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FERROELECTRIC POLARIZATION FIXIT

* Reversible spontaneous polarization
 Allows polarization switching © ' ' ' ' ' '
* Implies depolarization field ® T TR 2 [ g 1 10 i

Y
iy f_
* D-V measurements let us get 5t _
» Coercive Field(s)/Voltage(s) OOOOO

e Saturation Polarization(s) S
 Remnant Polarization(s) i
e Relative Permittivity

* Frequency Dependence
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CHARGE COMPENSATION

* What happens in case of incomplete compensation:

Ferroelectric slab (a): No compensation
* No free charge can compensate: highest E

MFM capacitor (b): Complete compensation
* Free charge can completely compensate: no E;,

MFM + Series capacitor or MDFM (c): Partial compensation
* Free charge can partially compensate: some E;,
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INCOMPLETE COMPENSATION FIXIT

Some math shows what we can measure and calculate (case c) V. D C
E app ferro
ferro — d — - : C
 Measuring D allows calculating: 0%ferro ‘ser
e Voltage on the ferroelectric a c
* Electric field in the ferroelectric —_—
* Polarization |
Evep - - +
KVL I Vapp = 1["r'ferrcr + Vser + + + + o+ — — —
Qferru — PA Qser
eren'o - Cferrn errm = Vapp - Cse.r b I T + ¥
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INCOMPLETE COMPENSATION

 Measurements allow exploring depolarization dynamics (crucial for reliability) (a)

* Possible causes of depolarization: 1Ve
» Series Capacitance (important in FeFETs) :
* Charge Screening Length / Dead Layers ,_-L

* Non-polar Grains _(l:f_ p
 Defects “@ %
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M. Pesi¢, L. Larcher, in «Ferroelectricity in Doped Hafnium Oxide: F. Mehmood et al.. Adv. Mater. Interfaces 2019. 6. 1901180
Materials, Properties and Devices» 2019, Woodhead Publishing ’ "
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D (uC/cm?)
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SAWYER-TOWER CIRCUIT FIXIT

o ThiS CirCUit: Ferroelectric
. . . . . Capacitor
* Directly measures displacement and remnant polarization signal
. o . o o generator l Oscilloscope
* Relates depolarization field to suppressed remnant polarization
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DEPOLARIZATION TRANSIENT FIXIT

* Transient of depolarization dynamics using a Sawyer-Tower circuit
* Sawyer-Tower arrangement to “tune” partial compensation and depolarization field
* Integrating current over time to get displacement
e Linear polarization discharge and Ferroelectric depolarization
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WAKE-UP AND FATIGUE FIXIT

Key device features change along the device lifetime
* Initial J-V characteristic is “pinched” (low P: needs “wake-up” cycling, typically 103 to 10%)
* After wake-up, highest P; and well-behaved J-V (single switching peak)
* Further cycling lowers P, and some domains do not switch anymore (fatigue)
* Eventually, the device fails (endurance)

60} a) ' e Wake-up 1 co 40 Oh:l::;";:; 20 o o o
- | £ C) Wake-up
Pristine ) Fatigue o 100 19}
30 pinched J-V = —~— ‘6 20 -
2 £ 18}
o} s 0 %)
- S 174
m 10° e
N o Pristine
-30 E 20 ¢ 6l
E Fatigue
hal ' ' -40 ' ' B T 4 e 8
36 18 0 18 36 -3.6 -1.8 0 1.8 3.6 108 10 10 10 10 10
Voltage (V) Voltage (V) Number of cycles

S. Vecchi et al., Adv Ele Mat, 2400204 (2024)

Funded by
the European Union




ENDURANCE AND AGING FIXIT
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* Depends on the device structure
* FeFET/FTJ worse than FeRAM
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DIELECTRIC BREAKDOWN FIXIT

e Electric and temperature fields in the stack promote defect generation, eventually leading to breakdown

 Many models in the literature: all agree on predicting device lifetime at high fields
* All agree on predicting device lifetime at high fields
* Strongly diverge when projecting at operating conditions

* Recently introduced carrier injection model reconciles such discrepancies

* Highlights the role of carrier trapping into defect precursors Operating cond. 1 Accelerated cond.
* Trapping in precursors facilitates defects generation 10" | \ : 'E N d ' -
* Trapping strongly affects internal electric field!! : '\/EO € el
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DIELECTRIC BREAKDOWN FIXIT

e Electric and temperature fields in the stack promote defect generation, eventually leading to breakdown

* Features of BD as related to trapping are strongly material-dependent
* In HfO, it has been suggested that trapping at O vacancies (that may exist in 5 charge states, -2 through +2) accelerate BD!
* InSiO, the same mechanism leads to a delay in BD dynamics!
* What about in ferroelectric HfO,? And in other material systems of interest (e.g., AISCN?)

* Internal field in ferroelectrics further complicated by 3D grain-dependent polarization
» Effect of trapped charge superposed to that of polarization (highly complex interactions between trapping and polarization)

* Hard to predict how BD dynamics takes place in ferroelectrics )
S. Vecchi et al., IEEE TDMR, 24 2 (2024)
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POLARIZATION STATE RETENTION FIXIT

. ) i . ] B. Max et al., IEEE IMW (2019)
 How long can we keep information stored in a ferroelectric device? -—

11— after 2 minutes

* Depends on the device structure 1.5 after 10 minutes

*  FeFET/FTJ worse than FeRAM J— st st opermk
* Depends on the polarization state (implications for multi-level storage)
* Thought to be limited by

* Depolarization field (in general)
 Complex internal field distribution
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IMPRINT EIXIT

* Unique reliability feature of ferroelectrics

*  “Horizontal” shift of I-V and P-V curves with cycling: Ferroelectric develops a preferential polarization state!
* One polarization state becomes preferred over the other, which induces asymmetric retention loss at OV
* Changes the voltage required for (complete/partial) switching: critical for neuromorphic and in-memory computing!
* Coercive voltage shift toward either more positive or more negative values depending on the polarization
* Ifin the -P, (+P,) state, +E. (—E.) will increase (decrease)
* Imprint reported to depend on temperature and device baking

0.10 20
aias: | eqore bake Vet |— ¢ | Before bake Phenomenon attributed to the electrostatic effect of
oo | TS g "~ |—60 min electron trapping and de-trapping at defects and their

E 0.04 | ~1060min O 1? |—1060 min redistribution across the device and at the FE/DE

= o2 | poorimm = 5 | 5350 min interface.

£ 0.00 — S0

. —

= jﬁ: Jmpeiiit § -5 : Two different imprint phenomena identified:

e aac S-10 Imprint * Time-dependent: shift of the P-V loop over time
0,08 V.~ Bu.15 * Fluid: a more dynamic effect that strongly depends
-0.10 20 on the characteristics of the switching pulse applied

543210172345 5 4-32-1012343S5
Voltage | V] Voltage | V]

N. Zagni et al., Proc. of IEEE, 111 2 (2023)
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RETENTION AND BACKSWITCHING FIXIT

* Ferroelectric devices tend to lose their polarization
* Competing effects of the depolarization field, internal bias field and charge trapping
 Measurements done by extending the PUND concept introducing some delay in between pulses

* Increasing delay results in more current detected in the back-switching pulses (both polarities)
* Some domains flipped in the meantime
* Allows quantifying P loss

A B c ' 25us 25us 25us 25us
032 tdel [S]
- : ) - 3.0e-07
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g 2 _ Sous & 3.0e-06
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VA . VA, E_ | i - 3.0e-05
= 1.0/ — - 1.0e-04
f S - - 3.0e-04
f A g = ~- 1.0e-03
B 3. - 3.0e-03
tde|.’ ".,\tdel tdel z tdel 0.5 | - 1.0e-02
j [ Q—-o‘ ),. ! R — ) I‘k cee 1.0e-01
't - ¢ | i . ~=- 1.0e+00
' tdel il t 0.0 f"' - -+ 3.0e+01
T Ps U tser Pes Uss
V - i~ Time
P.U, PodeNsDsg Q>
3
S. Lancaster et al., Front. Nanotechnol., 4 (2022) '<>3 :
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RETENTION AND BACKSWITCHING FIXIT

* Ferroelectric devices tend to lose their polarization
* Competing effects of the depolarization field, internal bias field and charge trapping
 Measurements done by extending the PUND concept introducing some delay in between pulses
* Increasing delay results in more current detected in the back-switching pulses (both polarities)

* Some domains flipped in the meantime
* Allows quantifying P loss

A
o tpls/z
g 3 Poss = f (PBS - UBS)dt
V A VA, 0
Lael el Ll _'é Lael t
del e P, 1s/2
g e | T P = Jo"™'" (Pgs — Upg)dt
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P N P.U, NsDg

S. Lancaster et al., Front. Nanotechnol., 4 (2022)
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RETENTION AND BACKSWITCHING FIXIT

. . . . . 23 e Positive voltage i — Negative voltage
* Ferroelectric devices tend to lose their polarization T30 L Yoo 200%100s T30 L a0 oo 300K 100ks
* Polarization loss is asymmetric and depends on DE 529 [ 2pmalor 22 BamAOK
. . . .. . v 2.0 § 2.0
* Thicker DE implies less charge injection and larger ¢pep s1s < 1]
* Different oxygen density in the two layers (DE and FE) 810 8 10|
may induce surface dipoles, while oxygen motion 205 g 05|
counteracts this surface dipoles field %0 105 107 10 10! 0015 16 107 10
. . Time delay [s] Time delay [s]
e Asymmetric structure means asymmetric charge c P D P
e . . up down
| nj eCtIo n After switching After switching

* Facilitates P loss in one state more than in the other
* Short-term retention losses seem to saturate at 10s
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After delay time

S. Lancaster et al., Front. Nanotechnol., 4 (2022)
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RETENTION AND BACKSWITCHING FIXIT

A 30 - B 30 T —
* Ferroelectric devices tend to lose their polarization €5 fng\ﬁfgl 300K, HZO Only - | 1590k 2t Al,05
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» Different oxygen density in the two layers (DE and FE)
may induce surface dipoles, while oxygen motion
counteracts this surface dipoles field

e Asymmetric structure means asymmetric charge
injection
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RETENTION AND BACKSWITCHING FIXIT

* Ferroelectric devices tend to lose their polarization , 100 pefore Wicyzcs'mg
* Polarization loss is asymmetric and depends on DE o B 5 = amaox
 Thicker DE implies less charge injection and larger E;,, ¥ _'_t bt ‘;’(‘)'é S _‘_t ”iofgg
 Different oxygen density in the two layers (DE and FE) ¢ ©° Positive voutaSZ e Negafive vouta_é;’é
may induce surface dipoles, while oxygen motion % 40 Plolaity % 10 pRlary)
counteracts this surface dipoles field o o
* Asymmetric structure means asymmetric charge 0 —, ’
injection 0100 150 200 250 300 0760 150 200 250 300
e Facilitates P loss in one state more than in the other femperature (K] _ femperature [
e Short-term retention losses seem to saturate at 10s ¢ 100 S WUDCygls'ng
* Dependent also on pulse width 50 o G 20 — NmAD
 Longer pulse widths decrease the rate of P loss and = “_t“ZZT('JyO s S — Pen oY
shift the polarization loss to longer times - o Positive voltage e Nagathie vlo‘??agé
* This shift is consistent with a lower E;, due to % 40 S %:10 polarity
enhanced screening caused by injected charge carriers < " & . L ) . —s
* Dependent also on temperature . ey el Sl o . =
* Lower T slows down charge injection giving less 0560 150 200 250 300 0560 150 260 50 300
screening and more P |OSS Temperature [K] Temperature [K]
S. Lancaster et al., Front. Nanotechnol., 4 (2022)
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IMPRINT AND FORC/URC/D-URC FIXIT

* Imprintis typically assessed by: 30-
* Conventional P-V curves (measure the coercive voltage shift) 20 pssesnsnscoocs)
* First-Order Reversal Curves (FORC) . T Lol e
* Taken from magnetic materials characterization E 10
* Provide insight into the relative proportions of reversible ) ‘ .
and irreversible components of polarization E_?L 0 _ g,i
T R N s P
* Measurements of minor hysteresis loops between E,; and a ; | (o ge® ronder
variable reversal field E; € (-Egpy, Egap): -20 T e | |
* i) saturation under a positive field E 2 E,; | e ‘
* ii) ramping down to the reversal value E -30 4 ) '2 ' 0 D ) 4
* iii) increasing the field back to the positive saturation, with p;o;c a i i
function of the actual and reversal field E(MVIcm )
* iv) calculate the parameter p 5
, _ o - _ 1 0" propc(£,, E)
* The FORC diagram is a contour plot of the FORC distribution, o, (Er . E) = —
defined as the mixed second derivative of polarization pgyg With 2 OF OE

respect to E; and E N : I ,
L. Mitoseriu, Processing and Application of Ceramics, 3, 1-2 (2009)
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IMPRINT AND FORC/URC/D-URC FIXIT

* FORCplot
* The 3D-distribution p(E,, E) describes the PZT unclamped
- pOSiﬁVG

sensitivity of polarization with respect to
the reversal and actual electric field

* Can be used to evaluate imprint by looking
at the polarization spot position with
respect to the main diagonal and off-
diagonal axes

e Can be used to get insights into reversible
(along the main diagonal) and irreversible
(along the off diagonal) components of
switching

3 2 1 0 1 2 3

L. Mitoseriu, Processing and Application of Ceramics, 3, 1-2 (2009) E (MVIcm)
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IMPRINT AND FORC/URC/D-URC FIXIT

 Advanced FORC-based methodologies to evaluate time-dependent and fluid imprint together
* First-Order Reversal Curves (FORC)
* Unipolar Reversal Curves (URC)
* Delayed URC (D-URC)

 Time-dependent Imprint
 Domains switched in one P harder to switch in the opposite P with increasing delay time

*  Fluid Imprint
e Upon partial switching into a given P state, the film develops a gradual preference for that P state

AR

V)

FORC (F)

Negative

VP set Voltage Pulse (V)

S. Vecchi et al., Adv Ele Mat, 2400204 (2024)
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IMPRINT AND FORC/URC/D-URC FIXIT

* FORCand URC
We use a FORC waveform (modified to include pre-poling and pre-conditioning)

We also use a novel URC waveform (also with pre-poling and pre-conditioning)
For each pulse we can integrate the switched polarization above the time axis and compare FORC vs. URC

) Positive
NS Vb set Voltage Pulse (Vy)

TN s
V="

2

Negative max

Voltage Puise (V;)

FORC (F)
Voltage

ar

X

@ ,

Positive Q =
C) NS Vp e Voltage Puise (V) d)s> __________URC___Vpy=32V
s (A K AN ty=10s
7 37\\ ;ﬂ fh— Time
Z S[f— s yf \/
t¢=103 _____ i______ b G 00 F
_________________ NS VP,set Negative Vimax = 3.2V
Voltage Pulse (V)

S. Vecchi et al., Adv Ele Mat, 2400204 (2024)
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IMPRINT AND FORC/URC/D-URC FIXIT

By defining appropriate
switched polarization
indicators for FORC and URC

we can assume that

If no imprint occurs, then the
EFFECTIVE FORC switched P
must equal the URC switched

P for each pulse

U
\'}
A V P.n
& P,set
o vF‘ set F { NS o VP1 /

qu VH Ven /VP:*.
INTIEY

\/\/ \/ VT A/
JVo J

. —> URC
105 FURC 105

Voltage

Voltage

a) VWp; i=2,..,n (n=numberof Vp foreachR):
FORC: URC:
Peeri(Vpy) = PF(Vp:) — PF(Vpiy) Eomeaeoi) PU(Vp;)
J

\

Here the polarization associated tu‘he previous Vp is subtracted to
compare the quantity of switched domains between FORC and URC

Pirr1(Vp1) = PF(Vpy) = PY(Vp,)

Notably, for VP,I:
S. Vecchi et al., Adv Ele Mat, 2400204 (2024)
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IMPRINT AND FORC/URC/D-URC

Easy to see that imprint occurs

The two curves are not the same
and the URC curve anticipates
the EFFECTIVE FORC regardless
of polarity and pre-conditioning
pulse properties

Manifestation of FLUID IMPRINT

FIXIT
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S. Vecchi et al., Adv Ele Mat, 2400204 (2024)
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IMPRINT AND FORC/URC/D-URC FIXIT

e Direct comparison of FORC (not EFFECTIVE FORC) and URC reveals that fluid imprint can be quite strong!

=——AP = P*(Vp;) — PY(Vp;)
VWpj j=1,..,n (n=numberof Vp for each R)

o (‘ f (:.
3y W N
- - W

_ 04} o ' _— {04} .
e |f) 9)
c02¢ 1 0.2¢
-
o
4 0} 0}
-32 24 -16 -08 0 08 16 24 3.2 -32 24 -16 08 0 08 16 24 32
Voltage Pulses (V) Voltage Pulses (V)

Close to the voltage at which most of the domains switch when assisted
by the fluid imprint = URC switching > FORC switching!

S. Vecchi et al., Adv Ele Mat, 2400204 (2024)
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IMPRINT AND FORC/URC/D-URC FIXIT

 Time-dependent imprint can be evaluated using Delayed-URC (D-URC)
* Similar to URC, but a delay is inserted in between pulses
* Delay is constant but can be varied (here from 100us to 10s)

Positive b

~
<
<
=
A
@]
O
®
2
<
D
Q.
3<
%
|}
w
N
<

.
v

a)

a
Vol,tage
i -
I
I
\é
\
I
|
I
I !

D-URC (D)

Delay (D) "-;'i,—————L—
NS VP,set Negative
Voltage Pulse (Vp)

Notably, for D, Six Delay Times:D,,i=1..6 - D;=100ps, D,=500ps, D;=50ms,D,=1s,D3=5s,D;=10s

S. Vecchi et al., Adv Ele Mat, 2400204 (2024)

Funded by
the European Union




IMPRINT AND FORC/URC/D-URC FIXIT

Results suggests that un-switched domains gradually develop a preference for their actual polarization
state over time, which is another manifestation of time-dependent imprint.

Comparison between Effective FORC, URC, and D-URC
S NS

S

NN T - v ' . . A :
a) o, u U b) O U D. - Perri(Vpi)

(e sm———) | | -®- P’ (Vri)

g 12038 7, \
Iy \
. " west AP gy

32 -24 16 08 0 08 16 24 3.2

10

P (pC!cmz)
o)

PU(Vpi) = Prr

C) 4 )

PP3(Vp;) — Per

kS

Delay increases

& A o o ®» ©

AP, (uClem?)
® & ©o » ®» ©

Delay increases .
Y ' phefy. - P’. e
\Yrif EFF

-32 24 16 08 0 08 16 24 32 32 24 16 08 0 08 16 24 32
Voltage pulse (V) Volitage puise (V)
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IMPRINT AND FORC/URC/D-URC FIXIT

Direct comparison of FORC (not EFFECTIVE FORC) URC and D-URC confirms the time-dependent imprint!
If the delay is short (less than approximately 1s) the advantage of partial switching is still present when
one wants to further switch domains in the same direction

If the delays is long enough (longer than approximately 1s) then the time-dependent imprint effect
becomes dominant

Comparison between FORC, URC, and -

AP
: F_ pll

~04 L0AF | _ _alaul 2
£ Delay increases Delay increases
Q : >
502 e) ! 02} pF _ pb3
o
q 0 o}

, X 5 ; ’ 2 . 4 . . — - - : - ‘ : PF — pPs

-32 -24 -16 08 0 08 16 24 3.2 -32 -24 16 08 0 08 16 24 32 -

Voltage pulse (V) Voltage pulse (V)
Close to the coercive field @ URC & Low Delayed D-URC (i.e., D1 - D3) switching > FORC switching!

S. Vecchi et al., Adv Ele Mat, 2400204 (2024)
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IMPEDANCE SPECTROSCOPY FIXIT

Based on impedance measurements at different :-FT-J|- — R e Y(@) = G, + jooC,
voltages and frequencies (multi-voltage C-f/G-f) | [ 152:250m :Tv (b) |
° . . . e, ® C
Can reveal many different interesting quantities : Vil . "erM (l_
involved in device operation and reliability A » —
Had I , josv ¢ 7 7
* Ferroelectric (and dielectric) permittivity | TiN 10-12 nm 5 _‘J“ P P
. = + 30mv
* Conductance of the different layers (leakage and p*si | J__
associated defects) (a) ﬁ =
* Parasitic contributions (access impedance)
* 1s-order approximation of interface defects and/or Top probe

dead/interface layers

I
I
* Classical ACimpedance measurements at: :
» Different DC bias (thus different polarization) 1 Cpg —
I
I
I

« Different AC frequencies

FTJ
* Needs an appropriate small-signal device model [ C_l— ! |
e Must include salient features of the device stack 5

. S — .
* Needs to consider access (series) impedance Bottom TiN electrode ':I='

L. Benatti et al., IEEE TDMR, 22 3 (2022)
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IMPEDANCE SPECTROSCOPY FIXIT

Based on impedance measurements at different : T mm ACTE 12 - Y (@) = G, + jwC,
voltages and frequencies (multi-voltage C-f/G-f) | [ 15.2.25m :Av (b) ' |
° i 1 C
For each different DC bias | e . ’J«J‘M (__
«  Apply AC signal with fixed amplitude and frequency : I Fosv t’ —
 Measure AC current and calculate impedance L TiN 10-12 nm : _QJM Cp Gp
 Change AC signal frequency and start over o Si | ¢ 30mv ﬁ |
(a)

e Output data interpretation with the model
* Calculate equivalent admittance of the model _ _ _ Topprobe
* Impedance (admittance) at each V and f value I

* For each different DC bias find the model :

parameters values that allow best matching the I
measured admittance and the equivalent model | Cpk ——

I

I

I

admittance at all frequencies

FTJ
» Test structure details may play a role [ C—E— ! |
* Direct (metal) or indirect (AD) access to BE 4

. S — .
* Presence of access impedance element in the model Bottom TiN electrode ':I='

L. Benatti et al., IEEE TDMR, 22 3 (2022)
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IMPEDANCE SPECTROSCOPY FIXIT

l —————————————— —
. . . ge FTJI TiN ADI TN 1012 nm!
Example for MFM, MDM, MFDM (FTJ) structures with direct/indirect BE access : o 1 |
a) 9 c) FTJ : !
" I HfosZres0;s 10nm |
MDM : :
Ti l_.-m = 10-12 nm 8
S Metal p*si
Al,05
TiN II

p"'Si |———'—'|'———-|

: [

TOP VIEW = EG" |

b) d) |C_- Gpe| 1

MFM Coe|
O O O [ it |
Cyl C I
Metal it] “Fg = 280 | -

HZo ' - @ @ O i Metal L. o Gpe |

| d;=450pm = _F___II______!

TiN (B O O , Ao _[ !

Geril

+ i > e | ¢ SER

p* Si e s 05y o SO

L. Benatti et al., IEEE TDMR, 22 3 (2022) L. Benatti et al., IEEE TDMR, 23 3 (2023)
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IMPEDANCE SPECTROSCOPY FIXIT

* Model free parameters must not depend on frequency
* Frequency dependence can be incorporated using explicit mathematical formulation | penatti et al., IEEE TDMR, 22 3 (2022)
* For instance, 1%-order dielectric permittivity dependence on frequency 4 —

ore . . —1.5nm| (2) w (b) HZO
e Polar and non-polar composition of ferroelectric can be included - — e —
. . o~ 2.5n
* Area factor considers the relative abundance of polar vs non polar area E /; f/
* A few examples where known and free parameters are highlighted S ?] //
. o -20¢ ~ 1 Orthorombic
Crg = €rE t_ With epp = £ [Afgr,OR + (1 - Af)gr,NOR] 3 Cre = Ap~ Cregy + (1= Ag)  Creyy
FE -40 B 0 5 €rpg = Af “€rgp + (1 —Af) €550
_ ] h _ ETDE’O v°|tage (v) % ‘ron - €Eryp — (1A—,Af)fr)v0ﬁ
Cpr = €pE — WItn epg = & —F 26 15
DE 1 + Z- (¢) r\\ (d) 8 preleim /8 (16)
4 fC T 108 = 24 / \ 4 i Phadb by
Gpg expected to be < A ande™"DE S b w g J. = 12z
€ 10° o o | 2
> K 22 Fig
Grg expected to be « A s 0 52 %5 5 a s
Voltage (V) Voltage (V) 20 L
5 0 S 10° 10° 107
* P-dependent g and G ;; spontaneously pop out! Voltage (V) Frequency (Hz)
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IMPEDANCE SPECTROSCOPY FIXIT

Results for an MDM structure

* TiN/AlL,O; (6nm)/TiN . — - ,7'-'~1
Data typically plotted as e ‘ i;’;%e?:ta & -
Q A ) <
C,vs.fand G,/w vs. f Ia | y. g
Vt:. 051 o Exp. Data - 2% % o ';\\_',:\:’_ A8 :;
Low-frequency kickinG /w  © —— Modeled R, ol T
o o 0 s sk . P ansed -
associated with leakage a) 443 10° 10° <g
Frequency (Hz) Frequency (Hz)
High-frequency bump in G /w .
associated with traps (but N'g L N’g 104 e 10 o
access impedance plays a key 2 - % " % - ue; 10
role here) 2 — 3 S E & 5
- o o
. O o © 9 O 403 0
Correct evaluation of o) -2 0 2 -2 0 2 -2 0 2 2 0 2
dielectric permittivity and Voltage (V) Voltage (V) Voltage (V) Voltage (V)
leakage profile vs. voltage L. Benatti et al., IEEE TDMR, 23 3 (2023)
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IMPEDANCE SPECTROSCOPY FIXIT

* Relevant effect of the access impedance
* Results on TiN/AI,O; (1.5nm)/HZO (10nm)/TiN with different A and access impedance (indirect access)

C,:r compatible with broken access device

S, (;uFlem?®)
g 8

Gee (mSicm®)
o

ﬁ

o . ° r r
* Critical effecton: .. _ 100um @ o o o W
I P I
 C. roll-off _ I Vo
Gp/ kick = AN ADs | g ' 0.9mm % » o 5 0 5
¢ W KICKS — 5 | § :
p r3 =225um | 9 Voltage (V) Voltage (V)
VMY 14mm! T 1.4mm =10
2.5 Lo mm e E
OneEm| o
NE 4 +2 * -@r 5
1.5 2 2 2 & #
s:z Measured i ._ Simulated | £ u
o (e % & P g 18 s o 5 5 0 s
o5 7 T 10 e o * EN A o O Exp. Data Voltage (V) Voltage (V)
——Model w/o Z, = ‘ap - L -
i SER l.l:_‘* 1ir s . ! [!.:‘ 94 Maodished I.;IL 1 — Modeled »
10° 10° 107 -rn. A w16 10w’ ‘-.n. ‘-’ﬂ-
Frequency (Hz) o 05 _-:_m“‘“l O 05 o 05 w2 k
0.8 0 - ) n <" 20 . J
< iﬁ’l’.’i::ff Zio 0.8 0.8 0.8 0 18
§ 6| Modetwioz, a L * Exp. Data o O Exp. Data w' 1w 10 5 0 5
3 0.4 E 0.6 E 0.6 {—Modeled E 0.6 }[——Modeled Frequency (Hz) Voitage (V)
2™ b ] W —
R :) 9 0.4 @ o4 D 04 (g) E a Y
(O] ’ = — — & E
3 e £
. e =% %2 e e B
10 10 10 L)
Frequency (Hz) 0 [ 2. n U= 0 o
10’ 10’ 10’ 10 107 108 5 0 5 £ 0 5
Frequency (Hz) Freguency (Hz) -2 Frequency (Hz) Frequency (Hz) Vaoltage (V) Voltage (V)

L. Benatti et al., IEEE TDMR, 22 3 (2022)
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IMPEDANCE SPECTROSCOPY FIXIT

P 04 NE 101
e Results for an MFM structure E 3 .
. . 1
e TiN/HZO (10nm)/TiN = R g 10
« Excellent match with experiments & i o 10
* Access to intrinsic device characteristics and variability 3 0 3 < 8 3 <3 0 3
* Voltage (V) Voltage (V) Voltage (V)
< 40 50 50
e
V=0V 1.5mm Zcm = | 5‘_
] — 4 - & 3 |F
: ) . o
G E 2 - e 0 0
FE Gy, 2 O Measured 3 0 3 3 0 3 3 0 3
o T s Voltage (V) Voltage (V) Voltage (V)
c o —~
Cit o NE 1.5 — & A NE 15 0.1
o O Measured = o o
& 1[ —Modeled & 5 s 1
= 05t AL 3 Intrinsic MFM Variability S 05 ?‘oa 10° 1071
C Y e— S Va Voltage =0V 3
Gser S8 “o OE=EINNS ~ i 00 o R 5 7
= Actess Frequency (Hz)
Frequency (Hz) Frequency (Hz) q y
L. Benatti et al., IEEE TDMR, 23 3 (2023)
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* The effect of series impedance is real

» Dielectric properties do not «scale well» with thickness in FTJ

a)

WHAT CAN WE LEARN FROM IT?

FIXIT

L. Benatti et al., IEEE TDMR, 23 3 (2023)

* Confirmed using physics-based simulations with AMAT’s Ginestra

Ultra-thin DE layers in FTJ are leakier than expected
* Their properties may be dominated by interfaces

Role of the dielectric layer in FTJ may be more complex

_._ Gpe interpolation
(from MDM)

2 3 4 5 6 7 8 9% 1
tDE(nm)

Current (nA)
=
o

— FTJ W/ tDE =2nm

e FTJ W/ tDE =2.5nm
FTJd w/ tDE =3nm

e FTJ W/ tDE =3.5nm

Voltage (V)

Funded by
the European Union

2

MFM - 10nm
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WHAT CAN WE LEARN FROM IT?

* Interplay between DE and FE properties

* FE permittivity (polar composition) influenced by DE thickness

* Strongly relates to Gp/w peak magnitude

* Also Gp/w peak frequency changes with device structure
* Previously thought to be only related to interface traps*
* Does a thicker DE inhibit o-FE formation?

8 1 1 I | 1 ] | 1 1 I ] 1 ] ] 1 1 1 1 1 I 1

a) 10 I I I | é
e I | I I

T 107! | | | MDM 1

S I I | |

2 | | | + - |

S 10811 I [ I I

Q | [ | | I

2 I | B | |

o 10° — I | I I

% T ee T I I

1047 1 1 1 ' 1 1 l 1 1 1 1 | 1 1 1 1 1 1 1 l

0 1 2 3 4 5 6 7 8 9 10

*Y. Qu et al., IEEE T-ED, 67 12 (2020)
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FIXIT

L. Benatti et al., IEEE TDMR, 23 3 (2023)
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ENDURANCE AND AGING FIXIT

* Understand endurance failure and aging mechanisms L. Benatti et al., IEEE IRPS (2023)
» Stress-Measure sequence until device failure 'rrstine :::E 40 "—gﬂ’sltii"ﬂ ~ Before
clin
» Stress = Log-spaced triangular dual voltage waveform(s) &'E"‘ 0.5 ,_g:::;gan S 2l yeins
* Measure = Sequence of PUND, ultra-slow |-V, multi-V C-f/G-f g %
*  From each measurement extract key indicators = o} S o
*  PUND - P-V curves, Py, P, Ec E T
* Ultra-slow I-V -> Leakage and switching current together 3 -0.5 = -20
* Multi-V C-f/G-f - FE and DE properties E 4
=1 - = - - -
4 2 0 2 4 4 2 0 2 4
a) ? b) VA srress " Voltage (V) - Voltage (V)
G) o ' O pristine d)
p— E i Before BD
TiN (TE) 100 us NE 2| O 47 Leakage
4V L O pristine ¥ gy * \ Increase &
HZO \cycj.‘ log increase until BD ) uﬁ_ o Before BD {g_‘ ". &
) - et |
STATIC o O Exp. Data o
v ——Modeled o :
et 9 0 3 5 7 0 3 5 7
100s t 10 10 10 10 10 10
N =3y J J Frequency (Hz) Frequency (Hz)
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ENDURANCE AND AGING FIXIT

* Understand endurance failure and aging mechanisms

* Stress-Measure sequence until device failure
» Stress = Log-spaced triangular dual voltage waveform(s)
* Measure = Sequence of PUND, ultra-slow I-V, multi-V C-f/G-f

EXAMPLE OF INTERESTING DE/FE PROPERTIES

* From each measurement extract key indicators * Leakage is asymmetric vs. voltage
* PUND -> P-V curves, P, P, E. * Leakage degradation is also asymmetric
* Ultra-slow I-V - Leakage and switching current together  Permittivity degrades as well with aging

* Multi-V C-f/G-f - FE and DE properties

a)?

Ty 10’ Leakage ”
~N

TiN (TE) - Increase 32

| ) w
HzZO g 10° & 30
: 4
- -3 0 3 e -3 0 3
Voltage (V) Voltage (V)

L. Benatti et al., IEEE IRPS (2023)

Funded by
the European Union




ENDURANCE AND AGING FIXIT

Understand endurance failure and aging mechanisms

Plot relevant indicators vs. cycles to get insights

G at extreme voltages (+3V in this example) from multi-V C-f/G-f

2P, from PUND (identify wake-up, fatigue, failure stages)

* g from multi-vV C-f/G-f 10! - —P;istlne

* Entire ultra-slow I-V curves \\ Cycling k-
.~ Before BD /

4

-
o
-

|Current| (Almz)
=
&

—_
f=)
dn

10'7 Y 4 '
-4 -2 0 2 4
Voltage (V)

L. Benatti et al., IEEE IRPS (2023)
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ENDURANCE AND AGING FIXIT

Understand endurance failure and aging mechanisms

Plot relevant indicators vs. cycles to get insights
* Wake-up not associated with massive defect generation
Defect generation happens during fatigue and is not symmetric
* Equivalent FE permittivity degrades during fatigue (compositional changes)1 1

=~ Pristine
50 Cycling 7
.~ Before BD /
10" \Y ,
£ \X
< O\
0 = \
c
2
3
30 -

20

Voltage (V)
L. Benatti et al., IEEE IRPS (2023)
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ENDURANCE AND AGING FIXIT

* Understand endurance failure and aging mechanisms f SE
* Couple insights with advanced simulations E.
* Ginestra simulations include defects and interfacial layers Q¢BI FN
e All relevant conduction mechanisms considered | : \>
* Including trap-assisted tunneling with trap-to-trap contribution I :: DT >
* Series impedance extracted from multi-V C-f/G-f included as well Metal k\_o_/\ TAT
ey
Trap” """ |\ Metal
< (o] o)
o0
N Insulator 8
Ey
T - . ox
Zser | @ Defects
B Electrodes SE = Schottky/Thermionic Emission
CIHfO DT = Direct Tunneling
2 FN = Fowler-Nordheim Tunneling
IB Area = 100x100 nm? TAT = Trap-Assisted Tunneling
L. Benatti et al., IEEE IRPS (2023) S. Vecchi et al., IEEE ESSDERC (2022)
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ENDURANCE AND AGING FIXIT

Understand endurance failure and aging REFERENCE JOP LAYER BULK LAYER BOTTOM LAYER
. a b) r—= c
mechanisms - 2 = [T =] N == VI —~vsem
< .Em(: = 9.8 nm y ¢ |t sl .. nm ~&—1.5nm
* Perform a sensitivity analysis to get @ E _F_ | i — et "
° . - ; X B i 4 X
hints on key material and defect x /\ A 1* l\ A Rl - !ﬁ ﬁ
H - E ‘i L ," "I- -‘:_ el
properties that affect I-V curves = N o] o
e)-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
e Defect density in the FE bulk o 1w mr—— ,? P o1 1 ?.,)-1 ) B —— s
* Thickness and permittivity of the top © 2t [ 22 b zorm | ” t . 1 G
. . <L = . . V7T €18
interfacial layer DB |Ev 107 107
- AR
wo | d
oo 102 10° 103
l): -2 0 2 4 j): -2 0 2 4 k) -4 |) -4 2 0 2 4
10 &= 5e-18cm i tea 10 6:71—9—1319 10° 1 —e—5e19
= "E [Gc = Se-18 cm ] :,'. +f:;: —o—;::g
B E %102 102 - 102 = 0,
52
ww o |
on 10 107 —o--8e18 —b—5e1 107
P —— o—2e19 8e19
-4 4 -4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
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L. Benatti et al., IEEE IRPS (2023)
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ENDURANCE AND AGING FIXIT

* Understand endurance failure and aging mechanisms 34 [———————
. .. . . O eq. ¢_simulated
* Reproducing the ultra-slow I-V curves in simulations requires: a) d
* Including TAT and trap-to-trap contribution in leakage w 3 S-mean ¢ .. model
* Rearranging defect spatial distribution to transition from pristine to wake-up U%
* Increasing defect density and degrading the top IL to get the fatigued curve 30|
* Top IL thickens at the expenses of the FE layer - overall eq. permittivity drops
* Features in-line with what extracted from the multi-V C-f/G-f indicators 28 st S S ST b '
Pristine Wake Up Fatigue 10° 10" 102 10°® 10* 10°
' T ——wooten 1  10'[ © ——WIODTFN ) M1,  —wioDTEN ) 1
a) ———wlo TAT b) wio TAT c) ~——wio TAT " C yc le S
& @ ~——wlo Trap-to-Trap w/o Trap-to-Trap ~—wilo Trap-to-Trap
510" A\ [ 1
bt ' v 2 4 - = _ B
g10°) e 1 1
3 > b) 3t o nd’ lF‘d pfistlne(#)
it 7 L B i f - IR e E=-- B0/ o iatine=Y)
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Applied Voltage (V) Applied Voltage (V) Applied Voltage (V) 2
d , e) . f) N
5.0 5.01 5.0

Voltage = -3V Voltage = -3V

Voltage = -3V

gz.s e 25} - = < 1 - : : -
) 10° 10" 10° 10" 10" 10
g 0.0 0.04 0.0-
w
:m 211100275VGV Ey=2.1£075eV £,=212075eV CYCles
2.5 re=110.2¢ 2. Epn=1%0.1eV I Epu=10.16V .
28 Peak Density e W=7.2nm Peak l‘)gensl;y = =50nm Peale:nsity L. Benatt' et al., IEEE IRPS (2023)
o=3.1nm . 110 cm? - "‘",'= 32 nm - 1-10* cm - G=45nm » 1.5-10¥ cm*?
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COMMON THREADS OF RELIABILITY ISSUES FIXIT

* All the most relevant reliability issues in ferroelectrics stem from a complex interplay of a few phenomena
* Granular nature of the ferroelectric material
* Polar and non-polar grains with different orientations
Charge trapping centres (defects)
e At the interface between materials
* In the bulk of the different materials
* Their possible field-temperature-gradient driven motion/re-distribution in the stack
Complex depolarization 3D field distribution in the device
* Due to the field associated to charged defects and the local polarization of the grains
* Domain pinning/de-pinning due to charge
* Charge trapping/de-trapping influenced by grain polarization
Interface(s) degradation/thickening/thinning and compositional change
Phase changes in the ferroelectric (transitions between polar and non-polar)
Defects generation due to applied/internal field and charge injection

« A VERY HARD MATTER! Requires sophisticated simulations, dedicated experiments, careful interpretation!

* There’s plenty of room at the bottom (of reliability studies in ferroelectrics)
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