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A B S T R A C T

Glow discharge atomic spectrometry has been very popular for direct solid, quantitative, conductive and non-
conductive materials characterization. Lateral resolution capabilities, however, have been very limited.
Described in this review are the advantages and current limitations of glow discharge surface elemental map-
ping, coupled with optical emission or mass spectrometry, along with recent advances in measurement strategies
to overcome many of the conventional limitations. Recent applications, including glow discharge optical
emission spectroscopy (GDOES) ultra-high throughput elemental mapping of thin films and combinatorial li-
braries utilizing glow discharge as an excitation source are presented. Also, current advances for extending the
lateral and depth resolution capabilities of GDOES elemental mapping to larger samples by adapting the dis-
charge chamber design are discussed. In addition, the realization of glow discharge mass spectrometry (GDMS)
elemental mapping through a pixel-by-pixel rastering method is reviewed, along with the potential advantages.
Furthermore, the three-dimensional elemental mapping capabilities recently displayed by GDOES are considered
to show the future trends, which include the potential of allowing elemental mapping protocols previously
reserved for fundamental studies to be implemented for routine diagnostic mapping of high sample numbers.

1. Introduction

Glow discharge spectrometry (GDS) has created a niche in elemental
analysis because of its many advantages, including direct solid, si-
multaneous multi-elemental, qualitative and quantitative analysis over
a wide dynamic range [1, 2]. In addition, it enjoys several favorable
practical aspects such as high-throughput analysis, due to the fast
sputtering rates and multi-matrix calibration, applicability to a variety
of sample types, and low running costs [3, 4]. Furthermore, it is not just
a bulk analysis technique, but its depth-profiling capabilities have been
maturing to achieve resolution in the nanometer scale [5]. Also, it al-
lows analysis of light elements like H, O, C, and N, where most other
techniques fail.

Nevertheless, one area where GDS has been limited is with regards
to laterally resolved analysis for elemental mapping [6]. Elemental
mapping is key to improve our understanding of the consequences and
origins of chemical heterogeneity on the function, as well as mechan-
isms, of natural and manufactured systems [7]. As such, there have
been many recent advances in elemental analysis techniques in pursuit
of better performance with respect to mapping capabilities [8–13]. In
traditional GDS, the material sputtered from the same layer in the
sample is blended in the discharge, while the sampling crater is limited

in commercial GDS systems to diameters in the mm scale. Thus, ob-
taining laterally resolved information with traditional GDS would re-
quire a method to raster pixel-by-pixel, while breaking vacuum condi-
tions between measurements, which would require an impractical
amount of time, while yielding lateral resolution in the mm scale.
However, mixing in the discharge of sputtered atoms from the same
layer in the sample is not complete. Optical emission intensity hetero-
geneities from heterogeneous samples have been identified in tradi-
tional GDS [14] and some efforts have been proposed to minimize the
effect [15].

Operating the GD under pulsed-power conditions has been shown to
afford several advantages [16]. For example, it is possible to apply
higher instantaneous power without inflicting major thermal damage to
the sample, which may improve analytical performance while allowing
analysis of thermally labile samples. In addition, pulsed-power condi-
tions reduce the sputtering rates which may be beneficial for depth
resolution. Moreover, temporally resolved detection permits obtaining
the analytical signal at different times along the power pulse which may
result in better signal-to-noise ratios for selected analytes. Pulsed-power
conditions have also been observed to enhance the optical emission
heterogeneities from heterogeneous samples and together with higher
operating pressures, also shown to further enhance the effect, yield
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laterally resolved sample information from within the GD sputtered
crater [6]. The lateral resolution capability has allowed GDOES ele-
mental mapping to be developed which, on top of sharing the ad-
vantages of traditional GDS, offers the possibility of ultra-high
throughput imaging, orders of magnitude faster vs other techniques
[17].

In this review, we aim to cover the progress that has taken place in
the area of GDS elemental mapping since the last time the topic was
reviewed, more than five years ago [6]. Herein, advances in instrument
development, novel applications, as well as unique strategies made
possible by the newly available lateral resolution in GDS will be dis-
cussed.

2. Instrumentation advances

One of the most significant advantages of GDOES elemental map-
ping is the ultra-high throughput imaging capabilities. One dis-
advantage that traditional elemental mapping techniques relying on
pixel-by-pixel rastering, such as secondary-ion mass spectrometry
(SIMS) or laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS), share is the long acquisition time needed to obtain a full
elemental map, which gets worse as the pixel density and size of the
sampled area increases. A study from 2007 using time-of-flight (ToF)
SIMS as a high-throughput elemental mapping technique shows an
analysis time of 1.5 h for an area of 128×128 pixels [18]. A more
recent study from 2016 using LA-ICP-ToFMS obtained a 2D elemental
map of Fe, Ca, and Al in 7.5 min for 5000 total pixels [11]. Conse-
quently, elemental mapping has been limited to mechanistic/funda-
mental studies of a few samples while routine diagnostic-based ima-
ging, when there are many samples, has remained elusive. The
throughput limitations, besides those unique to each technique, arise
from having to collect the elemental information by rastering sequen-
tially from pixel-to-pixel to obtain the three-dimensional hyperspectral
data cube. GDOES elemental mapping allows the collection of two di-
mensions simultaneously, and only requires one dimension to be
scanned. Thus, a 350×512 pixel elemental map can be obtained by
GDOES in as few as 42 s (see below), while with the sampling rates
reported using the techniques mentioned above, it would take over 16 h
with SIMS and 4.5 h with LA-ICPMS. It is evident that the higher-
throughput advantage of GDOES elemental mapping becomes even
more significant as the size of the sampled area and the pixel density
increase. On the other hand, commercial GDOES systems only offer
sampled areas from 1mm to 8mm in diameter [3]. Therefore, several
efforts have been taking place to make possible the elemental mapping
of large diameter samples via GDOES.

Voronov and co-workers studied the effects of sustaining a large-
diameter glow discharge under conditions favorable for OES elemental
mapping, including pulsed-power and higher pressures (0.5–20 hPa)
[19]. They showed that for an 80mm diameter sample a stable dis-
charge can be achieved under continuous rf power operation and at
100 Pa (Fig. 1a). On the other hand, unstable discharge heterogeneities
appear when the pressure is increased to 400 Pa (Fig. 1b). An increase

in the length of their anode extension and operating under pulsed-
power conditions caused the heterogeneities to become smaller and
localize at the edge of the cathode area (Fig. 1c). The authors use
cathode boundary layer micro-discharges literature to point to self-or-
ganization theory as a possible way to explain the heterogeneities found
in their results and alternatively point to discharge contraction, al-
though the authors note the operating modes are not similar. They
arrive at a more stable discharge with a 40mm diameter sample at
18 hPa.

Kroschk et al. also explored the possibility of increasing the size of
the discharge to allow larger diameter samples to be mapped via
GDOES [20]. They observed a stable and homogenous discharge for a
100mm diameter sample at 267 Pa under pulsed rf power. As expected,
discharge heterogeneities appeared when the pressure was increased, as
their data shows at 1870 Pa. The authors note that increasing distances
between the cathode axis and the anode, together with the plasma
contraction at higher pressures, are giving rise to the discharge het-
erogeneities. As such, they propose a restrictive anode array mask
(RAAM) GD geometry to permit mapping of large diameter samples. In
short, the RAAM is a grounded thick conductive plate with an array of
apertures placed about a hundred microns from the sample. Thus, the
RAAM functions as an anode allowing an array of glow discharges to be
formed within the apertures but restricting discharge formation ev-
erywhere else (Fig. 2A, B). As such, the distance from the anode to the
cathode axis is shortened, which prevents the above-mentioned dis-
charge unstable heterogeneities from arising when the operating the GD
at higher pressures. It should be noted that, as opposed to the glow
discharge array design by Winchester and Salit [21], the lateral re-
solution in RAAMs does not originate from the size of each aperture but
from the pulsed-power/higher pressure operation, which allows map-
ping within each aperture. The authors optimize the aperture i.d., plate
thickness, inter-aperture spacing, and grounding configuration to allow
GDOES elemental mapping of a 100mm diameter model sample at
2130 Pa (Fig. 2C).

There have also been some efforts into improving the spectral
imaging system used to collect laterally resolved optical emission from
the GD. Previously, three different imaging systems have been im-
plemented and their merits with respect to GDOES elemental mapping
have been discussed [6]. First, a monochromatic imaging spectrometer
[22–24] (MIS), staring-type imager, was implemented where the col-
lected light is collimated then passed through a monochromator and
refocused onto an array detector, such that the monochromator serves
as a wavelength-tunable bandpass filter. The MIS advantage is wave-
length selection flexibility, on the other hand, it delivers low light
throughput at increasing spectral resolution, due to the effect of the slit,
and slow sequential wavelength scan-speed with typical mono-
chromators. Second, an acousto-optic tunable filter (AOTF), staring-
type, spectral imager was demonstrated. The AOTF is in essence a
variable grating acoustically controlled on a birefringent crystal which
has the advantage of random-wavelength access within microseconds
and a much higher light throughput vs the typical MIS, but crystal
performance is very limited in the VUV region, its bandpass varies with

Fig. 1. Front view of an 80mm GD sample
showing unstable heterogenieties, con-
tinuous 13.56MHz rf discharge, 70W ap-
plied power, at (a) 100 Pa pressure and (b)
400 Pa pressure. (c) 80mm GD sample with
an increased anode extension, pulsed
13.56MHz rf discharge, 100 Hz pulse fre-
quency, 100 μs transient time, 100 Pa
Pressure, and 500 V peak-to-peak. [19] -
Adapted by permission of The Institute of
Physics.
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wavelength and it relies heavily on polarizer efficiency [25]. Third, a
push-broom hyperspectral imager (PBHSI) was employed, where the
collected image is directed to the entrance slit of a spectrograph and
only a “column” section of the image goes through such that the in-
formation in the y-dimension and the λ-dimension are obtained si-
multaneously, while the x-dimension is obtained sequentially by scan-
ning the image over the entrance slit. The advantages of the PBHSI
include high optical throughput capabilities, but it is limited in the
spectral window covered simultaneously for each hyperspectral data
cube [26]. Recently, Storey et al. implemented a tilting interference
filter as a wavelength selection device in place of the monochromator in
an MIS configuration for GDOES elemental imaging [27]. The ad-
vantage of such a system lies in its high optical throughput with very
little complexity (Fig. 3A). The interference filter used for proof-of-
principle had a design central wavelength at 337.59 nm and it could be
tuned down, by changing the light incidence angle, more than 22 nm
with a corresponding lower percent transmission as shown in Fig. 3B.
The authors show optical emission maps at 338.3 nm and 327.4 nm of a
Ag pin embedded in an Al (Fig. 3C) or brass substrate. Although the
filter bandpass is about 3 nm, several specific applications could greatly
benefit from the high optical throughput, low complexity and cost ef-
ficiency.

Kroschk et al. implemented an improved PBHSI system [20]. The
PBHSI used previously by Gamez et al. [26] suffered from significant
smile (curvature of the slit image) with a peak shift of 33.28 μm in the
middle, 46.08 μm at the upper limit and 53.76 μm at the lower limit of
the field of view. Field curvature was also a factor which required the

authors to increase the f/# (from 3.88 to 16) of the spectrograph to
sufficiently minimize the effects and achieve appropriate spectral re-
solution (0.4 nm–0.8 nm) throughout the field of view, but at a cost of
light throughput. The newer system by Kroschk et al. uses a Czerny-
Turner-Schmidt spectrograph where the aberrations are minimized and
the spectral resolution is better in a much bigger field-of-view while
keeping the f/# at 4.6 (Fig. 4).

Other efforts to achieve elemental mapping capabilities with glow
discharges have taken place with mass spectrometry detection.
Konarski et al. used an xyz high-vacuum translation stage within a
membrane bellow to allow in situ movement of the sample with respect
to a GD lamp coupled to a quadrupole mass analyzer (Fig. 5A) [28]. The
elemental maps are obtained in a pixel-by-pixel fashion, but the
translation stage allows this to be achieved continuously without
having to break vacuum when moving to the next pixel, which im-
proves greatly on sample throughput. The authors discuss the potential
consequences of the rastering approach on the sputtered crater shape,
including the effects of a having a concave crater shape and the sub-
sequent roughness induced as a function of raster scan line density.
They go on to show GDMS multi-elemental maps of two model samples
with heterogeneity in one dimension (stripe structures) or two dimen-
sions (concentric circular structures), as shown in the insets of Fig. 5B,
C. One thing to note is that the lateral resolution in their system
(0.16 mm–0.42mm along the raster dimension) is restricted in part by a
mask between the GD anode and sample cathode, as well as the raster
step size. Furthermore, the scanning nature of quadrupole mass ana-
lyzers presents some limitations when it comes to multi-elemental

Fig. 2. Seven aperture RAAM positioned a
few hundred microns from sample with GD
power off (A) and during GD operation
showing minimized heterogeneities under
optimized elemental mapping conditions
(B). (C) RAAM GDOES Ag elemental emis-
sion map at 328.1 nm using a 6mm i.d.
aperture, at a 2130 Pa pressure, 4Wmm−2

power density, 16 μs pulse duration, and an
ICCD camera with 10 μs gate width, 6 μs
delay. [20] - Adapted by permission of The
Royal Society of Chemistry.

Fig. 3. (A) High optical throughput tilting inter-
ference filter utilized as a wavelength selection de-
vice to characterize GDOES elemental emission maps
with spatially resolved information. (B)
Transmission characteristics for a span of wave-
lengths between 310 nm and 345 nm at different tilt
angles from the normal of the interference filter. (C)
Optical emission image at 328.1 nm showing the
laterally resolved position for the Al sample with a
pure Ag pin, with no spectral interferences. [27] -
Adapted by permission of SAGE.
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analysis. Nevertheless, the GDMS elemental mapping technique could
be implemented on other mass analyzers to improve the overall per-
formance. Albeit pixel-by-pixel rastering is inherently time consuming,
GDMS offers several advantages over GDOES, including isotopic ana-
lysis and the possibility of obtaining molecular information [5, 29–31].
Moreover, GDMS allows the analysis of some elements (e.g. oxygen,
nitrogen, etc.) which may have limitations with other traditional ele-
mental mapping techniques.

3. Applications

Recent application developments in GDOES elemental mapping
have taken place in the area of materials characterization, more spe-
cifically in thin films [17, 32]. Thin films are used in a variety of fields
[33–36], including optics, semi-conductors, energy conversion, and
energy storage, just to mention a few. The spatial composition hetero-
geneity is critical for the thin film performance, for example, from the
stoichiometry of major elements to the distribution of dopants. Fur-
thermore, thin films have become the platform for the study of mate-
rials combinatorial libraries, where thin film spatial composition gra-
dients allow for the accelerated discovery of new materials and their
properties [37]. The sheer volume and spatial complexity of high-

throughput combinatorial techniques require a temporally efficient,
spatially resolved system for analysis, for which GDOES elemental
mapping has proven to be a good candidate.

Gamez et al. investigated the use of a restrictive anode end-on
Grimm type geometry GD, operating in direct current (dc) pulsed-
power mode, coupled to a push-broom hyperspectral imaging system
(PBHSI) for ultra-high throughput thin film combinatorial library ele-
mental mapping [17]. They showed that a hyper-spectral data cube of
the GDOES image map from a CuNi composition spread
(x= 350 pixels, y= 512 pixels, 305 nm to 375 nm spectral window)
was obtained in just 42 s (Fig. 6A). The analysis time is several orders of
magnitude faster compared to traditional elemental mapping techni-
ques, taking into account the pixel density [17]. Furthermore, quanti-
tative analysis was achieved through the emission yield concept [38,
39], which was applied for the first time for elemental mapping pur-
poses, by fitting an independent calibration curve to each pixel through
calibration coefficient matrix-images (Fig. 6B, C). The advantage of this
type of pixel-by-pixel calibration is that it takes into account any var-
iations which would otherwise have to be calibrated independently, for
example, variations in the flatness of the field-of-view or detector pixel
gain, and even the natural variations in emission intensity originating
in the GD.

Fig. 4. (A) Mercury pen lamp emission spectrum imaged using a PBHSI featuring a Czerny-Turner-Schmidt spectrograph, compared to a previous spectral image (B)
obtained with a typical Czerny-Turner spectrograph with comparable f/#. Differences in aberration minimization are evident.

Fig. 5. (A) 2D imaging GDMS consisting of a GD lamp coupled to a quadrapole mass analyzer by a translation stage within a membrane bellow for in situ movement.
Raster scans of the model samples containing Ti, Cu, and Mo stripes (B) and Fe, Cu, and Ti concentric structure (C) embedded in an Al substrate. [28] - Adapted by
permission of The Royal Society of Chemistry.
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The quantitative GDOES elemental maps showed the Cu con-
centration increasing from about 60% to close to 100% from left to
right, while the Ni concentration varies from about 40% to 0% in the
same direction. The authors verified their quantitative results from
GDOES by performing energy-dispersive X-ray spectroscopy (EDX) to
obtain an elemental composition single-line profile, which shows very
similar concentration gradients. This study showed GDOES elemental
mapping to be several orders of magnitude faster than typical techni-
ques and its effectiveness for thin film and materials combinatorial li-
brary imaging.

Gonzales et al. expanded ultrafast elemental mapping of GDOES to
nitrogen-based combinatorial libraries with non-conductive samples,
through the implementation of pulsed-power mode radiofrequency (rf)
and the coupling of a PBHSI to a restrictive anode end-on Grimm type
geometry GD, for spatially resolved analysis of a AlN-CrN thin film
composition gradient [32]. In this case, a spectral window of 376 nm to
446 nm allowed measuring Al and Cr lines simultaneously while an
applied plasma power of 80W allowed improved emission intensities
and sputtering rates for the AlN-CrN thin film, while being able to
obtain (x= 323 pixels, y= 512 pixels) elemental composition maps in
just 16.8 s. Semi-quantitative elemental maps for Al and Cr were also
obtained through the constant emission yield concept as in [17]

(Fig. 7A, B). It is important to note, however, that the N content was not
determined directly because the vacuum UV range was inaccessible by
the imaging system, thus N content was indirectly calculated by nor-
malizing all species to a total of 100%. Nevertheless, a commercial
GDOES instrument was utilized for comparative analysis and showed
good agreements for the concentration results of Al, N, and Cr.

Matsuura et al. explored the possibility of using spatially resolved
end-on GDOES detection to obtain laterally resolved information from a
square 1mm×1mm Cu sample placed on a Ni substrate, inside a 8mm
anode Grimm type discharge chamber [40]. They operated GD under
pulsed dc conditions with a peak voltage of 400 V, 1ms pulse duration
with varying duty cycle, and an Ar pressure of 530 Pa. The lateral re-
solution obtained, however, was very low, mainly due to the operating
conditions with pulse duration orders of magnitude longer, and pres-
sures several times lower, compared to optimized GDOES elemental
mapping conditions [6].

4. Three-dimensional surface elemental mapping

The lateral elemental mapping capabilities of GDS give rise to un-
ique and novel strategies, for example, three-dimensional elemental
mapping. The sputtering nature of glow discharge spectroscopy

Fig. 6. (A) CuNi thin film composition
spread showing the analyzed region of in-
terest within the red dotted circle. (B)
Quantitative GDOES elemental map (wt%)
for Cu and (C) Ni obtained within the re-
gion of interest (ROI). [17] - Adapted by
permission of The Royal Society of Chem-
istry. (For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. (A) Quantitative GDOES elemental map (at.%) for Al and (B) Cr obtained for the AlN-CrN thin film composition spread over the area of interest. [32] -
Adapted by permission of Springer.
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removes layers of the sample surface and thus, when coupled to time
resolved detection, it allows depth profiling to be performed. Gamez
et al. showed the first example of three dimensional GDOES elemental
mapping by collecting 100 consecutive two-dimensionally resolved
elemental maps from the same sample [41]. Fig. 8A shows the quali-
tative 3D GDOES Ni emission map obtained from a Ni substrate sample
with a perforated Cu thin film at the surface. The plane slice cross
section (Fig. 8B) shows the Ni emission at 341.5 nm which appears in a
small region at the surface and corresponds to the perforation in the Cu
film. It is also evident that the Ni emission emerges faster on one side of
the map, which is due to the Cu film thickness varying across the
sampled area. In the case of GDOES, 3D elemental mapping analysis
time becomes practical, even at high pixel densities, due to the ultra-
high throughput of individual lateral maps which can be as fast as a few
tens of seconds. Furthermore, the pulsed-power operation together with
the high throughput of GDS elemental mapping allows for high depth
resolution to be maintained, where one pixel in depth has been reported
to be as small as 2.9 nm for a pure Cu sample, based on the average
erosion rate of 12.5 nmmin−1 by measuring the crater depth after 8 h
of sputtering [26]. It should be noted that the depth resolution depends
partially on surface roughness of the crater, which typically gets worse
at greater depths. On the other hand, one of the most important aspects

restricting depth resolution in commercial glow discharge systems is the
sputtered crater shape [5, 42]. As discussed above, the sputtered ma-
terial is combined in the discharge under typical operating conditions,
thus if the crater bottom is not flat the materials from different layers
are mixed in the plasma and the depth resolution is degraded. Never-
theless, it is possible to get very flat crater shapes by adjusting the GD
electrical and pressure operating parameters. As such, it is common-
place to expect good depth resolution performance by GDS for thin and
ultra-thin films, given the right conditions. Still, even when the GD
operating conditions are adjusted to obtain a flat crater in certain ma-
terial, and the material is assumed to be laterally homogeneous within
the sputtered crater (1 mm–8mm i.d.), crater shapes may change when
going through multilayered samples [5]. 3D GDOES elemental mapping
may offer a way to overcome such limitation because the laterally re-
solved information is maintained. Thus, one would be able to tell the
layer from which the signal originated even if the crater shape is not
ideally flat, within the restrictions of the lateral resolution. Character-
izing the merits of such an approach is one of the areas currently being
explored.

Nonetheless, it is important to keep the inherent limitations of GDS
depth profiling in mind, such as surface roughness [1–5, 42]. Surface
roughness may be a characteristic of the original sample or it may be
induced through the sputtering process. Sputtering-induced surface
roughening would be expected to arise from sample heterogeneity due
to the difference in sputtering rates of different matrices. Quantification
in GDOES depth-profiling, which works particularly well for alloys, is
based on emission yield calibrations and calculation of sputter factors
by normalizing to 100% [38, 39]. Conversion of sputtering time to
sputtering depth relies on some assumptions regarding the material
density and even some corrections may be applied for oxides, nitrides
and carbides [43]. However, this approach cannot account for certain
aspects, such as porosity. In fact, different crystal phases of the same
material may have different sputtering rates. Thus, several efforts have
been proposed to permit real-time depth measurements via interfero-
metric profilometry during the sputtering process in order to correct for
possible errors [43, 44]. It would be advantageous to apply a similar
protocol to GDOES elemental mapping, even though interferometric
depth measurements are limited to samples with high reflectivity.

5. Conclusions

It is evident that the development of elemental mapping capabilities
via glow discharge spectroscopy has received a recent thrust due to the
limitations of traditional techniques and the advantages GDS offers. In
the case of GDOES, in addition to the inherent advantages, the unique
ultra-high throughput elemental mapping capabilities stand out, which
can be several orders of magnitude faster compared to traditional
techniques, and become more significant in large samples. This presents
the possibility of translating mapping protocols from performing fun-
damental and mechanistic studies, typically reserved for a few selected
samples due to the throughput limitations of traditional techniques,
toward developing routine diagnostic studies when required by nu-
merous samples. In addition, the ultra-high throughput lateral mapping
also presents the possibility of obtaining high pixel density 3D com-
position maps at high-speeds. On the other hand, GDMS mapping, also
offers some unique advantages particularly with respect to isotopic
analysis and molecular information, taking into account the inherent
pixel-by-pixel long rastering-time limitations.

Then again, it is also apparent that further development is needed to
be able to fully exploit the possible advantages of GDS elemental
mapping. With respect to GDOES, instrument capabilities need to be
developed to allow detection in the VUV region, which is critical for the
analysis of C, H, N, S, and Cl. There are many applications that do not
require such elements to be determined but having this capability opens
the door for many other applications including oxide based semi-
conductors or hydrogen doped materials, etc.

Fig. 8. (A) Qualitative GDOES emission map at 341.5 nm in 3D from a perfo-
rated Cu thin film deposited on a Ni substrate. (B) 2D slice showing Ni emission
across the 3D GDOES emission map in (A). [41] - Reproduced by permission of
The Royal Society of Chemistry.
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Also, there is room for development of the GD lamp, for example,
the RAAM geometry. One area currently being explored is allowing
linear RAAM columns to be operated individually to permit sequential
scanning which would result in lower power requirements and a higher
duty cycle when coupled to PBHSI detection, thus improving depth
resolution. In addition, original RAAMs were developed to overcome
discharge instabilities with large area samples by decreasing anode-
cathode distances but it does not necessarily have to be in 2 dimensions,
i.e. circular apertures, thus slit-type apertures are currently being ex-
plored to increase the ratio of the measured vs. masked area.

Furthermore, implementation of alternate imaging systems may
offer several advantages. For example, compressed sensing (CS) HSI
approaches offer improved sampling throughput, or higher resolution
in the dimension of interest [45]. In connection with sample
throughput, CS relies on signal sparsity and group sampling of random
combinations of pixels in the dimension of interest to allow compres-
sion during acquisition. Implementation of GDOES elemental mapping
with a single pixel CS HSI [46] is currently being explored to improve
accessibility while keeping a high sample throughput.

Additionally, having access to hyperspectral data cubes presents
opportunities with respect to data analysis. For example, multi-variate
calibration algorithms, which have been shown to yield superior cali-
bration models vs univariate methods, even for complex spectra and in
the presence of matrix interferences [47], can be implemented.

Moreover, application development needs to be advanced. For ex-
ample, GDOES elemental mapping of biological thin sections would
open the door for many applications. It has been shown previously that
GDOES can be used for the bulk analysis of thin bone sections [48].
Thus, having 3D spatial resolution with ultra-high sample throughput
would be quite significant. Regarding possible applications, it is worth
considering the expected limits of detection. Typical LODs in GDOES
range from 0.1–10 ppm. A threshold of expected LODs from GDOES
elemental mapping can be estimated by assuming the background in
GDOES is limited by the detector, which is not the case but will serve as
a worst-case scenario. In this case, and using a PBHSI, the signal which
was once collected by a single detector will now be across a column of
~100 pixels, thus giving higher LODs by possibly two orders of mag-
nitude. However, the background is not detector limited because there
is variable optical emission background which is wavelength and
sample dependent [49]. Thus, it is more realistic to expect only an order
of magnitude higher LODs which are competitive or better compared to
XRF, EDS, PIXE, Auger, XPS, or even LIBS. Ultimately, LODs for GDOES
elemental mapping need to be comprehensively determined. Never-
theless, it is also worth noting that obtaining spatially resolved in-
formation may lower the LOD burden for some applications. For ex-
ample, the concentration of an inclusion in a steel sample would be
diluted in the discharge under typical GDS conditions. On the other
hand, GDOES elemental mapping operating conditions minimize such
dilution such that higher LODs may prove sufficient for such analysis.

With respect to GDMS, implementing alternative mass analyzers
would allow to overcome many of the limitations observed in the proof-
of-principle study. For example, ToFMS has been shown to be very
advantageous, due to the high-speed sampling rates, when applied to
fast transient signals, such as those obtained when performing depth
profiling by GDMS [5]. Implementing ToFMS to GD elemental mapping
should afford analogous sample throughput gains. Also, operation in
pulsed-power mode coupled to time-resolved detection allows for better
analytical figures of merit for selected analytes. In addition, the pixel-
by-pixel rastering nature of the GDMS mapping allows implementation
of oversampling approaches, as in [13], to possibly improve the spatial
resolution. Finally, there is a need for the development of applications
that feature MS unique advantages, such as isotopic analysis and the
possibility of obtaining direct molecular information.
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