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ABSTRACT: Discovery of ferroelectricity in HfO2 has sparked a lot of interest in its use in memory and logic due to its CMOS
compatibility and scalability. Devices that use ferroelectric HfO2 are being investigated; for example, the ferroelectric field-effect
transistor (FEFET) is one of the leading candidates for next generation memory technology, due to its area, energy efficiency and
fast operation. In an FEFET, a ferroelectric layer is deposited on Si, with an SiO2 layer of ∼1 nm thickness inevitably forming at the
interface. This interfacial layer (IL) increases the gate voltage required to switch the polarization and write into the memory device,
thereby increasing the energy required to operate FEFETs, and makes the technology incompatible with logic circuits. In this work,
it is shown that a Pt/Ti/thin TiN gate electrode in a ferroelectric Hf0.5Zr0.5O2 based metal-oxide-semiconductor (MOS) structure
can remotely scavenge oxygen from the IL, thinning it down to ∼0.5 nm. This IL reduction significantly reduces the ferroelectric
polarization switching voltage with a ∼2× concomitant increase in the remnant polarization and a ∼3× increase in the abruptness of
polarization switching consistent with density functional theory (DFT) calculations modeling the role of the IL layer in the gate
stack electrostatics. The large increase in remnant polarization and abruptness of polarization switching are consistent with the
oxygen diffusion in the scavenging process reducing oxygen vacancies in the HZO layer, thereby depinning the polarization of some
of the HZO grains.
KEYWORDS: ferroelectricity, remote-scavenging, interlayer, EOT reduction, polarization

■ INTRODUCTION
Ferroelectricity in HfO2 and its alloyed variants with the
fluorite structure holds the promise to greatly impact the
microelectronics of next-generation computing paradigms,
including logic, memory, and neuromorphic computing.1−6

Direct integrability of these materials on Si with reasonable
interfacial quality along with their relatively moderate dielectric
constants (20−30) and relatively high coercive fields (∼1 MV/
cm), compared to standard perovskite oxide-based ferro-
electrics, has led to the renewed interests into a device
technology, called the ferroelectric field-effect transistor

(FEFET), which had remained elusive for many decades.7,8

In a FEFET, a ferroelectric layer is integrated into the gate
dielectric stack in a standard transistor architecture. Due to its
fast operation, nondestructive read, and energy and area
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efficiency, FEFETs are an emerging nonvolatile memory
technology for embedded and stand-alone applications.9,10

FEFET technology faces a critical challenge with respect to
its write voltage, i.e., the voltage required to switch ferroelectric
polarization in the FEFET structure. State-of-the art, Si-based
FEFETs require at least 3−6 V for deterministic switching.9−13

Conversely, for compatibility with logic circuits in embedded
applications, the write voltage needs to be decreased below 1.5
V.5 This challenge arises in part because during the deposition
of the ferroelectric layer on Si in the standard transistor
fabrication processes, an interfacial SiO2 layer forms. Due to
the low dielectric constant (∼4) of the SiO2 interfacial layer
(IL), there is a large drop in the gate voltage across the IL
which increases the write voltage to a value much higher than
the coercive voltage of the equivalent, stand-alone ferroelectric
layer. Reducing the thickness of the IL or eliminating it

altogether has been suggested as one of the key strategies to
reduce the write voltage in FEFETs.5,14,15

Techniques to reduce the IL thickness, often referred to as
oxygen scavenging, were investigated in the context of the
high-k-metal-gate technology development for standard
complementary metal−oxide−semiconductor (CMOS) tran-
sistors, to reduce the effective oxide thickness (EOT) and
improve the on-current.16−18 Previous studies on amorphous
dielectric (DE) HfO2 gate oxides have successfully demon-
strated significant EOT reduction by employing remote
scavenging (sometimes called gettering) metal electrodes for
SiO2 IL scavenging.16,19−21 Scavenging of interfacial SiO2
occurs by depositing a reactive top metal gate such as Ti as
shown in Figure 1a. Oxygen undergoes net migration from
SiO2 IL to Ti layer to form TiO2, and thereby, the IL thickness
is reduced. A thin TiN layer was added at the interface as a

Figure 1. Device structure and oxygen scavenging model. (a) Device structures for nonscavenging and remote scavenging samples. (b) Oxygen
scavenging mechanism enabled by oxygen vacancies in the HZO film which become mobile during high temperature anneal and allow net
migration of oxygen atoms from the SiO2 IL to the Ti layer to form TiOx. Vacancies become mobile during high temperature anneal. Note that the
thicknesses of the various layers are not to scale.
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diffusion barrier to prevent the reactive metal from being
incorporated into the HZO.16 According to earlier studies on
scavenging electrodes,16 TiN is neutral and does not result in
IL scavenging or regrowth (additional evidence shown in the
Supporting Information, Figure S1). However, when the
thickness of TiN is optimized and is used in conjunction
with a reactive metal such as Ti, it can allow oxygen scavenging
(evident in Figure 2) without permitting Ti diffusion into high-

k causing leakage and work function shift. The Gibbs free
energy change at 1000 K (ΔG0 1000/O) for the following
reaction is near zero for TiN, and therefore, a reactive metal
(M) is needed.

+ +
y

x
y

Si
2

M O
2

M SiOx y 2
(1)

The following chemical reaction for the reduction of SiO2
can occur spontaneously due to the higher formation enthalpy
of TiO2 (ΔHf,solid° = −945 kJ/mol) than SiO2 (ΔHf,solid° = −911
kJ/mol):

+ +Ti SiO Si TiO2 2 (2)

It is noted that a suboxide reaction may also occur such as Ti
+ SiO → Si + TiO, but the thermodynamics is more difficult to
quantify. Although reaction 1 is exothermic, kinetics plays a
crucial role because the O atoms should migrate from the IL to

the scavenging electrode through the HZO and TiN layers.
Note that this is net transport; i.e., different oxygen atoms
move from the IL to the HZO than from the HZO to the Ti
layer. Oxygen vacancies in the HZO layer should be important
in facilitating oxygen transport as shown in Figure 1b.16,19,20

The scavenging electrode has also been reported to increase
the dielectric constant of the HfO2.21

In this study, a remote scavenging electrode of Ti was
employed with a thin 2 nm TiN capping layer to study the
effects of IL scavenging in ferroelectric metal−oxide−semi-
conductor (FE-MOS) capacitor structures. The prototype
ferroelectric devices using HZO on highly doped Si has been
reported previously.14,32 When compared with MOS devices
with conventional thick TiN electrodes, the remote scavenging
electrode devices show a significant reduction in IL thickness
resulting in a lower switching voltage and a 2× increase in
remnant polarization (Pr) compared to a conventional device.
These results are consistent with DFT modeling showing that
the interlayer screens the electric field from the ferroelectric
thereby decreases the field inside the semiconductor electrode
and increases the voltage required for switching.

■ EXPERIMENTAL PROCEDURE
Ferroelectric HZO based MOS capacitors were fabricated using a p
+Si(100) substrate with 1020 cm−3 doping concentration. Samples
were dipped in HF to remove native oxide followed by 1.5 nm SiO2
growth in SC-1 solution (5:1:1 NH4OH:H2O2:H2O). Then 10 nm of
Hf0.5Zr0.5O2 was deposited by thermal atomic layer deposition (ALD)
at 250 °C in a Veeco Fiji G2 ALD system using tetrakis-
(dimethylamido)hafnium, tetrakis(dimethylamido)zirconium, and
H2O precursors (Hf, Zr pulse time = 125 ms, H2O pulse time = 60
ms, purge time = 10 s). Remote scavenging electrodes were deposited
using 2−12 nm of TiN, 30 nm of Ti and 30 nm of Pt. Control
samples with conventional electrodes were also made with 12 nm TiN
and 100 nm Al. TiN was deposited in a different reactor by plasma
enhanced ALD (PEALD) at 250 °C using tetrakis (dimethylamido)-
titanium and N2 plasma. Our ALD tool is a Veeco Fiji G2 ALD
system with repeatable thickness control of ≤0.5 nm. Nucleation
period for ALD TiN is small. Hence the films deposited using it
(HZO, TiN layer) should be uniform and continuous. A post-TiN
metallization annealing was performed at 450 °C for 30 s in a nitrogen
atmosphere to crystallize the HZO. Ti, Pt and Al metals were
deposited using electron beam evaporation through a shadow mask to
define gates. Exposed TiN was etched using 5:1 H2O:H2O2 at 50 °C
to electrically isolate the gates. The samples were finally annealed in
forming gas at 400 °C for 30 min. The two device structures are
shown in Figure 1a.

The P−V and C−V characteristics were measured using an
aixACCT TF-3000 ferroelectric parameter analyzer and an impedance
analyzer (E4990A), respectively. Triangular pulses were applied to
characterize the MOS capacitor’s polarization charge vs voltage (P−
V) loops at 1 kHz and 1.6 kHz to employ dynamic leakage current
compensation (DLCC). DLCC is a feature in the aixACCT tool
which is used mainly on leaky thin-film ferroelectric capacitors to
separate switching current and dielectric displacement current from
the leakage current. The key idea is to determine the ac current
response of the sample for two adjacent frequencies and eliminate the
leakage current based on that.22 Details on the DLCC method are
given in the Supporting Information (see Figure S2 and related text).
C−V was measured at 100 kHz frequency. Scanning transmission
electron microscopy (STEM) and energy dispersion X-ray spectro-
scopic was performed on a FEI Talos F200X microscope equipped
with Super X quadrant EDX detector, operated at 200 kV. The
grazing incidence X-ray diffraction (GIXRD) measurements were
carried out at the SLAC National Accelerator Laboratory using the
Beamline 2−1 station with a Pilatus 100 K detector. An X-ray energy

Figure 2. Optimization of the remote scavenging effects with a
varying TiN thickness (tTiN). (a) P−V hysteresis loops of the remotely
scavenged MOSCAPs for varying TiN thicknesses. The hysteresis
curve for the MOSCAP with 2 nm TiN is shown in dotted lines for
comparison with other MOSCAPs with different TiN thicknesses.
Evolution of (b) switched polarization (2Pr) and (c) dP/dV with
respect to TiN thicknesses. These parameters were extracted from the
P−V loops of the samples as shown in part (a) for the MOSCAP with
2 nm TiN (top right panel).
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of 17 keV (wavelength of 0.729 Å) was used, with X-rays incident to
the HZO films at an angle of 0.15 deg.

■ COMPUTATIONAL DETAILS
Density functional theory (DFT) was employed to explain the
effects of DE IL thickness scaling in the MFIS stacks. For
simplicity, Ni was used as a metal electrode in the place of
TiN, and cubic HZO (Fm3m) served as a model dielectric in
the place of SiO2. The simpler models used in this study are
advantageous to isolate the electrostatic effects, which are
dominant in this case, from bond strains, and the validity of the
simple models was described previously.23

The plane-wave basis set was used to represent electron
wave functions with a kinetic energy cutoff of 400 eV, and the
projector augmented wave method24 was used for the core part

of the pseudopotential. The exchange-correlation functional of
Perdew−Burke−Ernzerhof25 was employed for the Kohn−
Sham Hamiltonian. The Monkhorst−Pack26 scheme was
employed for Brillouin zone integration on a 6 × 6 × 1 grid.
The self-consistent field and ionic relaxation were performed
until the stopping criteria of 10−4 meV and 1 meV/Å,
respectively. All the DFT calculations were performed by using
the Vienna Ab Initio Software Package.27,28

■ RESULTS AND DISCUSSION
Scavenging electrode structures with 0−12 nm TiN thick-
nesses were characterized to determine the optimal TiN
thickness. Figure 2a shows the P−V response for the various
scavenging electrode devices. The device with 0 nm TiN shows

Figure 3. Microstructural characterizations based on TEM and EDS: (a) Bright-field TEM scans for nonscavenging (left) and scavenging (right).
(b) Z-contrast images for nonscavenging (left) and scavenging (right). (c) EDS line trace for nonscavenging (top) and scavenging (bottom)
samples at the HZO/SI interface. Remote-scavenging sample shows a 2× reduction in O−Si overlap region suggesting an IL reduction. The line
traces are average of composition of 10 of the interface, and two separate regions on each samples were analyzed to confirm the elemental
distribution. (d) Atomic resolution scanning TEM (STEM) image of remotely scavenged (left) and nonscavenged samples (right). The different
brightness of two figures is caused by carbon contamination and charge accumulation.
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low Pr. This may be due to aggressive direct oxygen scavenging
by Ti in absence of a TiN layer. This may lead to oxygen
vacancies in HZO which can pin the ferroelectric grain or
induce a phase change thereby reducing the Pr. By inspection,
the 2 nm films in Figure 2a show nearly ideal ferroelectric
behavior with a steep turn on and turn off and a higher 2Pr. All
the P−V loops shown in Figure 2a were determined at ±4 V
and the data is consistent with the 2 nm film sample reaching
its major loop at this voltage while the other samples’ P−V
loops are not fully saturated. This indicates that the write
voltage is much smaller in the sample with 2 nm TiN.

To quantitatively compare the electrical characteristic as a
function of TiN thickness, the steepness of switching is
quantified from the slopes of P vs V; this is denoted as dP/dV.
Figure 2b summarizes the 2Pr and dP/dV values for the
different TiN thicknesses. The sample with 2 nm TiN shows
the highest Pr, and it decreases for thicker TiN. This suggests
that thinner TiN enables more oxygen diffusion to Ti layer
causing greater IL reduction. 2 nm TiN sample was chosen as
the prime candidate for further characterization. The GIXRD
pattern shown in Figure S3 or the leakage current in Figure S4
cannot explain the sharp 2Pr maximum in the 2 nm TiN
sample shown in Figure 2. To reveal the underlying reasoning
behind it, further investigation in required, including studying
the effect of charge trapping-detrapping at the IL/HZO
interface.

The samples with scavenging and nonscavenging electrode
were characterized by transmission electron microscopy
(TEM) as shown in parts a and b of Figure 3. The
nonscavenging sample shows polycrystalline HZO with only
occasional zone alignment with the underlying substrate. In
addition, the nonscavenging sample has a clearly visible
amorphous SiO2 layer of about 1 nm thickness; the thickness
is quantified below using elemental analysis. TEM images were
recorded in three different locations (see Figure S5).

The Energy Dispersion Spectroscopy (EDS) elemental
analysis in Figure 3c provides a clear image of the effect of
IL scavenging. The signal is averaged over a 10 nm distance to
reduce noise; two separate regions on each sample were
analyzed to confirm the elemental distribution. The midpoints
of EDS line traces for Hf, Zr, Ti, N, Si, and O were identified
(see Figure S6). The scavenging electrode sample shows a 0.4
nm separation in the Si and O regions at the HZO/Si interface
compared to a 0.9 nm separation for the nonscavenging
electrode, suggesting at least a 50% reduction in the IL. The
reduction of the IL can be attributed to the net migration of O
atoms from the SiO2 IL to the Ti scavenging layer to form
TiOx as dictated by the negative Gibbs free energy change in
eq 1. The data is consistent with the thick TiN layer in the
nonscavenging device preventing O atoms from reaching the
Al metal layer and therefore does not result in the IL thinning
observed for the scavenging electrode device.

For both devices, The Ti, Hf, and Zr midpoints coincide at
the TiN/HZO interface, confirming absence of Ti diffusion
into HZO (see Figure S6). The nonscavenging device does
show some N diffusion in HZO. Spectrum images were
obtained to further investigate the Ti/O ratio in the scavenging
sample, which is shown in Figure S7 of the Supporting
Information. The dependence of the oxygen content on the
lamella size indicates that a major part of this oxygen comes
from the atmosphere during lamella preparation. This
atmospheric oxygen makes it difficult to distinguish the
diffusion of the comparatively smaller amount of oxygen

from the IL to Ti metal due to scavenging. The details of the
investigation are described in the Supporting Information.

The atomic resolution STEM images shown in Figure 3d
depicts that SiO2 layer thickness is 0.67 and 1.07 nm for the
scavenged and nonscavenged sample, respectively. The
corresponding STEM line intensity profile is shown in the
Supporting Information (Figure S8). Due to the problematic
nature of measuring the dielectric film with thickness around
0.5 nm in nonaberration correction TEM,34 it is possible that
the true thickness of our interlayer oxide may be even lower
than 0.67 nm.

Devices were electrically characterized after 103 wake-up
cycles. Over 20 devices were measured on each sample and
Figure 4a shows representative C−V from two separate

samples of each type. The 25% increase in accumulation
capacitance with the scavenging electrode is consistent with
the effect of IL reduction. The P−V loops were measured by
applying 0.6−1 ms triangular pulses whereas a DC sweep was
used in the impedance analyzer to measure the C−V. Vc
depends on the rate of change of voltage, dV/dt in an MOS
structure.33 As dV/dt increases, i.e., the sweep time decreases,
Vc increases with it. Hence the slower sweep in C−V could

Figure 4. Electrical Characterizations of remote scavenging and
nonscavenging devices: (a) C−V (b) P−V, and (c) Isw−V for
nonscavenging and scavenging samples. Switched polarization, 2Pr
and change in polarization w.r.t. voltage, dP/dV are indicated in part
b, while the coercive voltages, Vc+ and Vc− (Vc = (Vc+ + Vc−)/2) are
indicated in part c for the remotely scavenged samples Two samples
were fabricated without applying the scavenging technique on them
(NS-1, NS-2) and two were fabricated using emote scavenging (RS-1,
RS-2). (d) Evolution of 2Pr, Vc, and dP/dV for remote-scavenging
(RS) and nonscavenging (NS) samples. The error bars in part d
represent the difference in the parameters obtained from different
devices on the same sample. The maximum voltage (Vmax) applied to
both samples is 4.5 V.
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have led to lower Vc values in C−V curves compared to the
ones from P−V curves as shown in Figure 4a,b.

Similar phenomenon for an MOS structure (metal−oxide−
semiconductor) can also be observed in another report.30

From the capacitance vs voltage (C−V) curves in Figure 4a, we
can evaluate the capacitive equivalent thickness (CET) using
the equation CET = ϵoϵIL/C, where ϵIL = 3.9 is the dielectric
constant of SiO2 and C is the capacitance of the MOSCAP (as
shown in Figure 4a). As evident from Figure 3c,d and Figure
S9, the IL thickness (tIL) of the remote-scavenging is lower
than the nonscavenging sample. Next the equivalent oxide
thickness (EOT) from CET and tIL using EOT = CET − tIL −
0.3 nm (additional 0.3 nm is deducted for quantum
correction). Finally, the dielectric constant of the HZO layer
can be calculated from ϵFE = (tFE/EOT)ϵIL (thickness of the
HZO layer, tFE = 10 nm). The calculation is shown in Table 1,
using tIL determined from STEM (Figure 3d and Figure S9):
P−V measurements in Figure 4b show a 2× increase (∼20

to ∼50 μC/cm2) in remanent polarization (2Pr) for the devices
with a scavenging electrode compared to the conventional
devices. The lower switching voltage Vc (extracted from the
peaks of the switching current, Isw, vs voltage curves) of the
scavenging sample is also consistent with EOT reduction. The
minor hysteretic P−V loops (Figure S10) and the positive-up−
negative-down (PUND) measurements (Figure S11) provide
additional evidence to the decrease in the write voltage with
scavenging. Both minor P−V loops (Figure S10) and the
PUND measurement (Figure S11) reveal that the non-
scavenged sample goes to a major loop (i.e., fully polarizes)
at a write voltage of around 4.5−5 V while the remotely
scavenged sample fully polarizes earlier, at around 3.5 V. The
greater 2Pr for the scavenging samples is unlikely due to
conversion of tetragonal to orthorhombic phase since there is
no hint of antiferroelectric behavior in the P−V of the sample
with a standard gate. Additionally, the GIXRD patterns shown

in Figure S3 indicate that the HZO film in both the samples
are orthorhombic. The increase in remanent polarization with
the scavenging electrode may be due to filling of oxygen
vacancies in the HZO film due the migration of oxygen atoms
from IL to Ti scavenging layer during scavenging process.
Filling up of oxygen vacancies in orthorhombic crystal would
cause depinning of FE grains and demonstrate an enhance-
ment in polarization. The nature of the 2Pr in the
nonscavenged and scavenged sample could originate from
the internal depolarization field coupled with charge trapping/
detrapping at the defect states at the FE-HZO/p+Si inter-
face.31 Note that it is difficult to compare the two cases
quantitatively due to the different thicknesses of the ILs.
Further investigation is required to understand the depolariza-
tion field’s effect on the 2Pr values of these samples.

It is noted that the inclusion of the Pt layer in the scavenging
sample has no effect on the electrical characteristics which is
evident from Figure S12 in the Supporting Information. The
reason for using different top electrode stacks for scavenging
and nonscavenging is due to a trade-off. The common metals
that are good oxygen diffusion barriers have a high binding
energy to oxygen, so they might also scavenge the oxygens
from the interlayer. For the sample with the Ti scavenging
layer, an inert metal (Pt) was used for the gate electrode to
ensure all the scavenging effects occurred solely by the Ti layer.
For the nonscavenging sample, an Al gate electrode was
employed to avoid any oxygen penetration into the film.

Even though the oxygen migration possibly occurs by filling
up the oxygen vacancies in the HZO film, the remotely
scavenged sample demonstrates a higher amount of gate
leakage than the nonscavenged one (Figure S4, Supporting
Information). This is because the thinning of IL should have a
greater impact on gate leakage because gate leakage is sensitive
to the amorphous low-k SiO2 interlayer thickness and

Table 1. Dielectric Constant of the FE Layer

device C at 0 V (μF/cm2) CET = ϵoϵIL/C (nm) tIL (nm) EOT = CET − tIL − 0.3 nm (nm) ϵFE = (tFE/EOT)ϵIL
nonscavenging 1.1 3.14 1.1 2.07 22.4
scavenging 1.32 2.62 0.7 1.62 24.1

Figure 5. DFT models of MFIS stacks with a varying DE thickness. (a) Atomic models of metal−ferroelectric-insulator−semiconductor stacks with
a varying dielectric thickness. (b) Potential variation (ΔV) in the Si channel region due to polarization switching as a function of DE thickness. The
larger ΔV in the Si channel with thinner DE layer indicates the larger memory window in the FEFET devices.
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scavenging electrodes have been reported to increase gate
leakage when compared to devices with thicker ILs.31

To test the repeatability of the process, two sets of
scavenging and nonscavenging electrode samples were
fabricated and 5 devices on each sample were measured. The
results are summarized in Figure 4d. The device-to-device
variation on each sample shown by the error bars is not
significant. The two sets of data from different samples show
similar Pr, Vc, and dP/dV. Figure 4c clearly shows the 2×
increase in 2Pr and the decrease in Vc in the remotely
scavenged sample compared to the nonscavenged sample even
for two different sets of samples.

Another parameter, dP/dV, is also plotted in the last panel of
Figure 4d for all the samples, which represents the steepness of
switching as indicated in the P−V loop for the remotely
scavenged sample shown in Figure 4b. It is evident from the
last panel of Figure 4d that the steepness of switching (dP/dV)
is higher in the remotely scavenged sample compared to the
nonscavenged sample. The polarization increases by 6.5−7.5
μC/cm2 with a 0.1 V increase in the remotely scavenged
samples whereas it increases by only ∼2.5 μC/cm2 with the
same amount of voltage increase (0.1 V) in the nonscavenged
sample.

A systematic study of first-principles DFT calculations of the
effect of IL thinning is shown in Figure 5a. Metal-ferroelectric-
insulator-semiconductor (MFIS) stack models with a varying
DE IL thickness are developed here to investigate the
scavenging effects. For simplicity, Ni was used as a metal
electrode (in the place of TiN), while cubic HZO was used to
represent the DE IL (in the place of SiOx). Charge
compensation by the metal electrode and interfacial bonding
between FE and DE IL layers are less ideal in the TiN/HZO/
SiO2/Si structure, but electrostatic effects play a crucial role,
and the simple models employed here are suitable for
describing the scaling behaviors in the MFIS stacks as
described previously.23 The DFT model here confirms the
crucial role of the IL thickness in the MFIS stack structures
without an empirical parameter.”

Unlike the finite DE IL, ultrathin DE IL at the FE−DE
interface would enhance the stability of the FE orthorhombic
phase, enhancing the FE characteristics of the device as shown
in Figure 4. The electrostatic interactions between FE and DE
layers induce internal field in the FE layer and the
depolarization field in the adjacent DE layer. The strength of
the induced depolarization field increases with a decreasing DE
thickness, but both polarization and depolarization fields are
significantly reduced when the IL is completely removed.23 It is
noted that aggressive remote-scavenging might allow non-
stoichiometric SiOx (x < 2) suboxide formation or local
regions of direct contact between the HZO and Si substrate,
which diminishes internal field induction and promotes the FE
phase. In addition to the improved FE properties such as
enhanced 2Pr and reduced Vc, the potential modulation in the
silicon channel region, which is analogous to the memory
window, due to the polarization switching (ΔV = VupSi − VdownSi )
is increased monotonously due to the decreasing IL thickness
as shown in Figure 5b. This is attributed to the reduced
electrostatic screening by the DE layer as its thickness gets
thinner and is desirable for lower operation voltage.
Conversely, the size of the depolarization field in the DE
layer increases with thinning the IL thickness, or scavenging
process, as shown previously.23 This would generate excessive

defects at the FE/DE interface and result in the material failure
earlier, consistent with the observation in Figure S13.

It can be noted that how to balance the trade-off between
write voltage and endurance in FEFETs is application
dependent. For example, for Artificial Intelligence (AI)
inference engines (the most dominant application in hard
AI), logic compatible voltages and density are of utmost
importance, and the write operations are sporadic (and hence
the write endurance is of less importance). In such
applications, increase in the write voltage above logic
compatible levels requires level-shifters, which reduce the
density of the memory array. How scavenging-based technique
to reduce write voltage fits to different application domains will
require application-level benchmarking considering all aspects,
including write voltage, endurance, and speed, read speed and
endurance, retention, and so on. It is worth noting that
ferroelectric field-effect transistors are primarily a FLASH
replacement for embedded nonvolatile memory applications,
due to their superior energy profile and scalability (FEFET, 7
nm node and beyond, vs FLASH, 28/22 nm). FLASH
technology has a limited write endurance of around 1000
cycles and hence limited FEFET endurance does not represent
a showstopper for technology adoption.

It can be further noted that endurance in FEFETs is affected
by multiple effects, and two-terminal measurements of FE
MOS capacitors, as presented herein, does not represent the
complete picture. Most importantly, write endurance is
significantly affected by the carrier type in the semiconductor
channel. The presence of holes in the channel degrades the
endurance most significantly as we have shown recently.29 On
the other hand, back end of the line (BEOL) FEFETs with
non-Si channel such as with In2O3 channel, operating in
depletion14 or fully depleted FEFETs,30 have much higher
endurance. In other words, complete assessment of endurance
properties needs to be performed in FEFET structures with
scavenged oxides (not in FE MOS capacitors).

■ CONCLUSION
Remote scavenging electrode can be employed to scavenge
oxygen from SiO2 IL for a FE MOS device. A 2× increase in Pr
and sharper switching compared to conventional device was
observed. The oxygen scavenging reduces EOT by thinning IL.
The internal field becomes significant when the DE layer is
reduced to a few nanometers (<3 nm). This partly explains the
enhanced ferroelectric properties in MOS structure with
remote scavenging electrodes. In addition to the improved
FE properties such as enhanced 2Pr and reduced ΔV = VupSi −
VdownSi the potential modulation in the silicon channel region,
which is analogous to the memory window, due to the
polarization switching increased monotonously due to the
decreasing IL thickness. This is attributed to the reduced
electrostatic screening by the DE layer as its thickness gets
thinner and is desirable for lower operation voltage.
Conversely, the size of the depolarization field in the DE
layer increases with thinning the IL thickness, or gettering
process, as shown previously.23 Given the need for reducing
the write voltage in ferroelectric field-effect transistors, state-of-
the-art interfacial passivation techniques31 can be employed to
mitigate the adverse effects of remote scavenging to thin down
the interfacial layer in these devices.
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Additional evidence of TiN being neutral and not
affecting scavenging process (Figure S1), details on the
DLCC method (Figure S2), GIXRD patterns (Figure
S3) and leakage current (Figure S4) of the samples,
TEM images recorded in three different locations
(Figure S5) and EDS line traces (Figure S6) of the
samples, HAADF TEM cross sectional images of the
samples, full EDS spectrum and elemental compositions
of lamellae (Figure S7), atomic resolution STEM images
and STEM line intensity profiles (Figure S8), STEM and
EDS line profile measurements (Figure S9) and minor
P−V loops (Figure S10) of the samples, PUND
measurement (Figure S11), evidence of inclusion of
the Pt layer that has no effect on the scavenging sample
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