
1

ON-CHIP INTEGRATED UV 
MICROPLASMA SOURCES FOR
BIOPHOTONIC APPLICATIONS
Yize
Promotors: Prof. Christophe Leys, Prof. Nicolas Le Thomas, Dr. Anton Nikiforov 

Presenter Notes
演示文稿备注
Good afternoon, dear jury members. I am here today to defend my PhD work internally, entitled On-Chip Integrated UV Microplasma Source for Biophotonic Applications.
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INTRODUCTION
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UV LIGHT: THE INVISIBLE KEY TO BIOLOGY
What is UV?

The electromagnetic spectrum. Ultraviolet (UV) can be 
divided into UVA, UVB, and UVC bands.

Why Biology Cares?

• UV Absorption

• Autofluorescence

• Sterilization

Harlow & Lane (1988), NPTEL

Morella et al. (2019)

Hara et al. (2015)

Ultraviolet light (UV) is a type of radiation found 
naturally in sunlight.

Presenter Notes
演示文稿备注
It begin with a simple question. Why do we need a compact UV source? We know that UV light and UV technologies are essential for life sciences—label‑free biosensing via UV absorption, autofluorescence imaging, and UV sterilization as well. Translating these application to chip‑scale devices demands a source that is compact and integrable. We have the bulky solution, the UV lamps, and the compact solution LED. They both emit free-space light. We also have UV lasers, which offer excellent beam quality but are fixed‑wavelength, and difficult to integrate. We here propose a new approach, named UV‑POCS, which combines integration and wavelength agility.
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THE BOTTLENECK - COMPACT UV SOURCE
UV photonics for biosensing demands a source that is simultaneously compact, integrable, 
efficient, and wavelength-flexible.

UV SOURCE SOLUTIONS

UV-POCS
Compact, Integrable, and 
wavelength-adjustable

UV LED
Compact, good QE. 
Deep-UV QE collapses; 
high étendue.

UV Lamp
High-power broadband 
UV source.
Bulky; toxic.

UV Laser
Low étendue, good 
beam. Fixed wavelength. 
Difficult to integrate.

Chip
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WHY MAKING A COMPACT UV SOURCE IS HARD?
Etendue mismatch: funnel water from a sea, very inefficient

Wavelength adjustability: different drinks in the bottle, instead of just water  

` `
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UV-POCS: EVANESCENT CAPTURE OF PLASMA UV

a: Device schematic.

b: Zoom of plasma-
waveguide evanescent 
coupling.

c: Overlap of the 
evanescent tail with the 
plasma sheath 
(penetration depth ~ 100 
nm for UV).

Basic idea: UV-emitting plasma above a spiral AlOx waveguide.

Advantages: wavelength-adjustable (by changing gas); Single-mode output available.

Challenges: low overlap

a b

c
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The concept is straightforward, and that is to generate a microplasma directly above the waveguide, so that it becomes an UV-emitting cladding and the UV emission will be coupled evanescently into the guided mode. The advantages is that the working wavelength can be changed by changing the gas composition, and it also support single-mode output by using single-mode waveguides. However, the problem is that the overlap between the plasma and the evanescent field is low. The sheath is tens of microns thick, while our coupling zone is only about a hundred nanometers in UV wavelength. 
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THEORETICAL MODELLING
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PLASMA MODEL – PLASMA KINETICS AND EMISSION
1D fluid model of dielectric barrier discharge (DBD) to predict plasma emission.

Enhancing surface emission: introducing helium-nitrogen heavy-particle reactions.

Schematic of the on-chip DBD. Heavy particle reactions promoting sheath 
emission at 391.4 nm.

The sheath is 
usually a low-
emission zone.

Presenter Notes
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To find a solution addressing this issue, I first developed a 1D transient plasma model. It consider seven dominant reacting species in the helium-nitrogen mixture. It was found that by introducing helium in the system, we enable the helium-nitrogen heavy particle reactions. These reactions produce the N₂⁺(B) emitters directly inside the sheath, which solves the problem. With the model, we can derive the emission rate, which will later be used for the photonics coupling calculation.



9

PLASMA MODEL – EXTERNAL INPUT
The dielectric layer (the chip) is considered an RC circuit, where R and C come from experiments.

The emission spectrum gives the fraction of the 391.4 nm line to the whole first negative system of N2
+.

IV curves are used to calculate the dielectric impedance. 

Emission spectrum.Boundary condition parameters (SEEC, MIE). 
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PLASMA MODEL – RESULTS
With the transient population densities, the time-averaged 𝑟𝑟ems at the 391.4 nm line can be obtained.

Spatiotemporal distribution of 
electron density at d = 300 µm

Transient population density, electric 
potential, and reaction rates at τ = 0.2
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Since we already have the emission rate, all we need to do is to calculate the coupling efficiency between the plasma and the waveguide, so that we can get the final output. In the photonics model, the plasma is treated as a cloud of radiating dipoles. Using Fermi's golden rule, we derive an analytical expression for the coupling efficiency. The key result is that for our thin waveguides – where the height is much smaller than the width – each guided mode contributes almost equally to the total coupled power. For our experimental parameters, the model predicts about 1 to 6 pW.
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PHOTONICS MODEL – PLASMA-WAVEGUIDE COUPLING
The plasma is treated as a dipole cloud while calculating coupling efficiency 𝜂𝜂c.

𝜂𝜂c can be expressed as two spontaneous rates                      , where
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PHOTONICS MODEL – PLASMA-WAVEGUIDE COUPLING
To highlight the physical mechanisms involved in the coupling efficiency, it is convenient to introduce 
an 𝐴𝐴eff as

𝜂𝜂c therefore becomes 

Here                                    is the diffraction-limited area of a dipole in the top cladding medium of 
index 𝑛𝑛

Geometry overlapIndex match
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PHOTONICS MODEL – RESULTS

Computed output power: single-mode (1 µm width) 2.9 pW; multi-mode (3 µm width) 11.5 pW.

a: Contour of effective ηc at 
the target wavelength 391.4 
nm.

b: Contribution of each 
mode, namely the area 
integration of ηc. 

Under a thin-waveguide 
approximation, ηc is 
proportional to the number 
of supported modes. 

a b
single-mode

multi-mode
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EXPERIMENTAL SYSTEM 
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OPTICAL PATH

A 405 nm laser is used to align the optical path.

In: fiber edge coupling; Out: free-space coupling via aspherical lens.

Original design. Operated in vacuum.
Final design. Operates at atmospheric pressure. With 

optical enclosure.

Presenter Notes
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Building the experimental system was a major iterative effort. We went through three plasma configurations and finalize with one‑layer DBD at atmospheric pressure. This configuration gave us stable and diffuse plasma on top of the chip. The chip stage was redesigned four times to minimize carbon contamination. The electrode is pure tungsten with a rounded flat tip and quartz insulation. The chip layout includes a spiral to maximize coupling length, and a 1 cm horizontal shift of the output facet away from the discharge center (also the center of the spiral) to reduce plasma background noise.
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EARLY DESIGNS OF THE DISCHARGE SETUP
The SBD approach (with metal exposed) has the arcing issue;

In the two-layer DBD, plasma tends to form on top of the glass. 

Top: SBD setup. 
Suffering from 
arcing.

Bottom: 2L DBD. 
Discharge leakage.

Final design, 1L DBD.
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OPTICAL ALIGNMENT
From vacuum to atmospheric pressure, alignment becomes much more easier.

The output facet is shifted away from the discharge center (spiral) in the x-direction to reduce noise.

Design of the on-
chip DBD setup, 
emission profile, 
chip layout design, 
and the in-and-out 
optical alignment.

Presenter Notes
演示文稿备注
Building the experimental system was a major iterative effort. We went through three plasma configurations and finalize with one‑layer DBD at atmospheric pressure. This configuration gave us stable and diffuse plasma on top of the chip. The chip stage was redesigned four times to minimize carbon contamination. The electrode is pure tungsten with a rounded flat tip and quartz insulation. The chip layout includes a spiral to maximize coupling length, and a 1 cm horizontal shift of the output facet away from the discharge center (also the center of the spiral) to reduce plasma background noise.
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CHIP FABRICATION AND PROCESS IMPROVEMENT

SiNx is used as a hard mask for etching AlOx.

ICP recipe has been improved for smoother sidewalls and less propagation loss.

Original design. Operated in vacuum.
Final design. Operates at atmospheric pressure. With 

optical enclosure

Presenter Notes
演示文稿备注
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EMISSION ENHANCEMENT
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BASELINE OPERATION CONDITION
A baseline condition is established first as a control group.

3 kV ptp, 10 kHz sinusoidal wave, 4 SLM helium flow, 300 µm discharge gap.

Experimental setup.
Flow rate is set to 4 SLM to ensure a 

helium-rich environment.
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With both theoretical and experimental foundation established, we then move towards the enhancement of the plasma UV emission. The first enhancement strategy is spatial control via gap optimization. As we reduce the gap from 400 microns down to 80, the emission at the chip surface increases significantly. The profile itself transitions from a three‑layer structure to a single peak. The model reproduces this transition nicely. The mechanism is straightforward – a smaller gap increases the electric field in the cathode sheath, and when the gap becomes smaller than twice the sheath thickness, the sheaths begin to overlap with each other, resulting in enhancement on ionization and charge‑exchange at the chip surface.
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EMISSION ENHANCEMENT – SPATIAL CONTROL
Spatial control via reducing gap spacing 𝑑𝑑 (between the electrode tip and the chip surface) 
enhances surface emission. 

Measured emission profile varied 
with gap spacing 𝑑𝑑.

Model results. Top: electron density 
profile; Bottom: emission rate profile.
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MODEL INSIGHT – SPATIAL CONTROL
By reducing the discharge gap 𝑑𝑑, a spatial-temporal overlap of the sheaths occurs, leading to 
an enhanced emission and the transition of the emission profile to a single peak. 

Spatiotemporal distribution of electron density at d = 300 µm and d = 100µm.

Presenter Notes
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The second enhancement strategy is temporal control via harmonic excitation. We add a second harmonic component with a specific phase difference. A phase difference of 270 degrees creates an asymmetric voltage waveform where the positive half‑cycle is stronger. This amplifies the peak gap voltage and preferentially confines the plasma on the chip side during the half cycle when chip becomes the cathode. That result in the thinning down of the sheath and enhanced emission on the chip surface.
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EMISSION ENHANCEMENT – TEMPORAL CONTROL
Temporal control by adding a second-order harmonic to the sinusoidal applied voltage 
enhances surface emission with a spatial preference.

Measured emission profile varied 
with the applied voltage waveform.

Model results. Top: electron density 
profile; Bottom: emission rate profile.

Waveform variations under 
temporal control.
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The second enhancement strategy is temporal control via harmonic excitation. We add a second harmonic component with a specific phase difference. A phase difference of 270 degrees creates an asymmetric voltage waveform where the positive half‑cycle is stronger. This amplifies the peak gap voltage and preferentially confines the plasma on the chip side during the half cycle when chip becomes the cathode. That result in the thinning down of the sheath and enhanced emission on the chip surface.
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MODEL INSIGHT– TEMPORAL CONTROL
By temporal control, the power is redistributed during a discharge cycle.

The peak voltage and current increase, as does the ionization source term.

Spatiotemporal distribution of electron 
density with sine wave.

Spatiotemporal distribution of electron 
density with harmonic excitation, 𝜙𝜙 = 270°.

Applied voltage, gap voltage, current, and 
ionization source term in the two conditions.
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The second enhancement strategy is temporal control via harmonic excitation. We add a second harmonic component with a specific phase difference. A phase difference of 270 degrees creates an asymmetric voltage waveform where the positive half‑cycle is stronger. This amplifies the peak gap voltage and preferentially confines the plasma on the chip side during the half cycle when chip becomes the cathode. That result in the thinning down of the sheath and enhanced emission on the chip surface.
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EMISSION ENHANCEMENT – CONCLUSION
The 1D assumption starts to fail at 𝑑𝑑 < 100 μm.

48% surface emission enhancement was achieved by combining the two approaches. 

Experiment-simulation deviation at 
sub-100 µm gap

Overall emission enhancement 
combining both techniques
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The second enhancement strategy is temporal control via harmonic excitation. We add a second harmonic component with a specific phase difference. A phase difference of 270 degrees creates an asymmetric voltage waveform where the positive half‑cycle is stronger. This amplifies the peak gap voltage and preferentially confines the plasma on the chip side during the half cycle when chip becomes the cathode. That result in the thinning down of the sheath and enhanced emission on the chip surface.
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DETECTION VALIDATION
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TECHNICAL OBSTACLE: BACKGROUND NOISE
A set of neutral density filters was used to reduce the laser-pumped output to simulate the 
desired coupled light from the plasma. A good signal-to-noise ratio can be obtained. 

The output of the laser-pumped single-mode waveguide.

Single exposure vs. stack of 5 exposures.
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Despite our best efforts, direct measurement of the plasma‑coupled output was not achieved. The reason is carbon‑based contamination – from polymer components and airborne dust attracted by the strong electric field during discharge. Once trapped, the dust gets burnt dry in the oxygen‑containing plasma, leaving carbonized residues that scatter the guided light, which cause the failure of the waveguide. We tried the localized flow, chamber flushing, and even an electrostatic precipitator – they all helped, but none eliminated the problem. However, the underlying coupling principle remains sound. The same dipole-waveguide evanescent‑coupling is experimentally validated in waveguide‑enhanced Raman spectroscopy. The plasma dipoles are physically analogous.
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TECHNICAL OBSTACLE: CONTAMINATION
Direct plasma-coupled measurement was blocked by carbon contamination.

Unavoidable due to their airborne nature.

Design of the on-chip DBD setup, 
emission profile, chip layout design, 
and the in-and-out optical alignment.
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CONCLUSION & PERSPECTIVE
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CONCLUSION

• Developed a coupled theoretical framework and functional prototype; the model predicts a 
power output of 3–11 pW at 391.4 nm

• Achieved 48% surface emission enhancement via gap optimization and harmonic excitation 

• Validated picowatt detection capability, yet direct plasma-coupled measurement was 
blocked by carbon contamination

Presenter Notes
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In conclusion: we developed a theoretical framework and a working prototype, with model predictions in the picowatt range. We achieved 48% surface enhancement and validated picowatt detection. Direct coupling was blocked by contamination—but the principle is validated in WERS. The missing piece is engineering, not physics.
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PERSPECTIVE
• Contamination control: surface barrier discharge (SBD) in a microcavity (20–100 µm 

height) with a dielectric lid

• Spectral extension: change gas mixture (Xe, Kr, Ar/F₂) to access UVB, UVC, and VUV

• On-chip gas laser: exploit plasma as both spontaneous emitter and gain medium—
self-seeded, pump-free, coherent UV source

Future design of UV-POCS: encapsulated SBD

Presenter Notes
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At the end I would like to share my perspectives regarding the UV-POCS. Contamination control can be done either by relocating the whole setup to a cleanroom environment, or, as a more elegant approach, by on‑chip encapsulation. That seals the plasma in a microcavity with a dielectric lid, completely isolate it from external dust. Looking further ahead, this platform can be extended to other UV bands via gas mixtures, and eventually we can exploit the possibility of developing a self‑seeded on‑chip gas laser. That requires study on low loss waveguide and plasma as a high gain medium to meet the photon budget. Thank you for your attention.
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