface formation and its characteristics are needed to stabilize the Zn(O,S) behaviour even at low 
thickness, improve the FF and enhance the performances. 

The project is still operative and thanks to the internship we have started a collaboration aimed to compare 
the Zn(O,S) buffer deposition by ALD in Uppsala and by Sputtering in Parma. Different techniques result in 
different interfaces, which bring to different solar cells behaviour. In the end, we are going to compare CIGS 
absorbers grown by Pulsed Electron Deposition (PED) (at IMEM-CNR in Parma) and by Co-evaporation (at 
Ångström Laboratoriet in Uppsala), buffered with both ALD and sputtered Zn(O,S). 
A couple of papers on peer-reviewed journals and future joint projects on this photovoltaic topic should be 
a reasonable outcome for this fruitful partnership. 
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