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NCSU-L(BNL)? Collaboration

* NC State University  Lawrence Berkeley National Laboratory
= Expertise = Expertise
« Fabrication, characterization, and simulation of » Detector and electronics development and
(ultra-) wide bandgap semiconductor devices characterization for high energy physics
« Members: Dr. John Muth, Dr. Spyridon Pavlidis, « Members: Dr. Carl Haber, Dr. Steve Holland, Dr.
Dr. Gil Atar, Dr. Philip Barletta, Dr. Ben Sekely, Tao Yang, Dr. Haichen Wang (UC Berkeley),
Greg Allion, Yashas Satapathy Chenxi Yang (UC Berkeley)

 Brookhaven National Laboratory

= Expertise = Brown University
« Fabrication, characterization, and simulation of = UC Berkeley
Si LGADs = Rice University
* Detector and electronics development and = NASA Space Radiation Laboratory (NSRL)

characterization for high energy physics » Rhode Island Nuclear Science Center (RINSC)

= NCSU Nanofabrication Facility (NNF)
» NCSU PULSTAR Reactor

« Members: Dr. Stefania Stucci, Dr. Abraham
Tishelman-Charny
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Incorporating 4H-SiC into LGAD Technology

* Properties
= Hexagonal crystal structure w/ an ABAC stacking . _ ~(0001)Si "Si face’
sequence 2
» Indirect bandgap of 3.26 eV : (i700)— |-z
= 4 9 _ “A face
« Current status Gor | Minoeasll
2t =>4
» Large substrates (up to 200 mm) L Sy
. \ O: Siatom @ : C atom (0001)C [1120]
= Mature processing technologies “C face”

Advantages over Si-based devices
= Potentially higher radiation hardness
» Reduces need for extensive cooling systems

Objective
= Fabricate a functional 4H-SiC LGAD and determine its
radiation hardness

Kimoto, T. and Cooper, J. A. (2014). Fundamentals of Silicon Carbide Technology: Growth, Characterization, Devices and Applications. John Wiley & Sons. Google- Books-ID: 586iBAAAQBAJ.
Kimoto T. High-voltage SiC power devices for improved energy efficiency. Proc Jpn Acad Ser B Phys Biol Sci. 2022;98(4):161-189. doi: 10.2183/pjab.98.011. PMID: 35400694; PMCID: PMC9071924.

https://www.plutosemi.net/show-105-426-1.html
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Neutron Irradiation Campaign

 LGADs and complementary PiN diodes were N G
irradiated at the Rhode Island Nuclear Science TUAI (50775 nm) so TUAI (50775 nm)
Center (RINSC) P** Contact (1€20 cm™, 0.3 um) 2 P** Contact (1€20 cm™, 0.3 um)

N* Gain (3e17 cm=, 0.5 um)
* Fluences: Non-irradiated (pristine), 1e13, 1e14, N- Dt (~2-4e14 o™, 75 um)
2 N Drift (~2-4e14 cm™, 75 um)
1e15 ng/cm
« Gamma ray exposure: 0.0097 kGy, 0.097 kGy, _”‘Be'“"" _”*B“”’z“""
and 0.97 kGy Ti/Ni (10/100 nm) Ti/Ni (10/100 nm)
G I Ti/Ni/Au (30/50/50 nm) Ti/Ni/Au (30/50/50 nm)
* Goals:
= |nvestigate the electrical and charge LGAD PiN Diode
collection characteristics of an irradiated
LGAD

= Begin developing a model to explain the

performance of an irradiated LGAD _ _
Credit: Jennifer Roloff

Dylan Ponman
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I-V Characteristics of Irradiated Devices

10t o 10 F e ns PrisiI:ine I b 10 | 10 Fuwms Prisil:ine
T . == 1 lel3 neq/cm? s == 1 1lel3 neq/cm?
1072 S - - b 1072 } ==« 1leld neq/cm? . 10-2 " '_. ——— 1072 | == s leld ng,/cm?
E‘ , = = 1 Pristi = sn1 lels / 2 - i’ i s — 2
< I ristine < €15 neg/cm < » = 1 Pristine < = =1 1el5 neg/cm
:.. 10-3 ’ = lel3 l'leq/Clle 1 :_ 10-35 F - : 1075 } ’ == lel3 neqlcmz 4 — 10-5F l
EJ I == 1 1e14 neq/cm? G E, / w= 1 1el4 neq/cm? % '.f-f‘l
S5 10°8 i == lel5Sng/cm?{ 5 1p-8} . 5 108} I s n1 1el5 ngg/cm? - 5 1078} el ==
© © - © / ) O < -
l — e ”’ ‘l ”'"‘—
10_11H—II_II—IIJIIIIIIII 10_11 10—11rl—_—“H“H-—..—.=ﬁ 10—11r_
ooleo .. PN PiN LGAD LGAD
o 2 4 6 8 10 7 500 1000 1500  OTTTTTTTITTTT TR o 1075 500 1000 1500
Forward Bias, V¢ [V] Reverse Bias, Vg [V] Forward Bias, V¢ [V] Reverse Bias, Vg [V]
» Device specs.: 300 um diameter
* Increasing neutron fluence leads to... Key Takeaways: Radiation-induced defects are
» Higher ON-state resistance compensating epi- layers which result in degrading |-V
= Lower leakage currents performance.
| ]

Higher breakdown voltages
= Loss in rectification (RR — 1)
» Removal of characteristic “step” feature (in the LGAD)
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I-V-T Characteristics of Irradiated Devices

« Device specs.: 600 um 102'(a) 1 2 (b) ' 102'((;) —Eoq (d) B
diameter :’0 ' ' 12” [ | 1;" ' 2 | 1;0 [ oc |
1 -2 L J -2 J -2 L — 4 -2 L — 4
<
» At low fluences... = 107¢ 10~ 1 107F 1e14 n_jcm® | 107} 1e15n_Jcm?
) & 1076t L { 1076 , 1 07° { 1076} -
» |ncreasing temp. leads 5 10l Pristine | Te13n_jem® | .| { 105l _
to dec:easmg ON-state ;.| —BC o) . mqog e S
curren 10-12 82°C | 1p-12 . 82°C | 19-12 . 4 1012 . i
— 112°C PIN — 112°C PIN PIN
= ON-state current is O T3 s s s 100 2 6 8 0% 0 2z 4 6 & 10
limited by phonon 102 ' ' ' ' 1 10%} ' ' ' ' 1 10%f ' ' S — 25¢ | 102f ' ' — 25°C -
scattering 100 F (e) { 10°f (f) 1 100} (9) _ :;g {1 100} (h) - Zig -
. 102} 10-2 1 102} — 112°C 4 102} — 112°C J
« At high fluences... z | . | | _
_ = 0 10 10 1e14 neq:fcm2 10 1e15 neqlcm2
] c -6 L 4 - 4 - =
Ingreasmg temp. leads § 107 Pristine 1 20 te13n_jem? | 6 106
to increasing ON-state G 10-°f P e 10-3-//—- 107
Cu rrent 10-10} —— 55°C 1 10710t —— 55°C 1 10-10 —/__,____/—_- 10710}
_ 10-12 82°C 11022 82°C 110712 { 1022
= ON-state current is Lol LGAD  — wc Lot LGAD  — w 1014 LGAD wu LGAD
. . H . 0 1 2 3 4 5 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
“mlted by radlatlon_ Forward Bias, V¢ [V] Forward Bias, V¢ [V] Forward Bias, V¢ [V] Forward Bias, Vg [V]

induced defects

Key Takeaways: Interactions between mobile carriers and the lattice
change with increasing incorporation of radiation-induced defects.
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C-V Characteristics of Irradiated Devices

Device specs.: 600 um diameter

At low fluences...
» Capacitance decreases slightly in

the voltage regime where the drift LU A e 1 T .. Pristine
layer is being depleted = leldngiem? | gl = el3nedem
. E - lelqd neqlcmz | E g ~ . = leld “eq!cmz
« At high fluences... o "\ . 1e15 negfem? | O ‘i PREeES nen
. . y e Q
= Capacitance loses its voltage- % N e 107 ¢
dependence s SSunLL, ] Yeon
Q. -~ . B iy
« Observations: S 102} PiN S 10 12=_......_.._____j
. . . IN ] [ ;
= Gain and drift layer become . At et S e A At 2t 2 Bt A - LGAD ;
“« . . T . w . b 3 L) I S S A
electrically indistinguishable™ at 0 50100 150 200 0 0 50 100 150 200
hlgh fluences Reverse Bias, Vg [V] Reverse Bias, Vg [V]

I Question: Is the gain layer completely compensated? I
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UV-TCT Characterization

Fiber Laser Fiber
UV laser N Collimator
375+ 10 nm
25 ps
10Hz O.—
Expander
. 1e14 n_/cm? @ 400 V 1e15n_/cm? @ 400 V
Laser sync trigger xed @ e e
40 . . 40 T - 40 T r 40 . :
— 50 V — 250 V — 50V — 250 V — 50 V — 250 V — 50 V — 250 V
AH-SiC Si I 35F— 100V —— 300V k| 35F —— 100V —— 300V 35fF— 100v — 300V ] 35F — 100V —— 300V
=Si igna — anf — 150V — 350V ] == 150V — 350V E | — 150V — 350V 150V = 350V
. g Focus Lens E 30 200V = 400V E 20 200V = 400V % 30 200V =—— 400V % By 200V =—— 400V
Oscilloscope — o = o5t =5} S5
D Iris Diaphragm > > >
2.5 GHz HV SMU 20 g20 g2
= =] 3
20 Gsals £ 15 £ 15} £5
£ £ £
< 10f <10 < 10
Power Supply] O S st 5 V.
\ . A . ‘ ! : ﬁév&-/}A‘
=0 Fast TIA Board % 200 400 600 % 200 400 600 % 200 400 600
Y X Position, x [um] X Position, x [um] X Position, x [um] X Position, x [um]
X Y [um] Y [um] Y [um]

[ ] Laser SpeCS. 200 300 400 500 600 P AT

= A=375210 nm

= Spot size ~ 24 um @

= Pulse width: 25 ps . 2

= Reprate: 10 Hz A 1e15 n, fom’ @ 400 V

» QOscilloscope specs.

40 T T 40 T T 40 T T 40 T T
W TT=E T e = = == sl .
f=— 150V = 350V == 150V = 350V E [ — E | om— — E
. 25 GHZ | = 200V = 400V —30f— 200V — 400V ] 30p — 200V —— 400V ] 30f— 200V — 400V ]
g 40 250V == 450V E 250V = 450V % 250V = 450V %‘ 250V = 450V
= 20 Gsals > > > ‘
g 20 g 20 g 20f 1
2 2 2
315 5 15} 5 15} q
C d 1k & £ 10} £ 10} 1
redit: Tao Yang j i AR
Tao Yang et al.. "Ultra-Fast 4H-SiC LGAD with Etched Termination and Field Plate," in IEEE Electron Device 05 T SR T o¢ TR T
Letters, doi: 10.1109/LED.2025.3548509. X Position, x [um] X Position, x [um] X Position, x [um] X Position, x [um]
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Charge Collection Characteristics

* Increasing neutron fluence leads to
decreasing charge collection in both

the LGAD and PiN diode 250000 ——————— 1 I U
— : O Pristine . ] Io 400000-_ O 1r|:;me/ ,
« Charge collection is enhanced in low & 200000f " S 1 3 | 2 ai o ? ]
. =2 [ eq ] 3 I - :
voltage regime for 1e14 neqlcmZ LGAD & [ A 1e15 nugicm? - C;z 300000F A 115 neg/em? ﬁiﬁi t
_ _ _ & 150000 F DL 4
- Gain degradation is clear, however > | oot | 5 | |
e et g : = ._ FXXX 1 & 200000 T g
quantifying it is tricky due to changing O 100000 e 1 O
depletion region volumes 8 s0000| o { % 100000}
0 [ . 0 R el 4 1 S i p 1 3
0 200 400
Reverse Bias, Vg [V] Reverse Bias, Vg [V]
PiN Diode LGAD

Key Takeaways: Gain degradation appears to be severe.

Question: Can we predict the degradation of the
irradiated 4H-SiC LGAD'’s performance?
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Equivalent Circuit Model of LGAD

* Hypothesis

. !:or P”Stme and “lightly Semiconducting Semi-insulating
irradiated LGADs.... Drift Layer Model Drift Layer Model
. is li SDLM SIDLM
Every layer is lightly o G D e D s e ( ) R e ( )
compensated ’ ’
_ N* Gain (3e17 cm™, 0.5 um)
« Drift layer acts as a cC = SIZ C — 4
. . Dep Dep
semiconductor w/ a finite
resistance N- Drift (2e14 cm™, 75 um)
. . - . Gain, Undep Gain, Undep
» For “highly” irradiated LGADs...
« Drift layer is heavily N" Buffer (118 cm™, 2 um) R, ungep = Rovit, undep
compensated, other layers »
. N** Substrate (0.02 Q-cm,
are comparatively not as 344.4 um) Buff, Undep Buff, Undep
affected
Cathode Sub, Undep Sub, Undep

 Drift layer acts as a semi-
insulating layer with a non-
negligible capacitance
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Equivalent Circuit Model (I-V Comparison)

T T T T 1013 """" BT T T Trrrerroe 1014 L
101 B - N
Experimental 10t} A A £
-2 " ) o e S NE 9 V..o 3 S v Wi Q@ 10
1077 F o‘ﬂi‘—_ Q@ 107§ iy <!
—_ = =
<, " = = « Pristine G 107 O Pristine o 10%;
— 103} = lel3 n.g_qlcm2 . S : X 1lel3 n.,q/cmz §
g / 2 o 105} 2 8 10°
o I == 1 1leld neq/cm = 1 1leld neq/cm '
SJ 1078 | i = =1 lel5 ngy/cm? - € 103} A 1el5 ngg/cm? % L2l
o Q ks
V) e 10t} 2 :
e % £
, o

¢ Experimental -

10~11 NN Y o e e i !
r 1071} Calculated
10714 e M 0 1 i W, 76 20
0 2 4 6 8 10 0 2 4 6 8 10 10°  10° 10° 107 10 10
Forward Bias, VF [V] Forward Bias, VF [V] Average Carrier Density, N4 [cm™3]

. . . . R — R nde +R;ain nde
 High differential ON-state resistance values oN = (Rp,undep + RGain,Undep

results from average carrier density reduction in +BDrift,Undep + RiugfUndep + Rsub,Undep) A
the drift layer.
. L . tDrift
» This is due to radiation-induced defects causing Rprift.Undep = e :f,a N
compensation and a reduction in carrier lifetime. q\Hn T fp)IVA
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Equivalent Circuit Model (C-V Comparison)

= = Pristine ®; |N_Drifft = 1.0'e+10 cm™3
N_Drift = 1.0e+12 cm™3
m=  1lel3 neq/cm? _10|% A N_Drift = 1.0e+13 cm~? -
— 1071 E'\\ m=  1el4 neg/cm? 1071y V N Drift = 5.0e+13 cm™? ] 10710
(LI.;-, - S -‘ . s lels neq/cmz E [0 N_Drift = 2.0e+14 cm™ E
. O O
g i & 1 e & 1 11
O 10~ 11 6 10711 1 o 10 ;
S : \ 5 o Calculated 15 Calculated
o ‘e g g
[ =
§ 10712 Hunj 8 10-12} 8 10-12
Experimental
=183 b =13 i i i =13 . . .
1075 50 100 150 200 107050 100 150 200 107050 100 150 200
- Reverse Bias, Vg [V] Reverse Bias, Vg [V]
Reverse Bias, Vg [V]

« SDLM model is more accurate in describing C-V characteristics »
of pristine and “lightly” irradiated LGADs Cops = ( 1 1 )

+
CDep (VR) CD?‘?jft

« SIDLM model is more accurate in describing C-V characteristics
of “heavily” irradiated LGADs
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Conclusion

 Electrical (I-V, I-V-T, and C-V) characteristics show degradation due to introduction of radiation-
induced defects which lead to compensation.

« Charge collection characteristics show significant gain reduction

« Equivalent circuit models can be used to describe the device physics of an irradiated 4H-SiC
LGAD

» Important Question: Is the 4H-SiC LGAD more radiation-hard than its Si counterpart?

 Areas of research:

= Use TCAD to predict 4H-SiC LGAD degradation due to radiation-induced defect
incorporation.

» Determine compensation of n-type and p-type SiC w/ varying doping levels at varying
radiation fluences.

» Determine methods to make 4H-SiC LGAD more radiation-hard. Defect engineering?

» Establish a figure-of-merit to compare Si LGAD and 4H-SiC LGAD performance (need to
consider timing resolution, operating temperature, radiation hardness, etc.)
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Questions?
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Si vs. 4H-SiC

Larger operating voltage
range and lower

Bandgap (eV) 112 S leakage/higher temp.
operation
Thermal Conductivity Lower thermal
(W m- K1) 1ol 370 impedance
' Higher radiation hardness
Threshold Displacement 13-20 2935 g
Energy (eV)
Saturation Velocity 1 5 Faster collection time and
(107 cm s7) timing resolution
Less ionization in SiC
EHPs per um 75 95 LGAD
Impact lonization S - Device polarity is
Coefficient e = O e = Oy changed (NPiP—PNiN)

P. Barletta, M. Cerullo, C. Haber, S.E. Holland, J. F. Muth, B. Sekely, “Fast Timing With Silicon Carbide Low Gain Avalanche Detectors’, (2022) Proceedings of the US Community Study on the Future of Particle
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4H-SiC LGAD Fabrication Process

SiO, (500 nm)

- Thermal Ox Passivation
Mesa Etch + PECVD Open
v EEpy v Emy v
N+ N* N*
N** N*+
Metal Dep. 1
Ti/Al (50/75 nm) Ti,Si,C, Al (300 nm)
Thermal Metal
Anneal Dep
N-

Izl

N+ N+
i “ Ll /
T TUNi (50/75 nm) Ti,Ni,Si,

S~ Ti/Ni/Au (30/50/50 nm)
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Effects of Irradiating 4H-SIC
» Defects generated

: : Anode
» Point/cluster defect generation P+ Contact

= Neutron transmutation doping
» Nuclear spallation

e N- Drift
» Consequences of radiation induced defects

= Compensation in p-type and n-type SiC
- V., Vg, Vo+Vg, are acceptor-like and have been seen compensate n-SiC N™ Substrate

Alg; -V complex has been seen to compensate p-SiC Cathode
= Reduced carrier lifetime 4H-SiC LGAD

« Z,, (carbon vacancy) is a well-known lifetime killer
» Expected effects to proton irradiating 4H-SiC LGADs

= N-type gain and drift layers will experience compensation
= Carrier lifetime will decrease due to increasing Z,,, concentration

V.V. Kozlovski, A.A. Lebedev, E.V. Bogdanova and N.V. Seredova, Effect of irradiation with MeV protons and electrons on the conductivity compensation and photoluminescence of moderately doped p-4H-SiC
(CVD), Semiconductors 49 (2015) 1163

H. Matsuura, S. Kagamihara, Y. Itoh, T. Ohshima and H. ltoh, Mechanisms of reduction in hole concentration in Al-doped 4H-SiC by electron irradiation, Microelectronic Engineering 83258(2006) 17.
T. Kimoto, K. Danno and J. Suda, Lifetime-killing defects in 4H-SiC epilayers and lifetime control by low-energy electron irradiation, physica status solidi (b) 245 (2008) 1327.
V. Kazukauskas, R. Jasiulionis, V. Kalendra and J.V. Vaitkus, The effect of irradiation with high-energy protons on 4H-SiC detectors, Semiconductors 41 (2007) 345.
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