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ABSTRACT:

Cu20 solar cells are attractive but still provide conversion efficiencies well below their theoretical
limits. In this work we compare the charge-carrier dynamics of Cu20 absorbers prepared using the
popular techniques of Magnetron Sputtering, Electrodeposition, Pulsed Laser Deposition (PLD)
and Thermal Oxidation. This is performed using Transient Absorption (TA) spectroscopy and
Time-resolved Photoluminescence (TRPL). All samples after optimization show an average carrier
lifetime in the ns range. The electrodeposited samples provide the highest value. This work should

stimulate the use of carrier lifetime techniques for the optimization of Cu20 absorbers.
KEYWORDS: Pulsed Laser Deposition, Magnetron Sputtering, Electrodeposition, Cu20, Solar

Cell, TRPL

1. INTRODUCTION

Among oxide photovoltaic absorbers, Cu-O is one of the most promising materials. Apart from its
abundance and non-toxicity, Cu2O also has a high absorption coefficient above 10° cm™ in the
visible region of the solar spectrum[1] and a favorable direct bandgap of 1.9-2.2 eV which makes
it attractive for photovoltaic applications. However, the achieved power conversion efficiency with
Cu20 solar cells till date is below 10 %, which is way below its Shockley-Queisser Limit (~
20 %)[2, 3]. There have been numerous efforts to improve the efficiency with Cu.O absorbers
since photoelectric effect was first discovered in this oxide in the 1930s. One of the main challenges
is the low stability of Cu.O at room temperature and hence obtaining only Cu20 phase without any
parasitic CuO is very tricky. Additionally, for heterojunction solar cells, a proper band alignment
and reduction of interface defects are also key factors for improving the efficiency.

The conductivity of Cu20 is mainly from Cu vacancies that depend on the temperature and pressure
conditions during their synthesis. Hence, it is important to deeply understand the Cu20 absorbers
grown via different techniques to improve their photovoltaic performance. Cu>O absorbers can be
prepared via both chemical[4-6] and physical processes[7—9]. However, the widely used
preparation techniques are electrodeposition[10-14], magnetron sputtering[15-19] and thermal
oxidation[20—23]. Cu.0O solar cells with absorbers prepared via thermal oxidation of Cu sheets are
by far the most efficient solar cells reported in literature[24-26]. However, there is a huge diversity

in the reported efficiencies with Cu2O absorbers prepared via similar techniques[27, 28]. Since
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thermal oxidation of copper sheets involves very high temperature (above 1000 °C), alternative
techniques for the growth of high performing Cu2O absorber are necessary for large scale
applications especially when employing flexible substrates. There are only few reports on Pulsed
Laser Deposited (PLD)[29-32] and Atomic Layer Deposited (ALD)[33, 34] Cu20 in the literature,
and none of the solar cells based on these absorbers have shown improved efficiencies.
Understanding the carrier lifetime is crucial in the application of Cu,O as an absorber as longer
minority carrier lifetimes are beneficial for charge extraction. However, there are not many
experimental reports on carrier lifetime analysis on Cu.O thin films[35]. A detailed understanding
of the impact of preparation techniques on the minority carrier lifetimes is thus essential when
choosing the Cu.O absorber preparation technique.

In this work, we have compared the properties of Cu.O absorbers prepared using the popular
techniques of magnetron sputtering, electrodeposition, PLD and thermal oxidation to better
understand the impact of the preparation technique on the quality of Cu20 which in turn influences
its absorber properties. We report the results of advanced transient measurements on these
absorbers prepared via the four different techniques to identify their carrier lifetimes and defects,
which to the best of our knowledge was not studied before. This work can help to correlate the

surface quality and carrier transport properties in Cu.O when grown via different techniques.

2. EXPERIMENTAL DETAILS

Cu20 Absorber Preparation

Pulsed Laser Deposition: The PLD Cu.O absorber was prepared using the conditions previously
described in Kartha et al[29]. The deposition was carried out on quartz substrate (1.5 x1.5 cm?) at
a temperature of 750 °C and an oxygen partial pressure of 102 mbar using a CuO target. After
deposition the sample was naturally cooled down to room temperature in the same atmosphere.

RF Magnetron Sputtering: For the deposition of Cu20 films via RF magnetron sputtering, a high
purity (99.99+ %) Cu target from Goodfellow was used. Target-Substrate distance was fixed at
25 cm, and the deposition was carried out at 300 °C at 53 W power and an oxygen flow rate of
1.8 sccm. The Argon flow rate was fixed at 16 sccm and sputtering pressure at 3.4 mTorr.

Approximately 100 nm thick film was sputtered on quartz substrate (1.5 x1.5 cm?) for the studies.



Electrodeposition: For the electrodeposition, ITO-coated glass (from Sigma-Aldrich), with a sheet
resistance of 8-12 Ohm/sq. was used as the substrate (2.5 x2.5 cm?). For the electrodeposition
solution, 0.2 M Cu sulfate pentahydrate (CuSO4x5H,0, Sigma C8027) were dissolved in 3 M lactic
acid (CsHeO3, Sigma, W261114) and stirred constantly in a water bath for cooling. Highly
concentrated NaOH solution (NaOH pellets, Sigma S5881) was slowly added to the mixture,
bringing the pH to the final value of 12.5. The total thickness of the Cu20 was 2.5 um determined
from the total charge that has flown in the cell over time [11].

Thermal Oxidation: Thermally oxidized Cu20 sheet was obtained using 0.127 mm thick laminated
copper foils (99.9% purity) from Alfa Aesar as the starting material. The oxidation process was
carried out at 1050 °C at an oxygen concentration of 10,000 ppm for one hour in the presence of

Argon.

Cu20 Absorber Characterization

The stoichiometric CuO phase of all the samples considered in this study was confirmed using X-
ray diffraction studies. A Rigaku Smartlab diffractometer equipped with a monochromatic source
delivering a Cu Koy incident beam (45 kV, 200 mA, 0.154056 nm) and Bruker-AXS D8 Advance
X-ray diffractometer with CuKay radiation (A = 0.154056 nm) were used for the same. For
completeness on films composition, a Horiba LabRAM ARAMIS Raman spectrometer with 532
nm laser excitation was used to study the Raman footprints of the deposited films. For the long
time TA measurements, the third harmonic of 355 nm pump pulses was provided by an
electronically controlled, Q-switched Nd:YVO, laser (Innolas Picolo 25) with a pump width
~800 ps passing through several non-linear crystals equipped. For the short-time TA, the second
harmonic of 400 nm pump pulses was created from a Ti:Sapphire laser (Solstice Ace) with pump
width ~100 fs passing through a beta barium borate crystal (Eksma Optics). Broadband probe
pulses with wavelength ~400 — 600 nm were generated by focusing an 800 nm wavelength
fundamental laser onto a CaF. crystal (Eksma Optics, 5mm) controlled by a digital motion
controller (Mercury C-863 DC Motor Controller). The short-time measurements could be taken in
transmission (TA) or reflection (TR) configuration depending on the samples and substrates. The
repetition rate of the pump pulses was initially 1 kHz, but the reflection/transmittance probe pulses
from the samples with or without pump excitation (T,yump on+ Tpump of f/Rpump on» Rpump off)

were collected at a rate of 500 Hz, which was controlled by a rotating chopper wheel. The



reflected/transmitted pulses were collected by a monochrome line scan camera (JAI SW-4000M-
PMCL,; spectrograph, Andor Shamrock SR-163). These reflections/transmittances were used to

_ Rpump on_Rpump off d A_T _ Tpump on_Tpump of f

T

an

calculate the TA/TR signal intensity by A?R

Rpump off Tpump of f

respectively.

To compare the PL kinetics of the Cu.O, two techniques were followed namely Time Resolved
Photoluminescence (TRPL) and Time-Correlated Single Photon counting (TCSPC). TRPL is a
powerful technique to investigate the decay of radiative recombination pathways of the charge
carriers. A pulsed laser excites the charge carriers in a sample and the subsequent decay of the
photoluminescence is measured as a function of time. For the measurement, an Andor iStar DH740
CCI-010 system connected to a grating spectrometer (Andor SR303i) was used at the Cambridge
University. An excitation wavelength of 400 nm was used to measure the photoluminescence
spectrum of the sample and an intensified charge-coupled device (ICCD) camera was used to
provide time and spectral resolution. The time-resolution of the ICCD camera was only 4 ns. Using
TRPL, radiative recombination events only > 1 ns after excitation could be measured. So, for a
better time resolution, TCSPC technique was also followed which has a time resolution of ~ 20 ps.
TCSPC measurements were taken in the Edinburgh Instruments Life Spec system, FLS1000. A
picosecond pulsed (~80 ps) diode laser (EPL-405, Edinburgh Instruments), with a wavelength of
405 nm was used for the excitation. The repetition rate was set at 40 kHz during the measurements.

Solar cell fabrication methods are described in [11, 29] and do not constitute the main focus of the

present work.

3. RESULTS AND DISCUSSION

The phase of the deposited absorbers was confirmed with the help of X-ray diffraction. Grazing
angle (3°) XRD measurement was taken for the PLD, sputtered and electrodeposited films to
maximize signal from polycrystalline films in respect to the underlying substrates. As shown in
Figure 1 all samples were phase-pure Cu»O, without any detectable CuO phases. The sputtered,
electrodeposited and thermally oxidized samples were (111)-axis oriented, whereas the PLD Cu.O
sample had (2 0 0) preferred orientation. Film texture is influenced among others by the deposition
method, ion bombardment and also by deposition temperature.



The fabrication temperature of the different Cu.O films or foils varies depending on the technique
used. PLD films are grown at 750 °C, sputtering films at 300 °C, electrodeposited films at 50-80
°C, and thermally oxidized foils at 1050 °C. This range of temperatures specific for each technique
is commonly used for Cu20 and provides the best quality in terms of phase purity as demonstrated
by XRD (Figure 1) and Raman spectroscopy (Figure S1) where no presence of parasitic CuO could
be detected. For PLD, deposition temperature has been optimized in previous work from room
temperature to 800°C [29] and the temperature of 750 °C was selected from this study to obtain
the best quality films.

As we will discuss next the fact that the deposition technique and temperature are varied induces
different stress levels in the films. However there is little impact of stress on the bandgap which is
around 1.97 eV for PLD, sputtering and thermally oxidized samples as determined from

photoluminescence.

PLD films are grown at 750 °C, a much higher temperature than the sputtering growth at 300°C
which can lead to different texture properties. The lattice parameters of the films calculated from
the diffraction peaks revealed a lattice constant close to pure Cu20 (4.267 A JCPS:01-078-2076)
for the PLD and electrodeposited films and the thermally oxidized sheet as can be seen in Table 1
while the sputtered Cu2O film had a deviation of 0.6% from the lattice constant of pure Cu20O. The
oxidized foils showed a higher mean grain size of 109 nm calculated from the Scherrer’s
equation[36] which is seven times higher than the mean grain size of the Cu20 films prepared via
PLD, sputtering and electrodeposition. Increase in grain size decreases recombination and
scattering at grain boundaries, improving the overall electrical properties of the absorber. The stress
is calculated from the XRD data using the following equation[37, 38]:
_—E(a—ap)
2va,
where E is the Young’s Modulous of Cu20 (30 GPa), ao is the lattice parameter of the bulk, a is the

measured lattice parameter of the film and v is the Poisson’s ratio of Cu20 (0.45).

The PLD, sputtering and electrodeposited films have tensile stress while the thermal oxidation
sample has compressive stress (Table 1). The sputtered film was found to have higher stress than
the rest of the Cu»O absorbers. This can be observed in the shift of the interplanar spacing in Figure

1, resulting in an increase of the lattice constant as shown in Table 1.
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Fig. 1 Grazing angle X-ray diffractogram (CuKy; radiation (A = 0.154056 nm) of the Cu20O

absorbers prepared via PLD, sputtering and electrodeposition and 0-26 diffraction peaks of

thermally oxidized Cu20O sheet compared to the reference of Cu,O and CuO from the ICCD
database

Table 1 Lattice Parameters, grain size and stress calculated from X-ray diffraction peaks

Preparation Lattice Constant | Mean Grain size Stress
Method (A) (nm) (GPa)
PLD 4.269 15 0.01
Sputtering 4.294 10 0.21
Electrodeposition 4.268 12 0.007
Thermal
o 4.258 109 -0.07
Oxidation

Understanding the carrier dynamics is critical when employing a material as a photovoltaic
absorber. Longer lifetime of the excitonic state is favorable for the efficient charge separation
before their loss via recombination. Comparing the lifetime of the excited states in Cu20 films
prepared via different techniques will thus help in better understanding their potential as
photovoltaic absorbers. The carrier dynamics of the films in this study was analyzed using several
advanced techniques. As the lifetime of excitonic states is short-lived, i.e. typically in the ns time

range, transient absorption (TA) spectroscopy is a reliable technique to measure it. As can be seen



in Figure 2(a), the transient absorption peak of the PLD Cu.O film has three visible spectra regions.
A ground state bleach (GSB) at ~ 2.17 eV in the spectral region of 570-575 nm, and two photo
induced absorption (PIA) peaks at ~2.19 eV (562-567 nm) and ~2.03 eV (605-615 nm),
respectively. The PIA could be from ortho-exciton state or absorption from copper interstitial to
conduction band sub-band (C2) [34]. Carrying out an exponential fit of the peak Kinetics, both
peaks were found to have very fast decay times (< 1ps). Both the GSB and PIA dips showed
exponential decay. The decay time of the GSB peak was 355 fs and PIA decayed at 883 fs and
364 fs when fitted with an exponential function as can be seen in Figure 2(b). However, comparing
with the sputtered Cu.O, apart from having multiple peaks (two GSB signals at 420-460 nm and
600-690 nm and two PIA signals at 460-500 nm and 690-740 nm) a much longer exciton lifetime
was observed in the sputtered film as can be seen in Figure 2(c) with PIA peaks not decayed even
at 1000 ps (1 ns). The multiple peaks in the sputtered film could be due to energy states induced
by the presence of copper vacancies or interstitials within the bandgap of the film. Upon fitting the
GSB peak (420-460 nm) with a bi-exponential decay function, a much larger time constant in the
range of ps (0.96 ps and 137.16 ps) was observed (Figure 2(d)). Figure 2(d) also shows the kinetics
at different pump fluences, which is found to have little influence. Additionally, the P1A signal was
also found to have a longer lifetime as the signal did not decay even at 1 ns (Figure S2(c)). The fast
decay in the PLD film could be due to the presence of defects or trap states. Similar lifetime was
observed in oxidized Cu20 reported by Shenje et.al[35]. Azimi et.al[39] have also reported a decay
time of 0.5 ps £0.06 for Cu.O nanoparticles prepared via chemical treatment and have explained it

to be the exciton lifetime which decays fast due to the presence of defect or trap states.
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Fig. 2 (a) Transient Absorption spectrum, exponential fit of the transient absorption peaks and
dips with the fitting equation for (a,b) PLD Cu20 (laser at 460 nm with 40puW) (c,d) sputtered
Cu20 (pump wavelength 400 nm).

During the measurement of long-time TA of the PLD film, at 355 nm excitation wavelength and
power of 400 uW, an unknown long lifetime component with a negative feature was observed at
an energy state larger than the bandgap (Figure S2(a)). The TA Kkinetics of this feature at a
wavelength of 540 nm (Figure S2(b)) was fitted by an exponential decay function with a rather
longer decay time of ~ 20 ns. Azimi et.al[39] have also observed a similar long lifetime component
which was stable beyond their experimental window of 8 ns which they attribute to a trap state,
which lowers the lifetime of the excitonic state. In our PLD Cu.O film, the kinetics of the TA signal
was independent of fluences. This could be due to a trap state which is affecting excitonic transition
lifetimes, which was not observed in the sputtered film (Figure S2(c)). Transient reflectivity
measurements were taken on the electrodeposited Cu>O samples because they are non-transparent.

They revealed stronger GSB signal (480-540 nm) which was not found to decay within 10 ps, while



for the PLD and sputtered film all the signals (both GSB and PIA) decay within 10 ps as can be
seen in Figure 3. This could point toward a better carrier lifetime of the electrodeposited film
compared to the PLD and sputtered Cu.O. While the negative peaks at 445-465 nm are present in
the three samples and originate from band-to-band / exciton transitions, the positive peak at 440
nm corresponds to the indigo exciton peak (Eop edge as described in [40]) and is visible only in

the PLD sample, indicating a different surface quality.
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Fig. 3 Time dependent TR spectrum of (a) PLD (b) sputtered (c) electrodeposited Cu20

As the presence of sub-bandgap states could be a reason affecting the carrier lifetime in disordered
absorbers and since it is hard to determine them from transmittance or reflectivity measurements,
a highly sensitive technique of Photothermal Deflection Spectroscopy (PDS) was carried out. The
optical bandgap estimated from Tauc-plot for the PLD, and sputtered film was 2.1 eV and 2.3 eV

respectively. In the PDS measurement of the PLD and sputtered Cu.O film, a non-zero absorbance
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below their bandgap was found for both the films as can be seen in Figure 4(b) (the dashed lines
indicate the onset of main absorption). However, for the sputtered Cu.O, the absorbance onset is
not sharp around the bandgap and higher absorbance than the PLD film below the bandgap can be
seen which could be due to higher sub-gap states in the sputtered Cu.O film. The presence of sub-
gap states is not favoured as they lead to recombination pathways in an absorber. For the PLD film
a sharp absorbance onset around its bandgap is visible. Hence comparing both the films, the PLD
film might have lower sub-gap defects than sputtered film. In the TA spectroscopy of the PLD film,
the long lifetime component was observed at higher energies from the bandgap. This result from
the PDS further points that the poor performance of the PLD film might not be only due to sub-gap
defects or traps as it is much lower for PLD Cu20 than for the sputtered Cu.O.
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Fig. 4 (a) Absorption edge and sub-band gap states in disordered absorbers (b) Normalized
absorbance spectra of PLD and sputtered Cu20O measured from PDS (Dashed lines mark the onset
of main absorption)

Fitting the band-edge transition exciton peak decay in PL kinetics also helps to have an idea on the
influence of defects on the charge carrier lifetimes. However, the time resolution of the TRPL setup
is roughly 4-5 ns (Figure S3). In the TRPL spectrum of the sputtered Cu20 at 400 nm excitation
wavelength, emission peaks at 725 nm are visible apart from the band edge transition (626 nm) at
energies smaller than the bandgap which could correspond to trap states namely copper vacancy

and copper interstitials (Figure S3). This confirms the sub-bandgap absorption observed in the
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sputtered film from PDS. All the PL peaks were found to decay within 15 ns which is fast but was
better than the PLD film (315 ps as shown later). However, the sputtered film did not give a signal
in Time-Correlated Single Photon-Counting (TCSPC) measurements, which could be due to the
weaker laser diode excitation source used than for TRPL. To better understand the PL Kinetics with
better time resolution, TCSPC measurement was taken in all the other samples. The PL kinetics
required fitting with multiple exponential functions suggesting the presence of parallel paths of
photocarrier loss. PL kinetics was fitted using a biexponential function for the PLD film as shown
in Figure 5(a). Fitting with exponential functions allows to determine lifetime values. There were
two decay components with a smaller lifetime of 0.05 ns and a longer lifetime of 0.58 ns. The
average decay time which corresponds to the carrier lifetime was found to be ~ 315 ps. A similar
fast decay of the photogenerated carriers was also reported by Li et.al[41] in TRPL measurements
of Cu20 nanocrystals prepared via chemical route. This fast decay time is not favorable when
employing these films as absorbers as the excited carriers are lost much faster via radiative
recombination. The band edge emission was observed at a higher wavelength of 585 nm
corresponding to a bandgap of 2.1 eV in thermally oxidized Cu.O (Figure S4). As Cu.O has a
bandgap of 2.1 eV, the PL emissions might be due to contribution of defect states or from surface
states other than the recombination of electron from conduction band to valence band. The decay
profiles follow a tri-exponential decay with average decay times of 3.83 ns (for 585 nm peak). A
peak at 476 nm was also observed which could be due to C2-V2 transition with a longer lifetime.
The band structure of Cu20 has 10 valence bands and 4 conduction bands; C2 and V2 correspond
to the second lowest conduction band and the second highest valence band at the zone center[42].
The electrodeposited film had three peaks at 490 nm, 585 nm and 625 nm. The peak at 490 nm had
the longest lifetime in the PL kinetics and is more likely from band-band transition while the other

PL peaks could be from defect transitions and thus with shorter lifetime.
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Fig. 5 (a) PL kinetics of the exciton peak at 626 nm of PLD Cu.O with its bi-exponential fit (b)
Kinetics of the PL peaks at 585 nm of thermally oxidized Cu20 with a tri-exponential fit (c) PL
kinetics of the exciton peak at 625 nm of Electrodeposited Cu20 with a tri-exponential fit

Table 2 summarizes the PL decay time in Cu20 absorbers prepared via different routes. Hossain
et.al[12] have reported a lifetime of less than 1 ns for the electrodeposited Cu2O which is in
agreement with the 11 value found of 1.88 ns. The decay time for thermally oxidized Cu2O sheets
and electrodeposited films is much longer than the PLD Cu20, which means that the minority

carrier lifetime is better and the charge separation in the absorber is more efficient.
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Table 2 Average carrier lifetime measured from PL Kinetics

Sample PL Analysis Technique Time Constant (ns)
PLD Cu20 TCSPC 11=0.05, 12=0.58
Sputtered Cu20 TRPL <5
Electrodeposited Cu20 TCSPC 11=1.88, 12=6.69, 13=44.27
Thermally Oxidized Cu.0O TCSPC 11=0.45, 12=2.71, 13=8.51

4. CONCLUSIONS

To conclude, in this work we have studied carrier lifetime of optimized Cu2O films prepared by
PLD, sputtering, electrodeposition and also thermally oxidized CuO foils. We propose a
comparison of Cu,O fabricated and optimized by these four different techniques, spanning from
material fabrication and optimization, advanced characterization including minority carrier
lifetime, to device fabrication, using a similar methodology for all techniques. These are techniques
commonly used for fabricating Cu20 solar cells. The innovation of this work is to underline the
relation between carrier lifetime and the efficiency of solar cells with Cu.O absorbers fabricated
by widely different techniques, spanning deposition temperatures from close to ambient to
>1000°C. It is found that for all the Cu2O samples a relatively short carrier lifetime is measured,
while values higher by one or more orders of magnitude would be satisfactory for high quality
photovoltaic absorber material as is the case for silicon. The t1 time constants from Table 2
obtained with the different techniques are reminded in Table 3. From this table it can be seen that
despite the solar cell architectures are different because of fabrication constraints, the open circuit
voltage and the conversion efficiency from the different fabrication methods are evolving in a
logical way with respect to the average carrier lifetime measured from photoluminescence. The

different current density vs. voltage curves are shown in Fig. S5 as well as the architectures.

This work should stimulate the use of PL kinetics measurements for the fabrication of Cu»O solar

cells that remains challenging but also full of opportunities for further improvement.
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Table 3 Champion test solar cells characteristics and relation to average carrier lifetime

Preparation Solar cell architecture | Short circuit | Open | Fill | Efficien |ty time

method of Cu,O current circuit | facto | cy (%) consta

absorber density voltag | r nt (ns)

(mA/cm?) e (V) | (%)

PLD LSMO/Cu20/Zn;.- 0.025 012 |28 0.0008 | 0.05
xGexO4/AZO

Sputtering AZO/Cu0/ITO 1.76 0.26 |28 0.13 <5

Electrodeposition | AZO/Nb:TiO2/ZnOS/ | 4.02 0.28 |27 0.30 1.88
Cu0/ITO

Thermal AZ0O/ZnO/Cu20/Au 1.90 019 |25 0.09 0.45

oxidation
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