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ABSTRACT: Ferroelectric (FE) and dielectric (DE) insulator bilayer stacks
provide a promising gate for low-power microelectronic devices. To fully realize
the FE polarization switching, the DE layer must be ultrathin in the FE/DE
bilayer stack. Motivated by this, this work presents the first successful fabrication
and characterization of Fe/FeOx/Al2O3/Fe FE/DE bilayer capacitors using in
vacuo atomic layer deposition (ALD) with a total FE/DE stack thickness <3−4
nm. A key tuning parameter in generating the FE/DE bilayer capacitors is the
thickness of an Al wetting layer between the bottom Fe electrode and the ALD-
Al2O3 DE layer. At a large thickness in exceeding 1.0 nm, high-quality
conventional DE capacitors of 2.2 nm thick ALD-Al2O3 were obtained with
dielectric constant (εr) ∼8.0 that is close to εr ∼ 9.2 for the Al2O3 bulk single
crystal with an effective oxide thickness of 1.0 nm. By reducing the Al wetting
layer thickness to below 1.0 nm, a thin ferroelectric FeOx interfacial layer of a
thickness of 1−2 nm forms, enabling the achievement of a FeOx/Al2O3 FE/DE bilayer capacitor with static negative capacitance.
Since all ferroelectric materials are piezoelectric, we show that a dynamic switching on/off of the negative capacitance can be
achieved under the application of an external force on the ultrathin FE/DE capacitors through manipulation of the electric dipoles.
This result not only provides a viable approach for generating ultrathin FE/DE bilayer capacitors but also offers a promising solution
to low-power consumption microelectronics.
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■ INTRODUCTION

Following empirical Moore’s law, miniaturization of micro-
electronic devices has been the main driving force for
advancement in the semiconductor industry and justifies an
increasing demand for more densely integrated devices.1−4

One of the direct consequences of this demand is the need for
a continuous reduction of the gate dielectric thickness.
Unfortunately, for SiO2 gates approaching the ultrathin
thickness range of 2−4 nm, considerably increased leakage
current density (J) up to 1−10 A/cm2 occurs primarily due to
the difficulties in controlling the defects in ultrathin SiO2.

5

This not only prevents the achievement of the required gate
voltages for device operation but also exceeds the required
threshold of ∼10−3 A/cm2 for high-performance, low-power
consumption microprocessors by several orders of magni-
tude.5−9 The difficulties in down-scaling the SiO2 dielectric
gates have motivated intensive research on high-K dielectric
materials.10,11 With considerably higher dielectric constants
(εHik) than that of SiO2 (εr ∼ 3.9), the high-K dielectric can
achieve an effective oxide thickness (EOT = tHiK × 3.9/εHik) in
the range ∼1−2 nm, with a larger thickness tHiK to reduce
J.12−14 For example, to achieve an equivalent SiO2 dielectric of
thickness tSiO2

∼ 1.5 nm with the specific capacitance given as

(C0 = C/A = εo × 3.9/tSiO2
), the corresponding thickness of

high-K material HfO2 with εHik ∼ 20 is ∼7.7 nm for the same
value of C0, which results in the lower J ∼ 10−5 A/cm2.8 This
allows the achievement of standby low-power ∼1 μW at an
applied voltage of 1 V.8 Recent research explores the extensive
use of Al2O3 dielectric in interface engineering for obtaining
high-quality and thermodynamically stable Hf-based high-K
dielectric leading to the suppression of interfacial capacitance
with reduced defects and trap densities for their application in
CMOS technology.15−19 Despite the progress made in
ultrathin high-K gate dielectrics of a few nm in thickness,
further reduction in their thickness remains challenging due to
the difficulties in controlling defects, which is similar to the
SiO2 dielectric case.

12,14

A promising resolution to this issue is to stack a ferroelectric
(FE) layer with the dielectric (DE) layer to make a FE/DE
bilayer stack.20−28 FE materials can have significantly higher εr
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values by a few orders of magnitude than that of SiO2 or many
other DE materials.29−31 Using a FE gate only remains difficult
due to the hysteretic current−voltage characteristics and
unstable negative capacitance as shown in the FE
Hf0.5Zr0.5O2 (HZO).19 These issues could be minimized in
the FE/DE bilayer stacks on which the polarization switching
at a low applied voltage leads to an efficient control of gate
switching on/off and hence low-power operation taking
advantage of the negative capacitance in the FE layer.20−28

In a recent study, HZO/Al2O3 FE/DE bilayers with a fixed FE
layer thickness of 20 nm, Si et al. discovered that the DE layer
thickness must be ≤4 nm to observe FE polarization
switching.32 When the DE thickness exceeds 4 nm, they
observed that the HZO/Al2O3 FE/DE stack behaves like a
regular DE layer with no polarization switching and transient
negative capacitance.32 This observation has revealed the
importance of the FE/DE interface on controlling the
polarization switching in the PE layer through a balance of
the gate voltages across the FE and DE layers in the FE/DE
bilayer stack.32,33 Another related study on FE PbTiO3
nanodot capacitors with their radii of 2, 5, and 10 nm.34 An
interesting correlation between the nanodot radius and the
thickness was revealed from the observation of the static
negative capacitance when the nanodots have comparable
lateral and vertical dimensions.34

In this work, we report a novel approach for the fabrication
of ultrathin FeOx/Al2O3 FE/DE bilayer capacitors with the
total FE/DE stack thickness in the range 3−4 nm using an in
vacuo atomic layer deposition (ALD) in combination with
magnetron sputtering. FeOx thin films exhibit a ferroelectric
behavior at room temperature.35,36 The FE properties of the
FeOx have been investigated for potential future technological
applications such as fast-writing, power-saving, and non-
destructive data storage.36−38 On the other hand, high-quality,
ultrathin dielectric ALD-Al2O3 of thickness as low as ∼2.2 nm
has been demonstrated recently in Al/ALD-Al2O3/Al
capacitors with high εr ∼ 8.0 that is close to the Al2O3 bulk
crystal value of εr ∼ 9.2.39 Using an Al wetting layer in the Fe/
Al/ALD-Al2O3 (2.2 nm)/Fe capacitors, we show a transition
from a DE only capacitor at Al thickness in exceeding 1.0 nm
to an FE/DE bilayer capacitor at smaller Al thickness to
promote the formation of ultrathin FeOx of a thickness below 2
nm at the Fe and ALD-Al2O3 interface. This allows the
observation of a transition from positive capacitance on DE
only capacitors to negative capacitance on FE/DE bilayer
capacitors. Furthermore, we show that switching on/off of the
negative capacitance can be achieved using the piezoelectric
effect of the FE layer in the ultrathin FE/DE bilayer capacitors
via application of external mechanical deformation.

■ EXPERIMENTAL SECTION
The fabrication of the ultrathin capacitors was carried out in vacuo
using a home-built integrated ultrahigh vacuum sputtering-ALD
system.40 Direct current (DC) magnetron sputtering was used to
deposit all metal layers including Nb, Fe, and Al. The deposition rates
for the Nb, Fe, and Al were 1.7, 1.1, and 0.5 nm/s, respectively. The
bottom electrode of the ultrathin capacitors consists of a stack of Al
(7−0 nm)/Fe (20 nm)/Nb (50 nm). On each sample, three bottom
electrodes were defined using a shadow mask for an array of three
capacitors on a Si/SiO2 substrate. After the bottom electrode
deposition, the sample was in vacuo transferred to the ALD chamber
for the growth of 20 cycles ALD-Al2O3. The thickness of the ALD
Al2O3 film per ALD cycle was calibrated using ellipsometry to be 1.1−
1.2 Å/cycle,40,41 which is consistent with the previous reports by other

groups.42−44 It should be noted that the thickness of the 20 cycles
ALD-Al2O3 is in the range of 2.2−2.4 nm based on the growth rate of
1.1−1.2 Å/cycle.41 This is the smallest dielectric thickness for Al/
ALD-Al2O3/Al ultrathin capacitors architecture with negligible
electron tunneling, which seems consistent to the observed high εr
∼ 8.0 that is close to the Al2O3 bulk crystal value of εr ∼ 9.2.39 The
ALD growth temperature was maintained at 200−220 °C, and an
optimal heating time of 15 min was employed to prevent the
formation of a defective metal/insulator interfacial layer (IL).39,45 The
growth of ALD-Al2O3 films was carried out by sequential exposure of
the sample surface to relevant precursor pulses via ligand exchange.46

For ALD-Al2O3, trimethylaluminum (TMA, Sigma-Aldrich) and H2O
(Ultima grade, Fischer Scientific) were selected as the precursors for
Al and O, respectively. The precursor sources were maintained at
room temperature during the ALD-Al2O3 growth. The precursor pulse
durations and heights were 1 s and 700 mTorr for the TMA and 2 s
and 850 mTorr for H2O pulses, respectively. Each precursor pulse was
followed with a purge of N2 gas (5 sccm) for 35 s to prevent
unwanted precursor reactions in the ALD chamber.42 To obtain
capacitors, the top electrode consisting of a stack of Fe (20 nm)/Nb
(25 nm) in thickness was sputtered after the growth of the ALD-
Al2O3 through another shadow mask to define the three capacitors of
the lateral dimensions of 200 × 200, 200 × 300, and 200 × 400 μm2,
respectively, on the same sample. Capacitance−voltage (C−V) and
the leakage current vs voltage (I−V) measurements were carried out
on the capacitors using tungsten probes (25 μm in diameter,
Lakeshore) in a probe station and an Agilent B1500A semiconductor
analyzer.39 The cyclic voltammetry I−V measurements were carried
out using a potentiostat (model 660 B, CH Instruments Inc.) with a
maximum potential range of up to 10 mV (corresponding to an
electric field ∼5 MV/m) to avoid dielectric breakdown.47 Three
thicknesses of the Al wetting layer were selected at 7, 1, and 0 nm to
systematically control the capacitors from DE only on the 7 nm Al
wetting layer, to the DE/FE bilayer on the 1 or 0 nm Al wetting layer.
In situ scanning tunneling spectra (STS) were taken on the half-cell
M (bottom electrode)/I samples with the three different Al wetting
layers, while the “I” layer regards a total five cycles of ALD-
Al2O3.

28,29,32 STS I−V and dI/dV spectra were collected simulta-
neously using a lock-in amplifier with a voltage modulation of 30 mV
at 5 kHz, with a set-point bias of 2.0 V and current ∼200 pA to assure
the STS tip would not crash. The conduction band maxima, denoted
as tunnel barrier height (Eb), were estimated by the intersection of
two bisquare-method linear fits to ln(dI/dV) similar to the method
previously reported.48 One line fits the band gap regime, and the
other fits the conduction band since in the log scale, these two regions
are roughly linear. This ln(dI/dV) linear fit method was chosen over
I−V or (dI/dV)/(I/V) fit methods for its insensitivity to high noise in
the STS spectra.49,50

■ RESULTS AND DISCUSSION

Figure 1a,b illustrates the schematic of the ultrathin capacitors
of the Nb (25 nm)/Fe (20 nm)/ALD-Al2O3 (2.2 nm)/Al (7
or 0 nm)/Fe (20 nm)/Nb (50 nm) structure with and without
a 7 nm thick Al wetting layer, respectively. With the 7 nm thick
Al wetting layer, the bottom Fe electrode is protected from
oxidation41 and the interface between Al/Al2O3 has been
found to have a negligible AlOx interface at the optimal ALD
growth condition, as illustrated schematically in Figure 1c.45,46

When the Al wetting layer is removed, reduced Eb for ALD-
Al2O3 was observed, suggesting that an IL may form at the Fe/
Al2O3 interface, most probably through the formation of FeOx,
as shown in Figure 1d.51 Comparing to Al, Fe is a stronger
oxygen getter, which means that FeOx is more likely to form
than AlOx at a given dielectric growth condition. The Al
wetting layer of thickness in exceeding 1.0 nm seems adequate
to prevent oxidation of Fe as illustrated with comparable to the
optimal Eb ∼ 1.55−1.66 eV of the ALD-Al2O3.

51 At smaller Al
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wetting layer thicknesses, the Eb shows monotonic decrease to
1.40 eV at ∼1 nm thick Al wetting layer on Fe and 1.30 eV
when the Al wetting layer is completely removed. This trend
can be attributed to the formation of a native FeOx oxide IL at
the Fe/ALD-Al2O3 interface when the Al wetting layer is very
thin or absent.46 This means, instead of forming a simple Al/
Al2O3/Al DE capacitor (Figure 1c), an FE FeOx capacitor is
added to the Fe/FeOx/ALD-Al2O3/Fe capacitors that can be
viewed as two capacitors in series: a ultrathin FE FeOx
capacitor and a 2.2 nm thick DE ALD-Al2O3 capacitor, as
depicted in Figure 1b,d. It should be noted that the small
thicknesses of both FE and DE layers are critical to the
observation of the negative capacitance in the obtained FeOx/
ALD-Al2O3 FE/DE bilayer capacitors.32,34,52

Figure 2a shows a comparison of the specific capacitance (C0
= C/A = ε0εr/t, where t is the thickness of the dielectric) for
the three sets of the ultrathin capacitors of Nb (25 nm)/Fe (20
nm)/ALD-Al2O3 (2.2 nm)/Al (7, 1 or 0 nm)/Fe (20 nm)/Nb
(50 nm). Each set has three devices with junction areas of 200
× 200, 200 × 300, and 200 × 400 μm2, respectively, for
examination of the sample uniformity. The three samples
would be otherwise identical except they have different Al

wetting layer thicknesses of 7 nm (black), 1 nm (red), and zero
(blue). As shown in Figure 2b, with a 7 nm thick Al wetting
layer, the value of C0 is around 0.032−0.040 F/m2 on chip with
uniformity of ∼15%. This is an indication of negligible IL
formation at the Al/ALD-Al2O3 interface. However, with the
reduction in the Al wetting layer thickness to 1 nm, the value
of C0 decreases considerably to 0.021−0.016 F/m2 on chip
with variation ∼23.8%. Interestingly, with the complete
removal of the Al wetting layer, C0 becomes negative in the
range of −0.005 to −0.015 F/m2. Figure 2c shows dielectric
constant (εr) derived from εr = C0t/ε0. Two considerations
were taken in selecting the ALD Al2O3 DE layer thickness of
2.2 nm in the FE/DE bilayer capacitors. One is based on the
recent works with the DE layer being as thin as possible, in the
range of a few nm, is critical to the observation of negative
capacitance.32,34,52 The other is based on our recent study on
the thickness dependence of the dielectric properties of the
ALD Al2O3 in Al/ALD-Al2O3 (4.4−1.1 nm)/Al capacitors.39

We have found that the ALD-Al2O3 thickness in the range of
2.2−4.4 nm can effectively prevent electron tunneling as
illustrated in the dielectric constant (εr) ∼8.0−9.0 that is close
to that of the bulk single-crystal Al2O3 in the thickness range of
2.2−4.4 nm. In fact, an ALD-Al2O3 of 2.2 nm thickness has an
EOT ∼ 1.0 nm,39 which is comparable to the EOT ∼ 0.9 nm
for a 4.5 nm high-K HfO2 film.53

It should be noted that the observation of smaller and even
negative εr on capacitors with 1 or 0 nm Al wetting layer
cannot be attributed to the poorer quality of the ALD-Al2O3
DE layer at the thinner Al wetting layer based on our earlier
investigation of the ALD-Al2O3 tunnel barriers (thickness from
0.1 to 1.0 nm) on the Fe electrodes, which showed Eb ∼ 1.3 eV
and ALD-Al2O3 coverage comparable to samples with an Al
wetting layer.37 In other words, leak-free ALD-Al2O3 tunnel
barriers can form on an Fe electrode even without the Al
wetting layer.37 However, the slightly lower Eb ∼ 1.3 eV, as
compared to the optimal value of Eb ∼ 1.5−1.6 eV measured
on ALD-Al2O3 tunnel barriers on Al electrodes, suggests that a
minor IL, most probably FeOx due to the subtle effect of the
surface structure of Fe on the hydroxylation during the first
H2O pulse, forms at the Fe/ALD-Al2O3 interface.

45,46,51 While
in many other devices, the native oxide IL is unfavorable, the
ferroelectric FeOx IL formed at the Fe/ALD-Al2O3 inter-
face45,46,51 provides an excellent opportunity to achieve
ultrathin FE/DE bilayer capacitors connected in series of a

Figure 1. Schematic of the ultrathin capacitors with: (a) a thick 7 nm
Al wetting layer; and (b) no Al wetting layer forming the FeOx
interfacial layer. The schematic description of the M-I interface for (c)
ALD-Al2O3/Al (7 nm) with pure dielectric ALD-Al2O3 and (d)
Al2O3/Fe with a ferroelectric FeOx interface in series with the ALD-
Al2O3 dielectric layer forming FeOx/Al2O3/Fe bilayer Fe/DE
capacitors.

Figure 2. Variation of (a) specific capacitance with three different junction areas 200 × 200, 200 × 300, and 200 × 400 μm2 for 2.2 nm ALD Al2O3
showing the dependence of capacitance on the Al wetting layer thickness range 0−7 nm, (b) specific capacitance with the thick 7 nm Al wetting
layer, thin 1 nm Al wetting layer, and without the Al wetting layer, and (c) calculated dielectric constant (εr) for ultrathin capacitor for 2.2 nm
ALD-Al2O3.
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total thickness smaller than 3−4 nm, allowing direct
observation of the static negative capacitance.32,34,52 This
means that the measured C0 and εr on these ultrathin FE/DE
bilayer capacitors must be considered as the combined effect of
the constituent FE and DE capacitors as we shall discuss in the
following.
Figure 3a illustrates the working principle of the ultrathin

Fe/Al/ALD-Al2O3/Fe pure DE capacitors under the applica-
tion of an external electric field (E). The blue ovals represent
electrical dipoles aligned in response to the external E field.
Figure 3b shows the electrical dipoles in the Fe/FeOx/ALD-
Al2O3/Fe FE/DE bilayer capacitors with coercive voltage (Vc)
of a few mV for polarization switching in the FE material much
smaller than total external applied external voltage (Vtot). At
this ultrathin 2.2 nm thick ALD-Al2O3 with ultrathin FE FeOx,
the presence of stable negative capacitance is possibly due to
formation of regular, nanoscale stable domains with the same
orientation of the electric polarization that makes the FE layers
extremely polarizable as shown as PFE under the application of
E across the FE/DE stack. For ultrathin FE/DE capacitors, the
interfacial effects are more pronounced. Thus, FE/DE stack
capacitor fundamentally differs from just only the series
combination of ferroelectric capacitance (CFE) and dielectric
capacitance (CAl2O3

).54,55 Considering pure dielectric as in the
case of Al/Al2O3/Al ultrathin capacitors, the stored charges in
DE are QAl2O3

. However, the FE layer shows polarization under
external applied field with QFE = QP + Qi, where QP and Qi
corresponds to the polarized charges in FE material and
induced or interfacial trapped charges respectively. For a
simple approximation, the Fe/FeOx/ALD-Al2O3/Fe ultrathin
capacitors can be considered as the two capacitors in series:

DE ALD-Al2O3 capacitor and FE FeOx capacitor, which can be

estimated using
C C C
1 1 1

T Al2O3 FE
= + , where CT is the total

capacitance of the FE/DE stack. With observed values of CAl2O3

∼ 0.04 F/m2 and CT ∼ −0.015 F/m2, the CFE is estimated to
be ∼−0.010 F/m2, which is one-fourth of CFE but with
opposite polarization. Thus, the thickness of FE (tFE) is
approximated from equation tFE = ε0εr/C0 ∼ 0.88−1.77 nm
corresponding to εr,FE ∼ −1 to −2. This indicates that the total
thickness of the FE/DE stack varies from 3−4 nm, which is
ultrathin as compared to previous studies.32,52 However, at this
ultrathin DE thickness of ∼2.2 nm in the presence of a FE
layer in the FE/DE bilayer stack, there is the possibility of
leakage current due to the trapped charges at the FE/DE
interface. Figure 3c shows the increase in the polarization of FE
under the application of an external electric field or via external
mechanical deformation in the FE/DE bilayer capacitors. The
induced charge at the FE/DE interface Qi adds to QP that
increases the total polarization charges of QFE. The increase in
the polarization of the FE material corresponds with the
decrease in DE contribution resulting in stable negative
capacitance. Figure 3d shows leakage current-assisted polar-
ization switching behavior in FE/DE capacitors with the
polarization switching effect, which is in agreement with
previous studies on a HZO/Al2O3 FE/DE structure.32,52 The
DE material thickness has the determinant impact on the FE
polarization switching effect, at DE thickness >4 nm, HZO/
Al2O3 stacks behaves like pure DE insulators with no
polarization switching of HZO.32 However, at the ultrathin
DE thickness <4 nm, HZO/Al2O3 stacks exhibit a FE effect

Figure 3. Working principle of (a) Fe/Al/FeOx/Al2O3/Fe dielectric (DE) capacitor under application of an external electric field, i.e., blue ovals
represent electrical dipoles aligned under the E field, (b) Fe/Al/FeOx/Al2O3/Fe ferroelectric/dielectric (FE/DE) bilayer capacitor with blue and
light blue ovals represent electrical dipoles and polarization aligned under E field at Vtot > Vc

+ before switching. (c) Increase in FE capacitance due
to external E field or via external deformation leading to an increase in interfacial charges at the FE/DE interface at Vtot > Vc

+. (d) Leakage current-
assisted polarization switching with a change in interfacial charges in FE/DE bilayer capacitors Vtot > Vc

− after switching.

Figure 4. (a) Comparison of the C−V curve for the ultrathin capacitor without the Al wetting layer as measured and under the application of the
external force showing a change in capacitance and (b) dynamic response curve for the ultrathin capacitor before and after application of the
external force.
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with stable and switchable electrical polarization resulting in
negative capacitance.32

Since all ferroelectric materials are piezoelectric, the
response of FE/DE stacks with FE FeOx would provide an
interesting application for memory and sensor device
applications through manipulation of electric dipoles.56 Figure
4 shows the variation of specific capacitance with and without
external deformation on a FE/DE stack. Before external
deformation, total capacitance is dominated by a series
combination of FE and DE capacitors resulting in total
negative capacitance (black), as shown in Figure 4a. However,
after the application of external force in FE/DE capacitors, the
contribution from DE remains the same but there is an
increase in the FE capacitance due to a piezoelectric effect
showing an increase in polarized charges at the FE/DE
interface, which corresponds to the reduction in total negative
capacitance (red) for FE/DE stack. The further increase in the
external force makes the total capacitance a small positive value
(blue). Quantitatively, this shows that changes in capacitance
under external deformation are the manifestation of the change
in polarization switching behavior in ultrathin FE/DE
capacitors. Figure 4b shows the dynamic reproducible
polarization switching on/off of negative capacitance corre-
sponding to before/after the external deformation in FE/DE
ultrathin capacitors. This indicates that the capacitance can be
tuned with external force, which would find potential
applications in nonvolatile memory and piezoelectric force
sensor applications through the manipulation of the electric
dipoles in FE/DE ultrathin capacitors.
To validate the presence of the FeOx IL in ultrathin FE/DE

capacitors, Figure 5 shows the dependence of Eb on the Al

wetting layer using the ALD-Al2O3/Al (7, 1, or 0 nm)/Fe (20
nm)/Nb (50 nm) half-cell structure studied using STS. Our
previous STS study suggests that compared to Al, Fe is a
stronger oxygen getter, which means the oxidation of Fe
forming FeOx is more likely than AlOx at a given ALD-Al2O3
growth condition.51 The Al wetting layer greater than 1 nm can
result in negligible AlOx and can prevent the oxidation of Fe
with Eb ∼ 1.55−1.66 eV for five cycles ALD-Al2O3 on Fe51

However, with a 1 nm thick Al wetting layer, there is
monotonic decrease in Eb to 1.40 and 1.30 eV when the Al
wetting layer is completely removed. This trend can be
attributed to the formation of a native FeOx oxide interface
layer at the Fe/ALD-Al2O3 interface when the Al wetting layer
is very thin or absent.46,51 Specifically, the presence of FeOx IL

affects the Eb of ALD-Al2O3 in a similar way to the native AlOx
case.46 The dependence of Eb on the Al wetting layer thickness
gives insight into the Eb for both pure Al/Al2O3/Al capacitors
and the FE/DE bilayer Fe/FeOx/Al2O3/Fe structure. How-
ever, the decreasing trend in Eb with the Al wetting layer
thickness confirms our assumption of the formation of an IL
FeOx resulting in a FE/DE stack.
To extract further information about properties of ultrathin

FE/DE capacitors, these were studied using I−V measurement.
Figure 6 provides two important pieces of information: (1) a

hysteretic I−V loop for ultrathin FE/DE capacitors that shows
strong evidence for the formation of FeOx IL with ferroelectric
polarization switching behavior at an ultralow applied voltage
of a few mV and (2) linear I−V for 2.2 nm DE devices showing
quantum tunneling behavior. This observation shows that a
key tuning parameter in generating the FE/DE bilayer
capacitors is the thickness of an Al wetting layer between the
bottom Fe electrode and the ALD-Al2O3 DE layer. This work
demonstrates the feasibility of the successful fabrication and
characterization of Fe/FeOx/Al2O3/Fe FE/DE ultrathin
capacitors using an in vacuo ALD method. This observation
of static negative capacitance with FE/DE ultrathin capacitors
finds potential application for lowering the switching energy of
transistors and improved power dissipation with the possibility
for ultralow-power devices,20−24 piezoelectric sensors, and
nonvolatile memory applications36−38

■ CONCLUSIONS
In summary, in vacuo ALD provides a unique approach to
fabricate high-quality ultrathin capacitors and has been applied
for the first time in this work to generate FE/DE bilayer
capacitors with a total FE/DE thickness <3−4 nm. Specifically,
the capacitors consist of a Nb (25 nm)/Fe (20 nm)/ALD-
Al2O3 (2.2 nm)/Al(7, 1, or 0 nm)/Fe (20 nm)/Nb (50 nm)
stack, and the Al wetting layer was employed as the tuning
mechanism to obtain either DE only capacitors at the Al
thickness >1 nm or FE/DE bilayer capacitors at thinner or no
Al wetting layers. The obtained DE only capacitors exhibit high
εr ∼ 8.0, which represents the best so far achieved on ultrathin
capacitors of the DE thickness around 2 nm. In fact, this value
is close to the Al2O3 bulk single-crystal value of εr ∼ 9.2.
Interestingly, an ultrathin FeOx FE layer can form on the
surface of the Fe bottom electrode when the Al wetting layer is
thinner or completely removed. This could be attributed to the

Figure 5. STS measured tunnel barrier heights for ultrathin dielectric
half-cells made for three different configurations with different
thickness of the Al wetting layer of 7, 1, and 0 nm.

Figure 6. Comparison of I−V curves measured on the ultrathin Fe/
FeOx/Al2O3/Fe FE/DE capacitor (red) and the Fe/Al/Al2O3/Fe DE
capacitor (black).
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minor interaction of the first ALD H2O pulse with the Fe
surface through partial dissociations of the H2O monolayer
into atomic oxygen. The obtained FE/DE bilayer capacitors
show a dynamic switching on/off of the negative capacitance
that can be achieved under the application of an external force.
This result not only provides a viable approach for generating
ultrathin FE/DE bilayer capacitors but also offers a promising
solution to low-power consumption microelectronics and
piezoelectric sensors applications.
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