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Cadmium Sulphide is the conventional n-type buffer layer used in thin film Cadmium Telluride solar cells. It is
well known that Cadmium Sulphide causes optical losses and sulphur diffuses into the absorber during high
temperature activation. Sputter-deposited Mg-doped ZnO (MZO) has been shown to be an attractive buffer layer
for Cadmium Telluride solar cells due to its transparency and tuneable band gap. It is also stable to high tem-

[B)ZH: ar dation perature processing and avoids diffusion of elements into the cadmium telluride absorber during the cadmium
Hyifj: oxide chloride activation treatment. However, degradation is observed in solar cells incorporating MZO buffer layers.

Analysis of the MZO film surface potential has revealed significant fluctuations in the thin film work function
once the layer is exposed to the atmosphere following deposition. These fluctuations are attributed to the high
reactivity to water vapour of the MgO contained in the MZO films. This has been analysed using X-ray
Photoelectron Spectroscopy to determine corresponding changes in the surface chemistry. The Zinc Oxide
component is relatively stable, but the analysis shows that MgO forms a Mg(OH): layer on the MZO surface
which forms a secondary barrier at the MZO/CdTe interface and/or at the interface between MZO and the
Fluorine-doped SnO,. This affects the Fill Factor and as a consequence it degrades the conversion efficiency.

Surface contamination

1. Introduction

Thin film solar cells are heterostructure devices formed using a stack
of several different semiconductor, metal-oxide and metallic materials
as shown schematically in Fig. 1. Thin film cadmium telluride photo-
voltaic devices are commercially successful because they are the lowest
cost solar technology. Cadmium Telluride (CdTe) is a direct band gap
absorber which is typically only 4pm in thickness compared
with =150 um for crystalline silicon. This provides thin film technology
with a natural cost advantage. Cadmium Telluride solar cells are fab-
ricated in the superstrate configuration on glass coated with a trans-
parent conducting oxide (TCO) which serves as the front contact. This
TCO is usually Fluorine doped tin oxide (FTO). In the conventional cell
architecture, a thin Cadmium Sulphide (CdS) n-type buffer layer has
been used to form the p-n junction. CdS has a band gap of 2.45eV
which causes parasitic absorption losses in the blue end of the spec-
trum. Oxygen can be added to the CdS to form CdS:O to increase the
band gap but absorption is not eliminated [1-4]. In addition, CdS is not
stable at high temperatures and significant diffusion of sulphur into the
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CdTe absorber occurs during the cadmium chloride activation treat-
ment. Tellurium also diffuses into the CdS [5]. Ideally, the CdS should
be replaced by a layer that is highly transparent with a band gap > 3 eV
and which also creates an optimal interface with the absorber layer. The
transparency of this layer determines the number of photons reaching
the absorber and consequently, the number of electron-hole pairs
generated, thereby increasing the short circuit current (Jsc). An opti-
mised buffer/absorber interface is essential to maximise the open cir-
cuit Voltage(Voc) and Fill Factor (FF) [6-8], and the quality of this
interface depends on the interface chemistry, the lattice mismatch and
the band alignment between the semiconductors. The device is com-
pleted with a back contact, deposited on top of the absorbing material,
normally consisting of a buffer layer and a metal contact. The back of
the cell is usually doped with copper sometimes in the form of ZnTe:Cu.

Mg-doped ZnO (MZO) has been shown to be an effective buffer layer
for both CdTe and CdSeTe alloyed cells, due to its high transparency. It
is also possible to tune its energy band structure to fit the absorber
material [6,8-13]. By adding Mg to the ZnO lattice, the substitution of
Zn ions with Mg to form MgO causes an upward shift of the conduction
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Fig. 1. Schematic diagram of the conventional structure of a thin film CdTe
solar device. The use of CdS causes parasitic absorption losses which can be
eliminated by using a wide band gap buffer layer such as magnesium doped zinc
oxide (MZO).

band level of the semiconductor. This is because the MgO band gap
(7.8 V) is much larger than ZnO (3.3 eV). The use of MZO increases the
Jsc and has resulted in near record cell efficiencies [14]. Here we report
on a degradation mechanism that explains the change in CdTe effi-
ciency observed once the cells are exposed to the atmosphere. The
degradation observed affects all solar cell parameters but with the most
significant deterioration affecting the Fill Factor. Although the ob-
servations here are made pertaining to the use of MZO in CdTe devices,
the degradation is also likely to occur when this material is used in CIGS
devices.

2. Experimental details

The MZO samples were deposited onto 1 mm thick soda lime glass
for characterisation or NSG TECTM C10 glass coated with a FTO TCO
for device fabrication. The glass substrates were cleaned in a solution of
soap in deionised (DI) water for 30 min in an ultrasonic bath at room
temperature. This was followed by cleaning in a 1/3 solution of acetone
in an ultrasonic bath for 30 min at room temperature. Finally, the glass
was cleaned in a 1/3 solution of isopropanol in an ultrasonic bath for
90 min. The thin film of MZO was deposited using an Orion 8 HV
magnetron sputtering system (AJA International, USA) equipped with
an AJA 600 series radio-frequency (RF) power supply. The compound
sputtering target of MZO had a composition of 11% wt% Magnesium
oxide (MgO) and 89% wt% Zinc oxide (ZnO) and was 3” in diameter.
The glass substrates were rotated at 10 rpm during deposition to ensure
thin film uniformity. The MZO films used for fabrication of CdTe solar
cells were prepared at 1% O- in Ar working gas, 180 W power and at
ambient temperature, 20 °C. MZO thin film samples were prepared for
further characterisation, by changing the reactive working gas com-
position or the sputtering power. A first batch of samples was prepared
at a constant power of 150 W and by varying the oxygen content be-
tween 0% and 2% in Argon. The second batch of MZO films was pre-
pared by changing the sputtering power with the range between 120 W
and 180 W and keeping the oxygen levels constant of at 1%. The de-
position duration was 2 h for all samples. The optical properties of the
MZO thin films were measured using Varian Cary 5000 UV-VIS-NIR
spectrophotometer. The composition of the thin films was measured
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using a X-ray Photoelectron spectroscopy (Thermo Scientific K-alpha)
using Al X-rays. The structural properties of the films were analysed by
using a Brucker D2 phaser desktop X-ray diffractometer equipped with
a Cu-K-Alpha X-ray gun. The surface potential of the films was mea-
sured with an ambient Kelvin probe from KP Technology Ltd. The
surface work function was then calculated by using a gold calibration
sample, assuming a tip work function of 4800 meV. The ageing process
for MZO films and for CdTe devices took place contemporarily inside
the same desiccator, to ensure the environmental conditions were
identical for all samples throughout. The CdTe absorber was deposited
by close space sublimation (CSS) at a pressure of 133.3 Pa in a 6% O in
Ar atmosphere, at a CdTe source plate temperature of 630°C and a
substrate temperature of 515 °C, for 3 min. The spacing between sub-
strate and source plate was set to 2 mm. The CdCl, activation treatment
was carried out by thermal evaporation and subsequent annealing. A
quartz crucible was loaded with 0.5 g of CdCl2 pellets, which was then
evaporated at ~1.33 x 10-4 Pa for 20 min. The sample was then an-
nealed on a hot plate at dwell temperature of 425°C and 1 min dwell
time. The dwell temperature was reached by using a 22°/min ramping
rate bringing the temperature from room temperature to the dwell
temperature in 18 min. Devices were rinsed with DI water to clean the
CdTe surface from CdCl, residues and completed with 80 nm gold
contacts deposited using thermal evaporation. No intentional copper
has been added to these devices to exclude the effect of Cu diffusion
contributing to device degradation.

3. Results
3.1. The degradation of CdTe solar cells incorporating a MZO buffer layer

CdTe solar cells were fabricated on glass substrates coated with a
FTO TCO and a 100 nm thick MZO buffer deposited at 180 W and 1%
O, concentration in the working gas. The efficiency of the completed
device was tested immediately after fabrication and then re-tested after
the device was left resting in a sample-box exposed to the atmosphere
for 30 days. The device efficiency decreased by approximately 4% ab-
solute during this time-period. The JV curves and performance para-
meters of a newly fabricated solar cell sample are compared to the
performance of the same solar cell after 30 days of ageing in Fig. 2. The
Fill Factor (FF) is the performance parameter which was most affected.
Similar devices fabricated with a CdS buffer layer do not degrade. The
degradation mechanism is related to the incorporation of the MZO as
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Fig. 2. The comparison between the JV characteristics of an FTO/MZ0O/CdTe/
Au thin film CdTe solar cell as-deposited and after 30 days of atmospheric ex-
posure.
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Fig. 3. The optical transmittance spectrum of a 200 nm thick MZO film as-de-
posited compared to the spectrum of the same film after 30 days of atmospheric
exposure. No discernible change in transmission is observed.

the buffer layer. In an attempt to isolate the mechanism involved, a
thorough characterisation of the film was carried out comparing the
MZO properties as the film is newly deposited and after ageing in the
environment.

3.2. Optical characterisation

The optical properties of as-deposited samples and aged MZO thin
films have been compared. The analysis was carried out on sections of
the same thin film, to ensure that the results are comparable. Fig. 3
shows very similar transmittance spectra obtained from an as-deposited
and aged MZO thin film. The absorption edge found at short wave-
lengths is also overlapping, indicating that the semiconductor energy
band gap is not varying. These results do not indicate any connection
between the bulk optical properties and the drop of device current
density output after ageing.

3.3. Work function measurement

The measurement of the surface potential of thin film semi-
conductors can signal the potential contamination or a change in the
chemistry of the material surface [15,16]. The work function of the
MZO thin films was measured in atmosphere and monitored with time
to establish whether any significant surface chemical degradation oc-
curred related to the device deterioration. The results are presented in
Fig. 4(a), where the evolution of the work function on an hourly basis is
shown for the first day of exposure and Fig. 4(b), where the work
function is tracked on a daily basis for 30 days from the film deposition.
The results presented in Fig. 4 (a) highlight a very rapid decrease of the
film surface work function occurring in the first 4 h after the film is
exposed to the atmosphere, from 3.6 eV to 2.8 eV. After 4 h of exposure,
the variation in the work function slowly reverses to higher work
function values. This second phase continues until the 4th day of ex-
posure (Fig. 4b), when the work function stabilises at around 3.4 eV.
The work function was then re-measured after 10 and 30 days of at-
mospheric exposure and was confirmed to remain at 3.4 eV. These re-
sults show that changes to the surface chemistry of the MZO films oc-
curs immediately following exposure to the atmosphere and within the
first 5 days of exposure. The changes to the surface chemistry caused by
atmospheric exposure initiate as soon as the thin film is removed from
vacuum. The effect is most pronounced during the first 4 h of exposure.

3.4. XPS analysis of MZO films

Surface analysis was carried out using X-ray Photoelectron
Spectroscopy (XPS) to determine the changes in thin film composition
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with exposure to the atmosphere. Analysis of the high-resolution scan of
the Zn2p peak shows that Zn exists in its oxidised form with binding
energy ranging from 1021.8 eV and 1022.5 eV. The presence of metallic
Zn, however, cannot be excluded as the peak positions of ZnO and
metallic Zn partially overlap (metallic Zn: 1020.8 eV — 1022.1 eV). The
Zn2p;,» and Zn2p, » of the as-deposited and aged films are unchanged,
indicating that the ZnO bonds in the MZO thin films are not affected
even after the 30 days of atmospheric exposure. However, the MgO is
sensitive to atmospheric exposure. The Ols spectra presented in
Fig. 5(b) of the as-deposited and aged thin films is formed by a con-
tribution from two peaks. One peak at 530 eV corresponds to the oxi-
dised state of Zn and a second peak at 531.6 eV comprises of MgO, Mg
(OH), and carbonate components. It is evident that there is an increase
in the second peak for the aged thin film sample. This increase is related
to one or any combination of the following mechanisms: a) the oxidi-
sation of metallic Mg in the film, b) the formation of a hydroxide layer
caused by Mg absorbing atmospheric water vapour and c¢) the surface
contamination with adventitious organics. A comparison of the Mgl s
peaks is presented in Fig. 5(c) to identify which of these potential
mechanisms is dominant. The Mgl s peak can be sub-divided in two
sub-peaks, one related to the MgO bond at 1304.1 €V and the second
related to the Mg(OH), binding energy at 1303.1 eV. The spectrum of
the as-deposited thin film indicates that both the oxide and hydroxide
states are present in the film. This indicates that the absorption of water
vapour by the Mg in the films is rapid and starts as soon as the thin film
is removed from the vacuum in the magnetron sputtering system and
exposed to air. This is consistent with the results presented in the
previous section showing a significant movement of the surface po-
tential of the MZO films starting immediately the film is removed from
vacuum. The aged sample shows a shift in the Mgl s peak indicating
that the hydroxide formation has increased after one month of atmo-
spheric exposure. Similarly, the Mg2p spectrum of the aged thin film
shows a prevailing Mg(OH), peak at 49.2 eV. The conversion of oxide to
hydroxide explains the inconsistent results obtained using MZO as a
buffer and confirms previous work showing that MgO absorbs atmo-
spheric water vapour [17-20]. This study shows the same effect when
MgO is incorporated as a dopant in Zinc Oxide.

3.5. The effect of varying sputtering deposition parameters on the stability of
MZO films

The results have shown the MZO film is sensitive to the presence of
atmospheric humidity. In this section, the effects of varying the de-
position conditions on material stability are analysed. The effects of
varying the oxygen partial pressure in the working gas and the de-
position power have been investigated. The O1s peak has been used as a
reference peak to study any significant variation in the material mole-
cular bonding and composition. The results presented in Fig. 6 show
that an increased oxygen level affects the film composition and ageing
of the film. Figs. 6(a),(b) and (c) show the O1s peak intensities of MZO
films deposited at a constant power (150 W) and increasing O, con-
centrations in the working gas atmosphere. The increasing O, content
favours the formation of MgO and Mg-related compounds, as indicated
by the relative increase of the peak at binding energy 532 eV over the
peak located at 530 eV, which is related to ZnO. The higher the oxygen
concentration, the more the material was found to be unstable. The
increase of the intensity of the peak related to the MgO and Mg(OH)»
binding energies compared to the ZnO peak intensity is significant and
becomes even more pronounced for films deposited at higher O levels.
Figs. 6 (e), (b) and (f) show the O1s peak intensities of the MZO films
deposited at a constant composition of the working gas and at in-
creasing sputtering power. It is noted that at 120 W and 180 W the ZnO-
related peak is not significantly affected by the ageing. However, the
peak related to MgO and contamination grows in intensity at both
powers. The peak growth, however, is lower than that of MZO films
deposited at 150 W. The results of this study show that the sputtering
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Fig. 5. The results of the XPS analysis carried out on MZO films. Graphs represent the comparison between MZO as-deposited and aged films of the Zn2p peaks (a), of
the O1s peaks (b) and of the Mgl s peak (c). Fig. 5(d) represents only the Mg2p peak relative to the aged sample for clarity. The oxide is converted to hydroxide by

exposure to water vapour in the atmosphere.

conditions can be used to obtain an MZO thin film less sensitive to
atmospheric humidity. However, all the films showed some degradation
after 30 days of exposure. The degradation, as shown by the results
presented in this and the previous section, are attributed to the ab-
sorption of water vapour due to atmospheric humidity by the MgO
present in the film to form Mg(OH)..

4, Discussion

The results presented on simple thin films of MZO do not represent
exactly the degradation mechanisms occurring in a thin film CdTe
photovoltaic device. This is because the MZO thin films have been
analysed individually and not within a completed cell, and then
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exposed directly to atmospheric conditions. It is likely that the changes
in surface chemistry will occur at a slower rate when the MZO layer is
capped by other semiconductors. Also once the technology is scaled up
to module size, an efficient module encapsulation may reduce the de-
gradation rates. Nevertheless, the drop in cell efficiency related the
degradation of the MZO is significant and relatively fast. The MgO
contained in the MZO films is highly reactive to the water vapour
present in humid conditions. The reaction forms a Mg(OH), layer which
changes the surface chemistry and surface work function. Many studies
highlight the importance and stability of the interface chemistry be-
tween semiconductors [6,7,12,21]. This study shows that the de-
gradation in the efficiency of CdTe devices incorporating an MZO buffer
is caused by changes in the interface properties at the MZO/CdTe in-
terface and possibly also at the MZO/TCO interface, where secondary
barriers can introduce further resistance to the carrier extraction from
the solar cell [22,23].

5. Conclusions

This study has focused on the analysis of degradation occurring in
thin film CdTe solar cells incorporating MZO buffer layers. The study
aimed to identify the root cause of the degradation. The degradation is
not obvious because the changes that occur do not affect the optical
properties of the MZO film. However, measurements of the MZO sur-
face potential has shown a rapidly fluctuating surface work function
starting immediately the thin film was exposed to the atmosphere and
stabilising after 4 days of exposure. The surface work function ranged
between 3.6eV and 2.8 eV and stabilised at 3.4 eV. The variation in
work function is attributed to changes in the surface composition of the

MZO films. XPS analysis shows that the changes that occur to the sur-
face composition are caused by the absorption of water from humidity
in the air by the MgO fraction in the MZO films. The ZnO is relatively
much more stable. Films deposited at different powers and oxygen
concentrations were analysed in an attempt to identify deposition
conditions that would provide more stable films. The results show that
by tuning the deposition conditions it is possible to reduce the film
reactivity to atmospheric humidity. However, all the MZO film samples
showed degradation. It may be that some post deposition treatment
such as rapid thermal annealing could improve stability, but this has
not been tested in this study. Although the use of MZO results in more
efficient solar cells by increasing the short current density Jsc, the de-
gradation is a concern and explains the variation in results from dif-
ferent laboratories around the world. A 25-year warranty is offered
with most photovoltaic modules and the degradation in the MZO layer
reported in this study means that a more stable transparent buffer layer
is required.
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