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» Numerical analysis of DC planar semiconductor-gas discharge system.
« Spatiotemporal dynamics of fast transient gas discharge parameters.
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« Infrared-to-visible wavelength conversion at micro scale.
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This conceptual research study was carried out to investigate the infrared-stimulated
semiconductor-microplasma systems using the finite-element method (FEM) solver COMSOL

the theokgtical and rimental investigation of planar
icropfgsma systéms (GDSuPS) for infrared sensing

Keywords Multiphysics DC plasma simulation program. The computational simulation study was carried
AlGash out based on the boundary-separated mesh structure to visualize the spatiotemporal distribution
Ar/He of electron density and electron current density patterns across planar discharge cell. Numerical
Infrared analyses were performed based on mixture-averaged diffusion drift theory and Maxwellian
Micro glow discharge electron energy distribution function. The microplasma reactor cell was composed of a planar
DC plasma simulation anode/cathode electrode pair in a two-dimensional rectangular chamber separated at a gap

distance of 100 pm. A TIT-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 GDSuP cell for band gap tunable
infrared-visible converting devices. Finally, mixing argon and helium at 30% molar fraction
Wa's proposed for the infrared-visible converter conceptual model.

1.
Several t and experimental research studies have been reported in various areas of plasma
science and ineering 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 (GDSuPS) for
modeling high-efficiency infrared (IR) sensing and thermal image converting systems [12-16]. The
optoelectronic properties of group I111-V compound semiconductors have been investigated for a variety
of applications, including high-resolution thermal imaging [17-22].

The antimonide (Sb) -rich I11-V compound semiconductors, grown on GaSb or InAs substrates, include
GasSb, 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 111-Sh 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 AISb/GaSb alloys to ternary 111-V compounds of AlGa:xSb can be
controlled between an indirect band gap AlSb semiconductor with Eg = 1.62 eV and a direct band gap
GaShb semiconductor with Eg = 0.72 eV depending on the specific optoelectronic application [25].
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Figure 1. Band alignments of 111-As and I111-Sb compounds
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Figure 2@kowngend avalanche (TA) mechanism of gas breakdown procesé. 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(o.d) - 1 = yse’* 1
a: lonization coeficient

d: Discharge gap distance

yse: Secondary electron emission (SEE) coefficient.

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
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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 thg microplasma
discharge system [36].

In the scope of this research study; it is aimed to investigate the gas discharge f AlGaSh
semiconductor -coupled binary Ar/He gas systems for various gas mixture
obtain spatiotemporal distribution patterns of the Electron Density (
Maxwellian shape in the microplasma models.

2. MATERIALS AND METHOD

g and simulation @f microdischarges in the ternary AlGaSh compound
gas system has been recently reported in [41]. Several numerical
investi@ate the spatiotemporal behavior of various compound

semiconductor -coupled binary A
analyzes have also been pg

of DC field-driven two-dimensional planar GDSuP (gas discharge-semiconductor
configuration for normal glow discharges.
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Figure 3. DC-driven planar anode/cathode 2D-square GDSuP systeng confi

coupled to the simple planar anode electrode across a micro gap (d). T& micr as modeled
to operate in the normal glow discharge regime at 200 Torr in argorf-Rghiu Hg) gas medium. The

Figure 4 shows the electrical equivalent circuit (EEC) of gas

simulation model. i
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Definitions

V=1,350 VDC
Ar/He mixtures in various ratios (Table 2)
P=200 Torr

T=300 K
d=100 um
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 =50 um
9 | Anode electrode Indium tin oxide (ITO) coated quartz (SiO;)

10 | Initial electron density in the reactor cell | n.,=1.0E16 (1/m?)
Paschen product P.d=200 Torr.100 um=2,0 Torr.cm
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Figure 5 shows the sketch of the GDSuP cell in the two-dimensional planar layout.

Figure 5. Sketch of the GDSuP

The computational simulation in this study w.
structure as shown in Figure 6 to visualj
and the Electron Current Density (ECD) patter
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Figure 6. Mesh structure of the two-dimensional planar GDSuP simulation cell model
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In the AlGaSb -coupled GDSpP 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 AlGaSh -cogdfled A roplasma
models were simulated from electron field emission state to self-sustained norm isch state.

3. RESULTS AND DISCUSSION

i.  1D-spatial distribution curves of the Electro
various mixtures of binary Ar/He.

ii.  2D-spatial distribution patterns of the

various mixtures of Ar/He.

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

various mixtures of Ar/He.

Current Density (ECD) and Electron Energy
for the chosen mixture of Ar/He “IR-ArHe-7030
odel”.

arious mixtures of binary Ar/He gases, such as: (a) Ar/He (50/50), (b)
, (d) Ar/He (80/20), (e) Ar/He (90/10) and (f) Ar/He (100/00) models.
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Figure 7. 1D-full phase plots of the ED parameter across discharge gap in various Ar/He mixtures: (a)

(€

Xt [ I % 3162310 s (1m?) el [ % 31623614 5 (1m’)
a5k 1 | = sz0ese-1as 1ym) ’ = ao7sE-14 s (im?)
8- 4 | = 85735614 5 (1ym?) 13} —— 5.2608E-14 s (1/m’)
2sk = 14117613 5 (1m™) = 6.78556-14 5 (1ym?]
23204813 ¢ (1im’) L2 * 87526145 (1ym*)
T 3.82736-13 5 (1m’) 1l 11288513 5 (/")
65 —#— B.3019E-13 s (1jm’) - L4SEE-13 5 (1im’)
6L | | roarrEazs ym?) 1h —= La78E-13 s (ym’)
* 170866125 (Um?) || | _ —¥#— 2.42226-13 5 (1m’)
E ssf o 2.81336.12 5 (19m”) “g 0.9 8- 3.12426-13 5 (1ym’)
CE sk aeanelzs md) || |3 40296613 5 (1m’)
2 asl —=— 76273E-125 (1m?) | | | B * 5.1974E-13 5 (1/m)
3 Lassse-nns ymd) | | |8 67037613 5 (1im”)
H ak 1 |-= 2070115 im) || | E —5- B.6465E-13 5 (1im’)
g ast = 340496115 ) || | & — L1152622 5 (Um?)
L L 56064E-11 5 (1"} i 14384612 5 (Lm?)
—¥— 8.23136-11 5 {1jm’) —H— 18553612 5 (ym)
=5 = 1526105 (Lm?) 23036125 (m?)
2k ) 1 | = 25028610 < (4m) 3.08666-12 & (1/m’]
15~ ‘/ \\ 21216108 (ym?) 3.9811E-12 5 (1m”)
1k / “\ -
0.5 ’4 L -
- e ‘ ‘ !
0.02 0.04 0.06 X 0.1 0.1z 0.02 0.04 .06 0.08 012
Discharge Gap (mml: 100um Discharge Gap (mm): 100um
(c) (d)
-
W=1,350 Vde Pmix=200 Torr - ArfHegH2 (96/10/001% - dig. AlGash cath. ITO/SI02 anade W=1.350 Ve Pmix=200 Tarr - ArfHefH2 (100/00/001% - dig. AlGaSh cath. ITO/SI02 anode
‘lo.‘:,‘l [ I —H— 31623614 5 (1im’] aot 1 [+ sasoseras [1im?)
—=— 4.3599E-14 5 (1m°) - 4.4309E-14 5 (Lim’)
12 — B011E-145 (1jm?) i 7 | = s23zee-as um?)
= 8.3875E-125 (1jm’) “ BJ52E-14 5 (umf)
11k +- 11426613 5 (1) o8F 7 |-+ 122888135 (ym?)
i 15753813 5 (1m") 17252613 5 (1ym)
- 2.17196-13 5 (1im’) 08 1 | ze2z213 s md)
05 —— 2.9944E-13 5 (1m?] —A— 3.4008E-13 5 (1jm?)
_ —H— 4.1285€-13 5 (1jm’] o7L ¥ 4.77476-13 2 (1ym’)
T osp —=seezerasm?) || g 6 6.7037E-13 5 (1m’)
z 7.8476E-13 5 (1/m?) ; 06 9.4126-13 5 (Yym*)
Kl = 1.0826-12 5 (m’] @ * 13215612 5 (m™)
4 14817622 5 (1m') é asl ] 18553612 5 (m")
2 —5- 2.0566E-12 5 (1im”) | | | ~8- 2.60496-12 5 (1jm")
ki — 21z s (o) || | 8 % 36573612 5 m’)
— 39092612 s (1m’) oer / . 1|+ sasaseas tym
—# 53899512 5 (1ym?) / | = 7.2093E12 5 (Um™)
> 74301822 5 (1m?) o3f ’ 5 X 1|+ vowzenys ym®
“~ 1.02456-11 5 (1/m’} “ N - \\ —— L4211E-11 s (Lm®)
1.4125E-11 5 (1m") 021 1 18953611 = (1ym?)
/ 01~ 4
P o0a o0 oo o1z
Discharge Gap (mm): 100um

(f)

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.
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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.
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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 Ar/He Ar/He Ar/He

(50/50) (60/40) (70/30) (80/20)
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/m?)

893E19 | 144E17 |

Ar/He
(100/00)

Ar/He
(90/10)

313E17 | 492E17 | 1.33E18 | 1.09E18

The chosen GDSuP cell model “Ar/He (70/30): IR-ArHe-7030” and “the reference mo
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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/m?)
5.51E5 | 1.1E4
Electron Energy Density (EED, kg/m s°A)
1.28E20 | 2.19E18

The ECD of Ar/He (70/30) model was approximately 50 times higher than t
reference model, while the EED of Ar/He (70/30) model was approximately 584i an that of

“Ar/He (70/30): IR-ArHe-7030” and “the reference model” were fu i the Electric
Potential Distribution (EPD) parameter in the final phases as showi'
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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

isel\\control and
nding to

Figure 12 exhibits the Paschen curves for argon and helium gases [6]. It is aimed t
locate the operating point of GDSuP cell on the imaginary vertical projecti
P.d=200 Torr.100 pm=2.0 Torr.cm on the Paschen curve by addition of heliu

104
P.d -
200Torr. 100pm -
E 2.0 Torr.em
o .
P13 b |
o ]
>
— Ar
— He
. : Paschen curves
102 ] . N R
10-! 100 10! 102 10°

P.d (Torr.cm)

8T ge regime of the I-V curve. The nominal operation point of the simulated
vertical line in blue.
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Protecting the cell against permanent damage due to the g transition is of critical importance in
modeling the semiconductor-gas discharge system. A recent on the CdS-coupled microplasma
system reported that the cathode material was”8@maged due to the glow-to-arc transition at a discharge
current of around 0.1 A [16].

Figure 13. Current/Voltage (1/V) curve of the gas dischar
current of the simulated GDSuP cell locates in the

4. CONCLUSION

It is figured out that binary Ar/Li€
of electro-optical properties of
Q d

iconductor can be utilized to custom design wavelength-
alg” A novel cathode configuration with micro-digitated electron
emission surface, which is C8 e gas discharge reactor media, can significantly improve the field
ging microplasma stability of GDSuP cell.

Referin Its of the electron density (ED) parameter as displayed in Figures 7 to 9,
“Ar/ : rHe-7030” cell model exhibits ED spatial distribution pattern closest to the
M i ighly localized electron density as calculated in the final phase among the other
simula dels. The ECD of “Ar/He (70/30) modified model” was approximately 50 times

‘Ar/He (100/00) reference model”, while the EED of “Ar/He (70/30) modified model”
was approxi ly 58 times higher than that of “Ar/He (100/00) reference model”. It is figured out that
by adding hefium 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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