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Presentation Notes
Good morning, I am here our research at the Delft university of technology, towards the holy grail we call, CMOS compatible NIR image sensors.
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Presenter Notes
Presentation Notes
First I will give an introduction to the IR spectrum, then talk about addressing beyond visible. Then I will talk about our research towards the holy grail of CMOS compatible near IR image sensors, some preliminary simulation results and topics for open discussion.



THE INFRARED (IR) SPECTRUM
The infrared (IR) spectrum
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Presenter Notes
Presentation Notes
In the electromagnetic spectrum, the region pans between 700 nm and 12 um. 700 nm to 1 um is the NIR and 1um to 3 um is the SWIR, 2.5 um to 8 um is the MWIRS and 5um to 12 um is the LWIR. For detection in the NIR and SWIR region, reflected light is mainly used where as for MWIR and LWIR detection, generated thermal radiation is mainly used. 



APPLICATIONS OF NIR IMAGING
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Advantages:

• See through haze and smoke
• High contrast in difficult illumination situations
• Takes advantage of existing optics
• Good sensitivity
• Effective for identification

Other major applications of interest:

• Machine vision, healthcare, food sorting, pedestrian 
detection

Space applications :

• Earth observation and characterizing special features  
of ground, environmental mapping, weather and 
climate monitoring from on board satellites (MIR to 
VLWIR)

Images of San Francisco Bay produced by a visible 
light camera and a SWIR camera.

Image credits: NASA

NIR view of the Piqiang Fault, China

Presenter Notes
Presentation Notes
Now, the main advantages of NIR Imaging are that,….
It is evident in the images of San francisco bay produced by a vis camera and a SWIR camera.
The main space applications are,….
Water absorbs NIR, so these wavelengths are useful for discerning land-water boundaries that are not obvious in visible light. The below image shows the near infrared view of the Piqiang Fault, China. Variations in mineral content, vegetation, and water cause patterns of light and dark in this near infrared view 
Other major applications of our interest are,…



ADDRESSING THE IMAGING BEYOND VISIBLE
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• Image sensors are similar in overall architecture in many domains

• Uses a photodiode to convert incident photons to electrical charges

• Requires that the energy of the photons is larger than the bandgap of the semiconductor
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λ – wavelength
λc – cut-off wavelength
Eg – band gap energy
h   – Planck’s constant
c – speed of light
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Presenter Notes
Presentation Notes
How do we address imaging beyond visible? All image sensors are similar in overall architecture and the IR photonic detectors use the same photoelectric effect. When light of a certain energy falls on a material, it emits electrons if the energy of the incident light is more than the band gap energy



ADDRESSING THE IMAGING BEYOND VISIBLE

6

Material Band gap 
(eV)

Cut-off wavelength (µm) Suitable range

Silicon 1.12 1.1 (unusable beyond 0.85 µm) VIS

Germanium 0.66 1.9 SWIR

InGaAs 0.75 1.65 SWIR

InSb 0.225 5.5 MWIR

HgxCd(1-x)Te(MCT) 0<x<0.8 0.09 - 1.6 0.8 - 14 SWIR - LWIR
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Presenter Notes
Presentation Notes
The typical maerials used for IR imaging are ,….
As the band gap decresases, the wavelength that they can address widens
Si is unusable after vis range where as materials like Ge ,… are used to the address the longer wavelengths.




DOMINANT TECHNOLOGIES & DRAWBACKS
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• The detector array is separately fabricated and connected at the pixel level by hybridization

• Hybrid/3D integration methods are complex & require specialised foundries and is expensive

• The advantage of CMOS scaling cannot be fully utilised

• Can we achieve IR imaging in a CMOS compatible process?

Presenter Notes
Presentation Notes
The dominant technology is to fabricate the detector array separately and then connected at the pixel level by hybridization techniques like bump bonding.
It requires the ability to fabricate and connect bump arrays with reliable methods providing good alignment and the current state of art limit for hybridization is 5 um pitch.
Hybrid/3D integration methods are complex & require specialised foundries and is expensive
The advantage of CMOS scaling cannot be fully utilised
Can we achieve IR imaging in a CMOS compatible process? That is what is we are looking into in our research



OUR RESEARCH TOWARDS THE HOLY GRAIL
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• Post-process silicon with NIR/SWIR sensitive materials (e.g., III-V, II-IV or upconverting materials)

• Use low temperature (< 350 °C) techniques such as using Chemical Vapour Deposition (CVD)

• Advantages:

• Makes use of the advantage of CMOS scaling

• No complex integration techniques, not expensive

Device physics 
& process 
simulations

Design of 
experiments

Fabrication & 
processing of 
test-devices

Si p-n junction
IR sensitive material

Handle substrate

Presenter Notes
Presentation Notes
We start with the numerical analysis, device physics and process simulations of the material stack device and then it goes to the deisgn of experiments, then the fabrication of test devices. We are aiming to post process silicon with NIR/SWIR sensitive materials such as

As this is a post processing step, we would want to use low temperature techniques such as CVD.

The main advantages are



SIMULATION OF THE BEER LAMBERT’S LAW
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𝐹𝐹 𝑥𝑥𝐺𝐺𝐺𝐺 = 𝐹𝐹(𝑥𝑥0)𝑒𝑒−∝𝐺𝐺𝐺𝐺𝑥𝑥𝐺𝐺𝐺𝐺 (1)

𝐹𝐹 𝑥𝑥𝑆𝑆𝑆𝑆 = 𝐹𝐹(𝑥𝑥𝐺𝐺𝐺𝐺)𝑒𝑒−∝𝑆𝑆𝑆𝑆𝑥𝑥𝑆𝑆𝑆𝑆 (2)

𝐹𝐹 𝑥𝑥𝑆𝑆𝑆𝑆 = 𝐹𝐹(𝑥𝑥0)𝑒𝑒−(∝𝐺𝐺𝐺𝐺𝑥𝑥𝐺𝐺𝐺𝐺+∝𝑆𝑆𝑆𝑆𝑥𝑥𝑆𝑆𝑆𝑆) (3)

𝑄𝑄.𝐸𝐸. α 1 − 𝐹𝐹 𝑥𝑥𝑆𝑆𝑆𝑆 (4)

Using (1) in (2);

𝑥𝑥Ge - thickness of Ge
𝑥𝑥Si - thickness of Si
αGe - absorption coefficient of Ge
αSi - absorption coefficient of Si
F(𝑥𝑥0)    - photon intensity at the surface
F(𝑥𝑥Ge)  - photon intensity at depth 𝑥𝑥Ge
F(𝑥𝑥Si)   - photon intensity at depth 𝑥𝑥Ge + 𝑥𝑥Si
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Presenter Notes
Presentation Notes
To begin with we simulated the Beer lambert’s law of absorption on a stack of Gen on Si.
let Fxo be the incident light itensity. According to Beer lamberts law, fxge is what will be remaining at the interface and F(xsi wil be what is remaining at the Si end. We just analysed how much radiation will be absorbed in individual stacks and how much is the combined absorption.



FACTORS AFFECTING THE PERFORMANCE OF A HETEROJUNCTION
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Properties of interface that determine the performance of a photodiode

• band offsets between the materials due to the changes in their band gaps and electron affinities, 

• interface and bulk defects

• band bending due to Fermi potential alignment

valence band offset, ∆Ev

M1(p)

𝜑𝜑C-Si , band bending

M2(n)

EF , Fermi potential

bulk defects

Interface defects

∆Ec , conduction band offset

Presenter Notes
Presentation Notes
As we are doing a material research, the interface between them is the most important factor to be analalysed for charge transfer especially in low temperature fabrication processes. Three
properties of the interface determine the performance of heterojunction solar devicess:
band offsets between the IR sensitive material and c-Si, interface defects and band bending in c-Si.

Fermi Level in a semiconductor is the energy level occupied by an electron orbital, At a temperature of 0 K. The Fermi level determines the probability of electron occupancy at different energy levels. And at thermal equilibrium the Fp of two materials in a junction aligns
What causes trap states?
Defects occur in the semiconductor material due to material impurities or during the fabrication process causes the deviation from optimal performance. These defects are referred to as trap states, or in short “traps”, which restricts the normal floe of carriers in a semiconductor.




SIMULATION RESULTS
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• Used a numerical simulation tool AFORS-HET, automat for simulation of heterostructures

• It allows to simulate different sequence of semiconducting layers and interfaces

Material Thickness 
(µm)

Band 
gap

Electron 
affinity

a-Si 0.5 1.72 3.9

a-Ge 0.5 0.68 4.01

c-Si 300 1.12 4.05
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SIMULATIONS
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Material
Trap densities /cm-3

Defects_1 Defects_2

a-Si 1E18 1E20

interface 1E10 1E20

c-Si 1E10 1E18

• Band bending increases with increased defect densities

with defects_2

with defects_1

𝜑𝜑c-Si – band bending



PROCESS FLOW
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Experimentation 
with test 

devices/layers on 
Si wafer

Numerical 
simulations 

(e.g. AFORS-HET)

3D Device 
physics 

simulations 
(e.g., Spectra)

Experimentation 
with real Si based 

image sensor



FOR FURTHER DISCUSSION
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• We would appreciate your inputs on:

• Your experiences (if any) with low-temperature (post-) processing of materials on Si or similar

• Use of device physics simulation/AFORS-HET or similar for tandem cells

• Impact of our R&D on your own research

• Options for collaboration

FEEL FREE TO HAVE A CHAT OFFLINE!
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