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Background

* LIDAR systems are used to produce an
image or 3D point cloud of a scene.

 These systems illuminate the scene using
pulsed lasers.

* The reflected return of these pulses is
detected using sensitive detector arrays to
produce an image or 3D point cloud of the
scene.

* LIiDAR systems have many applications that
passive imaging systems cannot achieve.

* Autonomous vehicles, aerial inspection,
precision agriculture, forestry and land
management, survey and mapping,
renewable energy, and robotics [1].

[1] Cloud Factory (2022)
[2] ). Stoker, USGS (2023)
[3] American Forest (2018)

Top: Profile view of an airborne lidar point cloud of a
forest [2]. Bottom: LiDAR used for agriculture [3]



Why SWIR SPADs

* LiDAR systems require sensors capable of detecting very low levels of
light, some even at the single photon level.

» Single photon avalanche diodes (SPADs) are great for these applications when
single photon detection is required.

* There is a need to increase the range of LiDAR systems while maintaining eye
safety for humans and animals under various atmospheric conditions.

* This can be achieved by using light in the SWIR waveband.
* Has less background radiation from sun and from thermal sources
* Has wavelengths with very low atmospheric absorption
* Uses less power than visible light

* Geiger Mode APD

* APDs produce a runaway current that must be reset/quenched after each
detection.

* Gm-APDs have the same output regardless of the intensities of the ligh



Geiger-mode APD
Characteristics

* Advantages .
* Sensitivity
* Timing resolution

» Useful for applications of LiDAR,
including 3D mapping via optical-
time-of-flight and coherent imaging

[4].
* Disadvantages

* Deadtime — Time the APD is unable
to make a detection following a

detection

* Not useful for capturing intensity
information in a single
measurement.

e Saturate at lower light levels than
Lm-APDs, limiting the dynamic

range of these devices.

[4] P. McManamon, (book) SPIE (2019)
[6] Chunnilall Opt. Engr., (2014)

[5] Cova, et al., Appl. Opt., 35 (1996)
[7] Wang, Optics Comm., 443 (2019)

Photon detection efficiency (PDE)

®*  The probability that a single photon is detected[5].
 Absorption efficiency
* Avalanche trigger probability

Dark count rate (DCR)

 Rate that avalanche events are triggered by a
carrier that is generated by a non-photon noise
source (Thermal noise, Trap assisted tunneling,
band to band tunneling [6])

Afterpulsing
* Trapped charge carriers in depletion region

released after the dead time can trigger a second

avalanche called an afterpulsing event.
t

o« Pup, =Aje
* A, isthe pre-factor, and t; is the trap lifetime [7].
Timing jitter



Dark Count Rate (DCR)

Trap Assisted Tunneling [8]
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E = E; — E; E7 is the energy level of the trap, E;
is the intrinsic Fermi level,

* Tpp:Recombination lifetimes of the electron and
holes
* M, isthe intrinsic carrier concentration.
* For weak fields I5,,, < 1 and R4y reduces to SRH
[47].
e The main characteristics for trap assisted
tunneling were the tap lifetimes
- T
— The transverse effective masses m; of the
charge carriers.

[8] Hurkx, IEEE Trans. on Electron Dev., 39 (1992)

Band-to-Band Tunneling [8]

o Fo
Rype = —BIF|°D(F,E, Epy, Efp)exp ~iF1)

* B is a material parameter,
* Fisthe electric field,

o is a parameter that depends on whether the
bandgap is direct (¢ = 2) or indirect (6 = 5/2),

* Er, and Ef, Fermi levels at the “neutral” n and p
side,
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e Fy x Eg where E; is the bandgap
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Separate Charge Multiplication Structure

Modeling ATP and DCR with Lumerical
p Contact: 60nm GeSngs 1%10"cm3 * SPAD Dark Count Rate application file [9]

Absorption: 300nm GeSng g 1%10'8cm 3

* Runs two simulations:
50nm x1016cm-=2 . . .
| SRR es e * Electric field of the diode,
Charge 100nm Si2x10"7¢cm .
e Calculate its ATP and DCR.

Multiplication: 500nm Si 5%10'%cm=

n+ Si Substate: As doped DESignS

 Si as their multiplication layer material (GeSn-on-Si)
Cross sectional schematic of SPADs design with: N+ Si substrate

. G .
used as the bottom contact, undoped Si as multiplication The GeSn-on-Si SPAD was de5|gned to have a

region, p-doped Si charge sheet, undoped Ge buffer, undoped SACM region structure with a GeSn a”Oy of 8%
GeSn absorption region, and p doped GeSn contact. Sn.

* |ts cross-sectional schematic can be seen with
each layer’s material thickness and doping.

* GeSn SPADs with Ge as their multiplication layer
material (GeSn-on-Ge).

[9] Ansys Lumerical



GeSn-on-Si vs GeSn

ATP DCR

e GeSn-on-Si breakdown around 26V * For the GeSn-on-Si design, trap assisted tunneling is

e GeSn-on-Ge breakdown around dominant over band-to-band tunneling.

33V. * For the GeSn-on-Ge design, the dark count rate is much
higher. Additionally, band-to-band tunneling is dominant..
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DCR contributions for GeSn-on-Si (red) and GeSn-on-Ge (blue) vs excess bias,
including contributions from band-to-band tunneling (dashed lines), and trap
assisted tunneling (solid lines).

ATP vs bias for GeSn-on-Si SPAD (red) and GeSn-on-Ge SPAD (blue).



Comparison of Results

Charge Sheet doping

Charge sheet being insufficiently
doped to contain the high electric field
inside of the multiplication region.

Electric field distribution at breakdown
is improved, having a lower electric
field in the absorption region, when

the charge sheet doping is increased to
5x 10 cm™3,

DCR

The charge sheet improved the trap
assisted tunneling

Did not improve the band-to-band
tunneling.
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Left: Electric field distribution along the center of the SPAD with the Ge multiplication
region. The electric field is high in the absorption region suggesting the charge sheet is not
sufficiently doped at 2 x 1017c¢m™3 (blue). Electric field distribution along the center of the
SPAD with the Ge multiplication region after increasing the charge sheets doping to 5 X
10Y7cm™3 (red). The electric field is only high in the multiplication region. Right: DCR
contributions for GeSn-on-Ge SPAD for different charge sheet doping vs excess bias over
breakdown voltage. The contributions to DCR include band-to-band tunneling (dashed
lines), and trap assisted tunneling (solid lines).



Future Work

GeSn-on-Si

Start fabricating GeSn-on-Si APDs based on my
designs, with the goal of achieving single-photon
sensitivity.

Several epitaxial stacks grown by the company
Advanced Epi.

— The first is the same as in the modeling. With
this wafer we will try different techniques to
etch and contact the structure such as, mesa,
Double mesa, Planar structure

— The other wafers consisted of just the Si layers
of the SPAD: the n+ substrate, the
multiplication region, and the charge sheet.

— For these we will grow the Ge and GeSn layers
at AFRL to examine other thicknesses and
doping levels for important layers like the Ge
buffer and the GeSn absorption region

Characterization

Characterizing the APDs’s breakdown at different
temperatures, we will be able to confirm that it is
avalanche breakdown (from impact ionization)
and not Zener breakdown (from band-to-band
tunneling).

PDE and DCR can be characterized using TCSPC
and the radiometric blackbody techniques.

Afterpulsing probability can be characterized
using TCCC Timing jitter can be characterized
using TCSPC.

Additional Modeling

Modeling the absorption from the GeSn as it is
needed with the ATP to calculate the SPAD’s PDE.

Modeling afterpulsing probability of SPADs to
better understand the mechanism and how to
reduce it without increasing the deadtime.
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