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ABSTRACT: Ultrathin Hf1�xZrxO2 �lms have attracted tremendous interest
since they show ferroelectric behavior at the nanoscale, where other
ferroelectrics fail to stabilize the polar state. Their promise to revolutionize
the electronics landscape comes from the well-known Si compatibility of HfO2
and ZrO2, which (in amorphous form) are already used as gate oxides in
MOSFETs. However, the recently discovered crystalline ferroelectric phases of
hafnia-based �lms have been grown on Si only in polycrystalline form. Better
ferroelectric properties and improved quality of the interfaces have been
achieved in epitaxially grown �lms, but these are only obtained on non-Si and
bu�ered Si(100) substrates. Here, we report direct epitaxy of polar Hf1�xZrxO2
phases on Si, enabled via in situ scavenging of the native a-SiOx layer by Zr (Hf),
using pulsed laser deposition under ballistic deposition conditions. We
investigate the e�ect of substrate orientation and �lm composition to provide
fundamental insights into the conditions that lead to the preferential
stabilization of polar phases, namely, the rhombohedral (r-) and the orthorhombic (o-) phases, against the nonpolar
monoclinic (m-), on Si.
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� INTRODUCTION
Ferroelectric hafnia-based thin �lms1 have by now been
established as the most promising materials to realize the
potential of ferroelectric phenomena in real devices.2,3 Their Si
compatibility, simple chemistry, and unique ferroelectricity,
which becomes more robust with miniaturization, is tailor-
made for microelectronics, o�ering ready-made alternatives to
conventional ferroelectrics that lack all these attributes.4�12

Such distinguishing characteristics led to an upsurge in
application-oriented research as well as in curiosity-driven
fundamental research to solve questions such as why these
materials are capable of sustaining the unconventional
ferroelectricity,13,14,23�32,15�22 how these materials negate the
e�ects of depolarization �elds,33,34 and whether such a new
type of ferroelectricity can be replicated in other simple oxide
systems.

A prominent feature of hafnia-based materials is poly-
morphism.35 While the ground state in the bulk HfO2 is a
nonpolar monoclinic (m-, P21/c) phase, a plethora of low-
volume both polar and nonpolar metastable states can be
stabilized at ambient conditions via a combination of strategies
such as cationic and anionic doping,1,15�17,19,22 thermal and

inhomogeneous stresses,36,37 nanostructuring,38 epitaxial
strain,16,19,24,28,30,31,39�42 and oxygen vacancy engineering,43,44

all of which can be suitably engineered into thin-�lm
geometries. Based on �rst-principles calculations23,39,45,46 at
least �ve polar polymorphs (with space groups Pca21, Cc,
Pmn21, R3, and R3m) can be identi�ed as those that can be
experimentally obtained. Owing to its relatively low energy, the
orthorhombic (o-) Pca21 phase is widely observed in hafnia-
based �lms grown via atomic layer deposition (ALD),1,15,25,32

chemical solution deposition (CSD),18 RF sputtering on
Si,26,29 and pulsed-laser deposition (PLD) on selected
substrates.16,21,27,31,40�42 A slightly higher energy rhombohe-
dral (r-) phase (R3m or R3) has been recently observed on
epitaxial Hf1/2Zr1/2O2 �lms grown on SrTiO3 (STO).39 The r-
phase is stabilized by a combination of the large surface energy
induced internal pressure of the nanoparticles and the
substrate-imposed compressive strain. The epitaxial growth
of the r-phase enabled the observation of the highest values of
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spontaneous polarization (Ps = 34 �C/cm2) in HfO2�ZrO2
systems, although they showed larger coercive �elds than �lms
in the polar o-phase.

So far, polar phases have been successfully obtained via
epitaxial synthesis techniques (PLD) on a variety of substrates:
perovskites24,40�42 (including bu�ered STO on Si (001)),42

�uorites,16,27,31 and hexagonal substrates.47 However, the
advantages gained by epitaxy are o�set by the fact that none
of these �lms are grown directly on Si, despite the Si
integrability of hafnia-based systems. It is in this context that
we explore for the �rst time the epitaxy of polar polymorphs in
(1 � x)HfO2�xZrO2 (HZO (x)) �lms directly on Si.

Direct epitaxial growth of oxides on Si is complicated by the
presence of a very thin amorphous native oxide layer, which
prevents the transfer of texture from the substrate to the �lm.
This interfacial layer can be removed prior to deposition
through hydro�uoric (acid etching), which lowers the
crystalline quality.48,49 However, the epitaxial growth of
yttria-stabilized zirconia (YSZ) on Si(100) is a mature
process,50�53 as witnessed by the fact that YSZ-bu�ered
Si(100) substrates are commonly used for the growth of high-
Tc superconductors and other functional layers.54�58 The
problem of native oxide in YSZ on Si is solved via an in situ

scavenging process. Since the formation energy of ZrO2
(Y2O3) is less than that of SiO2, Zr (Y) chemically reacts
with a-SiO2, forming a crystalline seed of ZrO2(Y2O3) directly
on Si, with an epitaxial relation.49,56,59 In other words, the
scavenging process involves one (or both) of the following
decomposition chemical reactions.

SiO Zr Si ZrO2 2+ � + (1)

2SiO Zr ZrO 2SiO2 2+ � + � (2)

As a consequence of this scavenging process, the native SiOx
layer is replaced by ZrO2 (Y2O3). The rest of the YSZ growth
follows the template set by the crystalline ZrO2 seed, formed as
a result of scavenging the native amorphous oxide, resulting in
a very high crystalline quality. The regrowth of the a-SiO2
oxide (backward reactions 1 and 2, upon increasing the
amount of product) and generation of mis�t dislocations
contribute to strain-relaxation in thicker layers of YSZ. Inspired
by the success of direct epitaxy of a sister compound YSZ on
Si, here, we report successful growth of epitaxial polar phases
of HfO2�ZrO2 alloys directly on Si(111) and Si(100).

Table 1. Calculated 2� Values for Di�erent Bragg Spots as They Are Expected in Monoclinic, Rhombohedral, and
Orthorhombic HZO

2� (deg) 200 020 002 111 1�11 11�1 111�
monoclinic 35.47 34.98 34.37 28.49 31.71 28.49 31.71
rhombohedral 35.15 35.15 35.15 30.26 30.33 30.33 30.33
orthorhombic 35.82 34.20 35.09 30.23 30.23 30.23 30.23

Figure 1. Texture and phase analysis on 10 nm (1 � x)HfO2:xZrO2 �lms (t = 10 nm) grown on Si(111). (a) Representative pole �gure obtained at
about 2� = 30° on �lm with x = 0.7, consistent with �111� out-of-plane texture. The three non-out-of-plane {111} poles, P1�P3, arising out of the
�lm are centered at � � 71° and separated in � by 120°. These are highlighted with green circles in the �gure. Rotated 180° from the �lm pattern,
we see weak spots arising from the tail of substrate non-out-of-plane {111} poles at 2� = 28.44°, this time highlighted with blue circles. Pole �gure
symmetry looks similar for x = 0.5 and x = 0.85 (Figure S1). ��2� scans around P1, P2, and P3 for x = (b) 0.5, (c) 0.7, and (d) 0.85. While (b) x =
0.5 shows just the monoclinic {111} peaks, a low-volume phase peak starts evolving from (c) x = 0.7 at 2� � 30.2° and intensi�es at (d) x = 0.85.
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