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Fig. 2. Transfer characteristics of the HfO»-based FeFET: (a) experimentally measured

I, -V, curves B9 (b) TCAD-simulated 1, -V, curves calibrated using the

experimental data, including forward and reverse gate-voltage sweeps.

3 fiRGRE W
3.1 BREEFEB B R AR ALR AR B

R LA A A A PR A RS R AR AR (g Bl D 23l 0”7
A1 BRSO, EAAFSERR 6 R SR A T, BRHHEEE A
FRAN T8 et 2 TN SR AR REE, I AN [R5 A B B FL T o 3K s B
1 P4 o e L VR | ONEXS B A AR A TR 28 PR ARG TR L iy S FL A I 3 R0,
i 7 A R - 8 nm Bk HUR ST AU T 96 uEBRHEAY . MBS HA L

MZHE G PN, T IR 2 FTf 2/K-F T 10nm BRI PGS AR E HILR

Bk R, i S AR T AR Rk AR R 48— ik0E  10nm.

B e AN IR S AL I Bk F 2 B B AR R A AR IR S B SR, &5 R EI3R
R EBHEREAN SR S 000, FEBRR 1408 em 39, G aEIH 2450

E 4o, MitohZ £ B IGAL A B S BN E, — E, =1 eVBRE, ~E,=LeV, T,

I Y BB L X 102 em™?, fwE %V, =01V, V;=0.3 V. X Tk

6



[a) EBRin &, MRG0 -5 Vake V. BEJEE HERR A R AR £0.3 V, i

R BIRE I B ORRAIRES . BB 4G o5 9l iz Aa S B e SR e, fFIR5 R

W I SRHE S AR S AP .t 3R, Rtk i, JERE RGO~ ik

9 BEE 21,73 pCrem?, 2 ERIFEHHE R #(KEL1.24 pCom?, % [#150.49
nCrem®, M it 3= 289 e o 456 B A4 5 52 110 M 4B 186 0 %23.13 pCrem®, {4+ 38 1 1.40
nC-em? 3 2 PR g it 3= B R B o 1R L R S U FEBR HLJE I O RAE R B FLAR
1R 1) FARAAH P F) ) R 3 s 2 E AR BMT SR T S T RS LA, S %
J7 A R . WAl LR, TEREBIHE LR AR A SR EE IR 2 £0°92.18 pCrem?, 2
LA AR AL SR B R S I £53.81 pC-em?, {$HIE1.68 uC-om™, T it L
I PR A 1.60 pC-ecm?, {§[4050.53 uC-ecm?. HILF I, BREERAINR AL

SN I E AR ) B R B G R e 55, 10 BCRT R B AR Bk B AR A 5 TR 2 TR

WERR.
o[ = LR L
[ —+— BeALi R
2
o i
g L
o o
3 3
g1t
Q_I 3
-2 F
L \./.
_4 -
N XZEM it 37

I3 HFO 2K L JZ= T AN [A) i B SR AU Bl A e M O B2, ERBBCERERIE . 32 EAURE AN
Jits = R R B AE AR A 1) b S AR AL 1) RS T BRIk = P SR AL SR Bygo,
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current peak 1 ., _with defect type, defect energy level E,, and polarization state; (b)

steady-state 1,—V, _curves before irradiation and the extracted steady-state current

|_at different defect energy levels E,; (c) baseline-subtracted peak increment

Al for different donor and acceptor trap energy levels under the two polarization

peak

states. (The 1,—V, curvesare simulated at V,=0.1V; the steady-state drain current
Is extracted at V,=0.1V and V,=0.3V, using the same bias conditions as those in the

single-event transient simulation).
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Fig. 6. Modulation of the internal electrical states by trap energy levels under different

polarization states: (a) variation of the channel surface potential ¢ with trap type
and trap energy level E,; (b) variation of the average polarization P _in the
ferroelectric layer with trap type and trap energy level E,.
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Fig. 8. Effects of trap energy-level broadening o on trapped charge in the

ferroelectric layer and the single-event transient response: (a) schematic illustration of

Gaussian trap energy-level distributions, where . denotes the distribution center
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and o denotes energy-level broadening; (b) spatial distributions of the trapped-hole

charge density in the ferroelectric layer under different energy-level broadening values

og ; (c) variation of the I, _and Al withthe energy-level broadening parameter

o, under different polarization states.
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impact of different defect energy levels E,_on the transient current of the drain during
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energy level 1.0 eV away from the valence band top, the changes in the total current

and its component currents.
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Fig. 10. Single-event transient charge collection characteristics of devices with donor-

and acceptor-type traps: (a) Comparison of total transient collected charge and electron

component collected charge in acceptor-type trap system; (b) Comparison of total

transient collected charge and electron component collected charge in donor-type trap

system; (c) Transient collected charge AQ _at source and drain electrodes under

various ion incident angles, with ion strike position fixed at the channel center; (d)

Transient collected charge AQ _at source and drain electrodes for different ion strike

positions under normal vertical incidence.
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Abstract

Trap charges in the ferroelectric layer pose a serious threat to the
normal operation of HfO,-based ferroelectric field-effect transistors
(FeFETs) in radiation environments. In this work, the influence of
ferroelectric-layer traps on the single-event transient (SET) characteristics
of HfO,-based FeFETs is systematically investigated using a calibrated
TCAD simulation model. The effects of trap type, energy level,
concentration, and energy-level distribution on the polarization behavior,
electrical characteristics, transient current response, and charge collection
process are analyzed.

The results show that the modulation effect of traps strongly depends
on the coupling relationship between trap charge polarity and ferroelectric
polarization direction. Donor traps produce positively charged centers
after ionization, which enhance the local electric field under downward
polarization and increase the polarization magnitude, resulting in a
negative shift of the transfer characteristics. In contrast, acceptor traps
capture electrons and generate negative charges, thereby suppressing the
channel potential and shifting the transfer characteristics toward positive
gate voltages.
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The single-event transient response exhibits a pronounced
asymmetry with respect to trap polarity. Under the downward polarization
state, donor traps significantly increase the apparent transient current peak
when the trap energy level approaches the middle of the bandgap. The
transient peak current increases from approximately 9.5 pA to 23 pA,
whereas acceptor traps only produce minor variations. Further analysis
indicates that the increase in transient peak current mainly originates from
the enhancement of the pre-strike steady-state drain current. Increasing
trap concentration or broadening trap energy distribution raises the
effective trap charge, which in turn exerts static modulation on the
channel surface potential.

After removing the steady-state current background, the net collected
charge is found to be nearly independent of trap parameters. The extracted
net charge agrees well with the electron current component, indicating
that the SET response is dominated by the rapid drift of electrons driven
by the local electric field. Moreover, the collected charge distribution is
mainly determined by the geometric relationship between the ion strike
location and the source/drain junctions, while the influence of
ferroelectric polarization remains relatively weak.

These results reveal that the influence of ferroelectric-layer traps on
SET behavior follows a static modulation mechanism of “trap
characteristics—effective trap  charge—conduction baseline—transient
current peak”. This work provides physical insights into the radiation
response of HfO,-based FeFETs and offers important references for
optimizing device design to improve single-event transient immunity via
defect engineering and bias adjustment.
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