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The broadband photochromic effect on undoped and rare-earth-doped lead lanthanum zirconate titanate
(PLZT) ceramics was studied under the illumination of ultraviolet light at 360 nm. The photocarriers’ trapping
and detrapping processes of thermal disconnected traps played the vital role in both darkening and bleaching
processes. The interaction between photocarrier traps and rare-earth ion energy levels was demonstrated, which
influenced the photochromatic darkening performance greatly. The transformation of photoluminescence spec-
tra in Er**-doped PLZT ceramics also improved the physical picture of the trap’s distribution of the materials.
This work could be used to modulate the photoluminescence and lasing behavior.
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The photochromic effect is described as a reversible color
change of materials driven by photon illumination that could
originate from the variation in molecular structure’?, evi-
table oxidation-reduction reactions®?, small polarons in
crystal lattices®¥, and also trapping and detrapping in dis-
ordered ceramics?. When the photochromic effect occurred,
refractive index, extinction coefficient, reflection and trans-
mittance of light, and many other optical parameters would
also be changed, leading to many potential applications of
information storage elements?, safety protective materials
in industrial and automation equipment?, imaging and dis-
play devices™, and deep ultraviolet detectors™. Until now,
the photochromlc effect has been investigated in a variety
of materials including tungsten trioxide (WO;), titanium
dioxide (TiO,), vanadium oxide (V,0;), and many other
transitional metal oxide materials2¥, and also involving
diarylethene and spirogyras-based organic materials!=2!.

Recently, Chen et al. demonstrated a stable radical forma—
tion strategy triggered by photochromism that pointed out a
way for the future development of photochemical methodol-
ogies and the photomanipulation of advanced optoelectronic
materials?. Dam’s group explored the photochromic proper-
ties of YO,H, thin films controlled by the lattice compres-
sion effect when doped with Zr** ions®. Among all these
photochromic materials, lead lanthanum zirconate titanate
(PLZT) ceramics was deemed as one of the most promising
materials, since they gathered high quadric electro-optical
coefficient, and photochromic, pyroelectric, and electro-
strictive effects, which was of great interest for designing
multifunctional optoelectrical devices?). Xu et al. exhibited
the spectrum transformation in Er®* and Yb®* PLZT by
exposing them to the electrical plasma atmosphere?. The
photochromic effect in Er®*-doped PLZT ceramics with a
large-scale refractive index change was investigated, which
could be used as a high-performance photodetector in the
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ultraviolet (UV) region??. However, the photochromic inter-
action between the rare-earth and substrate materials has
barely been reported, which is extremely important for
modulating the photoluminescence behavior of materials
and enhancing the fluorescence efficiency of laser materials.
To fill in the gap, in this work, the broadband photochromic
effect in undoped PLZT, Er**-doped, and Nd** ion-doped
PLZT ceramics was studied under the illumination of UV
light at 360 nm. The interaction between rare-earth energy
levels and thermal disconnected traps was analyzed by com-
paring the darkening spectrum and absorption peaks. The
changes in the absorption coefficient and refractive index
were also investigated along with the decreased transmit-
tance of the specimen. The photoluminescence spectrum
transformation of Er**-doped PLZT ceramics was discussed
and the physical picture of the spectrum modulation was
proposed, which explored a way to modulate the photolumi-
nescence and lasing behavior of this kind of photochromic
materials. We reported this work as follows.

A uniaxial hot-press system (Thermal Technology,
Model HP52-0914-SC) was used for the ceramic material
fabrication. The specimens used in this work were com-
posed of 65 mol% lead zirconate plus 35 mol% lead titan-
ate, and the origins of these components were PbO, ZrO,,
and TiO,, respectively. To make it transparent, 10 mol%
La®* ions in the form of Lay,O3 were added. An excess lead
atmosphere was required during sintering to achieve the
transparent samples by eliminating the loss caused by
the volatility of lead.

The X-ray diffraction spectra of undoped PLZT,
1 mol% Er3*-doped, and 1 mol% Nd3* ion-doped PLZT
ceramics were measured by using an X-ray diffractometer
(D/MAX-rB, Rigaku, Japan), as seen in Fig. 1(a). The
typical cubic perovskite (ABO3) structure was confirmed
with a strong (110) diffraction peak at 30.8°. When Er3*
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Fig. 1. (a) X-ray diffraction spectrum of undoped PLZT, 1 mol%
Er*f-doped, and 1 mol% Nd**-doped PLZT ceramics; (b) the
surface appearance photograph of undoped PLZT ceramics
taken by an AFM; (c) the room temperature ground state ab-
sorption spectra; and (d) the transmittance spectra of undoped
PLZT, 1 mol%-3 mol% Er*"-doped, and 1 mol% Nd**-doped
PLZT samples (the inset is the photograph of the undoped,
Er¥*-doped, and Nd**-doped PLZT samples).

and Nd** ions were doped into the PLZT ceramics, the
diffraction peaks shifted toward larger angles because they
replaced the position of Pb at A sites of the structural unit
and resulted in a smaller lattice constant and larger dif-
fraction angle. The surface appearance of the undoped
PLZT ceramics was analyzed by using an atomic force
microscope (AFM), as seen in Fig. 1(b). The grain boun-
daries varied from grain to grain from several tens to near
one hundred nanometers, which was a typical ceramic
structure. The roughness of the specimen averaged to
be less than 10 nm and it was desirable to make this
material highly transparent in the optical direction.

The room temperature ground state absorption and
transmittance spectra of undoped PLZT, 1 mol%-3 mol%
Er3t-doped, and 1 mol% Nd3*-doped PLZT ceramics
were measured, as shown in Figs. 1(c) and 1(d). When
Er** and Nd3* jons were doped into the PLZT ceramics,
intensive absorption peaks and transmittance valleys
could be seen, referring to the excited absorption of ions
from the ground state to the higher energy level of Er3*+
and Nd** ions. In this work, these two different energy
level structures were used to study the interaction be-
tween thermal disconnected traps and rare-earth energy
levels during the darkening and bleaching processes.

To study the photochromic effect of the undoped
and rare-earth-doped PLZT ceramics, a broadband white
light source (200-2700 nm) and a He-Ne laser source
(632.8 nm) were used as the signal light to monitor the
dynamic change of transmittance through the samples.
As drawn in Fig. 2(a), the signal light was collimated by
a lens system and confined to a diameter around 0.5 mm
by an aperture, and then passed through the transparent
surfaces perpendicularly. The intensity of the transmitted
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Fig. 2. (a) Schematic illustration of the experimental setup of
the photochromic effect; (b) the dynamic change of the transmit-
tance of light in the darkening, self-bleaching, and infrared
bleaching processes; (¢) the trapping and detrapping process
of electrons in TDT; (d) extinction coefficient and (e) refractive
index change after UV light exposure; (f) the two-dimensional
pseudo color distribution of the transmittance of light at differ-
ent wavelengths in undoped PLZT ceramics (the inserted green
line is the absorption spectrum of undoped PLZT ceramics).

light was monitored by the detector and recorded by the
oscilloscope or spectrometer. A UV laser at 360 nm and
an infrared laser at 790 nm irradiated on the surface of
the samples and covered the area of the signal light propa-
gation completely. This was used to activate the darken-
ing and bleaching processes. More optical lenses, irises,
and mirrors were ignored in the schematic diagram to
focus on the main light path. The transmittance of light
dropping rapidly upon the UV laser was enabled and
reached equilibrium at the lowest value within several
seconds, as exhibited in Fig. 2(b). This darkening process
could be explained by the trapping and detrapping of car-
riers in thermal disconnected traps (TDTs), as illustrated
in Fig. 2(c). Electrons on the valence band (VB) were
excited into the conduction band (CB) when the light
near the bandgap illuminated on surface of the sample,
and then combined with the holes in the recombination
center (RC) rapidly due to the extremely short lifetime
of electrons in the conduction band. During the recombi-
nation process, these electrons could be captured by the
TDT at a certain probability. When photons propagated
through the darkened samples, the captured electrons in
the TDT had a chance to be excited to the conduction
band and recombine with the holes in the RC again, which
also resulted in the darkening phenomenon and reduced
the transmittance of light in Fig. 2(b). When the UV light
was switched off, both the photons from the signal light
and the background could excite part of the electrons in
the TDT gradually, leading to a slow rise of the transmit-
ted light intensity [referring to Fig. 2(b)]. The value of the
transmittance of light came back to the original value rap-
idly within several tens of milliseconds after the infrared
light was turned on because nearly all the captured elec-
trons were excited to the CB.

Along with the darkening of the samples, both the
excitation coefficient and the refractive index could also
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be changed, as seen in Figs. 2(d) and 2(e). The excitation
coefficient showed an increment of around 0.034 cm ™' at
400 nm after being exposed to the UV light at 360 nm, and
the increment became smaller in the longer wavelength re-
gion (0.010 cm™! at 850 nm). The refractive index of the
specimen exhibited an obvious decrease up to 0.02 at
400 nm after being exposed to the UV light at 360 nm,
which was an extremely great change and larger than that
of many photorefractive single crystalsZ =Y. Similar to the
change of the excitation coefficient, the reduction of the
refractive index was also smaller at longer wavelengths.
It was noticeable that it showed an abnormal dispersion
from the 700 to 800 nm region [referring to Fig. 2(e)]
due to the photoinduced scattering in the disordered
structure of this kind of ceramic material2?. To further
study the photochromic effect of the undoped PLZT
ceramics, a broadband transmittance variation from
450 nm to 700 nm was measured by the spectrometer
(Ocean Optics, USB4000), as exhibited of the 2D pseudo
color curves in Fig. 2(e). Analogous to the change of the
excitation coefficient and refractive index, the reduction of
the transmittance of light was larger at shorter wave-
length. Moreover, the recovery time of the transmitted
light at shorter wavelengths was also longer since short-
wave photons with higher energy were more efficient to
excite electrons from the VB to the CB and also had a
greater chance to release the captured electrons in the
TDT to the CB.

Besides the undoped PLZT ceramics, the photochromic
effect of Nd** and Er®t ion-doped PLZT ceramics samples
was also measured to study the interaction between photo-
carrier traps and rare-earth ion energy levels, which in-
fluenced the photochromatic performance greatly. The
broadband transmittance variation from 450 nm to 700 nm
of 1 mol% Nd** ion-doped PLZT ceramics specimen was
demonstrated in Fig. 3(a); there was also a greater down-
ward trend in the transmittance of light. Compared to
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Fig. 3. Two-dimensional pseudo color distribution of the trans-
mittance of light at different wavelengths in (a) the 1 mol% Nd**
ion-doped PLZT ceramics and (b)—(d) the 1 mol%-3 mol% Er3*
ion-doped PLZT ceramics.

the transmittance reduction of the undoped PLZT ceramics
sample, it showed a greater decrease that could be lower
than seventy percent of the original value. This is because
Nd?* ions would replace the position of Pb>* ions at A sites
of the perovskite units after they were incorporated into the
material, and the number of vacancies was increased due to
the unbalance of charges. The increased vacancy concentra-
tion lifted up the number of TDTs and the number of
captured electrons accordingly. It is noticeable that some
abrupt changes occurred near the absorption peak with
the decrease of wavelength and enhanced darkening effect
due to the interaction of Nd** ion energy levels with TDTs.
The energy distribution of the TDT defects was in a wide
range, as seen in Fig. 3(c). The captured electrons interacted
with the Nd?* ions in the excited state when they were close
to the energy level, and were accompanied by the generation
of fluorescence at the corresponding wavelength. The re-
duced number of captured electrons greatly attenuated
the darkening effect. There were some redshifts of the
attenuated transmittance of light from the absorption peaks
because of the shifts between the absorption and fluores-
cence peaks.

To verify the interaction between the excited state
of rare-earth and captured photocarriers in the TDT,
1 mol%-3 mol% Er** ion-doped PLZT ceramics samples
was prepared and the corresponding two-dimensional
pseudo color distribution of the transmittance of light
were mapped, as shown in Figs. 3(b)-3(d). Analogical
abrupt weakened darkening variation in the change of
transmittance of light was also demonstrated near the
absorption peaks of the Er** ions. Based on the analysis
above, a more intensive vacancy density inside the sam-
ple was formed into the sample with higher Er** ion con-
centration. The increased number of captured electrons
enhanced the photochromic effect and reduced the trans-
mittance of light subsequently after being irradiated by
the UV light. It was pretty obvious that the darkening
effect at several wavelengths almost attenuated to disap-
pearance, which originated from the loss of the captured
electron by the interaction between the photocarriers in
the TDT and the ions on excited state of the Er** energy
level. Moreover, the interaction was extended to the role
between the captured electrons and the radiative and non-
radiative transition of rare-earth ions, resulting in more
abrupt regions in the darkening process.

According to the analysis above, the electrons captured
in the TDT played a vital role in the photochromic effect
on rare-earth-doped PLZT ceramics, and they interacted
with ions in the excited state of the Nd3* and Er®* ions to
reduce the decrease in the transmittance of light. To fur-
ther study the interaction of the captured electrons in the
TDT with rare-earth ions, the upconversion process in the
visible region and photoluminescence around 1.3-1.9 pm
in 1 mol% Er3*-doped PLZT ceramics were investigated.
As seen in the inset of Fig. 4(a), a laser diode at 980 nm
was used as the pumping source, which was focused by a
lens system on the surface of the specimen. The upcon-
verted light emission was collected by another lens system
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Fig. 4. (a) Upconversion spectra of 1 mol% Er3*-doped PLZT
ceramics excited by the laser at 980 nm after being irradiated
by UV light at 365 nm with a power of 0 mW, 0.1 mW, and
0.12 mW for 1 min each (the inset is the schematic setup to mea-
sure the photoluminescence spectrum); (b) photoluminescence at
1550 nm of 1 mol% Er**-doped PLZT excited by the laser at
980 nm after being irradiated by UV light at 365 nm with a
power of 0 mW, 0.1 mW, and 0.12 mW for 1 min each.

and recorded by a UV-visible-near-IR spectrometer
(Ocean Optics, USB4000) and another infrared spectrom-
eter (Ocean Optics, NIR Quest). A 700 nm short pass filter
and a 1000 nm long pass filter were used to separate the
light emission from pumping light. When the pumping
source was switched on, the typical upconversion emission
peaks around 528 nm and 539 nm (*Hjy/s — *Ij5,0),
552 nm and 565 nm (283/2 - 4115/2), and 666 nm
(*F, /2 = g /2) emerged instantaneously, accompanied by
the infrared fluorescence around 1550 nm (*I;3/5 — *Iy;,5),
as demonstrated in Figs. 4(a) and 4(b)%. After the sample
was exposed to the UV light at 360 nm for 1 min, both
photoluminescence spectra were detected again after
the UV light was shut off. The intensity of the upconver-
sion emission peaks went down since these photons were
used to release the captured electrons in the TDT, which
could be further lowered after being illuminated by a more
intensive UV light. Compared with the upconversion
emission, the photoluminescence at 1550 nm exhibited a
4-fold enhancement after the UV light exposure. Two
main reasons contributed to the enhanced luminescence.
1) The photon energy near 1550 nm was smaller than
the energy needed to release the trapped photocarriers
from the TDT to the conduction band, and no energy loss
was observed during the darkening process. 2) The re-
leased photocarriers by the upconverted photons inter-
acted with the energy transition of the Er®" ions, giving
rise to an increasing number of ions in the excited state
of 414 /2 This result was desirable to design high-power
solid-state lasers at 1550 nm because the upconversion loss
was suppressed efficiently.

To sum up, a reversible photochromic effect on undoped
and rare-earth-doped PLZT ceramics was discussed under
the illumination of a UV light source at 360 nm within a
broadband range. The model based on photocarriers
captured by the TDT and released by photons was respon-
sible for the darkening and bleaching process, respectively.
The interaction between the captured electrons and the
excited state of the rare-earth ions greatly influenced
the photochromic process of the materials, bringing in
abrupt attenuations during the darkening process of the

wavelength near the absorption peaks and radiative en-
ergy transition. With a higher Er®* ion concentration,
the darkening process and the interaction between elec-
trons in the TDT and Er®t ions became more intense,
which originated from the increased number of vacancies
and TDTs with the doping of the Er®* ions. Furthermore,
a weakened upconversion emission and an enhanced
photoluminescence spectrum were investigated, and the
energy loss releasing the trapped electrons in the TDT
to the CBs and the interaction between the captured
photocarriers and the excited state of the Er** ions played
significant roles in the spectrum transformation. This
work provided a way to improve the lasing efficiency of
rare-earth-doped solid-state lasers and could also be used
to modulate the fluorescence of rare-earth-doped materi-
als and design high-performance optoelectrical devices.
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11804036) and the Fund of China Scholarship Council
(No. 201806995045).
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