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(Anti-)ferroelectricity in complementary metal-oxide-semiconductor (CMOS)-compatible binary

oxides have attracted considerable research interest recently. Here, we show that by using

substrate-induced strain, the orthorhombic phase and the desired ferroelectricity could be achieved

in ZrO2 thin films. Our theoretical analyses suggest that the strain imposed on the ZrO2 (111) film

by the TiN/MgO (001) substrate would energetically favor the tetragonal (t) and orthorhombic (o)

phases over the monoclinic (m) phase of ZrO2, and the compressive strain along certain h11-2i
directions may further stabilize the o-phase. Experimentally ZrO2 thin films are sputtered onto the

MgO (001) substrates buffered by epitaxial TiN layers. ZrO2 thin films exhibit t- and o-phases,

which are highly (111)-textured and strained, as evidenced by X-ray diffraction and transmission

electron microscopy. Both polarization-electric field (P-E) loops and corresponding current

responses to voltage stimulations measured with appropriate applied fields reveal the ferroelectric

sub-loop behavior of the ZrO2 films at certain thicknesses, confirming that the ferroelectric o-phase

has been developed in the strained (111)-textured ZrO2 films. However, further increasing the

applied field leads to the disappearance of ferroelectric hysteresis, the possible reasons of which

are discussed. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939660]

Since the first demonstration of ferroelectricity in a

10-nm-thick Si-doped HfO2 thin film in the year of 2011,1

there has been a flurry of interests from the ferroelectric

community in studying HfO2 and its analogue, ZrO2. These

simple binary oxides are highly expected to overcome

the complementary metal-oxide-semiconductor (CMOS)-

integration and scaling issues suffered by conventional per-

ovskite ferroelectrics for the applications of ferroelectric ran-

dom access memory (FeRAM).2,3 It has been reported that

ferroelectricity or antiferroelectricity can exist in a wide

spectrum of HfO2-based thin films, either undoped4 or with

various dopants, such as Si,1,5–7 Zr,8–13 Y,14–17 Al,18 Gd,19

and Sr.20 The origin of (anti-)ferroelectricity in HfO2-based

thin films has been further revealed to be due to the forma-

tion of a polar, orthorhombic Pca21 phase (o-phase).

However, compared to HfO2, ZrO2 has received much less

research attention in terms of (anti-)ferroelectricity. Indeed,

it was just in Mg-doped ZrO2 where the o-phase was first

discovered, although its ferroelectric-related properties were

not studied in that early work.21 It was only recently that

antiferroelectric double-hysteresis loops were observed in

pure ZrO2 thin films, indicating that ZrO2 underwent an

electric field-driven phase transition from tetragonal (P42/
nmc; nonpolar) to orthorhombic.8 A later theoretical work

demonstrated that a small energy difference of 1 meV/f.u.

between the tetragonal (t-) and o-structures was the key

underlying the observed antiferroelectricity.22 While the

appearance of t! o phase transition under electric field (i.e.,

antiferroelectricity) in ZrO2 thin films seems to be interest-

ing, the stabilization of the o-phase during film growth

remains difficult and there has been no direct evidence of

ferroelectricity associated with the o-ZrO2 reported so far.

Therefore, in this work, we aim to explore a way to stabilize

the o-phase in ZrO2 thin films and further demonstrate the

ferroelectric behavior of this polar phase.

ZrO2 has four major polymorphs: cubic (Fm-3m), mono-

clinic (P21/c), and aforementioned tetragonal and orthorhom-

bic. In the ZrO2 bulk, the monoclinic (m-) phase, which is

the most stable phase at room temperature, transforms to t-

and further to cubic (c-) phases, at about 1200 K and 2400 K,

respectively.23 In ZrO2 polycrystalline thin films, on the

other hand, the t-phase is more energetically stable than the

m-phase due to the well-known surface energy effect,24

which is strongly dependent on the crystal size and film

thickness. The mechanisms of forming the o-phase, however,

have not been completely understood. From the crystallo-

graphic viewpoint, the o-structure can be transformed from

the t-structure by elongating the c-axis while shortening and

differing the a- and b-axes of the t-structure. (tetragonal:

a¼ b¼ 5.09 Å, c¼ 5.18 Å;25 orthorhombic: a¼ 5.26 Å,

b¼ 5.07 Å, and c¼ 5.08 Å.21 By transformation, the c-axis

of the t-structure becomes the a-axis of the o-structure, while

the longer axis between a- and b-axes of the t-structure

becomes the c-axis of the o-structure. The direction of Pr of

the o-phase is along its c-axis.) This phase transition requires

asymmetric strain exerted on the t-structure, i.e., compres-

sive strain within its aob plane and tensile strain along its

a)Authors to whom correspondence should be addressed. Electronic

addresses: a0082709@u.nus.edu and msecj@nus.edu.sg.
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c-axis. According to previous studies, the asymmetric strain

in polycrystalline thin films can be caused by many factors,

including thermal expansion mismatch,21 doping,18 surface

energy effect,24 island coalescence,11 mechanical confine-

ment from the capping layer,1 and applying electric field.8

Although all these factors are expected to induce the forma-

tion of the o-phase in ZrO2 thin films, so far only the last fac-

tor has successfully led to the measurable ferroelectric-

related properties, albeit antiferroelectricity. This fact indi-

cates that the o-phase of ZrO2 is rather difficult to be stabi-

lized during film growth, and the ferroelectricity of this

metastable phase needs to be proved more directly.

Additional factors which can stabilize the o-ZrO2 are there-

fore of great importance. Because previous studies were

mainly focused on ZrO2 polycrystalline thin films, there has

been little chance for the substrate-induced strain to play a

role in stabilizing the o-phase. The substrate-induced strain

has been often employed in epitaxial and textured thin films

to achieve the desired phases and corresponding properties.

For example, ferroelectricity can be induced in SrTiO3 (001)

epitaxial thin films under biaxial tensile strain.26 We there-

fore use the substrate-induced strain to stabilize the o-phase

of ZrO2 in this study.

The MgO (001) substrate and an epitaxially grown TiN

electrode layer are selected for the growth of strained ZrO2

films. A strain analysis was conducted for the ZrO2 film

grown on the TiN/MgO (001) substrate. For simplicity, all

the ZrO2 films with different phases are assumed to have the

same (111)-orientation (Figure 1(a)), because (111) planes

are the most energetically preferred planes for the growth of

ZrO2.27 (The most preferable plane of m-ZrO2 is (-111) if b
is an obtuse angle, or (111) equivalently if b is an acute

angle.) In fact, this assumption agrees well with our experi-

mental results, which will be presented later. The most

likely orientation relationship between of ZrO2 (111) and

TiN (001) planes is ZrO2h1-10i//TiNh110i (Figure 1(b)).

Consequently, ZrO2h11-2i//TiNh110i is also established.

This orientation relationship is deducible from the lattice

matching and has been reported previously.28 For example,

ah1-10i and ah11-0i of c-ZrO2 are 7.241 and 6.271 Å, respec-

tively, which best matches two times of the lattice dimension

along the h110i direction of TiN (2� 4.24/�2¼ 5.996 Å).

(Note that the structural parameters of c-, t-, m-, and o-phases

for the strain analysis are collected from Refs. 29, 25, 30 and

21, respectively.) Then, the ZrO2 (111) planes are further ana-

lyzed at the atomic level and only Zr atoms are used for analy-

sis because they are heavy atoms compared with O. The (111)

plane is constructed by two unit triangles with different orien-

tations, i.e., upward and downward. For c- and t-structures,

the dimension and the atomic configuration of upward and

downward triangles are identical (Figures 1(c) and 1(d)).

However, the situation is not the same in m- and o-structures

(Figures 1(e) and 1(f)). One can see the motions of Zr atoms

away from the centers of the triangle edges, and the motions

are different in upward and downward triangles. These

motions of Zr atoms may be favored or disfavored under the

strain provided by the TiN underlayer. The strain state is eval-

uated by considering both the tensile/compressive and the

shear deformations of the (111) triangles. More specifically,

two parameters are defined: Da¼ jah1-10i � 5.996 Åj þ jah11-2i
� 5.996 Åj and Da¼ ja � 90�j, to estimate the levels of ten-

sile/compressive and shear deformations, respectively. Here,

if the Zr atoms along one triangle edge are not collinear, ah1-

10i will be treated as the sum of the distances between two

nearest neighboring Zr atoms (Figure 1(e)). As can be seen

from Table S1,31 the c- and t-structures have the smallest

Daavg and Daavg, indicating that they can best accommodate

the strain. However, because the c-phase in pure ZrO2 can

exist only at high temperature, it will not be brought into fur-

ther discussions regarding the film growth. Table S1 also

shows that the o-structure has smaller Daavg and Daavg than

the monoclinic counterpart,31 suggesting that the o-structure is

more favorable to accommodate the strain. From these results,

one can further infer that during the growth of ZrO2 thin films

on TiN/MgO (001) substrates, the t-phase will dominate when

the strain is considered. Also due to strain, the o-phase has pri-

ority over the m-phase to be formed. The suppression of the

m-phase is one of the prerequisites of forming the o-phase. In

addition, the o-structure has certain atomic distances which

are quite close to 5.996 Å, such as a[-211] (6.019 Å) in the

downward triangle and a[1-21] (6.117 Å) in the upward trian-

gle.31 This closeness found in the o-structure is even greater

than that found in the t-structure, indicating that the o-phase is

more favorable than the t-phase to accommodate the compres-

sive strain along certain h11-2i directions. This provides a

driving force for the t ! o phase transition and the stabiliza-

tion of the o-phase. We speculate that the o-phase might be

formed in some local regions, where the compressive strain

along certain h11-2i directions plays the dominate role while

the strain along other directions has less effect due to strain

relaxation along those directions. It should be emphasized that

just because of the compressive strain along those h11-2i
directions, two Zr atoms in the downward and upward trian-

gles (as marked in Figure 1(f)) undergo significant displace-

ments along the b axis with however different signs (Figure

FIG. 1. Schematics showing: (a) (111) planes of ZrO2 pseudo-cubic struc-

ture; (b) the theoretical orientation of the ZrO2 (111) planes relative to the

TiN (001) planes; unit triangles of (111) planes of (c) cubic, (d) tetragonal,

(e) monoclinic and (f) orthorhombic phases; and (g) the atomic displace-

ments of Zr and O in the o-phase.
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1(g)). This b-axis motion of Zr atoms strongly pulls the O

atoms up along the c-axis (Figure 1(g)), which is the origin of

ferroelectric polarization. Up to this point, we have estab-

lished the mechanism of how the strain stabilizes the o-phase

and induces the ferroelectricity in ZrO2 (111) thin films grown

on TiN/MgO (001) substrates. We note that in the real films,

there may not be a simple epitaxial relationship between

(111)-ZrO2 and (001)-TiN existing macroscopically, because

to help release the strain, multiple phases can coexist and the

lattice disorientations within the ZrO2 (111) planes may occur.

However, our theoretical model still applies in explaining how

the strain stabilizes the o-phase of ZrO2, provided that in cer-

tain local regions, the growth of ZrO2 follows the orientation

relationship of ZrO2h1-10i//TiNh110i and ZrO2h11-2i//
TiNh110i. We also note that in the modelling of the (111)-

ZrO2/(001)-TiN interface, anions and their bonding with cati-

ons at the interface and the partial oxidation of TiN7,32 are

neglected and the reasonability of these approximations is

explained in the supplementary material.31 Finally, the strain

may not be the only factor of determining the formation of the

o-ZrO2, and other aforementioned factors may still work.

ZrO2 thin films with different thicknesses of 8, 12, 18,

and 24 nm were deposited on TiN-buffered MgO (001) sub-

strates by rf-magnetron sputtering (AJA Orion 8). During the

growth of both TiN and ZrO2, the sputtering power, tempera-

ture, and argon gas pressure were kept at 200 W, 700 �C, and

10 mTorr, respectively. No postannealing treatment was

adopted. The crystal structures of ZrO2 thin films were stud-

ied using high-resolution X-ray diffraction (HRXRD; Huber

four circle diffractometer system 90000-0216/0) with an

X-ray wavelength of 1.4922 Å. Their microstructures were fur-

ther examined by cross-sectional high-resolution transmission

electron microscopy (HRTEM; JEOL JEM-2100F). Dielectric

spectroscopy was performed using an impedance analyzer

(Solartron 1260). DC leakage current was investigated using an

electrometer (Keithley 6430). Polarization-electric field (P-E)

hysteresis loops were measured with a ferroelectric test station

(Radiant Precision Workstation). Au dots with diameters of

200 lm were sputtered onto the samples to function as top elec-

trodes. The bias was applied to the top electrode.

Figure 2(a) shows the high-resolution h-2h scans of

ZrO2/TiN/MgO heterostructures with different layer thick-

nesses of ZrO2. Strong TiN (002) peaks together with thick-

ness fringes demonstrate the high-quality epitaxy of TiN

grown on the MgO (001) substrate. The epitaxial relationship

between TiN and MgO is further proved by the HRTEM

image (Figure S131). In 8- and 12-nm-thick ZrO2 films, the

major peak of ZrO2 is identified as the t-/o-phase (111) peak

(the d(111) values of t- and o-phases are extremely similar

and thus their (111) peaks cannot be distinguished). In 18-

and 24-nm-thick ZrO2 films, however, the m-phase (-111)

(or (111) equivalently if b is an acute angle) peak emerges

and the peak intensity becomes higher when the film is

thicker. It is also observed that the t-/o-phase (111) peak

shifts from 28.50� to 28.60�, 28.70�, and 28.74� as the film

thickness increases, corresponding to a shrinkage of the out-

of-plane lattice spacing d(111) from 3.031 to 3.021, 3.011,

and 3.006 Å. Considering that the conventional d(111) value

of the t-/o-phase in polycrystalline ZrO2 thin films is

2.96 Å,10 it can be concluded that the (111)-textured ZrO2

films are highly strained and the strain relaxes with the film

thickness. Our X-ray diffraction (XRD) results therefore con-

firm our previous theoretical analyses, i.e., the substrate-

induced strain will take effect in ZrO2 thin films by promot-

ing the stabilization of t- and o-phases while its relaxation

leads to the emergence of the m-phase. Note again that other

factors, such as the surface energy effect,24 may also play a

role in the stabilization of t- and o-phases.

To further investigate the film microstructure, cross-

sectional HRTEM was conducted for a 12-nm-thick ZrO2

film. The HRTEM image (Figure 2(b)) was taken when the

incident beam was slightly tilted from the [110] zone axis of

MgO, in order to make the incident beam coincide with the

possible in-plane lattice vectors of ZrO2. Due to the tilting

and thickness issue, the very clear and ordered lattice fringes

of MgO and TiN could hardly be observed, although the FFT

patterns (Figure 2(b)) of the MgO/TiN interface (Zone 1)

and the TiN film (Zone 2) already show the epitaxial growth

of TiN on top of MgO. The cubic-on-cubic epitaxial relation-

ship between TiN and MgO can be more apparently revealed

by the HRTEM image taken in another thin region after

properly aligning the sample (Figure S131). Turning to the

ZrO2 layer, distinct lattice fringes perpendicular to the out-

of-plane direction are clearly seen throughout the whole

ZrO2 film, indicating that the ZrO2 film is highly textured.

According to the FFT pattern (Figure 2(b)), the out-of-plane

lattice spacing is calculated as 3.02 Å, which is consistent

with the d(111) value of the t-/o-phase obtained from XRD. In

certain local regions, e.g., Zone 3 in Figure 2(b), some weak

lattice fringes perpendicular to the in-plane direction are

observed. Based on the in-plane FFT spot (Figure 2(b)), the

in-plane lattice spacing is calculated as �1.78 Å, which cor-

responds to the spacing of (2-20) planes. The zone axis is

therefore identified to be [11-2]. In addition to this set of lat-

tice, another set of lattice with the [1-10] zone axis is also

observed (see the FFT pattern of Zone 3 in Figure 2(b)). It is

difficult to further identify which phase these two sets of lat-

tices exactly belong to, because of the lack of complete

FIG. 2. (a) High-resolution h-2h scans

of ZrO2/TiN/MgO heterostructures with

ZrO2 thicknesses of 8, 12, 18, and 24 nm,

respectively. (b) HRTEM image and

corresponding FFT patterns of the

ZrO2/TiN/MgO heterostructure. The

subscripts “1” and “2” in the FFT pat-

tern of Zone 3 indicate two different

sets of lattices with zone axes of [11-2]

and [1-10], respectively.
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lattice information. Nevertheless, these results demonstrate

that in the local region, the in-plane orientation relationship

of ZrO2h1-10i//TiNh110i and ZrO2h11-2i//TiNh110i is

established. In addition, the slight tiling which allows the

appearance of the in-plane lattice fringes of ZrO2 indicates

that ZrO2h1-10i (or h11-2i) is not rigorously parallel to

TiNh110i. It should also be noted that the whole ZrO2 film

does not show in-plane lattice fringes similar to those in

Zone 3 macroscopically, due to the coexist of multiple

phases and the lattice disorientations within the ZrO2 (111)

planes. Our transmission electron microscopy (TEM) studies

therefore reveal that the 12-nm-thick ZrO2 film exhibits

highly (111)-textured t-/o-phase, and that in certain local

regions, the growth of ZrO2 follows the orientation relation-

ship of ZrO2h1-10i//TiNh110i and ZrO2h11-2i//TiNh110i.
Now let us focus on the most concerned results of P-E

hysteresis loops. Here, only the results of the 12-nm-thick film

are presented (Figure 3) and those of other films can be found

in the supplementary material.31 The P-E loops exhibit the

ferroelectric-like but leaky behavior when the applied field is

below 2.08 MV/cm (Figure 3(a)). Further increasing the

applied field to above 2.5 MV/cm, which is intended to satu-

rate the loops, however, results in a vanishing of hysteresis

(the reason will be discussed later). To evaluate the leakage

contribution to the ferroelectric-like hysteresis, frequency de-

pendent P-E loops are investigated (Figure 3(b)). The loops

are not inflated significantly with decreasing the frequency,

indicating that the leakage contribution is not large and the

polarization after leakage compensation33 will not be dramati-

cally reduced. To gain more reliable evidence, current

response to a voltage stimulation34 is recorded and presented

in Figure 3(c). It is observed that weak current peaks are

located at the fields of 1.5–2.0 MV, indicating the occurrence

of polarization switching. The tilting of current curves in the

time regions of 0–0.025, 0.075–0.15, and 0.225–0.30 ms may

well be caused by two factors: (1) leakage current; and (2)

current due to the polarization switching and back-switching

(the polarization back-switching is resulted from the polariza-

tion relaxation, and it is often seen in relaxor

ferroelectrics35,36). If the leakage current in the P-E measure-

ment is close to that measured with the DC method, its magni-

tude may thus be smaller than 10 lA at 2 MV/cm (Figure

3(d)). Therefore, the polarization switching and back-

switching current can become the major contributor to the

total current. The unsaturated polarization switching and sub-

sequent back-switching will result in sub-loops, which may

make the hysteresis loops look leaky.37 On the basis of the

above results, the ferroelectricity, albeit weak, has been con-

firmed in the 12-nm-thick ZrO2 film (may also in the 18-nm-

thick film31). Note that previous (111)-textured Hf0.5Zr0.5O2

films grown on (111)-textured Pt substrates did not show any

ferroelectricity,11 which seems to be inconsistent with our

results. The reason is that the strain in their films is isotropic,

and thus, there is no driving force for the stabilization of the

o-phase. In our (111)-textured ZrO2 films grown on TiN/MgO

(001) substrates, however, the strain is anisotropic and the

compressive strain along certain h11-2i directions can favor

the formation of the o-phase, as discussed above. Next, we

discuss the possible reasons of the disappearance of the ferro-

electric hysteresis with the increasing applied field. The first

possible reason is the phase transition from orthorhombic to

tetragonal (and also to monoclinic) under large electric field.

When large AC fields are applied along the [111] direction

(i.e., the out-of-plane direction) of the ZrO2 structure, the a, b,

and c axes will deform simultaneously, including both tensile/

compressive and shear deformations. Given the original ZrO2

structure is orthorhombic, the simultaneous deformation of a,

b, and c axes can eventually lead to the structural transforma-

tion from ferroelectric orthorhombic to paraelectric tetragonal

(and also monoclinic), because the latter two are more ener-

getically favorable. These paraelectric phases are considerably

stable and they could not be transformed back to the ferroelec-

tric phase even under the maximum allowed field (in our

experiments, the (anti-)ferroelectric-like hysteresis could not

revive even when the field is increased to the breakdown

field). Another possible cause is the increased homogeneous

space charge density under high electric field, which makes

the hysteresis loop constricted or almost disappeared when the

space charge density is large enough.38 This is because the

electric field formed by the space charge weakens the total

electric field and thus it is not sufficient to saturate the polar-

ization. Other factors which can hinder the motion of

domains, such as microstructural evolution and redistribution

of oxygen vacancies, may also be able to cause the disappear-

ance of hysteresis under high electric field. The exact reason

for the hysteresis disappearance deserves further investigation

for confirmation (see more discussion in the supplementary

material31). Nevertheless, the P-E hysteresis loops together

with the current responses to voltage stimulations have al-

ready demonstrated the ferroelectricity in the strained (111)-

textured ZrO2 thin films.

In summary, we have demonstrated a way of using

substrate-induced strain to stabilize the ferroelectric o-phase

in ZrO2 thin films. First, our theoretical analyses show that

in ZrO2 (111) films grown on TiN/MgO (001) substrates, the

m-phase is energetically disfavored, and there is a tendency

of structural transformation from tetragonal to orthorhombic

due to the compressive strain imposed on certain h11-2i
directions in ZrO2 (111) planes. Then, experimentally, ZrO2

FIG. 3. (a) Electric field dependent (fapp¼ 3.3 kHz) and (b) frequency

dependent (Eapp¼ 2.08 MV/cm) P-E hysteresis loops, (c) current response

to a voltage stimulation (fapp¼ 3.3 kHz, Eapp¼ 2.08 MV/cm), and (d) DC

leakage current of the 12-nm-thick ZrO2 film.
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films are deposited on TiN-buffered MgO (001) substrates

by sputtering. XRD and TEM results reveal the epitaxial na-

ture of the TiN layer, and the strained t- and o-phases with

the strong (111)-texture in ZrO2 films. Both P-E hysteresis

loops and current responses to voltage stimulations confirm

the ferroelectricity in ZrO2 films with certain thicknesses, ev-

idencing that the ferroelectric o-phase has been achieved in

the strained (111)-textured ZrO2 films. The disappearance of

ferroelectric hysteresis under high fields is observed and sev-

eral plausible reasons are discussed. This study contributes

an effective approach to stabilize the o-phase and achieve

the ferroelectricity in ZrO2 thin films, which may facilitate

the development of new ferroelectric binary oxides for thin-

film memories.
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