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Abstract— In this study, we investigated the impact of
unstable and stable interface trap charges (Qit) on PS
switching in metal–ferroelectric–insulator–Si (MFIS) ferro-
electric field-effect transistors (FeFETs), which vary with
the thickness of the insulator. We also examine how these
variations ultimately affect the various performance metrics
of MFIS FeFETs. To achieve this, we varied the thickness of
the insulator (tIL) in MFIS FeFETs to 1.5, 2.0, and 2.5 nm,
thereby controlling the amount of Qit injected from the
channel into the ferroelectric (FE)/insulator interface. As tIL
decreases, the amount of Qit increases, which amplifies the
electric field across the FE layer. As a result, PS switching
enhances, and consequently, the MW characteristics of
MFIS FeFETs improve. Furthermore, to analyze this in
detail, we employed PS–Qit measurements on MFIS FeFETs
to simultaneously extract unstable and stable Qit as well
as PS and MW. The results show that as tIL increases to
1.5, 2.0, and 2.5 nm, Qit during program/erase (PGM/ERS)
operations decreases to 100%, 61%, and 54%, respectively.
This leads to a corresponding decrease in PS to 100%,
59%, and 52%. Additionally, after sufficient delay following
the PGM/ERS operations, we observe that the proportion
stable Qit compared to PS is 91%, regardless to tIL and
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the remaining 9% of PS contributes to the MW property.
Consequently, as tIL increases to 1.5, 2.0, and 2.5 nm, the
net charge decreases to 100%, 61%, and 54%, resulting in
MW values of 1.85, 1.05, and 0.85 V, respectively. Finally,
we analyzed the impact of Qit generation as a function of
tIL on the variability and endurance characteristics of MFIS
FeFETs.

Index Terms— Ferroelectric field-effect transistor
(FeFET), interface trap charges, memory window,
polarization.

I. INTRODUCTION

HAFNIA-BASED ferroelectric field effect transistors
(FeFETs) have recently attracted significant interest

as a promising nonvolatile memory (NVM) device for the
next generation [1], [2], [3], [4]. This is due to their
advantageous features, including compatibility with com-
plementary metal–oxide–semiconductor (CMOS) technology,
scalability, and nonvolatility [5], [6], [7]. In particular,
FeFETs have become crucial components in neuromorphic
computing and in-memory computing applications due to
their exceptional reliability, high operational speed, and
utilization of multilevel cell (MLC) technology [8], [9], [10].
In addition, FeFETs can be utilized in different configurations,
including metal–ferroelectric–insulator–Si (MFIS) structure,
metal–ferroelectric–metal–IL–Si (MFMIS) gate stacks with
floating metal gate, and metal–IL–ferroelectric–IL–Si (MIFIS)
structures that make use of both charge trapping and
ferroelectric (FE) switching behavior [11], [12], [13]. The wide
range of applications of FeFETs offers limitless possibilities
for study.

Given that the MFIS gate-stack is the foundational structure
of FeFETs, it is crucial to develop accurate models for
different attributes in order to facilitate further study on a
wide range of FeFETs [14], [15]. Considerable study has
been focused on developing an analytical model of MW
because of its critical role in the NVM device [16], [17],

0018-9383 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on October 25,2024 at 04:53:57 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-4517-080X
https://orcid.org/0009-0006-3462-6759
https://orcid.org/0000-0001-9418-8750
https://orcid.org/0000-0001-5751-7973
https://orcid.org/0009-0002-0417-1205
https://orcid.org/0000-0002-1266-3157
https://orcid.org/0000-0001-7165-8211
https://orcid.org/0000-0001-8271-5998
https://orcid.org/0000-0002-4222-1587


2 IEEE TRANSACTIONS ON ELECTRON DEVICES

[18]. Yoo et al. [19] presented a new explanation for MW
behavior of MFIS FeFET using an analytical model. However,
Lim et al. [20] introduced an alternative numerical model of
MFIS FeFET, which is described in the following equation:

MW =
∣∣Vth,PGM − Vth,ERS

∣∣ =

∣∣∣∣2(PS − Qit)

CFE

∣∣∣∣ (1)

where PS, Qit, and CFE are the spontaneous polarization, inter-
face trap charges, and capacitance of FE layer, respectively.

On the other hand, Ichihara et al. [21], [22] have stated that
Qit within the MFIS gate-stack can be divided into two distinct
components: stable Qit and unstable Qit. These components
refer to the interaction between the IL and the FE layer [23].
The stable Qit is the component that is highly correlated with
PS (about 90% of PS, as stated in [21]) and the maintenance
of the MW after the detrap of the unstable Qit attributed to
the minor change of the net charge. However, the unstable Qit
has no significance to PS and can be quickly released from its
trapped state after the program/erase (PGM/ERS) operation.
It is widely accepted that the presence of Qit degrades the
MW of FeFETs. However, Qit can instead play a positive
role in enhancing PS switching by increasing the electric
field across the FE layer [24], [25], [26], [27], [28], [29],
[30], [31]. Specifically, a sufficient amount of Qit (electrons)
injected during the program (PGM) operation can stabilize
PS switching, leading to an expansion of the MW in MFIS
FeFETs. Furthermore, Shin et al. [32], [33] have demonstrated
that electrons located at the FE/IL interface during the PGM
operation contribute to the improvement of MW in MFIS
FeFETs, though they also introduce issues, such as variability,
using low-frequency noise spectroscopy.

In this study, we experimentally analyze the relationship
between Qit and PS during and after the PGM/ERS operations
of MFIS FeFETs. We fabricated MFIS FeFETs with tIL of 1.5,
2.0, and 2.5 nm, which allowed us to alter the amount of Qit
trapped at the interface between the IL and FE layer during the
operation. Subsequently, we conducted a detailed comparison
of the PS switching and MW characteristics based on the
Qit values for each FeFET. To achieve this, we employed
PS–Qit measurements that can simultaneously extract stable
and unstable Qit, PS, and MW properties specific time after
the PGM/ERS operations of MFIS FeFETs. Based on these
findings, we analyzed not only the MW but also the variability
and endurance characteristics of MFIS FeFETs in relation to
the interaction between Qit and PS. Meanwhile, it should
be noted that bulk traps within the IL and FE layers also
impact the performance of MFIS FeFETs [32], [33]. However,
the PS–Qit measurement technique is specialized for directly
obtaining and comparing Qit, PS, and MW. Therefore, this
study focuses on the impact of the interaction between PS and
Qit on the performance of MFIS FeFETs, rather than bulk
traps.

The experimental results show that, when subjected to
the same electric field, the FeFET with a 1.5-nm-thick IL
has a higher Qit compared to the FeFETs with 2.0- and
2.5-nm-thick ILs on PGM/ERS, with reductions of 61% and
54%, respectively. As a result, this causes a reduction in
PS switching to 59% and 52%, respectively. The rise in

the quantity of Qit generated during PGM/ERS is directly
proportional to the decrease in the thickness of the IL.
At the same time, the electric field applied to the FE layer
spontaneously increases, leading to an improvement in PS
switching. After a sufficient amount of time has passed since
the PGM/ERS procedure, the very easily released and unstable
Qit fades, but the stable Qit persists, accounting for 91% of
the PS compensation. Furthermore, the remaining 9% of PS,
in other words, the net charge, influences the MW of MFIS
FeFET. Remarkably, the proportion of the uncompensated PS
remains consistent regardless oftIL of the MFIS FeFETs. As a
result, MFIS FeFETs with a relatively thin tIL of 1.5 nm
demonstrate easy Qit injection, yielding a significant net
charge and a wide MW of 1.85 V. In contrast, MFIS FeFETs
with a thick tIL of 2.5 nm encounter difficulties in Qit injection,
resulting in a reduced net charge and a narrow MW of 0.85 V.

Typically, in MFIS FeFETs, unstable Qit detraps immedi-
ately after PGM/ERS operations, while stable Qit compensates
for approximately 90% of PS, with the remaining 10% of
PS contributing to the MW [21], [22], [23]. To maintain a
high uncompensated 10% PS value even after a sufficient
delay following PGM/ERS operations, excellent PS switching
characteristics are essential, enabling the achievement of
a wide MW in MFIS FeFETs. Consequently, as tIL
decreases, Qit injection becomes more active, improving PS
switching and thereby enhancing the MW characteristics of
MFIS FeFETs. However, increased Qit injection exacerbates
variability characteristics. Furthermore, as tIL increases, the
voltage distributed across the insulator during PGM/ERS
operations increases, leading to the degradation of endurance
characteristics. We emphasize that our experimental findings
validate the impact of the interaction between Qit and PS on
the performance of MFIS FeFETs. Additionally, our results
establish a foundation for future research on FeFETs.

II. EXPERIMENTAL DETAIL

The detailed fabrication procedures of MFIS FeFET device
are described as follows. The 1.5-, 2.0-, and 2.5-nm-thick SiO2
is formed on the p-type Si wafer by rapid thermal oxidation
(RTO) under 700 ◦C, 800 ◦C, and 900 ◦C, respectively, after
diluted HF dipping and SPM cleaning. Then, rapid thermal
annealing (RTA) process was performed at 1000 ◦C under
N2 atmosphere to enhance the Ch. IL quality. The thickness
of each device is carefully measured by spectroscopic
ellipsometer. Subsequently, the Zr-doped HfO2 (Hf0.5Zr0.5O2)

film of 18 nm is formed via plasma-enhanced atomic layer
deposition (PEALD) at 320 ◦C chamber temperature. The
precursors used in this step are TEMA-Hf and TEMA-
Zr. Lastly, the 50-nm-thick TiN gate metal was formed,
and subsequently, the RTA at 600 ◦C in N2 ambient was
carried out for the crystallization of FE layer. Keithley-4200A
pulse generator and Keysight CX-3324A current analyzer are
employed for the electrical analysis.

Fig. 1(a) presents the gate-stack of each device with the key
fabrication processes. The MW of each device was assessed
under various gate voltage with pulsewidths of 100 µs,
as shown in Fig. 1(b). The maximum MW of each MFIS
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Fig. 1. (a) Schematic of the fabricated device with fabrication process.
(b) Measured MW of device with Ch. IL of SiO2 1.5, 2, and 2.5 nm for
various applied gate voltages.

FeFET device with 1.5-, 2.0-, and 2.5-nm-thick IL was attained
at gate voltages of 6.0, 6.5, and 7.0 V, respectively. The
further electrical measurements and analyses conducted in this
study were conducted under the aforementioned gate voltage
conditions.

III. RESULTS AND DISCUSSION

The pulse scheme of PS–Qit measurement is illustrated in
Fig. 2, and the detailed process for deriving Qit, PS, and MW is
described elsewhere [21]. Fig. 3(a)–(c) presents the MW, 1P ,
and 1Qit data of FeFETs with tIL of 1.5, 2.0, and 2.5 nm,
respectively, as a function of delay time. These data were
extracted through PS–Qit measurements. As tIL decreases, the
amount of 1Qit formed between the FE and the IL during the
PGM operation increases, and a significant amount of Qit can
amplify EFE. This large EFE contributes to an improvement
in PS switching behavior. As a result, right after the PGM
operation, 1P increases as tIL decreases. Subsequently, during
the delay time, unstable Qit is detrapped, resulting in a
decrease in 1Qit. As a result, the net charge, derived by
subtracting 1Qit from 1P , gradually increases, ultimately
leading to the emergence of MW. Following a sufficient delay
time of 103 s, the comparison of MW characteristics among
MFIS FeFETs reveals that MW increases as tIL decreases,
as presented in Fig. 3(a)–(c).

In our devices, the saturated MW was observed after 103 s,
which is known as read-after-write delay (RAWD). However,
this study focuses on elucidating the impact of the interaction
between Qit and PS on the performances of the FeFETs.
Although our research does not propose a direct solution to the
RAWD problem, such challenges can be mitigated by adopting
a unique operational scheme involving detrap pulses [22].

Interestingly, as shown in Fig. 4(a), after a sufficient delay
time, approximately 90% of 1P is compensated by 1Qit and
the remaining 1P contributes to MW. Specifically, unstable
Qit, which does not compensates PS, is detrapped, leaving

Fig. 2. Measurement pulse scheme (black) with the gate current (red)
responding to the applied biasing voltage for PS–Qit separation.

Fig. 3. Calculated ∆PS, ∆Qit, and MW of devices with IL of SiO2
(a) 1.5, (b) 2.0, and (c) 2.5 nm with respect to the delay time after PGM
operation.

stable Qit coupled with PS at the interface. Fig. 4(b) presents
the net charge density values along with the corresponding
MW properties with respect to tIL in MFIS FeFETs after
103 s following PGM. In our devices, about 9% of 1P is
consistently observed as the net charge density, but as tIL
decreases, the value of 1P increases, thereby increasing both
the net charge density and MW.

The diagrams in Fig. 5 illustrate the three stages of
interaction between Qit and PS, as well as the formation
of MW, during the PGM operation of MFIS FeFETs with
tIL values of 1.5 and 2.5 nm, respectively. Fig. 3(a) and (c)
provides a description for each stage. Immediately following
program operation (i), the generation of −Qit becomes active
within the MFIS gate structure with a 1.5-nm IL. This leads to
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Fig. 4. (a) Normalized value of ∆Qit compared to PS of each devices.
(b) Net charge induced on FE/IL interface and the MW characteristics
with respect to the IL thickness.

Fig. 5. Schematic of the dynamic alteration of PS and Qit for the MFIS
FeFET after the PGM operation for IL thickness of 1.5 and 2.5 nm.

an amplified electric field across the FE layer, hence improving
PS switching. In contrast, when considering a FeFET with an
IL thickness of 2.5 nm, neither the emergence of −Qit nor
the switching of PS is active. Following a designated period
of time (ii), every MFIS FeFET demonstrates an MW value
that is higher than 0. During this stage, the unstable −Qit
gradually becomes annihilated, resulting in a reduction in the
overall Qit. As a result, the net charge density changes from
negative to positive when the entire Qit is subtracted from
PS. Significantly, as the thickness of the IL increases, the
necessary delay time for MW also increases. This indicates
that the increase in tIL not only impedes the injection of Qit but
also hampers its detrapping. Eventually, following a sufficient
period of delay (iii), the unstable −Qit is entirely eliminated,
resulting in the presence of just the stable −Qit combined
with PS. As tIL decreases, the high PS switching results in a
significant net charge density, equivalent to 9% of PS, allowing
for the attainment of a broad MW range.

As tIL increases from 1.5 to 2 nm, an abrupt decrease
in the MW is observed, as depicted in Fig. 4(b). This is
ascribed to a reduction in Qit during the PGM/ERS operation.
It is important to note that the amount of electrons injected
from the channel during the PGM operation is significantly
higher than the amount of holes injected during the erase
(ERS) operation [24], [25], [26], [27], [28], [29], [30], [31].
Fig. 6(a) depicts the measured transfer curve of each device
following the PGM/ERS operation. It is worth mentioning that,
during PGM operation, Vth consistently changes in relation
to the rise in tIL. However, an apparent decrease in Vth is

Fig. 6. (a) Transfer curve of each device after the PGM and ERS
operation. (b) FN tunneling simulation with the modification for direct
tunneling of the SiO2 thickness of 1.5, 2.0, and 2.5 nm.

notably observed for the device with a tIL of 2 nm during
the ERS operation. The decrease in Vth during the ERS
operation leads to a significant deterioration in MW. Fig. 6(b)
depicts the calculated tunneling current density for SiO2 IL
with thicknesses of 1.5, 2.0, and 2.5 nm. The calculation is
based on the Fowler–Nordheim tunneling theory, including the
adjustment for direct tunneling [34], [35], [36]. It should be
noted that the current density due to tunneling is probably
larger, since the effects of trap-assisted tunneling are not taken
into account in this specific calculation [37]. The tunneling
current density for holes is smaller than that of electrons due to
a difference in conduction band and valence band offset [38],
[39], [40]. Notably, there is a significant decrease in the density
of hole tunneling current when the SiO2 thickness is 2 nm,
whereas the reduction in electron tunneling current density is
proportionate across all thicknesses. Since the carrier injected
during the ERS operation is a hole, the injected Qit during
the ERS process is greatly reduced. This results in PS being
uncompensated and causing low PS switching behavior in the
FE layer. As a result, this leads to a low Vth, which in turn
causes the width of the MW to be narrow.

To investigate the impact of the interplay between Qit
and PS on the variability of FeFETs, we extracted the Vth
variability from 25 individual FeFET devices, as shown in
Fig. 7(a)–(c). Interestingly, the Vth variability increased as tIL
decreased, and it was greater in the PGM state compared to
the ERS state. This phenomenon is closely related to Qit.
As tIL decreases, Qit formation becomes active, leading to an
increase in MW. However, variation in Qit formation within
each device can contribute to overall device variability [31],
[32]. Additionally, as shown in Fig. 6, the amount of electrons
injected from the channel during PGM is greater than the
amount of holes injected during ERS, exacerbating the Vth
variation. These results demonstrate that while active Qit
formation enhances PS switching and MW, there is a tradeoff
with device variability.
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Fig. 7. Measured pulse I–V data and variability of MFIS FeFETs (25
devices) with IL thicknesses of (a) 1.5, (b) 2.0, and (c) 2.5 nm.

Fig. 8. Measured endurance data of MFIS FeFETs with IL thicknesses
of (a) 1.5, (b) 2.0, and (c) 2.5 nm and (d) summarized MW characteristics
with respect to the number of cycles.

Finally, we analyzed the impact of the interaction between
Qit and PS on the endurance characteristics of FeFETs as
shown in Fig. 8(a)–(d). This is because a thicker tIL results in
reduced capacitance of the IL (CIL), leading to an increased
electric field across the IL during PGM/ERS operations.
The greater the wear of the IL during PGM/ERS, the
more pronounced the degradation of the subthreshold swing
and endurance becomes as the number of cycles increases.

Consequently, in terms of the endurance characteristics, it is
desirable to minimize the IL thickness in MFIS FeFETs.

IV. CONCLUSION

This study demonstrates how both unstable and stable
Qit affect PS in an MFIS gate-stack, impacting the MW,
variability, and endurance characteristics. To this end,
we adjusted tIL in MFIS FeFETs to 1.5, 2.0, and 2.5 nm,
thereby controlling Qit injected from the channel. Using the
PS–Qit measurement technique, we thoroughly analyzed the
generation of Qit and its effects on PS as a function of
tIL. According to the results, as tIL increases, Qit is not
actively generated, leading to a decrease in the MW of MFIS
FeFETs and an increase in the detrap time of trapped Qit,
exacerbating the RAWD issue. Additionally, as tIL increases,
the voltage distributed across the insulator at the gate voltage
increases, degrading the endurance characteristics. However,
a thinner tIL increases the amount of Qit, which enhances
the variability of the FeFET device. Finally, we believe that
our significant experimental findings establish a foundation for
future research on adaptable hafnia FE memory devices.
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