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Thin film CdTe-based photovoltaic devices have achieved high efficiency above 22%. However, the
device performance is limited by large open circuit voltage deficit. One of the primary reasons is non-
ohmic back contacts. In this work, nickel oxide is used as a back buffer layer to form an ohmic back
contact. We comprehensively investigate oxygen effects during sputtering on film properties and device
performance. Increased oxygen in the deposition environment led to darker films, increased carrier
concentration, decreased mobility and decreased resistivity. X-ray photoelectron spectroscopy showed
peak shifts favouring Ni** over Ni?*, and X-ray diffraction demonstrated that crystallinity hit a peak at
around 5% oxygen input. The NiO back buffer layer improves device performance by reducing barrier
height at the gold back contact and improving valence band offset at the CdTe/NiO interface. The NiO
layer deposited without oxygen improved the V. to 710 mV, from a baseline of 585 mV. At 5% and 20%
oxygen content during deposition, efficiency improved relative to the reference due to an increase in
open circuit voltage (Vo) and short circuit current (Js.). Ve increase is due to improved valence band
offset between CdTe and NiO. The large conduction band offset also reflects minority carriers away
from the CdTe/NiO interface and reduces interface recombination. SCAPS simulations demonstrated
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Introduction

Cadmium telluride (CdTe) is a thin film solar cell material with a
direct band gap of ~1.45 eV. It has a high light absorption
coefficient of ~10* ecm ', making it an ideal solar absorber
material." It has successfully been commercialised by First Solar.”

CdTe solar cells have seen significant performance improve-
ment in the last decade, with the best confirmed efficiency
reaching 22.4%.°> CdTe has yet to achieve its maximum theore-
tical efficiency of 33%.* The primary cause is the open circuit
voltage (V,.) deficit. The theoretical ideal of V,. for CdTe is
~1.2 V, under standard conditions, whilst the cell with the
highest confirmed efficiency achieved a V,. of 899.6 mV. The
typically low minority carrier lifetime, low carrier density and
non-ohmic back contacts are considered to be the primary
reasons for the reduced V,..*

To combat the back contact problem, buffer layers have
been explored to improve CdTe device performance, with
varying degrees of success. Metal oxides have frequently been
employed as back buffer layers in CdTe. V,05 was found to be
effective in reducing energy barrier for hole transport.” MoO,
and WO;_, were shown to work as high work function buffer
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that an increase in valence band offset has shown pronounced effects of both s-kinks and rollover.

layers of CdS/CdTe thin film solar cells and were also shown to
improve the V,..*” Some metal oxides have shown to passivate
CdTe, for instance, Al,O; has shown to improve the minority
carrier lifetime of polycrystalline CdTe.®

Nickel oxide (NiO) has been reported to improve the V. and
efficiency of CdTe when used as a back buffer layer. This
improvement has been attributed to NiO being an efficient
electron reflector due to the large conduction band offset,
reducing recombination at the back contact.’ The application
of NiO on the back of the cell, used in combination with other
metal oxides, has also been shown to reduce recombination.*®

Varying the oxygen in argon percentage during deposition
will alter the characteristics of NiO films.""'* For example,
mobility and resistivity decrease with higher oxygen input
whilst carrier concentration increases. Optical transmission
and band gaps are affected by oxygen input, typically reducing
in both aspects with increasing oxygen."® NiO begins to exhibit
structural changes when introducing oxygen, forming Nickel
vacancies.'* These characteristic changes suggest that there is a
trade-off point that should be studied with regards to its use as
a back buffer layer for CdTe solar cells.

In this work, we comprehensively examine the effects of
deposition environment (i.e. oxygen content in sputtering
gases) on NiO thin films and back buffer layers in CdTe devices.
Therefore, we can determine any device changes relative to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxygen input for NiO, and, where possible, to relate it to the
innate characteristics of sputtered NiO thin films. With this
information, we use SCAPS to model the device operation more
accurately.

Methodology
Sample manufacture

The industry compatible method, magnetron sputtering, was
used to deposit the NiO thin films and back buffer layers with
the advantages of low cost, high deposition rate, film uniformity
in large area and ease of use with CdTe."> NiO films were
produced using an AJA international Orion 8 HV sputter coater.
It was equipped with an AJA 600 series radio frequency (RF)
power supply. A commercially available 3" diameter preformed
ceramic NiO target was used. The power density applied to the
target was 3.95 W cm®. The substrates of the devices were
TEC12D glass, which comprise of fluorine-doped tin oxide
(FTO) and tin oxide (SnO,) coatings on glass. Samples of roughly
100 nm thickness NiO were sputtered on soda-lime glass (SLG) to
characterise NiO. All substrates were ultrasonically cleaned with
acetone, isopropanol, and deionised water before use. The base
pressure of the chamber was at 10”7 Torr, and the substrates
were rotated during deposition at 10 revolutions per minute. The
NiO films were deposited at 1 mTorr working pressure of an
oxygen-argon atmosphere in which the oxygen content was
varied as follows: 0%, 5%, 20%, 40%, 60% and 80%.

The CdTe was deposited by close space sublimation (CSS),
onto TEC12D glass, with 2 mm spacing between CdTe source
and glass substrate. The CSS system working pressure was
1 Torr, with some oxygen in argon atmosphere of 6%, a source
plate temperature of 630 °C and substrate temperature of
515 °C. The CdTe was deposited for approximately two minutes
to give a CdTe layer of 3-4 um.

The CdTe films were then cadmium chloride (CdCl,) treated.
CdCl, was deposited by thermal evaporation in an Edwards €306
evaporator, and subsequent annealing. The annealing was car-
ried out on a hotplate, under a fume hood, at 425 °C for a dwell
time of 1 minute. The sample was subsequently quenched at
300 °C in air. After CdCl, activation treatment, the samples were

4 Au back contacts

Glass

Fig. 1 Device structure of CdTe with NiO as a back buffer layer.
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rinsed with DI water to remove CdCl, residues. The samples were
then subsequently sputter coated with a layer of 100 nm NiO,
with varying deposition oxygen percentage as outlined above.

Devices were completed with 85 nm gold (Au) contacts depos-
ited using thermal evaporation. The complete device structure,
shown in Fig. 1, is as follows: glass/FTO/SnO,/CdTe (CdCl, treat-
ment)/NiO/Au contacts. The devices were subsequently scribed to
produce an active cell area of roughly 0.25 cm’.

Characterisation techniques

The transmittance (T%) and reflectance (R%) data were
obtained by spectrophotometry using a Varian Cary5000 UV-
VIS-NIR Spectrophotometer. Tauc plots were employed to
determine the band gaps of the NiO films using the transmit-
tance and reflectance data. Carrier concentration, mobilities
and resistivities were confirmed using a high-sensitivity parallel
dipole line (PDL) hall effect system from Semilab."® An Ambios
XP-2 profilometer was used to determine the thicknesses of the
samples. Carrier type was also determined by exploiting the
Seebeck effect using a heated element and a multimeter.
Compositional information of NiO films and valence band
details were determined using a thermo scientific K-alpha
X-ray photoelectron spectrometer (XPS) system, with a mono-
chromated aluminium Ko source. High-resolution XPS scans
were conducted with 50 eV pass energy, 1 eV step size, and
500 ms dwell time averaged over 5 scans for the specific Nickel,
carbon, and oxygen scans. All results were charge corrected
with carbon C 1s at 284.8 eV. X-ray diffraction (XRD) was
used for phase determination of the NiO films, using a Bruker
AXS D2 PHASER equipped with a 1-dimensional LynxEYE™
detector. Measurements were done using Cu Ko X-rays with
wavelength of 1.5418 A. The current density-voltage (J-V)
characteristics of devices were determined using an in-house
built solar simulator under AM1.5G illumination.

Results and discussion
Oxygen variation of NiO films on SLG

The NiO films deposited onto SLG over varying oxygen content
during deposition are shown in Fig. 2. The films have a clear
trend of becoming darker as more oxygen content is introduced.
This darkening trend is shown clearly via its transmissivity
(Fig. 3), where introducing more oxygen during deposition
decreases the transmission. Without oxygen input, the films

e
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Fig. 2 Photograph of the sputtered nickel oxide films over the varied
oxygen atmospheric percentage.
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Fig. 3 Plotted transmission percentage of the varied oxygen atmospheric
percentage during deposition nickel oxide.

have an average transmission between 450-1000 nm of 65.8%.
The transmission then steadily decreases as further oxygen is
introduced. With 80% oxygen percentage, the average transmis-
sion between 450-1000 nm is 19.4%.

The band gaps of the NiO films were found using the Tauc
plot method"” (Fig. 4), and the calculated values are shown in
Fig. 5. Also presented in Fig. 5 are the average transmissions. It
has previously been presented in the literature that both
indirect and direct band gaps are exhibited for NiO."® For this
investigation, direct band gap was observed at low oxygen input
of 0-20%. At 40% onwards indirect was observed, suggesting
there is a trade-off point of band gap structure somewhere
between 20% and 40% oxygen input.

It has previously been established that increasing oxygen
content during NiO sputtering decreases the band gap.'* In this
work, at low oxygen content, between 0% and 20%, there is a
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Fig. 4 Tauc plots with transitions of (A) direct and (B) indirect, of which
oxygen during sputtering between 0—-20% are direct and 40-80% indirect.
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Fig. 5 Band gaps and average transmission of NiO films sputtered at
varied oxygen input percentage.

slight decrease from 3.9 eV to 3.8 eV. These values lie within the
reported band gap range for direct bandgap of NiO, between
3.6-4 eV."®'? This band gap decrease is simultaneously asso-
ciated with a great decrease in transmission, which also agrees
with the literature.”

The band gap decreases to 3.05 eV when it shifts to indirect,
which coincides with the observed colour change of the films
and continued transmission decrease. From 40% oxygen input
however, the band gap increases, to 3.49 eV at 80% oxygen. The
indirect bandgaps however have smaller values, compared to
the direct counterparts, being between 3 eV and 3.5 eV. The
reported values in the literature for indirect accept this
range."®*’

The resistivity, carrier concentration, and mobility of the
oxygen varied NiO films were extracted using Hall effect
method and are shown in Fig. 6. The NiO films were kept to
roughly 100 nm. The mobility and carrier concentration of the
0% film were immeasurable due to no proper Hall signal being
detected, suggesting the sample had large resistance.

The relationship between the resistivity of the NiO films and
the oxygen content of the deposition environment is that the
higher the oxygen content, the lower the resistivity. 0% oxygen
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Fig. 6 Resistivity, carrier concentration and mobility of NiO films sput-
tered with varied oxygen conditions.
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Fig. 7 XPS plots for (A) Ni 2pz and (B) O 1s of NiO 100 nm films sputtered
with varying oxygen content.

526

has a resistivity of 1.28 x 10° Q cm. At 5% the resistivity
dramatically decreases to 336 Q cm. NiO is therefore clearly
sensitive to the introduction of a small amount of oxygen. From
5% it continues to decrease until it then plateaus to below
1 Q cm from 40% onwards. The lowest the resistivity of the film
was 0.0625 Q cm, at an oxygen percentage of 80%.

The mobility of NiO has a decreasing trend with increasing
oxygen present during deposition. The mobility at 5% oxygen
has the maximum value of 0.1071 cm® V' s~ *. The mobility
then sharply declines to 0.047 cm® V' s™" at 20% oxygen, but
over the increasing oxygen the mobility steadily increases until
0.0311 cm* V' s7' at 80% oxygen. The carrier concentration
follows an increasing trend, where at 5% oxygen input it is
1.74 x 10" cm ™ and at 80% oxygen input it is 3.07 x 10*' cm >,
The general trends of mobility, carrier concentration, and resis-
tivity over increasing oxygen agree with the literature.">"

The chemical states and composition of NiO films were
investigated by XPS, specifically looking at the elements of nickel
(Ni) and oxygen (O). Scans of Ni 2p are shown in Fig. 7A and O 1s
are shown in Fig. 7B. For the Ni 2p scan, the observed peaks
across the samples found at 855 eV and at 854 eV correspond to
Ni 2ps, levels of Ni** and Ni*" ions, respectively. The peak at
861 eV is a satellite peak, and the peaks at 870 eV and 885 eV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 X-ray diffraction plotted data for the oxygen varied during deposi-
tion NiO films.

correspond to Ni 2p,, levels. For the O 1s scan, there are two
main peaks of metal oxide at 531 eV and 529 eV corresponding to
the oxygen forming with Ni** and Ni*" respectively, and an
organic peak at 532 eV. The binding energies of these peaks
agree well with the literature.*"*>

The ratio between Ni** and Ni** was calculated using the
nickel XPS data scan. The 0% sample has a ratio of 0.76:1, 5%
and 20% of 0.77:1, 40% and 60% of 0.84:1 and 80% of 0.87: 1.
This shows a clear increase in Ni*" as O, during deposition is
increased and is indicated by the increasing Ni** peak in
Fig. 7A.

With that said, a trend is observed for the XPS scan across
oxygen binding energies which supports the increase in Ni**
and therefore oxygen content present. In Fig. 7B the peaks
corresponding to Ni** become more prominent with each
iterative of oxygen content: 0%, 20% and 80%. This relation-
ship indicates that as the proportion of oxygen in the deposi-
tion atmosphere is increased, Ni** becomes more favourable.
The formation of Ni*" is more appropriately understood as Ni**
vacancies causing the adjacent Ni*" ions to interact with the
surrounding oxygen.”® The large amount of oxygen results in
increased Ni** vacancy states in the NiO film, which would lead
to a surplus of holes. Seebeck testing of the films shows p-type
conduction, which further supports this conclusion. A surplus
of holes will therefore account for the carrier concentration
increase. The increasing Ni** states due to increased oxygen
during sputtering also cause decreased transmission of NiO.**

Phase identification was conducted using XRD, with the
data presented in Fig. 8. The reference used was PDF 65-2901.>
Three peaks were represented throughout the varied oxygen
samples: (111), (200), and (220). However, this excludes the
higher oxygen content samples 40%, 60%, and 80%, whereby
only (111) was represented for the 40% and 60% and no peaks
for 80%. The prominence of each peak changes depending on
the oxygen content. Between 0% and 5%, the maxima of the
peaks increase. After 5% oxygen content, the peak maxima
decrease. As the oxygen content is increased, the 2theta position

Energy Adv., 2024, 3,1746-1753 | 1749
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Fig. 9 J-V curves for CdTe with NiO back buffer layers deposited under
varied oxygen conditions.

of the peaks shift to the left. The attribute of decreasing peaks
between 20% and 80% suggests that these samples display reduced
crystallinity. On the other hand, the increasing peaks between 0%
and 5% suggest the samples have become more crystalline.

Oxygen varied NiO films as back buffer layer for CdTe cells

The J-V curves for the varied oxygen content buffer layers on CdTe
devices are shown in Fig. 9, with the corresponding efficiency, fill
factor (FF), short circuit current density ( Js.) and open circuit
voltage (Vo) values shown in Fig. 10. The best cells are tabulated
in Table 1. The best performing cell for the reference CdTe device
without a NiO layer was 5.15%. For the CdTe devices with NiO
back buffer layer of 0% oxygen, the efficiency remained similar at
5.31%. Introducing 5% oxygen during deposition was found to
improve the efficiency to 6.78%. It decreases slightly to 6.3% at
20% O,. At O, > 40%, efficiency drops significantly, with the
lowest being 1.66% for the 80% sample. Compared to current best
performance devices, the device parameters are poor. This is most
likely due to a lack of doping and Se grading.
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Fig. 10 Box plots of as deposited CdTe and CdTe/NiO devices with varied
oxygen during deposition of NiO films.
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Table 1 JV values for the best cells for each oxygen percentage during
sputtering

Sample Efficiency (%) FF (%) Jse (MA ecm™?) Voe (mMV)
No NiO 5.15 39.4 22.4 585
0% 5.31 32.4 23.0 710
5% 6.78 41.9 23.1 699
20% 6.30 39.2 23.5 683
40% 3.50 24.3 22.4 643
60% 3.10 20.6 23.7 636
80% 1.66 15.1 17.8 620

The higher efficiency is mainly due to an increase in V.. The
NiO back buffer layer with oxygen content <20% significantly
increases open circuit voltage. The most significant increase in
Voc is noted by the NiO sputtered without any oxygen present, of
710 mV. However, the FF was most prominent with the 5% and
20% oxygen during deposition samples, with both maintaining
a prominent V,. of 699 mV and 683 mV. The NiO buffer layer
deposited at 0% oxygen results in decreased FF because the NiO
film is more resistive with immeasurable carrier concentration
as aforementioned. Across the samples, the J,. stays relatively
consistent around 22.4 mA cm > to 23.7 mA cm 2%, with a
decrease at 80% to 17.8 mA cm™>. The NiO back buffer layer
is used to reduce the barrier height for hole transport at the
CdTe/Au interface and increase V. (Fig. 10). This is to over-
come the Schottky barrier produced at the CdTe/Au interface. It
has been reported that the thermal evaporated Au contact at
room temperature has a work function (WF) in the range of 5.1-
5.3 €V.>*?® Additionally, CdTe has a WF of 5.7 eV,*® which
creates a high Schottky-barrier height in the range of 0.4-0.6 eV
for the hole transport at the CdTe/Au interface. Therefore, the
high barrier height impedes hole transport and causes the
strong current limiting effect (i.e., roll over) in the light -V
characteristics, which leads to decreased V,. and device effi-
ciency. The result is consistent with previous reports.*°

Fig. 11 shows the band structure at CdTe/NiO/Au. The WF of
NiO deposited without oxygen during deposition was reported
in the literature to be 4.75 eV.*' The WF’s of NiO and gold
match well to reduce the barrier height. Moreover, increasing
oxygen during NiO deposition reduces the barrier height
further because oxygen significantly increases carrier concen-
tration in the NiO film, forming an ohmic contact with Au.

Evac

WF=4.75 eV

WEF=5.7 eV Ecam WF=5.1~5.3 eV

E=3.9eV

CdTe
Fig. 11 Band structure of the NiO/CdTe/Au back contacts.
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Table 2 Valence band offset (AE,) and conduction band offset (AE.) for
CdTe devices with varied oxygen during deposition NiO

0,% 0% 5% 20% 40% 60% 80%
AE, (eV) 0.47 0.48 0.34 0.59 0.52 0.64
AE, (eV) 2.86 2.77 2.65 2.18 2.21 2.62

For example, 60% oxygen in the sputtering gases leads to the
carrier concentration in the order of 1 x 10*° ecm™>. The
extremely high carrier concentration results in a degenerate
NiO film. Therefore, the barrier height becomes negligible. The
introduction of oxygen during NiO deposition not only
reduces the barrier height at the CdTe/Au interface but also
modifies the valence band offset at the CdTe/NiO interface.
Therefore, the oxygen content needs to be optimised to improve
both interfaces. When the barrier height at the CdTe/Au is
greatly reduced and a small barrier height does not hinder hole
transport, the valence band offset at the CdTe/NiO interface
dominates device operation.

The Kraut method was employed to determine the band
alignment at the NiO/CdTe interface, using the respective
binding energies of NiO and CdTe and the valence band
maximum, the method is described elsewhere.**>?

The band offsets at the CdTe/NiO interface are tabulated in
Table 2. The AE, decreases in the oxygen range of 0% to 20% and
increases in the oxygen range of 20% to 80%. A minimum AE, of
0.34 eV is obtained at the 20% oxygen content. The introduced
oxygen during the sputtering of NiO not only modifies the electron
affinity and band gap of NiO but also shifts down the valence
band maximum of CdTe due to exposure to oxygen during the
sputtering process.>' The combination of these effects determines
the valence band offset between NiO and CdTe. The valence band
offset has a significant effect on the CdTe/NiO interface recombi-
nation and consequently affects device efficiency, wherein larger
values reduce the efficiency. This work shows that valence band
offset <+0.5 eV results in higher device efficiency.

To investigate the effect of the valence band offset at the
CdTe/NiO interface, a SCAPS simulation is used to model
device operation. SCAPS is a 1D simulation software developed
at the University of Gent.>* The simulated device structure is
Sn0,:F/Sn0O,/CdTe/NiO/Au. The optoelectronic properties of
materials in the device model are listed in Table 3. These
material properties are extracted from the experiments and
literature.>"**~%
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Fig. 12 Simulated effect of valence band offset between NiO and CdTe
on light J-V.

Fig. 12 shows the simulated effect of the valence band offset
in the range of +0.2 to +0.7 V. The increased valence band offset
creates higher barrier for the hole transport at the CdTe/NiO
interface, therefore causing stronger S-shaped kink and roll over
in the light j-V characteristics as shown in Fig. 12. The increas-
ing VBO with increasing oxygen content greatly reduce FF and
efficiency, which is consistent with experimental observation.
The simulated graph implies the VBO measured, between
0.34 €V to 0.64 eV, isn’t low enough to avoid the rollover observed
and is a limiting factor for high performing devices.

The conduction band offset between NiO and CdTe is large.
Where between 0-20% oxygen, the value lies between 2.65 eV
and 2.86 eV and between 40-60% it is reduced to 2.18 eV and
2.21 eV. It increases again at 80% to 2.62 eV. The large
conduction band offset would directly improve the V,. by being
efficient electron reflectors, which prevents accumulation of
electrons at the interface and reduces the interface recombina-
tion. The result agrees with previous work.’

Conclusions

Nickel oxide thin films of 100 nm thickness were successfully
sputtered onto soda-lime glass, over various oxygen percentages
during deposition, between 0-80%. Increasing oxygen content

Table 3 Optoelectronic properties of the materials of the device SNO,:F/SnO,/CdTe/NiO/Au, used in the SCAPS simulation. Where W is layer thickness,
E4 band gap energy, X is the electron affinity, Na is hole concentration, Np is electron concentration, N; defect density, WF is work function, A and D

denote acceptor and donor like defects, respectively

FTO Sno, CdTe NiO Au
W (nm) 300 50 4000 100 WEF: 5.4 eV
Eg (eV) 3.6 3.6 1.5 3.9
X 4 4 4.4 1.54
Na 0 0 5 x 10" 1 x 10
Np 1 x 10* 5 x 108 0 0
N, 1 x 10" 1 x 10" 5 x 10%? 2 x 10"

Sn0,/CdTe interface

© 2024 The Author(s). Published by the Royal Society of Chemistry

Ny =1 x 10" em™? recombination velocity: 1 x 10" cm s~
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has clear effects on electrical characteristics, with decreasing
mobilities, resistivities, and increasing carrier concentrations.
In the high oxygen content during sputtering, the Ni*" state
becomes more favourable than Ni** in the NiO film. Crystal-
linity increases until it reaches a maximum at 5% oxygen
during deposition, then decreases, with larger oxygen levels
producing less crystalline films. This is caused by differing
oxygen content affecting film growth.

Nickel oxide of 100 nm thickness were successfully depos-
ited onto CdTe acting as a back buffer layer. The NiO back
buffer layer increases device efficiency by reducing the barrier
height at the Au back contact and improving valence band
offset at the CdTe/NiO interface. The introduction of NiO
reduces rollover in the light J-V curve at a decreased J-V turning
point. The NiO layer also leads to a large conduction band
offset at the CdTe/NiO interface, therefore forming an efficient
electron reflector to reduce interface recombination and
increase V,.. In future work, the NiO layer will be improved,
such as optimising substrate temperature during sputtering, to
increase device efficiency further. On top of this, device struc-
ture will be modified to include doping such as copper or
arsenic, Se grading and an improved front interface - in line
with the current best performing devices.
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