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In this study, bismuth (Bi) and magnesium (Mg) co-doped lithium niobate crystals
(LN:Bi,Mgg ) with a rapid photorefractive (PR) response were subjected to
annealing treatments in oxygen and various argon atmospheres to modulate
their oxidation-reduction states. The PR properties of LN:Bi,Mgg, crystals
with different redox states, including saturation diffraction efficiency, response
time, and sensitivity, were systematically characterized at laser wavelengths of
532 nm, 488 nm, and 442 nm. The results demonstrate that reduction treatment
effectively shortens the response time and enhances the PR sensitivity of
LN:Bi,Mgg o crystals. In particular, the crystal reduced in Ar atmosphere for 24 h
exhibited a response time of 54 m at 442 nm, representing a 58% reduction
compared to the as-grown crystal. O Is X-ray photoelectron spectroscopy (XPS)
revealed that changes in the redox state directly affect the concentration of
oxygen vacancies (V) in the crystal, thereby influencing its PR performance. As
the Vg increases, the PR response time initially decreases and then increases. In
addition, based on the results of ultraviolet-visible (UV-Vis) absorption spectra
and XPS, the defect structures of LN:Bi,Mgg, crystal with varying redox states
were discussed.

LiNbO- crystal, photorefraction, rapid response, redox annealing, oxygen-vacancy

Introduction

In recent years, the commercialization of advanced three-dimensional (3D) display
technologies, including holographic glasses and automotive augmented reality head-up
displays (AR-HUDs), has ushered in a new era of immersive interaction by seamlessly
merging virtual and real-world elements. Among these innovations, holographic 3D
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display stands out as the most promising next-generation visual
technology, primarily due to its inherent advantage of enabling
naked-eye viewing without the need for additional eyewear
[1-5]. Optical holographic display based on photorefractive (PR)
materials is one of the most effective approaches to achieving
real-time dynamic 3D visualization [6]. The PR effect involves
two fundamental physical processes: first, the photoconductive
process, in which photoexcited charge carriers are generated and
redistributed to form a spatial space-charge field; and second, the
electro-optic process, where this field induces a refractive index
modulation through the Pockels effect [7]. This light-induced
refractive index change provides a direct mechanism for dynamic
holographic recording. Owing to its reversibility and real-time
tunability, the PR effect enables continuous writing and erasing
of holographic gratings, thereby making PR materials highly
promising for real-time dynamic holographic 3D displays [8].
Although organic polymers [9] and liquid crystals [10, 11] are
widely adopted in current display systems, they encounter critical
challenges including material degradation and the requirement for
high operational voltages. In contrast, inorganic PR crystals have
emerged as ideal candidates for dynamic holographic displays due
to their stable physicochemical properties and the ability to achieve
high diffraction efficiency without the need for external voltage.

Lithium niobate (LiNbO,, LN) crystal, called “silicon of
photonics’, is one of multi-functional artificial crystal that combines
excellent physical properties such as electro-optic, acousto-
optic, piezoelectric, nonlinear optical properties, and PR effects
[12-18]. Based on these attractive properties, LN has played a
prominent role in many recent technological achievements, such as
modulators [19-22], permanent holographic recording equipment
[23], nonlinear resonators [24, 25], and integrated optics on-
chip [26-28]. However, as a classic inorganic PR material, the
slow response time of LN crystals has long limited their use in
holographic displays [29-31]. Recent studies have revealed that co-
doping LN crystals with Mg?* and lone-pair electron cations (e.g.,
Bi**, Sb**) significantly enhances the PR response speed [32-34].
Specifically, for a Bi and Mg co-doped LN crystal (LN:Bi, ,,Mg (),
the response time was reduced to 13 m at 442 nm [35]. Although
increasing the Bi** doping concentration further shortened the
response time to 7.2 m in LN:Bi, ;,,Mg,, crystals, enabling real-
time dynamic holographic display at a 60 Hz refresh rate [36], this
improvement came at the expense of significantly degraded crystal
quality. Therefore, it is crucial to investigate whether the response
time can be shortened while maintaining crystal quality to achieve
high refresh rates.

In this work, a 1.0 mol% Bi and 6.0 mol% Mg co-doped LN
crystal (LN:Bi,Mg; ) was grown via the Czochralski (CZ) method,
and subsequently, the redox states of LN:Bi,Mg, samples were
modulated through annealing under O, and Ar atmospheres,
respectively. The PR properties of as-grown and redox-treated
samples were systematically evaluated. Ultraviolet-visible (UV-
Vis) spectroscopy and X-ray photoelectron spectroscopy (XPS)
analyses were performed to investigate defect structures. The
results demonstrate that optimizing the concentration ratio between
oxygen vacancies (V) and lattice oxygen can reduce the PR
response time of LN:Bi,Mg , crystals by 58% at 442 nm.
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Materials and methods
Sample preparation

A congruent LN (CLN) crystal with a composition of [Li]/[NDb]
= 48.6/51.4, co-doped with 1.0 mol% of Bi and 6.0 mol% Mg,
was grown along the z-axis using the CZ method and labeled as
LN:Bi,Mgc,. The specific steps and detailed parameters involved
in crystal growth are provided in the Supplementary Material. The
crystal was maintained at 1,210 °C for 24 h for annealing, followed
by 1-h polarization with a 50 mA current at the same temperature,
and then controllably cooled to room temperature to complete
the annealing and polarization process, thereby eliminating
internal thermal stresses and ensuring single-domain formation.
Subsequently, five y-oriented wafers with identical dimensions of
10"8*1 mm (length*width*thicknesses) were prepared for redox
treatment. Among the five samples, one was left untreated, while the
other four underwent distinct thermal treatments under controlled
atmospheres:

1. Three samples were individually subjected to reduction
treatments in an argon atmosphere (flow rate: 1.4 L/min). The
temperature was raised to 500 °C in 5h, held isothermally
for either 12h, 24 h, or 36 h, and then cooled to room
temperature in 5 h.

2. The remaining sample was treated in an oxygen atmosphere
(flow rate: 1.4 L/min), during which the temperature was
increased to 800 °C in 5 h, held for 12 h, and then cooled to
room temperature in 5 h.

The samples are labeled according to their treatment conditions:
the untreated sample is labeled “As-grown”; three argon-reduced
samples with 12, 24, and 36 h isothermal holds are labeled “Ar-
12 Iv’, “Ar-24 h’, and “Ar-36 I respectively; and the oxygen-oxidized
sample with 12 h isothermal hold is labeled “O,-12 i

Experimental methods

The two-wave coupling method [32] was employed to
characterize the PR properties of LN:Bi,Mg crystals subjected to
different treatment conditions. According to the coupled-wave
theory, two coherent beams with identical frequency and
polarization interfere inside the crystal and generate a spatially
modulated space-charge field. Based on the PR theory, this
space-charge field induces a refractive-index modulation that
follows the interference pattern, thereby forming a volume phase
grating within the crystal. Under these conditions, a cosine-
type intensity modulation is established in the crystal, and the
light-intensity coupling can be described by Equation 1:

dl,

I
cos— =-T —al
dx L+L ! W
d, LI,
cos— =T —al,
dx I+,
Here, T' = )LZZZ‘B sin ¢ is the intensity—coupling coeflicient. The
refractive-index modulation is given by n, = — nyE,., where E_ is

the space—charge field and ¢ denotes the spatial phase shift between
the induced index grating and the optical interference pattern.
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Experimental results show that the PR process in LN:Bi,Mg crystals
is dominated by the diffusion mechanism, and electrons act as the
primary charge carriers [35]. Under these conditions, the phase shift
is ¢ = —m/2, and « represents the absorption coefficient. For the
boundary conditions I; (x = 0) = I, and I, (x = 0) = L, with I, = I,
and I, + I, = I, the solution of Equation 1 is shown as Equation 2:

Il _ IO —ax/ cos6
1+el"x/cos(9 (2)
_ IO e(l"—ot)x/ cos@
1+ el"x/ cos@

Three laser wavelengths were selected for the measurements:
532nm from a continuous-wave frequency-doubled solid-state
laser, 488 nm from an Ar" laser, and 442 nm from a He-Cd laser.
Figure 1 presented the schematic drawing of the experimental set-
up used for PR properties measurement. The laser beam was split
into two beams of equal intensity I, and I; (400 mW/cm? for each
beam) by splitter mirror and the sample was irradiated at an angle of
30° (@532 nm), 27° (@488 nm), and 24.5° (@442 nm), respectively.
The vector of the grating was parallel to the c-axis for obtaining the
maximum electro-optical constant y;;. The 633 nm beam emitted
from the He-Ne laser was used as the monitoring light, which is
incident from a strict Bragg angle. A weak 633 nm He-Ne probe
beam (3 mW/cm?) incident at the exact Bragg angle monitored
grating formation without affecting photorefraction. PD3 and PD4
were used to record the diffraction efficiency data in real time by
controlling the shutter switch. The diffraction efficiency (#) of the
crystals is defined as Equation 3:

n=1I/(I;+1,)

where “I;” is the diffracted beam intensity, “I,” is the transmitted

A3)

beam intensity. The temporal evolution of diffraction efficiency (1)
can be expressed as Equation 4:

ne=n1-e)

where #, is the diffraction efficiency at time ¢, 7, is the saturated

(4)

diffraction efficiency, and 7, is the response time of the crystal,
which are determined by fitting the experimental curve of # versus
t. Further, the sensitivity (S) of the crystal is defined as Equation 5:

S=((ay)/a1),_,/1d (5)

where “d” is the thickness of the crystal, “I” represents the light
intensity.

Computational details

All the calculations in this work are done using the Vienna
Ab initio Simulation Package (VASP) [37, 38] which performs an
iterative solution of the Kohn-Sham equations with a plane-wave
basis set. The energy cutoff for plane waves was 400 eV. The projector
augmented wave (PAW) method was used to describe the electron-
ion interactions. The Perdew-Burke-Ernzerh (PBE) function was
adopted to treat the electron exchange and correlation energy
[39,40]. A 2 x 2 x 2 supercell of 240 atoms is used in the calculations.
The K-mesh is chosen as 2 x 2 x 2, which is fine enough to give a
reasonable result. For all the calculations, the structure is optimized
with a force convergence criterion of 0.01 eV/A.
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Results and discussions

Figure 2a presents the saturated diffraction efficiency (#;) of “As-
grown’, “Ar-12 I, “Ar-24 v, “Ar-36 b, and “O,-12 h” LN:Bi,Mg
samples. Compared to the 7, of “As-grown” and “O,-12 h” samples,
the 7, of the three samples subjected to Ar-reduction treatments
decreased at all three laser wavelengths of 532, 488, and 442 nm.
The response time (7;) of these five samples is shown in Figure 2b.
For clarity, the 7, is displayed on a logarithmic scale owing to
its large variation over several orders of magnitude at the three
measured wavelengths. After Ar-reduction treatments, the 7, of “Ar-
12 b, “Ar-24 v’ and “Ar-36 h” samples was significantly shortened
at all three wavelengths. As the duration of the reduction treatment
increased, the response time initially decreased and then slightly
increased. Notably, the 7, of “Ar-24 h” sample reached a minimum
of 250 m, 92m, and 54 m at 532 nm, 488 nm, and 442 nm,
respectively. Similarly, in Figure 2c, a logarithmic y-axis is also
employed to display the sensitivities (S) of all five samples measured
at 532 nm, 488 nm, and 442 nm. It's not difficult to find that
Ar-reduction treatment effectively enhances the S of LN:Bi,Mg
crystal. Especially, the S of “Ar-24 h” sample reached maximum
values of 7.79 cm/J, 35.89 cm/J, and 713.89 ¢cm/J at 532 nm, 488 nm,
and 442 nm, respectively.

The above results demonstrate that Ar-reduction treatments can
effectively reduce the response time and enhance the PR sensitivity
of LN:Bi,Mg; . Notably, for “Ar-24 h” sample, the response time was
significantly shortened by 71%, 46%, and 58% at the three measured
wavelengths compared to that of “As-grown” sample. Specifically,
at 442 nm, the response time of “Ar-24 h” sample decreased by
nearly 2 m, while the PR sensitivity increased by 10% relative to the
LN:Bi, ;,Mgg , crystal [36].

The UV-Visible absorption spectra of LN crystals exhibit high
sensitivity to their composition and defect energy levels [41, 42].
The fundamental optical absorption edge is primarily determined
by the charge transfer transition energy from oxygen (O) 2p orbitals
to niobium (Nb) 4d orbitals. Redox treatments can significantly
influence the electron cloud distribution around O atoms in
the lattice, thereby modifying the bonding strength of Nb-O
bonds. These changes directly affect the bandgap. By monitoring
shifts in the absorption edge and spectral variations in UV-Vis
spectra, the impact of redox treatments on the defect structure of
LN:Bi,Mg, , crystal can be investigated. Figure 3a presents the UV-
Vis absorption spectra (300-800 nm) of “As-grown’, “Ar-12 h’, “Ar-
241, “Ar-36 b, and “O,-12h” 1-mm-thick LN:Bi,Mg,, samples.
The absorption edge of LN crystals is typically defined at the
wavelength corresponding to an absorption coefficient of 15 or
20 cm™'; in this study, 20 cm™ was selected as the reference point.
Notably, “O,-12 h” sample exhibits a distinct red shift, whereas Ar
atmosphere reduction results in negligible shift compared to the
as-grown crystal.

According to the Li vacancy model, the dominant intrinsic
defects in CLN are Vi;~ and Nb;**. However, in LN:Bi,Mg
crystals with Mg concentrations above the threshold, the intrinsic
Nb,;** defects disappear, leaving Vi;~, Mg;;*, Mgy,>, Bix,>, and
Bi;;** as the predominant defects. Previous studies report that
the absorption edge of LN crystals is intrinsically correlated with
the concentration of Vy;~ [43]. Typically, an increase in Vy;~
concentration leads to bandgap narrowing, consequently resulting
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FIGURE 1
Schematic diagram of the two-wave coupling experimental setup.
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FIGURE 2
Saturated Diffraction Efficiency #; (a), Response time t; (b), and Sensitivity S (c) of "As-grown”, "Ar-12 h", "Ar-24 h", "Ar-36 h", and "O,-12 h" LN:Bi,Mgg o
samples, measured at 532 nm, 488 nm, and 442 nm, respectively. Detailed measurement data are provided in the Supplementary Material.
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FIGURE 3
(a) UV-Vis Absorption spectra of CLN and "As-grown”, "Ar-12 h", "Ar-24 h", "Ar-36 h", and "O,-12 h" LN:Bi,Mgg 4 samples. (b) Absorption difference
between "O,-12 h" and "As-grown” LN:Bi,Mgg ; samples.

in a red shift of the absorption edge [44]. Upon oxidation treatment, ~ which in turn causes the observed red shift of the absorption
part of Bi;;*" and Biy,? oxidize to form Bi;;*" and Biy, . To  edge. Meanwhile, theoretical calculations of the band structure of
2% and Biy, 2’0 point defects indicate that
charge compensation. The increased valence state of Bi ions during ~ both Bi;;*" and Biy,? can narrow the band gap of LN. For
oxidation necessarily leads to an elevation in Vy;~ concentration,  specific details regarding the band structure, please refer to the

maintain charge neutrality, this process requires additional V;;~ for LN containing Bij;
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TABLE 1 Fitting results of “O,-12 h” LN:Bi,Mgg , sample absorption
difference spectrum.

Sample Peakl Peak2 Peak3

0,-12h 318.23+0.78 330.35+1.27

365.56 + 1.12 ‘

Supplementary Material. To further analyze the defect states in
“0,-12 h” LN:Bi, Mg, , sample, differential absorption spectrum was
obtained by subtracting the absorption spectrum of “As-grown”
LN:Bi,Mg; , sample from that of “O,-12 h” LN:Bi,Mg, , sample, as
shown in Figure 3b. Gaussian fitting analysis revealed that three-
peak fitting provided more accurate and physically reasonable
results compared to two- or four-peak models, and the detailed peak
fitting results are shown in Table 1. The absorption peak centered
near 318 nm is primarily attributed to the O*-V|,” defect cluster.
Furthermore, theoretical calculations confirm that the energy level
of Biy;** point defects lies deeper than that of Biy,’. Consequently,
the absorption peaks at 330 nm and 365 nm are assigned to O*-
Bij;*" and O%-Biy,’, respectively.

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the elemental composition, chemical states, and valence
states of the crystalline samples [45]. To further investigate the
defects and charge-state changes induced by redox treatments, O
Is XPS characterization was performed on the CLN, “As-grown’,
“Ar-12 1, “Ar-24h’, “Ar-36h”, and “O,-12h” samples. Figure 4
shows the O 1s XPS spectra and their fitted components for these
six samples. Since the raw XPS data already include instrument-
generated baseline curves, these baselines were directly subtracted
prior to peak analysis. A three-peak Gaussian fitting model was
adopted, corresponding to lattice oxygen, oxygen vacancies (V),
and surface-adsorbed H,O/OH™ [46, 47]. The fitted results display
that the O Is spectra of all samples are well described by three
Gaussian components: O; peak at 530.16-530.73, Oy peak at
531.76-532.83, and Oy peak at 532.48-534.43 eV. The O; peak
with lower binding energy is attributed to O® in lattice sites,
while the Oy peak corresponds to Vi, and the higher-binding-
energy Oy, peak likely originates from surface-adsorbed H,O/OH™
[46, 47]. Additional details of the peak-fitting procedure are
provided in the Supplementary Material. The ratio of Oy to Oy
peak areas provides a semi-quantitative measure of the relative
concentrations between V and lattice oxygen in the crystals. Our
calculations yield the following Oy;/Oy ratios: 0.32 for CLN, 0.59
for “As-grown” LN:Bi,Mg, , sample, 1.16 for “Ar-12 h” sample, 1.68
for “Ar-24 h” sample, and 4.88 for “Ar-36 h” sample, while “O,-12 h”
sample exhibits a ratio of 0.28.

Compared to CLN, the increased Oy;/O; ratio in “As-grown”
sample indicates higher Vg concentration. This phenomenon
originates from a charge compensation mechanism: when Mg**
doping concentration exceeds the threshold level, both Bi**
and Mg”* ions occupy regular Nb** sites, thereby generating
Vo to maintain local charge balance within the crystal lattice.
Furthermore, redox treatments can substantially modulate the
relative concentrations of lattice oxygen and V. Specifically,
oxidation decreases the V concentration, whereas reduction
significantly increases V, density in the crystals.

Two-wave coupling experiments clearly demonstrate that Ar-
reduction treatment effectively enhances the PR response speed

Frontiers in Physics

05

10.3389/fphy.2025.1689932

in LN:Bi,Mg, crystals. As reduction duration increases, the PR
response time first decreases and then increases, exhibiting a
non-monotonic trend at all three measured wavelengths. This
behavior indicates that V5 concentration significantly influences
the PR response of LN:Bi,Mg, crystals. In LN:Bi,Mg, , crystals,
the PR process is dominated by the diffusion mechanism,
the diffusion coefficient (D) is given by (ukpT)/e, where u
represents electron mobility, kg is Boltzmann's constant, T' denotes
temperature, and e is electron charge [36]. This establishes the
direct proportionality between D and . During Ar-atmosphere
reduction, V, tends to combine with point defects in LN:Bi,Mg,,
crystals, forming new defect complexes. Since the crystal must
maintain overall charge neutrality and the V is positively charged,
it preferentially associates with negatively charged centers such
as Biy,>” and Mgy,*, leading to the formation of Biy,-Vo and
Mgy,,-Vo. Therefore, the Ar-reduction treatment modifies the V
concentration in LN:Bi,Mg , crystals, which leads to the formation
of new defect clusters. These complexes influence electron mobility
and, consequently, affect the PR response of the crystals. In fact,
binding energy calculations provide a basis for understanding this
process. Binding energy E, as a criterion for judging the stability
of a defect pair X, X,, usually be defined in terms of the formation
energies E¢ (see Equation 6) [48, 49]

Ey[(X,X5)1] = Ef[(X1X2)q] —Ef[(X1)q'] —Ef[(Xz)qz] (6)
where q = q, + g,, the negative binding energy means that the energy
required to separate the defect pair into two individual defects X,
and X, is more than the formation energy of defect pair X X,
which indicates a stable defect pair. As shown in Table 2, the binding
energy of Biy,-V is lower than that of Mgy,,-V, demonstrating
that Biy,-V is more stable. During Ar reduction, the increased
V, concentration promotes the preferential formation of Biy,-V
complexes. These defects enhance charge transport through rapid
electron capture/emission processes, thereby improving carrier
mobility, accelerating space charge field formation, and ultimately
shortening the response time. However, as the concentration of V,
continues to increase, some V, defects may combine with Mgy,,>~
to form Mgy,-Vo- As the same time, local lattice distortions become
more pronounced. These combined effects hinder efficient carrier
transition, which in turn results in an extended PR response.

In addition, the O Is peak-fitting results revealed by XPS further
support this interpretation. The Oy/O; peak-area ratio exhibits
a monotonic increase with extended Ar reduction, reflecting the
progressive rise in the relative V5 concentration across the samples.
It should be noted that this ratio does not provide the absolute V,
concentration but can indicate the trend of V evolution under
different redox treatments. When these XPS results are considered
together with the calculated binding energies of defect clusters,
a consistent explanation can be obtained. Since the Biy,-V has
a lower binding energy than Mgy,-Vo, Vo preferentially forms
complexes with Biy,>~ during moderate reduction, forming stable
Biyy,-Vo that enhance carrier mobility and accelerate space-charge-
field buildup, leading to the fastest response in the “Ar-24 h” sample.
However, for the “Ar-36 h” sample under excessive reduction, the
sharply increased relative V5 content promotes additional Mgy -
Vo and stronger lattice distortion, which hinder charge transport
and result in a slightly slower response.
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FIGURE 4
O1s XPS and peak-fitting spectra of CLN (a), "As-grown” (b), “Ar-12 h" (c), “Ar-24 h" (d), "Ar-36 h" (e), and "O,-12 h" (f) samples.

TABLE 2 Binding energy of the defect pairs Biy,-Vo and Mgy,-V, of
LN:Bi,Mgg q crystal.

System E, (eV)

Biy,-Vo -26.4718
Mgww-Vo —24.5764
Conclusion

In summary, oxidation and reduction treatments were applied to
the rapid response LN:Bi,Mg , crystals. The results demonstrate that
reduction treatments effectively shorten the PR response time and
enhance the PR sensitivity of the crystals. In particular, the crystal
reduced in Ar atmosphere for 24 h achieved a response time of 5.4 m
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at 442 nm, representing a 58% reduction compared to the as-grown
crystal. Furthermore, XPS analysis reveals that changes in the redox
state directly affect the concentration of Vi in the crystal, thereby
influencing its PR performance. For 24 h Ar-reduced LN:Bi,Mg,,
crystal, the ratio of V to lattice oxygen peak areas reached 1.68,
corresponding to the fastest PR response observed at all three
measured wavelengths. This work provides a basis for optimizing the
PR properties of Nb-site-doped LN crystals by tailoring their redox
states through thermal treatment.
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