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ABSTRACT: All-oxide-based photovoltaics (PVs) encompass the
potential for extremely low cost solar cells, provided they can obtain
an order of magnitude improvement in their power conversion
efficiencies. To achieve this goal, we perform a combinatorial
materials study of metal oxide based light absorbers, charge
transporters, junctions between them, and PV devices. Here we
report the development of a combinatorial internal quantum
efficiency (IQE) method. IQE measures the efficiency associated
with the charge separation and collection processes, and thus is a

RN S

~AM1.5G

All Oxide PV Library () ¢ () = 1QE

proxy for PV activity of materials once placed into devices,

discarding optical properties that cause uncontrolled light harvesting. The IQE is supported by high-throughput techniques for
bandgap fitting, composition analysis, and thickness mapping, which are also crucial parameters for the combinatorial
investigation cycle of photovoltaics. As a model system we use a library of 169 solar cells with a varying thickness of sprayed
titanium dioxide (TiO,) as the window layer, and covarying thickness and composition of binary compounds of copper oxides
(Cu—0) as the light absorber, fabricated by Pulsed Laser Deposition (PLD). The analysis on the combinatorial devices shows
the correlation between compositions and bandgap, and their effect on PV activity within several device configurations. The
analysis suggests that the presence of Cu,O; plays a significant role in the PV activity of binary Cu—O compounds.
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1. INTRODUCTION

The ability of photovoltaic (PV) technologies to fulfill the
global demand for energy can be addressed by the following
criteria: (a) that they are cost efficient, that is, cheap to produce
and to maintain, have relatively high solar power conversion
efficiency, and are stable during their lifetime, and (b) that they
are environmentally friendly in terms of toxicity and carbon
footprint. Because of the past decade’s demand for renewable
energies, the PV market has shown great growth, facilitated by
cost reductions,' > and the emergence of novel and promising
technologies.” " Yet a significant gap between the ultimate PV
platform, that addresses the above criteria, and the currently
available systems, calls for new PV technologies. Solar cells
based on metal oxides have hardly been studied, compared to
other technologies, though photovoltaic effects surely exist in
this type of semiconductor.'* The abundance of metal oxides,
combined with their low toxicity, ease of processing, low energy
of processing, and stability can be considered ultimately as the
basis for excellent photovoltaic modules.” Nevertheless, a metal
oxide based solar cell that has high power conversion efliciency
has not yet been realized.

Figure 1 shows a schematic example of an energy band
diagram and a basic working principle of a heterojunction all-
oxide PV cell, formed between a layer of TiO,, which is a wide
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bandgap semitransparent n-Type semiconductor, a layer of
Cu—O that serves as a light absorbing layer, silver as the back
contact and Fluorine doped Tin Oxide (FTO) as the front
contact. Alternative absorbers can be based on Co—O or Fe—
O, whereas ZnO, WO; and NiO are examples of alternative
window layers. Doping, alloying or phase mixing between each
of these oxides (wide or narrow bandgap), or with a
nonconducting wide bandgap metal oxide (e.g., MgO, ZrO),
or with metals, can provide novel combinatorial materials that
replace the layers shown in Figure 1. In this work we use the
configuration shown in Figure 1 as a model system, since most
of the cells in this library showed some photovoltaic behavior.
Common binary oxides of copper, with Cu—O as the
abbreviation, are Cu,O (cuprite or cuprous oxide), CuO
(tenorite or cupric oxide) and Cu,O; (paramelaconite).
Schottky junctions,">™'” homojunctions,"® ' heterojunc-
tions,"**”*” and nanocomposite heterojunctions’®>* based
on Cu,O were studied two decades ago and lately started to
regain interest. Power conversion efliciencies of ~4—5% were
reported for heterojunctions of Cu,O and ZnO or
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Figure 1. Schematic energy band diagram of a heterojunction PV cell,
approximated to form under short circuit conditions. The
combinatorial library in this work varies in the thickness, d, of TiO,
and covaries in the thickness, the level of oxidation, and hence the
bandgap (E,) of the copper oxide layer (Cu—O). The level of band
bending, the position of the valence band edge (E,), and the
conduction band edge (Eg,) of the Cu—O with respect to the TiO, are
approximations, more information can be found in refs 13 and 14.

Ga,0,.2>*%* To our knowledge, solar cells based on CuO and
Cu,O; have not achieved noticeable photovoltaic performance
and have been less studied despite their bandgap being more
appropriate for the sun’s spectrum.*® There are some
inconsistencies in the measured and calculated bandgaps for
these oxides; mainly there are ambiguities about the exact value
of the bandgap for pure CuO and to what extent it is a direct or
indirect transition.”’ ~*® Overall, it has been said that the
bandgap of Cu—O compounds can be tuned between 2.1 and
14 eV.*"* In a recent perspective article, we provide more
information and a literature survey about the advantages,
limitations, and challenges of all-oxide solar cells, that is,
photovoltaic devices based almost entirely on metal oxides.'*
We have chosen to confront this challenge using combinatorial
material science for the discovery of novel metal oxide
absorbers, charge transporting materials, and selective contacts.
Generally, combinatorial and high throughput approaches were
proven to be useful in the research of medicine, active
compounds, materials, and devices.®*™>® More relevant are
combinatorial studies for the development of photovoltaics,
such as bulk heterojunction solar cells,”” ™ thin film solar
cells,*1=%* and related optoelectronic and photoelectrochem-
ical devices.***795770

Figure 2 shows the combinatorial development cycle adopted
for the all-oxide PV research.>®>! To date, we have accumulated
in our database information on hundreds of device libraries and
subsets of device libraries. The devices were constructed from
various metal oxides and/or combinatorial metal oxides that
underwent various treatments. The subsequent libraries have
gone through the combinatorial cycle of fabrication, character-
ization, and analysis steps mentioned in the caption of Figure 2.
The design of experiment, the choice of materials, and the
supporting techniques used here are based on information from
these libraries. Ultimately, this work is concerned with one
major photovoltaic device library, consisting of 169 cells, and
two additional subset libraries that mirror the components of
the major library. The subset libraries are absorber only on glass
and sprayed TiO, only on TCO.
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Figure 2. Combinatorial development cycle for all-oxide PV. High
throughput fabrication is performed using the following: spray
pyrolysis, pulsed laser deposition, and RF sputtering. For high
throughput characterization, (a) thickness measurements with
scanning profilometer, optical analysis, and combined focused ion
beam (FIB) cross sections analyzed under scanning electron
microscopy (SEM). (b) For optical measurements, scanning UV—
vis—NIR spectroscopy of total transmission, total reflection, and
specular reflection. (c) For device performance, scanning current—
voltage measurements under solar simulation. (d) For composition:
Raman mapping combined with bandgap analysis. Data analysis: (a)
algorithms for current—voltage curves analysis to derive photovoltaic
parameters, (b) absorptance calculations, (c) semiautomatic bandgap
fitting using thickness and absorptance, and (d) internal quantum
efficiency calculations based on absorptance and current—voltage
analysis.

The absorber layer in this work is deposited using the pulsed
laser deposition technique (PLD). This technique allows for a
continuous compositional spread, and hence can enable high
throughput detailed material investigations of alloying, doping,
thickness gradient, thermal treatment, and controlled atmos-
phere effects. PLD uses very high intensity pulses of UV laser to
deposit subatomic layers from a target of pure material onto a
substrate. The thickness and deposition energetics vary as
function of position on the substrate, thus several values are
convoluted within the composition. Heat treatments, specific
atmospheric conditions, and deposition via aperture can be
used in order to achieve homogeneous depositions.”'~’* In this
work, we deposit a thickness-composition gradient from a CuO
target under room temperature, with no heat treatment and
under low pressure of oxygen. Combining data from Raman
measurements and bandgap analysis, we find that the resulting
materials are a mixture of the aforementioned oxides of copper,
changing as a function of distance from the center of
deposition. These two covarying parameters, together with
the thickness gradient of the underlying TiO, layer, provide us
with a very large diversity of cells in the library.

The experiment here demonstrates the importance of the
Internal Quantum Efficiency technique in the combinatorial
development cycle. It shows the critical role that the IQE can
play in the cycle, and how it enables to increase the diversity of
cells within a library in a controlled fashion. It is critical to
understand that in a PV library where there are covarying
parameters, the IQE can serve as a normalizing tool that
examines the cells with respect to their expected behavior, and
not just to their absolute behavior. Parameters that effect the
light harvesting efficiency (see section 4) of a PV device, that is,
the thicknesses and absorption coeflicients of the photoactive
layers, and the amount of light that is reflected from the layer
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stacks, are ruled out by the IQE analysis. Unlike the IQE, the
short circuit photocurrent (J,.) itself only tells about the
absolute behavior of a device. Hence, a comparison of cells by
Joc would require optimization of the layer thicknesses and
antireflection coating (per cell), a requirement that would
tremendously impede the high-throughput fabrication stage.
Eventually, as detailed in the discussion below, in any PV
system, IQE reflects the charge separation and collection
efficiencies of a device. A detailed study using the IQE and
layers ratio can provide critical information on charge collection
and charge separation properties of the materials themselves,
once placed into a device and contacted with other layers.
Thus, the combinatorial IQE analysis is expected to vastly
reduce the amount of investigation cycles per discovery.

The addition of the IQE method to the characterization suite
increases the productivity of the combinatorial investigation
cycle (see Figure 2). It relies on optical measurements that are
made for several reasons, and not purposely for the IQE
analysis. The case is the same for electrical characterization of
photovoltaic device performance under solar simulation. The
IQE calculations are transparent to the user, running
automatically in the background of the framework, and are
available for analysis as soon as measurements enter the
database. This could not be achieved in the case of the external
quantum efficiency (EQE spectrum), also known as incident
photon to electron conversion efficiency (IPCE spectrum), that
is typically made on single solar cells. The EQE measurement
requires scanning excitation wavelengths using a monochro-
mator with long device stabilization time for each scanned
wavelength, demanding several minutes of scans per cell. Such
an approach would place a serious bottleneck on the PV
combinatorial investigation cycle, which relies on high
throughput techniques. Nonetheless, IPCE and APCE spectra
(i.e., absorbed photon to electron conversion efficiency, that is,
IQE spectrum), are valuable techniques that can provide further
insights into device physics and should be used at specific
points of interest.”>”’® In addition to the automation of the
IQE method, we also present a combinatorial bandgap analysis
which is semiautomatic, and requires users’ monitoring and
decision making prior to insertion into the database.

In this work, we show the detailed steps of the combinatorial
IQE analysis and the findings that arise from it on the selected
model library. We show the fabrication steps of the PV library.
We introduce two homemade high throughput scanners, one is
an optical scanner which is capable of providing a complete
analysis of transmission, absorption, and reflection for each cell
in the library, and the second is a solar simulator scanner that
provides jV-curves for each of the cells. We then show how we
obtain the thickness for the active layers and the composition of
the Cu—O. These measurements are complemented with
bandgap analysis that correlates the apparent bandgaps fitted
from the optical data with the composition data obtained from
Raman mapping. We show the IQE calculations and then
present the results, first as a library, and then in a
multidimensional data representation that discards the cell
location in the library and considers primarily the effects of
thickness and composition on the IQE. We discuss the results
in terms of device physics and highlight the importance of the
IQE method for combinatorial PVs, and the important findings
that arise from this method for the particular model library and
the intrinsic properties of its constituting materials.
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2. EXPERIMENTAL PROCEDURES

2.1. Fabrication Techniques. 2.1.1. Spray Pyrolysis. Wide
bandgap oxide layers with a well-defined thickness profile were
prepared by a homemade spray pyrolysis system consisting of a
pneumatic spray nozzle (Spraying Systems Co., U.S.), a hot
plate (Harry Gestigkeit GmbH, Germany). and a CNC x—y—z
scanning system (EAS GmbH, Germany). A precursor solution,
0.2 M Ti(IV)isopropoxide, 0.4 M acetylacetone in ethanol,”
was fed into the nozzle by a syringe pump (Razel Scientific
Instruments) while compressed air was used as a carrier gas
with a well-defined flow rate. Sprayed layers with linear
thickness gradients between 180 and 450 nm were produced
using a series of spray cycles with a successively®® decreasing
scan area.

2.1.2. Pulsed Laser Deposition (PLD). CuO was used as the
target (Kurt J. Lesker, 99.7%—99.9% Pure) for pulsed laser
deposition using a commercial system (Neocera, U.S.). The
system (Figure 3) consists of a KrF excimer laser with an

Figure 3. Pulsed laser deposition setup: (a) 248 nm KrF excimer laser,
(b) vacuum chamber, (c) a target on the target carrousel, and (d)
substrate holder.

emission wavelength of 248 nm and a maximum pulse energy
of 400 m] (Coherent CompexProl02), a linear translation
stage for beam scanning, a target carrousel, a substrate heater
up to 800 °C, and a 4 in. diameter sample holder with an
adapter to accommodate square FTO covered glass substrates
with a side length of 71.3 mm. The actual deposition
parameters were: energy fluence, ~227 m] cm™% target—
substrate distance, 55 mm; O, pressure ~3 X 107 Torr;
number of pulses, 45000; temperature, 23 °C. Additional
parameters can be found in Table S1 in the Supporting
Information.

2.1.3. Sputtering. Silver (Ag) metal back contacts were
deposited by sputtering (BESTEC) from an Ag target (Kurt J.
Lesker, 99.99% Pure), with a thickness of ~100 nm. A custom-
made shadow mask was used to define a grid of 13 X 13 round
metal contacts, each with a diameter of 1.81 mm and
corresponding contact area of 2.6 mm” The deposition
parameters were: preliminary base vacuum pressure, ~1.5 X
1077 Torr; Ar flow, 2.5 sccm; deposition pressure, ~3.7 X 1073
Torr; dc power, 100 W; coating time, 120 s; substrate rotation,
S rpm; room temperature.
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2.2. Library Preparation. Figure 4 shows the library
preparation procedure: a 71.3 X 71.3 mm sized TCO-coated

Figure 4. Fabrication of PV combinatorial device library (note that the
thickness scale is adjusted to amplify the differences and represents
real values as explained below): (a) TCO-coated glass (b) sprayed
with a gradual compact TiO, layer, followed by (c) pulsed laser
deposition (PLD) of Cu—O with a characteristic shape originating
from the laser plume. (d) Round Ag back contacts sputtered on top of
the Cu—O layer with a 13 X 13 mask template, forming a grid of 169
distinct devices. Subsequently (e) a square common front contact is
soldered ultrasonically from Sn/Pb directly onto the TCO.

glass (fluorine-doped SnO,, TEC7 from Hartford) was cleaned
and prepared for spray pyrolysis of TiO, (see spray section
above). In Figure 4b, the TiO, layer was deposited in a
horizontally spread thickness gradient spanning from 180 to
450 nm. Figure 4c shows the deposition of a Cu—O layer using
pulsed laser deposition (PLD). The maximum thickness (~900
nm) was formed at the center of the PLD deposition. The Cu—
O was deposited from a CuO target under the previously
mentioned conditions. The characteristically curved thickness
profile was formed because of the expansion of the plasma
plume in vacuum, distributing a material gradient to the library,
which can be modeled by the gas-dynamic equations.”"’*
Figure 4d shows the Ag back contacts that were sputtered
through the aforementioned shadow mask. Finally, in Figure 4e,
a common front contact of Sn/Pb alloy was soldered directly
onto the TCO with an ultrasonic soldering iron.

2.3. Measurements and Calculations. 2.3.1. Optical
Measurements. Figure S presents the optical scanner. The
scanner is capable of measuring total transmission (TT), total
reflection (TR), and specular reflection (SR) with millimeter
spatial resolution. The measurements allow the calculation of
absorptance, diffuse reflection, light harvest efficiency (77.y), the
integrated internal quantum efficiency (in conjunction with the
jV measurements), layer thickness, bandgap, and the nature of
bandgap (i.e., direct/indirect), absorption coefficient, refractive
indices, and carrier concentration.

Using optical fibers, light from a laser-excited xenon lamp
(see LDLS in the solar simulator section) is directed to the SR
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Figure S. Optical scanner that measures: Total transmission (TT),
total reflection (TR), and specular reflection (SR). Top left: Schematic
3D drawing. Top right: Cross-sectional view emphasizing the light
distribution going to and from a sample. Bottom: Example of
measured and calculated spectra for a single location in a library. Light
is incident at a certain angle on a tested library via the inlet fiber of the
TR integrating sphere. The transmitted light is collected in the upper
integrating sphere, the TT sphere, whereas reflected light is collected
in the lower integrating sphere. A SR probe complements the
reflection measurements and allows the calculation of the diffuse
reflection (DR). The calculated absorptance is = 1 — TT — TR.

probe and to the TR lower integrating sphere (QR400-7-VIS-
NIR and ISP-30-6-R respectively, from ocean optics). The light
from the TR sphere can be collected in the sphere itself or in
the TT upper integrating sphere (ISP-80-8-R). The collected
light from the probes is directed to a silicon photodiode array
spectrophotometer tailored for spectral coverage in the UV-vis-
NIR region with appropriate order sorting variable long-pass
filters. The TT reference is taken with a bare glass of the same
type and thickness as the substrate. TR reference is taken
against a diffuse reflection standard comprised of Spectralon
(WS-1-SL). Spectra from TR are corrected against the known
WS-1-SL calibrated standard reference spectrum, and TT
spectra are corrected against the spectrum of the glass part of
the substrate, measured separately.

Dedicated software controls the measurement and records
the data. First, it records the references, including dark noise of
the detectors. Then, using the translational stage, it manipulates
the library to the coordinates where back contacts will be
deposited later to form the individual combinatorial solar cells.
The software saves the data in three separate raw files, one for
each measurement, and records details about the measurement
in the database (sample name, integration time, number of
averages, reference, spectrophotometer, etc.). Each raw file
includes details about the scanning coordinates, a reference
spectrum, dark reference spectrum, and the individual spectrum
taken per coordinate.

2.3.2. Electrical Measurements under Solar Simulator.
Current—voltage scans (jV-curves) are performed in the dark
and under equivalent illumination of one sun AMI.5G.

dx.doi.org/10.1021/c03001583 | ACS Comb. Sci. 2014, 16, 53—65
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Automated analysis classifies jV-curves by their nature to
photovoltaic or ohmic behavior, or raises cases where a
measurement fails. Furthermore, automated analysis obtains the
following parameters for each combinatorial cell: 1 sun short
circuit photocurrent (J,.), open circuit photovoltage (V,.),
maximum power point (M,,), fill factor (FF), current and
voltage of maximum power point, shunt resistance (Ry,) and,
series resistance (R,).

Figure 6 shows a schematic representation of the solar
simulator current—voltage high throughput scanner. A fiber

Ve
%,+ - Solar Simulator

e FC - Front Contact
< > BC - Back Contact

Figure 6. Schematic drawings of the solar simulator current—voltage
high throughput scanner. The equivalent illumination of 1 sun,
AMI.5G, is incident on the transparent front electrode. A current—
voltage curve is measured for each combinatorial cell. The stage
automatically scans each cell above the illumination spot via the Z arm.
The scanner is capable of measuring libraries with the size of 71.3 X
71.3 mm. A typical cyclic scan of 169 cells takes 120 min for a
potential window of 1.2 V, and a sweeping rate of 60 mV s,
providing 240 points for each ascending-descending curve.

coupled laser driven light source (LDLS), EQ-99FC from
ENERGETIQ (a xenon lamp), is attenuated with an AM1.5G
filter and neutral density filters, in order to match the spectral
distribution and the overall intensity of AM1.5G emission in
the region of 380—950 nm. The LDLS fiber outlet is fixed in a
constant distance from the scanner stage. The Z arm, located at
the center of the incident beam, pushes a spring suspended
electric contact against the back contact (BC) of an individual
cell. A second electrode is constantly connected to the common
front contact (FC). The electrodes are wired to a computer
controlled source meter (Keithley 2400 series).

Dedicated homemade software controls the measurement
and stores the data. Following prompt calibration, the software
tells the stage to move to a set of cell coordinate, lowers the Z
arm, and performs a jV scan. Voltage scanning is performed at a
rate of 60 mV s~

2.3.3. Thickness. TiO,: To obtain a thickness map of the
TiO, layer, optical measurements (TT and TR) were taken
after the TiO, spray and prior to the Cu—O deposition. The
thickness, drio (%, y), is calculated as

drio, (%, y) = g0 (A)(—log(1 — A(x, y, 4) — Ay,(4)))
(1)
where i, (4) is the absorption coefficient of the sprayed TiO,
at A = 475 nm. For TiO,, we calculated a value of aryo, (475

nm) = 2035 nm™' using absorptance measurement and specific
thickness measurements provided by focused ion beam and
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high resolution scanning electron microscopy (FIB and
HRSEM respectively; see details in Figure S1 in Supporting
Information). A(x,y, 1) is the absorptance at A = 475 nm for
each x,y position in the library, calculated with eq 3. Ag,(4) is
the measured absorptance of the substrate alone, at the
wavelength 4 of calculation. Here we used TEC7 as the
substrate material; at A = 475 nm, it had a constant A, (475
nm) of 9%. This value is common for all members of the library
as the substrate is assumed homogeneous on the macroscopic
level. This approximation was validated using electron
microscopy and appears to provide good values. We note
that this approximation works for sprayed TiO, on TEC7,
while some cells around the bottom right corner of the library
diverged from the general linear trend of the TiO, gradient.

Cu—O0O: . To obtain the Cu—O thickness profile, a second
library was deposited directly on glass using the PLD, utilizing
the exact deposition parameters as for the device library.
Because the PLD sample holder masked the PLD plasma plume
from deposition at the substrate edges, a well-defined step
remained 1 mm from the edges of the glass substrate. On this
remaining step, a sufficient number of measurements of
thickness per position were made (see figure S2 in Supporting
Information) with a profilometer to solve the following
equation, derived from the gas-dynamic equations that describe
the expansion of the plasma plume in vacuum:”"”*

dya(x, y) = do[cosn"(tan_l(x _hxo))

where dj4(x, y) is the measured or calculated thickness of the
deposited material using PLD at a given x and y position (mm).
dy (nm) is the maximum thickness of the library. x, and y,
(mm) are the position of the center of deposition with respect
to the library coordinates. i, in mm, is the target-substrate
distance as adjusted for deposition, which is known from the
PLD geometry. n, and n, are fitted powers of the cosine.

The resulting deposition constants enable the calculation of
the film thickness at any position in the library.

2.3.4. Raman. The low frequency vibrational modes of the
oxide layers were characterized by Raman spectroscopy. Micro-
Raman measurements were performed using a confocal Raman
microscope with 532 nm laser excitation, a 100X objective, a
100 pm confocal pinhole, and an 1800 g/mm grating (LabRAM
HR, Horiba Jobin Yvon Corporation). Raman mapping was
implemented using autofocusing of the incident laser in order
to ensure accurate comparison of scattering intensity across the
device library. In particular, the library was exposed to the laser
with the room darkened. The full power of the laser was 50
mW, and a neutral density filter of Optical Density 2 (OD2)
was inserted in the beam path to prevent optical damage to the
oxide layers. The acquisition time was 100 s per scanning
interval (~500 cm™), with all measurements taken in air at
room temperature.

2.3.5. Bandgap. To fit the bandgap of the absorber for all
cells in the library as presented in Figure 9, two arrays of Tauc
plots,gl'82 for direct and indirect bandgap, indexed by cells
coordinates, were calculated from absorptance and thickness
measurements. A dedicated tool was used in order to group
cells that complied with the following rules: a selected energy
region (hv) between two cursors, and an r-squared value that is

@)
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higher than a selected threshold (typically set to R* > 0.99).
The optional fits for each cell were reviewed and either ahv? or
ahv'’? was selected, then the fit was approved. To ease the
interpretation of the large amounts of data points, the resulting
bandgaps were clustered into S groups in a bandgap histogram.
The groups can be viewed in the examples shown in Figure 9b
and in Table 2.

2.3.6. Quantum Efficiency Calculations. For internal
quantum efficiency calculations per library, spectra from TR

Table 1. Symbols and Parameters Used in This Work

symbol description default value units
Jse short circuit photocurrent mA cm™?
Jealed maximum theoretical calculated J mA cm™?
TT total transmission frac.
TR total reflection frac.
A absorbance frac.
q elementary charge of electron 1.602 x 1077 C
] photon flux m2s!

and TT raw files are retrieved in parallel for each cell in the
library. The absorptance for each cell in the library, A(x, y) is
calculated as shown in eq 3:

Alx,y) =1 = TT(x, y) — TR(x, y) (3)

where TT(x, y) and TR(x, y) are the total transmission and the
total reflection (respectively) for each cell location with
coordinates x and y. The integrated maximum theoretical
short circuit photocurrent, .4, expected in each coordinate is
calculated as shown in eq 4:

€l

a0 = [ Ay, Do) @ “
the absorbed fraction A(x, y, 4) in each wavelength (1) is
multiplied with @(4), the interpolated photon flux density for
the same A. The yield is integrated in the region of interest and
multiplied by g, the elementary charge of an electron. The
photon flux density spectrum, ¢, was recorded after calibration
of the solar simulator to reflect changes in light source intensity
and in its spectral distribution.

To obtain the internal quantum efliciency per combinatorial
cell, eq S is used:

]Sc(x) y)

IQE(x, y) =
< (x y) ]calcd(x’ y)

)

where J,.(«, y) is the 1 sun short-circuit photocurrent extracted
from the measured jV curve for the same cell as the Jq(%, ).

3. RESULTS

Figure 7a shows a monochromatic absorptance profile of the
stack TEC7ITiO,lCu—O at a selected wavelength of 570 nm,
where all copper oxide compounds absorb light. The profile is
constructed from 13 X 13 absorptance spectra calculations
made using eq 3. Four examples of calculated absorptance
spectra are presented in Figure 7b, with tagged references to
their position in the library. The spectra are different from each
other because of the amount of deposited Cu—O, because of
the resulting oxidation state of the Cu, and slightly because of
the underlying TiO, layer. The substrate contributes equal
absorptance to all cells. The strong contribution of the absorber
compared to the window layer is due to the higher extinction
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Figure 7. (a) Monochromatic absorptance fraction as a function of cell
position, taken prior to back contact deposition. The chosen
wavelength of 570 nm is common to all Cu—O compounds. The
tagged locations refer to the selected absorptance spectra shown in
panel b, highlighting the change in the spectral shape due to the
variation in composition, and the change in absorptance fractions due
to amount of material deposited.

coefficient at the probed range, and to the larger differences in
absorber layer thickness. The thickness gradient of the TiO, is
hardly evident here, as the absorptance difference between the
thickest (right side) and thinnest (left) parts of the library is
just several percent, while the difference in Cu—O absorptance
reaches a delta of more than 80% at this wavelength.

From the 169 calculated absorptance spectra, the maximum
expected photocurrents are calculated using eq 4. The map of
maximum theoretical calculated photocurrent (J.q) is
presented in Figure 8a. The highest attainable photocurrent is
expected in the cell indexed [6,1] with a value of ~27 mA cm ™.
A 100% absorption, at all wavelengths, at the calculated part of
the spectrum would yield 34 mA cm™ in our solar simulator.
Thus in principle this absorber exhibits 79% light harvesting
efficiency at this location. The lowest expected photocurrent,
with a value of 8 mA cm™ can be found at the bottom left
corner of the library.

Figure 8b is a map of the measured short circuit
photocurrents (J,.). Generally, the expected J.,q and measured
Ji. maps have relative similarity. There are however mismatches
that require highlighting. (1) the measured values are 2 orders
of magnitude lower than the calculated ones, which is apparent
from the color scale ranges of the two figures. (2) Cells
calculated to generate the highest J,. are not the ones that
actually generate the highest measured J;.. For example, point
[4/4] generates 0.28 mA cm™%, which is $7% more photo-
current than point [6,1], while [6,1] was initially calculated to
generate 12.5% more photocurrent than [4,4]. On the other
hand, points calculated to generate unnoticeable photocurrent
sometimes generate unexpected photocurrent (relatively). For
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Figure 8. (a) Maximum theoretical short circuit photocurrent (J.q)
plotted as a function of cell position, for the solar simulator calibrated
emission spectrum. (b) Plot of short circuit photocurrent (J,.) as a
function of cell position, extracted from jV scanning of the library
under solar simulation (c) Plot of calculated internal quantum
efficiency (IQE) as a function of cell position, showing that preferred
PV activity occurs in locations that are not governed only by the
amount of deposited absorber, in contrast to the trend shown in panels

aand b.

example, point [0,7] with calculated 11 mA cm™ and [11,7]
with calculated 1S mA cm™ in practice [0,7] generates 33%
more photocurrent than [11,7].

Figure 8c is the internal quantum efficiency map. As
previously explained, the measured ] values are simply divided
by the calculated values. Generally, the IQE is in the range of
0.6 to 1.4%, reflecting the 2 orders of magnitude difference
between measured and calculated photocurrents. The IQE map
reveals that the library contains distinct regions of character-
istics which clearly differ from the expected values.

Figure 9a shows the variation in the fitted bandgaps along the
library. In the figure, the cells are divided into groups by their
bandgap, where each is represented by a different symbol.
Figure 9b shows examples of fitted bandgap plots taken from
selected cells. The ranges of bandgap that these plots represent
are mentioned in the figure and are the key for the symbols
map in Figure 9a. Fitting for direct bandgap seemed to provide
a better match than fitting for indirect bandgap, for all cells.
The direct bandgap correlates with some of the literature
values, together with the covariation of the bandgap with the
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Figure 9. (a) Plot of fitted (direct) apparent bandgaps as a function of
cell position, showing narrower bandgaps in the center of deposition,
wider bandgaps in the periphery, and a gradual change in between.
The bandgaps were calculated from absorptance spectra and the
thickness of the absorber for each cell. The symbols of the cells are
used to represent the partition of the library into five clusters of cells,
having a bandgap in a specific range as shown in panel b. (b) Examples
of bandgap fits taken from cells that represent clusters that have a
common bandgap, showing also a variation in the absorption
coefficient. The range of bandgaps and the representative symbol
are shown on top of each example.

amplitudes of the aht®.*>®*® It is important to note that there
are several ambiguities regarding the bandgaps and the nature
of the bandgap of copper oxide compounds for both
experimental and calculated values found in the literature.
Figure 10 shows Raman spectra taken along the middle
vertical, starting from a cell above the absorber’s center of
deposition, down to the bottom of the library. Each spectrum in
Figure 10 is marked by its vertical index, and is also correlated
with the cell’s selected symbol according to Figure 9a. In Figure
S3 in the Supporting Information all apparent Raman peak
positions of CuO, Cu,0;, Cu,0,"%*55 and crystalline anatase
Ti0,***” were marked on an additional representation of the
same data, shown there with no offset between the spectra, and
on a logarithmic intensity scale. From both Raman figures, the
verticals that are eventually shown in Figure 10 were selected
since they provided a unique indication for each of the four
dominant marked materials, residing in the library, in locations
that show minimum convolution into other peaks. That is, the
verticals in Figure 10 cross only spectra that show a signal for
the material they represent. Thus from both Raman figures one
can conclude the following: (a) The presence of Cu,O along
the vertical cross-section is clear. Even when the Cu,O signal
diminishes, as the absorber layer gets thinner, its presence is
clearly observed in the logarithmic representation. (b) The
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Figure 10. Raman spectra taken along a vertical line in the center of
the library (column 7). The spectra are labeled by their vertical
positions in the library (y), and with symbols (right side) that are
taken from Figure 9a by their position, suggesting a correlation
between composition and bandgap. The tags (CuO, Cu,0; Cu,O,
and TiO,) are unique Raman shifts for each of the materials. The lines
cross only spectra that show a peak for a particular material, indicating
the presence of Cu,O in all cells, CuO only in the center of deposition,
Cu,O; in a larger area around the center of deposition, and finally the
disappearance of the underlying TiO, underneath the thicker absorber
layer. Refer to Figure S3 in the Supporting Information for a detailed
representation of the Raman data.

Cu,0; and CuO (unlike the Cu,0) are only found in the first 7
and first 6 cells, respectively, counting from the topmost cell
along the line. (c) The strongest signal of the CuO is in the
center of deposition, spectra taken at 10 and 15 mm from the
top, and the Cu,O seems to relatively decrease when the CuO
and Cu,O; increase. (d) The TiO, signal diminishes as the
absorber layer becomes thicker than the penetration depth of
the Raman laser beam.

The Raman results suggest that the absorber is a mixture of
copper oxide compounds. Combined with the bandgap analysis,
these results strengthen the observation that a qualitative
compositional analysis, based on the Raman spectra, can be
generalized to the groups in Figure 9. In other words, if the
composition dictates the resulting observed bandgap, it can be
assumed that the bandgap can represent the composition. This
correlation is summarized in Table 2. Thus if we examine the

Table 2. Qualitative Relations between Cell Bandgap and the
Copper-Oxide Composition

bandgap range (eV) CuO Cu,04 Cu,O symbol
1.6—1.68 high high low *
1.69-2.03 low high high A
2.04-2.12 high high 0
2.13-2.37 low high X
2.38-2.57 high x
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groups again, we can conclude at this stage that cells resulting
in a bandgap between 1.6 and 1.68 eV, with relatively low
absorption coefficient values, are rich in the CuO phase, but
still contain some Cu,O3 and Cu,O. On the other side of the
library, cells with bandgap values between 2.38 and 2.57 eV,
and with the highest absorption coefficient values, are
composed almost entirely of a Cu,O phase. Between the two
extremes there are three intermediate groups: one with no CuO
and low presence of Cu,O;, with bandgaps ranging between
2.13 and 2.37 eV. Another, with no CuO and a higher presence
of Cu,O;, and resulting bandgaps ranging between 2.04 and
2.12 eV. The last group, with a low presence of CuO, and a
relatively high presence of the other two copper oxide
compounds, have a resulting bandgap range between 1.69
and 2.03 eV.

The distinct regions that dominate the ] J and IQE
maps are dictated by the underlying thicknesses of the two
active layers, the TiO, and the Cu—O, and by the composition
(and the resulting properties) of the last. It is highly informative
to follow the thickness and composition contributions by
plotting the maps as a function of these properties. Figure 11a—
c shows three contour plots for the measured and calculated
values presented in Figure 8, plotted as a function of the layers’
thicknesses. Due to multiple dimension representation issue,
the composition is represented in a generalized way by the five
groups’ symbols suggested above.

Figure 1la clearly shows that ] increases mainly as a
function of Cu—O thickness and slightly due to the light
absorption of the TiO,, where the last argument is supported
by the fact that the contour lines lean toward the right and are
not parallel to the X-axis. The contour lines in Figure 11b, of
the measured ], show that the addition of Cu—O does tend to
increase the photocurrent, but only to some extent. Figure 11c
emphasizes the contrast between the two limits; some thin
Cu—O cells show high IQE for cells with unnoticed measured
Jic and low ] .4, whereas cells calculated to show high J_4 had
low J. and thus low IQE.

4. DISCUSSION

The benefits of the IQE analysis are clearly depicted in Figure
8c and Figure 11c. A number of cells that show relatively low ]
show relatively high IQE, correlated with the fact that less
absorber was deposited in these regions. Overall, the IQE plots
differ from the calculated and measured J,. presented in Figure
8a and b or in Figure 11a and b, which makes these results a
good example of the IQE method and how it can provide useful
information about the materials and configurations used to
fabricate the PV cells in the library. These findings call for a
detailed examination of trends within the library which will
follow below, but not before we discuss several other issues.
We note first, that due to the nature of the pulsed laser
deposition of the Cu—O, under the reported experimental
conditions, the library is better categorized by dividing it into
clusters or sublibraries that hold similar properties, resulting
from compositional mixtures of the 3 binary Cu—O
compounds presented previously: CuO, Cu,O;, and Cu,O.
To ease the interpretation, we assume that these sublibraries
hold common properties such as morphology, level of
crystallinity, crystal defect density, and the level of phase
mixing. While these properties are not expected to be common
for all the cells in the library, it is assumed that they are nearly
constant within given regions around the center of deposition,
given the expansion of the PLD plasma plume in vacuum. We
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Figure 11. (a) Plot of maximum theoretical short circuit photocurrent
(Jaica) s a function of TiO, and Cu—O layer thicknesses. (b) Plot of
short circuit photocurrent (J,.) as a function of layer thicknesses. (c)
Plot of calculated internal quantum efficiency (IQE) as a function of
layer thicknesses. The symbols represent the bandgap/composition
groups, showing that cells containing high levels of Cu,O; (O and A)
have relatively enhanced IQE, whereas cells containing CuO have
degraded IQE, and cells with Cu,O shows enhanced IQE only for
specific cells.

address the sublibraries as suggested in the combined bandgap-
composition analysis that was shown in Figure 9, Figure 10, and
summarized in Table 2.

We also wish to emphasize the physical implications of the
IQE data. It is the kinetic competitions and thermodynamic
driving forces that define the performance of photovoltaic cells.
Amid many favorable and unfavorable processes that occur in
the cell, the first is the absorption of photons in the active layer.
It is quantified as light harvesting efficiency (#y), which is the
initial theoretical amount of electrons available for the system.
The monochromatic short circuit photocurrent, ], can
generally be described by the following equation:

J..(4) = ap(Dn, (D (D, (4) (6)

where 7cs and 7, are charge separation and collection
efficiencies respectively. Combining eq 6 with eqs 4 and S
yields: IQE = #cghico. This is a very simplified solution that
possesses valuable information about the combinatorial PV
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devices. Although it does not explain whether losses are due to
poor charge separation or collection, as seen below, it does
substantially streamline the investigation.

The largest sublibrary, residing at the periphery of the
absorber deposition, consists mainly of Cu,O. The bandgaps in
this group are the highest, implying the lowest light harvesting
efficiency in terms of spectral coverage. Considering that these
cells also have the thinnest absorber layer, they are the weakest
light harvesting cells in the library. This is expressed by the fact
that these cells are at the bottom of the J.4 scale in the
theoretical photocurrent plots. Furthermore, the weak meas-
ured J for these cells makes them un-noticed when plotted
together with cells having improved light harvesting efficiency,
namely the cells from other sublibraries. On the contrary, the
IQE shows that this group of cells performs relatively more
efficiently and suggests two trends: 1. that devices with much
thicker or, surprisingly, much thinner Cu,O layers relative to
the TiO, layer, actually perform better, and 2. intermediate
thickness ratios show the worst performances. To elucidate this
argument, the results from Figure 11 are plotted again in Figure
S4 in the Supporting Information, this time with logarithmic
scale for the absorber thickness, and furthermore the fitted
bandgaps from Figure 9a are plotted in the same fashion, i.e. as
a function of logarithmic thickness of Cu—O versus linear
thickness of TiO,. The logarithmic presentation stretches the
scale of the thin part of the Cu—O and parses the cells in this
densely populated region. This presentation and the compar-
ison with the adjacent bandgaps plot raise the following
suspicion: as mentioned above, since the thickness and bandgap
are covarying in this library (bandgap as an expression of
composition), it is possible that a several milli-eV drop in the
bandgap indicates a composition with an improved IQE. In
other words, the thickest cells in this sublibrary could have been
related to the next sublibrary, where more cells showed
improved IQE, while the remaining cells in this peripheral
sublibrary are actually composed of an ineflicient absorber, that
the less deposition of it, the more pronounced the efficiency of
the underlying TiO,.**

The smallest sublibrary, found at the center of the PLD
deposition, contains the narrowest bandgaps and the thickest
absorbing layers. This potentially should have been the best
performing sublibrary, but it is not. This sublibrary consists of
all three copper oxide compounds mentioned in the
introduction, with the highest presence of CuO. The lowest
IQE values in this sublibrary can suggest that the CuO presence
harms the PV activity of the other two compounds. However
other options should be eliminated first, as discussed further
below.

The remaining three sublibraries bridge between the two
previously sublibraries. Intriguing observations are: first, that
the highest J,. values are found in one group (triangles), while
the highest IQE values are found in another (squares) and both
contain high levels of paramelaconite (Cu,O;). The second
observation, for all the groups, is the lower ratios of Cu—
O:TiO, within each of these two groups tends to show
degraded IQE. To empbhasis the last argument, we propose a
data representation as in Figure 12.

Figure 12 proposes an alternative representation for the
aforementioned discussion. This, however, is limited by a
multiple dimension representation issue. The plot shows the
changes in IQE as a function of bandgap and of Cu—0:TiO,
ratio (normalized to the overall thickness) and the limit is that
it discards the absolute thickness data (even though the Cu—O
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Figure 12. IQE plotted vs bandgap and absorber fraction in the total
stack. The sizes of the symbols correlate with the absorber thickness.
The figure suggests that the bandgap, the composition and the ratio
between the layers play significant roles for the IQE and suggest a
correlation between these parameters that may be more significant
from the absolute layers thickness representation above.

is represented by the size of the symbols, it is not an ideal
quantifiable representation). This representation in some ways
is the answer to the schematic energy band diagram shown in
Figure 1 in the introduction. The benefit of plotting such
figures for several thicknesses is that it may provide information
on the source of limit that governs heterojunction solar cell
performance. That is, to find whether it is the charge collection,
or charge separation that limits the overall IQE to the range of
1%. It is important to emphasize the limitation of this plot in
that it can be drawn for many different devices that maintain
similar thickness ratios, but have different IQE. Nonetheless,
the data, once correlated with Figure 11, is sufficient to draw
the general trend that at a given bandgap (and thus
composition), when the Cu—0O:TiO, ratio increases, the IQE
increases (becomes red) until a certain ratio is reached, and
then it starts to decline. This is apparent down to ~2.05 eV
where below this value there are not enough cells to draw this
trend conclusively. Similarly, there are not enough cells to
conclude about the aforementioned opposite trend, where for
very thin absorber the IQE starts to increase.

In the light of these observations, a sequential design of
experiment should consider that future libraries be fabricated
with a thinner TiO, layer or with a different material. Given the
fact that the CuO containing cells are at the maximum edge of
their light harvesting capabilities, further increasing the Cu—
O:TiO, ratio by thickening the CuO layer seems like an
erroneous approach. Furthermore, moving toward pure CuO
seems erroneous as well, as this tends to show a decline in the
absorption coeflicient that will require an even thicker layer of
CuO to reach the same light harvesting efficiency while its IQE
is already low. Pure or mixed Cu,O; based libraries are
definitely an expected direction as the presence of these
materials showed the highest PV activity. As the results are
gathered in a database, it is very likely that common measured
properties, such as bandgap and composition, can unify libraries
or sublibraries (as shown above) into larger data sets that span
beyond a single library.

5. CONCLUSIONS

Using the combinatorial IQE, bandgap, composition, and
thickness techniques we gather several empirical observations
that are unique to the binary Cu—O compounds, and are
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important for the correlation of these materials’ intrinsic
properties and their photovoltaic activity, once placed in
conjunction with an n-type wide bandgap semiconductor. We
observe a continuous variation in bandgap and composition
along the pulsed laser deposition profile, changing from 1.6 eV
in the center of deposition, toward 2.57 eV at the periphery.
The change in bandgap is supported by a change in the
composition blend; the narrowest bandgaps are maintained by
a higher presence of CuO, whereas the widest bandgaps are
almost entirely due to pure Cu,O. The presence of Cu,O;
shifts the bandgaps to a region between 1.6 and 2.12 eV,
depending on the other Cu—O compounds present, and shows
the preferred photovoltaic activity. These last two facts may
contradict some publications claiming to have either CuO or
Cu,O in the higher performing heterojunction PV’s with
reported bandgaps around 2.1 eV. The purity of CuO in our
library was insufficient to observe an indirect bandgap although
it did tend to reduce the absorption coefficient of the cells. The
presence of the CuO, though, seemed detrimental for the
photovoltaic activity of the other two Cu—O compounds,
however, this calls for a deeper investigation of the correlation
we observed between the bandgap, the layers’-ratio, and the
absolute thickness, which suggests that the narrower the
bandgap, the higher the Cu—0:TiO, ratio should be in order to
maintain proper charge separation and collection efficiencies.
As for the least studied Cu,O; we find that its presence is
favored in terms of PV activity, and should be thoroughly
investigated as a single material layer, host or dopant.

The internal quantum efliciency analysis is relatively
straightforward, and relies on the basic characterization of
solar cells, jV curves under solar simulation, and UV—vis—NIR
spectroscopy. The analysis quantifies the light harvesting
efficiency as well as the amount of light lost to diffuse/specular
reflection and to transmission. From IQE calculations,
combined losses due to charge separation and collection can
be addressed. As concluded above, the incorporation of this
analysis in combinatorial PV research provides a substantial
addition to the investigation cycle for device physics and
material studies via data representation and data mining.
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