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ABSTRACT

Magnesium zinc oxide (MZO) is a promising front contact material for CdTe solar cells. Due to its higher band
gap than traditional CdS, MZO can reduce parasitic absorption to significantly increase short-circuit current
density while also providing a benefit of conduction band offset tuning through Mg:Zn ratio optimization. MZO
has been successfully implemented into CdTe devices, however its stability has been of concern. The MZO sta-
bility issue has been attributed to the presence of oxygen in the CdTe device processing ambient, leading to
double-diode behavior (S-kink) in the current density-voltage curves. Here we report on MZO thin films
deposited by reactive co-sputtering. The reactively co-sputtered MZO thin films have encouraging stability, show
no significant variation in work function of the surface over a period of 6 months, as measured by Kelvin probe.
Energy conversion efficiencies of around 16% have been achieved both with and without presence of oxygen in
device processing ambients across multiple research facilities. These efficiencies should be possible to increase
further by tuning of the thin film deposition and device processing parameters, especially through optimization

of the back contact.

1. Introduction

Cadmium telluride (CdTe) thin film photovoltaic technology has
become a commercial leader with over 25 GW installed capacity
worldwide [1]. In recent years, the efficiency has been improved
significantly to reach 22.1% [2], primarily through alloying CdTe with
Se and substitution of CdS as a window layer with wider band gap
materials, both of which allow for improved short circuit current density
(Jse), such that they are close to theoretical limits in champion devices
[3,4]. Nevertheless, further increases in efficiency can be achieved
through improvements in open circuit voltage (Vo) and fill factor (FF),
which is still well below its theoretical maximum. A key to achieving
these improvements is higher carrier concentration and lifetime [5,6].
Significant progress has been made in those areas through group V
doping and Se alloying, respectively [7-9]. However, to fully realize
these benefits improved emitter layers are required [5]. The ideal

emitter should be transparent, have appropriate conduction band posi-
tion and doping levels, and it must be chemically compatible with both
the materials and device processing [10-12].

Magnesium zinc oxide (MgyxZn; 4O, MZO) has been demonstrated to
be a superior emitter to conventional CdS [10]. MZO is transparent (Eg
> 3.3 eV) and its conduction band edge can be appropriately aligned
with the CdTe absorber by tuning the degree of Mg incorporation,
reducing interface recombination. Optimal performance requires flat or
slightly positive conduction band offset [10-12]. In addition, in double
heterostructures it has been shown that MZO passivates CdTe and results
in higher carrier lifetime [13]. Despite these successes, concerns remain
about the stability of MZO [14], and its use constraints the conditions
used for subsequent device processing. In particular, it imposes a
requirement that no oxygen may be used in subsequent processing, as its
presence has been attributed to formation of an “S-kink” in the current
density-voltage (J-V) curves [15,16]. Another unresolved challenge has
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been the achievement of stable doping levels in MZO.

To date the MZO films integrated into CdTe solar cells have been
produced almost exclusively by sputtering using ceramic targets [3,
15-17]. This limits exploration of composition to discrete values, and
the optimal Mg/Zn value remains unclear and is likely to be a function of
both the specific device architecture and processing steps employed. In
addition, ceramic targets are expensive, have relatively low deposition
rates, and suffer from target aging and poor utilization, so metal targets
are desirable for MZO sputtering [18]. There have been several reports
on combinatorial deposition of MZO [19,20], including co-sputtering
from Mg metal and ZnO ceramic targets [21], but without integration
in CdTe photovoltaic devices.

Here, we demonstrated a combinatorial reactive co-sputtering of
MZO films from Mg and Zn targets for application as emitters in CdTe
photovoltaic solar cell devices. This deposition approach allows the
composition and thickness of MZO film to be varied continuously on one
substrate by keeping it stationary during deposition. These combinato-
rial MZO libraries are then converted into photovoltaic devices by
depositing CdTe on top of them, accelerating optimization of solar cells.
Optimization of device performance led to device efficiencies of around
16% with oxygen present in the device processing ambient. We hy-
pothesize that native point defects are the origin of MZO instability in
other studies, and that the concentration of these defects is stabilized by
sputtering in an oxygen ambient in this report. The robust nature of
reactively sputtered MZO was validated by its use for successful CdTe
device fabrication across multiple laboratories.

2. Materials and Methods

MZO films were deposited by reactive co-sputtering from elemental
Zn (99.99%) and Mg (99.95%) targets in an AJA Orion-5 chamber at a
substrate to target distance of 10 cm. DC power supply was used for Zn
sputtering, while RF was used for Mg. TEC10 glass (Hartford Glass)
superstrates were used for devices and were cleaned prior to being
loaded into the sputter chamber using Micro 90 solution followed by a
20-min UV-ozone treatment. Si wafers and glass slides were used for
MZO thickness and band gap measurements, respectively, and were
cleaned in isopropanol prior to being loaded into the sputter chamber.
Plasma clean at 50 W for 5 min in 5 mTorr of Ar was performed on all
substrates right before MZO deposition. The substrate was held sta-
tionary during deposition of combinatorial libraries; the substrate was
rotated to produce single composition films. Typical thicknesses of MZO
on a 3” combinatorial library ranged from 80 to 150 nm with deposition
rates of about 0.67-1.25 nm/min at higher and lower band gaps,
respectively. Argon and oxygen were supplied in a 2:1 ratio at P = 5
mTorr. MZO deposition was done without intentional substrate heating.
A more detailed description of the MZO deposition process and depo-
sition parameters may also be found in the literature [22]. Kelvin probe
(KP Technology) was utilized to measure the work function of MZO, and
absolute value were obtained by normalizing with respect to a gold film
standard measured concurrently. Several MZO combinatorial libraries
were placed in the desiccator and work function measurements were
taken periodically to track changes for roughly a 6-month period. These
“aged” MZO films were then used to fabricate devices at the Colorado
School of Mines (CSM). In addition, I-V measurements were done on
as-deposited MZO films for carrier concentration calculations. Optical
transmission measurements for MZO thin films were performed using
Cary UV-Vis spectrophotometer. Tauc plots were then constructed
based on UV-Vis transmission data to determine the direct band gap of
MZO thin films.

To evaluate the transferability and robustness of the MZO deposition
process, combinatorial MZO libraries prepared at CSM were turned into
CdTe-based devices at three different research facilities: CSM, the Na-
tional Renewable Energy Laboratory (NREL), and Colorado State Uni-
versity (CSU). For CSM devices, 3.5 pm CdTe was deposited on top of
TEC10/MZO substrates using vapor transport deposition with substrate
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held at 420 °C. Nitrogen was used as a carrier gas at 375 sccm while
oxygen was supplied in the background at 38 sccm. CdCly treatment was
performed in a tube furnace in a 50/50 vol% nitrogen/oxygen ambient.
CdCl,-treated samples were soaked for 2 min in 0.1 mM CuCl; solution
and annealed on a hot plate for 30 min at 170-180 °C. Au contacts were
thermally evaporated through a physical mask on top of CuCly-treated
samples. Devices with an area of 0.079 cm? were manually scribed with
a blade and indium was soldered on the edges of the TEC substrate as a
front contact. Devices fabricated at NREL consisted of 4 pm CdTe
deposited by close space sublimation (CSS), CdCl, treatment at 430 °C
for 10 min in 320/80 sccm He/O, CuCly treatment, and Au contact.
Devices prepared at CSU consisted of 4 pm CdTe deposited by CSS, CdCl,
treatment at 400-450 °C, CuCl doping followed by Te evaporation and
the back contact consisting of C/Ni paste. The detailed descriptions of
device fabrication at NREL [15] and CSU [23] are available in the
literature. An important distinction is that oxygen was present in the
ambient used for both CdTe deposition and CdCl, activation at both
NREL and CSM, while the CSU process was nominally oxygen-free. NREL
CdCl; activation was performed at 430 °C.

Time of flight secondary ion mass spectroscopy (TOF-SIMS) was
employed to study the MZO films both as-deposited and in completed
devices. Access to the MZO in the latter case was provided using a
thermomechanical liftoff approach which results in cleavage at the
MZO-CdTe interface [24]. Composition-depth profiling was performed
using 500 eV 02* jons. Transmission Electron Microscopy (TEM) was
used to investigate the structure of the CdTe films. TEM samples were
prepared by focused ion beam (FIB) milling using a dual beam FEI Nova
600 nanolab. A standard in situ lift out method described previously was
employed for sample preparation [25]. Device performance was evalu-
ated using a solar simulator at light intensity of 1-sun.

3. Results and discussion
3.1. Optimization of device performance

3.1.1. MZO thickness

Fig. 1 shows J-V curves of CdTe devices fabricated with MZO
thickness variation of 25-200 nm, and optimal MZO band gap of ~3.5
eV [22] identified in our recent work for the CSM CdTe device process
with CdCl; treatment done at 430 °C for 30 min. Similarly to what was
reported in literature [10], the efficiency improves as the MZO film
thickness increases from 25 to 100 nm, then stays relatively unchanged
in the 100-200 nm thickness range. The improvement in performance is
mainly due to FF and V.. Higher concentration of defects at the
CdTe/MZO interface could be the reason for the lower performance of
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Fig. 1. J-V curves for MZO thickness range of 25-200 nm.
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the thin MZO films (<50 nm) [11,16] as films are grown on the rough
FTO substrate [15]. Significant drop in V,. and FF for devices with 25
nm MZO film are consistent with modeled performance of devices when
a higher concentration of acceptor-like defects is present at the
MZO/CdTe interface [16]. It is somewhat surprising that even the
thickest 200 nm film produced relatively high FFs, considering that MZO
films are fully insulating and were unmeasurable with a standard
colinear 4 point probe. Based on this thickness study, MZO films with
thickness of 80-120 nm were used for further optimization.

3.1.2. CdCl, temperature

One of the advantages of MZO over CdS is that it allows for higher
temperatures to be used during the CdCl, treatment. In the past at CSM
devices employing CdS window layer experienced delamination for
CdCl, treatments at temperatures >405 °C. Performing CdCl, treatment
at elevated temperature should produce larger CdTe grains [26,27],
which in turn would help minimize the effects of grain boundary
recombination [5] and improve FF. Fig. 2 below illustrates J-V param-
eters versus CdCl, treatment temperature and time. For a 10-min
treatment, the efficiency is optimized at T = 440 °C. The improvement
in efficiency is mainly due to improvement in V.. On the other hand, the
drop in efficiency with greater activation temperatures is due to both V.
and FF deterioration. While devices with >16% efficiency were obtained
at T = 440 °C, there was evidence of rollover in the J-V curves suggesting
that this temperature was too aggressive. As shown in Fig. 2 it was found
that similar or somewhat improved performance was achieved by
reducing the temperature to 430 °C and extending the treatment time to
30 min. From visual inspection of the device stack no evidence of
delamination was observed for temperatures up to 450 °C, while sample
treated at 460 °C had spots that appeared hazy white in color, indicating
the presence of some delamination at the front of the device stack.

Cross-sectional TEM was employed to better understand the
observed efficiency of the devices. Fig. 3 shows cross-sectional TEM
images of the device stack from samples without CdCl; activation, under
optimal conditions (T = 430 °C/30 min), and with excessive treatment
(T = 450 °C/10 min). CdS baseline device with CdCl, treatment per-
formed at 400 °C is also shown for comparison. As can be seen from the
images, as-deposited CdTe grains are small (<1 pm) with significant
numbers of defects and dislocations, with further deterioration
approaching the MZO/CdTe interface. Very similar morphology was
reported in literature [28] for an as-deposited sample without CdCl,
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treatment. It is well known that the CdCl, treatment results in grain
growth, recrystallization and grain boundary passivation in CdTe ab-
sorbers [26]. Devices that underwent CdCl, treatment display large,
equi-axed grains several microns in size that provide pathways unin-
terrupted by grain boundaries from the front to the back contact.
However, when the treatment exceeds critical conditions the grains
appear to separate from one another, which is evident from the dark
regions at the grain boundaries, indicating development of voids
in-between grains. This grain separation is consistent with what has
been reported in literature [28], although temperatures above 450 °C
were required to see this effect.

3.1.3. Optimized devices

Fig. 4 illustrates the J-V curves of devices with optimized thickness of
MZO (~100 nm) and optimized CdCl, treatment at different MZO band
gaps, extracted from Tauc plots. From the figure we see that the J-V
curves follow the trends that were previously described in the literature
[10]. Flat or slight “spike” conduction band alignment at the front is
desirable. When the band gap is too high, the conduction band of MZO is
positioned higher than that of CdTe, causing a large barrier at the
interface. This primarily results in loss of FF and some drop in Jg.. On the
contrary, when the band gap is too low and the conduction band posi-
tion of MZO is lower than CdTe and a so-called “cliff” is formed, causing
recombination at the front interface and leading to loss of V.

Optimal MZO band gap of ~3.5 eV results in efficiency of almost
16%. It is important to note that these devices were produced with
significant amounts of oxygen present both in the CdTe growth and
CdCl, treatment ambients, as described in the Materials and Methods
section. Several research groups have reported significantly reduced
performance (<10% efficient) when oxygen was present during pro-
cessing [15,16,29]. It was hypothesized, based on simulations and de-
vice results, that removal of oxygen from the CdCly treatment
atmosphere is necessary to keep the oxygen vacancy concentration of
the MZO layer high enough (>10'® cm™) to allow band bending and
tunneling to reduce recombination at the junction [16]. Recently,
increased front contact barrier height was measured using admittance
spectroscopy, when the CdCl, treatment was performed in an oxygen
containing atmosphere [30]. Although important, the band bending due
to emitter doping and barrier height alone do not seem to provide full
explanation for the lower performance of devices employing conven-
tional MZO when oxygen is present in device processing ambient
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Fig. 2. J-V parameters of devices as a function of CdCl, activation temperature for treatment times of 10 (full circles) and 30 (open squares) minutes.
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b) CdS, 400°C CdCljc) MZO, 430°C CdCl, .o

Fig. 3. Cross-sectional TEM images of CdTe solar cells: a) no CdCl, treatment, b) CdCl,-treated at 400 °C with CdS window, ¢) CdCl,-treated at 430 °C with MZO

window, and d) CdCl,-treated at 450 °C with MZO window.
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Fig. 4. J-V curves of optimized CSM devices at too low, optimal, and too high
MZO band gaps with oxygen being present in both the CdTe growth and CdCl,
treatment ambients.

because poor performance with S-kink in J-V curves was observed even
for MZO band gap of <3.5 eV, which typically results in flat or slightly
positive conduction band offset at the MZO/CdTe interface [15]. Recent
modeling indicated that the formation of S-kink in this case could be
explained by higher density of acceptor-like defects at the MZO/CdTe
interface [16]. Good device performance achieved here seems to suggest
that reactively sputtered MZO is more stable during device processing
both with and without oxygen and more details will be provided in the
subsequent sub-sections. From Fig. 4 it is apparent that even for the
optimal device FF and V,. both have room for improvement. We hy-
pothesize that the biggest additional gain in devices using optimal MZO
is through optimization of the back contact, especially the recipe for
rapid thermal processing (RTP) of ZnTe:Cu, and this work is ongoing
[31,32]. Copper has a significant effect on recrystallization and inter-
diffusion at the back of the device stack so careful tailoring of back
contact activation is very important for optimized performance [33]. As
shown above MZO devices have large CdTe grains, which are bigger
than CdTe grains in devices with CdS window layer. As such it would
most likely require a different RTP sequence and temperatures to bal-
ance bulk and grain boundary Cu diffusion in CdTe.

3.1.4. Transferability

To study robustness and transferability, MZO films prepared by
reactive co-sputtering were converted into CdTe devices at both NREL
and CSU, and the results were compared to CdTe devices fabricated at
CSM. Fig. 5 shows J-V curves at 3 representative band gaps (too low/
optimal/too high) from combinatorial FTO/MZO superstrates prepared
at CSM and converted into devices at NREL and CSU, respectively. Note

that both institutions employed their standard process sequences
without further optimization. Both sets displayed good rectification at
the optimal MZO composition and either reduced V. or diminished FF
when the Mg level is insufficient or in excess, respectively. These trends
were consistent with literature [10] and the CSM devices in Fig. 4. An
efficiency of 15.5% was achieved for NREL devices and the optimal MZO
band gap was ~3.5 eV. The V. of 810 mV is lower than that of optimal
CSM device at 843 mV, again indicating that the Cu doping can be
further optimized for higher efficiency. Devices fabricated at CSU
reached an efficiency of 16.6% at an MZO band gap of ~3.6 eV. There is
a slight difference of 0.1 eV in optimal MZO band gaps which may reflect
the fact that CSM and NREL devices had oxygen in the processing
ambient while CSU devices were made in an oxygen-free environment.
In particular, the FF of the CSU devices were significantly improved,
which may reflect the absence of oxygen and/or a different back contact
scheme. Thus, while the reactively sputtered films were much more
resilient to the presence of oxygen, best performance may require its
omission.

In order to study the stability of our MZO films during processing we
used TOF-SIMS to compare Zn and Mg concentrations in an as-deposited
film with that from a delaminated device. Fig. 6 below shows depth
profiles (Mg, Zn, Sn) through the MZO layer and into the underlying
FTO. The bulk Mg and Zn counts are identical in both films. In the
processed device, both the Mg and Zn counts are initially low near the
surface, but their ratio in this region is nominally identical to the as-
deposited device. This artifact is attributed to imperfect delamination
which leads to roughness and there was residual CdTe present. It is well-
known that CdS undergoes significant interdiffusion and alloying with
CdTe during device processing [34,35]. If significant interdiffusion with
CdTe had occurred one would expect changes in the MZO composition
due to cation (Mg-Zn/Cd) and/or anion (O-Te) exchange. The nomi-
nally identical Zn and Mg counts across the bulk of the as-deposited and
processed film suggest that if CdTe/MZO interdiffusion occurs during
processing it is minimal on the MZO side, and its extent does not exceed
the level of interfacial roughness. Depth profile data also suggests that
MZO/FTO interdiffusion during processing is negligible. The Mg/Zn
profiles into the FTO are nominally identical for as-deposited and pro-
cessed films. The slopes of the Sn profiles near the MZO/FTO interface
are likewise similar, with a slight tail forming in a processed film which
is most likely an artifact associated with delamination. Recently pub-
lished results [15] suggested that the composition of the MZO may be
changing during device processing. The published XPS measurements
showed that the Mg concentration in MZO from a “peeled” device as well
as pre-heated film decreased compared to the as-deposited MZO, indi-
cating preferential loss of Mg during processing. The TOF-SIMS depth
profile data presented in Fig. 6 further points to the stability and process
resilience of reactively sputtered MZO films.

3.2. Stability of reactively sputtered MZO

3.2.1. Kelvin probe

To study the stability of the MZO films, several combinatorial sam-
ples were placed in a desiccator and Kelvin probe measurements were
performed periodically for about 6 months. Kelvin probe measures the
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work function and is a highly surface sensitive technique. Therefore,
monitoring the work function of a MZO film could potentially be used to
track any changes that occur on the surface [14,22]. Fig. 7 below il-
lustrates work function variation across one of the combinatorial sam-
ples. The MZO band gap is plotted on the secondary axis. The initial
measurement shows significant variation of the work function across a
3-inch substrate. The decrease in work function reflects the increasing
band gap (increasing Mg concentration). This is consistent with the
“common anion” rule [36], which states that the valence band energy of
the ternary alloy is nominally fixed and changes in the band gap are due
primarily to the movement of the conduction band. Furthermore,
assuming that the doping of the MZO stays relatively unchanged,
addition of Mg to ZnO would cause an upward shift in the position of the
Fermi level, which means the work function would decrease. It can be
seen from the figure that the gradient in the work function remains for
the duration of the “aging” test. Although there is some variation in the
absolute values of the work function there are no systematic changes
with time, and the qualitative trends are similar. These results suggest
that there is no significant change to the surface of the MZO film during
the testing period.

Fig. 8a shows a schematic energy level diagram for MZO. Using the
work function (¢) measurements the position of the Fermi level and
approximate carrier concentration in the MZO films may be estimated as
described below. Equations (1)-(3) below describe the relationship
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Fig. 7. Work function measurements performed over the course of 6 months

using Kelvin probe across a 3 inch combinatorial MZO sample. Sample was
stored in an atmospheric pressure desiccator in-between measurements.

between carrier concentration and the position of the Fermi level:

Er —Ep;=kT In <ﬁ> )}
n;
E
ni=exp| == | /NNy (2)
2kT
Ec+E, KT (Ny
EF,i*T‘F?lH <N70> (3)

where Eg; is intrinsic Fermi level position, Er is the actual Fermi level
position, n; is intrinsic carrier concentration, n is carrier (electron)
concentration, Eg is the band gap of the material, Ec is the conduction
band position, Ey is the valence band position, k is the Boltzmann con-
stant, T is temperature and N¢ and Ny are density of states in conduction
and valence bands, respectively. The band gap of pure reactively sput-
tered ZnO is 3.26 eV. If we assume N¢ = 1.8E+19 cm®, Ny = 2.2E+18
cm?® [37], we can calculate the intrinsic carrier concentration and the
actual carrier (electron) concentration required to shift the position of
the Fermi level closer to the conduction band at T = 300 K. The electron
affinity (y) defines the position of the conduction band edge, and for ZnO
its value is reported to be between 4.2 and 4.5 eV [38,39]. We use an
electron affinity of 4.5 eV for ZnO and assume that increases in band gap
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108 cm?.

with the addition of Mg reflect only changes in its conduction band
position, or an equivalent decrease in y. The position of the Fermi level
with respect to the conduction band is simply the difference between the
work function measured by Kelvin probe and the electron affinity of
MZO derived from its band gap. The carrier concentration is then
calculated using Equation (1), and these assumptions mean that the
resulting estimates of carrier concentrations presented below represent
an upper bound of their value.

Fig. 8b below illustrates the calculated position of the Fermi level
with respect to conduction band of a combinatorial MZO sample based
on work function measurements displayed in Fig. 7. Dashed lines in
Fig. 8b indicate theoretical positions of the Fermi level when carrier
concentration in MZO is 1010, 10" or 10'® cm™3. Across most of the
MZO library the position of the Fermi level is 0.3-0.5 eV below the
conduction band which corresponds to carrier concentrations in the
10%%-10'* em 3 range. Note that this variability reflects the small day to
day fluctuations in the measured work function, but for any given
measurement the carrier concentration is essentially constant across the
MZO library. To independently validate carrier concentration values,
simple resistors were fabricated by depositing Al contacts onto FTO/
MZO substrates. The resulting values of resistivity were in the 10°
Ohm*cm range, which corresponds to carrier concentrations on the
order of 10'! em ™3, assuming mobility of 20 cm?/V*s. Though debate in
literature remains, native point defects are usually considered to control
conductivity in ZnO films [40,41]. The data in Fig. 8 and the carrier
concentrations calculated from I-V measurements seem to point to the
fact that as-deposited MZO films have stable (equilibrium) concentra-
tion of point defects that leads to films being insulating and makes them
relatively insensitive to the presence of oxygen in high temperature
processing steps. We also note that these MZO film remained insulating
even after vacuum annealing at device processing temperatures. An
ideal emitter should have carrier concentrations ~10'8 cm 2 [12], and
this remains an unresolved challenge with MZO due to the amphoteric
nature of Mg [42]. The reactive sputtering approach described here may
be applied to host of compounds, and the combinatorial approach may
be very useful in rapidly evaluating new alloys for this application.

3.2.2. Aged vs. fresh devices

Lastly, MZO films devices were fabricated from the “aged” combi-
natorial sample. Fig. 9 compares of J-V curves of CdTe devices made at
CSM on fresh vs. aged MZO at equivalent band gaps. It is evident from
the data that the device performance is not affected significantly with
storing of MZO in the desiccator for a period of 6 months, which has not
been the case generally for MZO grown from fixed composition oxide
targets. In both cases efficiencies of around 14% are achieved-the dif-
ferences are within the noise of our standard device process. Neither
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Fig. 9. Comparison of J-V curves of devices from a “fresh” and “aged”
combinatorial sample.

fresh nor aged MZO surfaces were cleaned prior to device fabrication.
This is important to note because static TOF-SIMS measurements indi-
cated significant increase in both carbon and hydrogen counts for the
surface of aged MZO film, pointing to the accumulation of hydrocarbons
on the surface. These hydrocarbons could potentially have some nega-
tive effects on performance, but it doesn’t seem to be detrimental based
on the data in Fig. 9.

4. Conclusions

Reactive co-sputtering was shown to produce robust, high quality
MZO films, and the formation of combinatorial libraries accelerated
identification of optimal MZO composition. High efficiency (~16%)
CdTe devices were produced across multiple device platforms, with and
without the presence of oxygen in device processing steps. The reac-
tively sputtered MZO films were shown to be stable with respect to time
and through high temperature CdTe device fabrication. The resilience
and stability of MZO were attributed to stable (equilibrium) concen-
tration of point defects in the as-deposited films, which was consistent
with work function measurements over the period of 6 months. The
combinatorial approach described here is expected to be useful for
identifying both the optimal MZO composition to match ternary ab-
sorbers (i.e. CdSeyTe;.y), and for discovery of other improved emitter
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alternatives beyond MZO.
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