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Einleitung

Introduction to Cu2O solar cells
All-oxide solar cells, based on the Cu2O (cuprous oxide) absorber, are a low-cost and highpotential option for large-scale deployment of photovoltaics (PV). In recent studies, Cu2O appears as one
of the most promising inorganic absorbers for affordable electricity supply [1]. Cu2O can be prepared by
non-vacuum techniques, such as thermal oxidation of Cu sheets and electrochemical deposition (ECD).
Cu2O is a p-type semiconductor, owing to negatively-charged copper vacancies [2]. It has a direct
bandgap of 2 eV, which allows for a theoretical maximum power conversion efficiency of about 20% for
a single junction cell under AM1.5 illumination [3]. Its bandgap makes Cu2O also suitable as top cell
absorber in tandems. Cu2O has a high absorption coefficient (103 up to more than 105 cm-1) [4], high
majority carrier mobilities (in the range of 100 cm 2/Vs) [5] [6] and large minority carrier diffusion length
(up to several micrometers) [7], [8]. The n-type doping of Cu2O is extremely difficult due to the dopant
self-compensation [9], so research efforts were focused on heterojunction cell architectures. To obtain
high power conversion efficiency (PCE), the appropriate energy band alignment at the p/n heterojunction
interface is critical, as well as the control of the interface defect density.
The highest PCE is achieved for bulk, thermally oxidized Cu2O absorbers, with grain size up to
the mm range and large charge carrier mobilities. Nevertheless, thermally oxidized cells are materialsand energy-intensive (prepared using 200 µm-thick wafers, at temperatures exceeding 1000oC and
process duration of several hours). In 2006, PCE of 2% was achieved for a bulk Cu2O/ZnO substrate [6].
Through optimization of the thermal oxidation process and appropriate ZnO doping with Mg, Minami et
al. reported efficiency of 4.3% [10],[11] and later 5.38% through the use of Ga2O3 n-layer [12], prepared
by pulsed laser deposition (PLD). Even better results were reported by the same group later, reaching an
efficiency of 6.1% with a PLD-grown, n-type aluminum gallium oxide (Al 0.025Ga 0.975O), employing Nadoped Cu sheets and a MgF2 antireflection layer [13]. Finally, record efficiency of 8.1% was very recently
achieved for MgF2/Al-doped ZnO/Zn0.38Ge0.62O/Cu2O:Na heterojunction solar cells [14].
These results are impressive, but the demand remains to obtain efficient solar cells with thin film
absorbers, having low material demand and low fabrication cost. For this purpose, ECD of Cu2O has a
large potential as it takes place close to room temperature (about 50-60oC) and from solutions of lowcost chemical reagents. In addition, ECD is easily up-scalable, high throughput and roll-to-roll
compatible. The maximum achieved efficiency of solar cells with thin film, ECD-grown Cu2O in
combination with ZnO remained for long limited at 1.28% [15]. This was the state-of-the-art at the time
when the CopperHEAD proposal was submitted.
Late 2013, the efficiency of ECD-Cu2O cells was abruptly increased to 2.65% by employing an
amorphous tin-doped ZnO layer, formed by atomic layer deposition (ALD) and a substrate-type of solar
cell [16] (where the light eneters the cell from the opposite side of the substrate). This type of cell, uses
however a thick Au film as as bottom electrode, which is a serious cost disadvantage. Finally, the highest
PCE for ECD-grown Cu2O cells reached 3.97% through the implementation of an ALD Ga2O3 layer [17].
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An impressive open circuit voltage of ~1.2 V was reached in the latter case, being mainly the result of an
optimized band alignment at the heterojunction.
From all the investigated n-type layers, ZnO has the lowest cost, but features a high conduction
band misalignment with Cu2O of ~0.9 eV, giving rise to reduced open circuit voltage values [18]. To
circumvent this, the doping of ZnO with Mg is an efficient means to modify the band structure of the Zn1xMg xO material. The content of Mg may attain values of up to x=0.5 without modification of the crystal
structure of the mother material. Zn1-xMgxO layers were successfully applied as buffer and window layers
in chalcogenide solar cells. MgxZn1-xO (0≤x≤0.13) films grown by metal-organic chemical vapor
deposition (MOCVD) were used as n-type with electrodeposited Cu2O [19]. The power conversion
efficiency of 0.71% was obtained on the MgxZn 1-xO (x=10%) based solar cell with device structure FTO/
MgxZn 1-xO/Cu2O/Ag.
What was proposed
The CopperHEAD project, proposed in 2013 the implementation of atomic layer deposition (ALD)
to prepare Zn1-xMgxO layers of variable Mg content and form heterojunctions with the ECD-Cu2O
absorber of improved band alignment and low defect density. ALD offers a high level of control over the
layer’s composition and uniformity and is especially suitable to conformally cover rough, 3-D surfaces.
Another proposed way to optimize the heterojunction band alignment was by means of the socalled self-assembled monolayers (SAMs), consisting of dipolar organic molecules, introduced between
the p-type absorber and the n-type counterpart [20], [21],. This concept has been employed in a wide
range of organic devices in the literature [22], [23], [24]. SAMs with different dipole moments are
available, giving the possibility to tune the electric field at the p/n heterojunction, consequently
introducing a favorable band bending.
Further, the project proposed the simulation and implementation of nanophotonic elements,
based on ZnO structures, in order to enhance the light absorption and therefore the cell efficiency. The
suggestion of ZnO nanostructures was done on the assumption that a superstrate type of cell would be
used. Nevertheless, in the course of the project, new developments in the field, dictated to change the
focus to the substrate type of cell, where ZnO nanostructures could not be used. Instead, the
development concentrated on enhancing the light absorption through appropriate absorber morphologies
and use of metallic nanostructures.
Finally, the project strived to improve the absorber itself through the optimization of the ECD
process and through the implementation of post-deposition annealing in order to enhance the carrier
density (also by introducing p-type doping) and decrease the absorber resistivity. In parallel, these
improvements were expected tp have an impact on the light-induced metastabilities present in Cu2O
cells, such as the persistent photoconductivity [25].
Integration into the research programme
The project dealt with the priority issue of Theme 1 of the programme: Emerging
Technologies ; Focus: 1.2 Renewable energy of the next generation.
Seite 7 von 35

e!Mission.at -

XX. Ausschreibung

Klima- und Energiefonds des Bundes – Abwicklung durch die Österreichische Forschungsförderungsgesellschaft FFG

Indeed, CopperHEAD pursued application-oriented materials research in the relevant topic of
next generation photovoltaics, as it strived to develop a cost-effective, environment-friendly PV
technology. The project tasks were related to new materials, components and processes. More
specifically, in the field of materials research, the development of a thin film solar cell was proposed,
based on an heterojunction between the Cu2O absorber and n-type ZnO or ZnMgO. At the same time,
organic dipole molecules were proposed to adjust the electronic properties of the heterojunction. With
regard to the processes, electrochemical deposition (ECD) was used as a solution-based technique for
the fabrication of the solar absorber. Similarly, atomic layer deposition (ALD) was proposed as a highprecision deposition technology for heterojunction interface engineering at the atomic level. Finally,
photonic nanostructures were proposed to increase the light absorption in the Cu2O absorber.
The project related to all three of the programme objectives. The Objective 1 "To meet the
energy, climate and technology policy guidelines of the Austrian federal government" was served as the
project investigated a cost-effective PV technology, both in terms of raw materials and production
processes. This fosters the future market penetration of PV and the consequent increase of the share of
renewable energy in the energy mix. Further, in line with the Austrian energy strategy, the project
contributes to the reduction of CO2 emissions from fossil sources and supports Austria's commitment to
independence from imported energy and the increase in the quality of life.
The low production costs and the innovative manufacturing processes of the proposed
technology were also consistent with Objective 2: "Increasing the viability of sustainable energy and
innovative energy technologies". CopperHEAD also contributed to the objective 3 "Building and
safeguarding technology leadership and strengthening the international competitiveness of Austrian
companies" especially in the field of thin-film photovoltaics. Innovations generated in the project relate
specifically to novel oxide layers, processes for improving the quality of the heterojunctions, etc., but also
to findings in the area of nano-patterning. The proposed technological approaches can be used in the
field of PV and other optoelectronic applications, such as solid state lighting and displays. From this point
of view, the project contributed to the strengthening of the Austrian innovation location.
Methods
The project work plan was structured so as to achieve the project’s objectives and was managed
via the management instruments described in work package 1 (WP1). The technical/scientific work
packages (WP2 - WP4) enabled an efficient workflow for samples, materials and know-how between the
consortium partners, in order to reach the project objectives.
WP2 and WP3 started at the beginning of the projected. WP2 focused on the development of the
individual materials. These were electrodes, absorbers, buffer layers and organic layers, deposited by
various techniques, such as sputtering, ECD, ALD and spin coating, and applying the proposed postdeposition treatments. The latter consisted of annealing treatments at different temperatures and gas
environments. The fulfillment of the tasks required the circulation of samples between the partners. The
process history of each sample was recorded by means of appropriate templates.
At the same time, optical simulations, using Finite Difference Time Domain (FDTD) and Trasfer
Matrix Methods (TMM) begun in WP3 to design the photonic components that could lead to an
improvement in light absorption. As soon as the first set of parameters were defined, the experimental
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developemnt of the nanostructures began, with the structuring of the substrate, using laser interference
and nanoimprint lithography and the materials deposition by ECD or sputtering.
The manufactured materials and components in WP2 and WP3 were evaluated with regard to
their structural, chemical and electronic state, as well as optical and electrical properties. The employed
techniques were X-Ray diffractometry (XRD), Fourier Transform IR (FTIR) spectrometry, Atomic Force
Microscopy (AFM), X-Ray Photoemission spectroscopy XPS, Auger spectroscopy, Kelvin probe
spectroscopy, Hall effect measurements and current-voltage (I-V) measurements.
The work in the WP4 dealt with the materials integration, solar cell fabrication and PV evaluation.
The tasks commenced as soon as the first phase of materials optimization in WP2 and WP3 was
completed. The first solar cells were evaluated with respect to their PV performance ~3 months after the
start of the project. The meticulous evaluation in WP4, by means of I-V, capacitance-voltage (C-V) and
external quantum efficiency (EQE) measurements, provided the necessary feedback for WP2 and WP3
to allow optimization of the deposition recipes.
The table below shows the description of the work-packages as appearing in the project
proposal.
APNr.

Dauer in
Monaten

1

Management/ Dissemination

36

2

Engineering des Heteroübergangs

36

3
4

3

Arbeitspaket-Bezeichnung

Entwicklung von nanophotonischen
Komponenten
Herstellung & Evaluierung von
Solarzellen

Geplantes Ergebnis
Erfolgreiche Durchführung des Projektplans /
Veröffentlichungen von hoher Verwertbarkeit
Reduktion der Leitungsband-Offset und
Defektdichte am Hetero-Übergang

36

Erhöhung der Lichtabsorption

30

Effizienz ähnlich wie bei Bulk-Cu2O-Zellen

Inhaltliche Darstellung

The technical presentation of the project appears below, with the work broken-down to the WPs
and the individual tasks.

WP2: Heterojunction engineering
Task: Sputter-deposition of TCO and metallic contacts
Different transparent and metallic contacts were deposited by sputtering in the course of the
project, in order to be implemented in different solar cell architectures. The “superstrate architecture”
(light entering the cell through the glass) demands that a transparent contact, such as a TCO, is
deposited on the glass and a metallic contact at the opposite side of the solar cell. In a “substrate
architecture” the glass is covered with a metallic, reflecting contact and a transparent contact is used on
the opposite side, from where the light enters the device. The contacts have to fit the energetics of the
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intensity (arb. u.)

device, i.e. a high work function material should be used for hole extraction (anode) and a low work
function material for electron extraction (cathode). The contacts that are used to coat the glass influence
the quality of the electrodeposited absorber layer (which is deposited atop), through their sheet
resistance, roughness, grain structure, crystal texture and chemical reactivity.

*(222)

*(211)

*(123)
*(400)

#(110)
*(440)
*(622)

200 nm
20

30

40

50

60

70

angle 2(deg)

ITO
200 nm

Cr

Figure 1: Cross section and plane view SEM
images of the Cr/ITO electrode, together with
the X-ray diffractogram.
ITO peaks are
marked with an asterisk (*). The Cr peak is
marked with the hash key (#).

In the project, following contacts were sputter
deposited on glass using DC magnetron sources:
Ti(5)/Au(100),
Ti(5)/Ag(100),
Mo(500nm),
Cr(20)/ITO(200),
AZO(50)/Au(7)/AZO(50),
(in
parenthesis the thickness in nm).
The first 4
contacts were used for substrate architecture cells and
the last for superstrate architecture. As top contacts
we have used either AZO(800) for substrate
architecture or Au(100) for superstrate. In the course
of the project the consortium decided to focus on the
substrate architecture, as new developments in the
field strongly suggested a higher potential. From all
the contacts compatible with this architecture, the
consortium focused most of the efforts on these not
containing precious metals (i.e. Au and Ag). So,
Cr/ITO was chosen as reflective back contact and AZO
as transparent from contact.

The Cr/ITO electrode does not contain any precious metals. Even if In is relatively rare, its cost is
far lower compared to that of Au or Ag used in the literature [16,17]. ITO has a high work function (4.7
eV), which is appropriate for a hole-collecting electrode. Cr adheres to the glass substrate and increases
the reflectance in the visible, thus enhancing the light path in the Cu2O. The average reflectance of
Cr/ITO (from 350 to 650 nm) is 0.41. Its sheet resistance is 17 Ω/□ , which is appropriate for a solar cell
electrode and simultaneously allows control over the current flow during the electrodeposition (ECD) of
Cu2O.
The cross section and surface SEM images of the substrate (Fig. 1) show that the electrode is
compact and of low roughness. The XRD measurement (Fig.1) shows a dominant peak from the (222)
planes’ reflection of ITO (symmetry group Ia-3) and secondary peaks from the (211), (123), (400), (440)
and (622) planes.

Task: ALD deposition of n-ZnO, n-ZnMgO
Zn1-xMgxO layers were deposited using a Cambridge Nanotech, Savannah 100 ALD reactor.
Diethylzinc (DEZn), deionized water (H2O) and nitrogen (N2) were used as Zn metal precursor, oxidant
and purging gas, respectively. The precursor vapors were alternately pulsed at a base pressure of 1
mbar and at substrate temperature of 150 °C. In the optimization phase during the first year, we varied
the deposition temperature from 120-200 °C. 150 °C was the optimum with respect to cell performance.
For the deposition of MgO, bis-(ethylcyclopentadienyl)-magnesium ((CpEt)2Mg) precursor and water
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were used. The H2O and DEZn precursors were kept at room temperature while (CpEt) 2Mg at 85° C.
The purging time was for all deposition cycles kept at 30 sec.
The Zn1-xMgxO layers were deposited either on plain substrates or on top of the absorber. The
Mg doping in ZnO was controlled by varying the number of MgO cycles during ALD, according to the
expression: χGPC=GPCMgO/(GPCMgO+(n*GPCZnO)), (GPC: growth per cycle) where χGPC is the Mg
concentration and n the number of ZnO cycles. Films with increasing Mg concentration were prepared
(table 1). As an example, the ratio 7:1 means 7 cycles of ZnO, followed by 1 cycle of MgO. The total of 8
cycles defines the super-cycle. The number of super-cycles is repeated n times to obtain the required
film thickness. The oxide growth per cycle (GPC), as determined by ellipsometry, was 0.14 and 0.12
nm/cycle for ZnO and MgO, respectively.
ZnO/MgO cycles

(eV)

(eV)

ZnO

0

0

1022.1

-

11:1

0.072

0.088

1022.01

1304.84

7:1

0.109

0.107

1021.94

1304.69

5:1

0.146

0.140

1022.06

1304.73

3:1

0.222

0.163

1022.05

1304.70

1:1

0.461

0.333

1021.89

1304.80

MgO

1

1

-

1304.40

Table 1:

The Mg concentration as calculated from the oxides GPC (

measurements (
shown.

) and from the XPS

). The binding energies of the Zn2p3/2 and Mg1s peaks for each film are also

The precise atomic concentration of Mg in ZnMgO,
, was determined by XPS. Fig. 2
shows XPS spectra for the Zn and Mg peaks. The Zn2p core level exhibits two peaks, corresponding to
the spin-orbit doublet Zn2p1/2 (1045.13 eV) and Zn2p3/2 (1022.07 eV). Metallic Zn with a binding energy
of 1021.7 eV was not detected. The Mg1s core level measured for the MgO film exhibits one intense
peak (1304.40 eV) and no metallic Mg peak (1303 eV) was observed. The positions of the Zn2p3/2 and
Mg1s peaks for the investigated samples are shown in Table 1. The Mg concentration was extracted
with the following procedure: firstly the Mg1s, Zn2p1/2 and Zn2p3/2 peak areas were calculated and then
divided with the respective relative sensitive factors (RSF), which are 11.16, 9.79, and 18.91. The ratio of
the corrected peak areas Mg/(Mg+Zn) yields the Mg atomic concentration, as presented in Table 1.
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Figure 2: XPS spectra showing the Zn doublet Figure
3:
Transmittance
spectra
and
and Mg peaks for films of different Mg content
corresponding Tauc plots for ZnMgO films (20 nm)

The XPS spectra in Fig. 2 show a shift of the Mg 1s binding energy to higher values for Zn1xMg xO compared to MgO, whereas a much less significant shift to lower energies is observed for the Zn
doublet peak for Zn1-xMgxO compared to ZnO. This suggests the substitutional incorporation of Mg into
the ZnO lattice, with the corresponding change of the Mg coordination number from octahedral to
tetrahedral. Additionally to the lower electron negativity of Mg compared to Zn, this alters the potential of
core electrons due to screening effects, resulting in the observed binding energy shift of the Mg1s core
level towards higher energies. As the coordination of Zn does not change, the shift of the Zn 2p core
level is due to the nearest neighbor effect only and therefore less significant.
(002)

4.2

(100)

3.8
3.6
3.4

100 nm
20 nm
linear fit
EG (eV)=3.19+2.35 x

3.2
3.0
0.0

0.1
0.2
0.3
Mg concentration x

(101)

(110)

intensity (arb.units)

bandgap EG (eV)

4.0

ZnO
x=0.088
x=0.10
x=0.107
x=0.14
x=0.163
x=0.333

0.4

30

40

50

60

2

Figure 4: Bandgap of ZnMgO as a function of the Figure 5: XRD spectra of the ZnMgO films for
Mg concentration
different Mg concentration (100 nm thick)

The transmittance spectra of 20 and 100 nm-thick Zn1-xMgxO films were measured. Fig. 3
presents the spectra for the 20 nm-thick films. The transmittance increases with x due to the widening of
the optical band gap. The EG values were extracted from Tauc plots and plotted as a function of x for
Seite 12 von 35

e!Mission.at -

XX. Ausschreibung

Klima- und Energiefonds des Bundes – Abwicklung durch die Österreichische Forschungsförderungsgesellschaft FFG

both 20 and 100 nm-thick films in Fig. 4. A linear fit yields: EG=3.19+2.35∙x eV. The observed linear
dependence of the bandgap on x agrees with the literature reports for films prepared by a variety of
techniques [26], [27], [28], [29]. The bandgap increase is related to the modification of the valence and
conduction band density of states. In ZnO, the top of the valence band is dominated by the coupling of
anion p with cation p and semicore d orbitals, whereas the bottom of the conduction band mostly forms
from cation s states. When ZnO is doped with Mg, the p-d coupling strength decreases, due to the
absence of Mg d electrons. This shifts the VBM position of Mg-doped ZnO downwards as compared to
undoped ZnO. On the other hand, the Zn 4s state in the conduction band decreases with increasing the
Mg content, which shifts the bottom of conduction band to higher values.
If the amount of Mg into the ZnO crystal is very large, the structure transforms from wurtzite to
cubic one [26], [30]. According to the phase diagram, the MgO - ZnO binary system includes less than 4
at% of Mg [31]. However, the experimental found solid solubility limit of MgO into ZnO by vacuum
techniques is much higher. For x<0.33, single phase wurtzite structure with linear increase of band gap
is exhibited and for x>0.33 to x<0.43 a mixed state without definite increase of band gap is found. For
still higher Mg doping, a cubic phase is dominant.
The structural properties of the Zn1-xMgxO films were investigated by XRD. The diffractograms for
the 20 nm-thick films show amorphous/nanocrystalline films. On the contrary, the 100 nm-thick films
show well-defined ZnO peaks (Fig. 5). The undoped ZnO has a strong (002) texture, a weaker peak
stems from the (100) plane reflection and finally the (110) and (101) peaks are also visible. For all Mgcontaining films, the (100) texture dominates, while the (002) peak becomes gradually weaker, until it
almost disappears for x≥0.163. Compared to the undoped ZnO, the Mg-doped films are less crystalline,
as demonstrated from the comparison of the intensities of the main peaks. The (002) peak position is
shifted to higher 2θ values with increasing x, indicating the substitutional incorporation of the small ionic
radius Mg2+ into Zn2+ sites, with the resulting gradual shrinkage of the c-axis lattice parameter from 5.210
Å (ZnO) to 5.136 Å for x=0.163.

Task: Development of organic dipole layers
One of the main project goals was the characterization of self-assembled monolayers (SAMs) as
well as electron transport materials like PC71BM, on ZnO and Cu2O. Self-assembling molecules are
distinguished by the fact, that they, due to the high affinity of the head group to the substrate,
spontaneously form a stable monolayer on a suitable substrate. Table 2 shows the molecules used, their
dipole moments and their chemical structures consisting of a head group (-COOH), an aromatic ring and
a terminal group (-R). In dependence of the substrate as well as the adjacent layer formed by the selfassembling molecules, the effective dipole moment of the benzoic acid derivatives can change as
depicted in Figure [32]. Therefore, the listed dipole moments correspond to the molecule itself, and not
to the molecule bound. The application of self-assembling molecules on the ZnO and Cu2O surfaces
was done via spin-coating.
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Table 2: Self-assembling molecules with the corresponding dipole moment and their chemical structure
Gas-phase dipole moment1 / D
4-Methoxybenzoic acid (MBA)

-3.9

4-Methylbenzoic acid (TBA)

-2.9

Benzoic acid (BA)

-2.0

4-Mercaptobenzoic acid (MeBA)

1.5

4-Trifluoromethylbenzoic acid (TFBA)

2.1

4-Cyanobenzoic acid (CBA)

3.7

Figure 6: Change of the effective dipole moment (according to [32])

Application of SAMs on ZnO: Zinc oxide has a hydrophobic surface. In dependence of the selfassembled monolayers applied, the observed contact angles change due to an interaction of the
functional group of the molecule and water/ diiodomethane. For example, 4-Trifluoromethylbenzoic acid,
4-Mercaptobenzoic acid and 4-Methoxybenzoic acid gives a hydrophilic surface, whereas 4Methylbenzoic acid does not affect the water contact angle.
AFM measurements show, that there are spikes with a height of 20 nm scattered in a random-like
manner all over the ZnO surface (Figure 7). However, due to their small dimensions and their random
distribution the overall surface roughness is not affected by these features and is very small (R q = 1.45
nm). As the layer formed by self-assembling molecules should be a monolayer, the surface roughness
remains largely unchanged when applying benzoic acid derivatives.
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Influence of SAMs on ZnO surface
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Figure 7: AFM image of ZnO surface

Figure 8: Influence of SAMs on a ZnO surface
(Potential of ZnO is set to zero)

To investigate the influence of the SAMs on the ZnO surface Kelvin Probe Force Microscopy (KPFM)
measurements are carried out in order to evaluate the local contact potential difference (CPD).
Variations of the CPD signal were observed for all applied SAMs. This gives evidence that the deposition
of the self-assembling molecules actually modifies the surface potential of the ZnO surface (Figure 8).
However, no relation between the dipole moment of an applied SAM and the corresponding CPD signal
could be observed. The SAM 4-trifluoromethylbenzoic acid shows with an absolute value of -810 mV the
largest change in potential, but has only a dipole moment of 2.1 D, while the SAM with the largest dipole
moment of 3.7 D, 4-cyanobenzoic acid, gives reason for a change of the potential of only -390 mV. One
reason for this could be the pronounced electronegativity of the CF3-group.
A comparison of the results for the different self-assembling molecules with negative dipole moments
shows that 4-methoxybenzoic acid with -3.9 D has the lowest effect on the potential. MBA lowered the
potential, whereas the other negative SAM shifted the CPD signal to larger values.
In general it can be concluded, that SAMs with a positive dipole moment have a more pronounced
impact on the KPFM signal than SAMs with a negative dipole moment. It is worth noting that the dipole
moment of the molecule is only one of the parameters that determine the change of the surface potential
caused by a dipolar monolayer, since the dipole concentration and the tilt angle of the absorbed
molecule also contribute to the monolayer dipole.
Application of SAMs on Cu2O: Cu2O has nearly the same hydrophobicity as ZnO, but for Cu2O
the influence of the SAMs on the contact angles is different in comparison with that of ZnO. In
comparison with the ZnO samples, for Cu2O TFBA shows the largest value and MeBA the lowest one.
The different contact angles can be attributed to the high surface roughness of the Cu 2O (see below), so
one can assume that there is no homogeneous coverage of the SAMs on cuprous oxide.
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The surface roughness was analyzed by AFM. Figure 9 shows the AFM height profile of Cu2O on Au
electrode. Crystals of around 3 to 4 µm had been formed, resulting in a surface roughness of around 78
nm.
Infuence of SAMs on Cu2O
Cu2O
MBA
TBA
TFBA
CBA

800
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Figure 9: AFM height profile of Cu2O Figure 10: Difference in CPD of the SAMs applied on
surface
Cu2O (Cu2O signal has been set to zero)
As a result of the high roughness and due to the fact that SAMs should form a monolayer it is not
possible to detect a SAM directly from a height profile. Therefore, the KPFM mode has been used to
measure the impact of individual SAMs – two with a positive and two with a negative dipole moment – on
the contact potential of the Cu2O surface. The differences in the contact potentials of Cu2O and the
corresponding Cu2O/SAMs probes have been calculated and plotted in Figure 10.
Based on these data, one can conclude, that MBA and TBA (both with a negative intrinsic dipole
moment) shift the potential of Cu2O to a more positive value. When using MBA this change is +250 mV,
when using TBA it is +185 mV. SAMs with a positive intrinsic dipole moment shift the potential of Cu2O
to more negative values. In contrast to the “negative” SAMs, TFBA with a lower value of the dipole
moment has a greater influence than CBA. This might be due to the electronegativity of the fluorine
group. Based on this, the effect of PCBM as well as a SAM interlayer between Cu2O and PCBM also
has been investigated (see Figure 11).
It can be clearly seen, that the applied SAM still adheres on the surface after PCBM deposition
and still has a large impact on the potential. PCBM shifts the CPD signal by about 255 mV.
To investigate the chemical and electronic states of the pure cuprous oxide surface as well as the
coated cuprous oxide surface, XPS measurements were performed. The following figure 12 shows the
carbon XPS spectra of pure Cu2O and Cu2O coated with PCBM.
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Influence of PCBM, SAM/PCBM on Cu2O

600
500
400
Potential / mV

300
200
100
0
-100

Cu2O
PCBM
-SAM
-SAM/PCBM
+SAM
+SAM/PCBM

-200
-300
-400
-500
-600
0

10

20

30

40

50

x / µm

Figure 11: Influence of PCBM and Figure 12: C-XPS spectra of pure Cu2O (left) and
SAM/PCBM on Cu2O (Cu2O signal has Cu2O coated with PCBM (right)
been set to zero)
On the pure Cu2O surface there are only carbon contaminations, which can be determined by the
intensity of the peaks. In the right side image the peak intensity is increased because of the presence of
PCBM on the surface. In this image also peaks corresponding to the benzene and ester group of PCBM
as well as the π-π*-shake up peak become evident. These peaks are characteristic for aromatic
compounds arising from the ring excited by the photoelectrons.
The successful coating of PCBM and of self-assembling molecules on the cuprous oxide surface
is also evidenced by the quantity of copper species in the XPS spectra (see
Table ). The quantity of copper is reduced from 14.39% to 3.06%, 2.1% and 2.26%, respectively.

Table 3: Quantity of Cu1+ and Cu2+ on pure and coated Cu2O surfaces
Quantity of Cu species onto
Cu2O

Cu2O + PCBM

Cu2O + TBA + PCBM

Cu2O + TFBA + PCBM

Cu1+

7.44

1.93

1.14

1.45

Cu2+

4.06

0.46

0.62

0.35

Shake up

1.08

0.23

0.12

0.14

Shake up

1.55

0.36

0.19

0.25

Shake up

0.26

0.08

0.03

0.07

14.39

3.06

2.10

2.26

Based on these results, one can conclude, that SAMs as well as PCBM should have an influence
on the solar cell performance (see Figure 13 and Table 4). Considering solar cells with SAMs one can
see that they are characterized by a decreased open circuit voltage as well as a decreased fill factor.
Notable is the negative influence of the self-assembled monolayer with a negative intrinsic dipole
moment on the short circuit current, whereas the positive SAM has a negligible influence on the ISC. In
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general, the self-assembled monolayers used show a negative impact on the performance of a cuprous
oxide/PCBM solar cell.
To conclude, SAMs have an influence on the performance of Cu2O/PCBM heterojunction solar
cells. Nevertheless, the largest impact can be attributed to the roughness of the Cu 2O surface, because
of the bond angles of self-assembled molecules. Another reason for the poor performance might be the
non-fully covered cuprous oxide surface, which was determined by XPS measurements. However, a
positive feature is the increased current density when using a self-assembled monolayer with a positive
intrinsic dipole moment of 2.1 D. Based on this, further experiments using SAMs with larger positive
dipole moment values should be carried out.

Figure 13: IV-curves of Cu2O/PCBM and Cu2O/SAM/PCBM solar cells

Table 4: Solar cell parameters of cells with and without SAMs
VOC / mV

ISC / mA/cm²

FF / %

PCE / %

Cu2O/PCBM

209.3

1.65

34.9

0.120

Cu2O/+SAM/PCBM

163.4

1.71

33.5

0.094

Cu2O/-SAM/PCBM

124.3

1.05

31.9

0.042

Task: Electrochemical deposition of Cu2O absorber
Cu2O absorber was electrodeposited from aqueous solution of 0.2 M CuSO4×5H2O and 3 M lactic
acid. pH of 12.5 was reached by adding NaOH [33]. The solution was heated at 50 °C prior to the
immersion of the coated glass vertically in the reservoir and connected to the working electrode (WE) of
the potentiostat. A platinized Ti mesh was used as counter electrode (CE). Ag/AgCl was used as
reference electrode (RE). The deposition was interrupted after a charge, Q, has passed from the
analog charge integrator. The charge relates to the film thickness, d, through the Faraday’s law:
d=M∙Q/n∙F∙A∙ρ, where M is the molecular weight of Cu2O (143.09 gr/mol), n=2 is the number of electrons
involved per electrochemical reaction, F= 96485.33289 C/mol is the Faraday constant, A the surface of
the surface in cm2 and ρ=6 gr/cm3 the density of Cu2O.
The electrodeposition was developed for all conductive substrates mentioned in Task 2.1. Below,
we will report on the methodologies used and the results for the most promising substrate: Cr/ITO.
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To determine suitable deposition conditions for the absorber on the specific substrate, the
potential was ramped from 0 to -1 V and the current flowing through the electrochemical cell was
recorded. Fig. 14 plots ln|j|, where j is the current density, as a function of the applied electrode
potential, E for the Cr/ITO electrode. The activation overpotential is defined as η=(E-Eeq), with Eeq the
equilibrium potential. For the Cr/ITO-coated substrate and the used electrolyte Eeq=-190 mV.
For large, negative values of overpotential (|η|≥50 mV),
|j| increases exponentially with E (Fig. 14), according to the
Butler-Volmer equation: |j|=|j0| exp[-(αF/RT) η].
j0 is the
exchange current density (the reaction rate at the equilibrium
potential), R= 8.3144598 J/(mol∙K) is the universal gas constant
and T=323 K (50 °C) is the bath temperature. α is the
dimensionless cathodic charge transfer coefficient. The slope of
the linear fit of the experimental data shown in Fig. 14 yields
α=0.84. Fig. 2 shows that for potential values more negative

2
mixed-control current
0
-2

ln|j|

-4
-6

activation-control
current

-8
-10

experimental data
linear fit
ln|j|=ln|j0|-(F/RT)

-12 slope=-(F/RT)=-30.12
ln|j0|=-9.452
-14
-0.8
-0.6
-0.4

E=Eeq

than -0.42 V the rate of current increase slows down, entering
the mixed-control region. In the mixed-control region the island
electrode potential E (V)
formation is disturbed by mass-transport limitations, giving rise
Figure 14: Semi-logarithmic current to irregular island growth. On the other hand, the deposition
density versus electrode potential rate and the nucleation density increase with the overpotential.
curve, used to determine the The nucleation density determines the minimum film thickness
deposition potential for the Cu2O for island coalescence, as well as the grain size of the film.
layer.
High nucleation density is, therefore, required to achieve small
critical thickness for coalescence, allowing compact and thin absorbers. On the other hand, large grain
sizes, which are desired for improved electrical properties, are achieved for low nucleation density.
-0.2

0.0

In view of the above, the value of the deposition potential is chosen so as to obtain: (i) compact,
void-free films at relatively low thicknesses, (ii) large grain size and (iii) high deposition rate. The
optimum potential corresponds to the transition between the activation- and the mixed-control region, i.e.
-0.42 V. Fig. 15(a) shows the evolution of the current density as a function of deposition time, t, for E=0.42 V. The inset plots the dimensionless quantity (j/jmax) vesrus (t/tmax), where jmax and tmax are the
maximum current density and the time instant that this maximum is obtained, respectively. The current
transient provides insight regarding the growth evolution of the Cu 2O film. Firstly, for t/tmax<1 the transient
curve follows the model of Scharifker and Hills [34] for instantaneous nucleation with subsequent island
overlap, described by the equation:
(j/jmax)2=[1.9542∙(t/tmax)-1]∙{1-exp[-1.2564 (t/tmax)]}2.
For t/tmax>1 the experimental current declines much faster than predicted from the above expression,
signifying a faster overlap of the diffusion layers of the growing Cu2O particles.
In order to understand the growth of the Cu2O film, SEM images were taken at different time
instances of the deposition (points A-F in Fig. 15(a)). From these, we can deduce that, the growth of the
Cu2O absorber takes place through instantaneous nucleation and growth of cubic, 3D islands. Clusters
of nuclei at close proximity merge to single islands at later stages of the deposition. Due to this, the
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island density decreases from its initial value. By measuring the lateral dimension of an ensemble of
grains, Fig.15(c) plots the grain size as a function of time. In the beginning of the growth, until t~600 s,
the grain size increases almost linearly with time. Subsequently, the lateral grain growth slows down due
to steric hindrance. Islands with dimensions up to ~2700 nm are measured after 2000 s deposition.
Voids in the film can still be observed in the 1500 s SEM image. For the 2000 s deposition, no voids
could be observed. The islands of the deposited film are well-faceted, with low density of structural
defects. For the solar cells, a Cu2O thickness of 2.5 µm was chosen, corresponding to a deposition time
of approx. 1 h. Increasing the overpotential the quality of the deposits decreases as was seen by
meticulous SEM investigation.
experiment
Scharifker & Hills
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Figure 15: (a) Current density, j, as a function of
the deposition time, t, for -0.42 V deposition
potential. The inset shows the dimensionless
quantity (j/jmax) versus (t/tmax). Points A-F mark the
deposition times where the absorber layer was
imaged by SEM. (b) Plane view SEM images of
the absorber obtained for the deposition times AF. (c) Temporal evolution of the Cu2O grain size,
as extracted from the SEM images.

Figure 16: XRD characterization of the samples
corresponding to points A-F, where we see
competition between (111) and (200) growth
directions as a function of time..

The crystal structure of the Cu2O deposits was investigated by XRD. The obtained diffractograms
for different deposition times are shown in fig. 5. From the very early deposition stage, the strongest
peaks stem from the (111) and (200) plane reflections (ICCD 01-077-0199). In the course of the
deposition, the two reflections alternate in importance, with the (111) finally dominating over the (200) for
large deposition times. Apart from these two peaks, the one stemming from the (220) planes is also
significant. Which texture is finally induced to the Cu2O film is determined by the combined effect of the
solution pH value and the used substrate. Due to the high pH value of the solution there is large supply
of oxygen (through the OH-) that favors the growth of planes with largest oxygen density, i.e. the (111)
planes of the cubic Cu2O [35]. The substrate, nevertheless, also plays an important role in the final
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texture. Using the same solution for the electrodeposition of Cu2O on Au (111) substrate, a highly (111)
textured film is obtained with the (200) plane reflection practically vanishing. Indeed, the small lattice
mismatch of ~4.2% between the Au(111) and the Cu2O(111) favors a highly textured absorber. On the
other hand, the ITO electrode is poly-textured with certain crystal orientations favoring the Cu2O (111)
growth and others the (200) or (220).
The obtained diffractograms for different deposition times are shown in fig. 16. The strongest
peaks stem from the (111) and (200) plane reflections. In the course of the deposition, the two reflections
alternate in importance, with the (111) finally dominating over the (200) for large deposition times. Which
texture is finally induced to the Cu2O film is determined by the combined effect of the solution pH value
and the used substrate. The high pH value of the solution favors the growth of planes with largest
oxygen density, i.e. the (111) planes of the cubic Cu2O. The substrate, nevertheless, also plays an
important role in the final texture. Using the same solution for the electrodeposition of Cu2O on Au (111)
substrate, a highly (111) textured film is obtained with the (200) plane reflection practically vanishing.
The small lattice mismatch of ~4.2% between the Au(111) and the Cu2O(111) favors a highly textured
absorber. On the other hand, the ITO electrode is poly-textured with certain crystal orientations favoring
the Cu2O (111) growth and others the (200) or (220).
The specular and integrated reflectance measurements the optical band gap of the Cu2O
absorber was extracted, yielding a value of EG=1.93 eV.
The investigation of the Cu2O morphology depending on the electrodeposition parameters has
permitted us to control and optimize the absorber in terms of light absorption and carrier transport
properties. Optical simulations that are described in WP3 have predicted that specific grain sizes and
topography of the Cu2O absorber permit to reduce light reflections and divert the light inside the
absorber, enhancing the absorption and consequently the amount of photo-generated carriers.

Task: Post-deposition annealing, introduction of doping
The post-deposition annealing of the absorber took place in different atmospheres: forming gas
(H2/N2), Ar, vacuum and air, as well as at different temperatures. SEM pictures of the surface of the
absorber layer after different annealing treatments are shown in Figure 17. The treatment with forming
gas apparently has the largest influence on the absorber. The forming gas reduces the Cu2O to metallic
Cu with the resistance reaching few Ω. The annealing in Ar and vacuum was found to increase the
sheet resistance of the absorber. This increase was mild for Ar and for vacuum up to 150 oC. On the
contrary, vacuum annealing at 250oC led to a drastic resistance increase. Solar cells with the annealed
absorbers in Ar and vacuum were fabricated in the course of the project.
Following an alternative process the absorber was annealed under N2 atmosphere prior to the
atomic layer deposition of the ZnO or ZnMgO layer. The annealing was done inside the ALD tool at
moderate temperature of 150oC, with a mild N2 flow and for varying annealing times from 4 hours to ~12
hours (sample was left in the ALD chamber overnight). We have seen that, statistically, the samples left
overnight in the specific temperature and atmosphere have shown the best PV performance and the
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highest yields. Capacitance-voltage measurements on these cells showed carrier concentrations in the
hgh 1016 – low 1017 cm-3 regime, which are high enough to reduce the series resistance of the absorber.

Figure 17: Cu2O films annealed at different temperatures and atmospheres

Task: Characterization of the band structure of the heterojunction
The valence band maximum (VBM) of Zn1-xMgxO for varying x, was extracted. The XPS valence
band spectra were obtained (Fig. 18(a)) and the VBM were determined by linear extrapolation of the
leading edges of the spectra to the base line (Fig. 18b)) [36].
The surface of the ECD Cu2O film was characterized by XPS measurements before and after the
ALD of the n-layer (with a thickness of 3 nm). The obtained XPS spectrum (Fig. 19(a)) before the ALD
shows the presence of CuO, formed due to the absorber exposure to air. This layer would affect the
solar cell efficiency, promoting interface recombination. The bulk Cu2O film shows two main peaks at
932.53 and 952.4 eV corresponding to the 2p3/2 and 2p1/2 levels of Cu1+ state. The peak at 934.2 eV is
due to Cu+2 (CuO). The broad satellite peaks from 940 to 944 eV originate from the CuO phase [37].
When the ZnO is deposited by ALD on the top of the absorber, the CuO on the surface is
reduced, as shown in Fig. 19(a), as no satellite peaks or shoulder peak at 934.2 eV are visible anymore.
The reduction of the CuO layer is attributed to the DEZ ALD precursor. A similar behavior has been
reported by Lee et al 1. We can therefore conclude that the heterojunction interface is free from CuO.
XPS measurements were also conducted to extract the VBM for the Cu2O absorber (Fig. 19(b)).
Applying the same linear extrapolation method of the leading edge to the baseline, a VBM=0.02 was
yielded.
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The valence and the conduction band offset values,
heterojunction, were extracted from [37]:
𝑍𝑛

𝑀𝑔 𝑥 𝑂

𝐻𝐸𝑇
1−𝑥
∆𝐸𝑉𝐵𝑂 = [∆𝐸𝐶𝐿
+ (𝐸𝑍𝑛2𝑝
3/2

𝑍𝑛

1−𝑥
− 𝐸𝑉𝐵𝑀

𝑍𝑛 1−𝑥 𝑀𝑔 𝑥 𝑂

∆𝐸𝐶𝐵𝑂 = ∆𝐸𝑉𝐵𝑂 + (𝐸𝐺

where

𝑀𝑔 𝑥 𝑂

and

𝐶𝑢 𝑂

2
2
) − (𝐸𝐶𝑢2𝑝
− 𝐸𝑉𝐵𝑀
)]
3/2

𝐶𝑢 2 𝑂

− 𝐸𝐺

𝐶𝑢 𝑂

, respectively, of the

)

is the energy separation between Zn2p3/2 and Cu2p3/2 core levels

for the heterojunction,
and (
) are the VBM energies with
reference to the core level peaks in Zn1-xMgxO and Cu2O, respectively. The core level peaks for the
heterojunctions are practically in the same positions as for the pure materials (within the accuracy of the
XPS measurements). Due to this, the
and
can be extracted from the VBM values and the
bandgaps of the Zn1-xMgxO and the Cu2O. The values are shown in Table 5.

Cu2O/ Zn1-xMgxO

(eV)

(eV)

x=0

2.49

1.22

x=0.088

2.54

1.16

x=0.107

2.58

1.10

x=0.140

2.61

1.05

x=0.163

2.66

0.94

Table 5: The calculated valence and conduction band offsets for the Cu2O/Zn1-xMgxO heterojunction for
the different Mg concentrations.

A type II Cu2O/ Zn1-xMgxO heterojunction (staggered gap) is formed in every case (Fig. 20). As
the CBm moves upwards with the Mg concentration, we anticipate a corresponding increase of the open
circuit voltage and decrease of the carrier recombination in solar cells. Nevertheless, even for the shift of
300 mV (x=0.163), the CB misalignment remains large.
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Figure 18: (a) XPS spectrum for
the determination of the VBM for
a film with x=0.107. (b) Zoom-in
the region of the spectra used for
the VBM determination, through
the linear extrapolation of the
leading edges to the base line.
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Figure 19: XPS spectra of the Cu2p3/2 and Cu2p1/2 core level Figure 20: Schematic energy
for the bare Cu2O surface and for Cu2O capped by 3 nm ALD band diagram of the Cu2O/Zn1ZnO.
xMg xO, type II heterojunction.

WP: Development of nanophotonic components
Optical simulations
During the project we have simulated the optical characteristics of various solar cell architectures
and nanostructures, using the commercial software LUMERICAL (Difference Time Domain algorithm)
and an in-house developed software based on the Tranfer Matrix Method (TMM). In the first year of the
project we have focused on superstrate structures (Fig. 21). We have, as an example, simulated the
effect of ZnO bars with a certain width and period, on the absorption properties of the overlying Cu2O
layer. The real and imaginary part of the refraction index, as a function of the wavelength, for the
materials where either experimentally extracted or retrieved form the literature. The consistency of the
simulation models was tested in several multilayers.
A positive effect on the light absorption was observed for a range of nanostructures, as seen in
figure 21. This effect originates from light trapping in the absorber layer due to waveguide modes
excited by diffraction coupling of the light to the periodic nanostructures. After the first year, we have
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decided to focus our efforts on substrate cell architecture, so the simulations on structured TCO were not
continued.

Figure 21: Typical planar and nanostructured cells considered for the optical simulations (top Au
electrode is not shown). The AZO/Au/AZO is the transparent electrode and light enters through the
glass substrate (superstrate architecture). At the bottom we can see representative simulation of
the absorption as a function of the bar width and distance between the bars.
Instead, we have simulated the optical behavior of substrate type of cells, for instance the effect
of the Cu2O morphology on the light absorption. We have considered realistic solar cell structures,
obtained from SEM and AFM measurements, such as the ones shown in Figure 22 for a cell composed
of Cr/ITO/Cu2O/ZnO/AZO.
The simulations showed that the rough absorber surface enhances the
absorption of light, since the light is scattered on the pyramid-like grains and directed back into the
absorber. Compared to a flat absorber, the absorption is larger by up to 3% over the window 400-700
nm (Figure 22). Apart from the increased absorption, the rough absorber surface gives rise to a larger
surface of the heterojunction, enhancing the collected current.
Another important question addressed by the simulations was the light absorption profile within
the Cu2O and its relation to the photogenerated carriers. In Figure 23 we show the relative absorption in
Cu2O in the first 20 nm and 100 nm from the heterojunction and in the complete absorber thickness. The
simulated spectra are compared with the experimentally measured external quantum efficiency (EQE)
from the solar cell. From the comparison we conclude that only the photons absorbed at the vicinity of
the heterojunction contribute largely to the EQE. The long wavelength photons, absorbed deeper into
the absorber contribute less and less to the collected charge carrier current. This can be due to
enhanced carrier recombination inside the absorber. It is so of importance to control the recombination
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mechanisms in order to allow photogenerated carriers from longer wavelength photons to reach the
electrodes.
As a conclusion for this task, the optical simulations accompanied and facilitated the experimental
development all through the project, suggesting high potential structures and absorber morphologies to
enhance the light absorption and assisting on the interpretation of the experimental results.

Figure 22: (a) SEM image of the Cr/ITO/Cu2O/ZnO/AZO solar cell. (b) AFM image of the Cu2O
morphology, together with (c) the RMS roughness and the roughness cross section profile used
as input for the optical simulations. (d) Geometrical model of the solar cell structure, based on the
SEM and AFM measurements and used for simulating the optical properties. The colors
represent the real part of the refractive index, retrieved from bibliographic data and experimental
measurements. (e) and (f) simulated absorption and reflectivity from a flat and rough surface.
Figure 23: Simulated relative absorption
spectra from regions of the Cu2O absorber
covering 20 nm from the heterojunction,
100 nm and last the complete absorber.
Also shown is the experimental measured
EQE, showing that the longer wavelength
photons are not giving rise to significant
amount of collected photogenerated
carriers.

Task: Application of structuring techniques & Task 3.3: Deposition of ZnO nanostructures
In the first project year, ZnO grating nanostructures were deposited by ECD, on a conductive
substrate (glass/AZO/Au/AZO) that was structured with a combination of laser interference lithography
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and nanoimprint lithography, as suggested by the optical simulations. The ZnO bars were then
deposited by ECD, with different pitch and width, as illustratively shown in figure 24.
Nevertheless, in the second project year, we have moved our attention to the “substrate”
architecture and no longer pursued the structuring of the ZnO electrode. On the contrary, efforts were
invested on patterning the metallic back contact of Au or Ag, in order to produce multi-diffractive gratings
that could couple broadband light inside the absorber (in the window below 600 nm) through propagating
plasmons at the metal/Cu2O interface. To take advantage of this approach, the absorber would have to
be <500 nm, which would facilitate the carrier transport, but, on the other hand, would make the cell
more prone to ohmic shunts. The diffraction gratings were patterned following the same approach as in
the first report, with a combination of laser interference and nanoimprint lithography. The patterned resist
was then covered with Ti/Ag or Ti/Au electrodes and the Cu2O was then electrodeposited. Finally the
ZnO was deposited by ALD, followed by a thin AZO/Au/AZO top electrode. Cross section SEM images
of the resulting solar cells are shown in Figure 24. The solar cells produced using this method showed a
low shunt resistance and poor PV performance. To address this issue, it would have been necessary to
divert resources from other more crucial tasks. Therefore, this approach was not further continued.
Nevertheless, the nanostructuring techniques developed were later used to fabricate optical components
for other types of cells.

Figure 24: (top row) Plane view SEM images of ZnO bars deposited on a AZO/Au/AZO conductive
substrate by a combination of soft lithography and electrodeposition. (bottom row) Cross section SEM
images of solar cells with the Cu2O deposited on a sinusoidal metallic grating that could couple light
inside the absorber through plasmonic excitations.
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WP4: Solar cell fabrication and evaluation
Task: Integration of materials and processes & Task 4.4: Evaluation of the PV performance of various
cell designs
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In the duration of the project, more than 300 solar cell multilayers were fabricated and
characterized in terms of PV performance. We will elaborate here on the most promising of the cell
architectures,
with
the
structure:
glass/Cr(20nm)/ITO(200nm)/Cu2O(2.5µm)/Zn1-xMgxO(20nm)/
AZO(800nm), with x=0-0.248. Figure 25(a) shows a cross section SEM image of the cell. The illuminated
current-density-voltage (j-V) curves are shown in Fig. 26(b). In Fig. 26(c) we plot the open circuit voltage
(Voc), short cicuit current density (jsc), fill-factor (FF) and power conversion efficiency (η) as a function of
the Mg content of the n-layer. For x=0.103, the Voc presents a significant increase compared to the pure
ZnO case, from 360 to 550 mV. This increase is attributed to the improved conduction band alignment
at the Cu2O/Zn1-xMgxO heterojunction. At the same time, also the jsc and the FF are improved, giving rise
to an increase in the efficiency from η=0.9% for x=0 to η=1.67% for x=0.103. The PV performance is
similar for x=0.107.

300
200
100
0

0

5

10

15

20

25

2.0

5

10

15

20

25

0

5

10

15

20

25

1.5

30

 (%)

FF (%)

40

0

20

1.0
0.5

10

0.0

0
0

5

10

15

x (%)

20

25

x (%)

Figure 25: Illuminated j-V characteristics of Figure 26: Summary of the PV performance of the
the solar cells with varying x.
solar cells with varying x.
Further increase of the Mg content has a negative influence on the cell performance, with the
efficiency decreasing to 0.1% for x=0.140 and to almost null for x=0.163 and 0.248. Such a behavior is
not expected from the point of view of energy band structure, since the CB alignment should improve
with increasing x. It has been shown that in Zn1-xMgxO layers the deep level defect states increase with
the Mg content, as demonstrated from pronounced defect-related luminescence, attributed to Mg
interstitials or oxygen vacancies [38], [39]. These states can provide a tunneling recombination path for
the carriers in the solar cell, decreasing the efficiency.
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From the observation of the j-V curves we can say that the degradation is accompanied by an
increase of the series resistance and decrease of the shunt resistance in the cells. Carrier transport
through deep-level defects could account for the low shunt resistance, whereas the increase of the
series resistance could originate from an additional barrier created at the Zn1-xMgxO/AZO interface.
Apart from the I-V characterization, a systematic C-V characterization of the solar cells was done.
From the C-V measurements (up to 1 MHz) we could acquire valuable information, such as the carrier
concentration in the absorber and the built-in potential at the heterojunction. The extracted carrier
concentration for the Cu2O absorber is 8.92 1016 cm-3 and the built-in voltage ~0.5 V.
Cells have been encapsulated in PMMA and measured under AM1.5G. Their behavior was
compared to cells without encapsulation after being measured in ambient conditions. No difference in
the persistent photoconductivity of the cells could be observed. Also cells were measured after being
encapsulated in a N2-filled container. Also these cells presented persistent photoconductivity. In
principle, from the measurement and evaluation of hundreds of cells during the project we can say that
the light-induced metastabilities, such as the persistent photoconductivity and the change in the Voc with
illumination time, are more pronounced in low performing cells. This suggests that these phenomena
are mostly related to defects in the bulk of the absorber and at the heterojunction interface. The high
performing cells present minimal change of their PV due to light-induced metastabilities.
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4

Ergebnisse und Schlussfolgerungen

The highlights of the project were:
▪ The development of a precious-metal-free conductive substrate, based on Cr/ITO that allowed for
appropriate growth of the Cu2O absorber, giving rise to large crystals, compact absorber film
(pinhole-free) and roughness profile that enhances the light absorption and the effective
▪

▪

▪

heterojunction surface.
Development of ALD recipes for ZnO and ZnMgO thin films with different Mg content, giving rise
to films with tunable bandgap and electron affinity that depends on the Mg content. This permits
the improvement of the band alignment at the heterojunction with the absorber.
The development of layers of self-assembled molecules with different dipole moments on ZnO
and Cu2O films, which permitted the modification of the work function of the oxide. Although
these layers did not lead to an increase of PV performance, they can be applied in a number of
other optoelectronic devices to tune the device energetics.
Realization of Cu2O/ZnMgO solar cells with enhanced open circuit voltage, reaching more than
600 mV under AM1.5G solar illumination for the best cells. The highest measured power
conversion efficiency was 1.7% using a ZnMgO layer (Mg doping below 10%) and an optimized
Cu2O electrodeposition process.

The major problems/challenges encountered were:
▪ The incorporation of Mg into the ZnO by ALD was particularly challenging from the point of view
of process optimization. The quality of the Cu2O/ZnMgO heterojunction was very sensitive on
the process parameters of the ALD-grown layer (such as the deposition temperature) and on its
composition. The range of tested process parameters had therefore to be extended, compared
to what was planned.
▪ The self-assembled monolayers used to tune the work function of the ZnO or Cu2O are degraded
by subsequent process steps of the cell fabrication. Therefore, new types of heterojunctions
(using PCBM as n-type layer) were investigated to avoid degradation of the SAMS.
▪ Due to the change of the cell architecture (from “superstrate” to “substrate”), the electrodeposition
of the Cu2O absorber had to be optimized for several conductive electrodes (Ag, Au, Cr/ITO
among others), which demanded additional efforts and resources. As expected, the morphology
of the absorber and the PV performance of the cells, drastically depended on the conductive
electrode. Finally the Cr/ITO electrode was identified as the most appropriate to provide cells of
high performance.

5

Ausblick und Empfehlungen

CopperHEAD showed that it is possible to improve the PV performance of Cu2O-based cells by
heterojunction engineering, reducing the defects and adjusting the energy band alignment. For this, high
precision deposition methods, like atomic layer deposition, are valuable. The employment of mixed
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oxide compounds, such as the magnesium zinc oxide (ZnMgO), is a very promising approach to achieve
band adjustment. This has been demonstrated in the project, for low Mg contents, through the reduction
of the electron affinity of the film. The effect of PV performance increase was unfortunately reversed for
larger Mg contents, evenif the electron affinity continued to decrease, most probably due to the
introduction of deep-level defects in the ZnMgO layer.
Apart from ZnMgO, there are a number of other mixed oxides that could deliver more positive
results when combined with the Cu2O absorber. Particularly promising candidates are the Ga2O3 and
the ZnGeO, which have recently shown impressive results, the first combined with ECD-grown Cu2O
(efficiency of 3.97%) and the second with thermally oxidized Cu2O (efficiency of 8.1%). The maximum
achieved efficiency of 8.1% shows that all-oxide PV is a viable technology for future deployment, but
more work has to be invested on finding the right heterojunction combination. So, an intensification of
the efforts to study mixed oxide compounds is of paramount importance to enable commercialization of
the all-oxide PV.
At the same time, tandem cells are increasingly appealing to harvest larger portions of light and
increase the efficiency. Cu2O-based cells are particularly interesting as top cell in such tandem
architectures. They can be combined with lower-bandgap inorganic absorbers (as bottom cells), such as
CZTS or CIGS and even with certain hybrid perovskites. Research efforts towards this direction may
further boost the field of abundant and low-cost PV.

6
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Anhang

Below the cover pages of the peer-reviewed publications that have already appeared in the framework of
the project. Others are under preparation.
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