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Ferroelectricity in hafnium oxide thin films is known to be induced by various doping elements and in

solid-solution with zirconia. While a wealth of studies is focused on their basic ferroelectric properties

and memory applications, thorough studies of the related pyroelectric properties and their application

potential are only rarely found. This work investigates the impact of Si doping on the phase composition

and ferro- as well as pyroelectric properties of thin film capacitors. Dynamic hysteresis measurements

and the field-free Sharp-Garn method were used to correlate the reported orthorhombic phase fractions

with the remanent polarization and pyroelectric coefficient. Maximum values of 8.21mC cm�2 and

�46.2mC K�1 m�2 for remanent polarization and pyroelectric coefficient were found for a Si content of

2.0 at%, respectively. Moreover, temperature-dependent measurements reveal nearly constant values for

the pyroelectric coefficient and remanent polarization over the temperature range of 0 �C to 170 �C,

which make the material a promising candidate for IR sensor and energy conversion applications beyond

the commonly discussed use in memory applications. Published by AIP Publishing.
https://doi.org/10.1063/1.5023390

The report of ferroelectricity in hafnia-based thin films1

revived the interest in ferroelectrics for memory applications.2–7

This is mainly due to the fact that fluorite-type ferroelectrics8,9

are fully compatible with state-of-the-art complementary metal-

oxide-semiconductor (CMOS) technology. Moreover, the mate-

rial composition is rather simple and a wealth of dopants has

been shown to induce ferroelectric properties in hafnia2,8,10–16 or

zirconia.17,18 This has been achieved via different deposition

techniques including atomic layer deposition (ALD), which is

very suitable for ultra-thin films of high quality even in 3D

structures.19 Also, cheaper chemical solution deposition has

proven to be capable of producing ferroelectric films with thick-

nesses below 100 nm.20 This opens up a wide field of applica-

tions beyond memory devices. Exploiting the related piezo- and

pyroelectric properties is an obvious approach.18,20–23 The inves-

tigations of pyroelectric properties of HfO2, i.e., the change in

its remanent polarization PR with respect to a change in temper-

ature T, lack comprehensive studies, especially with respect to

the different doping possibilities of the material. The measure-

ment of the pyroelectric coefficient p is typically composed of

several contributions (see Ref. 24) and generally given by the

change in dielectric displacement field D with temperature T,

p¼ dD/dT. Its quantification is essential to estimate the usability

of a material at varying temperatures. Park et al.2,23 and

Hoffmann et al.22 recently demonstrated the potential of hafnia-

and zirconia-based films for pyroelectric devices such as thin

film IR sensors, waste heat energy converters, or electrocaloric

cooling machines. Furthermore, Smith et al.21 showed outstand-

ing ferro- and pyroelectric properties in zirconium-doped haf-

nium oxide at room temperature. The variation of the

ferroelectric properties due to the doping with silicon was first

demonstrated by B€oscke et al.,1 followed by the works of

Hoffmann et al.22 and Richter et al.25 An investigation on its

related piezo- and pyroelectric properties is still pending. This is

where the present study comes into play, while another very

recent work investigated the impact of thickness and field-

cycling stability for a fixed Si content.26 While both are impor-

tant parameters, the dependence on compositional changes is

also of particular importance for future applications and device

manufacturing and, thus, subject of this work.

Capacitors formed by approximately 12 nm thick

Si:HfO2 sandwiched between 12 nm thick TiN top and bot-

tom electrodes were fabricated as described elsewhere.25

The Si content was adjusted by varying the ratio of HfO2 to

SiO2 cycles during ALD between 30:1 and 8:1. This resulted

in a Si concentration between 1.6 at% and 3.8 at% (at%, i.e.,

Si/[Hfþ SiþO]) as determined by time-of-flight secondary

ion mass spectrometry and outlined previously.25 The corre-

sponding cationic ratios Si/[SiþHf], as commonly used in

publications other than Ref. 25, are 3.2 cat% and 11.1 cat%.

All samples were annealed in a nitrogen atmosphere for 20 s

at 800 �C to crystallize the capacitor stacks.

Ferroelectric hysteresis measurements were performed

using the shunt method in order to characterize the polariza-

tion state of the samples. Here, the charging current I of the

capacitors is recorded from the voltage drop V over a well-

known reference resistor R during the continuous cycling of

an applied electric field E (for more information, see Ref. 27).

Integrating the current I(t) yields P ¼ 1=A�
Ð

IðtÞ dt since it

equals the corresponding charge divided by the contact area

A. The axis intercepts of the P–E hysteresis correspond to the

coercive field strength EC and remanent polarization PR. The

value of PR was measured after 103 to 104 cycles in order to

minimize influences of the wake-up and fatigue effects.28–31

For the characterization of the pyroelectric coefficient p
and its temperature dependency, the Sharp-Garn method32,33

utilizing a sinusoidal temperature excitation of the sample,

while simultaneously measuring the compensational currenta)Electronic mail: sven.jachalke@physik.tu-freiberg.de
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flow, was used. Compared to a temperature-dependent mea-

surement of PR from the ferroelectric hysteresis, this method

operates without an external electric field. From the contact

area A, excitation frequency f, temperature and current

amplitude, TA and IA, and phase shift / between temperature

and current oscillation, the pyroelectric coefficient is given

by p ¼ IA � sin ð/Þ=ðTA � A� 2pf Þ. Here, / is an indicator

for a pyroelectric (/ ¼ 90�) or non-pyroelectric (/ ¼ 0�)
signature. Continuously shifting the offset, realized by super-

imposing the oscillations with a linear function, allows deter-

mining p(T) in the range of 0 �C to 170 �C. The actual

temperature course and measured current signal are exempli-

fied in Fig. SI (see supplementary material SI) and are quali-

tatively similar for all samples. The used measurement setup

is described elsewhere.24 The upper contact pad was con-

nected by a tungsten needle, and the bottom connection was

established with the help of silver conductive paint at the

wafer edge. Furthermore, an HP 4284A precision LCR meter

was used to determine the dielectric constant er of the sam-

ples, which, besides p, is necessary to calculate the figures of

merit for energy harvesting and IR sensor applications (for

details, see supplementary material SII and SIII). The actual

pad size for each sample was determined from microscopy

images and amounts to approx. 0.15 mm2. A temperature

amplitude of 2 K, a frequency of 10 mHz, and a heating rate

of 25 Kh�1 were used for the thermal stimulation. The error

of p is estimated from the statistical errors of fitted signals

and the pad area at the 1r level.

The evolution of the hysteresis with the increasing Si con-

centration is summarized in Fig. 1. It shows typical non-polar

(orange), ferro- (blue), and antiferroelectric (green back-

ground) shapes depending on the Si concentration, which is in

good agreement with recent results.22,25 It has been argued

before25,34 that field-induced ferroelectricity is a more general

and more appropriate description for the double-hysteresis

loops compared to the original definition of antiferroelectricity

by Kittel.35 In recent years, however, the term antiferroelec-

tricity has commonly been used in a wider sense2,8,25,26,34,36

including the present case of a transition from a non-polar

tetragonal to a polar orthorhombic phase. Therefore, and for

the sake of convenience, the term antiferroelectricity is used

in accordance with this wider sense in the following.

Ferroelectricity is obtained for Si concentrations from approx.

1.9 at% to 2.5 at%, while antiferroelectric behavior exists for

Si concentrations of around 2.5 at% to 3.5 at%. Below 2.0 at%

and above 3.5 at%, the linear dielectric P–E shape reveals the

non-polar character of the layer. The resulting values of PR

from the axis intercepts are shown in Fig. 2 with respect to the

Si concentration. Also, the values of the pyroelectric coeffi-

cient p at room temperature determined using the Sharp-Garn

method are provided. The comparison between the untreated

sample, poled after a P–E measurement, and after heating dur-

ing a p(T) measurement shows the differences due to thermal

treatment and poling. Furthermore, figures of merit FE and FI,

often used to assess the usability of a material for energy har-

vesting and IR sensor applications are shown (for further

details, see supplementary material SIII), respectively. Fitted

fractions of the monoclinic (space group P21/c), orthorhombic

(Pca21), and tetragonal (P42/nmc) phases obtained from

Rietveld refinement according to Park et al.8 are also given in

Fig. 2.

PR and p rise and fall simultaneously, depending on the

Si concentration peaking at an Si concentration of 2.0 at%

with maximum values of �46.2(6.1) mC K�1 m�2 and

8.21(0.22)mC cm�2, respectively. Accordingly, the maximum

figures of merit are k2¼ 8.71(1.56), FE ¼ 7.64(1.37) J m�3K�1,

F0E¼ 11.03(1.98)� 10�12 m3 J�1, FI¼ 17.55(1.05) m V�1,

FV¼ 6.28(0.75)� 10�2 m2 C�1, and FD¼ 6.19(0.76) m3/2J�1/2.

These maximum values correspond nicely to the changes in

phase fractions shown in Fig. 2. Due to a purely monoclinic

phase for a low Si content, the corresponding samples exhibit

a non-polar character. The maximum polar orthorhombic

phase fraction between 1.9 at% and 2.5 at% Si is the reason

for the maximum of the polar properties. The strongly

constricted hysteresis with a non-zero remanent polarization

for Si concentrations of 2.5 at% and 3.5 at% stems from a

FIG. 1. Hysteresis of non-polar (top left and bottom right), ferroelectric (top

right), and antiferroelectric (bottom left) Si:HfO2, depending on the Si con-

centration. The hysteresis loops were measured by the shunt method using a

triangular voltage sweep of amplitude 3.5 V and frequency 1 kHz at room

temperature.

FIG. 2. Top: Remanent polarization PR and pyroelectric coefficient p.

Middle: Exemplary figures of merit FE and FI for energy harvesting and IR

sensor applications. Bottom: Fitted fractions of individual phases depending

on Si incorporation obtained by Rietveld refinement according to Ref. 8.
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mixture of the tetragonal and monoclinic phases. It seems

that the tetragonal phase gives rise to antiferroelectric behav-

ior. While nearly all samples show a negligible pyroelectric

coefficient in the unpoled state, i.e., before an initial

P–E measurement, a pyroelectric coefficient of approx.

�10 mC K�1 m�2 can be measured using the Sharp-Garn

method for a Si concentration of 2.0 at%. This is an indica-

tion for aligned domains, already established by the fabrica-

tion process. The origin of this phenomenon is still unclear

and, thus, needs further investigation, such as TEM studies

of grain orientations or X-ray texture measurements.

The highest p value for 2.0 at% Si in HfO2 is quite simi-

lar to the recently published values of Smith et al. for 20 nm

thick Hf1�xZrxO2 layers, where a maximum pyroelectric

coefficient of 48 mC K�1 m�2 was determined at a composi-

tion of x¼ 0.64. Compared to other well-known ferro- and

pyroelectrics, the values of p at room temperature are larger

than those for single crystal III-V compound semiconduc-

tors, such as GaN37,38 and AlN,39,40 and similar to organic

semi-crystalline polymers like polyvinylidene fluoride

(PVDF)41 and its copolymer with trifluoroethylene [P(VDF-

TrFE)].41,42 Inorganic perovskite-type single crystals, e.g.,

LiNbO3
43 and LiTaO3 (Ref. 43), as well as lead-based mate-

rials, e.g., modified lead zirconate titanate ceramics and thin

films,44–46 and solid solutions of lead magnesium niobate-

lead titanate (PMN-PT)47,48 provide much higher pyroelec-

tric coefficients. Comparing the maximum FI values [more

relevant than FV for small area elements with comparably

low er (Ref. 45)], it is found that a similar tendency as for p
is present. In contrast to industry leading LiTaO3 single crys-

tals, Si:HfO2 provides only a third of its FI and half of its FV.

The exact values of all mentioned materials are given in sup-

plementary material SIII. While the thin film processing of

ferroelectric materials can be quite complex, the fabrication

of HfO2 thin films is comparably easy and already well

established for CMOS applications. Additionally, the read-

out chip might be processed on the same silicon substrate.

Nonetheless, it should be kept in mind that this is just a first

assessment without years of intensive optimizations as for

other materials. Necessary additional considerations include

thermal time constants, low thermal conductance, and

matching capacity between the detector element and the

attached amplifier chip, all of which are important factors to

optimize IR sensors.45

The p(T) curves determined using the Sharp-Garn

method for ferro- and antiferroelectric Si:HfO2 are shown in

Fig. 3, revealing varying temperature dependencies of PR for

different Si doping concentrations. A Si concentration of

2.0 at% has an almost constant p(T) behavior in the investi-

gated temperature range. For larger Si concentrations, the

absolute pyroelectric coefficient drops to lower absolute val-

ues and slightly decreases with increasing temperature,

which is in accordance with previous results.22 Although jpj
generally increases close to a phase transition, the decreasing

behavior may stem from the grain size effect mentioned by

Hoffmann et al.:22 Smaller grains have a lower transition

temperature and, thus, get depolarized at lower temperatures.

The fact that jpj at room temperature after poling is always

lower after a heating step (see Fig. 2) supports this. Another

explanation could be the increased internal bias field caused

by charge redistribution, which lowers PR and thus p after

heating the material.49–51 The Si concentration of 2.4 at%,

which is close to the transition from the ferro- to the antifer-

roelectric phase, is an exception to this general trend. Here,

jpj increases with increasing temperature, which indicates a

temperature-driven transition from the ferro- to the antiferro-

electric phase so that PR varies more and, thus, jpj increases.

For Si concentrations above 2.5 at%, marked by antiferro-

electric behavior and low PR; jpj remains nearly constant at

relatively low absolute values for the complete investigated

temperature range. A Curie temperature, i.e., phase change

temperature to a non-polar phase, was not detected from the

p(T) measurements, and thus, a temperature-induced phase

transition is not present in the investigated temperature

range. The initial value of p can be recovered by poling the

sample again.

Pyroelectric coefficients obtained from a continuous

electric field-cycling method may be much higher than those

obtained by a method with absent electric field, as recently

shown in Si:HfO2.22 A possible explanation could be differ-

ent degrees of polarization of the films at different tempera-

tures. Typical hysteresis loops of Si:HfO2 show no complete

polarization (see Fig. 1 and Refs. 22 and 25), i.e., the maxi-

mum electric field before breakdown is not sufficient to

completely polarize the thin films. This can be seen from

hysteresis measurements with the increasing electric field

amplitude, which give an increasing PR with the field.21 The

obtainable fraction of the full polarization may further

depend on temperature, despite the use of equal field ampli-

tudes. Calculating the pyroelectric coefficient from such data

means to use only a temperature-dependent fraction of the

full PR so that the maximum achievable p can actually be

higher. In contrast to that, field-free methods start from an

initial polarization value without changing this polarization

state during the temperature variation.

By integrating the obtained p(T) data and adding the

value of PR at room temperature (obtained from hysteresis

measurements), the remanent polarization dependency can be

reconstructed. The absolute change and absolute value of the

remanent polarization, DP�RðTÞ and P�R, without the use of an

external electric field for their determination are summarized

in Fig. 4, respectively. P�R is marked with an asterisk because

the different degree of polarization at different temperatures

obtained from a hysteresis measurement may differ from that

FIG. 3. Pyroelectric coefficient as a function of temperature p(T) for differ-

ent Si concentrations in HfO2.
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of a temperature-dependent pyroelectric coefficient measure-

ment. The slight change in P�R is nearly linear with T, corre-

sponding to the almost temperature-invariant p for all Si

concentrations. The largest variance of P�R is again present for

the most polar 2.0 at% sample, caused by the largest pyroelec-

tric coefficient. Here, P�R changes by approx. 13% over the

temperature range of 170 K. All other concentrations show a

smaller absolute change in P�R with temperature, accompanied

by smaller absolute values of P�R and p (see the bottom of Fig.

4). Compared to the absolute value of P�R, the change DP�R is

quite small, leaving P�R quasi-constant with T. This is not nec-

essarily expected from Si:HfO2 as it is considered as a rather

“fragile” system due to its smaller concentration window for

ferroelectric properties compared to other dopants and its

related increased sensitivity to the impact of the grain size and

oxygen vacancies.25 However, its ferro- and pyroelectric prop-

erties remain relatively stable between ambient and elevated

temperatures. This is especially promising for future applica-

tions and device manufacturing.

In conclusion, dynamic P–E hysteresis measurements

and the electric field-free determination of the pyroelectric

coefficient p were used to correlate the polar properties with

the phase fractions of silicon-doped HfO2. Pronounced ferro-

and pyroelectric properties emerge for Si concentrations

between 1.9 at% and 2.5 at%. Maximum values of

p¼�46.2(6.1) mC K�1 m�2 and PR ¼ 8.21(0.22) mC cm�2

were found for a Si concentration of 2.0 at%. A good correla-

tion between the orthorhombic phase fraction and the pro-

nounced polar properties is shown. Deviations from previously

published values of p by measuring temperature-dependent hys-

teresis loops likely stem from an incomplete polarization.

Temperature-dependent measurements of p in the range of 0 �C
to 170 �C reveal a nearly constant behavior of the pyroelectric

coefficient and remanent polarization. Compared to other dop-

ants, a stable ferroelectric phase is harder to establish in silicon-

doped HfO2, but its polarization changes only little in the typi-

cal operation temperature range of a potential device. This,

together with the well-established fabrication process, makes it

a promising candidate for integrated device applications includ-

ing sensors utilizing the pyroelectric effect.

See supplementary material for further details of the raw

signals of the current and temperature course, measurements

of er, and calculations and comparisons of figures of merit.
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