4H-SiC Low Gain Avalanche Detectors

XIRGE

Institute of Frontier and Interdisciplinary Science, SDU

Qingdao, 2026.4.23



Silicon LGADs

* Silicon LGADs have demonstrated excellent timing resolution (< 50ps)
— Designated for use in ATLAS and CMS

— Planned for future use in EIC

* From DC-LGADs to AC-LGADs  Foreseen AC-LGAD fabrication at Shandong

Institutes of Industrial Technology
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— DC-LGADs have limitations in spatial resolution due to
pixel size constraints and dead zones induced by JTE

and P-stop between pixels

— AC-LGADs deliver both high-precision timing and v v
spatial measurements with ~100% fill factor
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Silicon = Silicon Carbide

* Irradiated Si LGADs exhibit increased leakage current and gain degradation

» Sidetectors cooled to —30°C in real operation, to address radiation damage effects = Operational costs and
material budget

* To consider Silicon Carbide (a wide bandgap semiconductor) as another material for radiation detector
— SiC potentail as a radiation detector has been demonstrated in as early as the 1960s
— A long history, but the adoption of SiC detectors limited by process technologies
— Recent flourish with high-quality and low doped epitaxial layers, promoted by the use of SiC to fabricate power devices
— SiC polytypes are classified by lattice symmetry as cubic (C), hexagonal (H), and rhombohedral (R)
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* 4H-SiC most commonly used in commercial application



Potential of SiC material for radiation detectors

SiC
 Wide bandgap (x3) results in low leakage Property
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* High breakdown voltage (x15) allows for operation at high E-fields &High saturation drift velocity (x2)

—>charge carriers move faster with lower probability getting trapped by the defects in the lattice

—enables enhanced timing performance and effective charge collection

—4H-SiC detectors have the potential to outperform Si for fast charged particles detection.
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4H-SiC LGADs

e 4H-SiC Advantages:Higher electric breakdown strength, higher charge carrier mobilities, no cooling

required (especially after irraidiation)

. . A bandga
e 4H-SiC Disadvantages: 9ap
breakdown = 4H-SiC
— Larger mean ionization energy of MIPs threshold saturation | == Sj
. . . velocity

(7.8/3.6eV for SiC/Si) 2smaller signal for

the same amount of deposited energy
— Limited epitaxial thickness and quality =2 e-h pairs/ um thermal

by MIP conductivity

<100um sensitive volume

A promising solution is to develop 4H-SiC LGADs
- provide enhanced signal charges through gain layer, and inherit the intrinsic material advantages of 4H-SiC

—> operate effectively in high-radiation environments while providing precise time measurements



4H-SiC LGADs

Si LGAD
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4H-SiC LGADs — Epitaxial Layers

P++
< N+

N+
N++ Substrate

Method: Chemical Vapor Deposition (CVD)

Drift layer

* Nitrogen(N)-doped

* Doping concentration as low as possible to decrease the
depletion voltage (~10'*cm™3)

Gain layer

 Highly N-doped gain layer(~ 107 cm™3) and p-type layer
to create a large E-field at the p-n junction to induce

avalanching
P-type contact layer

e Aluminum doped (~10%°cm™3)



4H-SiC LGADs — Vertical Mesa Termination
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e Vertical mesa structures fabricated via etching to realize a

high breakdown voltage

* A mesa terminatons deeper than 2um to etch through the

contact and gain layers and isolate the devices
* Inductively Coupled Plasma-Reactive lon Etching (ICP-RIE)

e Etching process refined to achieve

— Vertical and smooth sidewalls

— Rounded bottom corners



4H-SiC LGADs — Passivation and Metal Contacts

Low Pressure Chemical Vapor Deposition

SiO,
LPCVD
Rapid Thermal Processing
RTP
Schottky contact Ohmic contact

NVTVAVNI

T=850°C

Device passivation to minimize surface traps

DC coupling in current design: selectively exposing the top of the

mesa by Reactive lon Etching(RIE) of the passivation layer

Afther metal contacts deposition, rapid annealing of the device
induces an interfacial reaction between the metal and SiC, reducing

the contact resistance.

Various metals and annealing schemes tried. A p-SiC ohmic contact
scheme with a specific contact resistivity of 6.9 X 107> Q - cm? ,

featuring good morphology and uniform resistivity.

Ni/Ti/Al/Ni is deposited as the anode and Ti as the cathode.



4H-SiC LGADs — Device Fabricated at SDU

LGADS-4um-300um
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* A very preliminary prototype device (10um drift layer) fabricated by Institute of Novel Semiconductors to
validate the fabrication process
* Quick check
— Using a 254nm LED as the signal source, the device gain was tested up to 600V, achieving a maximum gain of >10.

— Under 200V bias, a measurable response to a particles emitted from an Am-241 source.

* More tests on-going
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4H-SiC LGADs — Device by LBNL and NCSU  nima 1082 (2026) 170873
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4H-SiC LGAD 4H-SiC PiN diode Bias Votage V]

* PIN diode w/o gain layer for comparison

 Amount of charge collected from a-particle ionization in the LGAD higher than that in PiN diode

- low-gain multiplication of charge carriers in LGAD

A new paper is coming out soon: an upgraded device with gain factor~80, better timing

resolution, and verified radiation hardness - 4H-SiC LGAD confirmed as a high-performance

timing detector 1"



Experience accumulated in testing silicon AC-LGADs developd by
IHEP, is directly transferable to the testing of SiC LGADs.

This section is handled by Kun HU.
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Characteristics of AC-LGAD signal

wave 1
wave 2
wave 3
wave 4
wave 5

3X 107

Amplitude/V

~2X 1072 1

Time/s
Characteristics of AC-LGAD output signal Characteristics of Front-End Electronics (FEE)
* Short pulse (~2 ns) >+ Fast response
* Fast rise time (~500 ps) >+ High bandwidth of the FE amplifier
* Small amplitude (<10 mV) >+ Large gain of the FE amplifier
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Front-End Readout electronics

(a) (b) (c)

* Charge sensitive amplifier (CSA) not feasible for a very fast leading edge, due to the integration
process

* Amplifiers for the fast signals
a) Transimpedance Amplifier (TIA): Vout=I._* R, bandwidth sensitive to the feedback resistor
b) Voltage Amplifier (VA): Vout = (1+R,/R;)Vin, bandwidth limited by the voltage gain

c) Wideband Radio-Frequency Amplifier (RF): fixed gain, bandwidth is more than 1GHz y



Framework of the FEE
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Input Amplifier Comparator FPGA

LGAD detector & adapter board
LGAD front-end electronics (FEE) PC

We designed a framework of FPGA based readout electronics
* LGAD detectors are wire bonded to a FE adapter board on which the signals undergo the first-stage amplification.
* The amplified signals are discriminated using fast discriminator

* The discriminated digital signals are sent to FPGA for ToA and ToT measurement. 15



FPGA-based TDL-TDC

FPGA-based Tapped Delay Line (TDL) TDC
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16-ch FEE Prototype

16-ch front-end board

* RF amplifier: ADL5545, 6 GHz with integrated bias
control circuit
e Discriminator: ADCMP572 with differential output

KCU116 development board

* FPGA-based TDC: ToA & ToT measurement
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Detector Test with 16-ch FEE prototype
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* 4H-SiC detectors have the potential to outperform Si for fast charged particle detection.
* A preliminary prototype device was fabricated and validated the fabrication process.

* After the initial proof-of-design/fabrication, we proceed to fabricate more prototype devices for

comprehensive characterization.

* For electric testing, 16-ch FEE prototype was developed.
* ToA measurement achieved. Preliminary test results of AC-LGAD detector shows a good

timing resolution, it could be improved after the ToT calibration in the future.

* To achieve ToT measurement

* Try other types of amplifiers with high bandwidth
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backup
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Minimum lonizing Particle (MIP) Detection

Energy deposition in 100 um Si & SiC

Counts

sooof

SIMPV:0.03MeV
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In the Si and SiC detectors with same thickness,
the signal generated by the MIP in the SiC is

smaller than that in the Si.

Silicon: ~ 78 e-h pairs / um
(~ 3.6 eV / e-h pairs)

50 ym Si LGAD

SiC: ~ 55 e-h pairs/ um
(~ 7.8 eV / e-h pairs)

~75 um SiC LGAD
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RF Amplifier test in IHEP

PGA-103+ : BandWidth 4GHz, rise time 600ps-800ps;
BGA420 : BandWidth 3GHz, rise time 500-600ps;
BGA427 : BandWidth 3GHz, rise time 400-500ps;
PHA-23LN+ : BandWidth 2GHz, rise time 600ps;
ADL 5536 : BandWidth 1GHz, rise time 700ps-900ps; LG R AL
MAR-6+/ADL5545 : BandWidth 6GHz, rise time 550ps, pulse width<2ns. Experimental setup in IHEP

AC-LGAD
PRI 2%

More than 100 mV after two-stage RF Amp.
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Adapter board
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One-stage or two-stage emitter amplifiers
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