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ABSTRACT
This paper presents a conceptual framework for experimental research combined 
with numerical analysis on direct current (DC) glow discharges in microscale 
planar gas discharge-semiconductor systems (GDSS). In the experimental sec-
tion, several structural and elemental analyses, including SEM, EDAX, AFM, and 
near-infrared absorption spectra measurements were carried out for compound 
semiconductor zinc selenide (ZnSe) cathode sample. Argon (Ar) was charged 
into the plasma reactor cell of GDSS at pressures of 100 Torr subatmospheric and 
760 Torr atmospheric, respectively, by a vacuum pump- gas filling station. Glow 
discharge light emissions from plasma, excited under three different intensity lev-
els (dark, weak, strong) of infrared beam illumination on ZnSe cathode electrode, 
were measured by using a phomultiplier tube that is sensitive to UV–Visible 
wavelengths. In the numerical analysis section, simulation studies were carried 
out on the two-dimensional gas discharge-semiconductor microplasma system 
(GDSµPS) cell models using the finite-element method (FEM) solver COMSOL 
Multiphysics DC plasma program. Calculations and predictions were based on 
mixture-averaged diffusion drift theory and Maxwellian electron energy distri-
bution function. GDSµPS cell was modeled in a square chamber with planar 
anode/cathode electrode pair coupled at a 50 μm discharge gap. Single side of 
ZnSe cathode was finely micro-digitated to increase the effective surface area for 
enhanced electron emission to the gas discharge cell. The electrical equivalent 
circuit (EEC) of the proposed model was driven by 1.0 kV DC voltage source. 
Binary Ar/H2 gas medium in a mixture of 3:2 molar ratio was introduced to the 
gas discharge chamber at constant 200 Torr subatmospheric pressure. Simulations 
were run for normal glow discharges to exhibit the electrical fast transient glow 
discharge behaviours from electron field emission state to self-sustained normal 
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the field of thermal imaging applications [39, 40] due 
to its fast spectral response in the longwave IR.

A recent study reports on the electrical, optical 
and structural characterization of ZnSe material for 
its infrared (IR) sensitivity in the semiconductor-
microplasma systems. ZnSe is a preferred material for 
night-vision devices and infrared windows for its low 
absorptivity in the infrared spectrum, high transmis-
sivity in the visible spectrum, and high-resolution in 
the thermal imaging systems in the range of 0.5–15 
μm [41].

This conceptual research study experimentally and 
numerically investigates the direct current -driven 
glow discharges in microscale planar gas discharge-
semiconductor systems (GDSS). Several advanced 
characterization techniques including, field-emission 
scanning electron microscopy (FE-SEM), energy dis-
persive X-ray (EDAX) spectroscopy, high-resolution 
atomic force microscopy (AFM) were utilized, and 
absorption spectra measurement data from VIS to 
NIR were obtained for structural, elemental and opti-
cal analyses of the compound semiconductor zinc 
selenide (ZnSe) sample. Argon was introduced into 
the gas discharge cell at pressures of 100 Torr and 
760 Torr, respectively, using a vacuum-gas filling sta-
tion. Argon (Ar) was charged into the plasma reactor 
cell of GDSS at pressures of 100 Torr subatmospheric 
and 760 Torr atmospheric, respectively, by a vacuum 

1 Introduction

Several theoretical and experimental research studies 
have been reported in various areas of plasma science 
and engineering applications [1–10], including micro-
plasma reactors for ultraviolet (UV) light sources and 
sensors [11], and gas discharge-semiconductor micro-
plasma systems for infrared (IR) sensors and thermal 
image converters [12–22].

Various alternative materials have been studied to 
support the continued development of infrared (IR) 
detector technology [23, 24]. The major infrared spec-
tral bands are defined as shortwave infrared (SWIR) 
for wavelengths in the 1–3 μm range, medium-wave 
infrared (MWIR) for wavelengths in the 3–5 μm range 
and longwave infrared (LWIR) for wavelengths in the 
8–14 μm range [25], and are used depending on the 
IR sensing and imaging application. Indirect and nar-
row bandgap semiconductors, including silicon (Si), 
require integrated cooling equipment to operate as a 
high-efficiency IR detector.

Group II–VI compound semiconductors can pro-
vide optimal response in the multispectral IR range 
for demanding infrared sensing and imaging appli-
cations. Uncooled infrared detectors are largely used 
in a variety of cost-effective mobile thermal imaging 
applications, such as early fire detection and remote 
warning, object detection under low illumination for 
drivers, handheld night vision imagers and security 
surveillance. Group II–VI compound semiconductors 
are also being explored for a variety of specific appli-
cations, including photovoltaic cells, light-emitting 
diodes (LEDs), and infrared solid-state laser sources 
[26–34].

Figure 1 shows a diagram of the valence and con-
duction band alignments of cadmium selenide (CdSe), 
zinc selenide (ZnSe) and zinc telluride (ZnTe) com-
pound semiconductors of Group II–VI, which have 
high intrinsic absorption coefficients [35].

The compound semiconductor zinc selenide (ZnSe) 
with a direct bandgap of ~ 2.7 eV at 300 K [36–38] has 
attracted great attention from researchers working in 

glow discharge state by numerically solving the electron density (ED), electron 
current density (ECD) and electric potential distribution (EPD) parameters.
It is figured out that binary Ar/H2 gas discharge model can undertake a major role 
in shaping and controlling the spatiotemporal response to transient electro-optical 
behavior of microplasma-based artificial electromagnetic materials configured for 
high-efficiency infrared-to-visible wavelength conversion applications.

Fig. 1   Diagram of the valence and conduction band alignments 
of CdSe, ZnSe and ZnTe [35]
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pump- gas filling station. Glow discharge light emis-
sions from plasma, excited under three different inten-
sity levels (dark, weak, strong) of infrared beam illu-
mination on ZnSe cathode electrode, were measured 
by using a phomultiplier tube.

Numerical analyses were carried out on the two-
dimensional gas discharge-semiconductor micro-
plasma system (GDSµPS) cell models using the 
finite-element method (FEM) solver COMSOL Mul-
tiphysics DC plasma program based on mixture-
averaged diffusion drift theory and Maxwellian elec-
tron energy distribution function. A square chamber 
with planar anode/cathode electrode pair was mod-
eled at 50 μm discharge gap. Single side of ZnSe 
cathode was finely micro-digitated to increase the 
effective surface area for enhanced electron emission 
to the gas discharge cell. The electrical equivalent cir-
cuit (EEC) of the proposed model was driven by 1.0 
kV DC voltage source. Binary Ar/H2 gas medium in a 
mixture of 3:2 molar ratio was introduced to the gas 
discharge chamber at constant 200 Torr subatmos-
pheric pressure. Simulations were run for normal 
glow discharges to exhibit the electrical fast transient 
glow discharge behaviours from electron field emis-
sion state to self-sustained normal glow discharge 
state by numerically solving the electron density 
(ED), electron current density (ECD) and electric 
potential distribution (EPD) parameters.

2 �Results and discussion

Figure 2 shows a simple sketch of DC -driven planar 
GDSµPS cell modeled for infrared to visible wave-
length conversion application.

Figure 3 introduces the electrical breakdown pro-
cess in a simple planar anode/cathode -coupled gas 
discharge medium governed by Townsend electron 
avalanche reactions through the combination of elec-
tron emission and ionization mechanisms [7, 42].

On the sketch in Fig. 3, the indicated abbrevia-
tions of TA stands for Townsend electron avalanche 
multiplication, TE stands for thermionic emission, 
SEE stands for secondary electron emission, and FE 
stands for field emission.

SEE coefficient γSE and TA coefficient α are inter-
linked by ionizations per unit length and gap distance 
d, as defined in Eq. 1:

Ion-induced secondary electron emission due to the 
interaction with cathode introduces a contribution of 
γ´ to γSE, as defined in Eq. 2:

(1)Exp (�.d) − 1 = �
−1
SE

(2)Exp (�.d) − 1 =
(

�
SE

+ �

)−1

Fig. 2   Sketch of DC-driven 
planar GDSµPS cell modeled 
for infrared to visible wave-
length conversion application
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2.1 �Structural and elemental analyses

A sample piece of zinc selenide (ZnSe) cathode wafer 
was examined to reveal its structural and elemental 
properties by performing energy dispersive X-ray 
analysis (EDAX), high-resolution atomic force micros-
copy (AFM) analysis and field-emission scanning elec-
tron microscopy (FE-SEM) analysis. Figure 4 exhibits 
EDAX data of ZnSe sample with 65.04% Se and 34.96% 
Zn elements by weight.

Figure 5 shows surface image of ZnSe sample taken 
at 10,000X magnification by SEM.

Figure 6 shows two and three-dimensional AFM 
surface images of ZnSe sample with a scan area of 1 
μm × 1 μm. The images reveal surface roughness of 
around 8.0 nm maximum at depth profile.

Figure 7 shows the visible/near-infrared absorption 
spectra of uncoated ZnSe sample. Near-infrared (NIR) 
spectral window ranges from 800 nm to 1,500 nm for 
operation of the proposed GDSµPS cell model by this 
study.

2.2 �Plasma measurements

Figure 8 shows schematic representation of the gas 
discharge-semiconductor microplasma system (GDSS) 
cell module equipped with charge-coupled device 
(CCD) [43] for recording plasma patterns in UV–Vis 
wavelength ranges in the Plasma Research Labora-
tory. On the infrared-illuminated side of photocath-
ode, gold (Au) thin film with a thickness of 40 nm was 
deposited on zinc selenide (ZnSe) wafer as NIR-trans-
parent electrical contact. On the visible-irradiation side 
of anode, indium tin oxide (ITO) film with a thickness 
of 80 nm was grown on fused-silica substrate [44] as 
VIS-transparent electrical contact.

Current-Voltage Characteristics (CVCs) were exam-
ined to exhibit the infrared sensitivity of ZnSe cathode 
sample in Ar gas medium charged at 5.86 kPa (44 Torr) 
subatmospheric pressure. After breakdown voltage, 
current showed instantenous increase depending on 
the infrared illumination intensity as a function of 

Fig. 3   Electrical breakdown process in a simple planar anode/
cathode -coupled gas discharge medium [42, 7]

Fig. 4   EDAX data of ZnSe 
sample with 65.04% Se and 
34.96% Zn elements by 
weight

Fig. 5   Surface image of ZnSe sample taken at 10,000X magnifi-
cation by SEM.
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voltage as shown in Fig. 9. Dielectric breakdown is 
one of the most important state which is driven by 
the mutual balance between the production of charged 

particles and their losses in the recombination and dif-
fusion processes across plasma cell. As it can be seen 
from the CVCs, infrared illumination intensity has a 
significant effect on the breakdown voltage. The break-
down was around 600 V under strong illumination 
intensity, while it was around 700 V under weak illu-
mination intensity.

When the gas discharge-semiconductor cell was 
illuminated with infrared light beam, various types 
of micro discharges were observed. The experimental 
measurements of the glow discharge light emissions 
(GDLE) were carried out by setting the pressures at 
100 Torr and 760 Torr to investigate the pressure effect 
on the plasma radiation. While the gas medium was 
insulating until the dielectric breakdown point was 
reached, the transition from non-conductive state to 
conductive state of gas medium occured by increasing 
the illumination intensity on ZnSe cathode as shown 
in Fig. 10a, b.

The peak plasma radiation intensity of 5.2 (a.u.) 
was obtained at 760 Torr atmospheric pressure under 
strong (L3) level of infrared illumination. The impact 

Fig. 6   AFM surface images 
of ZnSe sample with a scan 
area of 1 μm × 1 μm: a 2D 
planar surface image, b 3D 
topographic image

Fig. 7   VIS–NIR absorption 
spectra of uncoated ZnSe 
sample

Fig. 8   Schematic of GDSS cell module equipped with CCD for 
performing the IR-VIS wavelength conversion experimental stud-
ies: 1 light source, 2 Silicon filter, 3 IR beam input, 4 IR trans-
parent thin Au contact, 5 ZnSe photo-cathode disc, 6 Discharge 
micro gap, 7 Mica dielectric separator, 8 VIS beam output, 9 VIS 
transparent thin ITO [44] contact, 10 Fused silica
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ionization effect, which causes an increase in the num-
ber of electrons, has been found to play an important 
role in the field emission at microscale discharge gaps.

In this study, simulation studies were carried out 
to investigate the fast transient discharge behaviours 
of gas discharge-semiconductor microplasma systems 
that we can not observe experimentally. Binary Ar/
H2 gas discharge model was numerically analyzed 
in terms of key discharge parameters and compared 
with the basic unary Ar gas discharge model. Two 
comparative models were run to exhibit the respective 

transient glow discharge properties of GDSµPS cell 
from electron field emission state to self-sustained nor-
mal glow discharge state by numerically solving the 
electron density (ED), electron current density (ECD) 
and electric potential distribution (EPD) parameters 
using the finite-element method (FEM) solver COM-
SOL Multiphysics DC plasma program. Numerical 
analyses were performed based on mixture-averaged 
diffusion drift theory and Maxwellian electron energy 
distribution function.

Figure 11 shows physical layout of two-dimensional 
planar GDSµPS simulation model.

The simulation model of GDSµPS cell is defined 
with the following parameters:

	 i.	 Stationary power source to drive and sustain 
microplasma: V = 1.0 kV DC.

	 ii.	 Plasma process medium: Argon (Ar) mixed with 
hydrogen (H2) at 3:2 molar ratio.

	 iii.	 Process gas pressure: P = 200 Torr.
	 iv.	 Ambient cell operating temperature: T = 300 K.
	 v.	 Gas discharge gap distance (Anode-to-Cathode): 

d = 50 μm.
	 vi.	 Cathode electrode: Zinc selenide (ZnSe) semicon-

ductor.
	vii.	 Infrared-illuminated side of ZnSe photocathode: 

40 nm thick gold (Au) film.
	viii.	 Cathode electron emission surface: Digitated in 

comb plate style.
	 ix.	 Cathode electrode radius: r = 50 μm.

Fig. 9   Current (I)–Voltage (V) graphs under three different 
intensities of infrared (IR) illumination at dark, weak (L1), and 
strong (L3) levels for the experimental GDSS cell. ZnSe -coupled 
microgap was charged with Ar gas at 5.86 kPa (44 Torr) subat-
mospheric pressure

Fig. 10   Plasma radiation curves under three different intensities 
of infrared (IR) illumination at dark, weak (L1), and strong (L3) 
levels for the experimental GDSS cell. ZnSe -coupled microgap 

was respectively charged with Ar gas at pressures of: a 100 Torr, 
b 760 Torr. D: cathode diameter, d: discharge gap
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	 x.	 Anode electrode: Fused-silica substrate with 
indium tin oxide (ITO) contact.

	 xi.	 Initial electron density in the plasma reactor cell: 
ne,o=1.0 × 1017 (1/m3).

	xii.	 The calculated operating line on Paschen curve: 
P.d = 200 Torr.50 μm = 1.0 Torr.cm.

Figure  12 shows the boundary-seperated mesh 
structure used in the two-dimensional simulation 
model for the proposed GDSµPS cell.

Mesh size parameters including, number of ele-
ments predefined in the cell structure, mesh area, 
maximum element size and minimum element size 
values were tabulated in Table 1.

Figure 13 shows the simulation results for Elec-
tron Density (ED) parameter across planar 50 μm 
gap in unary Ar and binary Ar/H2 (3:2) gas discharge 
media coupled to ZnSe cathode; (a, b) 1D-ED plots 
of complete plasma-process period, (c, d) 2D-ED 
surface images of final plasma-process phase, (e, f) 
3D-ED solid images of final plasma-process phase, 
respectively

Figure 14 shows the simulation results for Electron 
Current Density (ECD) parameter across planar 50 μm 

Fig. 11   Physical layout of the proposed 2D-planar GDSµPS sim-
ulation model

Fig. 12   Mesh structure of 
two-dimensional simulation 
model for GDSµPS cell

Table 1   Predefined mesh size parameters used in the simulation 
model

Description Value

Number of elements 2019
Mesh area 0.003719 mm²
Maximum element size 0.0067
Minimum element size 3E-5



	 J Mater Sci: Mater Electron (2024) 35:655655 Page 8 of 14

Fig. 13   Simulation results for Electron Density (ED) parameter 
across planar 50 μm gap in unary Ar and binary Ar/H 2  (3:2) 
gas discharge media coupled to ZnSe cathode: a 1D-ED plots of 
complete plasma-process period for unary Ar micro-discharges. b 
1D-ED plots of complete plasma-process period for binary Ar/H 
2  micro-discharges. c 2D-ED surface image of final plasma-

process phase for unary Ar micro-discharges. d 2D-ED surface 
image of final plasma-process phase for binary Ar/H 2  micro-
discharges. e 3D-ED solid image of final plasma-process phase 
for unary Ar micro-discharges. f 3D-ED solid image of final 
plasma-process phase for binary Ar/H 2  micro-discharges
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Fig. 14   Simulation results for Electron Current Density (ECD) 
parameter across planar 50 μm gap in unary Ar and binary Ar/H 
2  (3:2) gas discharge media coupled to ZnSe cathode: a 1D-ECD 
plots of complete plasma-process period for unary Ar micro-
discharges. b 1D-ECD plots of complete plasma-process period 
for binary Ar/H 2  micro-discharges. c 2D-ECD surface image 

of final plasma-process phase for unary Ar micro-discharges. d 
2D-ECD surface image of final plasma-process phase for binary 
Ar/H 2  micro-discharges. e 3D-ECD solid image of final plasma-
process phase for unary Ar micro-discharges. f 3D-ECD solid 
image of final plasma-process phase for binary Ar/H 2  micro-
discharges
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Fig. 15   Simulation results for Electric Potential Distribution 
(EPD) parameter across planar 50 μm gap in unary Ar and binary 
Ar/H 2  (3:2) gas discharge media coupled to ZnSe cathode: a 
1D-EPD plots of complete plasma-process period for unary Ar 
micro-discharges. b 1D- EPD plots of complete plasma-process 
period for binary Ar/H 2  micro-discharges. c 2D- EPD surface 

image of final plasma-process phase for unary Ar micro-dis-
charges. d 2D- EPD surface image of final plasma-process phase 
for binary Ar/H 2  micro-discharges. e 3D- EPD solid image of 
final plasma-process phase for unary Ar micro-discharges. f 3D- 
EPD solid image of final plasma-process phase for binary Ar/H 2  
micro-discharges
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gap in unary Ar and binary Ar/H2 (3:2) gas discharge 
media coupled to ZnSe cathode; (a-b) 1D- ECD plots 
of complete plasma-process period, (c-d) 2D- ECD 
surface images of final plasma-process phase, (e-f) 
3D- ECD solid images of final plasma-process phase, 
respectively.

Figure 15 shows the simulation results for Electric 
Potential Distribution (EPD) parameter across planar 
50 μm gap in unary Ar and binary Ar/H2 (3:2) gas 
discharge media coupled to ZnSe cathode; (a-b) 1D- 
EPD plots of complete plasma-process period, (c-d) 

2D- EPD surface images of final plasma-process phase, 
(e-f) 3D- EPD solid images of final plasma-process 
phase, respectively.

Referring to the simulation results of Electron Den-
sity (ED) parameter in Fig. 13b–d–f), the proposed 
GDSµPS cell model with binary Ar/H2 (3:2) gas dis-
charge medium -coupled to ZnSe cathode, exhibits 
a characteristic spatiotemporal ED pattern closest to 
the Maxwellian shape with more localized and higher 
intensity at the final phase of plasma process period as 
calculated with reference to the basic cell model with 
unary Ar gas discharge medium.

Electron Density (ED), Electron Current Den-
sity (ECD) and Electric Potential Distribution (EPD) 
data, measured at the respective final plasma process 
phases, were tabulated in Table 2.

Figure 16 exhibits the Paschen curves for argon 
and hydrogen gases [6]. It is aimed to locate and 
tune the operating point of GDSµPS cell on the 
imaginary vertical projection line corresponding 
to P.d = 200 Torr.50 μm = 1.0 Torr.cm by this study. 
Thus, the approximated operating point of the pro-
posed GDSµPS cell model is defined below critical 
breakdown voltage (VB) as indicated by the square 
dot in the space between Paschen curves of Ar and 
H2 gases.

The peak discharge current at final plasma-pro-
cess phase is increased from around 0.5 up to 10 
mA according to the calculated ECD data of unary 
and binary gas models, respectively, as per given in 
Table 2. The virtual operating points of unary and 
binary gas models were indicated in the normal glow 
discharge regime of the I–V curve in Fig. 17.

3 �Conclusion

This work is dedicated to a comprehensive under-
standing of the fundamental processes involved in 
plasma and related applications experimentally and 
theoritically. For this purpose, experimental data, 
obtained from both structural and elemental analyses 
(EDAX, SEM, AFM and UV–Visible) and also plasma 
interactions of ZnSe, were presented comprehensively. 
It is revealed that the plasma emits maximum radia-
tion (i.e. 5.2 (a.u)) under specific discharge conditions 
(p = 760 Torr) covering the entire ZnSe cathode surface. 
Further, the spatio-temporal microplasma patterns 
were determined by simulation method theoretically. 

Table 2   Electron Density (ED), Electron Current Density (ECD) 
and Electric Potential Distribution (EPD) data as per calculated 
at the final phase of the plasma process period

Basic Unary Gas Model
Ar

Advanced 
Binary Gas 
Model
Ar/H2 (3:2)

Final plasma-process phase, output time (s)
1.4125 × 10−10 6.3096 × 10−10

Electron Density, peak_ED (1/m3)
1.11 × 1020 2.39 × 1022

Electron Current Density, peak_ECD (A/m2)
5.76 × 106 9.18 × 109

Electric Potential, peak EPD (V)
446 742

Fig. 16   The approximated operating point of the proposed 
GDSµPS cell model is indicated below VB by the square dot 
in the space between Paschen curves of Ar and H2 gases [6], 
located on the imaginary vertical projection line corresponding to 
P.d = 1.0 Torr.cm by this study
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When theoretically-found plasma patterns were exam-
ined, it was understood that electron-impact excita-
tion/ionization effects were decisive.

It is figured out that binary Ar/H2 gas discharge 
model can undertake a major role in shaping and 
controlling the spatiotemporal response to transient 
electro-optical behavior of microplasma-based arti-
ficial electromagnetic materials configured for high-
efficiency infrared-to-visible wavelength conversion 
applications.

The optimum operating point of GDSµPS cell can 
be tuned on the Paschen curve by means of hydrogen 
addition to argon. Binary Ar/H2 (3:2) gas discharge 
model exhibited the characteristic electron density 
(ED) distribution close to the Maxwellian shape with 
highly localized electron gas as calculated at the final 
phase of plasma process period.

The virtual operating point of binary gas model 
is shifted rightwards in the normal glow discharge 
regime of the I-V curve from around 0.5 to 10 mA of 
peak discharge current rating as calculated based on 
the electron current density (ECD) at the final plasma-
process phase.

We suppose that by means of hydrogen addition 
to argon when mixed in a proper fraction; key fea-
tures including, infrared sensitivity, response speed, 
NIR-VIS conversion efficiency of the GDSS cell could 

be enhanced. Thus, low-energy and small numbers 
of photons of near-infrared light can be directly 
detected and efficiently converted into high-energy 
and large numbers of photons of visible light by a 
GDSS device designed according to the application 
requirements.
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