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Abstract

We have fabricated ZnS, ZnSe and mixed Zn(S,Se) thin film layers for application as
solar cell absorbers in ultraviolet (UV)-selective solar cells. We fabricated the thin film
layers using a two-step process involving evaporation of the Zn layer followed by an
anneal in an H»S and/or H>Se containing atmosphere. A study of the annealing
conditions was performed to minimize hole formation in the thin film layer. A mixed
Sulfur and Selenium containing layer was also developed in order to reach a 3 eV band
gap, such that the layer absorbs all the UV light and leaves the visible light passing
through. Next, we tried to increase the conductivity of the layer by adding extrinsic
doping elements. Cu was found to increase the conductivity by more than three orders
of magnitude, while leaving the transparency of the layer mostly unchanged. Finally,
solar cell devices were fabricated using transparent back and front contacts and a NiO
buffer layer. We could measure a very small photocurrent of about 100 pA/cm? and an

open circuit voltage of about 500 mV under AM1.5G illumination.
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1. Introduction

In the global energy market photovoltaics (PV) is taking an ever-growing share of the production
capacity [1]. Every year hundred new gigawatt peak of solar power is installed worldwide, with the
largest part of the market being covered by Si solar modules that can be installed in fields or can be
added on rooftops of buildings [2]. To integrate the photovoltaic systems into a house more aesthetically,
building-integrated solar solutions are searched for [3,4]. One possibility of adding photovoltaics into a
building, without changing the overall appearance of the building, would be to integrate the photovoltaic
cells in the windows. Especially office buildings typically have a very large window area, which could
offer an interesting opportunity for integrating photovoltaics, if only the cells could be made at least
partly transparent to visible light. Several solutions to this problem are already being researched or
commercialized [5-12]. The European project Tech4Win is targeting this challenge by using a
technology that is based on a tandem photovoltaic cell consisting of a UV absorbing cell on top of an
organic photovoltaic cell that is only absorbing the IR light [13]. In this contribution we report on the
development of a possible solution for the top cell, which is only absorbing the UV irradiation of the
solar spectrum, letting the visible and IR portion go through as unhindered as possible. At first, we
develop an absorber layer with a band gap of about 3 eV, which will absorb the UV light, but let the
visible light pass through. The material of choice in this contribution is a mixture of ZnS and ZnSe,
Zn(S,Se). ZnSe and ZnS in fact are chalcogenide materials with a large band gap of 3.6 and 2.6 eV
respectively [14,15]. Therefore, the mixed material Zn(S,Se) will allow a band gap with a value between
2.6 and 3.6 eV and eventually even some band gap grading, depending on the relative Se/S content.
Other solutions that will allow a similar device functionality, only absorbing the UV part of the solar
spectrum, rely for example on ZnO or Zn(O,S) absorbers [6,16]. ZnS and ZnSe based materials are
already in use for solar applications, mainly being studied as buffer layer materials [17-20]. In the present

contribution we investigate their use also as absorber materials for solar cells.
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In the next section we explain the experimental methods used to fabricate the absorber layer. Then, in
section 3, we present a study on the fabrication method we have used: metal deposition followed by
selenization and/or sulfurization in H2Se or H>S. We will describe how we can prevent the formation of
holes in the thin film layer during the crystallization process. In section 4 we will present a doping study,
where we have added extrinsic doping elements to the absorber to increase its conductivity. Finally in
section 5, we will describe the photovoltaic devices that we have fabricated based on a Zn(S,Se)

absorber, a NiO buffer layer and two transparent electrodes.

2. Experimental details

We have fabricated ZnS, ZnSe and mixed Zn(S,Se) layers using a two-step process, which is
schematically shown in Fig. 1. First, we have deposited a thin layer of Zn using electron beam
evaporation in a Pfeiffer PLS 580 evaporation chamber on a commercial soda-lime glass or Fluorine
doped Tin Oxide (FTO) substrate with 10 Ohm square sheet resistance. For our doping experiments, we
first deposited a thin layer of the doping element, typically 0.3 nm, followed by the Zn layer. Different
thicknesses of Zn layers were tried, ranging from 100 nm to 300 nm. The thickness of the different layers
was measured with a quartz microbalance. Then the Zn layer was annealed at temperatures around 500°C
in an Annealsys AS-150 rapid thermal anneal chamber in the presence of 100 % H»>S for ZnS formation,
10 % H»Se in N> for ZnSe formation or a mixture of both H»>S and H»Se for the mixed Zn(S,Se) layers.
The anneal conditions had to be optimized in order to reach pinhole-free thin film layers of ZnS, ZnSe
and Zn(S,Se) and the details for the process conditions used to fabricate the pinhole-free layers will be

discussed in the next section.

3. Optimizing the properties of ZnS, ZnSe and Zn(S,Se) thin film layers

Our baseline process for the fabrication of chalcogenide thin film layers consists of an anneal of 15

minutes in an atmosphere of H2Se and/or HaS at elevated temperatures. Because HaSe is more reactive
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than H»S, the temperatures we use are 450°C for HaoSe anneals and 520°C for H»S anneals. To fabricate
samples with a 50/50 ratio of S and Se, we introduce a 100 times higher partial pressure of H>S as
compared to H>Se into the chamber. Figure 2 shows the three baseline samples that we have fabricated
on glass substrates using a 300 nm thick Zn starting layer: ZnS, ZnSe and mixed Zn(S,Se) respectively.
After the selenization/sulfurization process, the final layer thickness is about 1 pum. It can be observed
that the ZnSe has a yellow color, the ZnS has a neutral color, whereas the Zn(S,Se) sample has a very
slight yellowish color. Figure 3 shows the measurement of the transmittance data of the three different
samples and the Tauc plots of the layers. The band gaps that can be derived from the Tauc plots of this
data are 3.6, 3.0 and 2.6 eV for the ZnS, Zn(S,Se) and ZnSe layers respectively, whereas the average
visible transmittances of the layers are 60 %, 55 % and 36 % respectively. The average visible
transmittance of the device was calculated from the transmittance in the optical range, by integrating it
over the photoptic response of the human eye. A definition of the average visible transmittance is given
in [21]. One of the main functions of the UV-based absorber layer is to act as a UV filter and to absorb
all the UV light with wavelengths smaller than 400 nm to protect the underlying layers of the tandem
solar cell structure from the degrading UV light. In figure 3 it can be seen that both the Zn(S,Se) and the
ZnSe layers do fulfil this requirement. Due to its high bandgap, ZnS does not absorb all the UV light
and was therefore disregarded as a possible absorber layer. Because the average visible transmittance of
the Zn(S,Se) layer is considerably higher, and the nuisance of the yellow color for a potential window
application is lower, Zn(S,Se) was preferred over ZnSe as an absorber layer for this transparent PV
application. In the following, we will therefore focus on the optimization of the anneal conditions that

lead to the highest quality Zn(S,Se) layers.

Figure 4 shows a top view scanning electron microscopy (SEM) image of a 300 nm thick Zn(S,Se) layer
and a 1 pm thick Zn(S,Se) layer fabricated with our standard baseline process. This baseline process

consists of a 15 minute 520°C anneal in the presence of H>Se and HaS in a 1/100 partial pressure ratio.
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In fact, the HoSe partial pressure is 200 Pa and the H»S partial pressure for the baseline process is 20
kPa. The total pressure is brought up to 50 kPa using N». This anneal leads to a 50/50 ratio between
Sulfur and Selenium in the final absorber, as measured by energy-dispersive X-ray spectroscopy. As
becomes visible in the image, the 1 um thick sample has occasional pinholes in the absorber layer,
whereas the thinner 300 nm thick sample has many of these pinholes. For thin film electronic device,
such as solar cells, every such pinhole represents a possible shunting channel, degrading the device
performance. Therefore, an optimization of the selenization/sulfurization parameters had to be
performed to reduce the number of pinholes. It seems quite likely that the pinholes in the layer are due
to the high partial pressure of Zn at the reaction temperatures. The vapor pressure of Zn at 500°C is
about 100 Pa [23], so the upward pressure on a thin layer of Zn(S,Se) that has just crystallized on top of
a layer of Zn can be quite substantial. Therefore, the rationale behind our optimization trials was to
roughen up the Zn layer as much as possible, in order to avoid a closed layer of Zn(S,Se) in the early
stages of the crystallization. We have therefore developed a process which consisted of a 10 minute pre-
anneal of the Zn layer in N at 250°C, followed by the introduction of the reaction gases and a very fast
ramp of the temperature to 520°C at about 10°C/s. This lead to a layer of Zn(S,Se) without pinholes in
the case of the 1 um thick absorber layer and a reduction in the amount of pinholes for the thinner 300
nm thick Zn(S,Se) layer. Figure 5 shows a SEM micrograph of the optimized 1pum thick ZnSe, Zn(S,Se)
and ZnS layers. A full reduction of the number of pinholes for the thinner 300 nm thick layer could so
far not be obtained with our process. The device experiments that are presented in section 5 have
therefore been performed with 1 pum thick absorber layers, even though a somewhat thinner layer

thickness would have been optimal from a transparency point of view.

4. Doping the Zn(S,Se) layer
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Measuring the sheet resistance of the 1 um thick Zn(S,Se) layer, using two contact pads made of silver
paste, revealed a very high resistivity value of 1 MQ cm. To reduce the resistivity of the Zn(S,Se) layer
we have added different possible doping elements to the stack. To add the doping elements to the
absorber we have chosen to evaporate a 0.3 nm layer of the doping material before the deposition of the
Zn layer. The total stack was then processed in the anneal oven, to get an intermixing of the doping
elements with the Zn layer during the selenization/sulfurization process. We have tried different layers:
LiF, Al, Ge, MgF,, Cu and Sn. Whereas the LiF did not lead to a reduction of the layer resistivity, the
addition of the other elements did reduce the resistivity of the Zn(S,Se) layer. ZnS and ZnSe are
intrinsically n-type materials, due to the action of both interstitial Zn or S vacancies [22]. Al, Ge and Sn
are known n-type dopants in ZnS or ZnSe, whereas Cuz, antisite dopant is known to be p-type after a
high temperature activation anneal [22]. In the present fabrication procedure, we did not do a high
temperature activation anneal and the Cu is likely to add to the n-type doping as an interstitial atom in
the Zn(S,Se) lattice. Resistivities measured after addition of the doping materials were 30, 10, 10, 15
and 13 kQ cm for Al, Ge, MgF», Cu and Sn respectively. Even though from a resistivity point of view
the five different doping materials were quite equivalent, we have chosen the Cu doping, because it was
the only element that did not lead to a milky appearance of the Zn(S,Se) layer, but left the transparency

of the layer untouched.

5. Zn(S,Se) solar cell devices

Following the optimization of the absorber layer, we also fabricated solar cell devices. We have
combined the n-type Zn(S,Se) absorber layer with another transparent oxide material, namely p-type
NiO. As a back contact material, we have used a commercial FTO layer on a glass substrate.
Unfortunately, the FTO also reacted with the Se during the selenization process of the Zn(S,Se), such

that we had to use a protective layer between the FTO and the Zn(S,Se). We have found that a 200 nm
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layer of Indium Zinc Oxide (IZO) works quite well for protecting the FTO layer. This layer was
deposited by sputtering on top of the commercial FTO/glass substrate. A slight reduction of the
transparency can be observed using that protection layer, as can be seen from the transmittance
measurement of the stack including the back contact on Figure 6. Due to higher absorption in the blue
wavelength region, the yellowish appearance of the stack on the back contact becomes stronger, as

becomes visible from the photograph in Figure 6.

The device was finished by the deposition of a 50 nm NiO layer deposited by reactive sputtering from a
Ni target in an Oxygen plasma. The top contact was a 10 nm thick semi-transparent Ag layer that was
evaporated through a shadow mask, such that the final stack layout is:
Glass/FTO/1ZO/Zn(8S,Se):Cu/NiO/Ag. The area of the Ag top contact was 1 mm?, defining the active
area of the device. Figure 7 shows the current density of the finished device as a function of voltage
measured in the dark on a logarithmic scale and on a linear scale. A very decent rectifying behaviour
can be observed. In the dark the device shows a shunt resistance of about 175 kQ c¢cm? and a series
resistance of about 3 Q cm?. The diode properties could roughly be determined as well with a reverse
saturation current Jo of about 3 102° A/cm? and an ideality factor of about 1.4. Biasing beyond voltages
of 1 V lead to strong hysteresis effects though, which disappeared again after a few hours of waiting or
after a soft anneal at 150°C, such that it is likely that deep defects are present in the Zn(S,Se) absorber
layer. Also shown in Figure 7 is the current density as a function of voltage under AM1.5G illumination.
The device operates as a weak solar cell and shows a very small short circuit current of about 100
1A/cm?, an open circuit voltage of about 550 mV, a shunt resistance of 75 kQ cm?, a series resistance
of 1.6 Q cm? and a fill factor of about 65 %. The power conversion efficiency is about 0.05%. The low
power conversion efficiency is likely limited by the same defects that lead to the hysteresis behavior in
the J-V curves, as these are deep defect states with long time constants and are therefore also strong

recombination centers for minority carriers.
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5. Conclusions

We have fabricated thin Zn(S,Se) thin film layers on transparent back contact substrates for semi-
transparent UV-sensitive photovoltaic applications. The developed layers are about 1 um thick and
contain roughly the same amount of S and Se. This composition was chosen to have a band gap of the
material of 3 eV. Such a band gap of 3 eV allows for the material to be very transparent to visible light,
whereas it absorbs the integrity of the UV light, therefore also acts as a UV filter. A process based on an
anneal at high temperature in a H>Se and HoS containing atmosphere was optimized in order to fabricate
continuous Zn(S,Se) absorber layers. The layers were doped with different elements, which increased
the conductivity of the layers by three orders of magnitude as compared to the intrinsic Zn(S,Se) case.
Finally, devices were fabricated with the following stack layout: Glass/FTO/IZ0O/Zn(S,Se):Cu/NiO/Ag.
These devices showed a small photocurrent of about 100 pA/cm? and a 550 mV open circuit voltage
under AM1.5G illumination, which corresponds to a 0.05 % power conversion efficiency. This low
power conversion efficiency is likely due to deep defect states in the devices, which also leads to strong

hysteresis in the J-V curves.
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Figures and figure captions
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Figure 1: Schematic representation of the fabrication process of the thin film Zn(S,Se) layers.
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Figure 2: Photographs of a 1 um thick ZnSe (top), ZnS (middle) and Zn(S,Se) (bottom) layer on a

glass substrate.
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Figure 3:
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Figure 4: Top view SEM images of a 300 nm (top) and 1 um (bottom) thick Zn(S,Se) layer on a glass

substrate before process optimization with holes visible in the film layer.
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Figure 5: Top-view SEM image of a 1 um thick ZnSe (top), Zn(S,Se) (middle) and ZnS (bottom)

layer on a glass substrate after process optimization.
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Figure 6:

Photograph of a 1 um thick Cu-doped Zn(S,Se) layer on a glass/FTO/IZO substrate (top).

Transmittance of the 1 um thick Cu-doped Zn(S,Se) layer on a glass/FTO/IZO substrate

(bottom).
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Figure 7: Current density versus bias voltage for the Zn(S,Se) device in the dark. The inset shows
the same data on a linear y-scale (top). Current density versus bias voltage for the

Zn(S,Se) device under AM1.5G illumination (bottom).
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