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Chapter 1: Infroduction

As today’s energy consumption is on its all-time high and a further increase is to be
expected, limited resources and environmental hazards of fossil fuels require alternative
ways to satisfy the energy demand. Photovoltaic conversion of sunlight presents itself
as one of the most potent pathways among the alternative technologies presently
available, and cost efficiency of the well-established crystalline silicon based technology
has been increased significantly. Nevertheless, thick layers of several 10 um are still
required for a standard silicon solar-cell due to its indirect band gap and the resulting
low optical absorption coefficient in the visible spectral range. Thus, thin-film
photovoltaics based on crystalline silicon is a contradiction in terms. Thin-film
photovoltaics based on materials composed of sustainable chemical elements may turn
out to be more cost efficient in the long run, as they are potentially more energy efficient
in the fabrication process and require less active material. Commercially available CIGS
and CdTe solar cells demonstrate the potential of thin-film technologies to challenge
silicon photovoltaics. In these devices already significantly less active material is used,
but still they rely on scarce chemical elements such as In or Te and, in case of CdTe, on
toxic Cd. In order to ensure sustainability and environment friendliness, those elements
have to be avoided, bringing other material compounds into the focus of research. [1][2]
[3] Among the various candidates with promising potential for application in
photovoltaics is cuprous oxide, an intrinsic p-type, nontoxic, and abundant
semiconductor material. Recently there has been a revival of research interest in cuprous
oxide based photovoltaics, peaking in cell efficiencies beyond 6 %. [4][5][6] [7] However,

that involved highly crystalline material, obtained from thermally oxidized copper
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sheets. To increase cost efficiency a thin-film deposition process with mass production
capabilities, yielding material approaching in quality that obtained by thermal
oxidation, has to be found. Thin films prepared by sputter deposition or
electrodeposition offer low production costs but usually lack crystallinity, and
consequently exhibit deficiencies in optoelectronic and transport properties, especially
when grown at lower substrate temperatures. [8] [9] [10] [11] [12] Ways to improve

material quality need to be sought.

This study is aiming primarily at improving cuprous oxide based photovoltaic devices
by identifying and overcoming performance-limiting loss mechanisms. As solar cells are
highly sophisticated semiconductor devices, which are very sensitive to numerous
influences, one should address major material and device flaws before optimizing the
device in terms of, e.g., light management. Thus, this study is focused mainly on the
fundamental optimization of the cuprous oxide thin films and the device by tuning the
deposition process and the device design by a choice of the heterojunction partner

material.

In Chapter 2, the device performance-limiting effect of the conduction band offset is
explained and experimentally addressed by the choice of aluminum gallium nitride as
the window layer. It is demonstrated that the device performance, especially the open
circuit voltage, is increased, when the conduction band offset is lowered by changing the

stoichiometry to a higher aluminum content.

In Chapter 3, the successful attempt to passivate defects in the sputtered cuprous oxide
thin films by hydrogen and hence to improve the collection length in photovoltaic

devices is demonstrated. As the role and passivating effect of hydrogen in the cuprous
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oxide thin films was unclear, it gave rise to further investigation, which unveiled a
hydrogen induced passivation of donor like defects, that are located at the

polycrystalline material’s grain boundaries.

In Chapter 4, without the ability to correct the doping profile of the device, the limiting
mechanism of strong interface recombination was diminished by a successful attempt to
modify the sputter deposition by introducing a semi-transparent electrode. The
modification either allows one to lower the electron temperature in the plasma, and thus
to assist the desired plasma chemical reaction, or it may be used to reduce the kinetic
energy of the ionized atoms and molecules impinging on the aluminum gallium nitride
templates, and thus to reduce the sputter deposition induced damage, resulting in a

suspected reduction of the interface defect density.

In Chapter 5, the ability to vastly increase the conductivity up to the degeneracy of
cuprous oxide by extrinsic doping with acceptors, i.e., the introducing nitrogen gas to
the deposition process, is demonstrated. Since the acceptor density in the sputter
deposited cuprous oxide thin films is rather too high, an additionally acceptor doped
cuprous oxide layer may not help to reduce the currently limiting effects of interface
recombination and low collection length, but it may, in a future perspective, be applied
to allow for a reduction in production cost, a more sustainable choice of electrode metal
as well as a viable solution to suppress recombination at the back contact by introducing

a back surface field, thus reducing the electron carrier density.
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Chapter 2: Alo.11Gao.ssN — Diminishing the conduction band offset

Content of this Chapter has been published in peer reviewed scientific journals
and literature:

K.P. Hering, A. Polity, B. Kramm, A. Portz and B.K. Meyer, Synthesis and
Characterization of Copper Oxide Compounds, MRS Symp. Proc. 1633:3-12 (2014).

K.P. Hering, R.E. Brandt, B. Kramm, T. Buonassisi and B.K. Meyer, GaN/Cu20
Heterojunctions for Photovoltaic Applications, Energy Procedia 44:32-36 (2014).

K.P. Hering and P.J. Klar, Hydrogen induced efficiency enhancement in
Alo11GaossN/Cu20 solar cells, submitted to Applied physics letters

Heterojunction solar cells are very sensitive to the band alignment, as the latter
governs the carrier transport, carrier recombination, and Fermi level splitting.
Most critical influence on the device performance is exerted by the doping profile
of the heterojunction, as it is crucial to create a so-called type inversion of the
absorber at the heterointerface, which will lower defect related recombination.
For recombination across the interface, this process is activated by the effective
band gap energy at the interface, which, in comparison to the absorber band gap,
is reduced by the conduction band offset in the case of a type-II heterojunction.
It is needless to state that such a conduction band offset impedes the successful
type inversion. Moreover, the voltage generated by the heterojunction during
photovoltaic operation will be reduced, since not only the energetic position of
the Fermi level but also the quasi-Fermi level splitting will be subject to a
limitation by a negative conduction band offset. A band offset can be changed by
interface dipoles and which by some extent may be used for band offset
engineering. In reality though, gaining control over the band alignment at the
interface in this fashion usually proves to be impractical, and the only viable
option left is the suitable choice of a heterojunction partner material, which is the
subject of this Chapter. It is demonstrated that by reducing the conduction band
offset to cuprous oxide via alloying gallium nitride, i.e., the window layer, with
aluminum, the photovoltaic conversion efficiency is improved significantly.
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Intfroduction

Depending on the respective electron affinities, the heterojunction is classified as type-I,
when both, the conduction and valence band edge of one heterojunction partner material
energetically lie within the band gap of the other, or type-II, when just the conduction
band edge of one material and just the valence band edge of the other are located in the

respective partner’s band gap, see Figure 1.

As the heterointerface represents an abrupt change in structure and composition of the
material, there usually is a large quantity of defects located at its position. This situation
gives rise to enhanced defect related recombination, i.e. Shockley-Read-Hall
recombination [13] [14], which is usually referred to as interface recombination. This
particular recombination process involves four different carrier densities at the interface,
i.e., those of electrons and holes in the window and absorber layer, respectively. When
interface recombination is dominating, the heterojunction’s diode current density, more
precisely, the saturation current density, is activated by the interface band gap energy,
which represents recombination across the heterointerface of abundant electrons in the
window layer with abundant holes in the absorber layer. In the case of a type-I
heterojunction solar cell, the interface band gap energy equals the absorber band gap
energy. In a type-II junction however, the interface band gap energy equals the absorber
band gap energy reduced by the conduction band offset. Thus, a, by convention

negative, conduction band offset enhances interface recombination.
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Type | Type ll

Figure 1: An illustration of the two heterojunction types and the sign convention of the
conduction band offset. (left:) A type I heterojunction exhibiting a positive conduction
band offset. (right:) A type II heterojunction exhibiting a negative conduction band
offset.

Luckily, the sensitivity of the heterojunction to that recombination process can be
reduced by the so called type inversion at the heterointerface. In the case of a p-type
absorber, that means that the Fermi level has to be located close to the absorber’s
conduction band edge, so that electrons no longer are minority carriers, or in other terms,
holes are no longer abundant in the vicinity of the heterointerface, so that the
recombination process, requiring an abundance of both, electrons and holes in the
vicinity of the defects, is significantly reduced. That can be achieved by an asymmetric
doping profile of the heterojunction, i.e., a situation where the donor density of the
window layer is significantly larger than the acceptor density of the absorber layer.
Consequently, band bending will mainly take place in the absorber, as its space charge
region is extended so that, at the interface, the Fermi level is elevated to the absorber’s

conduction band edge.

However, in a non—-degenerate case, the Fermi level position is limited by the resulting

interface band gap and consequently, the quasi-Fermi level splitting under illumination

17



Copper oxide material & device optimization for photovoltaics

is limited also. Therefore, a negative conduction band offset not only enhances interface
recombination but also prevents a possible type inversion and limits the attainable open
circuit voltage. The latter becomes more evident when the voltage generated by the

illuminated solar cell is expressed in terms of quasi-Fermi level splitting, i.e.,

qV = Ep, — EF, (1)

The dependence of the main device characteristics, i.e., open circuit voltage, short circuit
current density, fill factor, and the photovoltaic conversion efficiency, on the conduction
band offset was simulated with the 1D-simulation program AFORS-HET [15]; results are
depicted in Figure 2. The parameters used in the simulation are a virtual window layer,
exhibiting a band gap of 3.4 eV to ensure transparency with respect to the solar spectrum
and a donor density of 1E18 cm™ exhibiting a doping efficiency of 100 %, i.e.,, Ng = n. The
cuprous oxide band gap was set to 2 eV and the acceptor density to 1E16 cm? at an
energy of 200 meV above the valence band. The absorption coefficient of the window
layer is set to zero, and that of cuprous oxide is taken from the work of Meyer et al. [8].
Reflection losses at the front were set to a realistic value of 20 % and transmission losses
as well as interference effects disregarded. Interface recombination was included by a

discrete defect level located in the middle of the interface band gap.

For negative conduction band offsets, the open circuit voltage is decreased as discussed
above, on approaching a conduction band alignment between the two semiconductors
and for non-negative conduction band offsets, the open circuit voltage exhibits a plateau.

That is explained by the fact that the quasi Fermi level splitting is now limited by the full
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absorber band gap, since the conduction band offset will no longer reduce the interface

band gap, when entering the positive regime.
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Figure 2: 1D-Simulation of a n-type window / cuprous oxide heterojunction created with
AFORS-HET [15]. In the simulation the conduction band offset was varied. Results of
the dependence on that offset are depicted for the main device characterizing values, i.e.,
open circuit voltage, short circuit current, fill factor and conversion efficiency. The open
circuit voltage and fill factor exhibit a linear decrease for negative conduction band
offsets and a plateau in the non-negative regime. The short circuit current shows just a
slight decrease in the negative, but a strong suppression in the higher positive
conduction band offset regime. The fill factor exhibits a similar behavior. The conversion
efficiency, calculated as a product of the other two quantities, shows the decrease in the
negative and in the higher positive regime of the conduction band offset, as well as the
plateau in between.
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The short circuit current density slightly decreases for negative conduction band offsets.
The sensitivity of the dependence of this current density on the conduction band offset
is controlled by the interface recombination velocity, which scales directly with the
density of interface defects. In addition, the carrier densities at the interface play a role,
which are controlled by the doping profile of the heterojunction. Also the short circuit
current density exhibits a plateau entering the positive conduction band offset regime.
For values exceeding 0.4 eV, the current is suppressed. This suppression is due to the
fact that a positive conduction band offset introduces a potential barrier for the
photogenerated electron current directed across the heterojunction, which is
surmounted via thermionic emission. Thus the photogenerated current is now facing a
limitation by the maximum current density that is supported by the thermionic emission
process. The latter is dependent on the barrier height, i.e., the conduction band offset.
Exceeding 0.4 eV, the limitation will become dominant, so that the photogenerated

electron current and consequently, the short circuit current density is suppressed.

In an idealized case, one may express the fill factor in terms of open circuit voltage and
ideality factor of the diode only. To understand the dependence of the fill factor in the
non-ideal case including band offsets and interface recombination one has to consider
the arguments given above at a forward-biased heterojunction. Disregarding parasitic

resistances, the diode current is given by the ideal Shockley equation. [16]
_av
]=]S<e nkT—l) (2)

At negative conduction band offsets the saturation current density is large, and the slope

of the exponential bias dependence is amplified, resulting in a less steep incline of the
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current towards the open circuit condition, so that the current-voltage characteristics in
the fourth quadrant becomes less rectangular. Consequently, the fill factor is reduced.
On entering the positive regime of the conduction band offset, the saturation current
density will not change, thus the fill factor remains constant. In the limit of thermionic
emission, the ratio of diode current to photogenerated current is increasing with the
conduction band offset. Therefore, the impact of the diode current is increased and again

the steepness of the current-voltage characteristics is reduced.

The dependence of the conversion efficiency may be explained by the dependencies
stated above, as it is calculated as the product of open circuit voltage, short circuit current
density, and fill factor, divided by the irradiance. Therefore, a positive conduction band

offset exceeding 0.4 eV, or a negative conduction band offset will reduce the efficiency.

In summary, a positive conduction band offset exceeding 0.4 eV, as well as a negative
conduction band offset in any extent are diminishing a heterojunction solar cell’s

conversion efficiency and have to be avoided by all means.

For a more detailed presentation on the influence of the conduction band offset on a
heterojunction solar cell, the interested reader is referred to the work of R. Scheer and

H.-W. Schock [17], forming the basis for the explanations given above.

In case of cuprous oxide, the challenge is to find a suitable heterojunction partner
material, which is by definition required to exhibit strong n-type conductivity and a
band gap granting sufficient transparency to the solar spectrum, in order to place
photogeneration within the space charge region. Suitable materials prove to be scarce

considering the small electron affinity of cuprous oxide.
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Figure 3: An illustration of the band offsets between zinc oxide and gallium nitride as
well as gallium nitride and cuprous oxide determined via x-ray photoelectron
spectroscopy (after Kramm et. al. [18])

Following the findings of Kramm et al. [18], who determined the conduction band offset
between gallium nitride and cuprous oxide to -0.24 eV, the aluminum gallium nitride
material system presents itself as meeting those requirements, being scientifically well
understood, technologically applied and thus available. Furthermore, GaN offers the
possibility to tune the energetic conduction band edge position by merely varying
stoichiometry by adding aluminum, as illustrated in Figure 3. Although less sustainable,
the alloy system (Al,Ga)N was applied in this thesis as window material and can be
understood as a place holder until a more sustainable and environment friendly material

as a suitable replacement is discovered.
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Figure4: An illustration of the band edge positions of the aluminum gallium nitride
material system, calculated after Vurgaftman et al. [62] [63]
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Experimental details

The cuprous oxide thin films were prepared by RF sputtering on n-type (aluminum)
gallium nitride templates, Nq = 2E17 cm?, kindly provided by Dr. A. Dadgar and Prof.
A. Krost [19]. Argon with controlled admixtures of oxygen was used as working gas.
The vacuum environment was purged with argon and evacuated to a pressure of at least
5 - 10~° mbar prior to deposition. By adjusting the gas flows, the working pressure was
set to 8+ 1073 mbar and RF power kept constant at 50 W. The substrate holder was
heated to 925 K. The deposition time was chosen to yield film thicknesses of 1 um. The
deposition was followed up by photolithographic structuring, thermal evaporation, and
annealing of metal contacts, i.e., Ti/Au for the template and Au for the cuprous oxide
absorber [20], and ultrasonic wire bonding, as illustrated in Figure 4. Current-voltage
characteristics were recorded with a Keithley SCS4200 system, Oriel Xe arc lamp and

AM1.5 filter.

100nm Au
\\ 20nm Ti

250nm AlGaN:Si
4.6 mu GaN/SiN/AlGaN/AIN
sapphire substrate

Figure 5: An illustration of the photolithographically structured heterojunction solar cell,
consisting of a 100 nm Au and a 20 nm Ti / 100 nm Au metal contact, 1 pm cuprous oxide,

250 nm AlonGaoseN:Si and 4.6 pm GaN/SiN/AlGaN/AIN on a polished sapphire
substrate. The diameter of the disc-like cuprous oxide structure is 1 mm.
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Device characterization

Depicted in Figure 5 are the Am1.5 illuminated current-voltage characteristics in the
fourth quadrant for heterojunctions of cuprous oxide on aluminum gallium nitride
templates, exhibiting different aluminum concentrations. The short circuit current
remains almost constant, while the open circuit voltage is clearly increased for higher
aluminum concentrations. In addition, the finding that the cuprous oxide thin film is
being 'excessively' doped by intrinsic acceptors, as discussed in more detail in
Chapter 3, results in a non-optimized doping profile, which ultimately enhances
interface recombination by an absent type inversion at the absorber interface, as
discussed in the introduction of this Chapter. Also, it causes a space charge region which
does not extend far into the absorber layer. In conjunction with minority carrier lifetimes
being too low to compensate this effect, that is responsible for the significantly lowered
short circuit current. Also, characteristic for a low pt product is a lowered and strongly
voltage dependent photocurrent in the current-voltage characteristics, which is observed

in the experiment.
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Figure 6: Illuminated current-voltage characteristics in the fourth quadrant, for
aluminum gallium nitride on cuprous oxide heterojunctions for several aluminum
concentrations in the aluminum gallium nitride alloys. An increase in open circuit
voltage is observed for increased aluminum content. The short circuit current nearly
remains constant, independent of the aluminum content. A voltage dependence of the
photocurrent is also observed.
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Figure 7: Current-voltage characteristics of the best-performing aluminum gallium
nitride on cuprous oxide heterojunction of this experiment measured in the dark and
under AM1.5 illumination at 100 mW/cm? in the fourth quadrant, the full characteristics
are shown logarithmically scaled in the inset. Open circuit voltage, short circuit current,
fill factor and consequently the conversion efficiency are far below the maximum
attainable values of Cu20. The junction exhibits relatively poor rectification as seen in

the dark characteristics depicted in the inset.
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The current- voltage characteristics measured in the dark and under AM1.5 illumination
of the best-performing heterojunction involving Alon1GaossN is shown in Figure 6. As
the band gap of cuprous oxide is roughly 2 eV at room temperature, an open circuit
voltage significantly larger than that one observed in this experiment can be expected.
A possible origin of the reduced open circuit voltage may be a negative and rather large
conduction band offset between the cuprous oxide absorber and the underlying
aluminum gallium nitride template, as illustrated in Figure 7, limiting the built-in bias
or in other terms effectively reducing the activation energy of the diode saturation
current, i.e., a reduction from the absorber band gap energy down to the 'effective' band
gap energy at the interface between the aluminum gallium nitride window conduction
band edge and the cuprous oxide absorber valence band edge. Since such a conduction
band offset also enhances interface recombination across the heterojunction. Interface
recombination is strong when the ratio between the window and absorber doping
densities Ny /N, is not sufficiently large. In reference to the work of Lee et al. [9], the
application of gallium oxide in a heterostructure with cuprous oxide leads to a large
open circuit voltage of 1.2 V. In that work the temperature dependent measurements of
the open circuit voltages allow the authors to determine the effective band gap by
extrapolation. They found that the effective band gap is approaching almost the full
energy of the absorber band gap at 0 K. As the photocurrent of that device is not
suppressed, the conduction band edges of the two semiconductors, i.e., gallium oxide
and cuprous oxide, must be close to alignment. Estimations of the conduction band offset
based on XPS measurements and optical band gaps determined by transmission spectra

have been attempted, yielding a large
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Figure 8: An illustration of the resulting band diagram, where the cuprous oxide
absorber is on the left and the aluminum gallium nitride window on the right. The
resulting heterointerface between the two semiconductors is of type II, exhibiting a large
and by convention negative conduction band discontinuity. The thereby enhanced
recombination path across the heterojunction is indicated by the red arrow.

discrepancy in the results, i.e., values ranging from -0.34 eV to +0.5 eV, including
measurement errors. [21] [10] The conduction band offset between gallium nitride and
cuprous oxide thin films of -0.24 eV, determined in that manner by Kramm et al [18],
appears to be largely underestimated with respect to the findings of this experiment.
Assuming a reduction of the open circuit voltage by AEc/q and a conservative
conduction band offset of -0.2 eV for the Ga:0s / Cu20 heterojunction, in relation to the
open circuit voltage of 1.2 V observed by Lee et al, the offset in this experiment may be
estimated to -1.0 eV to -0.8 eV, for GaN to Alo11GaossN. When applying the transitivity
rule and allowing for measurement errors of 0.15 eV, this estimation is backed by the
XPS based findings of You et al. [22] who determined the conduction band offset
between zinc oxide and gallium nitride to be -0.15 eV, and of Brandt et al. [21], who
determined a value of -1.34 eV for the conduction band offset between zinc oxide and

cuprous oxide. However, as already indicated above, an XPS based analysis of band
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offsets is prone to enormous errors from the point of view of device engineering and
therefore in my opinion somewhat unreliable and misleading.

In order to investigate the suspected large negative conduction band offset, one may
collect data on the temperature dependence of the open circuit voltage, as already stated
above. The temperature dependent measurement allows one to directly determine the
energy in the band diagram that limits the open circuit voltage by a simple linear
extrapolation to zero Kelvin, where all other voltage reducing factors are disabled due
to their temperature dependence as long as the Fermi level is not pinned by defects. The
latter can be distinguished by a temperature independent open circuit voltage. In the
case where the open circuit voltage is extrapolated to an energy corresponding voltage
less than the absorber band gap, it is the direct proof and determination of the suspected
negative conduction band offset of the heterojunction solar cell. Obviously, this method
can only be applied to determine negative conduction band offsets in a type-II
heterojunction. In order to be able to directly compare to the value of -0.24 eV of Kramm
et al., the measurement was carried out for the gallium nitride / cuprous oxide device.
Indeed, the suspected attributes and estimated higher value of the conduction band
offset are validated by the measurement depicted in Figure 5. It is found that the actual
conduction band offset of this gallium nitride / cuprous oxide heterojunction is roughly
-1eV. Also, a virtual open circuit voltage was calculated by correcting for the determined
conduction band offset, and assuming an identical temperature dependence to illustrate
the performance of a cuprous oxide based solar cell exhibiting a proper flat band

alignment.
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Figure 9: Temperature dependent measurement of the open circuit voltage (black
circles), linear extrapolation of the measured open circuit voltage to 0 K (blue line),
temperature dependent cuprous oxide band gap energy (red dashed line) and calculated
temperature dependent open circuit voltage corrected for the conduction band offset
(black dashed line). The open circuit voltage linearly increases with deceasing device
operating temperature, which was extrapolated down to 0 K, intercepting the ordinate
at the interface band gap of 1.13 eV. In respect to the band gap of cuprous oxide, the
conduction band offset is determined to 1.04 eV.
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Conclusion

It is demonstrated that alloying gallium nitride with aluminum will increase the attained
open circuit voltage when combined with sputter deposited cuprous oxide to form a
photovoltaic device. As expected, the short circuit current exhibits just slight changes,
which is rendering the heterointerface’s recombination velocity, or in other terms, the
defect density at the interface as not critical. It is moderate, but not too high. The
conduction band offset of Alo11GaosN, the highest aluminum concentration used in this
experiment, to cuprous oxide is calculated to be -0.8 eV, which is still too large for
optimal performance. Given the miscibility, significantly more aluminum is required to
unleash the absorber’s full potential in view of the attainable open circuit voltage.
Alternatively, one may switch to the gallium oxide material system as window layer and
consider to alloy with indium or aluminum to match the conduction band edges.
Furthermore, in order to induce the beneficial type inversion in the absorber, the doping
profile of the heterojunction requires optimization, i.e., a reduction of the acceptor
density in the cuprous oxide absorber and an increase of the donor density in the
aluminum gallium nitride window layer by at least one order in magnitude,

respectively, is required.
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Chapter 3: Cu20:H - Passivating Defects

The content of this Chapter is the result of a collaboration with Christian Kandzia,
BSc. (Lab assistance), Dipl.-Phys. Benedikt Kramm (SIMS measurements) and
Prof. P. J. Klar and has been submitted to peer reviewed scientific journals:

K. P. Hering, J. Benz, C. Kandzia, B. Kramm, M. Eickhoff, and P.J. Klar. Hydrogen
induced mobility enhancement in RF sputtered Cu20 thin films, submitted to
Advanced Materials

K. P. Hering and P. J. Klar. Hydrogen induced efficiency enhancement in
Alo11GaossN/Cu20 solar cells, submitted to Applied Physics Letters

In solar cells using polycrystalline thin films as absorber, grain boundaries can
impair the device performance. Several authors reported an improved material's
performance of cuprous oxide after hydrogen post-treatments, probably due to
a successful defect passivation. [23] [24] [25] [26] [27] The introduction of
hydrogen during growth of cuprous oxide, which could possibly render post
treatments obsolete and, aiming at photovoltaics, could contribute to cost and
conversion efficiency, has not been attempted and investigated yet and is the
subject of this Chapter. Polycrystalline Cu20 thin films were prepared on c-
sapphire substrates by reactive radio-frequency sputtering at various
temperatures between 500 K and 925 K employing a metallic target and utilizing
an argon/hydrogen/oxygen gas mixture. It is demonstrated that the use of
hydrogen in the sputter deposition process beneficially affects the transport
properties of the Cuz0 films obtained. Correlating the amount of hydrogen
incorporated into the thin films, the film morphology and the transport
properties demonstrate that in this approach hydrogen is predominantly
accumulated at the grain boundaries of the polycrystalline films, leading to a
lower film resistivity due the reduction of grain boundary scattering. It is
demonstrated that a suitable employment of hydrogen in the growth process of
Cu20 material for solar cell applications improves the material properties
significantly.

This finding is then applied to photovoltaics in preparing polycrystalline Cu20
thin films on Alo11GaossN templates. It is shown that employing hydrogen in the
growth process greatly improves the photovoltaic performance of the
heterojunction.
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Intfroduction

Grain boundaries in polycrystalline thin films typically are distinct zones of very high
defect densities. Consequently, they are more than likely to host Shockley-Read-Hall
recombination at a high rate. Grain boundaries can in principle considered to be similar
to the heterojunction interface, and recombination at grain boundaries can be treated in
an analogous way. A grain boundary coplanar to the interface constitutes a worst case
scenario, when it is located at a position in the absorber where the condition S;n = Syp
is fulfilled, where S,, and S, represent the recombination velocities and n and p the free
carrier densities, respectively, i.e., the edge of the space charge region in the absorber.
The short circuit current is just weakly affected when the boundary is located within the
space charge region, due to the fact that at zero bias holes are not abundant in that region.
Under forward bias, however, that changes, resulting in a reduced open circuit voltage
and a reduced fill factor. Therefore, grain boundaries inside the space charge region
should be avoided, which defines a lower boundary for the grain sizes acceptable in the
absorber thin films.

In addition, when charged, grain boundaries induce band bending. Since the Fermi level
is located close to the valence band in a p-type semiconducting material, very large
acceptor defect densities would be necessary to induce an upward band bending
through negative charge. It is much more likely that downward bending occurs by
ionized donor-like defects holding positive charge. The latter will introduce a hole
repulsing potential barrier. As a consequence, minority electrons are attracted by the
grain boundaries, which enhances recombination and reduces the effective diffusion

length. Grain boundaries that induce very large band bending may cause an inversion
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and form n-channels and thereby shunt the device. The negative influence on a solar
cell’s performance by grain boundaries can be overcome by attempts to passivate the

defects they exhibit, or by increasing the crystallinity.

Figure 10: An illustration of the resulting band diagram in p-type semiconductor under
the influence of a hole repelling potential barrier, induced by a positively charged grain
boundary.

Several authors reported an improved material's performance of cuprous oxide after
hydrogen post-treatments, probably due to a successful defect passivation. [23] [26][25]
[27] [24] The introduction of hydrogen during growth of cuprous oxide, which would
possibly render post-treatments obsolete and, aiming at photovoltaics, would contribute
to cost and conversion efficiency, has not been attempted and investigated yet and is the

subject of this Chapter.
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Experimental details

The Cuprous oxide thin films were prepared by RF sputtering on c-plane sapphire
substrates and n-type AlonGaossN templates, Ng ~ 2E17 cm?, kindly provided by Dr.
Armin Dadgar and Prof. Alois Krost. [19] Argon with controlled admixtures of oxygen
and hydrogen was used as working gas. The vacuum environment was purged with
argon and evacuated to a pressure of at least 5+ 107® mbar prior to deposition. By
adjusting the gas flows, the working pressure was set to 8 - 1073 mbar and RF power
kept constant at 50 W. For the heterostructures, the substrate holder is heated to 925 K
The deposition time is chosen to yield film thicknesses of 1 um. The deposition was
followed up by photolithographic structuring, thermal evaporation, and annealing of
metal contacts, i.e., Ti/Au for the template and Au for the cuprous oxide absorber, [20],
and ultrasonic wire bonding, see Figure 4. Structural characterization was carried out
using a Siemens D5000 X-ray diffractometer with a copper anode in Bragg-Brentano
configuration. The film thicknesses were obtained from interference oscillations in
reflectance spectra, measured by a PerkinElmer Lambda 900 spectrometer. The
Secondary Ion Mass (SIMS) measurements were performed using a SIMS MIQ Ion
Microprobe from ISA RIBER. The duoplasmatron ion-gun provided a current of 40 nA
of 6 keV 03 ions focused to an area of 250 x 250 pm? on the sample surface, reaching a
mass resolution m/Am of 300. Hole transport properties were investigated by
evaluating Hall-effect measurements in Van-der-Pauw geometry. To ensure a decent
geometry for highly resistive samples, all of the thin films measured were
microstructured by photolithography and etching, creating clover leaf structures. [28]

[29] Current-voltage characteristics and external quantum efficiency measurements
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were recorded with a Keithley SCS4200 system, Oriel Xe arc lamp and AML.5 filter, a
SPEX 1681B monochromator as well as a Princeton Applied Research 5210 lock-in-

amplifier.
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Structural properties

Figure 10 depicts the results of the x-ray diffraction (XRD) analysis of series of Cu,50
thin films, where the oxygen partial pressure of the working gas in the sputter process
was varied, whereas the hydrogen partial pressure was set to zero (no intentional
hydrogen added in the growth process). The curves represent the behavior at different
substrate temperatures. The diffractograms obtained by XRD, exemplarily shown in the
inset, display the position of the (111) reflection is observed in the 26 range from to 36°
to 36.5°. The position observed depends on the oxygen gas flow employed during
growth, i.e., it undergoes a shift in angular position as the stoichiometry changes. This
effect is more pronounced at lower substrate temperatures where the reflections of the
samples grown at the lowest oxygen flow used (about 2.8 sccm) are located at a
significantly smaller angle than the reference of 26 = 36.419° (ICDD PDF No. 00-005-
0667) and gradually approach the reference value, which is finally reached for an oxygen
flow-rate of about 3.5 sccm. This behavior is indicative for a copper-rich deposition
below 3.5 sccm oxygen flow, as well as for residual strain in the thin film. The deviation
of the (111) reflections from values in the literature can be avoided by either sputtering
at elevated substrate temperatures, e.g. 925 K or 750 K, or by a post deposition anneal at
temperatures of 1200 K and above. [8] Thus, by adjusting the reactive oxygen flow, the
stoichiometry of the resulting copper oxide thin film can be controlled. The thin films
exhibit a weak preferential orientation in the (200) direction. Although the shifted (200)
reflection of cuprous oxide almost coincides with the (0002) reflection of the sapphire
substrate, it can still be observed by slightly tilting the sample off angle (results not

shown here) and is significantly more pronounced than it would be expected when
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compared to the intensity relation obtained from the powder diffractogram in the
reference measurement. That, in conjunction with the rather broad reflections observed
(FWHM > 0.25°), is strong evidence that the degree of crystallinity of the deposited thin
films is far from perfection. Scanning electron microscopy (SEM) images of the surfaces
of the thin films such as the left image in the top row of images in Figure 15 confirm this
supposition. Thus, the diffractograms confirm a successful deposition of Cu;, 50 thin
films of a polycrystalline nature. This implies that, in addition to intrinsic defects, grain
boundaries are present in the films which will considerably impair charge carrier

mobility in the layer and thus performance of solar cells based on such layers.
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Figure 11: Peak positions obtained for the (111) reflection of the cuprous oxide in the
vicinity of 36° as a function of oxygen flow for various substrate temperatures. For lower
temperatures the reflections are located at significantly smaller angles, indicating a
copper rich deposition of the compound as well as a strained thin film. As the
temperature is elevated the position approaches the reference value (dashed line).
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Electronic transport properties |

The results of the room-temperature Hall measurements on the series of Cu,, 50 thin
films grown at substrate temperatures between 500 K and 925 K are summarized in the
left two graphs of Figure 11. As expected, all non-intentionally doped samples show p-
type conductivity. The Hall carrier concentrations within the four series show no clear
trends, in particular, not for the series of samples grown at 500 K. For the series, grown
at 625 K, a weak decrease with increasing oxygen flow is observed which may be
explained by an approach of the ideal stoichiometry at an oxygen flow of 3.5 sccm
according to Figure 10. The variation of the carrier concentration for the two series grown
at 750 K and 900 K is weaker, possibly because the dependence of the stoichiometry on
oxygen flow rate is less pronounced, as also suggested by the weaker dependence of the
position of the (111) reflection on flow displayed in Figure 10. In contrast, the
dependence of the Hall mobility on the oxygen flow of the four series exhibits maxima
which become more pronounced with increasing substrate temperature. The oxygen
flows corresponding to the maxima are below 3.5 sccm, which means that the
corresponding thin films are off stoichiometry and belong to the copper rich regime. The
two graphs on the right of Figure 11 summarize results of Hall measurements of cuprous
oxide thin films where hydrogen was added during the growth process. The series of
samples were grown at the four substrate temperatures of 500, 625, 750, and 925 K. In
each series the oxygen flow rate was kept constant at the value where the mobility in the
corresponding series without hydrogen was at its maximum and the hydrogen flow was
varied between 0 and 0.3 sccm. The presence of hydrogen during the growth process

does not have a major impact on the Hall carrier concentration, but significantly
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improves the Hall mobilities. All four series exhibit a steady increase of the mobility
values with increasing hydrogen flow up to about 0.2 sccm of hydrogen, above this value

the mobility declines again.

A direct comparison of the transport parameters of the samples with the highest mobility
values grown without adding hydrogen and by adding hydrogen in the growth process
is presented in Figure 12. It can be seen that, by adding hydrogen, the Hall mobility may
be pushed beyond values that can be reached by merely adjusting stoichiometry, while
the charge carrier concentration remains almost unaffected. As a consequence, the
samples exhibiting maximum mobility also possess the lowest resistivity. The effect
becomes more pronounced at elevated substrate temperatures. The maximum mobility
value obtained in this experiment of 88 cm?/Vs approaches values obtained for single

crystals. [30]
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Figure 12: Room-temperature Hall carrier mobility (bottom) and Hall carrier
concentration (top) of Cu2O films in dependence on the applied oxygen (left) and
hydrogen gas flow rate (right) during growth for various substrate temperatures. While
the carrier concentration is just slightly influenced, the mobilities show maxima
depending on the stoichiometry, tuned by the argon/oxygen ratio, and the hydrogen
flow rate applied. The fixed oxygen flow rate chosen in the growth of each hydrogen
series is indicated by a star.
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Figure 13: Comparison of the transport properties of the Cu;, O thin films of the highest
mobility for growth without added hydrogen (red) and growth with added hydrogen
(blue) for the four different substrate temperatures. Hall carrier concentration (top), Hall
mobility (center) and resistivity (bottom). At all substrate temperatures the majority
carrier mobilities increase by adding hydrogen, while the carrier concentration remains
almost unaffected, resulting in significantly lower resistivity values for samples where
hydrogen was added during growth.
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Hydrogen incorporation

To clarify whether hydrogen provided in the growth process is actually incorporated
into the film or simply acts as a catalyst, secondary ion mass spectrometry (SIMS) studies
on a series of samples grown at different substrate temperatures at an adjusted oxygen
flow in the range of 2.8 to 3.5 sccm and at a fixed hydrogen flow of 0.2 sccm was
performed. The hydrogen concentrations are derived from SIMS depth profiles. [31] [32]
The corresponding data are plotted in Figure 14 and show that the n concentration of
incorporated hydrogen decreases with increasing substrate temperature. The almost
constant values of 2 - 102°cm™? obtained for substrate temperatures above 600 K are
very likely caused by the hydrogen background of the measurement system.
Nevertheless, the SIMS analysis confirms the presence of hydrogen in the films. The
observed dependence of the incorporated hydrogen concentration on substrate
temperature is not easily analyzed, due to the polycrystalline morphology of the thin
films. Hydrogen may either be incorporated into the bulk of the grains or be

accumulated at the grain boundaries.

The analysis of the transport data gives a first hint which of the two possible locations is
preferably occupied by hydrogen, as they are anticipated to affect Hall mobility and Hall
carrier concentration in a diametric way. It is theoretically predicted that hydrogen
incorporated into the bulk of the Cu20 grains occupies tetrahedral interstitial sites of the
cubic lattice and, in addition, binds copper vacancies in the system in a defect complex
which no longer acts as an acceptor, i.e., is a 'hole killer' as Scanlon and Watson named
it. [33] This prediction contradicts our experimental findings, as we do not observe a

reduction of the Hall carrier concentration when hydrogen is added in the growth
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process. A reasonable explanation of the lower carrier mobility at ambient temperature
in sputtered thin films compared to bulk crystals is a limitation of the mobility by grain
boundary scattering. Thus, it appears likely that an accumulation of hydrogen at the
grain boundaries is the cause of the observed increase of mobility, as it has been reported

for silicon. [34]

To further verify the hypothesis that hydrogen is primarily accumulated at the grain
boundaries, it needs to be taken into account that the thin film morphology varies with
growth temperature, in particular, the grain size increases. The average grain size for
each sample was determined by analyzing corresponding SEM images; the values are
depicted as a second curve in Figure 4. A simple model may be used to analyze the
correlation between incorporated amount of hydrogen and grain size. Let us assume that
the film surface is square shaped with an edge length dgq and possesses a thickness t.
Furthermore, it should consist of a regular arrangement of columnar grains with a
square-shaped cross sections with edge lengths d. An expression for the area consisting
of the top and bottom surface of film, its edges, as well as the inner surfaces of the grain

boundaries, can be easily derived:
dit
A =2d3+2d,t + 2-+ (3)

Since the measured hydrogen concentration is obtained from averaged SIMS depth
profiles, where the data of the contaminated top surface and at the film-substrate
interface are discarded, both, the top and bottom surface in the model can be

disregarded. In the limit of d << dj one finally obtains the following relationship
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between the hydrogen concentration determined by SIMS and the grain size determined

by SEM:
[H =22~ 2 g (4)

where 0 represents the areal density of hydrogen atoms. Therefore, a hyperbolical
dependence of the hydrogen concentration on the grain size can be expected, which is
indeed confirmed by the experiment, as shown in the inset of Figure 4, where the
expression above is fitted to the experimental data, allowing for an offset due to the
experimental uncertainty. This analysis yields a realistic value of 6 = 9.6+ 10® cm™2
for the areal density of hydrogen and is a strong hint that hydrogen is mainly

incorporated at the grain boundaries of the polycrystalline Cu20 thin films.
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Figure 14: Dependence of the hydrogen concentration (left axis, full circles) and the grain
size (right axis, full triangles) on substrate temperature in a series of Cu20 thin films
grown at oxygen and hydrogen flows of 2.8 to 3.5 sccm and 0.2 sccm, respectively. The
decrease of the hydrogen concentration with increasing substrate temperature is
accompanied by an increase of the grain size. The dotted line represents the detection
limit of the SIMS measurement. The inset depicts the resulting hyperbolical dependence
of the hydrogen concentration on grain size, indicating that hydrogen is primarily
located at surfaces.
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Morphological properties

If the effect of hydrogen were only a passivation of the defects at the grain boundaries,
the Hall mobility would be expected to steadily increase as grain boundary scattering is
the main reason for the lower mobilities in sputtered Cu,, 50 compared to bulk crystals.
This is in accordance with the mobility trends observed with increasing hydrogen flow
for hydrogen flows up to 0.2 sccm (Figure 2). However, this statement alone cannot
explain the drop of the mobility on increasing the hydrogen flow further. The alleged
contradiction is resolved by analyzing the variation of the film morphology with
increasing hydrogen flow. Figure 15 depicts SEM images of selected samples of the
hydrogen series sputtered at 925 K. At zero hydrogen flow, the film surface exhibits
grains with sizes of about 200 nm, at low hydrogen flows of 0.05 sccm a smoothing of
the surface takes place and the number of grains is reduced. On further increasing the
flow, more grains appear again and the grain size increases significantly. Especially for
higher hydrogen gas flows, above 0.2 sccm, the average grain size is larger than 1pm.
Thin films exhibiting these large grains become more and more disjunctive with
increasing hydrogen flow and the disrupted morphology reduces the number of
available inter-grain transport paths of the charge carriers probed in the Hall
measurements. In the analysis of the Hall data this morphological effect is reflected by
an effective decrease of the carrier mobility between 0.2 and 0.3 sccm hydrogen flow.
The morphology-induced effect dominates the electrical transport properties for
hydrogen flows larger than 0.3 sccm rendering Hall measurements in van-der-Pauw
geometry and the corresponding analysis based on the assumption of a homogeneous

thin-film inapplicable.
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Figure 15: Scanning electron microscopy (SEM) images of the surfaces of Cuz0 thin films
sputtered at 925 K using different hydrogen flows in the growth process (increasing from
top left to bottom right). The oxygen flow was set to 3.3 sccm. The presence of hydrogen
in the growth process strongly influences the film morphology; in particular, large grains
and disrupted film morphology are induced at elevated flows.
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Electronic transport properties |l

In order to gain more insight into the beneficial impact of hydrogen on the mobility we
performed temperature-dependent Hall measurements, as the impact of grain boundary
scattering is stronger at lower temperatures. An increased grain size as well as a defect
passivation affect the mobility in a beneficial way. To study the alleged passivation
separately, the measurements were carried out on three samples, where the hydrogen
induced morphology-change is negligible. The samples were grown at a substrate
temperature of 925 K using hydrogen fluxes of 0, 0.05, and 0.10 sccm, respectively. The
Hall data are depicted in Figure 13, on the left hand side the curves of the Hall mobility
vs temperature and on the right the curves of the hole concentration vs temperature are
displayed. A model of a compensated semiconductor accounting for a single donor and

a single acceptor level is used to fit the experimental data. [35] [36]

p(P+Ny) _Ea
N{a}_N{d}_p - B NVeXp ( kT)’ (5)

where Ny, N,, Ny and E, represent the effective density of states of the valence band,
the acceptor density, the donor density and the acceptor binding energy, respectively.
Fitting yields acceptor densities 3.2+ 1017,1.9 - 1017 and 2.0+ 10" cm~2, acceptor
binding energies of 152, 173 and 220 meV and compensation ratios of 90, 83 and 57% for
the samples with 0, 0.05 and 0.1 sccm hydrogen flow applied during growth,
respectively. Additional insight is obtained by analyzing the temperature dependence
of the Hall mobility of the three samples shown in the left graph of Figure 13. At lower
temperatures a much stronger impact of hydrogen on the Hall mobility is observed.

Taking into account the scattering mechanisms which limit the mobility in different
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temperature regimes, the entire temperature dependence can be modeled as shown in
Figure 13. Three scattering mechanisms need to be considered to yield a satisfying
agreement between the theory and the experimental data up to room temperature. These
are (i) scattering at ionized impurities (dash-dotted curve in the inset of the left graph)

as suggested by Lee et al., [37] [38]

128(eey )2 (KT)3/2y 2 b 171
Ki =Ty \%Nizzeg [11’1(1 +b)—m , (6)

where b = 24m”"KkT/h?BZ and B, represents the inverse screening length;

(ii) scattering at grain boundaries (dashed curve in the inset) as modeled by Seto. [39]

— q%L? _9%s
Heb = | Zmmkr EXP( KT )’ )

where L represents the grain size and ®p the barrier height; and (iii) as suggested
tentatively by Shimada et al. [30] a lowering of the mobility by metastable self-trapping
[40] which manifests itself as a pre-factor taking values between 0 and 1 (dot-dash-dotted
line in the inset). This latter effect appears to be necessary, since the mobility values
predicted by assuming LO phonon scattering to be the dominant scattering mechanism
at high temperatures (which is the case in many other materials) are too high. This
finding is also in accordance with the results of Lee et al. [38]. Shimada et al. [30] derive
the following expression for the pre-factor accounting for the reduction of the mobility

by self-trapping

1
Hmst = 1+YAT™2/2 exp(—Emgt/KT)’ (8)
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where A = (2mh? /myk) /vy, vy represents the unit cell's volume and y accounts for

degeneracies and entropy changes and Emst describes the depth of the trap.

Combining all three contributions (i) to (iii) yields the Hall mobility which may be

compared with the experimental data:

-1
1 1
I‘L(T) = I'LmSt(T} l (llii(T} + Hgb (T}) I (9)

The parameters of the combined expression were deduced by fitting the experimental
data of the sample grown at 0.0 sccm Hz. Apart from the potential height @y of the grain
boundary barrier and the density of ionized defects which are set to the values extracted
from fitting the temperature dependence of the carrier concentrations and the screening
length, all these parameters are kept constant in the fitting of the mobility data of the
two samples grown by adding hydrogen in the growth process. The agreement between
theoretically predicted and experimental Hall data in both graphs is very good at lower
temperatures; systematic deviations are observed only for mobility curves at

temperatures exceeding room temperature.

The value for the self-trapping energy E s extracted in this manner is 154 meV, those
for @y, are 80, 72 and 64 mV for the samples with 0, 0.05 and 0.1 sccm hydrogen flow
applied during growth, respectively. The scattering mechanism limiting the mobility in
the high-temperature regime is not clear. Interestingly, the discrepancy at these high
temperatures can be removed by another pre-factor of the same form as that already
employed (Eq. 6), but with a different value of the trapping energy E'mst = 345 meV, i.e.,
another type of metastable self-trapping process. The physical origin of such a

mechanism is subject to speculation.
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The main findings of the model may be summarized as follows: With increasing
hydrogen flux at fluxes below 0.2 sccm: (i) the barrier height at the grain boundaries
decreases; (ii) the depth of the single acceptor level increases, while the acceptor density
decreases; and (iii) the degree of compensation is reduced. The following scenario of the
effect of hydrogen in the regime of hydrogen flows below 0.2 sccm is in accordance with
our findings. In the untreated sample, there are donors at the grain boundaries, which
lead to the high degree of compensation. The Coulomb potential of ionized donor cores
determines the barrier height ®p at the grain boundaries. The electrons released by the
donors cause the compensation of the acceptors. At hydrogen fluxes below 0.2 sccm,
hydrogen is mainly incorporated at the grain boundaries of the sputtered Cu20 thin
films, where it passivates the donors, which reduces the degree of compensation and
lowers the barrier height @g. The increasing acceptor depth with decreasing
compensation cannot be understood in the frame of our simple model for compensation
and requires a careful consideration. If the same distribution of acceptor energies was
present in all three samples, one would expect that the effective acceptor energy would
decrease with decreasing degree of compensation as opposed to an increase. This means
that at least two types of acceptors contribute to the distribution of acceptor energies and
the resulting hole concentrations observed in the Hall measurements and that this
distribution varies with the amount of hydrogen present during the growth process. This
suggestion is in accordance with theoretical predictions. In addition to the copper
vacancy Vcu, there may be the Veusplit copper vacancy in split-configuration (which is a
slightly different complex where a copper atom adjacent to the vacancy moves to an
intermediate site) or even Oi oxygen interstitials. [41] [42] [43] [44] [45] [46] Among the

intrinsic acceptors Vcu and Veuspiit theoretically possess the lowest formation energies
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followed by the oxygen interstitials (in octahedral and tetrahedral coordination).
However, the theoretical values for the acceptor depth of Vcu are between 230 to 280
meV for Vcu and about 470 meV for Vcuspi, [43] [45] i.e., both larger than the values
extracted from these experiments. An extrinsic acceptor with a smaller acceptor energy
of about 160 meV is nitrogen incorporated on oxygen site, No. [23] [26] [33] [25] This
binding energy is very close to the value obtained experimentally for the hydrogen free
sample. The presence of residual nitrogen in the reactor cannot be entirely ruled out.
Furthermore, it is likely that the introduction of hydrogen into the reactor affects the
formation of No and Vcu differently. A preferential formation of Vcu in the presence of

hydrogen would be in concordance with the observed trends.
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Figure 16: Temperature dependent Hall effect measurements of selected samples grown
at a substrate temperature of 925 K, i.e. 0, 0.05 and 0.10 sccm, where the effect of
hydrogen induced grain growth is negligible. Depicted on the left is the Hall mobility,
which has been modeled as a combination of ionized impurity scattering, metastable
self-trapping of holes and scattering at grain boundaries (dashed lines). For each data set
all parameters are kept constant except the height of the grain boundary barrier ®g and
the density of ionized defects, which was extracted from fitting the carrier concentrations
(right) with the standard model for a compensated semiconductor with a single acceptor
(dashed lines). The inset of the left graph depicts the temperature dependence of the
contributions of the three dominant scattering processes to the total Hall mobility.
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Device characterization

On the left hand side, Figure 16 depicts the results obtained by the external quantum
efficiency measurements. When compared, the efficiency of the hydrogenated device is
higher for all wavelengths and shows less of a decline at longer wavelengths. That may
be explained by the beneficial effect of a hydrogen admixture in the sputtering process
on the resulting polycrystalline cuprous oxide thin films. The scattering at grain
boundaries is reduced due to defect passivation by hydrogen as discussed in the
previous sections. The passivation results in higher majority carrier mobilities in Hall
measurements. It may be anticipated that passivated grain boundaries affect the
minority carriers in the same manner. Since the diffusion length scales with the minority
carrier mobility, the diffusion length will consequently increase as well. However, both
efficiencies are low overall and especially for wavelengths exceeding 480 nm.
Considering the absorption coefficient of cuprous oxide [8] and the film thickness of 1
pum, the amount of absorbed light should yield much higher values. A comparison
between illuminated J-V characteristics of the heterostructure, where hydrogen was
employed in the deposition process, and the other, where hydrogen was not present in
the deposition process, is depicted on the right hand side of Figure 16. While the open
circuit voltage remains constant, the photocurrent is significantly increased and clearly
less voltage-dependent when hydrogen was applied, leading to a higher fill factor.

Consequently, a higher conversion efficiency of 1.06 % is reached.
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Figure 17: A comparison of the external quantum efficiencies for both, Alo.niGaosN /
Cu20 heterostructures with (blue) and without (red) the application of hydrogen during
the copper oxide deposition. (right) A comparison between illuminated J-V
characteristics of the heterostructure employing hydrogen in the deposition process
(blue) and without the use of hydrogen (red).
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Xy
The large negative conduction band offset may be held responsible for the discrepancy
of low values in the external quantum efficiency present in the entire wavelength range
and especially in the blue spectral region, where minority carriers are photogenerated
closer to the heterojunction [47] [17]. The reduced open circuit voltage with respect to
the band gap of Cuz0 remains unaffected. The influence of the negative conduction band
offset was discussed in detail in Chapter 2. The absence of an improvement in the open
circuit voltage is explained by the large grain size exhibited at these growth
temperatures, which places horizontal grain boundaries outside of the space charge
region and only the reduced effective diffusion length affects the quantum efficiency.
Characteristic for a low pt-product is a lowered and voltage-dependent photocurrent in
the current-voltage characteristics, which is clearly observed for both of the devices.
Upon the employment of hydrogen that effect is significantly reduced, which is in
agreement with the observation of the increased quantum efficiency and thus supports
that the hydrogen application affects also the minority carriers in a beneficial way.

In order to gain insight into the dominant recombination mechanism under illumination,
usually the ideality factor of the standard diode model [16] is evaluated. However, when
parasitic resistances and photocurrent are illumination- and voltage-dependent,
respectively, the diode model cannot easily be applied, especially for higher forward
voltages in the fourth quadrant. For the hydrogenated device that voltage dependence
is sufficiently low to allow for an analysis of the illuminated characteristics. Therefore,
results for the short circuit current and open circuit voltage at different light intensities
were collected by changing the distance from the light source, yielding a partial Jg. —
Voc curve [48], where the complication due to the effect of series resistance is absent, see

Figure 17. Accounting for a shunt resistance, the diode model is fitted to the curve in two
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XX
voltage regimes. An ideality factor of 1.89 was derived in the lower voltage regime,
which is usually attributed to Shockley-Read-Hall recombination [14] [13] in the space
charge region, as the dominating mechanism. At higher voltages, where the space charge
region is small, the ideality factor is significantly reduced to 1.36, indicating defect
recombination outside the space charge region. However, with the large negative
conduction band offset and a high absorber doping, which does not provide a strong
doping asymmetry with respect to the window layer, interface recombination is very
likely to take place as well. Finally, the model was extended by the introduction of a
series resistance and fitted to the illuminated JV characteristics with the ideality factor
obtained in the high voltage regime, where the change of the photocurrent due to its
voltage dependence is weak. The extracted values for the shunt and series resistance are
8.3 kiem? and 8 Qcm?, respectively. The diode current in the dark proves to be lower
than under illumination at higher forward voltages, which cannot be explained by
illumination dependent parasitic resistances alone. That effect, which is sometimes
referred to as 'cross over', can be attributed to a potential barrier at the heterointerface.
Such a barrier impedes the electron transport across the junction and originates from
negative charge at the interface or in its vicinity. Under illumination that barrier may be
lowered when the charge accumulated at defects is reduced, which in turn allows for

higher currents. [49] [50]
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Figure 18: For the device employing hydrogen: (left) Jsc — V¢ characteristics (black),
illuminated J-V characteristics shifted by a Js¢ (dashed), results from curve fitting the
diode model without series resistances for a low and high voltage regime to the Jg¢c —
Voc curve (red and blue) and results of fitting the diode model including series resistance
and parameters extracted from the high voltage regime to the shifted illuminated J-V
characteristics in the range of V¢ , where the voltage-dependent change in photocurrent
is low and the illumination is close to regular operation condition. (right) J-V
characteristics in the dark and under illumination.
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Conclusion

It was demonstrated that introducing hydrogen in the sputter deposition process of
polycrystalline Cu20 thin films improves the transport properties of the material
considerably. In particular, the Hall mobility may approach values similar to those of
bulk crystals, and the hole concentration is only weakly affected. The reason is that in
our process hydrogen is not incorporated into the bulk of the grains, but passivates the
grain boundaries instead, thus reducing grain boundary scattering. Our results differ to
some degree from the findings of other authors who also studied the effect of hydrogen
on the properties of Cu20. Tabuchi et al. prepared Cuz20 by low-temperature oxidation
of sputtered copper thin films. They demonstrated that the transport properties are
affected by the use of atomic hydrogen in the oxidation process, but observed a reduction
of the carrier concentration accompanied by an increase of carrier mobility. [24] Ishizuka
et al. used a post-growth thermal treatment of sputtered Cu20:N films with hydrogen
and observed an increase of the carrier density in conjunction with a drop in mobility,
in total leading to a lower resistivity of films subjected to the post-growth treatment.
They suggest that the observed increase in carrier concentration by hydrogen treatment
is caused by the H-termination of dangling bonds of Cu at surfaces and interfaces. [26]
[27] The various and differing trends observed for the transport properties of Cu:0,
arising from different hydrogen treatments, reflect the complexity of the interplay
between the ways, how hydrogen is provided, how the grain morphology of the thin-
film sample is affected, and which is the preferred hydrogen site. It is worth noting, that
the view expressed by Scanlon and Watson, that the presence of hydrogen should be

avoided in Cu20 material for solar cell applications, may hold for bulk crystalline
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material, but does not necessarily hold for polycrystalline Cu20O thin films. [33]
Hydrogen can indeed be beneficial in optimizing the properties of such thin films for
use as active material in solar cells and may offer new pathways for raising the cell
efficiencies of solar cells based on such films. Furthermore, we demonstrated that the
beneficial hydrogen treatment can be part of the sputtering process itself, rather than a
post-growth treatment, which avoids an additional process step in device fabrication
and, thus, is a contribution to cost effectiveness.

Furthermore, introducing hydrogen in the sputter deposition process improves the
photovoltaic conversion performance when applied in a heterostructure. In particular,
the quantum efficiency towards longer wavelengths and, consequently, the
photocurrent, as well as the fill factor are increased, which can be attributed to an
increased diffusion length, due to the reduced scattering at grain boundaries induced by
hydrogen. The efficiency of 1.06 % that was reached in this experiment is still
considerably lower than the current record efficiencies of Minami et al. [5] and Lee et al.
[10], based on thermally oxidized copper sheets and electrodeposited cuprous oxide,
respectively. However, when diminishing the conduction band offset for example by the
use of Ga, 03, similar efficiencies may be reached. Furthermore, an optimization of the
sputtering process may yield lower acceptor densities, thus resulting in a more

appropriate doping profile in heterojunction devices.
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Chapter 4: Semi-transparent electrode — Tuning the plasma

The content of this Chapter is the result of a collaboration with Roman Bergert,
BSc. (lab assistance) and Prof. Dr. Slobodan Mitic and has been submitted to a
peer reviewed scientific journal:

K. P. Hering, R. Bergert, and S. Mitic. Enhanced AnGassN/Cu20 solar cells by a
semitransparent electrode, submitted to Applied Physics Letters

There exists a large variety of sputter deposition techniques. One possible
modification is the introduction of a semitransparent electrode. This simple
metal grid will introduce a possibility to change the plasma potential by DC
biasing and, to tune the electron temperature, which controls the plasma
chemistry. In fact, it can be used to influence the energy carried by the charged
particle towards the substrate, where the film is deposited. Depending on the
polarity of the bias, negative and positive charge carrying particles exhibit an
increase or decrease in kinetic energy, respectively. In particular, a decrease may
be beneficial in order to avoid or minimize damage at the substrate-layer
interface. For cuprous oxide deposition and especially heterojunction formation
this has not been attempted yet and is subject of this Chapter. Polycrystalline
Cu20 thin films were prepared on c-sapphire substrates and n-type Alo11GaossN
templates by radio frequency sputtering at a temperature of 650 K employing a
metallic target, an argon/oxygen gas mixture as well as a biased semi-transparent
electrode placed between the target and the substrate. Introducing that grid, the
possibility to tune the cuprous oxide thin film properties, especially the
morphology, by controlling the electron temperature in the plasma as well as the
beneficial effect of a suspected reduction of interface state densities through
decreased ion energies in photovoltaic heterostructures is demonstrated.
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Intfroduction

Several authors demonstrated the feasibility to improve the transport properties of
sputtered thin films by influencing the plasma chemistry via the control over the electron
temperature of the plasma in the deposition process. This control can be achieved by
employing a semi-transparent electrode between the target and substrate. In 1972 Taylor
etal. [51] proposed using a biased grid to divide the discharge chamber into two regions.
Placing the grid between the sputtering target and the substrate holder, the generation
region and process region, respectively, are formed. With a sufficiently large mesh
number, the electron temperature in the process region can be controlled by applying a
DC bias to the grid. In a negatively biased grid low-energetic electrons in the generation
region will face an insurmountable potential barrier. Electrons that carry a kinetic energy
high enough to pass the barrier will collide with neutral particles in the process region
and lose energy in the ionization process. Controlling the electron temperature allows
one to control the plasma-chemical reaction by reducing the amount of ionized particles
that disturb the reaction, that leads to the deposition of material desired. In reactive
sputtering problems may arise from the effect that the grid itself will be coated during
deposition. If the material formed on the grid exhibits a high resistivity, the grid itself
will no longer be able to maintain the applied DC bias on its surfaces in contact with the
plasma. [52] [53] [54] [55] [56] This issue will only become notable when the current
between the plasma and DC bias source is limited by the grid coating’s resistance instead
of the plasma itself. Since cuprous oxide is conductive, very large thicknesses of the

deposited cuprous oxide are necessary on the grid to limit that current. To verify this,
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the current was monitored in our experiment and was found unchanged throughout any

of the depositions carried out.
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Experimental details

Using the grid-modified reactive radio-frequency sputter-deposition, cuprous oxide thin
tilms were prepared on polished c-cut sapphire substrates and on n-type AloniGaossN
templates, Ng =~ 2E17 cm?, kindly provided by Dr. Armin Dadgar and Prof. Alois Krost.
[19] A Dressler 300 W RF generator at 13.54 MHz and 50 W was used to excite the plasma.
As cathode material a Kurt J. Lesker Co. Ltd. 5N metallic copper target, 3 inches in
diameter was employed. An argon/oxygen gas mixture is used in the sputtering process.
After purging with argon, the vacuum chamber was evacuated to at least 5E-6 mbar,
before initiating the plasma deposition with 50 sccm Ar and 3.2 sccm O2. The resulting
working pressure was 8E-3 mbar. To establish control over the electron temperature and
ion energies a biasable grid was placed between the sputtering target and the substrate
holder inside the vacuum chamber, as depicted in Figure 18. The distance between the
grid and the substrate holder was chosen to be 10 mm. The distance from the grid to the
substrates was reduced to 3 mm by mounting a copper block on to the substrate holder.
The substrate holder was heated to result in temperatures of 650 K at the top of the
copper block. The aluminum gallium nitride templates were fabricated by MOVPE. [19]
For the heterostructures, the deposition time was chosen to yield film thicknesses of
500nm; the deposition was followed up by photolithographic structuring, thermal
evaporation and annealing of metal contacts, i.e., Ti/Au for the template and Au for the
cuprous oxide absorber [20], as illustrated in Figure 4, and ultrasonic wire bonding. J-V
characteristics and external quantum efficiency measurements were carried out with a
Keithley SCS4200 system, Oriel Xe arc lamp and AMI1.5 filter, a SPEX 1681B

monochromator as well as a Princeton Applied Research 5210 lock-in-amplifier.
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Figure 19: A schematic of the modified deposition setup. The biased grid is located 10
mm above the substrate holder.
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Structural properties

Figure 19 depicts the XRD diffractograms in the vicinity of the (111) reflection of a series
of cuprous oxide thin films where the bias voltage of the grid was varied from -100 V to
100 V. Up top is the result for a reference sample, grown with no grid present during the
deposition. The values of the argon/oxygen gas mixture were set to 50 sccm and 3.3 sccm,
respectively. This gas mixture yielded a majority carrier mobility maximum by
stoichiometry adjustment at the substrate temperature of 650 K in the ‘gridless’
deposition, as described in Chapter 3. The position of the reflection slightly deviates
from the reference value (ICDD PDF No. 00-005-0667). It is located at smaller diffraction
angles, which indicates a deposition in the copper rich regime and may also be a sign for
residual stress in the films. The insets on the right hand side show corresponding images
of the films' morphologies obtained by scanning electron microscopy. All grid voltages
except the setting of -75 V result in significantly lower grain sizes than that of the
reference. This finding shows that the electron temperature approaches its optimum for
cuprous oxide growth in this setup and for the chosen parameters for a grid bias voltage

of about -75 V.
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Figure 20: X-ray diffraction results showing the (111) reflection of cuprous oxide in the
vicinity of 36° for samples without a grid (top) and with a biased grid present during the
deposition. (insets) Corresponding images of the deposited thin films obtained by
scanning electron microscopy.
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Electronic transport properties and deposition rate

The results of room temperature Hall effect measurements of the samples are shown
together with the deposition rate in dependence on the grid voltage in Figure 20. The
reference values are given by dashed lines. The carrier concentrations are comparable to
the reference and exhibit two maxima, one for each voltage polarity regime of the biased
grid. The mobility is significantly lowered compared to the reference. The reason is the
reduced grain size and a consequently increased grain boundary scattering. The
minimum occurs for a bias voltage of -75 V. It is worth noting that the resistivity of the
corresponding sample is lower than that of the reference due to a higher carrier
concentration. The resistivity with its minimum corresponds to the mobility maximum.
Only the sample grown with a bias voltage set to -75 V shows a mobility comparable to
the reference sample. This reflects that both films have a similar grain structure. The
deposition rate is decreasing with increasing the grid voltage in a positive sense,
indicating that positively charged species in the plasma are the limiting factor in the

growth of Cu,0.
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Figure 21: (top:) Results obtained for the deposition rate in dependence on the applied
grid bias. The rate is significantly larger when no grid is present (dashed line). (bottom:)
Electrical transport properties measured by Hall effect, i.e.,, carrier concentration,
mobility and specific resistivity (top to bottom), of the deposited thin films in
dependence on the applied grid bias. Results of the reference sample without a grid are
indicated by the dashed lines.
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Device characterization

J-V characteristics in the dark and under AM1.5 illumination as well as external quantum
efficiency measurements were collected for heterostructures fabricated at different grid
bias settings, as shown in Figure 21. The heterostructures are formed by depositing the
p-type Cu2O films on n-type aluminum gallium nitride templates. The quantum
efficiencies are overall low with respect to the amount of light absorbed by the cuprous
oxide absorber [8]. Interestingly, the quantum efficiencies determined rather show a
dependence on the grid bias than on the material properties. Quantum efficiencies and
rectification significantly improves for high positive grid voltages as seen on the left of
Figure 21 and in the current-voltage characteristics measured in the dark on the top right,
respectively. Under full spectrum illumination, the resulting trend of the short circuit
currents, which exhibits a significant decrease with decreasing bias voltage is in
agreement with the trends observed for the quantum efficiencies, which deteriorate with
decreasing bias voltage. The open circuit voltage of all devices is extremely low
compared to the band gap of Cu2O, which is about 2 eV at room temperature.
Nevertheless, in terms of short circuit current, the performance of the reference cell
grown without a grid present during the deposition is exceeded by the devices created

with positive voltages on the grid.

There are several reasons for the overall low quantum efficiencies of these cells. The low
quantum efficiencies showing a decline towards longer wavelengths indicate, that the
space charge regions do not extend far into the absorber layer. Furthermore, the small
grain sizes of the Cuz0 films suggest that there are grain boundaries present within the

space charge region. The latter can be held responsible for the low open circuit voltages
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and short circuit currents. Moreover, interface recombination is likely to take place, as
the conduction band offset is large and negative and the doping profile of the
heterostructure too symmetric. Interface recombination has a similar effect on the device
performance as small grain sizes. [47] [17] However, the improved performance at
positive bias voltages on the grid is a strong indication of a reduction of defect densities
at the heterointerface as sputtering damage is reduced. That may be further supported
by the fact that sputtering damage enforces the creation of interface defects and is scaling
with the kinetic energy of the impinging ions, which are slowed down at positive grid

voltages.
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Figure 22: (left:) External quantum efficiency measurements of AloiiGaossN / Cu20
heterostructures. The reference is depicted by the dashed line. (top right:) J-V
characteristics measured in the dark. (bottom right:) AMI1.5 illuminated J-V
characteristics in the fourth quadrant.
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Despite the fact that the performance of the cells based on cuprous oxide thin films
fabricated with the grid technique is not approaching that of the best cell fabricated in
the framework of this thesis, the results clearly highlight the importance of the
heterointerface quality on the device performance. This becomes obvious by the clear
dependence of the quantum efficiency on the grid bias voltage and is further supported
by the finding that neither the cell based on the reference thin film without a grid nor
the cell based on the film sputtered at -75 V grid bias, that clearly exhibit better Cu20
bulk properties, but the cell with the heterointerface exhibiting the lowest sputter

induced damage (+100 V) shows the highest quantum efficiency.
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Plasma potential measurements

The voltages measured by a simple plasma probe, i.e., a copper wire, in dependence on
the distance to the grid for several positive bias voltages on the grid are shown in Figure
22. The grid clearly poses a potential barrier for the positively charged species in the
plasma and introduces a constant potential step of 25 V, dividing the space between
target and grounded substrate holder into two regions with different plasma conditions.
Placing the insulating substrates on a copper block beneath but close to the grid, results
in voltages on the substrate surfaces close to the grid voltage, therefore the ion energies
will be reduced at positive voltages. This effect will be diminished when the distance to
the grid is increased, as the ions will be accelerated again and the grid will ultimately

just filter low energetic ions.

100 |- -
—~ T5F -
<
[
o5y 5o -
©
=
o
S 25} -
°
—

G ol -

25 | .

1 1 1 1 L

Distance to grid (mm)

Figure 23: Measured voltage in dependence on the distance to the grid during the
deposition process for several positive grid biases. The grid and substrate holder are
located at 0 mm and -10 mm, respectively. The voltage curves exhibit a step when
crossing the grid.
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Conclusion

The successful control of the electron temperature in a capacitive coupled reactive radio
frequency sputter deposition process was demonstrated by employing a biased grid
between the target and the substrate holder. The ability to tune the material properties
of polycrystalline cuprous oxide thin film results. Furthermore, at positive grid voltages
the performance of heterojunction solar cells in superstrate configuration is improved
compared to cells grown using the same parameters, but no grid. It can be concluded
that the devices are limited by interface recombination which can effectively be reduced
employing the grid method in the sputter process. The conversion efficiencies observed
are not competitive (< 0.1%). However, increasing grain sizes by elevating the substrate
temperature during growth, adding hydrogen to the gas mixture used in the sputter
deposition process to reduce the grain boundary scattering and employing a window
layer which offers a reduced conduction band offset, e.g. Ga20s [9] [5] [4] [21], should
allow one to lift the values in the range of the record efficiencies found in the literature.
If a further optimization of the grid-to-substrate distance and corresponding grid bias
settings is undertaken, the material properties in view of photovoltaic application may

still be improved considerably.
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Chapter 5: Cu20:N - Tackling the resistivity

Content of this Chapter has been published in a peer reviewed conference
accompanying scientific journal:

K. P. Hering, A. Polity, B. Kramm, A. Portz and B. K. Meyer, Synthesis and
characterization of copper oxide compounds, Materials Research Society Conference
Proceedings, Volume 1633, (2014)

Highly efficient solar cells exhibit collection lengths which extend throughout the
entire absorber layer, which is thick enough to avoid transmission losses. If this
is achieved, a closer a look at the back contact is advised, since it comprises a
heterojunction with all complications that may potentially arise. A major issue
concerning the heterointerface is the optimization of the doping profile at the
interface. For this purpose, obviously an adjustment of the doping in the absorber
layer is essential. In this Chapter the ability to vastly increase the conductivity up
to the degeneracy of cuprous oxide by extrinsic doping with acceptors, i.e., the
introducing nitrogen gas to the deposition process is demonstrated. Since the
acceptor density in the sputter deposited cuprous oxide thin films is rather too
high, an additionally acceptor doped cuprous oxide layer may not help to reduce
the currently limiting effects of interface recombination and low collection
length, but it can, in a future perspective, be applied to allow for a reduction in
production cost and a more sustainable choice of electrode metal, as well as a
viable solution to combat recombination at the back contact by introducing a

back surface field and thus suppressing the electron carrier density.
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Intfroduction

In reality, all solar cells exhibit parasitic resistance, i.e., series and shunt resistance. Those
resistances will cause losses in terms of photovoltaic conversion. Many circumstances
are known to introduce series resistances, e.g. inhomogenities or contact resistances. The
latter are introduced when the band bending, present at any metal-semiconductor
junction, unless the Fermi levels of both materials coincide, is creating a barrier for the
majority carriers of the semiconductor. In view of cuprous oxide, metals with a
workfunction larger than 5 eV are needed to avoid this impediment. Unfortunately, not
many metals exhibit such large workfunctions and the few that do, e.g. gold or platinum,
are scarce and consequently expensive. In the interest of chemical stability, further
restrictions to the choice arise. As a way out, one may consider extensive doping of the
semiconductor region adjacent to the metal electrodes. Such doping elevates the capacity
to screen charge and thus will result in a drastically reduced width of the space charge
region in the semiconductor, yielding a reduction of the width of the impeding potential
barrier. If done properly, the barrier may then be overcome by tunneling known from
basic quantum mechanics. Such a Schottky-contact is sometimes referred to as a tunnel
junction. It has been reported that adding nitrogen as a reactive gas during sputter
deposition will greatly enhance the conductivity of the resulting cuprous oxide thin
films. The suspected underlying mechanism is that nitrogen will be incorporated in the
host lattice at an oxygen site, and therefore act as an acceptor [8]. Controlling the defect
densities, gives rise to controllling the doping profile of a heterojunction and is key to a
successful device operation. Unfortunately, all sputtered cuprous oxide thin films in this

thesis already exhibit too high intrinsic acceptor densities. Although doping the cuprous
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oxide absorber with nitrogen, which exhibits a smaller activation energy than the
intrinsic acceptors, would relocate the Fermi level closer to the absorber’s valence band
outside of the semiconductor-semiconductor heterojunction’s space charge region,
which increases the open circuit voltage as desired, however, there are disadvantages.
The collection length of the device would be reduced and interface recombination would
increase. The resulting losses clearly outweigh the minor gain in Voc. Therefore, doping
the complete absorber with nitrogen was not attempted. In view of series resistance
however, nitrogen doping of cuprous oxide introduces the possibility to circumvent the
restriction of a suitable workfunction for the back metal contact used, basically allowing
one to employ any metal as electrode material. The feasibility of this approach has
already been successfully demonstrated by Siah et al. [57], who used a metallic copper
target in a DC sputtering setup. As the design of the device structures used throughout
this thesis comprises a large area back contact, advantages from an improved lateral
conductivity by extensive nitrogen doping at the back contact are minor. The
recombination path at the heterointerface between the metal back contact and cuprous
oxide will only cause losses when the collection length is equal to or greater than the
absorber film thickness, which is not the case in our cells. However, in such a case
reducing the metal covered area not only leads to a reduced material consumption, but
also lowers recombination at the back contact. As demonstrated in the previous chapters,
the collection length in our cuprous oxide is significantly lower than the film thickness
required to absorb an acceptable portion of the convertible part of the incident light of
the solar spectrum. Adding the possibility to create highly doped cuprous oxide to the
solar cell fabrication process of this thesis, however, may contribute to production cost

efficiency when applied on a large scale. Also, when the collection length of the device
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comes near to the metal contact of the absorber, recombination at the semiconductor-
metal interface at the back contact may be causing losses. Moreover, the introduction of
a thin p+-layer will induce an electric field that repels electrons and thus diminishes
recombination at the back contact. Therefore, only the parameter settings necessary to

maximize conductivity in the material were explored.
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Experimental details

The cuprous oxide thin films were prepared on c-plane sapphire substrates. Argon with
controlled admixtures of oxygen and nitrogen was used as working gas. The vacuum
environment was purged with argon and evacuated to a pressure of at least
5 - 10~° mbar prior to commencing the deposition process. By adjusting the gas flows,
the working pressure was set to 8 - 10~ mbar and RF power kept constant at 50 W. For
the heterostructures, the substrate holder is heated to 500 K. The deposition time is
chosen to yield film thicknesses of 1 pum . The film thicknesses were obtained from
interference oscillations in reflectance spectra, measured by a PerkinElmer Lambda 900
spectrometer. Hole transport properties were investigated by evaluating Hall-effect
measurements in Van-der-Pauw geometry. To ensure a decent geometry, all of the thin
films measured were microstructured by photolithography and etching, creating clover

leaf structures.[28][29]

81



Copper oxide material & device optimization for photovoltaics

Electronic transport properties

Figure 23 depicts the temperature dependent Hall effect results for a series of cuprous
oxide grown at 500 K under the addition of nitrogen. As expected the acceptor densities
are largely increased for high nitrogen gas flows and the Hall carrier concentration
strongly rises accordingly. By adding nitrogen, the material is starting to develop a
defect band and the sign of the Hall coefficient is reversed (not shown), which indicates
that the conductivity is dominated by electrons instead of holes, and exhibits a metallic
character. The resistivity is reduced by four orders in magnitude in this experiment,
which provides more than sufficient conductivity to reduce the area of a metal contact
in a solar cell application. The mobilities drop below 1 cm?/Vs for all nitrogen gas flow
settings greater than zero (not shown). The activation energy was extracted from
temperature dependent measurements of the resistivity. Due to the broadening of the
acceptor band it drops, as the energetic distance of the unoccupied acceptor related
energy state to the valence band edge is reduced. For higher nitrogen flows it starts to
saturate to a value below 25 meV. The best conducting films obtained by Siah et al.
exhibit a higher resistivity than the best obtained in this experiment, i.e., 0.4 Qcm. This is
probably due to a lower carrier density in the films grown by Siah et al. The contact
resistivity for different metals in their experiment converges to approximately 1E-4
Qcm?. As lower resistivities could be reached in our samples, a reproduction of their
results in terms of contact resistance is rendered possible for Cu2O:N films obtained by

our RF sputtering process.
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Figure 24: Hall carrier concentration (red), specific resistivity (black) and activation
energy (black, determined by temperature dependent measurements) in dependence on
the nitrogen gas flow rate applied during deposition. The Hall carrier concentration is
increasing and specific resistivity as well as activation energy are decreasing with the
nitrogen gas flow rate. The dependencies demonstrate excessive acceptor doping taking
place by nitrogen incorporation and at higher nitrogen flows a defect band is beginning
to form and the electric transport of the cuprous oxide thin film becomes degenerate.
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Conclusion

In conclusion, it was demonstrated that the RF sputter process applied in this thesis can
also yield highly degenerate cuprous oxide thin films, so called p*-layers, which are of
interest for photovoltaic device design. An elevation of the acceptor density throughout
the cuprous oxide absorber is not advisable, since it will not contribute to a better device

performance, but rather impair it.
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Chapter 6: Summary and future directions

In this study photovoltaic semiconductor devices based on sputtered cuprous oxide thin
films are developed. Several power loss mechanisms are identified and successfully
addressed, i.e., a small effective band gap, an enhanced interface recombination, a low

collection efficiency of photogenerated charge carriers and parasitic series resistance.

In order to maximize the voltage and current generated by the heterojunction solar cell
under illumination, and thus maximize its conversion efficiency, the effective band gap
energy at the heterojunction interface has to be equal to the band gap energy of the
absorber material. In Chapter 2, it is demonstrated that alloying gallium nitride with
aluminum will increase the attained open circuit voltage when combined with sputter
deposited cuprous oxide. In the devices, fabricated in the framework of this thesis, the
effective band gap energy is reduced by a negative conduction band offset, which is
lowered from -1.0 eV to -0.8 eV by alloying with aluminum. The conversion efficiency is
increased, but the conduction band offset is still too large to reach the maximum attainable
voltage and to significantly reduce the dominant interface recombination exhibited by

cuprous oxide absorber based devices.

To further increase the extracted photogenerated current, the collection length in the
absorber needs to be sufficiently large. The collection length increases when scattering of
charge carriers at, e.g., grain boundaries is reduced. In Chapter 3, it is demonstrated that
introducing hydrogen in the sputter deposition process of polycrystalline Cu20 thin films
improves the transport properties of the material considerably. In particular, the Hall

mobility may approach values similar to those of bulk crystals, and the hole concentration
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is only weakly affected. The reason for this observation is investigated and it is found that
a partial passivation of defects at the grain boundaries, reducing grain boundary
scattering, takes place. Introducing hydrogen in the sputter deposition process improves
the photovoltaic conversion performance when applied in a heterostructure. In particular,
the quantum efficiency towards longer wavelengths and, consequently, the extracted
photogenerated current, as well as the fill factor, are increased. This results in an increased
conversion efficiency of 1.06 % under AM1.5g illumination at 100 mW/cm?. Thus,
hydrogen is beneficial in optimizing the properties of such thin films for use as active
material in solar cells and is offering new pathways for raising the cell efficiencies of solar
cells based on such films. Furthermore, this demonstrates that the beneficial hydrogen
treatment can be part of the sputtering process itself, rather than a post-growth treatment,
which avoids an additional process step in device fabrication and, thus, is a contribution

to cost effectiveness.

Interface recombination may be reduced by establishing an asymmetric doping profile in
the heterojunction device. Aiming at new ways to reduce the intrinsic acceptor density,
the successful control of the electron temperature in a capacitive-coupled reactive radio
frequency sputter deposition and thereby the ability to control the material properties of
polycrystalline cuprous oxide thin films are demonstrated in Chapter 4, by introducing a
semitransparent electrode to the sputter deposition process. The modified deposition
process neither yields lower acceptor densities nor other desired improvements of the
material properties. However, interface recombination originates from defects located at
the heterojunction and thus may also be diminished by reducing the interface defect

density. At positive grid voltages, relative to the setup’s case ground, the performance of
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XX
heterojunction solar cells in superstrate configuration, fabricated with this modified
deposition method, improves and outperforms a reference cell, fabricated without the
semitransparent electrode present during deposition. The improvement is independent of
the absorber material properties, and therefore, it may be concluded that the interface
defect density is reduced due to a lowered sputter-deposition induced damage, which is
inflicted to the underlying aluminum gallium nitride templates. This finding is due to the
fact, that at positive voltages on the semitransparent electrode, the potential barrier, it
comprises, will reduce the kinetic energy of positively charged species in the plasma, i.e.
ions and charged molecules, which impinge on the template surfaces during deposition.
The conversion efficiencies observed are not competitive (< 0.1%). However, this finding
highlights the importance of sputter-deposition induced damage, which is problematic
when sputtering is applied in heterostructure device fabrication. It offers a new way to
reduce interface recombination in sputtered heterojunction solar cells, by solving the
problem at its core. Consequently, the competitiveness of sputter deposition compared to
‘softer’ deposition techniques, e.g., atomic layer deposition [10] or pulsed laser deposition

[5], is significantly enhanced.

In Chapter 5, it is demonstrated that the sputter process developed in this thesis can also
yield degenerate cuprous oxide thin films, so called p+ layers, via a simple nitrogen gas
admixture in the sputtering process. Such layers are of interest in photovoltaic device
design, as they diminish recombination at the back contact, allow for the introduction of
a so called back surface field to the absorber, and for the creation of tunnel junctions, either
with basically any back contact metal, or degenerate semiconductor, when applied in a

multijunction solar cell structure.

87



Copper oxide material & device optimization for photovoltaics

As for future directions, the following is advised:

The negative conduction band offset, exhibited by the devices in the framework of this
thesis has to be avoided by all means. Given the miscibility and maintenance of the strong
n-type conductivity, significantly more aluminum is required to unleash the absorber’s
full potential in view of the attainable open circuit voltage. Alternatively, one may switch
to the gallium oxide material system as window layer and consider alloying it with
indium or aluminum to match the conduction band edges. From this, a relative efficiency

increase of at least 100 % can be expected. [21]

Furthermore, in order to induce the beneficial type inversion at the absorber interface, the
doping profile of the heterojunction requires optimization, i.e., a reduction of the acceptor
density in the cuprous oxide absorber and an increase of the donor density in the window
layer by at least one order in magnitude, respectively. Also, lowering the acceptor density
in the absorber will lead to an increased collection length, which is currently still
insufficient, even despite the hydrogen induced grain boundary passivation, which

nevertheless is advised for all future device fabrications.

The highest efficiency of 1.06 %, that was reached in the framework of this thesis, is far
behind the current record efficiencies of 6% and 5%, of the cells of Minami et al. [5] and
Lee et al. [10], respectively. However, following the directions stated above, similar
efficiencies may easily be reached. Furthermore, an optimization in terms of geometry and
substrate temperature of the modified sputtering process employing the semitransparent
electrode is advised. As interface recombination is the dominant loss mechanism in our
photovoltaic devices, reducing it further promises another significant efficiency increase

and may allow to achieve new record efficiencies.
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