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We study the charge trapping phenomenon that restricts the endurance of n-type ferroelectric field-effect transistors
(FeFETs) with metal/ferroelectric/interlayer/Si (MFIS) gate stack structure. In order to explore the physical mechanism
of the endurance failure caused by the charge trapping effect, we first establish a model to simulate the electron trapping
behavior in n-type Si FeFET. The model is based on the quantum mechanical electron tunneling theory. And then, we use
the pulsed Iy—V,; method to measure the threshold voltage shift between the rising edges and falling edges of the FeFET. Our
model fits the experimental data well. By fitting the model with the experimental data, we get the following conclusions. (i)
During the positive operation pulse, electrons in the Si substrate are mainly trapped at the interface between the ferroelectric
(FE) layer and interlayer (IL) of the FeFET gate stack by inelastic trap-assisted tunneling. (ii) Based on our model, we can
get the number of electrons trapped into the gate stack during the positive operation pulse. (iii) The model can be used to
evaluate trap parameters, which will help us to further understand the fatigue mechanism of FeFET.

Keywords: ferroelectric, interface, ferroelectric field-effect transistors (FeFETS), charge trapping

PACS: 77.80.—, 85.50.-n, 77.84.—s

1. Introduction

Hafnium-based ferroelectric (FE) materials have attracted
extensive attention since their discovery.l'-%! Compared with
the traditional perovskite FE materials, hafnium-based FE ma-
terials have excellent compatibility with the existing com-
plementary metal-oxide—semiconductor field-effect transis-
tor (CMOSFET) fabrication process.!”8! In addition, the
hafnium-based FE material can remain the ferroelectricity at

9-11 which is conducive to making de-

a relatively thin film,!
vices further scale down. Therefore, the discovery of hafnium-
based FE materials makes ferroelectric field effect transis-
tors (FeFETs) become one of the emerging memory tech-

127141 At present, the main gate

nology with great potential.!
structure used in FeFET is a metal/ferroelectric/interlayer/Si
(MFIS) structure. The bottleneck of FeFET with MFIS struc-
ture is poor endurance.!'>! The factors which limit the en-
durance of a FeFET are concluded to be the charge trapping
phenomenon caused by the spontaneous polarization.['6-1°1 To
improve the endurance of the FeFET, it is important to un-
derstand the mechanism of charge trapping. However, the
current method of characterizing the phenomenon of charge
trapping through experimental measurement still cannot clar-

e.[17-201 At present, some studies have

ify the driving forc
modeled the electrical characteristics of the FeFET, hoping to

find the factors that affect the charge trapping by fitting them
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with the experimental data. However, most of these models
use compact-model, and these models mainly use empirical

[21-231 Therefore, the physical origin of charge trap-

formulas.
ping has not been fully understood yet.

This work establishes a model to simulate the charge trap-
ping process when applying an operating gate voltage pulse.
Our model is based on the electron tunneling theory, which
considers that the electrons in the Si substrate of the FeFET are
trapped at the FE/IL interface through the interlayer (IL) bar-
rier by different tunneling mechanisms. The number of elec-
trons trapped at the FE/IL interface (AQy) can be obtained by
integrating the total tunneling current (Jioa1). And then thresh-
old voltage shift between the rising and falling edges (AVy)
can be obtained by using the background capacitance of the
FE layer (Crg), which is measured in the experiment.

In order to reveal the driving force behind the charge
trapping phenomenon, we use the pulsed I;—V, method to
By fitting the simulated AVy, with the ex-

perimentally measured AVy,, we find that the main tunneling

measure AVy,.

mechanism that causes the charge trapping phenomenon is the
trap-assisted tunneling (TAT) mechanism. Therefore, the pur-
pose of improving the fatigue characteristics of FeFET can be
achieved by replacing the IL material or improving the fabri-
cating process of the IL to create the IL with fewer traps to
suppress charge trapping.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Model of electron trapping

We study the n-type FeFET with an MFIS structure which
is widely used. The device structure used in our experiment
and simulation is shown in Fig. 1(a), and the IL is SiO;. It
has been reported that hole-trapping is less significant in n-
type FeFETs.[?%] Therefore, our model only considers elec-
tron trapping. The energy band diagram is shown in Fig. 1(b).
When a positive voltage is applied to the device, a large num-
ber of electrons in the inversion layer of the Si substrate will be
trapped in the gate stacks of the FeFET. Due to the high elec-
tric field across IL, the electron trapping/de-trapping behav-
ior mainly occurs at the FE/IL interface in a FeFET.[!7-18.20]
In our model, the electron trapping effect is considered as
the electron transfer between the Si substrate and FE/IL in-
terface based on the tunneling process. The barrier that the
substrate electrons need to tunnel through is determined by the
voltage across the IL. Therefore, the number of trapped elec-
trons equals the integral of the tunneling current over time.
This work establishes a tunneling current model based on the
tunneling mechanism instead of the traditional semi-empirical
leakage model. The model uses three basic tunneling mech-
anisms: direct tunneling (DT), Fowler—Nordheim tunneling
(FNT), and trap-assisted tunneling (TAT) to simulate the be-
havior of electron trapping into the gate stacks. The tunneling
current mechanism and the variation of the IL barrier caused
by the trapped electrons are shown in Figs. 1(c) and 1(d).

2.1. DT and FNT

The essential difference between the DT and FNT is that
the barrier shape of the electron face is different, so they
can use a unified expression. We use the Landauer model
to calculate the tunneling current caused by the DT and FNT
mechanisms.[>*?3 The expression is

J _gmokgT
DE = 23

| rerwae, m

E1(FE/IL)

where ¢, mg, kg, T, h, E, and ET(FE /IL) are the electron charge,
the rest mass of a free electron, the Boltzmann constant, the
temperature, the reduced Plank constant, the electron’s energy,
and the trap energy level position at the FE/IL interface rela-
tive to the FE conduction band, respectively.

The supply function f(E) in Eq. (1) is expressed by the
Fermi—Dirac distribution function on both sides of the barrier

l+e (E—Epsiy)/ksT

f(E)= 2)

1+ e(E_EF(FE/IL))/kBT ’
where Efs;) is the Fermi energy level of the Si substrate and
Ex(rg/1) 1s the Fermi level at the FE/IL interface.

The tunneling probability 7(E) in Eq. (1) of elec-
trons is obtained by the Wentzel-Kramers—Brillouin (WKB)

approximation!?®!

2 L
T(E) =exp ~% /W/meL(E—U(x))dx , 3)
0

where 111, is the thickness of the IL, my; is the effective mass of
electrons in the IL, and U (x) is the potential barrier function
of the IL.

2.2. TAT

In this work, we consider the inelastic TAT. That is, the
TAT current is generated by multi-phonon assistance./?”-?8]

The expression of the TAT current is

L

M

| w@+wi @

Jrar = ¢q

where N, is the trap concentration of the IL. 7 (x) and 7. (x) are
the emission time constants and the capture time constants of
electrons, respectively, and they are calculated by the follow-
ing expressions:

=

W= [ NME) - AEIRE e E)E, ()

[ MERETE D EDLE,  Gb)
‘Dt(IL) ()

where @y ) (x) is the position of the trap energy level in IL rel-
ative to the IL conduction band. The fi(E) and f;(E) are the
Fermi—Dirac distribution function on the left and right sides
of the IL barrier. Tj(E,x) is the electron tunneling probabil-
ity from the left side of IL into traps in the IL, and T;(E,x) is
the electrons tunneling probability from traps in the IL to the
FE/IL interface. Here we also use the WKB approximate to
calculate the tunneling probability. The e,(E,x) and ¢y (E,x)
are the emission rate and capture rate, which can be obtained
in detail from Ref. [28].

At present, in most of the existing literature, both elas-
tic and inelastic TAT models only consider a single energy
level for the TAT mechanism.?-3%] Multiple energy levels are
mathematically equivalent to a single energy position for the
electrical measurement and simulation results. For a single
energy level condition, it can be considered that the density of
states of this level in the IL of the actual device is larger, and
most of the electrons trapped at this level contribute most of
the TAT current. Due to the lower density of states of other
trap levels, the number of trapped electrons is relatively small.
Therefore, our model also considers the trap energy level of IL
as a single energy level. It is represented by a red dashed line
in Fig. 1(c).
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Fig. 1. (a) The structure of n-FeFET in our experiment. (b) The energy band diagram corresponding to the device structure in (a) under positive
voltage and the definition of parameters. (c) Schematic diagram of three tunneling current mechanisms in the device and the definition of
parameters. (d) The variation of IL barrier is caused by the trapped electrons at the FE/IL interface under positive voltage.

2.3. Relationship between charge and voltage distribution
in the gate stack

According to Fig. 1(a), we can see that the gate of the Fe-
FET with MFIS structure is equivalent to the series connection
of a FE capacitor and a MOS capacitor. Thus, the voltage dis-
tribution relationship of the gate stack at a given gate voltage
is

VFE (Qm) = VG - VIL (Qm) — O (Qm) — @Pms; (6)

where VEg, Om, VG, VIL, ¢s, and @n are the voltage on the FE
layer, the number of charges on the metal, the applied voltage
on the gate, the voltage across the IL, the surface potential of
the Si substrate and the work function difference between the
metal gate and the Si substrate, respectively. Equation (6) is
also called the loadline of FeFET.[3!

The charges in the gate obey the continuity of electrostatic

displacement

Om = ere&Ve/tre +P = en& Vi /ti. = — (Osi + 01), (7)

where &pg, €, tre, P, €L, Osi, and Q; are the dielectric con-
stant of the FE layer, the vacuum dielectric constant, the thick-
ness of the FE layer, the charges contributed by spontaneous
polarization (F), the dielectric constant of the SiO, layer, the
number of electrons on the Si substrate, and the number of
electrons trapped at the FE/IL interface, respectively.

For the FE layer, we use the Miller model®”! to calculate
P. Miller gives the expression of P as follows:

P P— Py \ /2
—aEFE = [l—tanh l(éPs—P)

Ps 2 EFE*EC
X% |:1 — tanh (26):| s (8)

where Egg is the electric field of the FE layer; P is the sponta-

neous polarization of the FE layer; E, is the coercive electric
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field of the FE layer; & represents the scanning direction of the
electric field, when & = +1 indicates an increase in an electric
field, and when £ = —1 indicates a decrease in an electric field.
Py, 1s the saturated polarization of the FE layer, its expression

18

Erg — E,
Pia(Ere) = P tanh (“25) : (%)
Py (Exg) = —Poy(—Ere), (9b)

where P, represents the Py, of positive polarization, and Py,
represents the Py, of negative polarization.
The expression of § in Eq. (8) is

(10)

—1
o :Ec |:1nl+Pr/[)§:| )

1-R/P,

where P; is the remanent polarization of the FE layer.
Considering the quantum mechanical confinement effect

of Si substrate, the relationship between Qs; and ¢ can be ob-

tained by a self-consistent solution of Schrodinger and Poisson

equations. 38!

2.4. Calculation of the amount of trapped charge

If the rising edge of the operation voltage is fast enough,
it is considered that there is no additional electron injection.
At the beginning of the operation pulse, we use the number
of trapped charges (Qyo) at the FE/IL interface as 0.8 P; which
was reported in previous experimental results.*”] Then during
the process of applying a positive voltage, the O, at the FE/IL
interface is

Or = O +AQ, (11)

O = 0.8F, (12)
fow

AQ(1) = / Jioal(1)d (13)
0

Jiota (1) = Ip1(t) +JIen (1) + JaT(2). (14)

2.5. Model assumptions

To simplify the problem and intuitively study the elec-
tron trapping behavior in FeFET, due to the negligible tun-
neling current from the FE/IL interface to the metal gate
with the thick FE layer (8.5 nm) and lower FE electric field
(< 5.5 MV/cm) compared with thin IL thickness (0.7 nm) and
high electric field (> 10 MV/cm) on IL.

3. Simulation process

The detailed simulation flow is given in Fig. 2. We di-
vide the pulse width (#,y) into several time intervals, and the
trapped electrons calculated by tunneling current in each time
interval (AQy(i)) simultaneously change the voltage division

of the gate layers. By combining Egs. (1)—(14) with the Miller
model of the FE layer and the MOS loadline of the device, the
voltage of each gate layer, AQ(i), and the variation of polar-
ization (AP(i)) can be calculated for each time interval. The
total number of electrons trapped during the 7y is obtained
and denoted as AQ, and the total variation of polarization is
denoted as AP. The threshold voltage shift (AVy,) during the
tpw can be obtained by the background capacitance of FE (Crg)

AVih = (AQ+ AP) /Cr, (15)

where Cgg was obtained by experimentally measuring €pg of
the FE layer.

nput Vg, t,,, and the device
parameters

N|
1
‘ .
MFM capacitor: P—Vjg MOS Loadline: Q,,(V,Qy)
I ]
v

Obtain the Qn/Qq/Q:/Vre/P/ViL/ #si

at each time step

¥

v
Inelastic TAT leakage Direct/F—N tunneling leakage

!
| Jrora(i) |
7
|AQt<i) = AQUi— 1)+ Jrgra(3) X taep
i=i+1 No
(Cycles =t /tep) Yes
t<t

PW.

| AP= P(end)—P(1) |
v

| AVi= —(AQu(ena) 1AP)/Cre
T

o

Fig. 2. The simulation flow in this work.

4. FeFET fabrication and trapped electrons
measurements

The devices used for measurement were prepared by the
gate-last process.'*”! The ratio of gate length to gate width
(L/W) of our devices was 5 um/150 pm. The process flow
could be divided into 5 parts based on lithography: source and
drain injection, channel area opening, gate etching, source and
drain opening, and metal etching. Firstly, the substrate sil-
icon wafer was cleaned with diluted hydrofluoric acid (HF)
to remove natural oxides, and then PE-oxides with 300 nm
were deposited. As ions with energy of 40 keV and a dose
of 4 x 10" cm™2 were implanted into Si substrate to form

087701-4



Chin. Phys. B 32, 087701 (2023)

source and drain regions and then annealed at 1050 °C in N,
atmosphere for 5 s. Secondly, the gate area was defined by
photolithography, and after being cleaned by diluted HF, a
0.7 nm SiO; interlayer was grown by wet ozone oxidation.
Next, about 8.5 nm Hfy 5Zry 5O, was grown by atomic layer
deposition (ALD) at 300 °C. The Hf( sZrg 50, was annealed
at 550 °C in N, for 60 s to form the ferroelectric orthorhombic
phase. After the formation of the gate, the source/drain con-
tact locations were determined by photolithography, the source
and drain regions were exposed, and 10 nm TiN and 75 nm W
were deposited by physical vapor deposition (PVD). Finally,
the top and bottom Al electrodes were deposited. The struc-
ture of the FeFET devices prepared by the above process flow
is shown in Fig. 1(a).

4 4V
W0 o o V=AY
o0=0.8Ps =Q, 0+
. t0 5’1 ? t t0 t
?/ tpw |
60 s t, tg

& e
= 0 Time (s)
>

-4V

100 us

Fig. 3. The test waveform used in our experiment.

1072 T
- Pulsed I4,—V, 10° V/s
Pulsed I4;—V, 10" V/s
10-3 Pulsed I,—V, 103 V/s
Pulsed Id—\/é 10 V/s
—— Ramped pulse
< ot
- 107 4
~
10751 -
1 —6
0 0 T 5

Fig. 4. Comparison of Ip-Vg curves measured by pulsed /4—V; and
ramped pulse method.

In order to measure the trapped electrons of FeFET under
the operating voltage, we refer to the pulsed I3—V, test method
used in high-k devices.**] The test waveform used in our ex-
periment is shown in Fig. 3. For the device in Fig. 1(a), we first
apply a pair of gate voltage pulses with an amplitude of £4 V
and a pulse width of 100 us to pre-polarize the device, and then
wait for 60 s before applying the second trapezoidal wave. Ac-
cording to the pulsed I3V} test method, when the rising edge
time #; is short enough, AQ; at the rising edge can be ignored.

That is, Oy at point O in Fig. 3 is equal to the Q; at point 1.
In Ref. [40], whether there are electrons trapped within #. can
be verified by ramped pulse measurement method. Figure 4
shows the comparison between pulsed /;—V,; and ramped pulse
method with different rising rates when Vg = 2 V. It can be
seen that there are nearly no electrons trapped when the rising
rate is 10° V/s, so the rising edge rate used in our experiment
is 10° V/s. In the experiment, we use different 7y, and pulse
amplitude (V) to measure the threshold voltage at the rising
and falling edge, and their difference is denoted as AVy,.

In this way, we can connect the parameter AVy, which can
be directly measured in the experiment, with the parameter
AQ; which cannot be measured directly. The AQ; obtained
by simulation can use Eq. (15) converted into AVy,. Next, we
will fit the simulated AV}, with the experimentally measured
AVy, to reveal the driving force behind the charge trapping phe-

nomenon.

5. Application of our model in published data

In order to verify that our model is accurate and avail-
able, we first use the model to simulate the experimental data
in Ref. [41]. The simulation results are shown in Fig. 5. We
can see that our model fits with the experimental data well
in Ref. [41]. The simulation parameters are shown in Table 1.
The Errg/i). PyiL). and Ny determined by our model are con-
sistent with the Ref. [41]. This proves that our model can also
evaluate the trap parameters in the FEFET according to the
measurement results of AVy,.

4 T T T T T T T T T
dashed lines
symbols - -
3k o~ 7 - - .
S A&A‘\'W—;\_
< /N ‘
1 AN g o -
oY L V,=2V
-
O 1 1 1 1 1 1 1 1 1
10-8 1073 102
tpw (S)

Fig. 5. Our simulation model fits the experimental data in Ref. [41].

6. Application of our model in our experimental
data

Figure 6(a) shows the experimental data measured by the
pulsed I3V, method and the results of fitting the experimental
data. We can see that our model fits well with our experimen-
tal data. The simulation parameters used in the simulation are
shown in Table 1. It should be noted that although the devices
fabricated in our work has a similar structure to the devices
prepared in Ref. [41] because the fabrication process of the
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SiO, layer and the temperature conditions for its growth have
a significant impact on the quality of the SiO, layer, the traps
in the SiO; layer may be different.

Table 1. Fitting parameters used in our simulation.

Unit  Experiment from Ref. [41]  Our experiment
MEIS stack TiN/9 nm HZO/ TiN/8.5 nm'HZO/
1.2 nm SiO, 0.7 nm SiO,

EFE 30 30
1L 3.9 3.9
P, pClem? 20 20
P pC/em? 18 18
E. MV/cm 1.1 1.1

D A% -0.2 -0.2
Erre/m) eV 2.3 25
Dy eV 2.65 1.8
Ne cm ™3 10" 10"
0w pC/cm? 16 16
AE.; eV 3.1 3.1

Figure 6(b) shows the composition of the tunneling cur-
rent obtained by the simulation program when Vg =4V, the
line in light brown represents Jpr, the line in light blue repre-
sents Jtat, and the bold line in light green represents Jiota) -

It can be seen that the electrons trapped at the FE/IL in-
terface are mainly caused by the TAT mechanism. Therefore,
the most effective way to suppress the electron trapping effect
of FeFET is to suppress the TAT current. The TAT current is
mainly related to the trap density and trap energy level position
in the IL, so we can achieve this purpose by changing the fab-

(a) 5 T T T T T T T T T
Sim.: dashed lines

4 | Exp.: symbols

A‘/th (V)

1073
tpw (S)

0
1078

(b)

AV, (V)

(d)

AV, (V)

rication process condition of the IL or changing the material
of the IL.

Figure 6(c) shows the variation of the voltage of each
layer within the pulse width when Vg =4 V. It can be seen
that during the operating pulse, the Vj, decreases rapidly until
unchanged, while Vg increases, which is consistent with the
analysis of the energy band diagram in Fig. 1(d).

Figure 6(d) shows the variation of trapped charges within
pulse width and the variation of polarization within pulse
width when Vg = 4 V. It can be seen that within the pulse
width range of our experimental (10~7 s—1 s), P of the FE
layer is almost unchanged, meaning that P of the FE layer has
completely switched, while the number of electrons trapped in
the gate slowly increases. It can be seen that a large number of
electrons have been trapped in the FeFET gate before 1077 s,
and the Vi, has completed a significant drift (about 3 V) be-
fore 10~7 s. That is to say, the time of the electrons to begin
trapped is less than the order of ps.

This is also the reason why Fig. 6(b) does not include Jpn
because the conduction band offset between SiO, and Si is
very large (about 3.1 eV), so only a few electrons will tunnel
through the triangular barrier, i.e., the F-N tunneling mecha-
nism. Besides, under the pulse width of 1077s,a large number
of charges have been trapped at the FE/IL interface already,
so the voltage on the IL is very small. Therefore the tunnel-
ing current caused by the F-N mechanism has decayed to be
smaller within the measurement range.

5 T T T T T T T T T ] 10
it z
3F ] E
41078 <
<
2r ] g
1k Jtotal JDT i
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Fig. 6. (a) The fitting results of our model and experimental measurement data. (b) The component of tunneling current during platform wave
time when Vg =4 V. (¢) The variation of the voltage of each layer within the pulsewidth when Vg = 4 V. (d) The variation of trapped charges
within pulsewidth and the variation of polarization within pulsewidth when Vg =4 V.
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Fig. 7. The leakage mechanism variation of (a) 1, = 0.5 nm, (b) #i, = 0.9 nm, (¢) fy, = 1.5 nm, (d) #y;, = 2.5 nm when Vg =4 V.

Figure 7 shows as the 71 increases, the mechanism of tun-
neling current changes. When the #;, = 2.5 nm, the electric
field on the IL is lower than that of the thinner ., so the speed
of electrons trapped at the FE/IL interface is slower. Because
the electric field on IL slowly decreases, the Jpn does not dis-
appear instantly but lasts for a short time contributing to the
Jiotal, While the Jrpy decays quickly. From this perspective, the
TAT tunneling mechanism remains the main driving force be-
hind the charge trapping phenomenon.

7. Conclusion and perspectives

We have studied the phenomenon that electrons in the sil-
icon substrate are trapped at the FE/IL interface in the FeFET
gate stack. We propose a gate charge trapping model of the
FeFET with the MFIS gate structure. Our model considers the
trapped electrons at the FE/IL interface as the quantum me-
chanical tunneling through the IL barrier, and the number of
trapped electrons is obtained by calculating the tunneling cur-
rent. The results of the model simulation are matching with
the threshold voltage shift measured in the experiment. Based
on our model, we find that electrons tunnel through the inter-
layer by the TAT mechanism. This work gives a solution to
improve the endurance of FEFET from another perspective.
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