
*Corresponding author, e-mail: hkurt@gazi.edu.tr 

 

Research Article    GU J Sci 38(1): 402-417 (2025)                 DOI: 10.35378/gujs.1439024 

Gazi University 

Journal of Science 
 

http://dergipark.gov.tr/gujs 

Investigation of DC-driven Glow Discharges in Subatmospheric Planar 

AlGaSb-Ar/He Microplasma System 

 

Hatice Hilal YUCEL KURT * , Erhan ONGUN  

Gazi University, Graduate School of Natural and Applied Sciences, Department of Physics, 06500, Ankara, Türkiye 

 
Highlights 
• Numerical analysis of DC planar semiconductor-gas discharge system. 

• Spatiotemporal dynamics of fast transient gas discharge parameters. 

• Bandgap tunable AlGaSb -coupled Ar/He gas discharge system. 

• Infrared-to-visible wavelength conversion at micro scale. 

Article Info 

 

Abstract 

Various studies have been reported on the theoretical and experimental investigation of planar 

DC -driven gas discharge-semiconductor microplasma systems (GDSµPS) for infrared sensing 

and thermal image conversion applications. This conceptual research study was carried out to 

investigate the infrared-stimulated semiconductor-microplasma systems using the finite-

element method (FEM) solver COMSOL Multiphysics DC plasma simulation program. The 

computational simulation study was carried out based on the boundary-separated mesh structure 

to visualize the spatiotemporal distribution of electron density and electron current density 

patterns across planar discharge cell. Numerical analyses were performed based on mixture-

averaged diffusion drift theory and Maxwellian electron energy distribution function. The 

microplasma reactor cell was composed of a planar anode/cathode electrode pair in a two-

dimensional rectangular chamber separated at a gap distance of 100 µm. A III-antimonide 

compound semiconductor, aluminum gallium antimonide (AlGaSb), with micron-scale 

digitized electron emission surface was coupled to argon/helium (Ar/He) gas medium mixed in 

various (%) molar fractions at 200 Torr subatmospheric pressure. The electrical equivalent 

circuit model was driven at 1,350 VDC. The fast transient DC glow discharges were simulated 

for each Ar/He gas mixture model, the spatiotemporal curves and patterns were displayed in 

multi-dimensional graphical media, compared, and analyzed with respect to the reference 

model. It is figured out that binary Ar/He gas discharge system play an important role in shaping 

the glow discharge characteristics of GDSµP cell for band gap tunable infrared-visible 

converting devices. Finally, mixing argon and helium at 30% molar fraction was proposed for 

the infrared-visible converter conceptual model. 
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1. INTRODUCTION 

 

Several theoretical and experimental research studies have been reported in various areas of plasma 

science and engineering applications [1-10], including stable microplasma reactors for producing UV 

light sources and sensors [11]. Recent studies have also been reported on the theoretical and experimental 

investigation of direct current gas discharge-semiconductor microplasma systems (GDSµPS) for 

modeling high-efficiency infrared (IR) sensing and thermal image converting systems [12-16]. The 

optoelectronic properties of group III-V compound semiconductors have been investigated for a variety 

of applications, including high-resolution thermal imaging [17-22]. 

 

The antimonide (Sb) -rich III–V compound semiconductors, grown on GaSb or InAs substrates, include 

GaSb, InAs and AlSb binary compounds [23] with a wide band gap ranging from ∼0.1 to ∼1.8 eV. The 

diversity of accessible band alignments in III-Sb compounds is shown in Figure 1 [24] by which artificial 

materials with band gaps from near-infrared (IR) to far-IR can be designed. 
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Bandgap transitions of binary AlSb/GaSb alloys to ternary III-V compounds of AlxGa1-xSb can be 

controlled between an indirect band gap AlSb semiconductor with Eg = 1.62 eV and a direct band gap 

GaSb semiconductor with Eg = 0.72 eV depending on the specific optoelectronic application [25]. 

 

 
Figure 1. Band alignments of III-As and III-Sb compounds. Scaled boxes represent band gaps of 

compounds, upper and lower lines of conduction and valence bands, respectively [24] 

 

The gas breakdown process is governed by Townsend avalanche mechanism consisting of thermionic 

emission, ion-induced secondary electron emission and field emission [26,27] as shown in Figure 2. 

 

 
Figure 2. Townsend avalanche (TA) mechanism of gas breakdown process. TE: thermionic emission, 

SEE: ion-induced secondary electron emission, FE: field emission [27] 

 

The gas breakdown mechanism is governed by Townsend avalanche as defined in Equation (1) 

 

exp(α.d) - 1 = γSE
-1                       (1) 

 

α: Ionization coeficient 

d: Discharge gap distance 

γSE: Secondary electron emission (SEE) coefficient.  
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Electrons are accelerated from the cathode to the anode. DC-field energized free electrons strike argon 

molecules across the micro gap, initiating the gas ionization process. Townsend avalanche mechanism 

drives the gas breakdown states, and the normal self-sustaining glow discharge regime is maintained under 

continuous infrared excitation of the photocathode. The impact of cathode surface engineering, including 

the growth of concentric protrusions, decoration of plasmonic metallic nanoparticles (Ag, Au), microscale 

patterning on the gas breakdown, and inherent surface morphology such as surface waviness and 

roughness on the work function has been extensively reported [28-34]. 

 

It is reported in [35] that electron energy distribution function (EEDF), which can be determined from the 

intensity of spectral light emissions in low-pressure helium plasmas, carries valuable information 

revealing the characteristics of gas discharge system. Analyzes of characteristic glow discharge light 

emissions (GDLE) and dependence of the discharge emission intensity (DEI) on the current in the gas 

medium in fast-changing plasma processes are of great importance for describing the microplasma 

discharge system [36]. 

 

In the scope of this research study; it is aimed to investigate the gas discharge parameters of AlGaSb 

semiconductor -coupled binary Ar/He gas systems for various gas mixture models. It is also aimed to 

obtain spatiotemporal distribution patterns of the Electron Density (ED) parameter close to the 

Maxwellian shape in the microplasma models. 

 

2. MATERIALS AND METHOD 

 

The aluminum gallium antimonide (AlGaSb) cathode electrode with micro-digitated electron emission 

surface was coupled to the binary argon/helium (Ar/He) gas media in various mixtures. This novel band 

gap tunable compound semiconductor material has been studied in this simulation model due to its high 

response speed, high sensitivity and efficiency in producing photons in the atmospheric window from 3 

µm to 5 µm wavelength range. It is reported that Al-rich AlGaSb is more chemically stable and resistant 

to oxidation than pure AlSb [37,38]. The effect of process gas pressure as one of the major variable 

parameters in the evaluation of the microplasma discharge system has been primarily observed in the 

range from 150 Torr to 250 Torr. Total Ar/He gas pressure of the discharge medium was set at 200 Torr 

after evaluations of several simulation trials, and also referring to the experimental results [39,40]. 

 

A comprehensive study for modeling and simulation of microdischarges in the ternary AlGaSb compound 

semiconductor -coupled binary Ar/H2 gas system has been recently reported in [41]. Several numerical 

analyzes have also been performed to investigate the spatiotemporal behavior of various compound 

semiconductors coupled with unary Ar and binary Ar/H2 gas systems, exploring the transient discharge 

characteristics for high-efficiency infrared-to-visible wavelength conversion applications [42-44].  

 

The simulation studies were performed using the finite-element method (FEM) solver COMSOL 

Multiphysics program with DC plasma module in a two-dimensional fluid model. The numerical 

calculations and analyses were based on mixture-averaged diffusion drift theory and Maxwellian electron 

energy distribution function. 

 

Figure 3 shows a sketch of DC field-driven two-dimensional planar GDSµP (gas discharge-semiconductor 

microplasma) system configuration for normal glow discharges. 
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Figure 3. DC-driven planar anode/cathode 2D-square GDSµP system configuration 

 

In a planar two-dimensional square chamber of GDSµP cell; the micro-digitated cathode electrode was 

coupled to the simple planar anode electrode across a micro gap (d). The microplasma cell was modeled 

to operate in the normal glow discharge regime at 200 Torr in argon-helium (Ar/He) gas medium. The 

electrical equivalent circuit of the cell was driven at 1,350 VDC in the simulation studies. 

 

Figure 4 shows the electrical equivalent circuit (EEC) of gas discharge-semiconductor system used in the 

simulation model. 

 

 
Figure 4. The EEC of gas discharge-semiconductor system in the model (Rs=1.0 kΩ, Cp=1.0 pF) 

 

Simulated GDSµP system is defined by a set of parameters and variables introduced in Table 1. 

 

Table 1. System parameters and variables of the simulated GDSµP cell models 

Nr System Parameters and Variables Definitions 

1 Voltage source to drive reactor cell V=1,350 VDC 

2 Process gas type Ar/He mixtures in various ratios (Table 2) 

3 Process gas pressure P=200 Torr 

4 Ambient cell operating temperature T=300 K 

5 Gas discharge gap (anode-to-cathode) d=100 µm 

6 Cathode electrode Aluminum gallium antimonide (AlGaSb) 

“Ferrini, 1998: 10% Al” 

7 Cathode electron emission surface Micro-digitated in comb plate style 

8 Cathode electrode radius r=50 µm 

9 Anode electrode Indium tin oxide (ITO) coated quartz (SiO2) 

10 Initial electron density in the reactor cell ne,o=1.0E16 (1/m3) 

11 Paschen product P.d=200 Torr.100 µm=2,0 Torr.cm 
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Figure 5 shows the sketch of the GDSµP cell in the two-dimensional planar layout.  

 

 
Figure 5. Sketch of the GDSµP cell in the two-dimensional planar layout 

 

The computational simulation in this study was carried out based on the boundary-seperated mesh 

structure as shown in Figure 6 to visualize the spatio-temporal distribution of the Electron Density (ED) 

and the Electron Current Density (ECD) patterns in the microplasma cell. 

 

 
Figure 6. Mesh structure of the two-dimensional planar GDSµP simulation cell model 
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In the AlGaSb -coupled GDSµP cell simulations, a set of binary gas mixtures of Ar/He in Table 2 were 

individually identified, modeled and numerically analyzed. The binary Ar/He gas models were 

numerically compared to the reference unary Ar gas model. 

 

Table 2. Binary Ar/He gas mixtures (molar %) in the simulation cell models 

Model Nr. Ar/He (x/y) mixture Model ID 

1 Ar/He (50/50) IR-ArHe-5050 

2 Ar/He (60/40) IR-ArHe-6040 

3 Ar/He (70/30) IR-ArHe-7030 

4 Ar/He (80/20) IR-ArHe-8020 

5 Ar/He (90/10) IR-ArHe-9010 

Reference Ar/He (100/00) IR-ArHe-0000 

 

The fast transient DC glow micro-discharge characteristics of the AlGaSb -coupled Ar/He microplasma 

models were simulated from electron field emission state to self-sustained normal glow discharge state. 

 

3. RESULTS AND DISCUSSION 

 

The fast transient DC glow micro-discharges were simulated for each model as per defined in Table 2, 

the spatio-temporal 1D-curves and 2D/3D-patterns were displayed in multi-dimensional graphical media, 

compared and analyzed with respect to the “reference Ar/He model”. 

 

i. 1D-spatial distribution curves of the Electron Density (ED) parameter across discharge gap in 

various mixtures of binary Ar/He. 

ii. 2D-spatial distribution patterns of the Electron Density (ED) parameter across discharge gap in 

various mixtures of Ar/He. 

iii. 3D-spatial distribution patterns of the Electron Density (ED) parameter across discharge gap in 

various mixtures of Ar/He. 

iv. 2D-spatial distribution patterns of the Electron Current Density (ECD) and Electron Energy 

Density (EED) parameters across discharge gap for the chosen mixture of Ar/He “IR-ArHe-7030 

modified model” versus “the reference model”. 

v. 1D-full sequence plots and 3D-spatial distribution patterns of the Electric Potential Distribution 

(EPD) parameter across discharge gap for the chosen mixture of Ar/He “IR-ArHe-7030 modified 

model” versus “the reference model”. 

 

Figure 7 shows the one-dimensional spatial and temporal variations of the Electron Density (ED) 

parameter across discharge gap in various mixtures of binary Ar/He gases, such as: (a) Ar/He (50/50), (b) 

Ar/He (60/40), (c) Ar/He (70/30), (d) Ar/He (80/20), (e) Ar/He (90/10) and (f) Ar/He (100/00) models. 
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 (a) (b) 

 
 (c) (d) 

 
 (e) (f) 

Figure 7. 1D-full phase plots of the ED parameter across discharge gap in various Ar/He mixtures: (a) 

ED of Ar/He (50/50), (b) ED of Ar/He (60/40), (c) ED of Ar/He (70/30), (d) ED of Ar/He (80/20), (e) 

ED of Ar/He (90/10), (f) ED of Ar/He (100/00) 

 

Numerical calculations of the ED parameter for the Ar/He (70/30) model in Figure 7 (c) reveal that one-

dimensional ED distribution pattern develops much closer to the Maxwellian shape, with more localized 

and concentrated ED in the final phase of the microplasma process period. 
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Figure 8 shows the 2D-spatial distribution patterns of the Electron Density (ED) parameter calculated in 

the final phases of the microplasma period for respective models.  

 

 
 (a) (b) 

 
 (c) (d) 

 
 (e) (f) 

Figure 8. 2D-spatial distribution patterns of the ED parameter across discharge gap in various Ar/He 

mixtures: (a) ED of Ar/He (50/50), (b) ED of Ar/He (60/40), (c) ED of Ar/He (70/30), (d) ED of Ar/He 

(80/20), (e) ED of Ar/He (90/10), (f) ED of Ar/He (100/00) in the final phases 
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Figure 9 shows three-dimensional spatial distribution patterns of the Electron Density (ED) parameter 

calculated in the final phases of the microplasma period for respective models. Figure 9 (c) show a highly 

localized and concentrated 3D-ED distribution pattern in the final phase. 

 

 
 (a) (b) 

  
 (c) (d) 

 
 (e) (f) 

Figure 9. 3D-spatial distribution patterns of the ED parameter across discharge gap in various Ar/He 

mixtures: (a) ED of Ar/He (50/50), (b) ED of Ar/He (60/40), (c) ED of Ar/He (70/30), (d) ED of Ar/He 

(80/20), (e) ED of Ar/He (90/10), (f) ED of Ar/He (100/00) in the final phases, respectively 
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The data obtained from the 3D-ED distribution patterns in Figure 9 are tabulated in Table 3. 

 

Table 3. All plasma models, including reference model, ED 

Ar/He 

(50/50) 

Ar/He 

(60/40) 

Ar/He 

(70/30) 

Ar/He 

(80/20) 

Ar/He 

(90/10) 

Ar/He 

(100/00) 

Output time_final phase (Time, s) 

8.8052E-11 3.1623E-11 4.1210E-10 3.9811E-12 1.4125E-11 1.9953E-11 

Electron Density (ED, 1/m3) 

3.13E17 4.92E17 8.93E19 1.44E17 1.33E18 1.09E18 

 

The chosen GDSµP cell model “Ar/He (70/30): IR-ArHe-7030” and “the reference model” were further 

introduced with the Electron Current Density (ECD) and the Electron Energy Density (EED) parameters 

in the final phases of the microplasma period in Figure 10 (a,b) and in Figure 10 (c,d), respectively.  

 

 
 (a) (b) 

 
 (c) (d) 

Figure 10. 2D -spatial distribution patterns of the ECD and the EED parameters across discharge gap 

in the chosen Ar/He mixture “IR-ArHe-7030” versus “reference model”: (a) ECD of Ar/He (70/30), (b) 

ECD of Ar/He (100/00), (c) EED of Ar/He (70/30), (d) EED of Ar/He (100/00) in the final phases 
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The data obtained from the 2D-ECD and 2D-EED patterns in Figure 10 were tabulated in Table 4. 

 

Table 4. The chosen plasma model versus reference model, ECD and EED 

Ar/He (70/30): IR-ArHe-7030 Ar/He (100/00): IR-ArHe-0000 

Output time_final phase (Time, s) 

4.121E-10 1.9953E-11 

Electron Current Density (ECD, A/m2) 

5.51E5 1.1E4 

Electron Energy Density (EED, kg/m s3A) 

1.28E20  2.19E18 

 

The ECD of Ar/He (70/30) model was approximately 50 times higher than that of Ar/He (100/00) 

reference model, while the EED of Ar/He (70/30) model was approximately 58 times higher than that of 

Ar/He (100/00) reference model. It was figured out that by adding helium to argon at the appropriate 

molar ratio, both the ECD and the EED parameters considerably enhanced. The GDSµP cell model 

“Ar/He (70/30): IR-ArHe-7030” and “the reference model” were further introduced with the Electric 

Potential Distribution (EPD) parameter in the final phases as shown in Figure 11 (a-d), respectively. 

 

 
 (a) (b) 

 
 (c) (d) 

Figure 11. 1D-full process plots and 3D -spatial distribution patterns of the EPD parameter across 

discharge gap in the chosen Ar/He mixture “IR-ArHe-7030” versus “reference model”: (a) EPD of 

Ar/He (70/30), (b) EPD of Ar/He (100/00), (c) EPD of Ar/He (70/30), (d) EPD of Ar/He (100/00) in the 

final phase 
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The data obtained from the 3D-EPD patterns in Figure 11 (c,d) were tabulated in Table 5. 

 

Table 5. The chosen plasma model versus reference model, EPD 

Ar/He (70/30): IR-ArHe-7030 Ar/He (100/00): IR-ArHe-0000 

Electric Potential Distribution (EPD) 

~ 502 Vdc (at output time_final phase) ~ 112 Vdc (at output time_final phase) 

 

It is revealed that the Electron Density (ED) parameter locally concentrates and gradually intensifies in 

strength in the discharge gap as the plasma reaction progresses to the final phase. The spatiotemporal 

intensity distribution patterns of glow discharge light emissions (GDLE) of the simulated microplasma 

models depend on the cell operating conditions and fraction of helium addition to argon.  

 

Figure 12 exhibits the Paschen curves for argon and helium gases [6]. It is aimed to precisely control and 

locate the operating point of GDSµP cell on the imaginary vertical projection line corresponding to 

P.d=200 Torr.100 µm=2.0 Torr.cm on the Paschen curve by addition of helium to argon. 

 

 
Figure 12. Paschen curves for Ar and He[6]. The operating point of GDSµP cell on the imaginary 

vertical projection line corresponding to P.d=200 Torr.100 µm=2.0 Torr.cm 

 

Figure 13 shows the I-V characteristics curve of gas discharge system introducing “dark discharge, glow 

discharge and arc discharge regimes”. It reveals that the calculated discharge current locates at around 0.5 

mA in the normal glow discharge regime of the I-V curve. The nominal operation point of the simulated 

model is indicated by dashed vertical line in blue. 
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Figure 13. Current/Voltage (I/V) curve of the gas discharge regimes [28]. The calculated discharge 

current of the simulated GDSµP cell locates in the normal glow discharge regime 

 

Protecting the cell against permanent damage due to the glow-to-arc transition is of critical importance in 

modeling the semiconductor-gas discharge system. A recent study on the CdS-coupled microplasma 

system reported that the cathode material was damaged due to the glow-to-arc transition at a discharge 

current of around 0.1 A [16]. 

 

4. CONCLUSION 

 

It is figured out that binary Ar/He gas discharge systems play an important role in shaping the transitions 

of electro-optical properties of semiconductor-microplasma-based artificial electromagnetic media 

specifically configured for infrared-to-visible wavelength converting applications. The accessible band 

alignments of III-Sb compound AlGaSb semiconductor can be utilized to custom design wavelength-

tunable artificial optoelectronic materials. A novel cathode configuration with micro-digitated electron 

emission surface, which is coupled to the gas discharge reactor media, can significantly improve the field 

emission properties and the fast changing microplasma stability of GDSµP cell.  

 

Refering to the simulation results of the electron density (ED) parameter as displayed in Figures 7 to 9, 

“Ar/He (70/30): IR-ArHe-7030” cell model exhibits ED spatial distribution pattern closest to the 

Maxwellian shape with highly localized electron density as calculated in the final phase among the other 

simulated plasma models. The ECD of “Ar/He (70/30) modified model” was approximately 50 times 

higher than that of “Ar/He (100/00) reference model”, while the EED of “Ar/He (70/30) modified model” 

was approximately 58 times higher than that of “Ar/He (100/00) reference model”. It is figured out that 

by adding helium to argon at an appropriate molar ratio; the discharge parameters (ED, ECD, EED) can 

be significantly enhanced. 

 

In the light of the results obtained from this study, “IR-ArHe-7030 modified model” can be proposed as 

a novel candidate for the infrared-visible wavelength conversion applications. However, the multi-scale 

understanding of the adaptive effects of all modeling tools introduced in this preliminary conceptual study 

needs further investigation with subsequent numerical analyses. 
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