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ABSTRACT: Full-spectrum cathodoluminescence (CL) mapping provides a
point-by-point spatial measurement of the apparent band gap of a semiconductor
thin film. In most studies, analysis of the electrical film properties from CL is
presented as color mapping images. We have developed a spectra data analysis
algorithm to functionalize, analyze, and generate statistical measurements of the
luminescence data to provide additional insights. This algorithm was coded in the
R language program, and a set of CdMgSeTe films were studied as an application
case study. CL maps were measured for samples with different luminescent

-

CL Peak Wavelength

N B o ® O

Normalized CL Intensity

4 1 n
600 650 700 750 800
Wavelength (nm)

responses. A quantitative measure of the heterogeneity of the films was generated
by statistical analysis of luminescent intensity and wavelength, spectra type curves, frequency distributions of peak wavelength, and
relative intensity maps. The final CL analysis facilitates the investigation of the CdMgSeTe films and has potential applications for

many semiconductor films.

Bl INTRODUCTION

Cathodoluminescence (CL) spectroscopy is a nondestructive
in situ microscopy characterization and mapping technique
where emitted luminescence formed from the recombination
of electron/hole pairs is collected from the sample during
electron beam excitation.”” The emission can be measured to
provide an approximate measurement of the apparent local
band gap in a semiconductor.”” Thin-film semiconductor
layers are central to a wide range of devices,” ” and CL
mapping can be collected to determine apparent band-gap
variations across the film, which can degrade performance such
as photovoltaic (PV) efficiency.'”'" However, large data sets
are generated during dense full-spectrum CL mapping,'> and
analysis either limits data set size or reduces analysis to a color
map ¥131

A deeper analysis of the CL mapping would enable
quantitative insight into the films. For instance, character-
ization of the homogeneity of the band gap is needed when the
substitution of same-group elements into a semiconductor film
is used for tuning the absorption and electrical properties of
photovoltaics.'®'” This type of element substitution is used to
fabricate wide band-gap CdTe photovoltaics as potential top
layers of low-cost CdTe/Si tandem cells.'® One method to
create wide band-gap CdTe alloys is the cosublimation of Mg
with CdTe or CdSeTe.'®™*" Characterization of the resulting
films by CL is a direct measurement of the apparent band gap
and, in this specific case, a proxy for difficult-to-measure
composition.

The most common nondestructive method for composi-
tional measurement is energy dispersive spectroscopy (EDS).

© 2022 The Authors. Published by
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EDS is often used to predict various properties, including the
band gap, based on the measured composition. However,
detection of lighter elements is limited due to fewer X-ray
signals, leading to poor signal—to—noise,22 and some elements,
such as Mg and Se, have a signal overlap.4 In these situations,
CL experiments can be used as a complement to EDS analysis
for composition information.

Here, we utilize CL to provide quantitative insight into the
degree of homogeneity of CdMgSeTe thin films. We find that
the Mg crucible temperature during film sublimation
determines the apparent band gap and homogeneity of the
resulting film. Films with Mg targets at the midpoint of the set
show a single luminescence peak. Films with a high or low Mg
target composition, and thus a high or low Mg crucible
temperature, show bimodal luminescent spectra, suggesting
phase segregation. Luminescence mapping and a custom-
written R language program are used to analyze the mapping
data sets for the normalized intensity and peak wavelength at
maximum intensity (4,). This analysis confirms the bimodal
nature of some of the wide-area luminescence measurements
and provides a quantitative measure of the heterogeneity of the
films using 4, histograms and type curves of the mapped
spectra. These same techniques could be applied to other thin-
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film devices, making this a valuable case study into the uses of
spatial CL measurements and analysis.

B EXPERIMENTAL DETAILS

Methods. Cd,_yMg(,)Se(,Te;_,) (CdMgSeTe) devices
were fabricated on TEC10/100 nm MgZnO (MZO) using a
two-source custom-made sublimation chamber with
CdSeyosTeggs and Mg sources developed at the Colorado
State University and described previously.””*® Higher band-
gap materials are targeted by increasing x and y. For this study,
the CdSeysTeg o5 crucible temperature was maintained at 565
°C during sublimation, while the Mg crucible temperature was
varied from 420 to 450 °C in increases of 5 °C. The
temperature was increased at this rate to obtain a set of seven
Cd(1_)Mg(.)SegosTegos films. The samples were identified as
Mg—X, where X corresponds to the sublimation temperature
of the Mg crucible.

Characterization. The seven Cd,_,Mg,Se,Te,_, films were
characterized at room temperature in a JEOL 7610F scanning
electron microscope (SEM) equipped with a Horiba
cathodoluminescence (CL) detector and an Oxford energy
dispersive spectroscopy (EDS) detector. SEM images were
obtained using an accelerating voltage of 5—10 kV and a probe
current (PC) of 13 uA. Elemental analysis of the thin films was
performed an Oxford xMax EDS system with an accelerating
voltage of 15 kV and PC of 13. All EDS measurements were
taken at a magnification of SkX to be consistent with the CL
cathodoluminescence (CL). EDS mapping of the thin films
was collected at an area of 20 X 20 mm? for a duration of 30
min and a pixel integration of 1 s/pixel.

Cathodoluminescence (CL) measurements were taken using
a CCD Syncerity detector on a Horiba Instruments iHR-320 at
a spectral range of 500—1100 nm and collected using an
accelerating voltage of 30 kV to maximize signal intensity. Full
scanned-area CL spectra were obtained for each sample at 10,
20, and 50kX. CL maps were acquired from a 0.5 ym X 0.5 ym
grid with 702 points at a magnification of SkX and an
integration time of 1 s/pixel. Integrated heat maps (also called
red maps due to their typical coloring) were created and
exported from Horiba LabSpec6é software by integrating the
intensity over the entire measured luminescence spectrum at
each measurement location. All full spectrum and mapping
data were collected using a grating of 300 with a slit width of 7
mm. Luminescence was not corrected for detector quantum
efficiency because the majority of measurements are between
600 and 835 nm, where the quantum efficiency (QE) is
between 50 and 58%.”" The approximate local band gap for
each sample was calculated from the wide-area luminescence
measurements by dividing hc = 1240 nm-eV by the peak
wavelength of the highest energy peak in nanometers. Band
gaps were also calculated using the Tauc plot method™ from
optical transmittance measurements as described for this class
of films previously by Swanson et al.'®'’

Data Analysis. Spectral luminescence data at each
measurement point were analyzed using a custom-written R
program language. An earlier version of the algorithm was
described previously with an analysis conducted on a generic
photovoltaic cell.”® Each spectrum was functionalized by fitting
a spline using the “smooth.spline” function in the “stats”-
package to the experimental data points with wavelength as the
independent variable and the CL intensity as the dependent
variable. The functionalized data were used to find absolute
max intensity and wavelength after reparametrizing the

function into a piecewise polynomial form (Zheyuan Li,
Package: SplineUtils) using the R-package “SplineUtils”. The
derivative of this piecewise polynomial is taken and used to
solve for the critical maximum values and using the curve’s
equation to identify the corresponding intensity and wave-
length. The spectra’s coordinates, intensity, normalized
intensity, and peak wavelength (4,) are recorded in a table
for later use. This routine is performed on all of the spectra,
and a data set max is found. Each spectrum’s max intensity is
normalized using the data set max. Heat maps are created
using the spectra’s coordinates and normalized intensity or
peak wavelength.

B RESULTS AND DISCUSSION

Full-spectrum total scanned-area luminescence for seven
CdMgSeTe films is shown for each sample in Figure la. The
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Figure 1. (a) Broad-area CL spectra from the seven CdMgSeTe films
with increasing Mg crucible deposition temperature taken at a 20kX
magnification. Samples Mg-435 (pink) and Mg-450 (red) were
selected for further study, and the measurement line thickened. (b)
Mg-435 CL measured at a magnification of 10kx (top, dark pink),
20kx (middle, pink), and SOkx (bottom, light pink). (c) CL of Mg-
450 measured at a magnification of 10kx (top, dark red), 20kx
(middle, red), and SOkx (bottom, light red). Spatial SEM images
from (d) Mg-435 and (e) Mg-450 exhibit no gross morphological
differences.

samples are identified as Mg—X, where X corresponds to the
sublimation temperature of the Mg crucible. A blue shift in the
luminescence peaks is observed as the Mg crucible temperature
increases as a likely result of increasing Mg concentration in
the CdMgSeTe films. Four sets of CL measurements at
different magnifications were taken from all samples, and the
data in Figure la are representative of all measurements. A
general trend of increasing luminescent intensity with
increasing Mg crucible temperature was held throughout all
measurements, with some intensity perturbations due to
equipment variability observed in the Mg-425 to Mg-435
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samples. While absolute intensity values depend on measure-
ment conditions, each data set was measured in a single day
using identical conditions to provide some validity to
qualitative intensity comparison between the samples. The
CL response was uncorrected for detector quantum efficiency
(QE) since the bulk of the measurements fell in a wavelength
range where QE was between 50 and 58%.”* Some of the
longer wavelength responses could be depressed due to
decreasing efficiency. CL spectra had the same curve shape
and wavelength maximum at all magnifications, as shown in
Figure 1b,c. Table 1 lists band gaps for each sample calculated

Table 1. Band Gap Calculated from Transmittance and
Luminescence Measurements®”

transmittance band gap (eV) CL band gap (eV)

Mg-420 1.57 1.55
Mg-425 1.60 1.56
Mg-430 1.64 1.63
Mg-435 1.69 1.65
Mg-440 175 1.73
Mg-445 1.84 1.82
Mg-450 2.00 1.94

“Band gap determined from the first major peak in the luminescence
data.

from the initial luminescence peak and transmittance measure-
ments. Transmittance spectra used to measure the band gap
for Mg-435 and Mg-450 are shown in Figure S1. Band-gap
values for each of these samples were estimated from these
spectra following the procedure outlined by Swanson et al."®
The bulk band gap of Cd,_,Mg,Se,Te,_, devices was measured
between 1.57 and 2 eV based on transmittance, and similar
measurements are obtained from the CL. While the CL
measured local band gaps are slightly lower eV values, both
measurements are within the expected range and comparable
to each other. The band gap measurements indicate that a Mg/
(Cd + Mg) composition ratio in the range of 0.05—0.25 is
likely.””

The luminescence in Figure la shows many of the samples
exhibit multiple peaks, indicating a high degree of hetero-
geneity. Two samples, Mg-435 and Mg-450, were selected for
further study based on the large-area measurements. Mg-43S5 is
representative of a sample with one primary peak and Mg-450
of two peaks with similar responses. Figure 1d,e shows spatial
SEM images exhibiting similar morphology for Mg-435 and
Mg-450, consisting of polycrystalline structures with no unique
features, making it unlikely differing CL response is due to the
morphology of the films. Morphology was similar across all
samples, as shown in the SEM images in the supplemental
material (Figure S2).

High-density CL maps were generated to determine the
variability of the luminescence response by repeating the CL
measurement across a large area of the sample in a 0.5 pm X
0.5 pum grid resulting in 702 total spectra collected for each
sample. Intensity heat maps in Figure 2a,c are generated by
integrating the luminescence signal across the spectra shown in
Figure 2b,d. Both films appear to be a random mixture of high-
and low-intensity points. The individual spectra given in Figure
2b,d, however, show two potential curve types. In the Mg-435
sample, most curves appear to have a relatively normal
distribution around a value of 760 nm, with a few showing
strong peaks in the 725—735 nm range. In contrast, the Mg-
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Figure 2. (a, c) Integrated intensity heat maps where darker red
indicates higher intensity and (b, d) high-density CL spectra (702
spectra with 1024 points/spectra) of (a, b) Mg-43S and (c, d) Mg-
450. Black to red coloring of the individual spectra (c, d) based on the
spatial measurement location (starting with black at the top left of the
map and ending with red at the bottom right) is added to provide
contrast to each individual spectrum.

450 sample shows bimodal spectra with peaks in the 718 and
624 nm range. In most of the spectra, the relative height of the
two peaks is similar. Red maps created from spectral
integrations across smaller wavelength ranges did not add
value to the analysis. Additional data processing, as described
below, was needed to quantify and map the data.

It can be challenging to gain additional insights from CL
mapping due to the large amount of data analysis needed on
each spectrum. We have developed an analysis package using
the R language to generate additional measurements to analyze
and visualize the entire set of luminescence data.”> Each
spectrum is splined to smooth measurement variability and
functionalize the experimental data. The peak wavelength (4,)
is determined by taking the derivative of the splined curve and
solving for the global and local maxima. These can be
converted into maps or histograms. One of the spectrum from
Mg-43S is shown below in Figure 3, with the data points,
splined curve, and maxima identified. Functionality is also
included to zoom in on any portion of the graph.
Representative curves were also analyzed using Gaussian
fitting to identify the position of the peak maxima for
comparison to the results obtained from the analysis of the
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Figure 3. Individual Mg-435 spectrum showing the measured data
and splined function of data. The top figure is a zoomed view of the
primary peak. The point indicated with a blue circle is the absolute
maximum for the spectrum and with the green square is a local
maximum.
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spectra as shown in Figure 3. After fitting spectra for Mg-435
and Mg-450 (Figure S3), it was determined that the peak
maxima reasonably matched what was identified using the R
language program. Further work to introduce Gaussian fitting
to all of the curves will be explored.

Figure 4 shows maps of the maximum normalized intensity
(3, b), with no integration, and the A, (¢, d) from the

Figure 4. Normalized intensity (a, b) and peak (c, d) wavelength
maps for Mg-43S (a, c¢) and Mg-450 (b, d). The red pigment in the
peak wavelength maps is scaled to a 125 nm range to facilitate a direct
comparison of the maps. The Mg Ka EDS map for Mg-435 (e) and
Mg-450 (f). A similar qualitative pattern is observed in the peak
wavelength and EDS maps but is more apparent in the CL data.

functionalized spectra. A large degree of homogeneity is seen
in both the intensity and 4, in the Mg-43S5 sample based on the
visual distribution of the colors. The average (%) normalized
intensity is 0.62, the standard deviation (o) is 0.044, and the
peak wavelength ¥ = 758.1 nm and ¢ = 5.8 nm. There is similar
homogeneity in the normalized intensity of Mg-450 with % =
0.59 and o = 0.040, but a high degree of heterogeneity in the 4,
with ¥ = 708.3 nm and ¢ = 27.4 nm. Spectra with peak

wavelengths at a much lower value are scattered evenly across
the film. Blocks of lower 1, may indicate phase segregation as
the Mg concentration is increased during sublimation. The
statistical analyisis of the maximum peak for the samples is
summarized in Table 2. Further evidence for potential phase

Table 2. Mean (%) and Standard Deviation (6) of the
Normalized Intensity and Peak Wavelength (4,) for Mg-435
and Mg-450

normalized intensity A (nm)
X c x c
Mg-435 0.62 0.044 758.1 5.8
Mg-450 0.59 0.040 708.3 27.4

segregation was obtained by performing nondestructive EDS
measurements on the CdMgSeTe thin films. Prior reports have
measured the Mg content by EDS in Mg-incorporated
CdTe;*® however, it is difficult to accurately measure Mg in
Cd,_,Mg,Se,Te,_, due to the inability of deconvolution of the
Mg Ka and Se La signals.”” This makes EDS an ineffective
tool for determining a quantitative measure of composition for
Cd,_,Mg,Se,Te,_, thin films. Due to the overlapping of Se and
Mg, it was not possible to accurately measure compositional
data for these elements. However, it is possible to compare the
Mg mapping results from EDS with CL mapping to see if there
is a qualitative agreement between the measurements.
Although Se and Mg signals overlap, since the Se
concentration is set by the CdSeTe crucible concentration
and does not change between samples, any changes in the Mg
mapping should be attributable to changes in the Mg
composition. The similar pattern evident in qualitative maps
of CL and EDS in Figure 4c—f is suggestive that a similar
distribution of the Mg/Cd ratio is reasonable. EDS spectra for
each sample are presented in Figure S4.

While qualitative images and sample averages are informa-
tive, further peak wavelength distribution analysis strengthens
the quantification of homogeneity. Distribution analysis is
graphically represented using a histogram of the absolute 4, of
each spectrum, shown in Figure S (dark blue blocks).
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Figure S. Global (dark blue) and local (light green) maxima for each
luminescent spectra measurement for (a) Mg-43S and (b) Mg-450
samples. The x-axis includes appropriate wavelength values for each
sample but is kept at a range of 160 nm for comparison purposes.
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Histograms allow us to quantify the heterogeneity of the
luminescence around different wavelengths. Overall, 661 of the
702 spectra in Mg-435 have an absolute A, distributed at
around 760 nm. A small subset of 41 spectra exhibits an
absolute A, distributed roughly at around 729 nm. The
absolute 4, for Mg-450 occurs primarily distributed at around
718 nm (637 spectra), but with a larger secondary set
distributed at around 624 nm (65 spectra). The functionalized
spectra can also be analyzed for any local maxima, allowing us
to observe where secondary 4, occurs, which are shown in
Figure S (light green blocks). Particularly striking is that Mg-
43S has only 89 local maxima points, compared to 1225 local
maxima for Mg-450, owing to the homogeneous and
heterogeneous natures of the two samples, respectively. This
analysis provides additional support that Mg-450 experiences
phase segregation, leading to two strong luminescence peaks at
different functional band gaps.

The spectra can also be visualized by normalizing the curves
to create different “type” curves that are representative of each
sample. Normalized spectra curves are generated in two
fashions. The first is a normalization of each spectral curve in
Figure 6a,b by the max set intensity, leading to a graph that
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>
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Figure 6. Normalized functionalized spectra for the samples from the
Mg-435 (a, c) and Mg-450 (b, d) samples. The functionalized spectra
are normalized using the global set maxima intensity (a, b) and the
individual spectra intensities (c, d). The density of functionalized
spectra is directly proportional to the degree of opacity of the red
coloring as spectra are presented at a 15% opacity. The broad-area CL
spectra (Figure 1) and the histogram data (Figure S) were added to
the individual spectra normalization.

looks almost identical to Figure 2b,d, only with functionalized
splined curves. The second normalization divides each
spectrum by the individual spectrum maximum, ie., each
spectrum has a maximum value of one in normalized intensity.
This allows for the shape of each individual curve to be
compared in Figure 6¢,d. In both cases, the normalized curves
indicate that the samples are predominantly one typical type
curve. In the case of the Mg-435 sample, most of the curves
have a single relatively normal peak centered at around 750
nm, agreeing with the wide-area CL measurement. This peak is
present as a shoulder in the atypical measurements of Mg-435;
however, there is a secondary peak at 730 nm that is dominant
in these curves. This matches the secondary subset of 4, seen
in the histogram analysis. The Mg-450 sample shows a vastly
different type curve with a clear bimodal curve with a broad
peak centered at 720 nm and a secondary luminescence peak
located at 625—650 nm in almost all samples. The atypical
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curves in this sample have a vastly larger 4, centered at around
624 nm and match the subset of spectra with a peak
wavelength in that same region in the histograms. These
atypical curves still have a secondary peak at around 720 nm
and maintain the same general curve type. These shapes
correspond directly with the histograms (added to Figure 6¢c,d
for direct comparison), where peaks line up almost directly
with the absolute peak wavelengths of the spectra but with
many more curves present at the primary peak wavelengths, as
indicated by the darkness of the red curves.

The wide-area spectral data are overlayed on the normalized
type curves in Figure 6¢,d. The overlayed curve matches very
precisely with the sum of the type curves and the histograms.
For Mg-43S, this is a normal type curve centered near 750 nm.
Mg-450 shows a bimodal curve where the majority of 4, at 720
nm causes a major peak in the CL data. The secondary peak
observed in the broad-area CL centered at 650 nm is in
agreement with the largest grouping of local maxima at 650
nm. Since all data curves have a strong component from 625 to
650 nm with a subset of curves with absolute maxima at 625
nm, the peak at 650 nm has a similar or slightly higher intensity
to the 720 nm peak. However, the atypical curves that strongly
suggest phase segregation in both Mg-435 and especially in
Mg-450 are lost without the additional data analysis from the
type curves and histograms and allow us to quantify the
heterogeneity of the samples.

Qualitative mapping of the insights from the type curves and
histograms can be obtained by mapping the relative intensity
between the absolute and local maxima of A,. Figure 7 shows

Figure 7. Relative intensity maps of the ratio of the intensity of the
first peak/second peak from the absolute peak wavelength histograms
of samples (a) Mg-435 (729/760 nm) and (b) Mg-450 (624/718
nm).

relative intensity maps for the two major absolute 4, locations
and statistical anlysis of the relative intensity is given in Table
3. The 729/760 nm relative intensity of Mg-43S in Figure 7a
has an average of 0.86 and a standard deviation of 0.069. The
maximum relative intensity approaches 1.6 for these measure-
ments, indicating a strong divergence of the intensity in some

locations. While these areas are atypical, they are likely

Table 3. Mean (x) and Standard Deviation (6) of the
Relative Intensity of Luminescent Peaks for Mg-435 and
Mg-450

@ o
Mg-435 729/760 nm 0.86 0.069
Mg-450 624/718 nm 091 0.073
Mg-450 650/718 nm 0.94 0.008
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attributed to areas of high Mg concentration, and although
there is a minimum overall correlation between the maximum
intensity and wavelength, it does appear that high-intensity
measurements are more probable at the secondary peak
positioned at 720 nm. Additional correlations between the
wavelength and intensity are the subject of future work;
however, this aligns with the observation of increasing
luminescence with increasing Mg temperature noted in the
full area spectra. The Mg-450 624/718 nm relative intensity
map in Figure 7b has an average of 091 and a standard
deviation of 0.073, but with the maximum relative intensity of
only 1.3. In contrast to the Mg-435 sample, the Mg-450 sample
seems to exhibit phase desegregation in almost all individual
spectra measurements. This leads to the relative intensity
between the maxima peaks being more evenly distributed, as
shown in Figure 7b.

In contrast to Mg-43S, additional relative intensity maps for
Mg-450 can be generated at secondary peaks based on the
relative maxima histogram in Figure S. The most prominent
relative maxima peak is located at 650 nm, and a plot of the
relative intensity of 650/718 nm can be found in the
Supporting Information (Figure S5). The range of the relative
intensity is uniform with a relative intensity of ¥ = 0.94 and o =
0.008. This supports the understanding of the type curves
compared to the large-area curves, where most curves feature a
primary peak at 718 nm and a secondary peak at 650 nm, as
seen in the wide-area CL spectra. It also indicates that the
secondary features of Mg-450 have a peak wavelength of ~624
nm, which is atypical of most of the samples and is highlighted
in the 624/718 nm relative intensity curve shown in Figure 7.

B CONCLUSIONS

Thin films comprised of CdMgSeTe were analyzed using
cathodoluminescence (CL) mapping to provide a clear
understanding of the band-gap properties of the material as
well as a measurement of the homogeneity of that band gap
across the surface of the material. These studies helped to
overcome the difficulties in using EDS alone as a tool for
quantitative and qualitative analysis. Instead, it was observed
that CL and EDS mapping can be used as complements for the
compositional analysis of devices. The mapping from CL
helped to qualitatively show that the Mg-435 film showed
more homogeneity than Mg-450. The utilization of the R
language allowed for a more streamlined analytical process to
visualize the collected luminescence data and measure the local
and global maxima. Normalization of the broad spectra curves
produced a type curve with each sample showing two distinct
types. The relative and global maxima showed to be in good
agreement with the type curves once overlayed with
normalized spectra. Additionally, quantitative data regarding
hetero- and homogeneity can be observed by overlaying the
broad CL spectra with the normalized CL spectra and 4,
histogram. These results show the value of using a technique
like CL for quantitative and qualitative analysis of materials. In
the case of these CdMgSeTe devices, ongoing work is
exploring potential causes of the phase desegregation, and
the CL analysis package will be used to show that fabrication
modifications were efficacious in reducing heterogeneity.
Additionally, further applications for the use of CL can be in
quality control of devices or identification of compositional
change.
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