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Abstract. In this work, an in-situ growth approach has been employed to fabricate Al:ZnO/Cu.O/Cu and
Al:ZnO/ZnO/Cu20/Cu heterojunctions using direct current (DC) and radio frequency (RF) magnetron sputtering
technique in a controlled atmospheric condition. The effect of ZnO buffer layer thickness (30 and 50 nm) as well as in-
situ Cu20 annealing at 600 °C in low vacuum (~ 10 Torr) prior to Al:ZnO deposition were studied. The carrier density
of Al:ZnO was ~ 2 x 10%° ¢cm?® with mobility ~ 8 cm?/V-s and resistivity ~ 1 x 1073 Q-cm, while the carrier density of
Cu20 was 1 x 10" cm? with mobility ~ 19 cm?/V's and resistivity ~ 200 Q-cm. The heterojunctions were investigated by
depth resolved Cathodoluminescence (CL) spectroscopy at 80 K to analyze the influence of defects at the interface. The
two emissions at 1.51 eV (Vo') and 1.69 eV (Vo?") dominate in all CL spectra related to oxygen vacancy defects in
Cu20. The relative intensity of the defect luminescence band Vo' respect to Vo' is greater at the interface compared to
bulk Cu20, while the incorporation of the ZnO layer reduces significantly both radiative recombination and the Vo?*
related emission at the interface.

INTRODUCTION

Cuprous oxide (Cu,0), being a semi-transparent binary oxide, economically cheap, abundant, non-toxic material
with ‘native’ p-type conductivity, is a promising candidate as an absorber layer to realize heterojunctions with n-
type materials, e.g., aluminum-doped zinc oxide (Al:ZnO or AZO) [1],[2]. Cu,0O has a direct energy bandgap (Eg) ~
2.2 eV (at 300 K) with a strong absorption of photons with energies higher than E,. Metal oxide heterojunctions and
crystalline silicon-based solar cells have good potential for development of high performance tandem solar cells [3].
The AZO/Cu,0O heterojunction is a potential candidate material for tandem heterojunction solar cell configuration,
i.e., a conventional c-Si bottom subcell is combined with an AZO/Cu,O top subcell in a mechanical stack of
independently connected cells [4-6]. The deposition of AZO/Cu,O thin film stack on an optically transparent quartz
substrate enables low-energy photons to be transmitted through the AZO/Cu,O top subcell for subsequent
absorption in the c-Si bottom subcell [7]. The maximum power conversion efficiency reported for an AZO/Cu,O
heterojunction solar cell is ~ 8.1% [8-10]. The theoretical efficiency of a thin film based tandem heterojunction solar
cell is estimated about 30% depending upon the optical absorption, E,, carrier transport, and luminescence
efficiency of top cell [11], where estimated photon conversion efficiency range varied from 22% for a material with
Eg ~1.5 eV to 16% for a material with E; ~ 2.1 eV as a top subcell [12].

In this article, Cu,O and AZO thin films were deposited by DC/RF magnetron sputtering technique without
breaking the vacuum during the growth. This deposition process allows for controlling the growth conditions and
parameters (Ar/O; ratio, substrate temperature, power, pressure) during the deposition. It will play a vital role to
tailor the electronic/optical properties of the interface between different staking layers [13],[14]. In addition, a ZnO
buffer layer was also incorporated between the AZO and Cu,O layers with the aim to enhance the device
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performance by suppressing the formation of defects and improve the energy band alignment at the heterojunction
interface.

EXPERIMENTAL METHOD

Various heterojunction thin film structures, including AZO/Cu,O/Cu, AZO/Cu,O (annealed at 600 °C in low
vacuum ~ 10 Torr)/Cu, AZO/ZnO (30 nm)/Cu,O/Cu and AZO/ZnO (50 nm)/Cu,O/Cu were deposited by direct
current/radio frequency (DC/RF) magnetron sputtering technique (Semicore Triaxis) on quartz substrates at 400 °C
substrate temperature in a controlled environmental condition without breaking the vacuum (in-situ growth), in order
to control the electronic properties of the heterojunction interface with better lattice match and to avoid any
contamination during the process. The effect of in-situ Cu,O annealing at 600 °C in low vacuum (~ 107 Torr) prior
to AZO deposition were also investigated. The quartz substrates were cleaned in piranha and rinsed in deionized
water. Subsequently, the substrates were blown dry with nitrogen and loaded into the deposition chamber. The Cu
electrode (~ 500 nm) was deposited by DC sputtering from a 99.999% Cu target in Ar (50 sccm) with a substrate
temperature of 400 °C after that Cu,O (500 nm) was deposited by DC reactive sputtering in O»/Ar ratio (7.5/42.5
sccm) at 400 °C. The target power was fixed at 100 W. The base pressure was kept below 5.0 x 1077 Torr and the
sample stage was rotated at a constant speed of 12 rpm during the deposition. The AZO (~ 200 nm) layer was
deposited by RF sputtering (power 50 W) from an aluminum (2 wt %) doped ZnO target in Ar (50 sccm) at 400 °C.
ZnO buffer layer (30 nm and 50 nm thickness) was deposited by RF sputtering (power 50 W) from ZnO target
(99.99%) in Ar (50 sccm) at 400 °C after Cu,O deposition.

Photolithography technique was used to deposit top metal contact. The aluminum (Al) contact (1 mm size and ~
150 nm thickness) was deposited by e-beam evaporation onto the AZO surface at room temperature. The chemical
etching with diluting HCI solution (5%) was employed to remove the selected area (~ 3 mm) of AZO/Cu,O staking
layers for edge isolation and to have Cu as back contact. The AZO and CuyO thin film thicknesses were determined
to be ~ 200 nm and ~ 500 nm, respectively, by spectroscopic ellipsometry, while the Cu back contact of ~ 500 nm
thickness was measured by stylus profilometer, showing good correlation with the thickness estimated from
scanning electron microscope (SEM) imaging. The ZnO buffer layer thickness was estimated around ~ 30 nm and ~
50 nm from the deposition rate. X-ray diffraction (XRD) patterns were acquired using a Bruker D8 Discover X-ray
diffractometer with Cu Ko-radiation and a Bragg-Brentano configuration. Room temperature Hall effect
measurements were conducted using the van-der Pauw method to determine the mobility, resistivity, and carrier
density of AZO and Cu,O films [15]. SEM was employed for cross section analysis of the heterojunction structure.
Cathodoluminescence (CL) measurements were performed on all samples with a JEOL JSM-IT300 SEM equipped
with a Delmic SPARC cathode-luminescence system. CL spectra were collected with an Andor Shamrock SR-193i
spectrometer using a 500 I/mm grating and a charged coupled device (CCD) Andor Newton DU940P-BU2 detector.
The CL measurements were carried out at 80 K with constant excitation power (1 pW) and e-beam energy from 3 to
20 keV in order to control the probing depth. All CL spectra have been calibrated for spectral shape and intensity in
accordance to the measurements conditions.

RESULTS AND DISCUSSION

FIGURE 1a displays the AZO/Cu,O/Cu heterojunction structure with 10 x 10 mm size with Cu (~3 mm) as
back contact electrode and Al as top contact (1 mm size). FIGURE 1b shows the XRD patterns of the different
heterojunction structures, while the inset of FIGURE 1b presents a SEM cross-section image of the AZO/Cu,O/Cu
heterojunction structure. The XRD peaks of the AZO (002), Cu,O (111), CuO (200), Cu (111), and Cu (200)
crystalline orientations are shown in the 20 scans, suggesting that the Cu,O layer is polycrystalline with a
dominating (111) orientation on Cu layer, while AZO deposited onto Cu,O layer is dominating with (002)
orientation, which shows the growth and orientation of different stacks on each other’s during the device fabrication.
The unwanted extra XRD peak like CuO was not observed which could have a detrimental effect on functional
properties [15]. The carrier concentration, carrier mobility, and resistivity for AZO and Cu,O (as-deposited) thin
films on quartz, derived from Hall effect measurements at room temperature, are listed in TABLE 1. These values
are comparable to those reported previously for sputter-deposited polycrystalline Cu,O thin films on quartz [16].
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FIGURE 1. (a) Schematic illustration of the AZO/Cu20/Cu heterojunction structure and (b) XRD pattern of AZO/Cu20/Cu and
various heterojunction devices, with the inset figure showing the cross-section SEM image of the AZO/Cu20/Cu heterojunction
structure.

TABLE 1. Carrier concentration, mobility, and film resistivity for AZO and Cuz0 thin films on quartz are acquired using
hall measurements at room temperature.

Material Doping type Camer SOnEIRon  Mobility [emvs] eSSV IEem)
AZO n 2% 109 8 1107
Cw0 p 1% 101 19 200

In multilayer heterojunction device, the lattice mismatch and interface among different layers play the critical
roles which have a direct effect on the performance of the device. Various characterization techniques are available
to investigate the heterojunction interface. I-V curves were measured at all devices to investigate the interface
heterojunction. All devices show unstable rectifying behavior, likely due to lattice deformation, impurities or defects
at the heterojunction interface. A stable rectifying junction is required to investigate the interface using other
electrical techniques such as deep level transient spectroscopy (DLTS) and Thermal Admittance Spectroscopy
(TAS). Therefore, an alternative technique, Cathodoluminescence (CL) has been employed. CL is a qualitative and
non-destructive technique that can be used to investigate the radiative recombination of e-beam excited electrons
from the different layers and interfaces of the heterojunction structure.

FIGURE 2 displays the CL spectra acquired at 80 K from AZO/Cu,O/Cu heterojunction deposited at constant
substrate temperature (FIGURE 2a), and a heterojunction growth with additional thermal annealing at 600 °C prior
to AZO deposition (FIGURE 2b). The spectra were measured with e-beam energies of 3, 5, 10 and 20 keV. The
depth of the generated carriers has been estimated by the e-beam energy deposition distribution shown in the inset of
FIGURE 2b calculated by CASINO software [17]. The estimated depth profile where the injected electrons impinge
their energy is around 60 nm, 150 nm, 400 nm, and higher than 700 nm for 3, 5, 10 and 20 keV, respectively. At the
high energy side of the CL spectrum measured at 3 keV, a broad UV band can be identified at 3.5 eV assigned to the
near band edge emission (NBE) from the AZO film [18], labelled as NBE (AZO) in FIGURE 1a. At lower energies,
luminescence bands from the Cu,O film can be observed as the excitonic yellow 1s emission (Y1: yellow line) at ~2
eV [19],[20] and two defect luminescence bands at 1.69 eV and 1.51 eV classically assigned to double (Vo**) and
single ionized oxygen vacancies (Vo*), respectively [21]. The observation of the Cu,O related emissions reveals that
generated carriers in the AZO layer move and recombine in the Cu,O layer, or more likely near the AZO/Cu,O
interface. The broad and weak appearance of the Y1 emission can be due to the reduced grain size and
polycrystalline nature of the as-deposited material. However, it is evident that the Cu,O defect related states act as
effective radiative recombination centres. At 5 keV, higher emission from deep defect levels in the AZO film known
as the green emission band (GE) can be observed centred at ~2.3 eV near the Y1 emission, while the oxygen
vacancy (Vo) related bands from Cu,O only increase their total intensity without significant change in their intensity
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ratio, peak positions or shape. The CL spectra measured at 10 and 20 keV show similar features. In both cases the
luminescence from the Vo?* related band from the Cu,O layer dominates over the Vo™ defect band.
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FIGURE 2. Cathodoluminescence (CL) spectrum measured at 80 K for (a) AZO/Cu20/Cu, and (b) AZO/Cu20 (in-situ annealing
during growth at 600 °C in low vacuum 10 Torr)/Cu. The inset in (b) presents the depth profile of the e-beam; (c) Extended
region from 1.3 —2.45 ¢V of figure (b); and (d) the CL spectra for AZO/Cu20, AZO/ZnO (30 nm)/Cu20 and AZO/ZnO (50

nm)/Cu20 heterojunctions.

The CL spectra of the sample annealed at 600 °C (in-situ in low vacuum 10 Torr) shown in FIGURE 2b are
characterized by a total CL intensity decrease in both AZO and Cu,O signals, that is likely due to increased non-
radiative recombination channels despite the higher crystalline quality (FIGURE 1b). From the AZO layer it is
important to note that a narrow band peaking at ~3.25 eV related to the ZnO NBE appears for e-beam energies >5
keV that is likely an indication of heterogeneous Al diffusion during film deposition. It may suggest that lower AZO
temperature deposition is necessary in order to improve Al homogeneity. Regarding the Cu,O luminescence, details
of the spectral region from 1.3 to 2.45 eV has been enlarged in FIGURE 2c. At 3 keV the Cu,O related emissions
appear as a featureless band from 1.4 to 2.2 €V with a maximum at 1.83 eV and a shoulder at ~2.1 €V. The Vo**
related band at 1.69 eV dominates the spectrum measured at 5 keV and a luminescence band assigned to Cu
vacancies (Vcu) [22] can be observed at ~1.34 eV. The Cu,O related emissions change dramatically for 10 keV and
20 keV, corresponding to regions where carriers are generated and recombined in the Cu,O layer according to the
energy distribution shown in the inset of FIGURE 2b. In this case, the features of the Y1 excitonic emission can be
resolved in the contributions from phonon-assisted transitions to the I'’" or I'** valence bands assigned to
orthoexcitons (XO) coupled with I''? phonons [22], [23]. Additionally, the V¢, defect band clearly dominates the
CL spectrum while the Vo* band at 1.5 eV is barely detectable. This result confirms that 3 and 5 keV measurements
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yield the emission in the AZO layer and at the AZO/Cu,O interface, while Cu,O bulk emissions require that
electrons penetrate and recombine radiatively in the Cu,O layer.

Results from the as-deposited samples with a 30 nm and 50 nm ZnO intermediate (buffer) layer (AZO/ZnO (30
nm and 50 nm)/Cu,0) are shown in the FIGURE 2d for 3 and 5 keV. Higher e-beam energies (10 keV and 20 keV)
show characteristics similar to the sample in absence of the buffer layer. At 3 keV both samples show featureless CL
signal in the spectral range from 2 keV, so mainly emissions from the Cu,O defect bands can be detected. The
AZO/ZnO (30 nm)/Cu,O sample show an increased relative intensity of the Vo* defect band respect to Vo?*, while
the AZO/ZnO (50 nm)/Cu,O sample show significantly weaker CL signal and Vo*/Vo?" intensity ratio similar to the
AZO/Cu0O sample. By increasing the e-beam energy to 5 keV the relative intensity associated to Vo' defects is
higher on the samples in presence of the ZnO intermediate layer. It can be interpreted as a reduction of Vo*
recombination at the ZnO/Cu,0 interface compared to AZO/Cu,0. Additionally, by increasing the thickness of the
ZnO intermediate layer the total luminescence emission is reduced by almost one order of magnitude, indicating that

non-radiative recombination paths are favoured, which may imply an increase in the carrier lifetime at the interface
[23].

SUMMARY

The heterojunction devices such as AZO/Cu,O/Cu, AZO/Cu,O (annealed at 600 °C in low vacuum ~ 10
Torr)/Cu, AZO/ZnO (30 nm)/Cu,O/Cu and AZO/ZnO (50 nm)/Cu,O/Cu were prepared by DC/RF sputtering,
followed by photo-lithography and e-beam deposition, respectively. CuO layer is polycrystalline with a dominating
(111) orientation on Cu layer and AZO deposited onto CuxO layer is dominating with (002) orientation. The
heterojunction devices were investigated by a non-destructive technique called CL. CL measurements at 80 K have
been performed on all multilayer devices using different e-beam energies to enhance the signal from the
heterojunction interface. Two emissions at 1.51 eV (Vo) and 1.69 eV (Vo?") dominate in all CL spectra measured
on as-deposited samples related to Vo defects in CuxO. The Vo?* luminescence is a very efficient recombination
center in the Cu;O layer and its intensity compete with Vo' at the interface. The enhancement in non-radiative
recombination was observed on the samples with Cu,O film annealed at 600 °C, characterized by lower total
intensity and the presence of both Vo?* emission and V¢, defect band at the AZO/Cu,O interface. In addition, lower
temperature deposition of AZO might be necessary to avoid Al diffusion. The intermediate ZnO buffer layer reduces
the total luminescence, and in greater extent the Vo?>* emission at the interface, which may indicate improvement of
the carrier lifetime.
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