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With the scaling of lateral dimensions in advanced transistors, anincreased gate
capacitanceis desirable both to retain the control of the gate electrode over the
channel and to reduce the operating voltage’. This led to afundamental change in the
gate stack in 2008, the incorporation of high-dielectric-constant HfO, (ref. %), which
remains the material of choice to date. Here we report HfO,-ZrO, superlattice
heterostructures as a gate stack, stabilized with mixed ferroelectric-antiferroelectric
order, directly integrated onto Si transistors, and scaled down to approximately

20 angstroms, the same gate oxide thickness required for high-performance
transistors. The overall equivalent oxide thickness in metal-oxide-semiconductor
capacitorsisequivalent to an effective SiO, thickness of approximately 6.5 dngstroms.
Such alow effective oxide thickness and the resulting large capacitance cannot be
achieved in conventional HfO,-based high-dielectric-constant gate stacks without
scavenging the interfacial SiO,, which has adverse effects on the electron transport
and gate leakage current?. Accordingly, our gate stacks, which do not require such
scavenging, provide substantially lower leakage current and no mobility degradation.
This work demonstrates that ultrathin ferroic HfO,-ZrO, multilayers, stabilized with
competing ferroelectric-antiferroelectric order in the two-nanometre-thickness
regime, provide a path towards advanced gate oxide stacks in electronic devices
beyond conventional HfO,-based high-dielectric-constant materials.

With the two-dimensional scaling of silicon field-effect transistorsreach-  Inthis context, ferroelectric (FE) oxides offer new functionalities" that

ing fundamental limits', new functional improvements to transistors*,
aswellas novel computing paradigms and vertical deviceintegration at
thearchitecture level’, are currently under intense investigation**¢, Gate
oxides haveacritical rolein this endeavour asacommon performance
booster for all transistor devices based on a wide range of materials,
including silicon?, new high-performance channel materials”®, and
evenmaterials suitable for three-dimensional integrated transistors®.
Indeed, the gate oxide transition from SiO, to high-«x dielectrics is consid-
ered aparadigm shiftin computingtechnology (k, dielectric constant).

are considered promising for energy-efficient electronics*®. The advent
of atomic layer deposition (ALD)-grown doped-HfO, FE films'*has over-
come much of the material compatibility issues that plague traditional
perovskite-based FE materials®. Inaddition, ferroic order persists down
to a thickness of 1 nm in this system®™™", fostering integration into the
most aggressively scaled devices in which the state-of-the-art high-x
oxide thickness is less than2 nm.

Inanadvanced silicon transistor, the gate oxide is acombination of
two distinct layers. The first is an interfacial SiO, formed with a
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Fig.1|Atomic-scale design of negative capacitancein ultrathin Hf0,-ZrO,.
a, Energylandscape flattening. An FE double-well energy landscape is
flattened by the depolarization field energies originating from electrostatic
and elasticinhomogeneities presentin the laterally arranged polar-nonpolar
(orthorhombic FE-tetragonal AFE) thin-film system. The energy landscape
flatteningincreases the permittivity of the overall system, as susceptibility is
proportional to theinverse landscape curvature; such flatteningis analogous
tonegative capacitance stabilization?**°*°, The stable energy minimum of the
composite free-energy landscape, corresponding to the negative curvature
(thatis, negative capacitance) regime of the ferroelectric energy landscape, is
highlightedin pink.b, Engineering ferroic phase competitionin the HfO,-ZrO,
fluorite-structure system. Beyond the conventionally studied tuning
parameters—composition, electric field, temperature®**—here we introduce
dimensional confinement viasuperlattice layering to tailor ferroic phase
competitionattheatomicscale. c, Schematic of the HZH fluorite-structure
multilayer on Si; the heterostructures maintain distinct layers (thatis, not
solid-solution alloys) based on EELS, XRR and depth-resolved XPS (Extended

self-limiting process, resulting in approximately 8.0-8.5-A thickness'.
The nextis the high-« (HK) dielectric HfO, layer that is typically approx-
imately 2 nminthickness. Higher capacitance of this series combination
isdesirable to suppress short channel effects. The capacitanceis con-
ventionally represented by equivalent oxide thickness,
EOT =tgi, * tuk /(€ /€si0,) Where lower EOT represents higher capac-
itance. Therefore, the EOT minimum value is limited by the interfacial
SiO, thickness. Typically, with HfO, as the high-k layer, the EOT is
approximately 9.5 A. To go below this value™™®, the semiconductor
industry has implemented sophisticated scavenging techniques'®'®"
toreducethe SiO, thickness after the full gate stack has been deposited.
Although this technique is effective in scaling EOT, the thinner SiO,
resultsin undesirable leakage, mobility degradation®'® and reliability
issues.

In this work, we present an ultrathin HfO,-ZrO, superlattice gate
stack that exploits mixed ferroelectric-antiferroelectric (FE-AFE) order
(Fig.1a, b), stabilized down to 2-nm thickness—the same high-x oxide
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DataFig.1). Therole of the layering on the underlying ferroic order and
capacitanceis studied by electrical measurements as a function of HfO,-ZrO,
stacking structure and annealing temperature (Extended DataFigs.4 and S5,
respectively).d, High-resolution TEM images of the atomic-scale HZH trilayer
(top) and extracted d-lattice spacings (bottom, determined from the solid
whitebox regions) corresponding to the fluorite-structure AFE tetragonal
(P4,/nmc, left) and FE orthorhombic (Pca2,, right) phases, respectively. The
layer delineations are approximate, as the HfO,-ZrO, and SiO, interlayer
thicknesses are morerigorously determined by XRR and TEM analysis
(Extended DataFigs.1and 6, respectively). Note thatimaging the crystallinity
ofthe HfO,-Zr0, layers requires mistilt with respect to the Silattice (Methods).
Scalebars,5nm.e, Synchrotronin-plane grazing-incidence diffraction
demonstrating the presence of both the AFE T-phase (101), and FE O-phase
(111), reflections, the d-lattice spacings of which are consistent with those
extracted from TEM. Detailed indexing for structuralidentificationis provided
by wide-angle synchrotron diffraction (Extended Data Fig. 2a). a.u., arbitrary
units.

thickness usedinadvanced transistors. When integrated onssilicon, the
gate stack shows an overall EOT of 6.5 A, even though both transmis-
sion electron microscopy (TEM) and electrical characterization reveal
an 8.0-8.5 A interfacial SiO, thickness, as is typically expected from a
chemically growninterfacial layer without scavenging. No scavenging
oftheinterfacial SiO, results in substantially lower leakage current for
the same EOT compared to benchmarks established by major semicon-
ductor industries®. In addition, no mobility degradation is observed
as EOT is scaled with these HfO,-ZrO, ferroic gate stacks. Therefore,
ultrathin HfO,-ZrO, gate stacks exploiting ferroic order offer a promis-
ing pathway towards advanced energy-efficient transistors.

Ultrathin FE-AFE HfO,-ZrO, superlattices

Thin films of HfO,-ZrO, are grown using ALD, in which the nanolami-
nate periodicity is dictated by the sequence of Hf:Zr (4:12) ALD cycles
before the Hf-Zr superstructure is repeated various times (Fig. 1c,
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Fig.2|Enhanced capacitancein ultrathin Hf0,-ZrO, mixed-ferroic
heterostructures. a, Metal-insulator-metal (MIM) C-V hysteresis loops for a
mixed FE-AFE HZH multilayer demonstrating higher capacitance compared
againstits AFE (ZrO,) and FE (Zr:HfO,) counterparts of the same thickness.

b, Inverse capacitance versus thickness for MIM HZH multilayers up to five
superlattice repeats (10 nm); the extracted permittivity of 52 is large for
HfO,-based oxides. ¢, MIM C-V hysteresis loops for HZH multilayers of the same
periodicity demonstrating an evolution from mixed-ferroic to FE-like
hysteresis upon cooling slightly below room temperature. The proximity to the
temperature-dependent phase transition (Extended DataFig. 3) suggests that
the HZH heterostructure lies near its maximum electric susceptibility position,
ideal for negative capacitance stabilization***’. d, MOS accumulation C-V of
HZH trilayer compared to AFE ZrO,, FE Zr:HfO, and dielectric HfO,, all of the
same thickness (20 A), indicating that mixed-ferroic behaviour is optimal for
enhancing capacitance. e, Accumulation C-Vofthe HZH trilayer compared to

Methods). After top metal deposition, the entire gate stack undergoes
alow-temperature post-metalanneal (200 °C, 60 s, N,), which does not
interfere with the HfO,-ZrO, multilayer structure: various characteriza-
tion techniques—synchrotron X-ray reflectivity (XRR), layer-resolved
electron energy loss spectroscopy (EELS) and angle-resolved X-ray
photoelectric spectroscopy (XPS)—confirm the expected Hf 4 A-Zr
12 A periodicity (Extended Data Fig. 1). The underlying mixed ferroic
orderinthese HfO,-ZrO, heterostructuresis structurally established by
high-resolution TEM (Fig.1d and Extended Data Fig. 2e, f) and in-plane
grazing-incidence diffraction (Fig. le and Extended Data Fig. 2a). Both
techniquesindicate the presence of the tetragonal (P4,/nmc, T phase)
and orthorhombic (Pca2,, O phase) phases, which correspond to AFE
andFE order influorite-structure films, respectively. Furthermore, local
TEM imaging indicates the FE (orthorhombic) and AFE (tetragonal)
phases are laterally intertwined (Fig. 1d and Extended Data Fig. 2e, f).
Synchrotron X-ray spectroscopy and optical spectroscopy further
confirm the presence of inversion symmetry breaking in the 2-nm
HfO,-Zr0,-HfO, (HZH) multilayer (Extended Data Fig. 2c, d).

We note here that the original Kittel view of an “antipolar’ crystal
structure? does not apply to the nonpolar tetragonal lattice attributed

bilayer and solid-solution films of the same thickness (ALD cycles) and
composition (Hf:Zr cycles), demonstrating that the capacitance enhancement
isnotsimply driven by Hf:Zr composition®*3%, butinstead the atomic-scale
stacking (Extended DataFigs. 4 and 5). Inset, schematic multilayer versus solid
solution (Hfand Zr cations vertically separated versusintermixed).f, Accumulation
C-Vfora2-nmHZH grown onsub-nmSiO, fit EOT simulations. Inset, gate
leakage of the same stack.2-nm HZH on SiO, demonstrates lower EOT than the
thickness of SiO, interlayer alone, carefully extracted via physical (8.5 A) and
electrical (8.0 A) methodologies (Extended DataFig. 6), providing evidence of
capacitance enhancement via negative capacitance. Furthermore, these

2-nm ferroic gate stacks demonstrate amplified charge from pulsed /-V
measurements relative to the SiO, interlayer (Extended Data Fig. 7), marking,
toourknowledge, the thinnest demonstration of charge and/or capacitance
enhancement (Extended DataFig. 7).

to fluorite-structure antiferroelectricity. Instead, the field-induced
tetragonal-to-orthorhombic (nonpolar-to-polar) phase interconver-
sion as the origin of antiferroelectricity has been examined in both
Zr0,%*? and Hf0,?2**. Therefore, at low electric fields, the mixed FE-AFE
behaviour is analogous to an FE-dielectric (polar-nonpolar) hetero-
structure, which canimpart depolarization fields on the FE layer®. The
laterally intertwined nonpolar-polar phases present in the ultrathin
HZH heterostructure are conducive to flattening the FE energy land-
scape through the aforementioned depolarization fields** (Fig. 1a).
Furthermore, heterogeneous elastic energiesin structurallyinhomo-
geneous systems have been shown to destabilize long-range polariza-
tion, suppress polarization, and thereby flatten energy landscapes?®.

Additionally, the polarization in the ultrathin HZH multilayer
exhibit an in-plane component. 2D reciprocal space maps indicate
a strong out-of-plane (111) texture (Extended Data Fig. 2b), which is
consistent with TEM images demonstrating vertically stacked planes
of 111-interplanar lattice spacing (Extended Data Fig. 2f). Therefore,
considering that the polarization is directed along a principal lattice
direction for the Pca2, orthorhombic structure, the highly oriented
out-of-plane (111) texture indicates anin-plane projected polarization.
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Fig.3|Device performancebenefits from using ultrathin mixed-ferroic
Hf0,-Zr0,gatestacks. a, EOT scaling pathways: conventionalinterlayer
scavengingimplementing standard high-k dielectric HfO, reduces the EOT by
thinning the SiO, interlayer (red), leading to leakage and mobility degradation?;
integrating aferroic negative capacitance oxide that exhibits a capacitance
enhancement effect on SiO, (blue) lowers the EOT without reducing the
thickness of the SiO, interlayer. b, Leakage-EOT scaling of the HZH multilayer
gate stacks (blue) benchmarked againstreported high-k metal gate (HKMG)
literature?, including interlayer-scavenged 2-nm HfO, (red), high-k doped HfO,
(grey), and SiO,/poly-Si (black). The leakage is the lowest reported fora 6.5-A
EOT MOS capacitor onsilicon?, and similar to the standard higher-EOT 2-nm
HfO, high-k dielectric (black), owing to maintaining the same SiO, thickness.
c,Raw mobility versus EOT for long-channel transistors integrating the 2-nmHZH
(blue) versusindustry-reported long-channel transistors integrating standard
2-nm HfO, (red)*?, reported at 10" cm™ charge density. The raw mobility for

The in-plane polarization introduces additional depolarization field,
owingtotheelectrostatic coupling with the nonpolar AFE phasesinthe
lateral direction. Notably, exploiting inhomogeneity to induce depo-
larization fields and enhance susceptibility has been demonstrated for
perovskites exhibiting heterogeneous polar-nonpolar regions?,. Fol-
lowing the same underlying mechanisms, our work demonstrates that
itis possible to stabilize a mixed nonpolar-polar phase competition
in 2-nm-thick binary oxide films and enhance its permittivity. We also
note that flattening of the energy landscape via depolarization fields
is the same underlying principle of the negative capacitance effect'?,
inwhich depolarization fields stabilize the FE locally at a higher energy

HZHsitsabove theindustry-reported trend line*?, owing to scaling EOT without
requiring scavenging. Mobility results are also benchmarked against other
industrial HKMG reports® (Extended Data Fig. 8d). d, Schematic transistor
devicelayout, whichintegrates the2-nm HZH gate stack.e-g, d.c./-Vtransfer
characteristics (/4-V,; ), d.c. output characteristics (/;-V,,; f), and d.c.
transconductance (g, V. g) for short-channel (L; = 90 nm) SOl transistors.

V,s, gate-to-source voltage; Vg, drain-to-source voltage. Notably,the maximum
on-currentandg,,at V=1V exceeds1 mA pm™and 1mS pm™, respectively.
h, Transconductance versus gate voltage for long-channel bulk transistors
(Lg=1pm)viad.c.(derivative of /;-V,,) and radio-frequency (Re(Y;,))
measurementsat V,,=1V.Inset, de-embedded Re(Y,,) (opencircles) asa
function of squared frequency at different d.c. bias points (V, ranging from
0.2-1.2Vin 0.05V steps) extrapolated to the zero-frequency limit (dotted lines)
toextract theradio-frequency g, (Extended DataFig.9).

state compared to the ground state of anisolated, homogeneous FE,
leading to negative-curvature energy landscapes®*.

To confirm the higher susceptibility in the mixed AFE-FE system
directly, we have performed capacitance-voltage (C-V) hysteresis
loops in metal-insulator-metal capacitor structures on thicker films
withthe same superlattice periodicity (Fig. 2a). Besides featuresindica-
tive of mixed FE-AFE order, the total capacitance for the superlattice
is larger than both conventional AFE ZrO, and FE Zr:HfO, of the same
thickness (Fig. 2a), demonstrating enhanced susceptibility. To quantify
the permittivity, capacitance measurements were performed across the
superlattice thickness series. These measurementsyield an extracted



permittivity of approximately 52 (Fig. 2b, Methods), which s larger than
both the FE orthorhombic Zr:HfO, and AFE tetragonal ZrO, values®.

To further understand the ferroic evolution in these HZH superlat-
tices, we performed low-temperature measurements where enhanced
FE phase stabilizationis expected. Indeed, temperature-dependent C-V
loops for thicker HZH demonstrate an evolution from mixed-ferroic
to FE-like hysteresis upon cooling slightly below room temperature
(approximately 240 K, Fig. 2¢), consistent with temperature-dependent
X-ray spectroscopy indicating transition from mixed tetragonal-
orthorhombic phase to predominately orthorhombic structure at
similar temperatures (Extended Data Fig. 3c). That the capacitance
decreases upon cooling as the system moves away from the highly
susceptible mixed ferroic phase is consistent with previous work on
negative capacitance in FE-dielectric systems?, which establishes the
energy landscapelink between enhanced capacitance and susceptibil-
ity near phase transitions. Notably, the intertwined FE-AFE phases
withinthe superlattice and the resulting enhancement in susceptibility
from the competition of FE and AFE phases are analogous to negative
stiffness composites of ferroelastics within a metal matrix®>*, that s,
the mechanical analogue to negative capacitance.

Ultrathin FE-AFE HfO,-ZrO, MOS capacitors

Next, the superlattices were grown on Si substrates in metal-oxide-
semiconductor (MOS) capacitor structures. A self-limiting chemical
oxide SiO, was grown first, resulting in approximately 8.0-8.5-A thick-
ness’, following the standard practice inadvanced Si devices (Methods).
Subsequently, a20-cycle-thick multilayer was grown with ALD following
the same stacking as before, thatis, Hf:Zr:Hf 4:12:4. Accumulation C-V
curves of the superlattice stack show considerably larger capacitance
incomparisonto other conventional stacks—dielectric HfO,, AFEZrO,,
FE Zr:HfO,—of the same 20-A thickness (Fig. 2d). Furthermore, the
Hf:Zr:Hf 4:12:4 trilayer demonstrates enhanced capacitance compared
to a bilayer (Hf:Zr 8:12) and solid solution (Hf:Zr [2:3],) of the same
thickness and Hf:Zr composition (Fig. 2e).

Notably, the compositioninour filmsis close to where several previ-
ousreports have postulated a possible morphotropic phase boundary
(MPB) in thicker HfO,-ZrO, solid-solution films. We note that MPB
systems follow strict symmetry requirements*, which have not been
established for the Hf0,-Zr0, system. In our ultrathin HZH multilayers,
the negative free-energy curvature of the polar FE O phase compensates
the positive curvature of the nonpolar AFE T phase (Fig.1a), leading to
aflattened energy landscape. Similarly, energy landscape flattening
is postulated as the thermodynamic origin of enhanced piezoelectric
response in canonical perovskite ferroelectrics®, in which multiple
crystal symmetries are nearly degenerate across acomposition phase
boundary (MPB). However, a critical distinctionis that here the overall
energy landscape flattening, and corresponding increase in capaci-
tance, is determined by the stacking of the atomic-scale HfO,-ZrO,
layers, and not the volume fraction of the constituent elements®:
solid solution of the same Hf:Zr composition does not provide the
same high capacitance (Fig. 2e). Furthermore, compared to HfO,-ZrO,
solid solutions across a range of typically reported Zr-rich ‘MPB-like’
compositions®, the HZH multilayer demonstrates larger capacitance
(Extended DataFig.4). Thisindicates that the enhanced capacitancein
HZH filmsis not simply driven by doping®**®, but caninstead be tuned
by the configuration of the multilayer structure (Extended DataFigs. 4,
5).Inthe ultrathinregime, surface energies become amore dominant
consideration for determining polymorphic phase stability??; accord-
ingly, the importance of stacking is amplified.

To quantify the observed capacitance, we have performed EOT
simulations of MOS capacitors using the industry-standard Synopsys
simulation platform (Methods). The Hf:Zr:Hf 4:12:4 trilayer stacks
vary between 6.5-7.0-A EOT (Fig. 2f), consistent over many measured
capacitors. Notably, this EOT is smaller than the expected thickness

of the interfacial SiO, layer (8.0-8.5 A), as mentioned. To investigate
further, high-resolution TEM of the gate stacks (Extended Data Fig. 6)
illustrates that the SiO, thickness isindeed approximately 8.5 A. To sup-
plement this physical characterization, we nextimplemented electrical
characterization of the interfacial layer viainverse capacitance versus
thickness analysis of conventional dielectric HfO, and Al,O5 thickness
series grown on the same SiO, (Methods, Extended Data Fig. 6). All
thermal processingis kept the same asthe HfO,-ZrO, superlattice gate
stack. The extracted HfO, and Al,O, permittivities—19 and 9, respec-
tively—are consistent with the typical dielectric phases of these two
materials. Therefore, one canreliably extract the SiO, layer thickness,
yielding 8 A (Extended Data Fig. 6), consistent with the high-resolution
TEM results and values established by the semiconductor industry?.

Moreover, the consistent interlayer thickness extracted from both
material systems indicates that neither Hf nor Al encroaches into the
interfacial SiO,, which would reduce its thickness and/or increase its
permittivity. This is expected considering that the gate oxides are
processed at much lower temperature than that needed for silicate
formation® and works reporting an increased SiO, interlayer permit-
tivity*®. Furthermore, XRR, EELS and XPS data indicate that for both
the undoped control HfO, gate stack and the superlattice gate stack,
the HfO, layer sits right on top of SiO,, leading to the same interfacein
both cases (Extended DataFig.1). Therefore, considering theinterfacial
layer thickness as 8 A, the HZH multilayer gate stack demonstrates
an overall EOT approximately 1.5 A lower than the constituent SiO,
thickness. We note that, for simplicity, we have used an EOT to quan-
tify the capacitance of the superlattice stack; however, for a rigorous
description, one should solve for the non-linearities that are expected
to emerge from the ferroic nature of the gate oxide*..

To supplement the C-V evidence of capacitance enhancement,
pulsed current-voltage (/-V) measurements of MOS capacitors inte-
grating the approximately 2-nm HZH gate stack—which can quantify the
amount of charge as a function of voltage* (Methods, Extended Data
Fig.7)—demonstrate larger stored charge thanifjustinterfacial SiO, was
sitting ontop of Si. This provides further electrical evidence of charge
enhancementin the ultrathin mixed-ferroic gate stack (Extended Data
Fig.7e).Furthermore, from these measurements, the extracted polari-
zation-electricfield relationship for just the HZH multilayer (Extended
DataFig. 7f) exhibits aregime of negative slope, which mathematically
corresponds to negative capacitance stabilization®.

Ultrathin FE-AFE HfO,-Zr0, device results

The practical implication of this capacitance enhancement can be
clearly seeninFig.3b, which shows leakage current versus EOT behav-
iour. The leakage currentis measured at V, - Vi, =-1V, where Vg isthe
flatband voltage of the semiconductor and V, is the gate voltage. All
other data points on this plot are taken from reported industrial gate
stacks’. The leakage current for the Hf:Zr:Hf 4:12:4 stackis substantially
lower at the same EOT. Note that below 9 A, the other gate stacks need
sophisticated scavenging techniques to reduce the thickness of the
interfacial SiO, (ref. ®). On the other hand, the ferroic gate stack can
achieve approximately 6.5 A without any scavenging, resulting in the
lower leakage current (Fig. 3b).

Furthermore, the scavenging of the interfacial SiO, leads to a loss of
mobility of approximately 20 cm?V's per every A of scavenged SiO,,
owing to anincrease inremote phononscattering>'®. To examine how the
mobility evolves with EOT, we compared transistors implementing the
lower-EOT HZH gate stack compared to higher-EOT conventional HfO,
gate stack, both of the same physical thickness (Methods). Notably, the
mobility remains essentially the same for both stacks, demonstrating
that there is no fundamental change in electron transport as a result of
the mixed-ferroic multilayer gate stack compared to the standard high-x
dielectric gate stack (Extended Data Fig. 8d). Furthermore, this work
demonstrates no penalty in mobility below 9 A EOT, the point where



conventional high-k gate stacks display the mobility degradation due
toscavengingthatis necessary for lowering EOT (Fig. 3c, Extended Data
Fig. 8d). Indeed, raw mobility extracted from long-channel transistors
integrating the 2-nm HZH mixed-ferroic heterostructure gate stack
exceed that of industry-reported long-channel transistors integrat-
ing standard 2-nm HfO, high-« dielectric gate stacks*? at the same EOT
(Fig.3c¢).

To examine how the capacitance enhancementin the 2-nm HZH gate
stack behaves at high frequency, radio-frequency measurements were
performed on the same long-channel (gate length L; =1 pum) devices
(Methods, Extended Data Fig. 9) to extract device parameters up to
approximately 800 MHz for our devices (close to the cut-off frequency).
Of particular interest is the transconductance( g,,), which is propor-
tional to the product of capacitance and electron velocity (mobility).
From Y-parameter measurements one can find alternating current
(a.c.) transconductance as Re(Y,,) =g, + af %, where fis the frequency
(Methods). Thisyieldsan a.c. transconductance as afunction of applied
gate voltage (V). Plotting this dependence, together with direct cur-
rent (d.c.) transconductance (0/,/0V, fromd.c./4-V,; Fig. 3h), illustrates
thatthed.c.and a.c. transconductance are similar, with a.c. transcon-
ductance roughly 15% larger at the peak value. This slightly larger a.c.
transconductance may result fromthe fact that certaininterfacetraps,
which affect the d.c. behaviour, cannot respond at frequencies larger
than100 MHz, leading to better gate control. More importantly, these
radio-frequency results show that the observed capacitance enhance-
ment is not limited to the low-frequency regime***,

Next, shorter-channel (L;=90 nm) devices, fabricated on a
silicon-on-insulator (SOI) transistor with 18-nm SOl thickness, were
examined. The transfer and output characteristic of atypical transistor
are shown in Fig. 3e, f. Note that the threshold voltage of this device is
0.55V, whichis consistent with the work function of W used asthe gate
metal. Because of this, the transistors have beendrivenup to 1.6-V gate
voltage so thatan overdrive voltage (V,, = V, - V;) of approximately 1V
canbeapplied (V;, threshold voltage). Itis found that at a drain voltage
(V) and V,, of 1V, the drain current exceeds 1 mA pm™. Additionally, the
measured extrinsic transconductance of approximately 1.1 mS pm™
(Fig.3g) corresponds to anintrinsic transconductance of approximately
1.75 mS pm™ (Methods, Extended DataFig.10). The transconductance is
substantially larger than conventional 90-nmtransistors. In addition, it
islarger than control devices with aHfO, gate stack of the same physical
thickness, demonstrating the dual benefits of the HZH mixed-ferroic
gate stack: low EOT without adversely affecting the electron transport.

Finally, to probe the interface quality, especially trap-induced
effects* relevant for MOS field-effect transistor (MOSFET) reliabil-
ity—a very crucial aspect for commercial application—we performed
positive-bias temperature instability measurements on nFET transis-
tors (Extended Data Fig. 8e-h). The results demonstrate very similar
behaviour for both the HZH and control HfO, stacks of the same physi-
calthickness, and similar to those reported in literature for high-x HfO,
stacks*®. Thisis not unexpected; reliability characteristics are predomi-
nantly determined by the interfacial oxide and its high-x interface*’;
here both stacks have the same un-scavenged SiO, interlayer (Extended
DataFig.1). Furthermore, stress measurements on capacitors demon-
strate negligible V4, shift and non-existent capacitance degradation
with increased stress time (Extended Data Fig. 8i, j).

Discussion

Capacitance enhancement via negative capacitance has been dem-
onstrated for FE-dielectric superlattices in many single-crystalline
perovskite-structure systems®**#748, This work demonstrates that the
same enhancement is possible in HfO,-ZrO, fluorite-structure super-
lattices on Si, which exhibit mixed FE-AFE (polar-nonpolar) order in
films as thin as just approximately 2 nm. The ability to go down to such
thickness and still stabilize competing ferroic order, conducive for

negative-capacitance-mediated capacitance enhancement, is very
important for advanced electronic devices, because dimensional scaling
requires ultrathin gate stacks. Furthermore, this work establishes the
criticalrole of atomic-layer stacking—as opposed to conventional dop-
ing techniques®**—in controlling the ferroic phase space and permit-
tivity of fluorite-structure oxides down to ultrathin limits, leveraging its
uniquesize effects”* and rich AFE-FE polymorphs?%. When this mixed
phase HfO,-ZrO, multilayer is integrated on Si, the gate stack exhibits
a capacitance enhancement, lowering the EOT below a threshold that
traditionally required careful scavenging of interfacial SiO,, whichwould
otherwise degrade mobility®. Additionally, the low EOT is achieved at
over anorder of magnitude lower leakage current. Therefore, harnessing
atomic-scale layeringin ultrathin HfO,-ZrO, ferroic gate oxides presents
apromising materials design platform for future Si transistors beyond
the conventional high-«k dielectrics that have spurred semiconductor
industry scaling over the past two decades.
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Methods

Gate stack

Gate oxide. Thin films of HfO,-ZrO, were grown by atomic layer deposi-
tion (ALD) in a Fiji Ultratech/Cambridge Nanotech tool (UC Berkeley)
at 270 °Cin which tetrakis (ethylmethylamino) hafnium and tetrakis
(ethylmethylamino) zirconium precursors are heated to 75 °C and water
vapour is used as the oxidant. For metal-FE-insulator-semiconductor
(MFIS) capacitor structures, sub-nm chemically grown SiO, on lightly
doped Si (10" cm™) was prepared by the standard clean (SC-1) solution
(5:1:1H,0:H,0,:NH,OH at 80 °C for 10 min) after the Si wafer was cleaned
inPiranha (120 °C for 10 min) to remove organics and HF (50:1H,0:HF at
roomtemperature for 30 s) to remove any native oxide. Subsequently,
HZH multilayers are deposited at 270 °C by ALD. After ALD deposition,
post-deposition annealing (PDA) was performed at 175 °C (20 min,
forming gas N,/H, background) to help cure the SiO,-oxide interface.
For confirmation and reproducibility, HZH multilayers of the same ALD
cycling were also deposited at MIT Lincoln Laboratory (MIT LL); after
ALD deposition, PDA was performed at 250 °C (1 min, N, background).

Gate metal. For UC Berkeley capacitors, the first layer of the gate
metal, TiN, is deposited by ALD (250 °C, 20 cycles, 15 A) in N, and H,
plasma. Subsequently, W is deposited by sputtering (room tempera-
ture, 60 nm). For MIT LL capacitors, the gate metal, TiN, is deposited
by PVD (room temperature).

Annealing. The entire gate stack undergoes a low-temperature
post-metal anneal (200 °C, 1 min, N,) to cure interface defects. This
low temperature does not interfere with the HZH multilayer structure,
as confirmed by various characterization techniques (Extended Data
Fig.1), and maintains the mixed-ferroic behaviour, as high-temperature
annealing would induce purely FE behaviour (Extended Data Fig. 5).
X-ray diffraction and TEM confirm the presence of crystalline ultrathin
films despite the low deposition temperature, afforded by the low
crystallization temperature of Zr0,*. In fact, non-post-annealed
ALD-grown ZrO, has previously demonstrated crystallization into
the FE orthorhombic phase on Si®.,

Device fabrication

MOS and MIM capacitors, bare structures. For MOS capacitor struc-
tures, after gate stack deposition, top electrodes are defined by photo-
lithography and dry etching. For bare structures (structural studies),
the top metalis removed by chemical etching to expose the gate oxide
surface. For metal-insulator-metal (MIM) capacitors, Wis deposited by
sputtering (room temperature, 30 nm) onalightly doped Sisubstrate
as the bottom metal electrode. After ferroic film deposition by ALD,
60 nm of W is deposited by sputtering. The top electrodes are then
again defined by photolithography and dry etching.

Bulk transistors. The n-type bulk transistors were fabricated by a
non-self-aligned gate-last process on bulk silicon wafers (10”7 cm™)
with local oxidation of silicon (LOCOS) as device isolation technique.
First,10 nm of SiO, thermal oxide and 30 nm of low-pressure chemical
vapour deposition (LPCVD) Si;N, were grown on the Sisubstrates. After
the active region was defined by photolithography and Si;N,/SiO, etch-
ing, dry oxidation was performed to form the LOCOS isolation. Next,
the source/drain regions were defined by photolithography and ion
implantation withanion dose of 3 x 10¥ions per cm? The dopants were
thenactivated by arapid thermal anneal (RTA) at 900 °C for 7 mininN,
ambient. The gate stacks with the sub-nm chemically grown SiO,, 2-nm
HZH heterostructure,and100 nm of sputtered W gate was then depos-
ited. After the gate fingers (from 500 nm to 50 um) were patterned by
photolithography and etched by inductively coupled plasma (ICP)
metal etching, the 400-nm-thick interlayer dielectric (ILD) SiO, was
deposited using plasma-enhanced CVD (PECVD). Last, after the contact

hole opening, the Ti/TiN contact metal was deposited by sputtering,
defined by photolithography, and then etched by ICP metal etching.

Short-channel SOl transistors. The n-type short-channel transistors
were fabricated by anon-self-aligned gate-last process on SOl substrates
withagatelength (L;) down to 90 nm. First, the device layer was thinned
down to 20 nm and the active regions were defined by photolithog-
raphy with expose regions etched slightly into the buried oxide. The
hydrogen silsequioxane (HSQ) negative resist were written by e-beam
lithography as ahard mask for the ionimplantation with adose of 5 x 10"
ions per cm® The dopantactivation was conductedinanRTAat 900 °C
for15sinN,ambient. The gate stacks with the sub-nm chemically grown
Si0,, 2-nm HZH heterostructure, 1.5 nm of PEALD TiN, and 100 nm of
sputtered W were sequentially deposited. The gate region (250 nm) was
then patterned by photolithography. Similar to the back-end process
for the bulk transistors, 400 nm of ILD and sputtered Ti/TiN contact
metal were deposited and defined by photolithography and ICP etching.

Microscopy

Transmission electron microscopy. Electron microscopy was per-
formed at the National Center for Electron Microscopy (NCEM) facility
of the Molecular Foundry at Lawrence Berkeley National Laboratory
(LBNL). The high-resolution bright field TEM images of HZH thin films
were performed by FEI ThemlS 60-300 microscope with image aber-
ration corrector operated at 300 kV (Fig. 1d, Extended Data Fig. 2e, f).
To prepare cross-sectional TEM samples of HZH thin films, mechani-
cal polishing was employed by using an Allied High Tech Multiprep
ata 0.5° wedge to thin down the total thickness of samples down to
10 pm. Later, Ar ion milling of the Gatan Precision lon Milling System
was used to make an electron-transparent sample, starting from 4 keV
downto200 eV as final cleaning energy. For high-resolution imaging,
in order to capture the crystallinity of the HZH layers, the zone axis
alignment required varying degrees of mistilt with respect to the Si
lattice, explaining the slightly obscured Si atomic columns (Fig. 1d,
Extended DataFig. 2e, ).

Thelocalinterplanar d-spacingin the ultrathin HZH films (Extended
DataFig. 2e, f) was measured by DigitalMicrograph software using its
line profile plusintegration width analysis. For the 2-nm HZH multilayer
film, the extracted interplanar lattice spacings were averaged over mul-
tiplelattice periodicities and confirmed across various local regions of
the film (Extended Data Fig. 2e, f). The SiO, interlayer thickness from
low-magpnification wide field-of-view (FOV) imaging was determined
by the same method (Extended DataFig. 6a). In particular, the intensity
line scan from the wide FOV image (Extended DataFig. 6a) is obtained
from averaging across the entire FOV specified by the teal-coloured box
(~150 nm). Next, the inflection points of the intensity peak were used
as the criteria to set the boundaries of the SiO, interlayer (Extended
DataFig. 6a). This methodology was also utilized to determine the
boundaries of the HZH layers from the EELS spectrum (Extended Data
Fig.1c). Regarding the wide FOV cross-sectional TEM (Extended Data
Fig. 6a), both the low atomic weight and lack of crystallinity of the SiO,
layer contribute toits weak scattering (bright colour), which aidsin the
visual delineation of the layer boundaries and the thickness extraction
from the corresponding averaged intensity line scan.

Optical microscopy. Second harmonic generation (SHG) measure-
ments (Extended Data Fig. 2d) were performed with a Ti:sapphire fem-
tosecond laser (Tsunami, Spectra Physics, A =800 nm, frequency =
80 MHz). Thelinearly polarized femtosecond laser beam was focused
through 50x objective lens (numerical aperture (NA) = 0.42) which
results in afocal spot size of 2 um. The generated SHG signal was col-
lected through the same objective lens and separated from the fun-
damental beam by the harmonic separator. After passing through the
optical bandpassfilter, the SHG signals were registered to the photon
multiplier tube (PMT) without a polarizer. The fundamental beam



was mechanically chopped, and the signal collected by the PMT was
filtered by alock-in amplifier to reduce the background noise. For SHG
spatial mapping, atwo-axis piezo stage was used and the coordinate was
synchronized with the PMT signal. The SHG intensity was obtained by
averaging the mappingsignals acrossal00 pm x100 pmsample area.

X-ray characterization

X-ray reflectivity. Synchrotron X-ray reflectivity (XRR)—performed
atSector 33-BM-C beamline of the Advanced Photon Source, Argonne
National Laboratory and at Beamline 2-1 of the Stanford Synchrotron
Radiation Lightsource, SLAC National Accelerator Laboratory—con-
firmed the thickness of HZH heterostructures (Extended Data Fig. 1b).
The overall thickness of the HZH heterostructuresis consistent with the
growth rate (-1 A per cycle) of ALD-grown Zr:HfO, as demonstrated in
our previous work®™. Furthermore, the presence of irregularly spaced
fringes in the thicker HZH heterostructures suggests the presence of
well separated HZH layers, that is, not a solid solution. This is confirmed
by XRRfitting (Extended Data Fig. 1b) performed with the python pack-
age GenX*? which considers factors such as density, roughness, and
thickness.

In-plane grazing-incidence diffraction. Synchrotron in-plane
grazing-incidence diffraction (GID) (Fig. 1e and Extended Data Fig. 2a)
was performed at Sector 33-ID-D beamline of the Advanced Photon
Source, Argonne National Laboratory. A Pilatus-11100K area detector
mounted on the del-arm was used to collect diffraction signal with a
grazing-incidence geometry. The region of interest on the detector
was set such that the ring-like signal was fully integrated. In-plane GID
was collected by sweeping the in-plane angle v (8-50°) with a fixed
out-of-plane grazing angle 6 (6 = 0.9°); the corrected Bragg angle (20)
over which the data are plotted and indexed is determined from the
relationship cos(26) = cos(v)cos(8) set by the geometry of the diffrac-
tometer. The X-ray source was fixed at 16 keV (1= 0.775 A). In-plane
diffraction yields more diffraction peaks with better defined width,
probably owing to the preferred orientation and disc-shape domains
in the film. Therefore, in-plane GID enables clear indexing to the FE
orthorhombic (Pca2,) and AFE tetragonal (P4,/nmc) fluorite structure
intheultrathin HZH films, as the presence of many reflections from the
in-plane GID spectra (Fig. 1e, Extended Data Fig. 2a) enables clear dis-
tinction from other nonpolar fluorite-structure polymorphs. Such dif-
fractionspectrawould be otherwise prohibited in typical out-of-plane
geometry owingto thelack of vertical diffraction planes and the large
linewidth inherent to ultrathin films.

Two-dimensional diffraction. Two-dimensional reciprocal space maps
(Extended Data Fig. 2b) were measured at Beamline 11-3 of the Stan-
ford Synchrotron Radiation Lightsource, SLAC National Accelerator
Laboratory. Rayonix MX225 CCD area detector collected diffraction
fluxin grazing-incidence (<0.20°) geometry; the X-ray source (50 pm
vertical x 150 um horizontal beam size) was fixed at 12.7 keV. The sam-
ple-detector work distance was set to 80 mmto enable detection of a
wide region of reciprocal space (Q range 0.2to 5 A™)) at the expense of
reciprocal spaceresolution, set by the pixel size. The two-dimensional
diffraction scans—in which awide portion of the entire reciprocal space
was collected simultaneously, rather than at discrete regionsinQ,-Q,
space—were averaged over data collectiontime and for repeated scans.
These measurement features, in tandem with the high X-ray flux af-
forded by the synchrotron source, enabled sufficient diffraction signal
detection and contrast in films just 2 nm in thickness. Data analysis
was performed Nika, an Igor Pro package for correction, calibration
and reduction of two-dimensional areal maps into one-dimensional
data®., Two-dimensional reciprocal space maps on bare HZH hetero-
structures confirm the presence of crystalline ultrathin films despite
the low deposition temperature, afforded by the low crystallization
temperature of ZrO, on Si*°.

Ferroic phase identification from diffraction. For fluorite-structure
thin films, the main phases to consider are the dielectric monoclinic
(P2,/c), AFE tetragonal (P4,/nmc), and FE orthorhombic (Pca2,) phases.
Various diffraction reflections from the wide-angle in-plane GID spec-
tra enable indexing to the orthorhombic Pca2, phase. Lattice param-
eters (a, b, c)—determined viaBragg’s law from the d,,, family of reflec-
tions—are self conSIStentIy checked against the (111) lattice spacing

% = iz + b— + —) as well as other higher-order reflections presentin
the in-plane dlffractlon spectra (Extended Data Fig. 2a). For example,
the lattice parameters extracted from the {200} reflections were
a=536A,b=523A,c=5.47 A. This corresponds to ad,y, lattice spacing
0f2.209 A, which agrees well with the lattice spacing (2.205 A) obtained
from Bragg’s law based on the reflection position.

Themonoclinic phase was ruled out owing to alack of two {111} peaks
in the diffraction spectra and the (111), and (101), reflections being
substantially offset fromits expected peak positionin the monoclinic
phase. Withregards to theindexing of tetragonal (101), peak (Extended
DataFig. 2a), itis always reported that the tetragonal (101), reflection
has asmaller d spacing® in thicker HfO,-based films®, and is therefore
expected to be present at a higher angle compared to the orthorhombic
(111), reflection, which is the case in the indexed diffraction spectra
(Extended Data Fig. 2a), based on the result that the self-consistent
indexing methodology outlined above provides.

In terms of extracting the phase fraction of the tetragonal and
orthorhombic phases, although Rietveld refinement has been applied
to grazing-incidence X-ray diffraction of thick (10 nm) Zr:Hf0,* to
determine the orthorhombic phase fraction, that methodology can-
notbeappliedintheultrathinregime, as the films are highly oriented,
as opposed to fully polycrystalline (Extended Data Fig. 2b), whichisa
requirement to apply Rietveld refinement.

Regarding strain effects: strain-induced ferroelectricity in antiferro-
electricsis akey consideration; strain-induced ferroelectricity hasbeen
predicted in ZrO,?, which is indeed what we observe in certain lateral
regions of our film. From the cross-sectional TEM (Fig. 1d, Extended
DataFig.2e,f), the presence of both the FE orthorhombic Pca2, phase
grains and AFE P4,/nmc tetragonal phase grains can be locally identi-
fied to persist throughout the entire HZH thickness. Considering that
the 2-nm HZH heterostructure has distinctlayers (evidenced by XRR,
EELS and XPS characterization in Extended Data Fig. 1), that means
the middle ZrO, layer has local regions where it is stabilized in the FE
orthorhombic phase, and other local regions where it is stabilized in
the AFE tetragonal phase.

Regarding structural indicators of such strain effects, again we look
to the measured dy;, (O phase) and d,, (T phase) lattice spacings for
the ~2-nm HZH film—structural markers for distortion and strain in
this fluorite-structure system'. Note that truly stress-free values can-
not be obtained because bulk ferroelectricity is not stabilized in this
material system, so we compare against DFT values*for HfO,, ZrO, and
Zr:Hf0, (HZ0)*, which closely match experimental values for thicker
HfO,-ZrO, ferroic films®’.

In particular, the FE O-phase d,;-spacing for HZH (3.09 A) is larger
than typical values for thick FE HZO films (2.95 A)?, demonstrating that
the individual HfO, and ZrO, layers in the HZH multilayer are in fact
strained, thatis, have increased rhombic distortion. This is consistent
withtheultrathinenhanced lattice distortions trend observed in previ-
ous ALD-grown highly oriented orthorhombic FE HZO films®, as well as
epitaxial orthorhombic FEHZO films®®. On the other hand, we observe
that the d spacing for the tetragonal (101) reflection (2.95 A) is nearly
the same as is expected for prototypical AFE T-phase ZrO, (2.94 A)*.
This is expected: when the tetragonal phase is strained, it transitions
tothe lower-symmetry orthorhombic phase as opposed to remaining
in the tetragonal phase, as it does not have the same tolerance of the
FE O phase tomaintainits symmetry when strained. Consequently, the
larger d spacing is always attributed to the FE O phase, as confirmed



by self-consistent indexing to higher-order reflections (Extended
Data Fig. 2a). These diffraction-based d spacings are confirmed by
cross-sectional TEM (Extended DataFig. 2e, f). Furthermore, the pres-
ence of the ZrO, layer developing ferroelectricity is supported by the
presence of orbital polarizationat the Zr L edge from synchrotron X-ray
linear dichroism (Extended Data Fig. 2c).

X-ray absorption spectroscopy. Hard and soft synchrotron X-ray
spectroscopy (Extended Data Fig. 2c) was measured at beamline
4-ID-D of the Advanced Photon Source, Argonne National Laboratory
and Beamline 4.0.2. of the Advanced Light Source, Lawrence Berkeley
National Laboratory, respectively. Spectroscopy measurements were
taken at the oxygen K edge (520-550 eV), zirconium M; , edge (325~
355 eV), hafnium M; edge (2,090-2,150 eV), and zirconium L ; , edge
(2,200-2,350 eV). X-rays were incident at 20° off grazing. XAS (XLD)
was obtained from the average (difference) of horizontal and verti-
callinearly polarized X-rays. To eliminate systematic artefactsin the
signal that drift with time, spectra measured at ALS were captured
with the order of polarization rotation reversed (that is, horizontal,
vertical, vertical and horizontal) in successive scans, in which an el-
liptically polarizing undulator tuned the polarization and photon
energy of the synchrotron X-ray source®’. Spectra measured at ALS
were recorded under total electron yield (TEY) mode® from room
temperature down to 100 K. Spectra measured at APS were recorded
under various modes: total electron yield (TEY), fluorescence yield
(FY) and reflectivity (REF).

Ferroic phase identification from spectroscopy. X-ray spectroscopy
provides various signatures to distinguish the competing FE or-
thorhombic (Pca2,) and AFE tetragonal (P4,/nmc) phase. Simulated
XAS spectra at the oxygen K edge (Extended Data Fig. 3d) for ZrO, in
the various fluorite-structure polymorphs (orthorhombic Pca2, and
tetragonal P4,/nmc) were computed through the Materials Project®
open-source database for XAS spectra®. The T-phase (P4,/nmc) non-
polar distortion (D,,,, 4-fold prismatic symmetry) from regular tetra-
hedral (T, full tetrahedral symmetry) fluorite-structure symmetry
does not split the degenerate e-bands (d,2_2, d3,2_,2), as confirmed
by experiment® and the aforementioned XAS simulations®. Meanwhile,
the O-phase (Pca2,) polar rhombic pyramidal distortion (C,,, 2-fold
pyramidal symmetry) does split the e-manifold based on crystal field
symmetry, providing a spectroscopic means to distinguish the T and
O phases. The additional spectroscopic feature present between the
main e and ¢, absorption features due to orthorhombic symmetry-
lowering distortionisillustrated by its crystal field diagram (Extended
DataFig.3b). This provides aspectroscopic fingerprint for phaseiden-
tification beyond diffraction which can often be ambiguous owing to
the nearly identical T-phase and O-phase lattice parameters. For the
2-nm HZH trilayer, the experimental O K edge XAS spectra demon-
strates tetrahedral and rhombic splitting features closely matching
the polar O phase (Pca2,) emerge slightly below room temperature,
indicative of the mixed tetragonal-orthorhombic to orthorhombic
phase transition upon cooling. This temperature-dependent tetrago-
nal-orthorhombic structural evolution is expected for fluorite-struc-
ture thin films® and is consistent with temperature-dependent ca-
pacitance measurements (Extended Data Fig. 3f). Further XAS phase
identification details are provided in previous work on ultrathin Zr:HfO,
films®.

X-ray photoelectron spectroscopy. Angle-resolved photoelectron
spectroscopy (ARPES) was performed using a PhiVersaprobe Ill at the
Stanford Nano Shared Facilities (Extended Data Fig.1d). Amonochro-
maticaluminium source was used to give a photon energy of 1,486.6 eV.
Datawere fitted and analysed using CasaXPS. Angle-dependent XPS at
variousincident grazing angles enabled depth-resolved composition
analysis to help confirm the HZH multilayer structure.

Dielectric measurements

MOS capacitance. Capacitance-voltage (C-V) measurements were
performed using acommercial Semiconductor Device Analyzer (Agi-
lent B1500) with a multi-frequency capacitance measuring unit (MF-
CMU). 19-pm W tips (DCP-HTR 154-001, FormFactor) made electri-
cal contact within a commercial probe station (Cascade Microtech);
voltage was applied to the W top electrode and the lightly doped Si
bottom electrode was grounded. To eliminate contributions from
series and parasitic resistances, frequency-dependent C-V measure-
ments were performed. In particular, C-V data were analysed at two
frequencies (100-500 kHz regime) to allow for the extraction of ac-
curate frequency-independent C-Vviaathree-element circuit model
consisting of the capacitor and the parasitic series and parallel resis-
tors®. The frequency-independent capacitance is given by

- f1CA+DY)~f5C,1+D)
fi-f

where C;and D; refer to the measured capacitance in parallel mode
(C,-R,) and dissipation values at frequencies f.. The dissipation factor
is given by D=-cotf, where @ is the phase. To maximize the accuracy
of this method, it is important the dissipation factors are small («1)
atthe frequencies chosen; therefore, high frequencies were selected.

’

Permittivity extraction. The permittivity of Al,O; and HfO, dielectric
layers was extracted from thickness-dependent MOS C-V measure-
ments on lightly doped p-substrates (Extended Data Fig. 6). In the ac-
cumulation region of the MOS C-Vmeasurements, the MOS capacitor
can be modelled as three capacitors (Al,O; or HfO, dielectric layer,
SiO, interlayer, and Si space charge layer) in series using the following
equation

1 1 - 1 (tphy5+ tCLGSiOZ}
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where t,, is the thickness of the high-x (Al,O, or HfO,) layer, tgi“gj is
the physical SiO, thickness, and ¢, is the charge-layer thickness in
silicon. The physical SiO, thickness is constant across all the thick-
ness series (Al,0; and HfO, single layers). Additionally, the capaci-
tance values were extracted at various values of fixed charge (Q=0
to -3 pC cm™) which ensures that the charge-layer thickness is con-
stant across all thicknesses and in the accumulation region. There-
fore, the inverse capacitance at a fixed charge as a function of film
thickness should resultinaline and the permittivity can be extracted
from the slope. This yielded extracted permittivities of 9 and 19 for
the Al,0; and HfO, thickness series, respectively, as expected for
these systems. Note that for the HfO, thickness series, thicknesses
of 6 nmand higher were used to ensure HfO, stabilizes in the dielec-
tric monoclinic phase (x = 18)*. Similarly, the permittivity of the HZH
heterostructures was extracted from thickness-dependent MIM
C-Vmeasurements (Fig.2b). Theinverse capacitanceis alinear func-
tion of the film thickness, and the permittivity can be extracted from
the slope.

Electrical interlayer thickness extraction. The thickness of the SiO,
interlayer was determined not only by TEM (Extended Data Fig. 6a),
butalso electrically via C-Vmeasurements of both dielectric HfO,and
Al,O;thickness series on SiO,-buffered Si (Extended DataFig. 6f). The
inverse capacitance at a fixed charge as a function of dielectric thick-
ness should result in a line and the capacitance-equivalent thickness
(CET) of the SiO, interlayer and Si charge layer can be extracted from
the y intercept. By extracting the CET at different charge values, the
Q-Vrelation of the SiO, interlayer and Si charge layer canbe calculated
through the following equation
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where V,, is the flatband voltage (Extended Data Fig. 6b, d). To confirm this
methodology, another method for determining the Q-Vrelation of the
SiO, interlayer and Sicharge layer was extracted fromthe Q-Vrelations of
boththedielectricHfO,and Al,O, thickness series. At afixed charge, the
corresponding voltage values of each thickness werefitted toaline and
the yintercept corresponds to the voltage value for the SiO, interlayer
and Sichargelayer Q-Vrelation (Extended DataFig. 6c, e). Asexpected,
both methods lead to the same extracted Q-V relation (Extended Data
Fig. 6¢, e), corresponding to 8 A EOT (Extended Data Fig. 6f)—close to
the SiO, physical thickness of 8.5 A obtained via TEM (Extended Data
Fig. 6a)—based ontechnology computer-aided design simulation (TCAD)
Q-Vrelations of different SiO, thicknesses on lightly doped Si.

Hysteretic C-V measurements. Capacitance-voltage (C-V) measure-
ments on MIM capacitors were performed using acommercial semicon-
ductor device analyser (Agilent B1500) with amulti-frequency capaci-
tance measuring unit. 19-um W tips (DCP-HTR 154-001, FormFactor)
made electrical contact within a commercial probe station (Cascade
Microtech); voltage was applied to the W top electrode, and the W
bottom electrode was grounded.

Electrical characterization

Benchmarking to HKMG literature. In Fig. 3b, the leakage-equivalent
oxide thickness (J;-EOT) scaling of the negative capacitance multilayer
gate stack benchmarked against reported HKMG literature includes
references taken frominterlayer-scavenged 2-nm Hf0,'**% (red), high-x
doped Hf0,”(grey), and SiO,/poly-Si® (black). InFig. 3¢, the raw mobil-
ity of long-channel transistors integrating the negative capacitance
multilayer gate stack (blue) is benchmarked againstindustry-reported
long-channel transistors integrating standard 2-nm HfO, high-x dielec-
tric gate stacks (red) of various EOT*., In Extended Data Fig. 8d, the
normalized mobility versus EOT scaling of the negative capacitance
multilayer gate stack benchmarked against reported HKMG literature
includes references taken from interlayer-scavenged 2-nm HfQ,'¢"%*
(red) and hybrid silicate-scavenged interlayer' (magenta). In Extended
DataFig. 8d, inset, the SiO, interlayer thickness versus EOT scaling
scatter plot considers the 7.0-A EOT HZH trilayer to HKMG references
which use interlayer scavenging to reduce EQT*?65¢,

Transistor transfer and output characteristics. Transistor /,-V, and
1,-V, characterization of short-channel and long-channel transistors
were performed using a commercial semiconductor device analyser
(Agilent B1500). 19-um W tips (DCP-HTR 154-001, FormFactor) made
electrical contact within acommercial probe station (Cascade Micro-
tech); voltage was applied to the gate and drain contacts, whereas the
source and Si substrate were grounded.

Mobility extraction. The low-field transistor mobility for SOl transis-
tors integrating ~2-nm HZH ferroic multilayers and standard high-x
HfO, gate stacks of the same physical thickness (Fig. 3¢, Extended
Data Fig. 8c¢) is calculated on the basis of the channel resistance (R,
andinversion sheet charge density (Q,,,), which are extracted respec-

tively from transfer characteristics (/4-V,,, Extended Data Fig. 8b; V,
gate-to-source voltage) and from theintrinsic gate capacitance-voltage
(Cyg versus Vi, — Vg, Extended Data Fig. 8a) measurements. Given the
deviceaspectratio of channellength (L) and channel width (W), we have

1
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First, the channel resistance is extracted at 50-mV drain-to-source
bias (V) by subtracting the parasitic resistance (R,) from the measured
drain-to-source resistance (Ry,).

Rds( N =RV, )+Rp.

I(V)

where R, is ascribed to the resistance of the source and the drain
contacts and the n+ extension regions that are extrinsic to the chan-
nel region. When the overdrive voltage (V,, = V,, - V1, where V;is the
threshold voltage) is sufficiently large, R, is known to be inversely
proportional to V,,. Therefore, R, can be extracted using a linear
extrapolation of the Ry, —1/V,, relationship, which is derived from the

Vs (Extended DataFig. 8b) from which V; canbe characterized with
the max-g,, method. Second, the C,, versus V,, - V, (Extended Data
Fig. 8a) is integrated and normalized to the channel area to estimate
theinversion charge.

Qinv( ) Igs C 8s*

Finally, we combine the above characterizations to obtain the effec-
tive mobility (Fig. 3c and Extended Data Fig. 8c).

Transconductance extraction from d.c. measurements. The meas-
ured transconductance (g, =8/,/0V,) and the output conductance (g4, =
al,/0V,,) are affected by the series resistance on the source (R,) and the
drainsides (R,), as they reduce the voltage drops onthe channel region,

Vgs,i: Vgs —I4Rs,

Vas,i= Vas~la(Rs + Ry),
where V,,; and V,,; are the gate-to-source and the drain-to-source
voltages intrinsic to the channel, respectively. R, = Ry~ R,/2 because
the transistor is symmetric. R, can be extracted from the Ry — 1/V,,
relationships as discussed in Methods section ‘Mobility extraction’.
Besides, devices with different gate length (L;) series are fabricated
onsilicon-on-insulator (SOI) wafers, which enables another extraction
method with R,—Lrelations. At low V and agiven V,,, Q;,, and yi.are
unchanged across different L;if short-channel effects are not consider-
able, making R, proportional to the channellength. Such conditionis
confirmed by the consistency of V;across measured L; (Extended Data
Fig.10a). Therefore, the L; offset as well as the R, can be found at the
intersection of the linear relations of R,—L, with different V/,, (Extended
DataFig.10c). Thetwo R, extraction methodsyield consistent results.
The following equationis solved to extract the intrinsic g,; = 0/,/0V,
and gy, = 0l,/0V,,; without the degradation due to R;and R.

1-g.Rs —8,(Ri*+Ra) |8, _(gm]

_gdsRs l_gds(Rs+Rd) 8s.i 8us)’
where g, and g4, are measured, and R,= Ry~ R,/2 from the
above-discussed characterizations. Using this methodology, the

intrinsic g, ;and intrinsic g, are extracted (Fig. 3g and Extended Data
Fig.10d, e).

gs,i

Transconductance extraction from radio-frequency measure-
ments. Scattering parameters (S parameters) for L; =1 pum bulk
transistors (henceforth referred to as the device under test, DUT)
atvarious d.c. biases as well as open and short structures (Extended
Data Fig. 9a) are measured using a Keysight E8361C network ana-
lyserin conjunction with aKeysight 4155C semiconductor parameter
analyser. The devices were measured using low-contact-resistance
Infinity Series probes. To calibrate the measurement setup, a



line-reflect-reflect-match (LRRM) calibration was performed with
a Cascade Microtech Impedance Standard. Following calibration,
S parameters were measured for each of the DUT, open and short
structures. These measured S parameters were converted to admit-
tance parameters (Y parameters), Ypyr, Yopen and Yoo TO remove the
effects of parasitic shunt pad capacitance and series pad resistance
andinductance of the DUT, the following de-embedding process was
followed. First, to decouple the effect of shunt parasitic capacitances,
the Y parameters of the openstructure (Y,,.,) are subtracted from the
Y parameters of the DUT and short structure, and then are converted
toimpedance parameters (Z parameters):

Z=(Ypur— yopen)_l'
ZZ = (Yshort - Yopen)il'

Next, todecouple the effect of series pad resistance and inductance
of DUT, Z,is subtracted from Z; and the resulting difference is converted
back to admittance parameters, Y,

Yeorr = (Zl - ZZ)_I'

Y.or: represents the de-embedded admittance parameters of the
DUT. This de-embedding procedure is schematically represented in
Extended Data Fig. 9a.

Toextractthe transconductance (g,,,) from the de-embedded admit-
tance parameters, asmall-signal model of the transistor was assumed
(Extended Data Fig. 9b). Under this small-signal model, the Y param-
eters can be written in terms of model parameters and frequency
(assuming R, =Ry=0, Cyq = Cy + Gy, and 42C2 R < 1)

Yu=4T2CER [ +j21fCyy,

Vip= = 4T2CyqCyoRy f —j211fCyy,
Vor=8py = 40 CouCygRe f” +/211f (Cyq+ 8, ReCog).
Vyp= 8y, +ATC R (Coa* Cogl, Re)

+j21f (Cys + Coq+ Ca 8, Ry)-

Thetransconductance (g,,,) cantherefore be extracted atafixed d.c.
bias via the following relation (Fig. 3h, Extended Data Fig. 9¢).

&, =Re(Yy)l 2.

Reliability. Positive-bias temperature instability (PBTI) measurements
were performed on bulk nMOSFET devices integrating the ~2-nm
mixed-ferroic HZH and conventional high-k dielectric HfO, gate stacks
at 85 °C at electric fields up to 9 MV cm™ (Extended Data Fig. 8f, g).
A measure-stress-measure (MSM) voltage scheme (Extended Data
Fig. 8e) was used to apply the PBTI bias, where the drain current was
measured with aminimized delay time (600 ps) at V,, = 50 mV to mini-
mize the recovery effect””. The measured drain current was then con-
verted to a AV, shift by comparingit to the drain current measured on
thevirgin device. Additionally, the time exponent, n, was extracted by
noting that®” AV; = At". The extracted time exponent, n, was found to
similar to those reported in literature for high-x HfO, stacks®’, whichiis
expected considering the reliability characteristics are predominantly
determined by the interfacial oxide and interfacial-high-x interface*’;
both stacks with different EOT have HfO, sitting on the same SiO, in-
terfacial (Extended Data Fig.1). Furthermore, the d.c. lifetime®—the
stress time needed to induce a 50-mV AV; shift—was extracted as a
function of electric field from the PBTI measurements for the HZH

and HfO, gate stacks. Both HZH and HfO, show comparable rates of
degradation as a function of field (Extended Data Fig. 8h), which is
expected for the aforementioned reasons related to the consistent
SiO, interfacial.

Additionally, the extracted time exponent for HZH (n=0.14,
Extended Data Fig. 8f) is closer to the ideal value®” of n=0.16 com-
pared to HfO, (n = 0.10, Extended Data Fig. 8g), indicating that there
are initially a smaller number of interface traps for HZH. When field
stressisapplied, trap generation accelerates until the number of traps
reaches a certain threshold beyond which it eventually saturates.
Asaresult, therelative degradationis larger for HZH at smaller fields,
although the absolute degradation is always slightly smaller than
HfO,. This can also be seen directly from the extracted d.c. lifetimes
(Extended Data Fig. 8h) as the d.c. lifetime is slightly better for HZH
atintermediate field stresses before it becomes similar to HfO, at
high field stresses. We again note that extracted n values are similar
to what has beenreported in literature for HfO,-based high-x metal
gate stacks®’.

Stress measurements were also performed on lightly doped p-type
MOS capacitors with the ~2-nm mixed-ferroic HZH and conventional
high-k dielectric HfO, gate stacks at room temperature (Extended Data
Fig. 8i,j) at V,— Vg, =-1V. The stresses were applied again with a MSM
voltage scheme, where the accumulation C-Vwas measured inbetween
biasapplicationat 500 kHz. The stress-induced effect was found tobe
minimal (Extended DataFig. 8i,j) and no EOT degradation was observed
after10°s of stress at V, - V;, =-1V (Extended Data Fig. 8i, j).

Charge boost measurements. Pulsed charge-voltage measure-
ments (Extended Data Fig. 7) were conducted on p-Si/SiO, /HZH
(2nm)/TiN/W capacitor structures to extract the energy landscape
of the ferroic HZH heterostructure, following the measurement
scheme detailed in previous works?**®7°, The capacitor structures
were connected to an Agilent 81150A pulse function arbitrary noise
generator and the current and voltage was measured through an
InfiniiVision DSOX3024A oscilloscope with 50-Q and 1-MQ input
impedances, respectively. Short voltage pulses (500 ns) with in-
creasing amplitudes were applied to the capacitor (Extended Dat
a Fig. 7c). From the integration of the measured disch
arging current, a charge versus voltage relationship was extracted
(Extended Data Fig. 7d). The voltage was calculated by max(V - IR),
where Visthe applied voltage pulse, /isthe measured current, and R is
acombination ofthe oscilloscope resistance (50 Q) and parasitic resist-
ances associated with the set-up and lightly doped substrate (220 Q).
Fastvoltage pulses were applied in order to minimize charge injection
into the FE-dielectric interface, which could mask the observation
of the negative capacitance regime?*®, Additionally, short voltage
pulses help prevent electrical breakdown of the SiO, layer. The Q-V
relation of the series capacitance of the SiO, interlayer and Si charge
layer was determined via thickness-dependent C-V measurements
of Al,0; and HfO, (Extended Data Fig. 6, Methods section ‘Electrical
interlayer thickness extraction’), which corresponded to 8-A SiO, on
lightly doped Si. The charge boost was calculated by integrating the
difference between the Q-Vrelations of the2-nmHZH heterostructure
and the series combination of the SiO, interlayer and the Sicharge layer
(Extended DataFig. 7e).

To determine the polarization-electric field (P-E;) relation of just
the 2-nmHZH heterostructure (Extended Data Fig. 7f), the electric field
across the ferroic HZH heterostructure was calculated by subtracting
the voltage across the series capacitance of the SiO, interlayer and Si
charge layer (V,) at afixed charge value,

1
E:= ;(V— Vy),

where tis the thickness of the HZH heterostructure.



Modelling
Energy landscape considerations. One can write the total free energy
(F) of the system as:

F:j (fl;ulk +ft;las +J‘;Iec +férad )dV,
4

where Vis the volume, f,, is the bulk free energy (Landau), f,,, is the
elastic energy density, f,.. is the electrostatic energy density, and f,,,4
is the gradient energy density.

Forthelaterally arranged mixed FE-AFE phase present in our mate-
rial, all of the above terms are important, especially the gradient
terms, which are by default present owing to the mixed polar-nonpo-
lar (FE-AFE) phase distribution. Additionally, heterogeneous elastic
energies in structurally inhomogeneous systems—such as our mixed
orthorhombic-tetragonal (FE-AFE) system—have been shownto desta-
bilize long-range polarization, leading to suppressed polarization and
aflattened energy landscape®”. Furthermore, considering that the
polarizationinour films has anin-plane component (as describedin the
text), this leads to an additional depolarization field on the FE grains,
similar to an FE-dielectric heterostructure (albeitin the in-plane direc-
tion). Atlow electricfields, the mixed FE-AFE behaviour is analogous to
anFE-dielectric (polar-nonpolar) heterostructure—owing to the non-
polar parent structure of fluorite-structure antiferroelectricity—which
hasbeen showntoimpart depolarization fields on the FE layer®72. The
laterally intertwined nonpolar-polar phases present in the ultrathin
HZH heterostructure are conducive to flattening the FE energy land-
scape through the aforementioned depolarization fields** > (Fig. 1a).

Overall, the above contributions all lead to asuppression of the bulk
polarization via depolarization fields. As it has been shown?*%, the
depolarizationfield essentially flattens the bulk energy landscape for
the FE (E4 < —P,henceE - P > 0) and leads to a permittivity enhancement
(£°< (0*F/0D*)™). Depolarization field-induced flattening of the energy
landscape is also the underlying physics of the negative capacitance
effect26'27'29'30'49.

Technology computer-aided design simulations. The measured C-V
curvesare calibrated to Sentuarus technology computer-aided design
simulations (TCAD) device simulator which solves the electrostatics,
electron and hole transport, and the quantum confinement effect
self-consistently’®. MOS capacitors with 10” cm™ p-type substrate dop-
ingand planar SOIMOSFETs are simulated with finite-element methods.
The EOT and the metal work function (¢,,) are the only two parameters
that are fit to the MOS capacitor measurement results, yet the slope
of the accumulation capacitance can be successfully captured by the
model (Fig. 2f, Extended DataFig. 6). Similarly, the intrinsic C,, versus
Vg — Vi extracted from SOl transistors can be successfully model by
the TCAD model with appropriate EOT and ¢, (Extended Data Fig. 8a).

Atomic-scale HZH mixed-ferroic heterostructure

Thickness limits and atomic-scale heterostructures. Recent per-
spectives on HfO,-based ferroelectricity for device applications®™*””
posed the technological challenges stemming from thickness limit
concerns of HfO,-based ferroelectricity, and thereby, negative capaci-
tance. Theuse of short-period superlattices, thatis, nanolaminates, is
common in the high-k field to enhance permittivity’® % in particular,
rutile-structure TiO, is often paired with fluorite-structure HfO, and/
or ZrQ, in dynamic random-access memory (DRAM) capacitors®.
Recently, fluorite-structure nanolaminates were used to tune the FE
behaviour of HZH films®*%, However, all of these works have studied
nanolaminates with thick periodicity, going as thin as 10 ALD cycles
(-1.1nm) per superlattice sublayer®*. In this work, we scale down to a
muchthinner thickness limit while still maintaining physical separation
of the individual layers (Extended Data Fig. 1). The reasoning behind

using a short-period superlattice structure to scale down the ferroic
behaviour of HZH rather than simply thinning down a solid solution
stems from the notorious thickness-dependent FE behaviour in Zr:HfO,
at fixed composition®**¢* Here, the use of nanolaminated structures
can help provide thickness-independent scaling of ferroic order, as has
been previously demonstrated to overcome the upper thickness limit
of HfO,-based ferroelectricity®®. The persistence of high capacitance
for these 2-nmfilmsis notable considering that other high-k dielectric
systems suffer from considerable permittivity degradationinthe thin
film (sub-10 nm) regime, particularly TiO,- and SrTiO;-based oxides®*®.
Sustaining the mixed ferroic order underlying negative capacitance to
the2-nmregimeis extremely relevant for advanced technology nodes®®
which budget only ~2 nm for the oxide layer.

Iso-structural polycrystalline multilayer. Previous attempts to het-
erostructure FE Zr:HfO, with dielectric Al,0,2°%°° failed to demonstrate
capacitance enhancement, whichwas attributed to the fixed charges at
the FE-dielectricinterface. These charges can screen the FE polariza-
tion, pushing the stable point of the energy well to one the minimum
points, and thereby preventing stabilization of negative capacitance
regime via depolarization fields from the dielectric. Here, the use of
iso-structural HZH to serve as both the nonpolar (AFE) and polar (FE)
layers and leveraging the high (low) onset crystallization temperature
of HfO, (ZrO,) on Si*°, enables interfaces with diminished defects, al-
lowing for the polar layer to experience the depolarization fields and
stabilizein the ‘forbidden’ negative capacitance regime. Regarding the
polycrystalline nature of the ultrathin multilayers, it has been experi-
mentally*® and theoretically® established that negative capacitance
canbestabilized in the presence of FE domains, as recently reviewed’.
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Extended DataFig.1|Atomic-scale multilayer structure. a, Schematic of the
HfO,-ZrO, multilayer structure on SiO,-buffered Si. b, Synchrotron X-ray
reflectivity (XRR) of thicker HZH heterostructures (left) repeated with the
same periodicity as the thinner trilayer structure; XRR fitting (right)
demonstrates the presence of well separated HfO,-ZrO, layers, that s, nota
solid solution, for three different multilayer repeats of fixed periodicity, all
approximately following the expected 4 A-12 A-4 AHZH structure.
c,Layer-resolved electron energy loss spectroscopy (EELS) of the 2-nm HZH
trilayer, demonstrating clear separation of HfO,and ZrO, layers. The exact

Binding Energy (eV)

layer thicknesses are extracted from XRR, which spansawider sample
footprint, rather than the local EELS measurementin which the apparent width
increase canbe due tobeamspreading and local thickness variation.

d, Angle-resolved X-ray photoelectric spectroscopy (XPS) of the 2-nm HZH
trilayer (left) and the extracted atomic composition (right). The presence of
increasing Zr content as the grazing angle increases is expected from the
multilayer structurein which Zr contentincreases after the surface Hf-rich
layer. Therefore XRR, EELS and XPS dataallindicate the presence of amultilayer
structure in which the HfO, layer is directly on the SiO, layer.
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Extended DataFig.2|Ferroic phaseinsights fromstructural

characterization. a, Left, in-plane synchrotron grazing-incidence diffraction

(IP-GiD) of abare 2-nm HZH trilayer indexed to the tetragonal P4,/nmc and
orthorhombic Pca2, phases. Right, magnification of the spectrum about the
orthorhombic (111), and tetragonal (101), reflections, confirming the
co-existing structural polymorphsin the 2-nm film. These two peaks were
differentiated via self-consistentindexing of the entire spectrum, in which
interplanar lattice spacings—determined from the {200}, family of
reflections—closely match the d spacings for all other reflections—(111),,
(120),, (211),, (202),—determined by Bragg’s law (Methods).

b, Two-dimensional reciprocal space map of the bare 2-nm HZH trilayer,
indexed by integrating the diffraction spectrum. The lack of fully
polycrystallineringsillustrates that the 2-nm HZH trilayer is highly oriented,

0.0 04 08 12 16 20 24

08

x [nm] X [nm]

consistent with TEMimaging. ¢, Synchrotron spectroscopy (XAS) of the bare
2-nmHZHtrilayer at the Hf M; edge (left) and Zr L, , edge (centre); right, the
presence of linear dichroism (orbital polarization) provides further evidence
of symmetry-breakinginthese oriented thin films.d, Second harmonic
generation (SHG) mapped acrossthe bare2-nmHZH trilayer; the presence of
SHG intensity confirms brokeninversion symmetry in these ultrathin ferroic
films. e, f, Additional cross-sectional TEM providing complementary evidence
ofthe tetragonal P4,/nmc (e) and orthorhombic Pca2, (f) phases, in which the
extracted (101), lattice spacing (-2.95 A) and (111), lattice spacing (-3.08 A)
extracted fromIP-GiD are consistent with the average lattice spacings
extracted from the periodicity of the TEM-imaged planes. The white scale bars
inallthe TEMimagesrepresentlnm.
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Extended DataFig. 4 |Solid solutions versus superlattice structure: role of
ALD period and Zr content. a, Schematic of HZH multilayer and Zr-rich
Hf:ZrO,solid-solution films. With shorter ALD periods, the mixed FE-AFE
multilayer structure transitions towards a Hf:ZrO, solid solution with AFE-like
behaviour.Inthesolid-solution state, the loss of the mixed ferroic order yields
diminished capacitance, owing to the lack of mixed-ferroic-induced
capacitance enhancement (Fig.1a). b, MOS accumulation C-Vofthe HZH
trilayer (60% Zr) compared to solid-solution films of the same thickness (2 nm)
and composition (60% Zr), as well as solid-solution films of the same thickness
and higher Zr composition (67%-100% Zr). c, MIM C-Vhysteresis loops of the
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HZH superlattice (60% Zr) compared to solid-solution films of the same
thickness (6 nm) and composition (60% Zr), as well as solid-solution films of the
same thickness and higher Zr composition (67%-100% Zr). Hf:ZrO,
solid-solution films with higher Zr content (60%-75%) are around the range
attributed to the ‘MPB’ in thicker Hf:ZrO, alloys**%?°"%3, These results indicate
that the capacitance enhancementin multilayer filmsis not simply driven by Zr
content®??5763 putinstead the atomic-scale stacking, as the solid-solution
films with subatomic superlattice period do not demonstrate the same
mixed-ferroic behaviour and enhanced capacitance as the superlattices.
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Extended DataFig.5|Solid solutions versus superlattice structure: role of
annealing temperature. a, Schematic of HfO,-ZrO, multilayer and Hf:ZrO,
solid-solution films. Under a high-temperature anneal, the multilayer structure
transitions towards a Hf:ZrO, solid-solution-like structure demonstrating
more FE-like behaviour. The solid-solution state yields diminished capacitance
owingto thelack of both the higher-permittivity AFE phase and the
mixed-ferroic-induced capacitance enhancement (Fig. 1a). b, Comparison of
MOS capacitor accumulation C-Vcharacteristics in HZH multilayers, where the
superstructure was repeated (left) one, (centre) two, or (right) three times,
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under bothlow-and high-temperature anneals. ¢, Comparison of mixed-ferroic
behaviourinlow-temperature treated MIM HZH multilayers versus FE
behaviourinthe same multilayers annealed at high temperatures, where the
superstructure was repeated (left) three, (centre) four, or (right) five times. In
allinstances, the high-temperature anneal (>500 °C) results in diminished
accumulation capacitance compared to the low-temperature anneals, as the
multilayered mixed-ferroic films presumably transition to more FE-like
solid-solution alloys.
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6 |SiO, interlayer thickness. a, Wide field-of-view (FOV)
cross-sectional TEM images of the HZH multilayer structure and its
correspondingintensity linescan (bottomright) averaged across the entire
top cross-sectionalimage FOV (-150 nm, teal-coloured box). Note the vertical
teal-colouredlinesintheintensity line scan correspond to the inner teal-
colouredboxinthe wide-FOVimage, which delineate the SiO, interlayer
boundaries. The bottom cross-sectional TEM image highlights the thin SiO,
interlayer (white region) without obfuscation by the teal-coloured box. A
physical SiO, thickness of 8.6 A is extracted from analysis of the averaged
intensity line scan of the wide FOV TEM (Methods). b, d, C-Vmeasurements of
HfO, (b) and Al,O; (d) thickness seriesin MOS capacitor structures (left),
extracted inverse capacitance versusthickness at different charge values
(centre), and extracted Q-Vrelation Si charge layer and SiO, interlayer (SiL;

right), which fits to TCAD simulations for 8.0 A SiO,. The SiL Q-Vrelation was
found by integrating the extracted capacitance equivalent thickness of SiL
versus charge (right, inset). This electrical interlayer thickness (8.0 A) is slightly
less than the physical thickness determined by TEM (8.6 A). As asanity check,
the extracted permittivity from this methodology for HfO, and Al,O,
correspondsto19and9, respectively, asis expected (Methods section
‘Permittivity extraction’). c, e, Q-Vcurves for HfO, (c) and Al,O; (e) thickness
series obtained fromintegrating MOS C-V'measurements (left), extracted
voltage versus thickness at various charge values (centre), and extracted Q-V
relation of SiL (right). The SiL Q-Vrelationis consistent with the Q-Vrelation
extracted from the C-V data (inset). f, Consistency in the SiL Q-Vrelation
extracted from the C-Vdatafrom both the HfO,and Al,O; thickness series,
whichboth fit to 8.0 ASiO, interlayer thickness.
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Extended DataFig.7|Capacitance and charge enhancement.a, MOS charge ofthe MOS layer (top) compared against the extracted charge of the Si
schematic of the 20 AHZH mixed-ferroic trilayer sample on lightly doped Si charge layer plus SiO, interlayer (SiL) derived electrically (Extended Data
(10" cm™) considered for the following C-Vand pulsed /-Vmeasurements. Fig. 6f). The charge boost (bottom) presentinthe total MOS structure (SiL plus
b, Accumulation C-Vcurves for 2-nm HZH grown on sub-nm SiO, fit to HZH capacitors) compared to just the SiL is a signature of negative
equivalent oxide thickness (EOT) simulations (Methods). Inset, externally capacitance®*®.f, The polarization-electric field (P-E;) relationship for just
verified MOS accumulation C-Vof the same trilayer stack (Methods), the2-nmHZH layer, extracted from the charge-voltage relationshipine. Note
demonstrating 6.5 AEOT. The 2-nm trilayer on top of SiO, demonstrates lower that the presence of anegative slope regime in the extracted P-E; relation
EOT thanthe thickness of SiO, interlayer alone, carefully extracted via physical corresponds to negative capacitance stabilization?**. g, Scatter plot of
(8.5A)and electrical (8.0 A) methodologies (Extended DataFig. 6), providing reported FE-dielectric systems demonstrating capacitance or charge
evidence of capacitance enhancement. ¢, The applied voltage pulse (top), enhancementat the capacitor-level, viaC-Vor pulsed /-Vmeasurements,
measured currentresponse (centre), and integrated charge (bottom) asa respectively. The plot considers fluorite-structure bilayers*®° (red),
function of time for 2-nmHZH in MOS capacitors.d, The maximum charge Q,.,,,  perovskite-structure bilayers*** (blue, BL), and perovskite-structure
theresidual charge Q,.,, and their difference, Q,.,, derived from the charge superlattices***"#8 (blue, SL). This work marks, to our knowledge, the thinnest

versustime curve for each of the voltage pulses (Methods). e, The reversible demonstration of negative capacitance.
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Extended DataFig. 8|See next page for caption.



Extended DataFig. 8| Mobility and reliability. a, Intrinsic C,, versus Vy — V4,
for-20 AHZH and HfO, gate stacks, which fitto 7.5 Aand 9.5 A, respectively,
extracted from SOl transistors. b, /;versus V,, - Vyat V=50 mV for transistors
implementing HZH and HfO, gate stacks. ¢, EOT and mobility (at 5 x 10" cm )
for HZH and HfO,, demonstrating no mobility degradation. d, Normalized
mobility versus EOT for transistorsintegrating the 2-nm HZH mixed-ferroic
gate stack (blue) versus a2-nmHfO, standard high-k dielectric gate stack
(black) of higher EOT, demonstrating no mobility degradation. These results
arealsobenchmarked against reported HKMG literature® implementing
interlayer-scavenged 2-nm HfO, (red). Inset, SiO, interlayer thickness versus
EOT for 6.5 AEOT HZH stack against notable HKMG literature employ interlayer
scavenging?. This scatter plot highlights the underlying reason for the

improved leakage-EOT and mobility-EOT behaviour in the ultrathin HZH gate
stacks: achieving low EOT without reducing the SiO, interlayer thickness.

e, Measure-stress-measure scheme used in PBTI reliability measurements.
f,g, AV, versusstress time for long-channel bulk transistors integrating HZH
(f) and HfO, (g) at varying stress conditions (up to 9 MV cm™), measured at
85°C.Theextracted time exponent, n, is similar to reported high-x HfO,
stacks®, whichis expected considering the similar interfacial (IL) oxide and IL-
high-kinterface*®; both stacks with different EOT have HfO, sitting on the same
SiO, IL (Extended DataFig.1). h, d.c.lifetime (stress time needed toinducea
50 mV AV, shift) versus electric field for HZH and HfO,, demonstrating similar
rates of degradation.i, j, Evolution of MOSCAP accumulation C-Vcurvesasa
function of stress time at astress of Vy, —1Vfor HZH (i) and HfO, (j).
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Extended DataFig.9|Radiofrequency device characterization. Methods. b, Small-signal model for transistor used to extract
a,De-embedding procedure for extracting corrected admittance parameters transconductance (g,,) and total gate capacitance (C,, = Cys + Cy).
(Y.or) by decoupling parasitic shunt capacitance and series resistance and ¢, De-embedded (21tf) 'Re(Y,,) points extrapolated to the zero frequency limit
inductance by measuring scattering parameters for the device under test (dottedlines) to extract the radio frequency g,,.. All datashown were extracted

(DUT) aswellas open and short structures. More details canbe found in frombulk transistors (L;=1pm) integrating the 2-nm HZH ferroic gate stack.
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Extended DataFig.10|Transconductance extraction. a, Threshold voltage
extraction by linear extrapolation for various channellengths. All channel
lengths give nearly constant V; (-0.42 V), satisfying the assumption for the line
resistance method. b, Source/drain series resistance extracted using the1/V,,
method (Methods). By performingalinearinterpolation of the total resistance
for V,,=0.5-0.6 V, the extracted series resistanceis ~500 Q pum. ¢, Source/drain
seriesresistance extracted using theline resistance method (Methods).

Gate Voltage [V]

Thetrendisconsidereddowntol;=90 nm, whichintersectsat~500-

600 Q um—consistent with the1/V,, method—withan L offset of -50 nm.
d, e, Measured (left) and extracted (right) transconductance (d) and output
conductance (e) versus V, for V4 =0.9-1.1V, assuming R, = R; =250 Q pm for

L;=90nm.Thede

-embedding of intrinsic g, ;and g4, ; from extrinsic g, and g,

isdescribedin Methods. All datashown were measured on SOl short-channel
transistorsintegrating the 2-nmHZH ferroic gate stack.
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