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Applications of Low-Gain Avalanche Diodes (LGAD)
and motivation of the work

HIgN Energy PNysIcs

CMS Experiment at the LHC, CERN

R 4 Data recorded: 2016-Oct-14 09:56:16.733952 GMT
Ve | Run/FEvent /1S 283171./.142530805 /254 \,

.\\.

Source: Ritson, Sophie. "Creativity and modelling the measurement process of the Higgs self-coupling at the LHC and HL-LHC." Synthese 199.5 (2021): 11887-11911.

< 30 ps time resolution |1]

[1] Cartiglia, N, et al. "The 4D pixel challenge." Journal of Instrumentation11.12 (2016): C12016..
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Applications of Low-Gain Avalanche Diodes (LGAD
and motivation of the work

CMS Experiment at the LHC, CERN

R 4 Data recorded: 2016-Oct-14 09:56:16.733952 GMT
Ve | Run/FEvent /1S 283171./.142530805 /254 \,

.\\.

Source: Ritson, Sophie. "Creativity and modelling the measurement process of the Higgs self-coupling at the LHC and HL-LHC." Synthese 199.5 (2021): 11887-11911. 3rd generation: The European Synchrotron Radiation Facility at Grenoble, France
Source: Science with X-rays: From Static Pictures to Movies, (accessed 30.05.2025)

< 30 ps time resolution | 1] Soft-X-ray (downto 200 eV) [2,3]

[1] Cartiglia, N, et al. "The 4D pixel challenge." Journal of Instrumentation11.12 (2016): C12016..
[2] Zhang, Jiaguo, et al. "Development of LGAD sensors with a thin entrance window for soft X-ray detection.” Journal of Instrumentation 17.11 (2022): C11071.
[3] Centis Vignali, Matteo, and Giovanni Paternoster. "Low gain avalanche diodes for photon science applications.” Frontiers in Physics12 (2024): 1359179,
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Applications of Low-Gain Avalanche Diodes (LGAD)
and motivation of the work
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Source: Ritson, Sophie. "Creativity and modelling the measurement process of the Higgs self-coupling at the LHC and HL-LHC." Synthese 199.5 (2021): 11887-11911. 3rd generation: The European Synchrotron Radiation Facility at Grenoble, France
Source: Science with X-rays: From Static Pictures to Movies, (accessed 30.05.2025)

< 30 ps time resolution | 1] Soft-X-ray (downto 200 eV) [2,3]

Objective of the work: study of the noise and energy resolution in LGADs-based system for X-ray spectroscopy

[1] Cartiglia, N, et al. "The 4D pixel challenge." Journal of Instrumentation11.12 (2016): C12016..
[2] Zhang, Jiaguo, et al. "Development of LGAD sensors with a thin entrance window for soft X-ray detection.” Journal of Instrumentation 17.11 (2022): C11071.
[3] Centis Vignali, Matteo, and Giovanni Paternoster. "Low gain avalanche diodes for photon science applications.” Frontiers in Physics12 (2024): 1359179,
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LGAD multiplication gain for photon science
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LGAD multiplication gain for photon science
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LGAD multiplication gain for photon science
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LGAD multiplication gain for photon science

Low-energy .. M reduces the noise contribution
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LGAD multiplication gain for photon science
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[4] McIntyre, Robert J. "The distribution of gains in uniformly multiplying avalanche photodiodes: Theory." /EEE Transactions on Electron Devices19.6 (1972): 703-713.
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LGAD multiplication gain for photon science

photon =

Mg reduces the noise contribution
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[4] McIntyre, Robert J. "The distribution of gains in uniformly multiplying avalanche photodiodes: Theory." /EEE Transactions on Electron Devices19.6 (1972): 703-713.
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LGAD multiplication gain for photon science

photon =

Mg reduces the noise contribution
f subsequent stages of the system
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[4] McIntyre, Robert J. "The distribution of gains in uniformly multiplying avalanche photodiodes: Theory." /EEE Transactions on Electron Devices19.6 (1972): 703-713.
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Outline

Performance of LGAD-based X-y ray spectrometer

- Equivalent Noise Charge (ENC)
« EXcessnoise
» Optimum operating conditions
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Recap: Equivalent Noise Charge of a non-avalanche detector
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Recap: Equivalent Noise Charge of a non-avalanche detector
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Recap: Equivalent Noise Charge of a non-avalanche detector
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Recap: Equivalent Noise Charge of a non-avalanche detector
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Recap: Equivalent Noise Charge of a non-avalanche detector
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Recap: Equivalent Noise Charge of a non-avalanche detector
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Equivalent Noise Charge of LGAD-based detection system
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[5] Bertuccio, Giuseppe, et al. "Current Noise Spectral Density and Excess Noise of a Silicon Low-Gain Avalanche Diode (LGAD)." /EEE Transactions on Electron Devices (2024).
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Equivalent Noise Charge of LGAD-based detection system
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[5] Bertuccio, Giuseppe, et al. "Current Noise Spectral Density and Excess Noise of a Silicon Low-Gain Avalanche Diode (LGAD)." /EEE Transactions on Electron Devices (2024).
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Equivalent Noise Charge of LGAD-based detection system
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[5] Bertuccio, Giuseppe, et al. "Current Noise Spectral Density and Excess Noise of a Silicon Low-Gain Avalanche Diode (LGAD)." /EEE Transactions on Electron Devices (2024).
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Equivalent Noise Charge of LGAD-based detection system
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Current Noise Spectral Densities of LGAD

» LGAD NPSD are measured using the custom transimpedance amplifier |6,7]
at different reverse bias voltages (V,..) and temperature T = +20°C

« LGAD structure: 300 um thick Float Zone p-bulk, provided by BNL
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[6] Eremeeyv, lurii A, et al. "Transimpedance amplifier for LGAD noise measurements: design and characterization.” J /nst. 19.12 (2024): C12017.
[ 7] Eremeeyv, lurii A, et al. "Performance of an X-y ray detection system based on a thick silicon LGAD.", TREDI2025 conference 4-6 Feb. 2025, Trento, Italy.
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Current Noise Spectral Densities of LGAD

» LGAD NPSD are measured using the custom transimpedance amplifier [6,7]

at different reverse bias voltages (V,,.s) and tem

perature T = +20°C

» LGAD structure: 300 um thick Float Zone p-bulk, provided by BNL
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[6] Eremeeyv, lurii A, et al. "Transimpedance amplifier for LGAD noise measurements: design and characterization.” J /nst. 19.12 (2024): C12017.
[ 7] Eremeeyv, lurii A, et al. "Performance of an X-y ray detection system based on a thick silicon LGAD.", TREDI2025 conference 4-6 Feb. 2025, Trento, Italy.
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Noise components:

1. Low frequency (burst) noise appears at V. >200V
due to the charge traps inside the high-electric
field region |8

[8] Marinov, Ognian, M. Jamal Deen, and Juan Antonio Jimenez Tejada. "Theory of microplasma fluctuations
and noise in silicon diode in avalanche breakdown." J. Appl. Phys. 101.6 (2007).
[9] Mcintyre, R. J. "Multiplication noise in uniform avalanche diodes." /EEE T-£D1 (1966): 164-168.
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Current Noise Spectral Densities of LGAD

» LGAD NPSD are measured using the custom transimpedance amplifier [6,7]

at different reverse bias voltages (V,..) and temperature T = +20°C
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) | N | | o 18] Marinov, Ognian, M. Jamal Deen, and Juan Antonio Jimenez Tejada. "Theory of microplasma fluctuations
(6] Eremeev, Iurii A, et al. "Transimpedance amplifier for LGAD noise measurements: design and characterization.” J /nst. 19.12 (2024): C12017. and noise in silicon diode in avalanche breakdown." J. Appl. Phys. 101.6 (2007).

| 7] Eremeev, lurii A, et al. "Performance of an X-y ray detection system based on a thick silicon LGAD.", TREDI2025 conference 4-6 Feb. 2025, Trento, Italy. [9] Mcintyre, R. J. "Multiplication noise in uniform avalanche diodes." /EEE T-£D1 (1966): 164-168.
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Current Noise Spectral Densities of LGAD

» LGAD NPSD are measured using the custom transimpedance amplifier [6,7]

at different reverse bias voltages (V,,.s) and tem

perature T = +20°C

« LGAD structure: 300 um thick Float Zone p-bulk, provided by BNL
2x107%
g 10—25 E:\ /OC 1/f0.45 /“
< S [
2 e bias 300 V (M, = 19.3) |
& % NN\ A y ‘
= N N ks oY D\ ~Wﬂlﬂ‘\
z WMW\’/\/ -:
= | AR ~V" LAp yA ]
+ [5G « |
5 MMW ‘WW‘ 1
b | |
;| A
Q? 10—27

1SC

O —295
z 10 W\Background noise
2)(10_29 o] o] ] L ] L
10HzZ 100HzZ 1kHz 10kHz 100kHz 1 MHZzZ
Frequency

[6] Eremeeyv, lurii A, et al. "Transimpedance amplifier for LGAD noise measurements: design and characterization.” J /nst. 19.12 (2024): C12017.
[ 7] Eremeeyv, lurii A, et al. "Performance of an X-y ray detection system based on a thick silicon LGAD.", TREDI2025 conference 4-6 Feb. 2025, Trento, Italy.
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Noise components:

1. Low frequency (burst) noise appears at V. >200V
due to the charge traps inside the high-electric
field region |8

2. White part of NPSD increases with V.. due to the

multiplication gain ano El

NPSD,, = 2ql;,: M7 AC

NPSD,,

Q3

Signal charge
multiplication gain

Parallel noise referred to
the gain layer input

[8] Marinov, Ognian, M. Jamal Deen, and Juan Antonio Jimenez Tejada. "Theory of microplasma fluctuations

and noise in silicon diode in avalanche breakdown." J. Appl. Phys. 101.6 (2007).

[9] Mcintyre, R. J. "Multiplication noise in uniform avalanche diodes." /EEE T-£D1 (1966): 164-168.
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ENC of LGAD-based detection system
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[7] Eremeey, lurii A, et al. "Performance of an X-y ray detection system based on a thick silicon LGAD.
presented at TREDI2025 conference 4-6 Feb. 2025, Trento, [taly.
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ENC of LGAD-based detection system

Equivalent noise charge (el.r.m.s.).
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presented at TREDI2025 conference 4-6 Feb. 2025, Trento, [taly.

[7] Eremeey, lurii A, et al. "Performance of an X-y ray detection system based on a thick silicon LGAD. Peaklng tlme (“S)
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Spectral performance of LGAD and Diode detectors
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Spectral performance of LGAD and Diode detectors
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Spectral performance of LGAD and Diode detectors
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Spectral performance of LGAD and Diode detectors

Am spectra, discrete CSA
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Spectral performance of LGAD and Diode detectors

Am spectra, discrete CSA
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Spectral performance of LGAD and Diode detectors
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Spectral performance of LGAD and Diode detectors
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Spectral lines measured with LGAD at M, = 13
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» Left-side tailing can be due to:

1

2.

Charge-trapping inside the detector [10]

Significant gain suppression for the dense charge clouds
generated close to the gain layer [11]

Low electric field at the contact edge [12]

Gain distribution itself | 4,13]

4] Mclintyre, Robert J. "The distribution of gains in uniformly multiplying avalanche photodiodes: Theory." /EEE Transactions on Electron Devices19.6 (1972): 703-713.
0] Bertuccio, Giuseppe, and Filippo Mele. "Electronic noise in semiconductor-based radiation detection systems: a comprehensive analysis with a unified approach.” /EEE Transactions on Nuclear Science70.10 (2023): 2310-2321
1

2] Carulla, Mar, et al. "50um thin Low Gain Avalanche Detectors (LGAD) for timing applications.” Nuclear instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 924 (2019): 373-379.7
3] Zambon, Pietro. "Variance and skewness of the multiplication gain distribution in uniform avalanche diodes." Frontiers in Physics 12 (2024): 1452279.
4] Tan, Chee Hing, et al. "Avalanche gain and energy resolution of semiconductor X-ray detectors." /EEE transactions on electron devices58.6 (2011): 1696-1701.
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Spectral lines measured with LGAD at M, = 13

T T T e | eft-side tailing can be due to:
1.0 LLGAD, M, = 13, i o -
. " i 59.5keViine | 1 Charge-trapping inside the detector |10]
-discrete CSA, © Am, /. : - | |
2 T =420°C 63 kev e | 4 Slgnificant gain suppression for the dense charge clouds
= | ’ generated close to the gain layer [11]
T=1lus _ - - ] .
é . ,“’ RN 139keVine | 3. Low electric field at the contact edge [12]
O y / | ' o
% 05,7 \ ‘ Pulscr | 4. Gaindistribution itself [4,13]
é / - Y : . .
S { \ | » The model for the spectral lines’ width [14]
: \ -
:
, | | FWHMype = \/2.352F Epe + (FW HMputser)? + 2.352(C — 1) Eppe
\ - 4 1
\ / / |
0.0 L\ LA R I B J | \L S B 1 e
-6 ~Q 4 3.7 0 2 4
Deviatiornffom the energy of the line (keV) En: photon energy; €: electron-hole pair generation energy; F: Fano factor;

FWHM ser PUlSEr WIdTN] ¢ eXCess noise factor.

4] Mclintyre, Robert J. "The distribution of gains in uniformly multiplying avalanche photodiodes: Theory." /EEE Transactions on Electron Devices19.6 (1972): 703-713.
0] Bertuccio, Giuseppe, and Filippo Mele. "Electronic noise in semiconductor-based radiation detection systems: a comprehensive analysis with a unified approach.” /EEE Transactions on Nuclear Science70.10 (2023): 2310-2321
1] Jiménez-Ramos, M. Carmen, et al. "Study of ionization charge density-induced gain suppression in LGADS." Sensors 22.3 (2022): 1080.
2] Carulla, Mar, et al. "50um thin Low Gain Avalanche Detectors (LGAD) for timing applications.” Nuclear instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 924 (2019): 373-379.7
3] Zambon, Pietro. "Variance and skewness of the multiplication gain distribution in uniform avalanche diodes." Frontiers in Physics 12 (2024): 1452279.
4] Tan, Chee Hing, et al. "Avalanche gain and energy resolution of semiconductor X-ray detectors." /EEE transactions on electron devices58.6 (2011): 1696-1701.

|
|
|
|
|
|

1
1
1
1
1

High Precision X-ray Measurements (HPXM) conference | Eremeev lurii A. | Study of the excess noise and optimum operating conditions for LGAD detectors \\ *%" POLITECNICO E,‘ Brookhaven -
12

National Laboratory

Laboratori Nazionali di Frascati (INFN) 16-20 June 2025 | inhigh precision X-y ray spectroscopy MILANCO 1863



Spectral lines measured with LGAD at M, = 13
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FWHM dependencies on peaking time
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FWHM dependencies on peaking time
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Excess noise vs multiplication gain
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Excess noise vs multiplication gain
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Excess noise vs multiplication gain
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Excess noise vs multiplication gain
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Optimum gain for LGAD-based spectrometer
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Optimum gain for LGAD-based spectrometer
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Optimum gain for LGAD-based spectrometer
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Optimum gain for LGAD-based spectrometer
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Optimum gain for LGAD-based spectrometer
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Outline

Ultra low-gain LGAD with state-of-the-art CSA
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Spectroscopic performance of ultra low-gain LGAD + Sirio

» Ultralow-gain LGAD with M, = 1.2 + 2 from BNL

~

IS tested using Integrated CMOS preamplifier
(Sirio [15])

[15] Mele, Filippo, Massimo Gandola, and Giuseppe Bertuccio. "SIRIO: A high-speed CMOS charge-sensitive amplifier for high-energy-resolution X-y ray spectroscopy with semiconductor detectors." IEEE Transactions on Nuclear Science 68.3 (2021): 379-383,
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Spectroscopic performance of ultra low-gain LGAD + Sirio
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Spectroscopic performance of ultra low-gain LGAD + Sirio
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Spectroscopic performance of ultra low-gain LGAD + Sirio
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Excess noise vs multiplication gain (M, < 2)
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Excess noise vs multiplication gain (M, < 2)
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Excess noise vs multiplication gain (M, < 2)
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[14] Tan, Chee Hing, et al. "Avalanche gain and energy resolution of semiconductor X-ray detectors." /EEE transactions on electron devices58.6 (2011): 1696-1701.
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Excess noise vs multiplication gain (M, < 2)
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Excess noise vs multiplication gain (M, < 2)
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Conclusions

1. LGAD detector improves the energy resolution of X-y ray detection system

at low photon energies (E, < 30 keV) under specific conditions.

2. LGAD gainreduces the optimum peaking time in X-y ray spectroscopy,

improving the high-rate capability.

3. The statistical noise of LGAD multiplication gain has been determined at the different
signal charge multiplication gain (from M, = 1.4 to M, = 19.3) and
shows a linear dependence on multiplication gain value.

4. Improving X-ray energy resolution implies EN < FWHM +Fano,

pulser

achievable at very low M
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Explanation for the linear dependence of excess noise on gain M,

The model for excess noise of multiplication gain [14]

EN = 2. 35\/,— Epne

Mcintyre model [9]: { = kM, +

MS (1 = k)

High M: ¢ o kM,

EN o M, it k o< M,

[9] Mcintyre, R. J. "Multiplication noise in uniform avalanche diodes.” /EEE T-ED1 (1966): 164-168.
[14] Tan, Chee Hing, et al. "Avalanche gain and energy resolution of semiconductor X-ray detectors." /EEE transactions on electron devices58.6 (2011):1696-1707.
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NPSD of high-gain LGAD
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DC current of high-gain LGAD and Diode
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Excess noise of the spectral lines calculated
using excess noise factor
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Theoretical dependence of excess noise factor of multiplication gain
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Theoretical dependence of excess noise factor of multiplication gain
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Theoretical dependence of excess noise factor of multiplication gain
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Excess noise of LGAD signal gain
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LGAD noise study in X-y ray spectroscopy

120 |-

» Statistical noise of multiplication gain
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[13] Tan, Chee Hing, et al. "Avalanche gain and energy resolution of semiconductor X-ray detectors.” /EEE transactions on electron devices58.6 (2011): 1696-1701.
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Studied LGAD structures
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Doping profile of moderate and high-gain LGAD structures
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Dependence of the white LGAD current noise on multiplication gain
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Dependence of parallel noise component on temperature

 Aslight decrease of LGAD multiplication gain with » Parallel noise component referred to the gain layer
temperature [15] input increases with temperature
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Measured LGAD noise power spectral densities
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NPSD,, dependencies on DC current
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Optimum peaking time of LGAD -based detection system
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Optimum peaking time of LGAD -based detection system

ENC = AIB—I—CT '
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Optimum peaking time of LGAD -based detection system
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Optimum LGAD gain when operating with discrete preamplifier
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Optimum LGAD gain when operating with discrete preamplifier
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Optimum LGAD gain when operating with discrete preamplifier

FW HM,. — 935, | EN2 4+ ¢2— -
WA Miine,op. 59 ‘ M? | Spectral line (high EN) 7
Spectral line (low EN)
Pulser

White series

FWHM

% 7 Low EN/

White parallel .-~ ; "~ //
2 Topt >
1 1 L1 1 II 1 ,/I 1 1 1 IIpII 1 I\\l 1 L1 1 II

Peaking time t
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Optimum LGAD gain when operating with discrete preamplifier

B —
FW H M, = 2. EN- 2 — - | | N
W ine, Topt 3 ‘ M? _ Spectral line (high EN) 7
Spectral line (low EN)
Pulser

White series

L /ngh EN

—" 7

i OpUmum ENis equalto
: 1/f series + dielectric noises

. referred to the gain layer input

- == - = = = - //é//;‘//yf//é"
/Low EN/

FWHM
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ENC of LGAD-based detection system

Equivalent noise charge (el.r.m.s.).

< N P.S.Dyy 1000 prm———rrrr————eerm _
Diode (M_=1 : —
ENC A B e g
M, — T -
M27 M2 M2 o
‘sl M, = 15.7
£
o) U | — .
0 o
100 M. = 12,75 LGAD - e
0 /° - . - -
N0~ m - o ]
_ M, =157 a5¢ o > :
:NCOpt ~ COﬂSt - k e Topt -
20 L 1 1 L 1 1 3 a1 1 1 L 1 3 2l 1 1 L 1 1 1311
0.1 1 10 100

presented at TREDI2025 conference 4-6 Feb. 2025, Trento, [taly.

[7] Eremeey, lurii A, et al. "Performance of an X-y ray detection system based on a thick silicon LGAD. Peaklng tlme (“S)

i « % Brookhaven
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Gaussian fit of the Am spectral lines measured with LGAD

» Discrete CSA, temperature T=+20°C

| | | |
LOF LGAD, M, =13 '_.'_.._-__/59-5 keVline - » Compton peak at 25 keV measured with Diode+ Sirio
=1 s AN 20 keV FWHM due to 90° photon scattering in plastic backing [16]
_ ' ' 26.3 keV line

*E ' 1.5 keV FWHM * W1
g i 13.9 keV line - . |LGAD 24_D91 100 V, Sirio 26.23 keV
_g 1 keV FWHM - | T=-35°C, =16 ps -
O .
N 05 L - Pulser 1 o :
S 298eVFWHM| g 100F .’ :
é - - 8 25 keV Compton peak | |
O

00 | :;‘-__::.I_';..":".' 3 & , \, ; 0 — ‘|' o | g

6 4 5 0 ) 4 23 24 25 26 27 28

Deviation from the energy of the line (ke V) Energy, keV

[16] Cohen, David D. "X-rays from an 241Am source and their relative intensities.” Nuclear instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 267.2-3 (1988): 492-438.
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Spectroscopic performance of high-gain LGAD + Sirio

24IAm spectrum acquired at the temperature T = 20°C

: : 20 ————
and the peakingtime z = 0.1us LGAD a1V =80V (Ms = 13) * Sirio
IOk I || || || || I || || || || I || || || || I || || || || I || || || || I || || || || I || || || || 3 18 - Temperature T j— 2OOC
Pulser| 97.6 ev FWHM : |
(11.3 el. r.m.s.) - -
1k 13.9 keV (Ms = 12.5) 4  ~16F
' ﬁ 915 ¢V FWHM . \T_)/ :
g ] 14 i
> 100 _ |
O : l ; 5 .
5 Fooufy 263keV(Ms=12.3) 59.5keV Ms=12) 1 _
10 £ Y e -
- o e ; A
[ h‘llf’i;u U U ESRRROUI I Y LA | : 10 I
I B i AL ] 0.1 1
1 1 1 1 1 | 1 1 1 1 | 1 1 1 ' , h ldﬂ“l 41 I | | i L.ﬂu'nMM 1 1 1 1 Ll 1 1 1 Peaking time (!J,S)
0 10 20 30 40 50 60 70
Measured with
Energy (keV)

Discrete CSA
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