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SPECIAL TOPIC — Ion beam modification of materials and applications
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Lead zirconate titanate piezoelectric ceramics have important applications in space and aerospace technology, but
the effect and physical mechanism of charged particle radiation on their performance yet to be clarified. In this study,
we characterized PbZr0.52Ti0.48O3 (PZT) thin films, and changes in the ferroelectric properties of the films before and
after electron and proton irradiation were investigated. The natural and heat treatment recoverability of the ferroelectric
properties were studied, and the damages and mechanisms of different types of radiation in PZT films were also investigated.
The results show that, in addition to ionization damages, electron irradiation causes certain structural damage on the PZT
film, and the large structural damage caused by proton irradiation reduces drastically the ferroelectricity of the PZT film.

Keywords: proton irradiation, electron irradiation, ferroelectricity

PACS: 77.55.hj, 77.80.Dj, 61.80.Jh DOI: 10.1088/1674-1056/ac0dad

1. Introduction

Lead zirconate titanate (PbZrxTi1−xO3, PZT) has several

applications in many high-tech fields, such as storage and

memory devices, piezoelectricity, electrical acoustical trans-

ducer, pyroelectric infrared detectors, and optical waveguide

devices.[1] A previous study[2] has shown that ferroelectric

materials have excellent radiation resistance; hence, they have

broad application prospects in the field of aerospace. PZT

films, as a material with a clear physical mechanism, excellent

electrical and optical properties, and radiation resistance, are

likely to replace the widely used materials, such as Si, SiO2,

and GaAs.

The space environment, where spacecraft operates, is

very complex and harsh. Spacecraft and its electronic com-

ponents are constantly influenced by interference from vari-

ous harsh environments and some coupling effects in space.[3]

The charged particle radiation environment dominated by pro-

ton and electron radiations is one of the main environmental

factors in near-Earth space. Space environmental effects, such

as ionisation, displacement, and single-event effects, can dam-

age spacecraft materials and severely affect the service life
and performance of spacecraft.[4] Therefore, research on the
electron and proton radiation effects of lead zirconate titanate
ferroelectric thin film materials and the annealing recovery be-
havior of its electrical properties are of great significance for
the application of ferroelectric materials in aerospace field, de-
sign, and optimization of materials.

Lou et al.[5] studied the total dose effect of electron irra-
diation of PZT films and devices. They found that an increase
in the electron irradiation dose results in a gradual decrease in
the area enclosed by the hysteresis loop, and the residual polar-
ization Pr, saturated polarization Ps, and coercive field strength
Ec decrease. Moreover, there is an approximately linear rela-
tionship between the decreasing trend and the radiation dose.
In addition, they found that PZT fails when the electron radia-
tion dose reaches 1.5×108 rad (Si).[6] This indicates that PZT
films can resist radiations with a total dose of 108 rad (Si).
Yang et al.[7] studied the changes of ferroelectric properties of
PbZr0.52Ti0.48O3 under the total dose of γ-rays and found that
after 300-kGy γ irradiation, the Pr of the PZT film reduced by
35%. There are several studies on the effect of total dose on
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the ferroelectric properties of PZT thin films under different
radiation sources, such as γ-rays, x-rays, and neutrons.[6,8–10]

Although the radiation source used and the values obtained
both vary, the reports basically arrive at a common conclusion:
the resistance of PZT to total dose radiation is better than that
of Si, SiO2, and other materials.

Yang et al.[7] also studied the changes in the PZT film
phase structure and scanning electron microscopy surface
morphology by γ-irradiation. There was no significant change
in the surface morphology as well as the peak intensity, peak
position and full width at half maximum (FWHM) in the x-
ray diffraction (XRD) patterns. Barala et al.[11] studied the
change in the FWHM of the PZT (100) diffraction peak after
being irradiated by different doses of γ-rays, and they found
that with an increase in the radiation dose, the FWHM of the
(100) diffraction peak gradually increases from 0.148 to 0.168
and the crystallinity of the PZT film decreases.

In this study, we characterized PbZr0.52Ti0.48O3 films,
which have good ferroelectric properties, to investigate the
damage mechanism of electron and proton irradiation in ferro-
electric thin films. The ferroelectricity was characterized be-
fore and after electron and proton irradiation. Surprisingly,
after electron and proton irradiation, the films recovered to
a certain extent after heat treatment, but not to the original
level. The polarization intensity of the films after electron
irradiation decreased continuously with time, whereas their
ferroelectricity after proton irradiation was almost destroyed.
Electron irradiation not only caused ionization damage to the
PbZr0.52Ti0.48O3 film but also destroyed its crystal structure
under an instantaneous strong electric field. The proton irradi-
ation caused mainly crystal structural damage to the film.

2. Experimental methods
We prepared the PbZr0.52Ti0.48O3 precursor by dissolv-

ing Pb(CH3COO)2·3H2O, C16H36O4Ti, and C12H20O4Zr in
CH3OCH2CH2OH and CH3COOH. A PbZr0.52Ti0.48O3 film
with good crystallinity was obtained by rapid heat treat-
ment at 650 ◦C after spin coating. Phase and stress anal-
yses were performed using the X’Pert x-ray diffractometer
produced by Philips, with Cu Kα target source. An ele-
ment valence-state analysis was conducted on the film using
the ESCLAB 250Xi x-ray photoelectron spectrometer (Ther-
moFisher, United States). The ferroelectric performance of the
PZT film was examined using a Radiant Precision LC-type fer-
roelectric tester. The energy irradiated by protons in the film
is 50 keV, and the energy irradiated by electrons is 50 keV–
70 keV using the KNΦK-type space environment simulation
equipment at National Defense Science and Technology Key

Lab for Space Materials Behavior and Evaluation, Harbin In-
stitute of Technology.

3. Results and discussion
3.1. Effect of electron irradiation on time evolution process

of ferroelectric properties of PZT thin films

The XRD image of the film (Fig. 1(a)) shows that the
annealed PbZr0.52Ti0.48O3 exhibited good crystallinity. Fig-
ure 1(b) reveals a change in the electric hysteresis loop of
the PZT film before and after electron irradiation. The flu-
ence of the irradiation was 7 × 1015 cm−2 and the energy
was 170 keV. After the irradiation, the hysteresis loop shifted
rightward, the coercive field was basically unchanged and the
ferroelectricity was preserved, but Pmax, Ps, and Pr became
smaller. An instantaneous strong electric field was formed
during the electron irradiation, and the PZT film was polar-
ized under the strong electric field, resulting in a bias electric
field. The change in maximum polarization intensity ∆Pmax

(∆Pmax = Pmax,i − Pmax,0, where Pmax,i is the maximum po-
larization value at each moment after electron irradiation and
Pmax,0 is the maximum polarization value of the PZT film be-
fore irradiation) of the PZT film after electron irradiation with
different energy is shown in Fig. 1(c). The trend of ∆Pmax at
every moment after irradiation shows an exponential change.
The Pmax of the PZT film after irradiation decreased contin-
uously and gradually levelled off after a period. The strong
electric field during electron irradiation may not only polarize
the PZT film but also damage the crystal structure of the PZT.
After irradiation for a period, there was a structural damage in
the film and the ferroelectricity could not be recovered. As the
irradiation energy increased, ∆Pmax after stabilization gradu-
ally decreased. This implies that the greater the energy of the
incident electrons, the more the Pmax after irradiation is lost
relative to the Pmax before irradiation, that is, the more severe
the PZT film is damaged. Figure 1(d) shows the change in
the ∆Pmax of the PZT film with time under different electron
fluxes. After irradiation, ∆Pmax changed exponentially with
time and different electron irradiation fluences. As time in-
creased, the value of ∆Pmaxc gradually decreased to a stable
value. As the electron irradiation fluence increased, ∆Pmax de-
creased; that is, the loss of maximum polarization after irradi-
ation increased with an increase in the fluence. This is because
the lattice damage in the PZT film becomes more severe as the
irradiation fluence increases. Extrapolating the fitted curve to
the time when irradiation is completed (T = 0), we can obtain
the change in maximum polarization intensity, ∆Pmax,0, at the
time the irradiation is completed. Observations show that as
the fluence increased, ∆Pmax,0 gradually decreased.
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Fig. 1. (a) XRD image of the PbZr0.52Ti0.48O3 film; (b) electric hysteresis loop of the PZT film before and after irradiation; (c) the change of polarization
intensity of the PZT film after electron irradiation with different energies with time; (d) the change of polarization intensity of the PZT film with time
under different electron fluxes.

3.2. Heat treatment recovery of PZT film after electron ir-
radiation

Figure 2(a) shows the trend of the maximum polarization
intensity of the PZT film after electron irradiation with an en-
ergy of 90 keV and fluence of 7×1015 cm−2 after annealing at
different temperatures compared with the non-irradiated PZT
film (the value at x = 0 represents the ratio of the maximum
polarization intensity without annealing but electron irradia-
tion to the maximum polarization intensity without irradia-
tion). At annealing temperatures less than 300 ◦C, Pmax/Pmax,0

remained almost unchanged, indicating that the ferroelectric
properties were not recovered. At annealing temperatures
greater than 300 ◦C, Pmax/Pmax,0 increased, and the ferroelec-
tric properties began to recover, reaching the maximum at
500 ◦C. Then, Pmax/Pmax,0c was about 0.87. After annealing
at 500 ◦C, the ferroelectricity recovered by 6.4%. However,
when the annealing temperature reached 600 ◦C, Pmax/Pmax,0

started decreasing and was only 51% after annealing at 700 ◦C.
This may be because the Pt top electrode is damaged due to the
high temperature, which affects its performance. Heat treat-
ment cannot fully recover the ferroelectric properties of the
PZT film after electron irradiation, because the crystal struc-
tural damage caused by the electron irradiation in addition to
the main ionization damage makes the PZT film unable to re-
store the original structure under thermal drive.

Figure 2(b) shows the hysteresis loop after annealing at
500 ◦C in the air and oxygen atmosphere and the hysteresis
loop before and after irradiation without annealing. After an-
nealing, the shape of the hysteresis loop was symmetrical, and
Pmax and Pr increased. The position of the hysteresis loop
also gradually shifted leftward after irradiation, returning to

its state before irradiation. However, the hysteresis loops ob-
tained after annealing in the oxygen and air atmosphere at the
same temperature overlap, and there was no significant differ-
ence in the ferroelectricity recovery. This proves that the oxy-
gen atmosphere has no obvious effect on ferroelectricity re-
covery. Thus, it is probably the structural damage rather than
oxygen vacancies that affected the ferroelectric properties of
the PZT film after irradiation.
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Fig. 2. (a) The trend of the polarization intensity difference of the PZT film
after electron irradiation after annealing at different temperatures; (b) the hys-
teresis loop after annealing at 500 ◦C in the air and oxygen atmosphere and
the hysteresis loop before and after irradiation without annealing.
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3.3. Effect of proton irradiation on time evolution process
of ferroelectric properties of PZT thin films

The damage on oxides caused by proton irradiation is of-
ten much higher than that caused by electron irradiation. Elec-
tron irradiation causes mainly ionization damages, whereas
proton irradiation causes mainly structural damages, which
have a greater impact on the performance of oxides. Fig-
ures 3(a) and 3(b) show the hysteresis loop of the PZT film
before and after proton irradiation. The proton irradiation
energy was 50 keV, and the fluence was 4× 1014 cm−2 and
1.2×1016 cm−2, respectively. The PZT film exhibited a full-
shaped hysteresis loop before irradiation, and Pr and Pmax

were both large. After proton irradiation with a small flu-
ence (4×1014 cm−2), although the PZT film sample was still
ferroelectric, the shape of the hysteresis loop became thinner
and narrower. Pmax, Ps, and Pr all reduced significantly and
Ec became smaller. After proton irradiation with a fluence of
1.2× 1016 cm−2, the hysteresis loop disappeared, and Pmax,

Ps and Pr greatly changed. The change in the ∆Pmax of the
PZT film with proton irradiation fluence before and after pro-
ton irradiation is shown in Fig. 3(c). As the irradiation flu-
ence increased, ∆Pmax gradually decreased; that is, the loss of
Pmax increases as the fluence increases. The change in ∆Pmax

with time before and after proton irradiation at a fluence of
4×1015 cm−2 is shown in Fig. 3(d). It shows that ∆Pmax was
less than 0 after irradiation, which implies that after proton
irradiation, the ferroelectric properties of the PZT film wors-
ened. Comparing the change in ∆Pmax with time after elec-
tron irradiation with different fluences, we found no signifi-
cant change in ∆Pmax with time after proton irradiation. This
is probably because electron irradiation is mainly ionizing ir-
radiation, thus, the polarization intensity continues to change
for a period after irradiation. However, for proton irradiation,
structural damages are induced during irradiation, and there
are no major changes after the irradiation.
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Fig. 3. Panels (a) and (b) show the hysteresis loop of the PZT film before and after proton irradiations; (c) the change in the polarization intensity
difference of the PZT film with proton irradiation fluence before and after proton irradiations; (d) the change in the polarization intensity difference of
the PZT film before and after proton irradiations at a fluence of 4×1015 cm−2.

3.4. Heat treatment recovery of PZT film after proton ir-
radiation

The ferroelectric properties of the PZT film irradiated by
protons with a fluence of 4× 1015 cm−2 after 2-h heat treat-
ment at different temperatures are depicted in Fig. 4(a).

(i) At T < 200 ◦C, there was no significant change in the
shape of the hysteresis loop and Pmax, Ps, Pr, Ec, and other
parameters that characterize the ferroelectric properties after
annealing.

(ii) At T = 300 ◦C, there was still no obvious change in
the shape of the hysteresis loop, but the maximum polarization

intensity began to increase.
(iii) At T > 300 ◦C, as the annealing temperature in-

creased, the shape of the hysteresis loop gradually became full
and then slowly returned to the shape before irradiation. The
maximum polarization intensity continued to increase as the
annealing temperature increased.

(iv) At T = 500 ◦C, the maximum value of Pmax was ob-
tained, and it returned to the level of 71% before irradiation.

(v) At T = 600 ◦C, the maximum polarization intensity
slightly reduced, which may be caused by the melting of the
top electrode.
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3.5. Effect of proton irradiation on the phase structure of
PZT film

By fine-scanning the (111) XRD characteristic peaks of
the non-irradiated and proton-irradiated PZT films, we found
that the intensity of the (111) characteristic peaks sharply de-
creased after irradiation and the crystallinity of the PZT film
decreased significantly. The sin2

ψ method was used to de-

termine the residual stress on the PZT film before and after
proton irradiation, and the results were analyzed, as shown in
Fig. 5(b).

Residual stress can be calculated by the XRD method us-
ing the following equation:

σφ =
E

2(1+υ)
cotθ0

π

180
∂ (2θ)

∂
(
sin2

ψ
) , (1)

where E is the modulus of elasticity (E ≈ 160 GPa[12]), υ is
the Poisson’s ratio (υ = 0.28[13]), and θ0 is the Bragg angle
of the diffraction peak of the unstressed sample (in standard
PDF#33-0784, θ0 = 38.251◦).

But

K =− E
2(1+ν)

cotθ0
π

180
, (2)

M =
∂ (2θ)

∂
(
sin2

ψ
) , (3)

then

σψ = K ·M, (4)

where K is a fixed value only related to the material and the se-
lected diffraction surface index. Substituting the relevant val-
ues into Eq. (2), we obtain that K = −79.28. M is the slope
of the 2θ–sin2

ψ line. The slope of the 2θ–sin2
ψ line for the

PZT film before irradiation was positive but became negative
after irradiation. Because K is negative, the residual stress
of the PZT film was negative before irradiation, which implies
compressive stress. After proton irradiation, the residual stress
became positive, thus, the residual stress became tensile.
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Fig. 5. Panels (a) and (b) show the residual stress on the PZT film before and after proton irradiations; panels (c) and (d) show the XPS spectra of the
PZT film before and after proton irradiations.
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Proton irradiation produces ionization and displacement
effects, electron–hole pairs, interstitial atom–vacancy pairs,
etc., which change the valence state of elements and affect
the chemical environment around each element. Figures 5(b)
and 5(c) show the XPS spectra of Pb and Ti elements in the
PZT film before and after proton irradiations after split peak
fitting. Figure 5(c) shows absorption peaks corresponding to
the Pb element at binding energies of 143.6 eV and 138.6 eV
before irradiation, and these two peaks are both Pb2+ peaks.
Four absorption peaks appeared after irradiation at the binding
energies of 137.9, 138.8, 142.8, and 143.7 eV, respectively.
After searching the XPS database, we found that the pair of
splitting peaks at 137.9 eV and 142.8 eV are the absorption
peaks of Pb4+, indicating that part of Pb2+ oxidized to Pb4+

after proton irradiation. Figure 5(d) shows the XPS spectrum
of Ti before and after irradiations. The two absorption peaks of
Ti before irradiation are located at 458.9 eV and 464.6 eV, re-
spectively. After irradiation, the peaks shifted to lower binding
energies (458.4 eV and 464.1 eV, respectively). The valence
state of the Ti element did not change, but the absorption peak
broadened, indicating the presence of defects in the PZT film
after proton irradiation.

4. Conclusion and perspectives
This paper evaluates the changes in the ferroelectric prop-

erties of PbZr0.52Ti0.48O3 (PZT) films before and after elec-
tron and proton irradiations. It clarifies the spatial environ-
mental effects and physical mechanisms of different types of
irradiation in PZT films. Both electron and proton irradiations
damage the properties of oxides, but the damage mechanisms

differ. The ferroelectric properties of the PZT films could not
be restored naturally after electron irradiation, which proves
that electron irradiation also causes structural damages, in ad-
dition to the ionization damage. The ferroelectric properties of
the PZT film almost completely disappeared after proton irra-
diation. The recovery effect after heat treatment in the air and
oxygen atmosphere was almost the same, indicating that the
irradiation damage was mainly structural rather than oxygen-
vacancy damage. XPS also revealed that proton irradiation in-
duced a reduction reaction, and part of Pb2+ oxidized to Pb4+.
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