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The pyroelectric response of materials is a promising phenomenon that is used in many applications.
Here, we report first-principles lattice dynamics and ab initio molecular dynamics calculations to inves-
tigate the mechanisms of the pyroelectric effect in the Pca2; orthorhombic phase of HfO;; this is an
emerging pyroelectric material with promising technological applications. With first-principles lattice
dynamics calculations, we demonstrate a large pyroelectric response that is intrinsic to the pure Pca2;
orthorhombic phase. Unlike most conventional ferroelectric pyroelectrics, such large pyroelectricity arises
unexpectedly from the secondary effect (induced by the negative longitudinal piezoelectric effect) that has
not received due attention. Ab initio molecular dynamics simulations further demonstrate a giant pyro-
electric response that is associated with an orthorhombic (polar) to tetragonal (nonpolar) structural phase
transition. Upon the incorporation of Si dopants with increasing dopant concentrations, the phase transi-
tion persists, but occurs at reduced temperatures with enhanced pyroelectric responses. The present work
highlights the importance of the secondary pyroelectric effect responsible for the pyroelectricity in HfO,

and its promising potential for device applications.
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I. INTRODUCTION

All ferroelectrics carry a spontaneous polarization that
varies with temperature [1,2]. The change in polariza-
tion resulting from a temperature variation generates a
voltage, which is known as pyroelectricity [1,2]. Thus,
all ferroelectrics are pyroelectric, but the inverse is not
necessarily true. The pyroelectric response is the key prop-
erty responsible for a wide range of applications, such as
thermal imaging [2,3] and pyroelectric energy harvesting
[4,5]. Despite the fundamental interest and the concomitant
technological importance, first-principles investigations of
the pyroelectric effect have not received due attention.
As a result, a satisfactory understanding of the pyroelec-
tric effect is still lacking, especially for new pyroelectric
materials. For example, an unusually large secondary pyro-
electricity (associated with piezoelectricity and thermal
expansion) has recently been demonstrated in group-IV
monochalcogenide monolayers [6-9], contrary to the gen-
eral belief that the secondary effect plays a minor role in
bulk pyroelectrics [2].
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The recent discovery of unexpected ferroelectricity (and
hence, pyroelectricity) in both pure and doped hafnia
(HfO;) thin films [10,11] combined with their great com-
plementary metal oxide semiconductor (CMOS) compat-
ibility make hafnia a promising candidate for nanoscale
device applications, such as pyroelectric energy har-
vesting and infrared detection [12—14]. While it has
been theoretically demonstrated that Si doping pro-
motes the stabilization of the orthorhombic phase of
HfO, [15,16], doping [12,17] and alloying [18] can
also tune the pyroelectric response of HfO,-based pyro-
electrics. Large pyroelectric response has been observed
in Si-doped HfO, thin films; this is attributed to the
temperature- and field-induced orthorhombic (polar) to
tetragonal (nonpolar) transition [12]. Very recently, scat-
tered data of pyroelectric coefficients that vary with dopant
concentration, film thickness, and wake-up cycles have
been reported for Si-doped HfO, [12,17,19-21]. Further
development and optimization of HfO,-based pyroelec-
tric devices require a detailed quantitative understand-
ing of the nature of the pyroelectricity in ferroelectric
HfO,. Reliable interatomic potentials are still lacking
for HfO,, preventing large-scale finite-temperature MD
simulations.
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In the first part of this paper, we use the recently
developed first-principles lattice-dynamics approach to
identify the underlying mechanisms responsible for the
pyroelectric effect in pure ferroelectric HfO,, at temper-
atures below the ferroelectric to paraelectric transition.
Unlike in most conventional ferroelectric pyroelectrics,
we demonstrate a large and dominating secondary pyro-
electric response in the Pca2; orthorhombic phase of
HfO,, which is induced by a significant negative longi-
tudinal piezoelectricity together with an isotropic posi-
tive thermal expansion. In the second part of this paper,
we perform ab initio molecular dynamics simulations to
further demonstrate that the secondary effect is associ-
ated with an orthorhombic (polar) to tetragonal (nonpolar)
structural phase transition at around 850 K. The transi-
tion “pathway” involves translational displacements of Hf
and O sublattices towards their centrosymmetric positions,
and no order—disorder character is identified. Further-
more, the phase transition persists with the incorporation
of Si dopants. With increasing dopant concentrations, the
transition temperature is reduced and the primary pyro-
electric response is enhanced because substitutional Si
doping perturbs the local chemical environment, which
introduces strong anharmonicity to the host HfO, struc-
ture. The present work unravels the secondary pyroelectric
effect that is responsible for the pyroelectricity in HfO,
and offers important implications for practical energy and
sensor applications utilizing HfO,-based pyroelectrics.

II. THEORY

At temperatures below the ferroelectric to paraelectric
phase-transition temperature, pyroelectricity [22] (defined
as the response of the spontaneous polarization, P, with
respect to fluctuations in temperature, 7) at constant stress,
o, is conventionally separated into two parts [2,23,24]:
the primary (at constant external strain, ¢), I1;(7), and the

secondary, I1,(7):
0Ps oe;
(%), (5, o
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The secondary part, I1,(7), accounts for the pyroelectricity
that is associated with piezoelectricity and thermal expan-
sion. It can be readily obtained from the piezoelectric
stress constants, ¢ (dPs/d¢;), and the thermal expansion
coefficients, o (d¢;/0T), and is generally much smaller
than the primary part for conventional ferroelectrics [2].
The primary part, IT;(7), on the other hand, accounts for
the “clamped-lattice” pyroelectricity. With the fixed lattice
parameters, the internal structural parameters vary with
temperature (referred to as “internal” thermal expansion
in this paper, by analogy with “thermal expansion”, which

describes the variation of lattice parameters with temper-
ature). The change of Pg with respect to atomic displace-
ments, (d0Ps/d Q(—)j), defines Born effective charges (BEC),
Z* [25]. Tt is then clear that part of primary pyroelectricity
arises because the lattice exhibits “internal thermal expan-
sion” while ions carry rigid BECs. This picture is usually
referred to as the point-charge or rigid-ion model [26,27],
as the renormalization of BECs due to electron-phonon
interactions is neglected. The corresponding rigid-ion pri-
mary pyroelectricity reads [6,28]

aPs\ aPs \ (99
(ﬁ):z(@ﬂv); @

J

where the Q is the normal-mode amplitude, and the
summation, j, runs over ¢ = 0 optical modes of symme-
tries, which allow nonvanishing contributions ((Q()j) #+0).
(Qg;) 1s calculated with the quasi-harmonic approximation
[6,28]
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where @ are the phonon eigenfrequencies of mode A
at wavevector ¢, and n is the Bose-Einstein distribution
function.

III. METHODS

Density functional theory (DFT) total energy and
density functional perturbation theory (DFPT) lattice
dynamics calculations [29] have been performed using the
QUANTUM ESPRESSO package [30]. Spontaneous polariza-
tion is calculated using the modern theory of polarization
(Berry-phase method) [25,31-33]. For electronic-structure
calculations, we use the local density approximation
(LDA) [34,35] to describe the exchange-correlation func-
tional. Ultrasoft pseudopotentials are taken from the PSLi-
brary [36]. The electronic wave functions are expanded in
a plane-wave basis with a kinetic energy cutoff of 140 Ry.
For Brillouin-zone sampling, a 4 x 4 x 4 k-point mesh is
used. Phonons are calculated on the same g-point mesh.
All structures given in figures are produced using VESTA
[37]. In Eq. (3), to compute dwg;, / BQ()J. , a central difference
scheme is used through displacing atoms in the unit cell
collectively by Q. Details of the first-principles lattice
dynamics method can be found in Ref. [28].

Ab initio molecular dynamics (AIMD) simulations are
performed using a basis of linear combinations of local-
ized atomic orbitals, as implemented in the SIESTA package
[38]. The Pca2; orthorhombic phase of HfO, is mod-
eled by a supercell of 324 atoms (3 x 3 x 3 unit cells).
To model Si-doped HfO,, 2 and 4 Hf atoms are replaced
by Si atoms, corresponding to substitutional doping con-
centrations of 1.85 and 3.7 cat.% (0.62 and 1.23 at.%)
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respectively. A variationally optimized double-¢ polarized
basis set is used with a mesh cutoff of 250 Ry for the
real-space grid. Temperature is raised sequentially, i.e., the
initial position and velocity of the simulation at a higher
temperature are generated from the final snapshot of the
simulation at a lower temperature. For each AIMD simu-
lation, a trajectory of 0.5 ps is used for production after an
equilibration stage of 0.5 ps, with a time step of 1 fs. To
highlight the secondary pyroelectric effect, simulations are
performed within the NV'T and NPT ensembles, with tem-
perature and pressure controlled by a Nosé thermostat [39]
and Parrinello-Rahman barostat [40], respectively. Sponta-
neous polarization is evaluated for the ensemble-averaged
structure at each temperature.

The pyroelectric coefficient is determined for a 5 at.%
Al-doped HfO; thin film, in a manner similar to Refs.
[41,42]. The film is grown on 100-nm-thick reactively
sputtered TiN on a silicon substrate. The atomic layer
deposition (ALD) process uses metal organic precur-
sors, tetrakis(ethylmethylamino)hafnium (TEMAH) and
trimethylaluminum (TMA), for the cations and ozone is
used as the oxidant with argon as a carrier gas. The Al,O3
content is defined by using a 1:19 cycle ratio. The total
film thickness of 20 nm is achieved by altering the num-
ber of supercycles, which are monitored in situ through
ellipsometry. A TiN top electrode is reactively sputtered
then defined using the RCA-1 etch. Samples are annealed
at 700 °C for 20 s in an N, environment. The pyroelec-
tric coefficient is determined by oscillating the temperature
of a TiN/AI-HfO, /TiN capacitor and measuring the gen-
erated current. To determine the sample temperature, a
calibrated resistive thermal device chip is colocated on
a hotplate with the Al-HfO, capacitor. The temperature
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FIG. 1.

Spontaneous polarization (C/m?)

and current profiles are used to determine the pyroelectric
coefficient, IT

I, =TI4—, 4
’ dt @
where , is the pyroelectric current, 4 is the capacitor area,
and d7/dt is the temperature rate of change. See detailed

experimental setups in Refs. [41,42].

IV. RESULTS

Hafnia (HfO,) in the bulk state is nonpolar, as its room-
temperature monoclinic P2/c phase is centrosymmetric
[43]. A consensus has seemingly been reached that the
origin of the unexpected ferroelectricity in thin-film HfO,
is due to the Pca2; orthorhombic phase probably being
stabilized by a variety of extrinsic factors, such as resid-
ual stresses, dopants, oxygen vacancies, and the surface
effect in small grains [10,11,44-48]. Ferroelectricity has
also been observed in undoped thin films of HfO, [49]. The
polar Pca2; orthorhombic phase and associated nonpo-
lar P4,/nmc tetragonal phase are both dynamically stable;
the latter corresponds to a very shallow minimum of the
energy landscape [43]. Our calculated lattice parameters
for a, b, and ¢ are 5.13, 4.92, and 4.95 A, respectively,
while the computed spontaneous polarization is 56 xC/cm?
(taking the P4,/nmc tetragonal phase as the reference);
this is in line with previous theoretical results based on a
different exchange-correlation functional [43].

We first apply the lattice-dynamics approach to study the
pyroelectricity in the pure Pca2; orthorhombic phase of
HfO, (referred to as pure HfO, hereafter). The calculated
room-temperature “intrinsic” (dopant-free and strain-free)
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For the pure Pca2; orthorhombic phase of HfO,: (a) Calculated primary and secondary pyroelectric coefficients, compared

with experimental data for thin films of Al-doped (this work) and Si-doped (maximum values in each experiment) HfO,. (b) Calculated
piezoelectric (main panel) and thermal expansion (inset) components in the secondary pyroelectric effect. Note that e33 is negative,

i.e., pure HfO, exhibits negative longitudinal piezoelectricity.
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T is —38 uC/(m? K), which is smaller in magnitude
than the maximum values of IT reported for Si-doped
HfO, [17,19,20] (IT varies with dopant concentration
and film thickness), while our measurement for a thin
film of Al-doped HfO, is —36 uC/(m? K), as shown in
Fig. 1(a). These results demonstrate that the pyroelectric
effect observed in Si-doped HfO, can be largely accounted
for by its “intrinsic” pyroelectricity. We will discuss the
effects of Si doping shortly. In most conventional ferroelec-
tric pyroelectrics, the primary pyroelectricity dominates
the pyroelectric effect [2]. Surprisingly, in pure HfO,, the
secondary pyroelectricity dominates, as shown in Fig. 1(a).

Understanding the underlying mechanism responsible
for such an intriguing pyroelectric response is of great
importance for further improvement of future pyroelec-
tric applications. In conventional ferroelectrics, such as
PbTi0; [50], and nonferroelectrics, such as wurtzite semi-
conductors [25], the piezoelectric coefficients along the
polar axis (e33) and in the basal plane (e3;) are positive and
negative, respectively, i.e., these materials exhibit “nor-
mal” piezoelectricity. One often-mentioned exception is
the case of the ferroelectric polymer poly(vinylidene fluo-
ride) (PVDF), in which e33 is negative [51]. More recently,
such an unusual negative longitudinal piezoelectric effect
was also found in several hexagonal ABC ferroelectrics
[52]. We have found significant negative longitudinal
piezoelectricity in pure HfO,, as shown in Fig. 1(b). Con-
sidering the isotropic positive thermal expansion [see the
inset of Fig. 1(b)], this results in a significant secondary
pyroelectric effect (I, = Zj ecjo;; ¢ is the polar axis).
Note that significant secondary pyroelectricity could also
arise in a different way, e.g., in the cases of PbTiO; and

group-IV monochalcogenide monolayers [7], which show
“normal” piezoelectricity, but anisotropic thermal expan-
sion (the two lattice constants along and perpendicular to
the polar axis become shorter and longer with increasing
temperatures, respectively).

The primary pyroelectricity, on the other hand, is inti-
mately related to the anharmonicity of the lattice. In line
with the fact that the paraelectric P4,/nmc tetragonal phase
is dynamically stable (not a saddle point on the potential
energy surface), the absence of a polar soft phonon mode
is indicative of insignificant rigid-ion primary pyroelectric-
ity. The eight zone-center phonon modes with A;-TO sym-
metry responsible for the rigid-ion primary pyroelectricity
(due to their nonvanishing mean normal-mode amplitudes,
Q) are shown in Fig. 2. These phonon modes are only
slightly anharmonic, as manifested in the almost parabolic
shape of the energy landscape (calculated with ions stati-
cally displaced over a range of “frozen-in” normal-mode
amplitudes). As a result, their contributions to IT,(7) are
relatively insignificant (see Fig. S1 in the Supplemental
Material [53]).

We have demonstrated that the large pyroelectric
response (comparable to that of many commercially used
pyroelectrics) is an intrinsic property of pure HfO,, and
arises unexpectedly from the secondary pyroelectric effect.
To further demonstrate the secondary pyroelectric effect,
we have performed AIMD simulations within the NVT
and NPT ensembles, where thermal expansion is forbid-
den and allowed, respectively. The comparison is shown
in the top panel of Fig. 3(a). In the NV'T simulations, only
the primary pyroelectric effect is included. An insignificant
primary pyroelectricity is observed, as reflected by the
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FIG. 2. Zone-center TO phonon modes with A; symmetry. The arrows attached on the ions (Hf in gold, and O in red) indicate the
eigenvector. Energies (triangles) are calculated with ions statically displaced over a range of “frozen-in” normal-mode amplitudes. The
fitted harmonic potentials are shown by curves, while the legends indicate the corresponding eigenfrequencies.
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(a) Top panel: pyroelectric response calculated with AIMD simulations. Bottom panel: temperature-dependent lattice con-

stants calculated in the NPT simulations. The orthorhombic to tetragonal transition occurs at around 850 K, before and after which the
two phases exhibit normal thermal expansion behavior. (b) Mean (ensemble-averaged) structures of the orthorhombic and tetragonal

phases evaluated at 300 and 1100 K, respectively.

temperature-independent spontaneous polarization, which
is consistent with our lattice-dynamics calculations. The
small discrepancy is possibly due to the rather weak anhar-
monic nature of the corresponding phonon modes, and the
limited time- and length-scales achievable by AIMD simu-
lations. In the NPT simulations, the secondary pyroelectric
effect is included as well. A large pyroelectric response is
found; this is highlighted by the largely “isotropic™ ther-
mal expansion (the values of a, b, and c all increase with
increasing temperature).

More importantly, there is a temperature-driven struc-
tural phase transition, after which the two lattice parame-
ters b and ¢ become equal, as shown in the bottom panel
of Fig. 3(a). Such an orthorhombic (polar) to tetragonal
(nonpolar) transition [see Fig. 3(b), and the Supplemental
Material [52] for an AIMD movie at the transition] is in
agreement with the experimental observations for a thin
film of Si-doped HfO, [12,17]. The calculated transition
temperature, 7., for pure HfO, is around 850 K (750 K
using the Perdew-Burke-Ernzerhof (PBE) functional [54],

as shown in Fig. S2 within the Supplemental Material
[53]; this demonstrates that the phase-transition behav-
ior is not substantially sensitive to the choice of density
functional). It is noted that the exact value of 7, may
be dependent on the size of the supercell. However, an
accurate determination of 7. is beyond the scope of this
work. The calculated 7, is higher than those reported
for Si-doped HfO,, which vary with dopant concentra-
tion and film thickness [12,17]; this suggests that the
orthorhombic to tetragonal transition is an intrinsic prop-
erty of pure HfO,, i.e., the phase transition is not nec-
essarily induced by the incorporation of Si dopants. The
peak pyroelectric response near the transition is estimated
roughly to be as large as —2400 xC/(m?> K), compara-
ble to the pyroelectric response of up to —1300 xC/(m?
K) (Si-doped HfO;, 9 nm, 5.6 at.%) reported by
Hoffmann et al. [12].

The orthorhombic to tetragonal transition is found
to exhibit a notable displacive character, as shown in
Fig. 4(a). To demonstrate this, we define a parameter §
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as the relative distance (in fraction of lattice constant c¢)
between the O and Hf planes in the polar direction [see
the inset of Fig. 4(a)]. The probability distribution of §
exhibits a single peak at each temperature. With increas-
ing temperatures, the peak broadens and shifts to the value
of 0.25 that corresponds to the centrosymmetric posi-
tions along the polar direction. In our AIMD simulations,
the transition occurs at around 850 K. To highlight the
transition “pathway”, the instantaneous unit-cell structures
(projected from the supercell structures) during the tran-
sition are shown in Fig. 4(b). The transition “pathway”
involves translational displacements of Hf and O sub-
lattices towards their centrosymmetric positions (see the
arrows in the upper-left panel of Fig. 4(b) and the animated
movie of the orthorhombic to tetragonal transition in the
Supplemental Material [52]). This displacement pattern is
possibly indicative of a soft-mode-like behavior near the
transition that is otherwise absent in the (zero-temperature)
metastable tetragonal phase of HfO,. Note that, within the
time- and length-scales achieved by AIMD simulations,
we are unable to identify any order—disorder character in
the orthorhombic to tetragonal transition.

Last, but not least, we investigate the effects of Si dop-
ing on the pyroelectric response of orthorhombic HfO,, for
which seemingly contradictory experimental results were
reported very recently [12,17,19]. Upon the incorporation
of Si dopants with increasing dopant concentrations, we
find that the aforementioned orthorhombic to tetragonal
transition persists, but occurs at reduced temperatures, as
shown in Fig. 5(a). As a result, the pyroelectric coefficients
increase in magnitude with increasing dopant concentra-
tions. This tendency is in remarkable agreement with the
experimental observations found for a thin film of Si-
doped HfO, [12,17]. For example, Hoffmann et al. [12]
obtained pyroelectric coefficients of —950, —1100, and
—1300 uC/(m?> K) for 3.8, 4.3, and 5.6 at.% Si-doped
HfO,, while the phase-transition temperatures (at which
the remanent polarization is reduced by half) are estimated
to be 410, 330, and 170 K, respectively. Also, it can be

()

— 300K
— 700 K

HfO,

Probability

expected that the pyroelectric behavior eventually vanishes
with further increasing the Si dopant concentrations, as
observed in experiments [17,19].

Unlike the case of pure HfO,, we find that the enhanced
pyroelectric response for Si-doped HfO, arises mainly
from the primary pyroelectric effect. Note that the two key
components to determine the primary pyroelectricity are
the atomic displacements of ions and the BECs they carry.
While Si and Hf ions are equivalent (in the sense that they
carry similar BECs), their local coordination environments
are fundamentally different [16]. Hence, the incorpora-
tion of Si dopants perturbs the host HfO, structure and
introduces strong anharmonicity (in particular, along the
polar direction, see Fig. S3 within the Supplemental Mate-
rial [53]), resulting in notable atomic displacements (and
hence, primary pyroelectricity), as shown in Fig. 5(b). We
further corroborate this conclusion by noting that piezo-
electricity and thermal expansion of the lattice, i.e., the two
key components that determine the secondary pyroelectric-
ity, do not vary with Si dopant concentrations, as shown in
Fig. S4 within the Supplemental Material [53]. Note also
that the negative longitudinal piezoelectric effect found in
pure HfO; persists in Si-doped HfO,.

V. DISCUSSION

The pyroelectric response determines the performance
of a material in various device applications, such as ther-
mal infrared sensors and pyroelectric energy harvesters.
The above theoretical investigations have demonstrated
large intrinsic (the material is free to expand thermally)
secondary pyroelectricity in HfO,. This feature suggests
that straining the lattice might have a significant impact
on the performance of HfO,-based pyroelectrics. Indeed,
in pyroelectric measurements, the pyroelectric thin film
rigidly attached to a thick substrate is free to expand
only in the thickness dimension [55]. The thermal expan-
sion mismatch between the film (af‘lm) and the substrate
(a$*®) causes an extrinsic (in the basal plane the thermal

FIG. 4. (a) Probability distribution
of the atomic displacement for NPT
simulations at selected temperatures.
The atomic displacement, 8, is the rel-
ative distance between the O and Hf
planes in the polar direction, which
is defined as a fraction of the lattice
constant ¢ (§ = 0.25 corresponds to
the tetragonal phase). (b) The instan-
taneous unit-cell structures (projected
from supercell structures) at selected
time frames during the phase transi-
tion for the NPT simulation at 900 K.
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For pure and Si-doped HfO,: (a) Pyroelectric response calculated with AIMD simulations. Si-doped HfO, is modeled by

substituting 2 (1.85 cat.%) and 4 (3.7 cat.%) Hf atoms with Si atoms in a supercell of 324 atoms. (b) Temperature-dependent atomic
displacement § [see Fig. 4(a) for definition]. The dotted lines represent the notable atomic displacement introduced by the incorporation

of Si dopants.

expansion of the film is subject to that of the substrate)
pyroelectric effect via the piezoelectricity of the film (d3).
To determine such an impact, a wide-frequency-range
method has been demonstrated in pyroelectric measure-
ments [56,57]. In the literature [56,57], at low frequencies,
the film expands in plane with the substrate, while at
high frequencies the film is clamped to the substrate at
constant temperature. The effective low- (Eq. 9 in Ref.
[55]) and high-frequency (Eq. 8 in Ref. [55]) pyroelectric
coefficients are [56] (s is the elastic compliance constant)

_ 2d5; (afm — ofvb)

MY =11 (5)
S11 + 812
) 2d film
[phieh — p — 2B (6)
S11 + S12

The difference, 2d31a§“b/ (s11 + s12), yields the coupling
between the piezoelectricity of the film and the in-plane
thermal expansion of the substrate [56]. This term, which
is also referred to as the “secondary” pyroelectricity in
some pyroelectric measurements [56—58], needs to be
distinguished from the intrinsic IT5.

Last, but not least, for the purpose of characterizing and
enhancing the pyroelectric response utilizing HfO,-based
pyroelectrics in applications, some important implications
can be made. Mart et al. [58] used the wide-frequency-
range method to characterize the pyroelectric response
of Si-doped HfO,, and obtained the extrinsic secondary
pyroelectric coefficient (IT'°Y — IT"e") of —19 uC/(m? K),
which is comparable to the calculated intrinsic I, of
—29 uC/(m? K) for pure HfO,. This highlights the “sec-
ondary” contribution from the in-plane thermal expansion
of the substrate. Noting that d3; is typically negative, a
direct comparison of the thermal expansion coefficients of

the film (calculated, ozf"m A 5.6 x 107%/K) and the sub-
strate (e.g., using TiN as top and bottom electrodes [17,19,
20,58], measured [59],0{?‘“’ ~ 9.9 x 107%/K) indicates that
1'% and T1"eh are negative (overestimating IT) and posi-
tive (underestimating IT), respectively. This partly explains
the fact that our theoretical IT for pure HfO, is smaller
in magnitude than that of low-frequency measurements
for Si-doped HfO, [19,20,58]. In low-frequency pyroelec-
tric applications, the pyroelectric response can be further
enhanced by depositing thin-film HfO, on substrates with
much larger coefficients of thermal expansion [41].

As for Si-doped HfO,, IT (mainly I1;) becomes larger
in magnitude with increasing doping concentration, as
a result of reduced transition temperature; this suggests
that Si doping not only promotes stabilization, but also
enhances the primary pyroelectric response. We have
attributed the enhanced primary pyroelectricity to the per-
turbation of local chemical environment due to Si doping.
Considering that Si and Hf ions are equivalent, one can
expect that the incorporation of other dopants (e.g., diva-
lent dopants, such as Sr; trivalent dopants, such as Y; and
four-valent dopants, such as Ce) may further enhance the
pyroelectric response. In fact, these dopants have been
revealed as promising candidates to promote ferroelec-
tricity in HfO, [15,16]. The effect of these dopants on
pyroelectricity will be discussed in a future work.

VI. CONCLUSIONS

In summary, we have applied a first-principles lattice-
dynamics approach to identify the underlying mechanisms
responsible for pyroelectricity in the recently discovered
ferroelectric phase of HfO,. Unlike most conventional
ferroelectric pyroelectrics, the secondary pyroelectricity
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dominates in the Pca2; orthorhombic phase of pure HfO,,
due to an unusual negative longitudinal piezoelectricity
together with an isotropic positive thermal expansion. We
further demonstrate with AIMD simulations that the sec-
ondary effect is associated with an orthorhombic (polar) to
tetragonal (nonpolar) structural phase transition. The phase
transition occurs at around 850 K and is identified to be dis-
placive. With the incorporation of Si dopants, such phase
transition persists, but occurs at reduced temperatures.
Si doping perturbs the host HfO, structure, introducing
strong anharmonicity, and hence, the primary pyroelec-
tric response is enhanced. The present work unravels and
highlights the secondary pyroelectric effect that is respon-
sible for the pyroelectricity in HfO, and provides impor-
tant implications for practical applications utilizing HfO,-
based pyroelectrics. In pursuit of an enhanced pyroelectric
response, substrates that exhibit large thermal expansion
and dopants that strongly perturb the host HfO, structure
are desired.
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