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Abstract: Motivated by their utility in CdTe-based thin film photovoltaics (PV) devices, an investiga-
tion of thin films of the magnesium-zinc oxide (MgyZn;_,O or MZO) alloy system was undertaken
applying spectroscopic ellipsometry (SE). Dominant wurtzite phase MZO thin films with Mg contents
in the range 0 < x < 0.42 were deposited on room temperature soda lime glass (SLG) substrates by
magnetron co-sputtering of MgO and ZnO targets followed by annealing. The complex dielectric
functions ¢ of these films were determined and parameterized over the photon energy range from
0.73 to 6.5 eV using an analytical model consisting of two critical point (CP) oscillators. The CP
parameters in this model are expressed as polynomial functions of the best fitting lowest CP energy or
bandgap Eg = Eg, which in turn is a quadratic function of x. As functions of x, both the lowest energy
CP broadening and the Urbach parameter show minima for x ~ 0.3, which corresponds to a bandgap
of 3.65 eV. As a result, it is concluded that for this composition and bandgap, the MZO exhibits
either a minimum concentration of defects in the bulk of the crystallites or a maximum in the grain
size, an observation consistent with measured X-ray diffraction line broadenings. The parametric
expression for ¢ developed here is expected to be useful in future mapping and through-the-glass SE
analyses of partial and complete PV device structures incorporating MZO.

Keywords: (Mg,Zn)O; optical properties; spectroscopic ellipsometry; CdTe photovoltaics

1. Introduction

Cadmium telluride (CdTe) thin film solar cell performance has advanced remarkably
over the past decade with significant increases in both small area device and large area
module efficiencies [1]. One focus of the reported improvements has been to increase photo-
generated carrier collection through the incorporation of composite or alloyed window and
graded absorber layers at the front of the solar cell. Successful approaches include a thinner
cadmium sulfide (CdS) or cadmium sulfide-oxide (CdS:0) window layers made possible
by a photoelectronically active CdTe;_,Sey graded alloy serving as the absorber layer
component. With such structures at the front of the solar cell, significant improvements
were achieved in the short circuit current density (Jsc) of the device but with little if any im-
provement in its open circuit voltage (Voc) [2-8]. Over these last several years, it has been
reported that resistive oxide materials can improve the open circuit voltage of the CdTe
solar cell by reducing interfacial recombination at the semiconductor n-p junction [9-11].
In fact, it has been demonstrated that a high-quality junction can be achieved between
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a high resistivity transparent (HRT) layer and a p-type CdTe absorber layer even without
the thin CdS or CdS:O layer, depending on the precise band alignment [12] and the front
barrier height [13] at the HRT/(absorber layer) interface.

This recent research has shown that ensuring proper energy band alignment at
the front of the CdTe solar cell is a critical approach for enhancing Voc of the device.
Mg, Zn;_,O (MZO) has attracted greater attention than other potential HRT layers in such
applications due to the flexibility it provides for engineering the interface between the
HRT and solar cell layers by tuning the bandgap (Eg) of the MZO through adjustment
of the Mg content (x) [10-15]. In fact, synthesizing a solid solution of ZnO (E; = 3.3 eV)
with wider bandgap MgO (E; = 7.8 eV) is a proven method for engineering wide bandgap
semiconductor layers for a variety of applications [16-19]. Thus, in the case of thin film
CdTe solar cells, applying MZO in an HRT bi-layer of SnO, /MZO results in interfaces that
act to facilitate electron extraction by minimizing interface recombination [12]. Finally, it is
found that the underlying MZO has a larger grain size in contact with the overlying CdTe
than does the traditional CdS window layer, thus improving the absorber layer junction
morphology when used in direct contact with CdTe [20].

It was observed that when a MZO thin film is applied in a heterojunction with a p-type
semiconductor, the conduction band minimum of the MZO shifts closer to the vacuum level
with increasing Mg content x [19,21]. This shift can increase Vo in a heterojunction solar
cell by reducing the conduction band offset [13,19,22,23]. In general, however, MZO thin
films may exhibit poor stability due to the possible presence of multiple phases including
metastable crystal structures [22]. Although the stable phases of ZnO and MgO are wurtzite
and cubic rocksalt, respectively, metastable phases of each compound may occur in the alloy
especially when the layers are deposited in energetic physical vapor deposition processes.
This makes it more difficult to obtain the desired homogeneous single phase with the
desired stoichiometric ratio, a well-defined and tunable bandgap, and a sharp Urbach
tail [22]. Consequently, many deposition processes and variables have been explored in
previous research to optimize the quality of MZO thin films as well as their resulting
performance in devices. Magnetron sputtering facilitates optimization of the MZO film
composition and structure through control of the target material composition, as well as the
species flux, surface mobility, and level of ion bombardment via adjustment of the applied
power, substrate temperature, and sputtering gas pressure settings, respectively [17,24,25].
Post-deposition treatments, such as surface passivation, annealing, and light soaking, serve
as further approaches to enhance the crystallinity and decrease the defect concentration in
MZO thin films [26-28].

To date, the effect of varying the Mg content of MZO films on solar cell device perfor-
mance has yet to be elucidated in detail. Further investigations are required to identify and
understand correlations between the MZO film optical properties and the performance of
the CdTe devices that incorporate MZO as either an HRT or a window layer. In this study,
a series of complementary measurements were performed to facilitate such correlations.
Toward this goal, we have determined the composition, as well as the structural and optical
properties of MZO layers, focusing on the thin film CdTe photovoltaics (PV) applications
of these layers. The MZO films were deposited by radio-frequency (RF) magnetron co-
sputtering from MgO and ZnO targets. Increasing the power applied to the MgO target
relative to that applied to the ZnO target enables the replacement of an atomic fraction
x of Zn by Mg in ZnO to form the Mg,Zn;_,O alloy. Prior to the measurement of their
properties, MZO films deposited at room temperature on soda lime glass (SLG) substrates
were subjected to a thermal cycle that such films would experience as an HRT layer in CdTe
solar cell fabrication. This approach results in a data set of basic properties of relevance for
the CdTe PV applications of greatest interest.

The thermally cycled SLG/MZO samples studied here span the range of Mg content x
from x = 0 to 0.42, as measured by energy dispersive X-ray spectroscopy (EDS) analysis.
Over this range, the stable phase of ZnO, i.e., the wurtzite phase, continues to be the
dominant phase of the alloys, as determined from their X-ray diffraction (XRD) patterns.
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In order to investigate the effect of Mg incorporation on the optical properties and energy
bandgap, these samples were measured by spectroscopic ellipsometry (SE), providing
complete optical characterization from the near-infrared to the ultraviolet (NIR-UV-SE)
spanning the photon energy range from 0.73 to 6.5 eV. The SE spectra were analyzed by least-
squares regression using structural and optical models with photon energy independent
variables of thicknesses that describe the structure and oscillator parameters that describe
the complex dielectric function spectra. The structural model includes SLG/MZO interface,
MZO bulk, and MZO surface roughness layers and the optical model includes two critical
point oscillators, one defining the MZO bandgap and the other located above the measured
spectral range. Although several of the oscillator parameters were fixed as a function of
the Mg content x, the best fitting variable oscillator parameters of the deposition series
were smooth functions of the composition. From these best fitting analyses, an increase in
bandgap energy from Eg = 3.26 to 3.83 eV was observed for the wurtzite MZO over the
range from x = 0 to 0.42. In addition, the bandgap CP broadening and the Urbach parameter
showed minima for x ~ 0.3, which corresponded to a bandgap of 3.65 eV, suggesting either
a minimum in the defect concentration in the crystallite bulk or a maximum in the grain
size for this composition. In fact, all best fitting variable CP parameters when plotted versus
the best fitting bandgap, which is more accurately determined than x, exhibit systematic
behavior that can in turn be fit with polynomial functions. Thus, the polynomial coefficients
serve as a database that enable prediction of the MZO complex dielectric function for any
specified bandgap. Such a database is expected to have important future applications in
the metrology of PV device structures incorporating MZO.

This article is organized in the following manner. Section 2 provides the experimen-
tal details of materials fabrication along with the instrumentation used for NIR-UV-SE.
Section 3 is divided into three sub-sections each presenting experimental and modeling
results as well as accompanying discussion. Sections 3.1 and 3.2 present the results of
structural and compositional analyses of the annealed SLG/MZO substrate/films by XRD
and EDS, respectively. Section 3.3 is the key foundational component of the research and
presents a parametric description of the complex dielectric function of the MZO films as
a function of bandgap. The results of this section enable various metrological applications
that will be presented in future reports. Applications of these results, and further means of
characterizing our samples, are then discussed in Section 3.4. Finally, Section 4 provides
a summary of the major conclusions of this work.

2. Materials and Methods

MZO thin films were prepared using RF magnetron co-sputtering from 10 cm diameter
ZnO and MgO targets on rotating SLG substrates at room temperature. The SLG is
15 cm x 15 cm in size and is located ~20 cm from each of the two targets. Sputtering
is performed in pure Ar gas at a flow rate of 23 standard cm?®/min and a pressure of
4 x 1073 Torr, yielding a deposition rate of ~9.1 nm/min. Table 1 shows the pairs of RF
power settings applied to the individual MgO and ZnO targets. These power settings
enable control of the Mg atomic fraction x in the set of MZO samples over the range
0 < x <0.42 as determined by EDS measurements. The as-deposited MZO samples were
subjected to the thermal cycle of solar cell deposition, which involves annealing under
vacuum at 250 °C for 120 min.

An X-ray diffractometer (Rigaku Ultima III, Rigaku Corporation, Akishima-shi, Tokyo,
Japan) operating at 40 kV using Cu Ko (0.154056 nm) was applied to characterize the
phase and crystallographic structure of the annealed samples as well as to estimate the
lower limit of the crystalline grain size, the latter from the widths of the diffraction features.
Following a procedure of baseline correction, the diffraction features are fitted to Lorentzian
lineshapes using a Savitzky-Golay algorithm. The software package JADE® (version 10.0,
Materials Data, Inc., Livermore, CA, USA), used in conjunction with the diffractometer,
enables isolation of instrumental broadening and its correction. The size of the coherently
scattering domains in the MZO samples are on the scale of nanometers; however, due
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to the low deposition and annealing temperatures, the broadening related to the sample
structure is much greater than the instrumental broadening.

Table 1. The RF magnetron power settings for sputtering of MgO and ZnO targets, the Mg molar
fraction x for each sample as determined from energy dispersive X-ray spectroscopy measurements,
and the resulting MZO bandgap from NIR-UV spectroscopic ellipsometry measurements. For the
sample with the third highest x, the power applied to the MgO target has reached its limit, and for
higher x, the power applied to the ZnO target is reduced.

ZnO RF Power MgO RF Power Mg Content, MgyZn;_xO Ep = Eg
(Watt) (Watt) x (Atomic Fraction) (eV)
240 0 0 3.264 £ 0.001
240 200 0.16 = 0.02 3.433 4 0.002
240 300 0.26 4= 0.05 3.554 4= 0.003
240 400 0.28 £ 0.07 3.613 £ 0.002
240 500 0.32 +0.06 3.690 & 0.002
225 500 0.37 +0.03 3.781 4= 0.003
200 500 0.42 £ 0.07 3.826 £ 0.002

The composition x of each annealed MZO film is determined by EDS using a scanning
electron microscope (SEM) (Hitachi 5-4800, Hitachi, Tokyo, Japan). To determine the
standard deviation in composition for a given sample which defines the measurement
error, this measurement is repeated five times at different locations.

Additionally, the annealed samples of this set were measured by NIR-UV-SE employ-
ing a rotating-compensator multichannel ellipsometer (Model M2000-D], J. A. Woollam
Co., Inc,, Lincoln, NE, USA) for a photon energy range from 0.73 to 6.5 eV. The resulting
data are analyzed to produce a parametric description of the complex dielectric function
spectra as a function of a single parameter, the bandgap Eg, appropriate for future appli-
cations of the description for as-deposited solar cell structures on which CdS/CdTe solar
cells are fabricated. The parameterization is performed in terms of bandgap rather than
composition due to the much smaller confidence limits on the bandgap measurement.
The composition can be deduced from the bandgap by inverting the relationship to be
presented in Section 3.2. To obtain the parametric description, the Levenberg-Marquardt
algorithm is used for non-linear least-squares regression with photon energy independent
free parameters. The goal of the analysis is to identify the set of parameters that minimize
the error function between the experimental data and the simulated results and determine
the confidence limits on these best fitting parameters. As shown in Table 1, this analysis
allows us to conclude that the Mg atomic fraction range of 0 < x < 0.42 leads to a bandgap
range of 3.264 eV < E; < 3.826 eV.

3. Results and Discussion
3.1. X-ray Diffraction (XRD)

Figure 1 shows the XRD patterns of six MZO thin films deposited on SLG substrates
and annealed at 250 °C for 120 min, identified according to the bandgap values also
provided in Table 1. In general, the weakness of the diffraction patterns indicates poor
crystalline quality of the MZO films [29]. This may be attributed to the low deposition
and annealing temperatures and the amorphous character of the underlying SLG sub-
strate, as well as the relative thinness of the layers [30,31]. As a result, a thermodynamically
metastable structure consisting of fine grained MZO evolves on the substrate due to the lim-
ited surface diffusion and bulk relaxation. Amorphous SLG was adopted as the substrate
for the XRD analyses since only MZO crystalline features appear in the diffraction patterns
whereas, for the conventional SnO,:F transparent conducting oxide coated substrates used
in CdTe PV devices, SnO; features will occur as well. In fact, most researchers studying
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PV applications of MZO have deposited these films on TEC™ glass, a SnO,:F coated
product designed for various applications including PV (NSG Pilkington NA) [29,32,33].
For low temperature MZO deposition and annealing, however, the diffraction features of
the SnO,:F layer of the TEC™ glass materials dominate the XRD pattern, making it more
difficult to resolve the peaks associated with the MZO film.

H(002) H: Hexagonal ]
H(100) . H(101) C: Cubic

H(102) H(103)
he A Prectarent oAttt 3836V_

v, 378 eV

i, 3.69 €V |
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Figure 1. X-ray diffraction patterns measured with Cu-Ko radiation (wavelength: 0.154056 nm) for

3.61 eV

Intensity (counts)

MgyZn;_,O thin films deposited with different Mg contents on room temperature soda lime glass
substrates and annealed at 250 °C for 120 min. The samples are labelled according to their bandgaps.

The most clearly observable feature in the pattern for MZO on SLG in Figure 1 is
near 34°, indexed as a (002) plane diffraction, revealing that the MZO films crystallize in
the hexagonal crystal system. The presence of this feature also reveals that the dominant
phase for all MZO films exhibits the wurtzite crystal structure which is the stable phase
of ZnO [19,29-36]. With increasing Mg atomic fraction x, this (002) peak shifts to higher
diffraction angle characteristic of the decrease in lattice parameter ¢ due to the substitu-
tion of Mg at Zn lattice sites [29-31,33,34,36]. These results are in reasonable agreement
with Wang et al. and Baines et al. who reported results on MZO films with Mg contents
ranging from x = 0.0 to 0.25 deposited at higher substrate temperatures to different thick-
nesses [29,33]. The XRD pattern in Figure 1 shows additional weakly diffracting features
also attributed to the wurtzite phase of MZO, the low index (100), (101), (102), and (103)
diffraction peaks being recognizable. As noted, the weak diffractions are likely to occur
due to the relatively low deposition and annealing temperatures used for this set of films
and the thin layer deposition on an amorphous substrate [30]. Diffractions from (110) and
(112) planes are also expected for the wurtzite crystal structure; however, these diffractions
are too weak to be observed here. A literature study suggests that, in order for these peaks
to be observed clearly, the MZO must be annealed at temperatures greater than 400 °C [31].

Figure 2 shows the results of calculations of crystalline size for the samples of Figure 1
determined from the widths of the diffraction peaks applying the Scherrer equation. The
standard deviations arise from independent determinations from the (002), (101), (102),
and (103) peaks, the four most visible diffractions in Figure 1. Because the Scherrer
equation describes the average sizes of coherently scattering crystalline units in the sample,
it represents a lower bound on the crystallite size due to the presence of intragranular
disorder due to alloying, point and planar defects, as well as variations in strain which also
contribute to peak broadening. The defective nature of the crystallites as a result of the
low deposition and annealing temperatures of the MZO may contribute to the small sizes
over the range from 3 to 8 nm in Figure 2. It is interesting that the largest lower limit on
the crystalline size occurs for the higher x compositional range of ~0.3-0.4, corresponding
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to a bandgap range of 3.7-3.8 eV, suggesting a reduction in intragranular defect density
or grain size with the increase in x. Similar observations have been made in previous
studies of low temperature magnetron sputtered MZO films [37,38]. This improvement
in crystallinity with x may occur due to relaxation of the structure made possible by the
substitution of Mg at Zn lattice sites.

8 T T T T T

~
T
1

()]
T
1

Crystalline size (nm)
H (&)

w
T
1

34 35 3.6 3.7 3.8 3.9
Bandgap (eV)

N

Figure 2. Crystalline size applying the Scherrer equation to the widths of the diffraction peaks for
the MZO samples of Figure 1. The error bars are the standard deviations arising from independent
measurements from the (002), (101), (102), and (103) diffractions, the four most visible peaks in
Figure 1. The line is a guide for the eye.

Diffractions associated with a separate cubic rocksalt phase including those of the
(111), (220), and (311) planes appear only for samples having Mg content within the range
of 0 < x < 0.28. These diffractions surprisingly disappear for samples with x > 0.28. Given
the similarity of the lattice constants of rocksalt MgO and ZnO, it is possible that small Mg
additions stabilize a Mg; —xZn,O cubic rocksalt phase in the nanocrystalline form of MZO
resulting from the low temperature processing [39].

Finally, it should be emphasized that in order to avoid the low crystalline quality and
secondary metastable phases, a possible strategy is to adopt elevated temperatures for
deposition or post-deposition annealing. This strategy was found not only to improve film
structure but simultaneously to widen the MZO film bandgap [30,34,35]. Such an approach,
however, adds another parameter in addition to the ZnO and MgO target power levels that
would require investigation of its effect on film composition.

3.2. Energy Dispersive X-ray Spectroscopy (EDS)

EDS measurements performed on the MZO films on SLG substrates listed in Table 1
have revealed an average oxygen content of 50.8 at.% with a standard deviation of 3.0 at.%
for the set of seven samples. For each sample, multiple measurements at different locations
led to standard deviations ranging from 0.4 to 2.5 at.%. Figure 3 shows the Mg atomic
fraction x in MZO from EDS and bandgap E¢ from NIR-UV-SE, both also reported in
Table 1. The bandgap values in Table 1 and Figure 3 are obtained from the dielectric
function parameterization to be described in the next sub-section. Experimental results are
presented in Figure 3 from Refs. [16,40] as well, and theoretical results are presented from
Ref. [41] including the bowing effect but shifted by a constant energy to match the 3.26 eV
bandgap of ZnO.

The reason for selecting the compositional range of x = 0 to 0.42 in this study is to span
the range over which wurtzite is reported as the energetically favorable crystal structure
and to avoid a dominant rocksalt phase that develops above x ~ 0.5, depending on the
deposition method and conditions [41-43]. It was found that an increase in substrate
temperature can increase the Mg content of the single-phase MZO, and thus increase its
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bandgap, through the preferential desorption of Zn atoms [42,44,45]. Because the samples
of Table 1 and Figure 3 were deposited at room temperature and annealed at 250 °C, any
such enhancement in Mg concentration is avoided [16]. In this study in fact, the power
applied to the MgO target is a factor of 2.5 times the power applied to the ZnO target to
reach x = 0.42.

— Fanetal (2008) —e— Kutlu-Narin et al. (2021)
| 4 Ohtomoetal (1998) m Data from this work

- Eqn) (€V) = (3.26eV) (1-x) +
(6.2eV)x-(0.87eV)x (1 -x)

W o w A~k AA
o o N b O

Egexp (€V) = (3.261£0.022 eV) (1 -x) +
(5.298 £ 0.300 eV) x — (1.105 + 0.486 eV) X (1 —X)
1 M 1 M M 1 M

MgxZn1-xO bandgap, Eg (eV)

o N A~
1

00 01 02 03 04 05

Mg content, x

Figure 3. Bandgap of MZO thin films as determined from NIR-UV spectroscopic ellipsometry (SE)
analysis plotted as a function of Mg atomic fraction as determined by energy dispersive X-ray spec-
troscopy (EDS) (squares). Over this range of Mg content, the MZO films exhibit a dominant wurtzite
phase. Error bars on the Mg content arise from the standard deviation of multiple measurements
whereas error bars on the bandgap arise from the confidence limits in the SE analysis. The latter
are in the range of £0.001 to £0.003 eV, smaller than the data point size. The solid blue line is the
best fitting quadratic expression. Experimental data from Refs. [16] (triangles) and [40] (circles) and
a theoretical result from Ref. [41] incorporating a bowing parameter (black line) are also shown.

In Table 1 and Figure 3, the bandgap of the dominantly wurtzite MZO films is observed
to increase from 3.264 to 3.826 eV as the Mg atomic fraction increases from x = 0 to 0.42
in accordance with a quadratic relationship. The relatively large error bars on the Mg
content represent the standard deviations from multiple measurements at the different
locations on the sample which also lead to bandgap variations over the surface that can be
evaluated rapidly and with millimeter scale resolution using mapping SE methods similar
to those described elsewhere for CdS and CdSe [8]. Within the resulting large error bars
on the bowing parameter, this parameter agrees with the deduced theoretical value [41].
Our results for the best fitting relationship between E¢ and x lie within the range of those
of Wang et al., Zhang et al., and Kutlu-Narin et al., who fabricated MZO thin films in
low temperature co-sputtering and ultrasonic spray processes [29,37,40]. The differences
among the various studies may be attributed to the influence exerted on the bandgap by
film properties other than composition such as the film density, crystallinity, stress, and the
concentration of n-type defects. For sputtered samples, differences in these properties may
result from differences in target power levels, gas pressure, and substrate temperature.

3.3. Parameterization of the MgxZn;_,O Complex Dielectric Function Spectra versus Mg
Content x

Figure 4 shows ellipsometry spectra (i, A) measured from the film side of a sample
consisting of thin film MZO deposited on SLG. The sample was prepared with a power
level of 240 W applied to the ZnO target and 500 W applied to the MgO target (see
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Table 1), yielding x ~ 0.32. The intended effective thickness of the MZO film at the center
of the sample was 250 nm. Layers approximately a factor of two thinner are used in
device structures. The larger thickness enables higher sensitivity for analysis of the crystal
structure, for the extraction of the MZO complex dielectric function spectra € = ¢; — i€y, and
for evaluation of the depth uniformity of ¢ through the quality of the fit to the interference
oscillations in the SE data. The pair of spectra in Figure 4 was obtained at a single location
on the SLG/MZO sample with coordinates (3.75, 4.69) (in cm), measured such that the
center of the 15 cm x 15 cm sample is (0, 0). The measurement location is relevant to
mapping SE studies that will be described in future reports.

15

LN R Y
‘% ks

¢ Data —— Model fit
----- Model fit
L

5

1 2 3 4 6
Photon energy (eV)

(a) (b)

Figure 4. (a) Ellipsometric spectra (i, A) for a MgyZn;_, O sample fabricated on a soda lime glass
substrate with power levels of 240 W and 500 W applied to the ZnO and MgO targets, respectively,
yielding a Mg content of x = 0.32 & 0.06 and a bandgap of Eg = E¢ = 3.690 & 0.002 V. The experimental
data (points) are plotted along with the best fitting simulation (lines). The plot corresponds to results
for a single representative location with coordinates (3.75, 4.69) (in cm), measured such that the center
of the 15 cm x 15 cm sample is (0, 0). Here the MgyZn;_,O bulk layer and effective thicknesses
are ~225.6 nm and 232.0 nm, respectively. The parameters defining the complex dielectric function
spectra from the optical model appear in Figure 5 with best polynomial fits versus Eg = Eg reported
in Table 2. (b) The structural model and associated parameters corresponding to the best fit in
(a) are shown.

In the analysis of the (1, A) data set for each of the SLG/MZO samples, such as
the set of Figure 4a, the spectra in ¢ to be used in a parameterization versus x must be
determined together with the structural parameters. Furthermore, the dielectric function
of the uncoated SLG substrate is also needed. These latter results were determined from
an analysis of corresponding SE data acquired on a representative substrate before MZO
deposition. Parameterization of ¢ = ¢ — iep for the MZO layers applied an analytical
expression consisting of the combination of a constant offset to the real part of the dielectric
function €1 and two critical point (CP) oscillators having a complex analytical form. Each
CP oscillator is derived assuming parabolic bands when the band energies are plotted
versus wave vector. A lower energy oscillator simulates the bandgap features in €1 and
€2 whereas a higher energy feature is outside the measured spectral range and serves to
generate dispersion in €1 over the measured range. The non-zero, but weak ¢, spectrum
below the lowest CP energy or bandgap Eg, representing broadening of the bandgap
transition from various sources, cannot be described accurately using the CP oscillator
expression. Thus, for energies below an assigned near-bandgap transition energy, i.e.,
E < E;, the CP generated expression for ¢, is replaced by an Urbach absorption tail. The
associated weak contribution of this tail to ¢1 through Kramers-Kronig relations is neglected.
The SE analysis procedure and the representative results in Figure 4a for the SLG/MZO
sample with x ~ 0.32 and Ey = E¢ = 3.690 & 0.002 eV will be described in detail in the
following paragraphs.
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Figure 5. Best fitting variable parameters of lower energy CP (a) amplitude, (b) broadening, and
(c) exponent, as well as the (d) Urbach slope representing the MZO dielectric function according to
Equations (1) and (2).

Table 2. Polynomial expressions in terms of bandgap CP energy Eq = Eg for the four variable optical

parameters along with values for the single linked and seven fixed optical parameters deduced in
NIR-UV spectroscopic ellipsometry analyses of SLG/MZO samples. The information in this table
along with Equations (1) and (2) can be applied to predict the dielectric function of Mg,Zn;_,O for
any specified value of E; within the range 3.264 eV < E¢ < 3.826 eV.

Oscillator Parameter Value/Expression in Terms of Eg
13214 — 5.6414E + 0.879E,>
44 (3.264 eV < Eg < 3.690 e\2/) .
9700.7933 — 7900.0075E, + 2145.2291E,2 — 194.1559E,
(3.690 eV < E, < 3.826 eV)
Ep Ep (eV) Eq
To (eV) —39.357 + 34.641E, — 10.101E,2 + 0.979E,>
@o (degree) —6.613
Mo 14.847 — 12.464E; + 3.530E> — 0.332E,°
Aq 3.902
Eq (eV) 8.754
E I (eV) 0.0248
@1 (degree) 113.156
1 0.392
€10 1.729
Urbach E; (eV) Eq
absorption Ey (V) 32,548 + 28.609E, — 8.3303E,2 + 0.8054E,

tail
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The final best fit to the experimental data in Figure 4a applies the three-parameter
structural model of Figure 4b that includes MZO bulk and surface roughness layer thick-
nesses along with the MZO volume percentage in the surface roughness layer. The 1.5 nm
SLG/MZO interface layer is established in a measurement of the uncoated SLG substrate
and is interpreted as surface modulations on the glass that are filled by MZO upon its
deposition on the SLG. The dielectric functions of the interface modulation layer and the
MZO surface roughness layer are determined using the Bruggeman effective medium
approximation (EMA) [46]. This same structural model is used for all SLG/MZO samples.

The development of the appropriate optical model that can be used for all samples
is a greater challenge. Given that the dielectric function is modeled with a constant real
part, two CP oscillators, and an Urbach tail, as noted above, there are a maximum of
13 possible optical property free parameters. The mathematical expression applied for ¢;
over the full range of photon energy E and for ¢; over the range of E above E;, the Urbach
to band-to-band transition energy, is given by [47,48]

e(E) = €1(E) —ie2(E) = €10 + Ly An{exp(ign) H{(Tn/2)/[En — E—i(Tu/2)]}". (1)

where Ay, Ey, 'y, ¢u, and y;, are the amplitude, resonance energy, broadening energy,
phase, and exponent, respectively, for the CP indexed by n (n =0, 1), and €1, is the real
constant contribution to e1. Thus, of the maximum 13 parameters, 10 are associated with
the two CP oscillators. One parameter is the constant contribution to €1, and two define
an expression for ¢, describing the Urbach tail for E < E;, which takes the form:

Sz(E) = Ez(Et) exp[(E — Et)/Eu]; E < E, (2)

where E, is the Urbach parameter and E; is the transition energy. This Urbach tail expres-
sion is used to replace ¢, from Equation (1) for E < E;. In this model, E; was set equal to
the fundamental bandgap Eo which is the critical point energy; thus E; = Eg = E¢ [49]. For
these MZO samples no deep sub-bandgap absorption component was detected in €5, as
was observed in some CdS thin films fabricated by sputtering as described in Ref. [8].
Because the higher energy CP lies above the spectral range of measurement, it was not
possible to vary all 13 parameters of the optical model for any given sample. In fact, it was
necessary to fix the resonance energy E; of the higher energy CP to prevent instability of
the fitting and strong correlations between pairs of parameters of this CP. The fixed value
of E1 = 8.754 eV was chosen for consistency with the results of Schmidt-Grund et al., who
measured the ordinary dielectric function of c-plane MZO thin films by SE over the photon
energy range from 4.5 to 9.5 eV [50]. With E; fixed and E; linked to Ey, as described in the
previous paragraph, the correlations become manageable such that a fit to the (1, A) spectra
is possible for the pure ZnO sample (x = 0) with the lowest bandgap of 3.264 eV. Thus, the
data for ZnO could then be fit with a total of three structural and 11 optical parameters.
Because the CP of interest is that at lower energy near the center of the measured spectral
range, its parameters of energy, amplitude, and broadening which control the position,
strength, and width of the bandgap feature, respectively, are not significantly correlated in
this fit of the data for the pure ZnO sample. The two parameters of exponent and phase
that control the detailed shape of this CP, however, are more strongly correlated. Similarly,
the lower energy CP amplitude and the constant contribution ¢y, are also correlated. As
a result, for analysis of the set of MZO alloys used in dielectric function parameterization,
the phase ¢ of the lower energy CP and the real contribution €1, were fixed at (—6.613°,
1.729), respectively, values obtained in the fit to the (i, A) spectra for the pure ZnO sample.
The analysis of the pure ZnO sample thus led to a 12-parameter model with three
structural and nine optical free parameters in an initial analysis of the set of MZO samples.
As expected, relatively large correlations are still observed in this analysis between pairs of
the remaining four parameters of the higher energy CP. Such correlations warrant fixing
these parameters as (A1, I'1, ¢1, 1) = (3.902, 0.0248 eV, 113.156°, 0.392), average values
obtained from the set of MZO samples. Then, in a final iteration of the fitting procedure
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applied to the (¢, A) spectra for the set of MZO samples deposited on SLG, the three
structural free parameters and the five remaining optical free parameters are determined
along with their confidence limits. The latter parameters include the lower energy CP
amplitude Ay, resonance energy Eg = Eg, broadening Iy, and exponent yg, as well as
the Urbach energy E,. In this final iteration, higher fitting stability with no significant
reduction in the quality of the fits for the collection of samples could be obtained. By
using this five-parameter optical model, the confidence limits on the resulting parameters
and the fluctuations were sufficiently small that well-defined trends versus x could be
identified. In fact, the use of five optical free parameters to describe ¢ = ¢1 — i¢; for the
set of MZO layers is understandable as a general consequence of the spectral range and
photon energy locations of the two CPs of MZO. Similar two CP approaches were used for
other transparent conducting oxide materials and HRTs [49,51].

The solid lines in Figure 4a provide the final best fitting results for the MZO sample
with x = 0.32 using the eight free parameter model whereby the optical model was reduced
to five free parameters as described in the previous paragraph. Figure 4b shows the three
best fitting structural parameters from this model including the bulk and surface roughness
layer thicknesses of 225.6 + 0.4 nm and 7.9 &+ 0.3 nm, respectively. Application of the
Bruggeman EMA led to a best fitting MZO content of 71.3 & 0.5 vol.% in the roughness
layer. Because the roughness layer thicknesses for all MZO samples are more than an order
of magnitude smaller than the wavelength of the SE probe light within the material, even
for the shortest probe wavelengths, then we expect that the EMA approach is valid and
the structural analysis is accurate [52]. Previous studies of amorphous semiconductors,
transparent conducting oxides, and metals have demonstrated close linear correlations
between the roughness thickness deduced by atomic force microscopy and that by SE over
the SE roughness thickness range of 1-10 nm. These previous results also support the
validity of structural analyses by SE for < 10 nm thick roughness layers [53,54].

Figure 5 shows the four variable optical parameters and confidence limits including
the bandgap CP parameters Ay, I'g, and y, along with the Urbach energy E,, all plotted as
functions of the fifth variable parameter which is the bandgap energy E = E¢. The bandgap
is used in the plot as it is more accurately defined than the composition obtained from
EDS analysis, as noted previously. Table 2 shows the best fitting polynomial expressions
for the four variable parameters from the regression analyses, given in terms of Eg = Eq.
Table 2 also shows the fixed ¢, value and the six fixed oscillator parameters. In fact,
Figure 5 and Table 2 show that although Ay, Iy, po, and E;, are assumed to be independent
variables in the analysis, their values appear closely linked to the Eg = Eg value as indicated
by the relatively smooth variations in Figure 5. Thus, the polynomials as well as the
linked and fixed parameters in Table 2 in conjunction with Equations (1) and (2) provide
analytical expressions for the dielectric function over the spectral range from 0.73 to 6.5 eV
for any specified value of the MZO bandgap over the range from E; = 3.264 eV for x = 0 to
Eg =3.826 eV for x = 0.42. Figure 6 shows the analytical forms of the dielectric functions
of six hypothetical samples with bandgaps ranging from 3.30 to 3.80 eV in steps of 0.1 eV.
These spectra are generated by Equations (1) and (2) and the parameters reported in Table 2.

The four best fitting polynomials of Figure 5 show consistent extrema in the range
Eq = 3.65-3.75 eV, corresponding to Mg atomic fractions of x ~ 0.30-0.35. These include
maxima in Ag and po near Eg ~ 3.75 eV and minima in Ty and E, near Eg ~ 3.65 eV.
In Figure 5a, the bandgap CP amplitude Ay is observed to increase with increasing Mg
content x for x < 0.35, reaching its maximum near x = 0.35, and then to decrease for the
highest x values. The decrease in Aj suggests a structural transition for x > 0.35 associated
with an abrupt increase in void content within the MZO. The XRD indicates a dominant
wurtzite phase both above and below this x = 0.35 transition, and therefore no change
in the crystal structure. The widths of the XRD peaks indicate an improved crystalline
structure or larger grain size in the compositional range where the extrema in the optical
parameters occur in comparison with the lower x (<0.25) samples.
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Figure 6. Analytically determined complex dielectric function (e = €1 — ie;) spectra for hypothetical

Mgy Zn; O films with different Mg contents x and bandgap energies Eq = Eg. (a) photon energy
of £1; (b) photon energy of €. These spectra were determined from Equations (1) and (2) using the
bandgap and linked E; value, seven fixed parameters, and four polynomial descriptions as presented
in Table 2. The polynomial expressions in Table 2 enable linking the additional four parameters to
the bandgap, enabling the dielectric function spectra to be specified by the single bandgap variable.

As the CP amplitude increases with x for x < 0.30, both the bandgap CP broadening
parameter and the Urbach tail slope are observed to decrease, reaching consistent minima
near x = 0.31 as shown in Figure 5b,d. The broadening parameter associated with optical
transitions in general, as well as the Urbach energy associated with bandgap transitions,
are well known to be very sensitive to the structure of the material. Considering materials
of the same composition, as exemplified by pure silicon, the single crystal shows a lower
broadening parameter than polycrystalline and nanocrystalline thin films, which in turn
show lower broadening parameters than amorphous thin films [55]. The introduction
of various structural features can account for these broadening trends and for the tailing
of the absorption onset into the bandgap. These include grain boundaries, intragranular
defects, and strain in crystalline films, as well as disorder, density variations, and voids in
amorphous films. Relevant for the case of MZO, alloying resulting in a disordered solid
solution may also increase broadening and band tailing in crystalline and amorphous
materials [56].

These free parameters are plotted versus the bandgap CP energy Ey = E¢ and are
obtained along with E in regression analyses of SE data acquired on selected SLG/MZO
samples. A three-parameter structural model as in Figure 4b and a five-parameter optical
model are used in the analysis. The solid lines depict best fitting polynomials that describe
the four parameters continuously versus Eg = Eg. The polynomials are presented in Table 2.
The necessity of a two-segment polynomial fit for the CP amplitude in panel (a) indicates
a structural transition with increasing x near x ~ 0.35 and Eg = E¢ ~ 3.75 eV. The second
polynomial segment is constrained so that the amplitudes and the first derivatives of
the amplitudes with respect to Ej are continuous at the transition bandgap of 3.690 eV.
Minima in both the bandgap CP broadening and Urbach slope with increasing x near
x ~ 0.3 and Ep = E¢ ~ 3.65 eV suggest a minimum in the density of defects that scatter
electrons or a maximum in the crystalline grain size just before the structural transition
with increasing x.

The broadening parameter of optical transitions can also be understood as inversely
proportional to an excited state lifetime or to an excited carrier mean free path, the latter
providing information on the relative grain size of polycrystalline films or more generally
the concentration of scattering centers. Thus, combining this general discussion with the
experimental observations of Figure 5 suggests that the excited state lifetime and associated
electron mean free path for excitations in the MZO samples increase with x at low x reaching
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a maximum at x = 0.31. This may suggest an increase in crystalline grain size or quality
over the range from x = 0 to 0.31 with a reversal accompanying the structural transition for
x> 0.31. Thus, one may conclude that MZO with x ~ 0.3 exhibits the lowest concentration
of crystalline defects that act as scattering sites [49,55]. This result is surprising, given that
alloying typically results in enhanced broadening and Urbach tails, but is qualitatively
consistent with the XRD measurements of crystallinity, considering the larger error bars in
Figure 2 relative to those on the optical parameters in Figure 5. A similar trend in E;, to that
in Figure 5 but at higher x was reported previously, however, and attributed to relaxation
of the wurtzite structure by an incipient cubic phase [57].

Additional literature reports describe in detail the phase and structural transitions
with increasing Mg content x in MZO starting from the pure wurtzite phase at low x. Such
reports also present correlations of these transitions with crystalline quality. Using a pulsed
laser deposition process and a c-plane sapphire substrate at a deposition temperature of
600 °C, Ohtomo et al. detected a transition in the MZO films with increasing Mg content x
at a composition of x ~ 0.33 [16]. This was attributed to the incorporation of a (111) oriented
MgO rocksalt phase impurity within the dominant wurtzite phase and suggested a solubil-
ity limit at least as high as x = 0.33 for MgO in ZnO under the deposition conditions used
in their study. Applying first principles computations, Maznichenko et al. [43] predicted
a phase transition from wurtzite to rocksalt at a Mg content of x = 0.33, consistent with
the studies of Ref. [16]. In a laser deposition process for MZO similar to that of Ref. [16],
using c-plane sapphire substrates held at a higher temperature of 750 °C, an increase in
optical transition broadening with increasing Mg content was observed to the highest Mg
contents of the study, x ~ 0.5 [50]. This increase was attributed to a decrease in structural
homogeneity with Mg incorporation that also resulted in a damping of the bandgap exci-
tonic features. The results reported in these studies are likely to represent behavior close to
equilibrium given the high substrate temperatures.

Different behavior was observed for MZO films deposited by DC sputtering on CaF,
substrates at lower temperatures of 250 °C, as reported by Huso et al., who characterized
the Urbach energy for films over the range from x = 0 to 0.68 [57]. For Mg contents x < 0.5,
the dominant contribution to the Urbach tail was ascribed to grain boundaries and defects
such as dangling bonds whereas for the highest Mg contents of x > 0.6, an inhomogeneous
mixture of phases was a possible contributing factor. Additionally in Ref. [57], E;, was
found to exhibit a minimum similar to that of Figure 5, but at a higher Mg content of x ~ 0.55.
This minimum in E,, was observed prior to an abrupt increase versus x, and the minimum
was attributed to incipient formation of the rocksalt phase which enables relaxation of
the wurtzite structure and a reduction in band tail states [57]. A minimum in E, may be
a common feature of low temperature sputtered films with substantial compressive stress.
The incorporation of Mg, in addition to the proposed incipient rocksalt phase, may serve
to relax compressive stress and account for the XRD trend in Figure 2 and the gradual
reduction in E, in Figure 5 for x < 0.3, prior to the reversal for x > 0.35 that accompanies
the structural transition. Although an enhancement of the rocksalt phase is not observed
with increasing x for x > 0.35, a component below the detection limit may be present.

3.4. Future Applications of Dielectric Function Parameterization for Characterization of CdTe
Device Structures

Currently, two important applications of this work to CdTe device structure and
optical property analysis are being pursued. These applications stem naturally from the
parameterization of the complex dielectric function ¢ for the MZO thin film materials that
was presented and discussed in Section 3.3. In addition, an opportunity for further optical
characterization of the MZO thin films in device configurations was identified through
previous studies, and preliminary work in this direction was performed as well. Although
the full details are beyond the scope of the present article, the experimental methodologies
of the applications of MZO parameterization and the nature and goals of the opportunity
for further optical characterization of MZO-containing device structures will be introduced
in this sub-section.
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In PV manufacturing, uniformity of the HRT layer over the area of the PV panel is
critical. The application of MZO as an HRT layer introduces further challenges beyond
those posed by the more conventional SnO; high resistivity transparent layer. Not only
must the thickness of the HRT layer be carefully controlled for uniformity over the module,
but the Mg content, and thus the bandgap, must be similarly controlled in order to achieve
uniformly high sub-cell performance. Mapping spectroscopic ellipsometry (M-SE) can be
applied in order to characterize the uniformity in thickness and bandgap for the MZO
layer when deposited on standard TEC™ glasses. As compared to the SLG/MZO structure
characterized here, the three layers that coat the SLG substrate of TEC™ glass and the
thicker roughness layer of the TEC™ /MZO interface introduce greater complications in
SE data analysis. Ideally the more complicated structural model for TEC™ /MZO should
include SnO,:F/MZO interface, MZO bulk, and MZO surface roughness layers. The
capability of distinguishing these layers is of interest so that the effective thickness of the
MZO can be accurately determined.

For structural model development within the scope of the proposed M-SE analysis
of TEC™/MZO, it may be necessary to map pairs of corresponding locations on the PV
panel both before MZO deposition on the TEC™ glass and after deposition and subsequent
annealing. Analysis of the M-SE measurement before MZO deposition will provide maps
of the thicknesses of the SnO,, SiO,, and SnO,:F bulk layer constituents of the TEC™ glass
as well as a map of the SnO;:F surface roughness layer thickness. Then in the subsequent
analysis of the M-SE data acquired after both the MZO deposition and the annealing step,
it can be assumed that the MZO completely fills the void volume in the SnO,:F surface
roughness layer at the top of the TEC™ glass multilayer structure and that the SnO,:F
roughness layer is then converted to an equivalent thickness SnO,:F/MZO interface layer.
Once the MZO fills this layer, it is difficult to identify this layer and determine its thickness
independently of the adjoining SnO,:F and MZO bulk layers as a result of the similarity
of the three sets of ¢ spectra. This leads to an ill-defined interface and greater correlations
among the deduced thicknesses of the SnO;:F and MZO bulk layers and the SnO,:F/MZO
interface layer. Thus, for the final TEC™ /MZO structural model in the M-SE data analysis,
the SnO,:F/MZO roughness layer may be fixed at the deduced SnO;:F layer roughness
thickness obtained prior to MZO deposition. Only by applying this procedure may it be
possible to extract with confidence the remaining MZO bulk and surface roughness layer
thicknesses and hence the effective thickness.

Beyond M-SE characterization, through-the-glass spectroscopic ellipsometry (TG-SE)
in the near-IR to near-UV spectral range can be performed as another application of the
¢ parameterization of Section 3.3, in this case for the metrology of complete CdTe solar
cell device structures incorporating MZO as an HRT layer. Furthermore, TG-SE and M-SE
data collection modes can be combined for analysis of completed PV panels. In the TG-SE
application, parametric models for ¢ versus photon energy are desired for all components
of the complete CdTe device structure of TEC™ /MZO/CdS/CdTe/back-contact, especially
for the components whose optical properties may vary from deposition to deposition or
depend on the underlying material. Such models have been developed and described
in Refs. [49,58] for all components with the exception of the MZO HRT layer, whose
parametric expressions versus composition E; were presented in Section 3.3.

Because of the complexity of the complete multilayer structure of the CdTe so-
lar cell, a systematic step-by-step procedure is required for TG-SE data analysis of the
TEC™/MZO/CdS/CdTe/back-contact structure. In this analysis, a two-stage hierarchy of
the most important structural and optical property parameters is established as described
in Ref. [51]. The structural and optical models used as the starting point of this analysis
are based on four assumptions. (i) The nominal or intended thicknesses are adopted for
all layers including, from the SLG to the back of the cell structure, SnO, (20 nm), SiO,
(30 nm), SnO,:F (330 nm, for TEC™-15), MZO (100 nm), CdS (50 nm), and CdTe (2000 nm).
(ii) Fixed spectra in €1 and ¢; are used from the existing database including those for MZO
established based on the intended composition in the fabrication process [49,58]. (iii) No
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interface or back surface roughness layers or structural non-idealities, such as thickness
non-uniformity, are used in the starting structural model, and (iv) no optical non-idealities
such as stress-induced birefringence in the glass are used in the associated optical model.
The starting point for the introduction of an interface roughness layer into the structural
model is a 50/50 vol.% mixture applying the Bruggeman EMA [46]. In the second stage of
the hierarchy in which the optical properties are varied, the composition of the interface
layer can be varied. This overall approach has been successfully applied in CdTe PV
metrology as described in Ref. [51]. As in the M-SE studies, the goal is to extract the MZO
effective thickness and bandgap from complete or nearly complete device structures.

Finally, an additional means of characterizing the optical properties of MZO-containing
device structures is expected to be informative toward the refinement of the M-SE and
TG-SE models. In previous studies of CdTe device structures incorporating SnO;:F as
the transparent conducting oxide and SnO; as the HRT layer, infrared spectroscopic ellip-
sometry (IR-SE) measurements were performed at different stages of fabrication to gain
insights into the interaction between adjoining layers [59,60]. In these studies, the role of
CdS deposition in modifying the underlying SnO,:F free electron and defect properties
and the role of the intervening SnO, in suppressing these interactions can be characterized.
In addition, the free electron concentration (or an upper limit for it, if below ~10'® cm~—3)
can be determined for the HRT layer along with how it may change upon interaction with
the underlying SnO;:F or upon over-deposition of CdS. When applied to MZO serving as
the HRT layer, such studies are critically important in understanding the performance of
the MZO material as it exists as a layer in the device structure.

Future publications will report the applications of M-SE and TG-SE to CdTe device
structure analyses that are facilitated by the complex dielectric function parameterization
for MZO presented in Section 3.3. The results of studies of MZO layer interactions in
devices enabled by IR-SE characterization will also be reported in future publications.

4. Conclusions

MZO thin films ~250 nm thick with Mg contents x spanning the range of 0 < x < 0.42
were fabricated by co-sputtering of MgO and ZnO targets on room temperature soda
lime glass (SLG) substrates for applications in CdTe photovoltaic device structures. After
deposition, the MZO layers were subjected to the thermal cycle of the CdTe deposition
by sputtering which involves annealing the MZO to 250 °C for 120 min. The focus of
this research on MZO is the development of spectroscopic ellipsometry (SE) first for
determination and parameterization of the complex dielectric function and in the future
for application of the resulting database in advanced optical metrology after the different
stages of photovoltaic device fabrication. X-ray diffraction patterns of the annealed MZO
films on SLG reveal broad peaks over the full range of 0 < x < 0.42, and thus poor
crystallinity, with a dominant wurtzite phase which is the stable phase of ZnO. The
deduced lattice parameter c decreases continuously with increasing Mg content, indicative
of a substitutional solid solution of ZnO and MgO. Diffractions associated with a separate
cubic rocksalt phase, the stable phase of MgO, appear only for samples with 0 < x < 0.28.
One possible explanation is that low Mg additions stabilize a MgyZn;_,O cubic rocksalt
phase in the nanocrystalline structure that results from the sputter deposition process at
room temperature [39]. Along with the loss of this cubic phase, the XRD peaks tend to
sharpen with increasing x suggesting a decrease in the concentration of intragrain defects
or an increase in crystallite size, following the same general trend as observed for the width
of the bandgap optical CP feature and the Urbach tail.

For each of the MZO layers on SLG, the real and imaginary parts of the complex dielec-
tric function € = €1 — iep were determined from an analysis of spectroscopic ellipsometry
data using a three-layer structural model consisting of SLG/interface/bulk/(surface rough-
ness). This structural model incorporates three free parameters, the MZO bulk and surface
roughness layer thicknesses and the surface roughness layer MZO volume percentage.
The optical model for the bulk layer MZO component of the sample was developed using
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analytical expressions for ¢ that incorporate photon energy independent fitting parameters.
These expressions include the combination of two CP oscillators, a constant contribution
to €1, and an Urbach tail contribution to ¢, the latter starting from below the bandgap
and increasing exponentially with increasing photon energy up to the bandgap. Thus,
a potential total of 13 free parameters are used to describe ¢; and €;. The two CP oscillators
of the MZO bulk layer represent the Eg bandgap whose value ranges from 3.26 to 3.83 eV
for x increasing from 0 to 0.42 and the E; transitions with a resonance energy assumed
to be fixed with x. By first focusing on the x = 0 sample and then iterating the fitting
procedure for the set of MZO samples, the number of optical free parameters describing
the MZO ¢ spectra can be reduced to five, including the Ey CP amplitude, resonance energy
or bandgap, broadening, and exponent, as well as the Urbach tail slope or Urbach energy.
Thus, the final model including both the structural and optical components incorporates
eight variable parameters in all.

The most critical of the five variable optical parameters in the metrology of MZO is
the bandgap, i.e., the resonance energy of the first CP, Eg = Eg, which shows a smooth
dependence on the composition consistent with a dominant wurtzite phase over the full
range of x from 0 to 0.42 and a bowing parameter consistent with previous studies [41].
The other variable optical parameters describing the MZO show systematic trends with
the bandgap and composition. As functions of x, both the CP broadening parameter
and the Urbach slope show minima at a composition of x = 0.31, which corresponds to
a bandgap of 3.65 eV, suggesting that at this composition and bandgap, the MZO exhibits
either a minimum concentration of defects in the bulk of the crystallites or a maximum in
the grain size in consistency with the XRD results. A reduction in non-uniform stresses
within crystallites with increasing x over the range 0 < x < 0.31 may also contribute to the
broadening reductions in the optical and XRD features. A previous study has detected
a similar minimum in the Urbach slope at intermediate x between zero and unity and
attributed the effect to an incipient phase transition to rocksalt [57]. In the present study, the
observation may be related to the high stress of low temperature sputtered films which is
relaxed by the incorporation of Mg atoms. Gradual elimination of a rocksalt phase detected
in the XRD may also lead to a minimum in the broadening and Urbach slope. At a higher
composition of 0.35 and bandgap of 3.72 eV, the Ey CP amplitude drops abruptly indicating
a structural transition to higher void content. This transition is accompanied by an increase
in the Eg bandgap broadening parameter and Urbach slope above their minima possibly
due to the structural defects associated with voids.

Important for MZO metrology is the fact that the variable optical parameters such as
the Eg CP amplitude, broadening, and the exponent, as well as the Urbach slope exhibit
smooth trends when plotted as functions of the MZO bandgap energy and so can be fit with
polynomials. For the Ey CP amplitude, a two-segment polynomial fit is required to account
for the abrupt structural transition at Eg ~ 3.72 eV. As a result of the best fitting polynomial
and analytical expressions, the 1 and ¢, spectra for MZO can be determined from the
specification of the bandgap, a single parameter, over the Eg = 3.26 to 3.83 eV range, which
in turn can be specified from the Mg content x over the x = 0 to 0.42 range. Thus, the
g1 and &p spectra can be generated for hypothetical MZO samples of any bandgap and
associated composition over the available spectral and bandgap ranges. Such a capability
is an important first step in the development of SE methods for analysis of complicated
CdTe-based device structures that incorporate MZO as a high resistivity transparent layer.
The goal of such SE metrologies is the determination of the effective thickness and bandgap
of the MZO layer and the variations of these key characteristics with location over the area
of a PV panel.
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