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All FE-samples
- made from nSi (Ph, 5-10 Ωcm, <100>)
- anodically bonded on BF33
- fabricated via Laserablation and wet-chemical after-treatment

M. Hausladen et al., “Measurement of field emission array current distributions 
by metal-coated CMOS image sensors,” JVST B, doi: 10.1116/6.0004074.

https://doi.org/10.1116/6.0004074
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𝑈𝑈

K. Müller-Sievers, “Intensitätsmessungen an Röntgen-Bremsstrahlung im 
Energiebereich von 200 bis 10 eV,” Biophysik, doi: 10.1007/BF01191242.

Sensor Pixel

Concept of Bremsstrahlung

𝑑𝑑

https://doi.org/10.1007/BF01191242
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Basics of the Detection Method - Signal Origin and Description

M. Hausladen u. a., „Investigation of Influencing Factors on the Measurement Signal of a CMOS 
Image Sensor for Measuring Field Emission Currents“, Sensors, doi: 10.3390/s25051529.

Assumption: 𝐼𝐼 = 1 µ𝐴𝐴, b = 2

𝑑𝑑 = 150𝑛𝑛𝑛𝑛

https://doi.org/10.3390/s25051529
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Basics of the Detection Method - Signal Origin and Description

?

𝜇𝜇 𝜆𝜆  analytically unknown!

∝
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𝜆𝜆𝑏𝑏
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𝐼𝐼
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ℎ ⋅ 𝑐𝑐
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M. Hausladen u. a., „Investigation of Influencing Factors on the Measurement Signal of a CMOS 
Image Sensor for Measuring Field Emission Currents“, Sensors, doi: 10.3390/s25051529.

https://doi.org/10.3390/s25051529
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𝑈𝑈𝐻𝐻𝐻𝐻 = 360𝑉𝑉…560𝑉𝑉 in Δ𝑈𝑈 = 10𝑉𝑉 steps

150 Datapoints for each voltage (held for 5 min)
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𝑌𝑌 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋅ 𝐼𝐼 ⋅ 𝑈𝑈𝐵𝐵𝑏𝑏

Basics of the Detection Method - Signal Origin and Description

M. Hausladen u. a., „Investigation of Influencing Factors on the Measurement Signal of a CMOS 
Image Sensor for Measuring Field Emission Currents“, Sensors, doi: 10.3390/s25051529.

𝑌𝑌
𝐼𝐼

= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋅ 𝑈𝑈𝐵𝐵𝑏𝑏
𝑌𝑌
𝑈𝑈𝐵𝐵𝑏𝑏

= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋅ 𝐼𝐼

https://doi.org/10.3390/s25051529
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Gain and Use the Image Data
Spot Sensor Signal and Momentary Current Determination
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𝑌𝑌𝑖𝑖 ≈ 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅,𝑖𝑖 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋅ 𝐼𝐼𝑒𝑒,𝑖𝑖 ⋅ 𝑈𝑈𝐵𝐵𝑏𝑏 ⋅ 𝑡𝑡𝐸𝐸,𝑅𝑅𝑅𝑅𝑅𝑅

𝑆𝑆𝑖𝑖 =
𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅,𝑖𝑖

𝑈𝑈𝐵𝐵𝑏𝑏 ⋅ 𝑡𝑡𝐸𝐸,𝑅𝑅𝑅𝑅𝑅𝑅 
= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋅ 𝐼𝐼𝑒𝑒,𝑖𝑖

𝐹𝐹𝑖𝑖 =
𝑆𝑆𝑖𝑖
∑𝑗𝑗 𝑆𝑆𝑗𝑗

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂,𝑖𝑖 = 𝐼𝐼𝑒𝑒 ⋅ 𝐹𝐹𝑖𝑖

FEA with
- 21x21 Emitters
- squared arrangement
- pitch: 200µm

FE-PyCam2 software 
available at GitHub

𝑓𝑓(𝑡𝑡𝐸𝐸)

M. Hausladen u. a., „Investigation of Influencing Factors on the Measurement Signal of a CMOS 
Image Sensor for Measuring Field Emission Currents“, Sensors, doi: 10.3390/s25051529.

https://doi.org/10.3390/s25051529
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Sensor Calibration - Transfer Constant
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𝐶𝐶𝑇𝑇 =
𝐷𝐷𝐷𝐷

𝐴𝐴 ⋅ 𝑠𝑠 ⋅ 𝑉𝑉𝑏𝑏
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𝑆𝑆𝑖𝑖 =
𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅

𝑈𝑈𝐵𝐵𝑏𝑏 ⋅ 𝑡𝑡𝐸𝐸,𝑅𝑅𝑅𝑅𝑅𝑅 
= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋅ 𝐼𝐼𝑒𝑒,𝑖𝑖

𝑆𝑆𝑖𝑖
𝐼𝐼𝑒𝑒,𝑖𝑖

= 𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶

𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅
𝐼𝐼𝑒𝑒,𝑖𝑖

∝ 𝑈𝑈𝐵𝐵𝑏𝑏



Sensor Calibration - Calibration Constant and Experiments
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Full-Range-Fit Splitted Lo-Hi Range



Sensor Calibration - Calibration Constant and Experiments

S. 18Full-Range Fit Splitted Lo-Hi Range Fits

𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐶𝐶𝐶𝐶 ⋅ 𝐼𝐼𝑒𝑒,𝐹𝐹𝐹𝐹𝐹𝐹

𝑅𝑅𝐼𝐼,𝐹𝐹𝐹𝐹𝐹𝐹 =
𝐼𝐼𝑆𝑆,𝐹𝐹𝐹𝐹𝐹𝐹

𝐼𝐼𝑒𝑒,𝐹𝐹𝐹𝐹𝐹𝐹

𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹
𝐶𝐶𝐶𝐶

= 𝐼𝐼𝑆𝑆,𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐼𝐼𝑒𝑒,𝐹𝐹𝐹𝐹𝐹𝐹
!

Voltages: 300-560V (10V spacing)
Duration: 5 min each Voltage



Sensor Calibration - Calibration Constant and Experiments

S. 19Full-Range Fit Splitted Lo-Hi Range Fits

 Partly, but overall better accuracy
by splitted fits (Lo-Hi).

More accurate description of 𝑈𝑈𝑏𝑏 allows 
reduces linearization error (e.g. 𝑈𝑈𝑏𝑏(𝑈𝑈))

For a perfect 𝑌𝑌𝑇𝑇 (analytical solution) 
so that 𝐶𝐶𝐶𝐶 becomes a constant




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Summary
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• Overview on the method

• Sensor modifications (optical sensor  electron-detector)

• Image sensor: IMX477 (Raspberry Pi HQ-Camera)

• How it works (signal description, how to determine current)

• Method has potential for

• Gaining high detailed observations of dynamic emission process and its changes over time (in-situ)

• For now, method only allows analysis of cathodes with low/no internal voltage drops (causing different 𝑈𝑈𝐵𝐵 values per emitter)

• 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 ≈ 𝑌𝑌 ∝ 𝐼𝐼 ⋅ 𝑈𝑈𝑏𝑏  appropriate conductivity allowing assumption 𝑈𝑈1 ≈ 𝑈𝑈2 … ≈ 𝑈𝑈

• Calibration can be done:

• Determined 𝐶𝐶𝐶𝐶 values (Full-/Lo-Hi Range) with „image sensor 1“ and „FE-Cathode 1“ (4 individual tips)

• Applied them on data of „image sensor 2“ (same type) and „FE-Cathode 2“ (FEA)

• Results showed calibration works in principle, but deviates (depending on voltage) as

• 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 ≈ 𝑌𝑌 due to 𝑈𝑈𝐵𝐵𝑏𝑏; 𝑏𝑏 assumed as const  multi-calibration for different voltage ranges (Lo-Hi)

• Deviations especially for Full-Range-Fit and at (very) low voltages!

• With more accurate 𝑌𝑌𝑇𝑇 descriptions  less linearization error  𝐶𝐶𝐶𝐶 approaches a real constant:

• better approximations treating 𝑏𝑏 as 𝑓𝑓(𝑈𝑈) to describe the curvature of the 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 signal

• or analytical primitives 𝑌𝑌𝑇𝑇 (demands availability of absorption coefficients 𝜇𝜇(𝜆𝜆) and their integrability)

GitHub-Project

More info and details 
on this method:

Signal description and 
System analyzation

Sensor modifications 
and method applied



Any Questions?

Thank you for your attention
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