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Preface to "Recent Progress in Lithium Niobate”

LiNbO3 is an all-star material from both scientific and technological viewpoints and has been the
subject of a great number of publications since its first preparation in 1937. The journal Crystals runs
Special Issues to create collections of papers on specific topics. Recent Progress in Lithium Niobate’
is the third of these Special Issues dealing with LiNbO3.

Robert A. Jackson, Zsuzsanna Szaller
Editors
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Abstract: This special issue features eight papers which cover the recent developments in research on
lithium niobate. Papers are divided into three groups based on their topic.

Keywords: photorefractive properties; defect structure; lithium niobate

1. Photorefractive Properties and Defect Structure

The photorefractive properties of lithium niobate (LN): Mo,Zn crystals with different doping
concentrations were investigated in paper [1]. Zinc can shorten the response time and improve the
photorefractive sensitivity of the LN:Mo,Zn crystal. Valence states of Mo ions were identified by
XPS. Three valences (+6, +5, +4) were identified in the crystal and one (+6) in the residue. In the
LN:Mo,Zn 7.2 crystal the Monp, ™ and Moy ;3*/4* defects served as the photorefractive centre for fast
photorefraction. Potential material for fast response holographic storage are 7.2 mol% Zn and 0.5 mol%
Mo co-doped LiNbOj crystals.

Vanadium and molybdenum ions are of interest in enhancing the photorefractive properties of
LiNbOj3. Paper [2] presents a computer modelling study of V2*, V3*, V4 and V> as well as Mo®*,
Mo**, Mo>* and Mo®* in LiNbO3 using interatomic potentials. It was found that divalent (V2*),
trivalent (V3*, Mo%*) and tetravalent (V**) ions are incorporated at the Li and Nb sites through the
self-compensation mechanism. However, the tetravalent (Mo**) ion is more favourably incorporated at
the niobium site, compensated by an oxygen vacancy. The pentavalent ions (V>*, Mo®*) and hexavalent
(Mo®") ions substitute Nb. No charge compensation is found for pentavalent ions, but there is charge
compensation with a lithium vacancy for the Mo®* ion.

2. LiNbOj3 Preparation Techniques

Lithium niobate nanocrystals were prepared by high-energy ball-milling of the residue of
a Czochralski grown congruent single crystal which depend on different types of vials, milling
parameters as described in paper [3]. Characterisation of LN nanocrystals and mechanochemical
reactions of lithium niobate such as decomposition and the redox processes induced by high-energy
ball-milling were studied. During the milling process, the formation of the LiNbzOg phase taking place
and the reaction can be described as

3 LiNbO; — LiNb3Og + Li,O a

where lithium oxide is a volatile by-product. The material undergoes partial reduction that leads to a
balanced formation of bipolarons and polarons yielding a grey colour together with Li,O segregation
on the open surfaces.

Crystals 2020, 10, 780; doi:10.3390/cryst10090780 1 www.mdpi.com/journal/crystals
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In paper [4], determination of chemical composition between congruent and stoichiometric
LiNbO3 powders was worked out by four analytical techniques. Sample preparations were done
by mechanosynthesis.

In paper [5], @2” LN crystals doped with 0.3 mol% and 5 mol% Mg concentrations with high
homogeneity were grown by the Bridgman method using a systematically optimised scheme with
careful thermal field design. LN:Mg polycrystalline powders were synthesised by a wet chemistry
method to avoid scattering particles and inclusions in the crystal. The homogeneity of LN:Mg crystals
was also checked. The extraordinary refractive index gradient was as small as 2.5 X 1075/cm.

3. Applications of Lithium Niobate Waveguides

Titanium-diffused lithium niobate waveguide devices are suitable for electric-field detection
since their sensors will not perturb the field to be measured. Paper [6] studied photonic electric-field
sensors using a 1 X 2 Y-fed balanced-bridge Mach-Zehnder interferometer modulator composed of two
complementary outputs and a 3 dB directional coupler based on the electro-optic effect and titanium
diffused lithium niobate optical waveguides.

Proton-exchange (PE) is one of the waveguide fabricating techniques. In the research in paper [7],
authors simulated and analysed a proton-exchanged E-O Mach-Zehnder interferometer in an x-cut
lithium niobate on insulator, LNOI. Based on the full-vectorial finite-difference method, the single-mode
conditions, mode size, and optical power distribution of PE waveguides were investigated. The bending
losses the Y-branch structures were analysed and propagation losses of the PE waveguides with different
separation distances between electrodes were simulated. The half-wave voltages of the devices were
calculated using the finite difference beam propagation method (FD-BPM).

In paper [8] it was confirmed that the nano-domains in lithium niobate thin films are thermally
unstable even at a temperature of the order of ~100 °C, which can be easily reached due to
light absorption. The thermal instability of nano-domains could be very detrimental to practical
applications, such as periodically poled lithium niobate (PPLN) microcavities, PPLN ridge waveguides,
and ferroelectric domain memories. Thermal stability of nano-domains can be greatly improved when
the lithium niobate thin film undergoes a pre-heat treatment before the fabrication of nano-domains.
This thermal stability improvement is attributed to the generation of a space charge field during the
pre-heat treatment, which is parallel to the spontaneous polarisation of nano-domains.

The wide range of topics covered by the papers in this special issue shows that the field of lithium
niobate research is very much alive and that we can continue to expect new developments in this
research area.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Ferroelectric domain wall conductance is a rapidly growing field. Thin-film lithium niobate,
as in lithium niobate on insulators (LNOI), appears to be an ideal template, which is tuned by the
inclination of the domain wall. Thus, the precise tuning of domain wall inclination with the applied
voltage can be used in non-volatile memories, which store more than binary information. In this
study, we present the realization of this concept for non-volatile memories. We obtain remarkably
stable set voltages by the ferroelectric nature of the device as well as a very large increase in the
conduction, by at least five orders of magnitude at room temperature. Furthermore, the device
conductance can be reproducibly tuned over at least two orders of magnitude. The observed domain
wall (DW) conductance tunability by the applied voltage can be correlated with phase-field simulated
DW inclination evolution upon poling. Furthermore, evidence for polaron-based conduction is given.

Keywords: conducting domain walls; ferroelectric films; lithium niobate; lithium niobate-on-insulator;
scanning probe microscopy; non-volatile memory

1. Introduction

In recent years, increasing efforts have been made to develop novel non-volatile memory concepts
to meet the increasing demands in terms of scalability and energy consumption. Conductive ferroelectric
domain walls (DWs) appear an interesting approach, as ferroelectric DWs are topological defects on
the atomic scale and can be created, moved and erased solely by the application of an electric field.
Following the discovery of the effect of conductance of DWs in thin-film bismuth ferrite (BFO) [1,2]
similar behavior was observed in various other ferroelectric thin films such as lead-zirconate titanate
(PZT) [3] and lithium niobate (LNO) [4,5].

The application to non-volatile memories lies in the contradiction in ferroelectrics. Typically,
they are known for their very large bandgaps. Thus, one can observe a huge variation in the conductivity
between the insulating domain and the conductive domain wall. Various explanations have been
made to describe the conductivity of ferroelectric DWs, ranging from oxygen or cation accumulation at
the DW to polaron or electron gas formation [6-9] In various reports, the conductivity was proven to
be correlated with the charge state of the DW; i.e., DWs inclined to the polar axis showed increased
conductance [10-12] Tuning of the DW conductance was also possible by the application of an external
field, which resulted in an increase in DW inclination [13].

In this publication, we want to present that precise control over the conductance of domain walls
in single-crystalline LNO thin films, thus, implicitly, the inclination angle to the polar axis, can result
in an efficient nonvolatile memory element. Moreover, by precise control of the inclination angle,

Crystals 2020, 10, 804; doi:10.3390/cryst10090804 5 www.mdpi.com/journal/crystals
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various conductance levels can be distinguished, which is interesting for the application of non-volatile
memories. Particularly, multilevel non-volatile memories could be implemented into crossbars to store
weight matrixes for neuromorphic computing [14].

2. Materials and Methods

So far, most of the investigations of conductive DWs in LNO have been performed using
scanning probe microscopy techniques, such as piezo-response force microscopy (PFM) and
conductive-type atomic force microscopy (cAFM), on thick single crystals [15,16] These were backed
up by inclination measurements using three-dimensional optical microscopy techniques, such as
Cherenkov second-harmonic generation microscopy [17-19] multiphoton microscopy [20-22] and
optical coherency microscopy [23], which confirmed the stable inclined DW formation as well as
ferroelectric lithography [24]. Furthermore, transmission electron microscopy measurements prove the
stable inclination on the atomic scale [25,26].

We investigated single-crystalline congruent thin-film lithium niobate, displaying a single
ferroelectric domain after preparation. The samples were fabricated by a modified ion-slicing
technique on 6” wafers [27]. Within the process, a platinum electrode is deposited onto the handling
wafer before the wafer bonding. The thickness of the layer was set to be 600 nm by chemical-mechanical
polishing and checked by ellipsometry. This enables electrical read-out, yet still preserving the
single-crystalline and single domain configuration. High-resolution XRD measurements confirmed the
high quality of the films oriented along (001). Electrodes with sizes of A ~ 20,000 pm?, consisting of
Cr/Au with a thickness of 100 nm, were evaporated and lithographically structured to enable the
electrical characterization.

The bare film was further investigated by scanning probe microscopy to identify the formation of
conductive DWs. Hereby, full-metal Pt AFM tips were applied. The domain patterns were written at a
constant voltage of 65 V. To identify the locally written domain pattern we used piezo-response force
microscopy (PFM). Conductive AFM (cAFM) was performed at bias voltages up to 10 V.

The local I-V-curves reveal a strong unipolar conductance, which enables erasing the conductive
domain walls by applying an external counter-bias. We investigated whether a similar conductive
DW formation is possible in a parallel plate capacitor structure using homogeneous electrodes. Hence,
we deposited Cr/Au electrodes with a size of A ~ 20,000 umz and a thickness of 100 nm on a LNO film
with a thickness of 600 nm and Ti/Pt back electrode.

3. Results

3.1. Conductive AFM Investigation

DWs were probed by cAFM to investigate the emergence of DW conductivity in these congruent
LNO films. In Figure 1a,b a comparison of piezoresponse force microscopy (PFM) and subsequent
cAFM measurements is given on the previously created domain pattern, which reveals a perfect
match between the derived DWs from PFM and the conductive areas in the films. To further explore
the conduction properties of CDWs in LNO thin films, local I-V measurements were carried out.
The local current detected for a range of bias voltages is given in Figure 1c,d. Spot 1 is taken as
reference and shows only a slight increase in conductivity over as long as about 500s at a voltage
of 10 V (<1072 nA). At the DW position, however, there is a strong nonlinear increase in current
with applied voltage. At all points, a significant increase over several orders of magnitude (at least
three) can be observed, which sufficiently separates these states from the background. The temporal
stability measurements show a small increase in current over time. An example is given in Figure le.
Local probe measurements on these CDWs reveal a stable conductance after 3 h with a minute increase
over the measurement of 5% between 1 h and 3 h, hence influences by drift can be ruled out for the
given shorter-term measurement.
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Figure 1. DW conductance in the congruent LNO thin films: (a) domain configuration by PFM;
(b) cAFM scan at a bias voltage of 3 V; (c) Local I-V measurements on conductive DWs at four marked
spots; (d) logarithmic plot of the detected current; (e) temporal development of the current at spot 4 at

an external bias voltage of 10 V.
3.2. Phase-Field Simulation

The formation of inclined DWs is generally encountered as the reason for conductive DWs in
LNO. Yet, the stable formation of such inclined DWs is still a topic of current research. We applied
phase field simulations, as they can provide further evidence for the existence and stability of CDWs in
ferroelectric thin films. Phase field simulations have been used to study the domain pattern formation
in many proper ferroelectrics, including BTO, BFO, and PZT [28]. In this study, we have modeled
the temporal evolution of ferroelectric domains in LNO thin films in response to the electrical field
created by a biased probe tip. In the simulations, the voltage is ramped up to a given bias voltage.
A domain nucleus is formed (shown in Figure 2a), which grows into the single-crystalline film. Due to
the external bias field, canted polarization states with in-plane polarization components are created.
Afterwards, the inverted domain reaches the rear surface and grows sideways until an equilibrium
is reached. When the bias voltage is released, the switched domain relaxes. We observe a stable
CDW formation with a non-zero inclination angle, dependent on the maximum bias voltage applied.
Since the gradient energy coefficients, which determine the DW width and energy, are rarely reported
for LNO, we use the value estimated by Scrymgeour et al. [29]. We notice that increasing the gradient
coefficients leads to a disappearance of the DW inclination, suggesting that the stability of inclined
DWs in LNO may be attributed to its relatively small gradient energy.
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Figure 2. (a) Three-dimensional phase field simulation of CDW formation under an AFM tip for a 20 nm
thick Im at 20 V. @ Nucleation, @ through domain formation until equilibrium under external bias,
® equilibrium domain after removal of bias. (b,c) evolution of inclination angle for film thicknesses, d,
of 50 nm and 20 nm respectively; (d) equilibrium inclination angle after removal of bias as a function of
applied field; (e) measured current I;e,q at a bias voltage of 10 V for domains written at various writing
voltages Viyyrite, for comparison PFM scans; (f) extracted maximum domain wall current.

The gradient coefficients of uniaxial LNO and LTO are significantly smaller than for other
perovskite ferroelectrics. Previous reports on 180°DW conductance in ferroelectric thin films supports
our conjecture. For example, the reported DW inclination in as-poled LTO bulk material was apparently
larger [15,30]. Still, it has to be noted that the coefficients are not well known and effects from gradient
energy anisotropy and carrier generation could be significant.

The evolution in DW inclination for various tip voltages is given for films of a thickness of 20 nm
and 50 nm in Figure 2b,c. In all given cases, a non-zero inclination can be observed after the external
bias field is completely removed. The extracted final inclination angle is plotted over the homogenized
applied external field. We can observe a decrease in inclination with larger applied external field.
A similar behavior in the extracted DW conductance can prove a link between the degree of inclination
of a DW and its conductance. To compare the theoretical prediction with the experimental condition,
domains were written with a domain size of d = 500 nm at various tip voltages. The written domains
are visualized by PFM in Figure 2e. The conductivity extracted by cAFM shows a decrease in current
for larger applied writing voltage. In Figure 2f the extracted maximum current values at the DW
are given. A similar behavior of the current as a function of the simulated inclination angle can be
observed. This is in agreement with previous theoretical assumptions [8] that the DW conductance of
inclined DWs is proportional to its inclination and follows ¢ = 2Ps sin a.

3.3. Resistive Switching Investigations

To further analyze the properties of the conductance, I-V measurements were conducted in
plate-electrode condition, schematically sketched in Figure 3a under the assumption of inclined domain
wall generation at nucleus sites, which would result in strong conductance changes upon reach of the
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local coercive voltage. Indeed, we can observe a very strong increase over five orders of magnitude in
current at a very defined set voltage Vs = 21.05 V with an accuracy of AViey/Viser = 1073, which is proven
to be the local coercive voltage from PFM measurements. This value of Vi is not only reproduced for
a single device, but also for 50 individual devices on a single wafer, which clearly underlines the very
precise and reproducible behavior of single-crystalline resistive switching devices. Up to a voltage
of =3V, a very symmetric current-voltage relation can be observed. Yet, for larger negative biases,
the absolute value of the current saturates and is not stable anymore but reduces with time. The given
cycles in Figure 3d are obtained with a cycle frequency of 1.5 mHz. The observed behavior is very
similar to back-switching observed upon current injection from the top electrode at small voltages
confirmed by PFM. Hence, we suppose, upon the application of a negative bias, insulating straight
or tail-to-tail DWs are formed or domain inversion is invoked; thus, there is no complete conductive
channel anymore, which prohibits a current flow.

a) cran P o
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* 5O
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inclined DWs
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Figure 3. Investigation of the switching behavior, endurance, stability, and tunability of resistive
switching of the Pt/LNO/Cr/Au stack with a contact area of 2000 um?. (a) film stack configuration (b) PFM
scan of a written domain (c) cAFM scan at a bias voltage of 3V; (d) full I-V cycle (f = 1.5 mHz) with
a very defined set voltage Vet = 21.05 V (DVset/V: set~1073), hence a comparably small electric field
Eswitch,off = 0.3 MV/cm and strongly rectifying behavior without significant leakage upon an electric
field of Egyitchoff = 3.4 MV/cm with a resistance of >20 TW, (e) switch-on I-V cycle with constant
switch-off voltage Vyitch,off = =210V, (f) endurance of high resistance and low-resistance state (HRS,
LRS, respectively) over at least 10° cycles with a resistance window of >10* and a read voltage of 10 V,
(g) time stability of low resistant state over 104 s, which yields an 80% reliability over 108 s or 3 years,
(h) probability of the current in HRS and LRS at 10 V for 50 tested devices on the same single crystalline
thin-film (i) tunability of readout current I;¢a4 on under modulation of writing time t,y it and writing
voltage Vyyrite. The read-out current Iyeag,0n reduces for larger writing voltages Viyriteon- Iread,on is the
average value over 100 writing cycles each.

Before switching the resistance state, one can observe no current larger than 10 pA, which is
the lower limit for current detection of the applied source-meter. Further measurements with a
further electrometer revealed an even smaller upper current limit of 200 fA at a voltage of —200 V,
which corresponds to a resistance of at least 1 PQ) up to a bias voltage of =200 V or an electric field of
3.4 MV/cm, which underlines that leakage is negligible in the films. This similarly holds for positive
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read-out voltages in the high resistance state (HRS). Hence, the HRS is expected to have a resistance of
at least 25 TQ, with the low resistance state at around 10 MQ; hence, we observe a huge resistance
change over seven orders of magnitude. By setting the switch, no overshoot is present; thus the HRS
setting is self-limiting. In Figure 3e the half cycle I-V-curves are shown upon the boundary condition,
the current having reduced to 1078 A at —210 V. We can observe the reproducible set voltage. However,
below this specific voltage, a slight increase in current can be observed. In general, this current,
which deviates from the first cycle, is smaller the lower the current at V = —210 V. It saturates after
several cycles. Several reasons are possible, e.g., deep traps, which are incorporated into the film
upon large current flow. Hence, for endurance testing high voltage treatment was kept as short as
possible. In Figure 3f the endurance upon such cycling is shown. The resistance is measured after
every cycle. The LRS is created on application of Vs = 21.1 V. The system is released into the HRS
upon application of V = —210 V. This results in a very enduring resistive switching device over at
least 10° cycles. The states can be read out without destruction. The temporal stability of the LRS is
given in Figure 3g. As is visible, the conductance is very stable over at least 10* s. Hence, assuming an
exponential decrease and a minimum current of 80%, a stability over 10% s or 10 years can be predicted.
Similar measurements with an AFM tip revealed the stability of the current on CDWs over at least 3 h,
which is about the longest time to measure due to probe drift. The statistical results given in Figure 3h
show a sufficiently high margin for the application as a nonvolatile memory.

Under the application of larger set voltages and shorter pulses being applied among domain
formation, the domain wall is expected to straighten, which would result in a decrease in conductance.
Indeed, this can be seen as given in Figure 3i. Particularly, the fact that stronger applied electric fields
result in reduced conductivity is very unusual and supports the conductance measured to be derived
by inclined domain walls.

This proof of high endurance, high on/off current switching, high retention and the tenability
among programming makes charged domain walls an interesting tunable nonvolatile memory.

3.4. Conductance Type Extraction

The conduction type was investigated by I-V measurements by linearization with typical
mechanisms. In Figure 4a, the I-V measurements are plotted according to space-charge-limited current
(SCLC) theory, which predicts I~V? in a log-log plot. A fitis given, which shows a perfect fit over almost
two voltage magnitudes. In Figure 4b the I-V curve is linearized according to Shottky thermioninc
emission (STE). A good fit can be seen in a medium voltage range, but both for a small and large
voltage significant deviations are visible. Similarly, in the case of Poole-Frenkel (PF) linearization given
in Figure 4c, we obtain a reasonable fit for medium voltages, but discrepancies for very low and high
voltages. Yet, it would be not sufficient to formally exclude these two transport mechanisms. Likewise,
the linearization with Fowler—-Nordheim (FN) tunneling does not give a decent fit. In the LRS we
obtain a flat line. Hence, the first three transport mechanisms still have to be considered. Thus, we used
the abrupt junction approximation, which assumes a pn-junction with an abrupt doping profile [31]
Even though the main advantage of this method is to understand impedance upon a DC bias, it is
still helpful to analyze the plain DC I-V curves as dlog(I)/dV is independent on most parameters,
especially the contact area; it is, hence, more robust, especially upon temperature changes, and it is
possible to differentiate between FN and PE. Hence, in Figure 4d, the I-V curves in a temperature range
T between 300 K and 340 K are given. Only SCLC and PF [both dlog(I)/dV ~ V1] can describe such a
curve, whereas STE [dlog(I)/dV ~ V~34] cannot describe this behavior. Yet, in the case of PF, a very
strong component oc V=12 should also be present, which cannot be seen in the measurements. The I-V
SCLC curve fit is almost perfect over two orders of magnitude and, thus, significantly better than those
of PF and STE.
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Figure 4. Conductance type analysis on CDWs in LNO (a) SCLC I-V plot; (b) STE I-V plot; (c) PF I-V
plot; (d) derivative plot. The I-V curves show the first cycle and the stationary cycles after 20 cycles.
The off-state was obtained by applying V = —210 V until the current is reduced to 108 A.

So far, we have solely discussed electronic transport. Yet, especially, resistive switching is generally
an interplay of both ionic and electronic current contributions. Hence, it is necessary to further rule
out scenarios of mixed electronic—ionic conduction. We use the Nernst-Ernstein equation to analyze
whether ionic conduction is a significant contribution, which is given by A = 1eDE/KT, with T the
diffusion time and D the diffusion constant. Using a conservative value of D ~ 107'® m?/s, which is
derived from experimental values of lithium transport in Li,Si [32], the estimated ionic movement
over 100 ms is about ~0.8 nm at a field of 2 x 107 V/m and room temperature T = 300 K, which is about
three orders of magnitude smaller than the film thickness. Reported values for the ionic transport
diffusion constants in LNO (e.g., Li, H, D, Na, Mg) at elevated temperatures and interpolated to room
temperature are significantly smaller. Hence, we can exclude ionic current having a major share.

The conduction in DWs, thus, follows the Mott-Gurney equation (Child’s law) [33]: I(T) = Agg
9e(T)V2/8d3 with A the effective contact area, d the thickness of the dielectric film, ¢ the static
permittivity, and p(T) the mobility of the major charge carrier. Using the current extracted from cAFM
measurements, we can derive a mobility of about 5 + 3 x 1072 cmz/V s, which is in good agreement
with previously reported macroscopic photo-induced current measurements [34]. The temperature
dependence in an SCLC transport regime is solely determined by the temperature dependence of the
mobility of the major charge carrier.

3.5. Temperature Dependent Conductance

The temperature dependence of the conductance in the Au/Cr/LNO/Pt stack is given in Figure 5.
We observe three current regimes. In O, for temperatures above 300 K, an activation energy of 0.63 eV
was obtained; in @, between 300 K and about 100 K, we obtain an activation energy of 0.18 eV.
For temperatures below 100 K ®, we obtain an activation energy of only 0.03 eV. Very similar regimes
have been proposed very recently for the lifetime of bound polaron in lightly-doped Fe:LNO via
Monte-Carlo simulations [35].

11
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Figure 5. Temperature dependence of the current for thin-film LNO. Measured current at different
voltages from 360 K to 77 K. We can observe different regimes of thermal activation @ above 300 K
with Ea = 0.63 eV, at @ between 300 K and 100 K with Ea = 0.18 eV and @ below 100 K with a thermal
activation of Ea = 0.03 eV. These are overlaid with the inverse bound polaron lifetime, as calculated by
Monte Carlo (MC) simulations.

The processes which are assigned to these three regimes are given as:

[©) NbLi4+ + NbNb5+ b NbLis+ + NbNb4+, Ea ~ 0.65eV

[@) NbLi4+ + NbLiS+ - NbL15+ + NbLi4+, Ea~02eV

® NbLi4+ + FeLi3+ - I\":)LisJr + FeLi2+, Ea ~0.03 eV.

The simulated bound polaron lifetime by Mhaouech and Guilbert is overlaid on the aforementioned
temperature-dependent I-V curves given in Figure 5.

Thus, we can conclude that the current through the exfoliated LNO thin film is mainly governed
by an interplay of bound and free small polaron transport, depending on the given temperature.
As iron impurities act as deep traps, they will inhibit any further conduction. The hopping activation
energy of Fe?* is given to be 0.35 eV [36], hence, only a little larger than Li for bound and free polarons,
but as the hopping rate follows w ~ e™72 ~ ™A1, hopping transport is very unlikely for the given
concentrations and even for lightly doped Fe:LNO not relevant. A conversion to bound and small
polarons is unlikely due to the high binding energy of 1.22 eV.

4. Discussion and Conclusions

In this study, we reported the domain wall conductance by inclined domain walls in LNO thin films,
which could be applied as a new multi-level non-volatile memory cell based on out-of-plane ferroelectric
switching, by the precise tuning of the inclination and thus the conductance state. We investigated
further the temperature dependence as well as the temporal dependence on erase voltage application
and concluded that the main contribution to the current is space-charge-limited.

We obtained evidence the current to be dominated by a polaron gas formation at such inclined
domain wall and confined by the band bending from the temperature dependence of the conductance.
Upon local inversion, generally, charge carrier injection is discussed, even though it has been speculative
for a long time. Assuming such charge carriers are injected at the DW, which are needed to compensate
the inclined DW of the spike-domain-like nucleus, free charge carriers—electrons—are generated,
which will condensate into similarly charged and, hence, screening electron polaronic, states inside
the single crystal material. Such a transition has been observed in bulk material, e.g., by optical
time-resolved spectroscopy, to happen within 200 fs [37]. Yet, ata CDW these values can be significantly
larger due to the smaller energy gap between conductance band and Fermi energy. However, as the
band-bending is not large enough to create a 2DEG, which would be apparent with much higher
mobility conductivity, we assume a 2D polaron gas (2DPG) is obtained. Bound polarons will very
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rapidly be trapped by iron impurities. Upon pure-diffusion transport, thus without an external electric
field, the average mean free path of the bound polaron until trapping with Fey; is < tnpria+ > 100 A
and for the free polaron is < tnpNpar = 80 A. These values were derived by interpolation from the
data of Mhaouech and Guilbert [35] under consideration of the smaller iron impurity concentration
Cre = 1017 cm™ and a niobium antisite defect concentration of cprj = 102! em™3. Upon drift condition,
these values can be larger. Hence, the bound polaron has a larger mean free path. However, the hopping
rate of bound polarons is only wipLias = 107 s71. Assuming the hopping rate to depend mainly on
the nearest neighbor distance, like w~er[‘z‘], we can calculate, that the hopping rate of free polarons is
two orders of magnitude larger, hence wnppis+ = 10° s~1. Thus, the electric current with free polaron
transport as in Mg:LNO can be significantly larger. This again explains why, for the case of bulk
material only, congruent Mg:LNO revealed a conductance upon UV illumination. For the ultrathin
LNO films in use in this study, even undoped material can give measureable conductance.

The model explains why an asymmetric electrode condition can result in the efficient switching
between an HRS and LRS. Upon the negative pulse application, the carrier density reduces,
which destabilizes the inclined domain wall formation and finally reduces the conductance of
the wall further. However, this process requires relatively high electric fields and times due to the
low mobility of the charge carriers. Hence, the study suggests that Mg:LNO and thinner films can
significantly improve the performance of the tunable non-volatile memory.

The thin-film lithium niobate resistive switching effect based on charged ferroelectric domain
walls formation and erasure offers interesting advantages over conventional filament-based resistive
switching, which can be interesting for neuromorphic computing applications.
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ions is of interest in enhancing its photorefractive properties. In this paper, possible incorporation
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1. Introduction

Ferroelectric lithium niobate is a material that has been extensively studied because of its
many technological applications, including optical integrated circuits, electro-optical modulators,
optical memories, acoustic filters, high-frequency beam deflectors, frequency converters and
holographic volume storage [1-9], for which holographic volume storage performance is very
important [10-15]. This paper looks at the doping of LiNbO3 with vanadium and molybdenum
ions in different charge states, with the aim of predicting the optimum location of dopants, and charge
compensation mechanisms where needed.

Previous work on vanadium and molybdenum doped lithium niobate has included experimental
studies of how its photorefractive properties are enhanced by doping with molybdenum ions [16,17]
where it is suggested that the Mo®* ion dopes at the Nb>* site. Another study looks at LiNbO3 co-doped
with Mg and V, concluding that some of the vanadium dopes at the Nb site in the 5+ charge state,
but that V4*1;, V3*; and V?*; defects are also observed [18]. Finally, another recent publication [19]
has looked at the photorefractive response of Zn and Mo co-doped LiNbOj in the visible region,
and concluded that the presence of Mo®* ions helps promote fast response and multi-wavelength
holographic storage, which is attributed to their occupation of regular niobium sites in the lattice.

In a Density Functional Theory (DFT) study [20], vanadium doping was modelled, and it was
concluded that vanadium substitutes at the Li* site as V4*, but that it dopes at the Nb site as a
neutral defect as the Fermi level is increased. In another DFT study [21], molybdenum doping was
modelled and it was concluded that the most stable configuration involves doping at the Nb°* site,
in agreement with the previously mentioned experimental studies [16,17]. It is noted that in the DFT
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studies, predictions were made on the basis of defect formation energies, as opposed to the solution
energy approach adopted in this paper.

This paper presents a computer modelling study of V2*, V3*, V4* and V°* as well as Mo®*, Mo**,
Mo>* and Mo®* doping in LiNbO; using interatomic potentials. Such calculations enable predictions to
be made of the sites occupied by dopant ions, and the form of charge compensation adopted, if needed.
These calculations provide information about how the defects behave in the material, and how they
influence its properties in the applications mentioned previously. It follows a series of papers by the
authors on LiNbO3; doped with a range of ions [22-27].

2. Materials and Methods

2.1. Interatomic Potentials

The interatomic potentials used in this work consist of Buckingham potentials, supplemented by
an electrostatic term, as given below:

V(I’,‘j) = @ +Ai]‘ exp(#) - Ci]‘V,‘]fé (1)

Tij Pij
This expression shows that for each pair of ions it is necessary to determine three parameters:
Ajj, pij and Cjj, which are constants for each interaction, g;, g; represent the charges of the ionsi and j,
and r;; is the interatomic distance. The parameters are determined by empirical fitting, and formal
charges are used for g; and g;. The procedure by which potentials were obtained for LiNbO3 is explained
in the work of Jackson and Valério [22], and the derivation of the potentials for the vanadium and
molybdenum dopants is described in Section 3.1 below. The potentials for LiNbO3; have been the
subject of recent studies on the doping of the structure with rare earth ions [23,24], doping with Sc, Cr,
Fe and In [25], metal co-doping [26] and doping with Hf [27]. These papers show that modelling can
predict the energetically optimal locations of the dopant ions and calculate the energy involved in the
doping process. This paper extends this procedure to the study of V2*, V3*, V4 and V°* as well as
Mo>*, Mo**, Mo®* and Mo®* doped lithium niobate, with the aim of establishing the optimal doping

site and charge compensation scheme for both sets of ions.

2.2. Defect Formation Energies

The calculation of defect formation energies is carried out using the Mott-Littleton
approximation [28], in which the crystal is divided into two regions: region I, which contains
the defect, and region II, which extends from the edge of region I to infinity. In region I, the positions
of the ions are adjusted until the resulting force is zero. The radius of region I is selected such
that the forces in region II are relatively weak and the relaxation can be treated according to the
harmonic response to the defect (a dielectric continuum). An interfacial region Ila is introduced to
treat interactions between region I and region IL

3. Results and Discussion

3.1. Derivation of Interatomic Potential Parameters

It was necessary to derive potential parameters for the dopant oxide structures: VO, V,03 VO,
and V,05 as well as LiMoO,, LiyMoQj3, LizM0O, and Li;MoO,. For VZ*-02-, V3+-02-, V#*-0?~ and
V.02~ as well as Mo®*-Li*, Mo**-Li*, Mo®*-Li*, Mo®*-Li*, Mo®*-0%~, Mo**-0?~, Mo®*-0%~ and
Mo®*-O?" interactions, a new set of potentials was derived empirically by fitting to the observed
structures as shown in Table 1. The O*~-O?~ potential was obtained by Sanders et al. [29] and uses the
shell model for O [30], which is a representation of ionic polarisability, in which each ion is represented
by a core and a shell, coupled by a harmonic spring, and the Li-O potential was taken from [22]. In all
cases, the dopant-oxide potentials were obtained by fitting to parent oxide structures.
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Table 1. Interionic potentials obtained from a fit to the VO, V,03, VO,, V,05, LiM0oO,, Li;MoO3,
LizMoO, and Li;MoOQj structures.

Interaction Ajj(eV) pij A) Cji( A6 eV)
Licore-Oghell 950.0 0.2610 0.0
Veore-Oghell 293.240087 0.475181 0.0
Mocore-Licore 573.532325 0.369602 0.0
Mocore-O% shell 3003.79 0.3474 0.0
Mocore-Ocore 600.263736 0.328558 0.0
02*5h911-02*5h911 22764.0 0.1490 27.88
Harmonic k(eV A2?) ro(A)
Veore-Ocore 46.997833 1.942956
Mocore-Ocore 385.638986 2.073074
Species Y(e)
Mocore 3.04.05.06.0
Veore 2.03.04.05.0
Ocore 0.9
Oshell -29
Spring k(A2 eV)
Ocore-Ooore 70.0

Table 2 compares experimental and calculated structures of VO [31], V,03 [32] VO, [33] and
V,05 [34] oxides as well as LiMoO, [35], Li,MoOs [36], LisMoOy [37] and Li,MoQ, [38] lithium
molybdate structures, using the potentials in Table 1. It is seen that the experimental and calculated
lattice parameters differ by less than 1%, confirming that the potentials can be used in further simulations
of defect properties. The calculations were carried at 0 K (the default for the modelling code and used
in most other theoretical studies) and at 293 K for comparison with room temperature results. In this
way, we can see how the structure and energies vary with temperature.

Table 2. Comparison of calculated (calc.) and experimental (expt.) lattice parameters.

Oxide Lattice Parameter Exp. Calc. (0 K) A% Calc. (293 K) A%
VO a(A) =b(A) = c(A) 4.067800 4108237 0.99 410683 0.98
V103 a(A) =b(A) = c(A) 9.393000 9.304757 0.90 9.346331 0.94
VO, a(A)=b(A) 4556100 4569483 0.20 4566212 022
c(A) 2.859800 2.866421 0.23 2.857861 0.07

a(A) 11.971900 11.99652 0.20 12.01247 0.33

V205 b(A) 4.701700 4.722561 0.44 4.660343 0.88
c(A) 5.325300 5.355671 0.57 5.371149 0.86

Lithium Molybdates Lattice Parameter Exp. Calc. (0 K) A% Calc. (293 K) A%
LiMoO, a(A) =b(A) 2.866300 2.880528 0.50 2.887246 0.73
c(A) 15.474300 15.409390 0.42 15.595024 0.78

LizMoOs a(A) =b(A) 2.878000 2.854443 0.82 2.859809 0.63
o(A) 14.91190 15.002886 0.61 15.04632 0.90

LizMoOy a(A) =b(A) = c(A) 4.1389 4107762 0.75 4106941 0.77
LiaMoO, a(A) =b(A) 14.330000 14.301305 0.20 14.384501 0.38
c(A) 9.584 9.492067 0.96 9.632413 0.96

3.2. Defect Calculations

In this section, calculated energies for dopant ions in LiNbOj are reported. The divalent, trivalent,
tetravalent, pentavalent and hexavalent dopants can substitute at Li and Nb sites in the LiNbO3 matrix
with charge compensation taking place in a number of ways. The proposed schemes described in
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the following subsections are written as solid state reactions using the Kroger-Vink notation [39].
This notation appears in the tables in Sections 3.2.1-3.2.5 where the dot/bullet () means a net positive
charge and the dash/prime (') means a net negative charge.

3.2.1. Divalent Dopants

The substitution of the divalent dopant V2* in the Li* and Nb®" host sites requires a
charge-compensating defect, which can involve Li and Nb vacancies, Nby; anti-sites, interstitial
oxygen, self-compensation and oxygen vacancies. The modes of substitution considered for divalent
cations are shown in Table 3.

Table 3. Types of defects considered due to M = V2* incorporation in LiNbO3.

Site Charge Compensation Reaction
Li* Lithium Vacancies (i) MO +2 Lip; — M;+V];+LiO
Niobium Vacancies (i) 5MO + 5Lig; +Nbyp — 5M;+V{{ + 2.5Li;0+0.5NbyOs5
Oxygen Interstitial (iii) 2MO + 2Lij; — 2M;+0{ +Li,O
Li* and Nb>+ Self-Compensation (iv) 4MO + 3 Liy;+Nby, — SMLiJrMﬁb + 1.5LiO+0.5 Nb,O5
Lithium Vacancies . m .
5+ ) g ’
Nb and Anti-site (Nb, ) (v) MO + 2Li;+Nbyp, — Mg +V + Nb; ;+LiO
Anti-site (Nb, ) (v) 4MO + 3Liy; +4Nbyp, — 4MY, +3Nby, +LiO + LINDO;
(vii) 4MO + 3Lig-+4Nbny, — 4y}, +3Nby; + 1.5Li0+0.5Nb205
Oxygen Vacancies (viii) 2MO + 2Nbnp,+300 — 2M[, +3V5+NbyOs5

The solution energies for the divalent (V2*) dopant with different charge-compensating
mechanisms were evaluated and plotted as a function of the reaction schemes. Based on the lowest
energy value, it seems that the incorporation of a divalent (V2*) ion is energetically favourable at the
lithium and niobium sites, taking into account the first in relation to the c axis. In schemes (i) and (iv),
the energy difference in eV is small at both temperatures in the first neighbours, indicating that it can
be incorporated at the lithium site compensated by a lithium vacancy as well as by self-compensation
as shown in Figure 1. This can be attributed to the similarity between the ionic radius of V>*, which is
0.79 A, and those of the Li* site, which varies between 0.59 and 0.74 A, and the Nb>* site, which varies
between 0.32 and 0.71 A [40].

Solution energy per dopant ion(eV)

(i) (ii) (iii) (iv) (v) (vi) (vii) (viii)
Solution scheme

Figure 1. Bar chart of solution energies vs. solution schemes for divalent dopant (VZ*) at the Li and Nb
sites, considering the first neighbours in relation to the c axis.
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3.2.2. Trivalent Dopants

As with the divalent ion V¥, the trivalent V3* and Mo** dopants can be incorporated at the
lithium and niobium sites in the LiNbO3 matrix through various schemes as shown in Tables 4 and 5.
When these ions are substituted at Li and Nb sites, the extra positive charge can, as noted earlier,
be compensated by the creation of vacancies, interstitials, anti-site defects or self-compensation.

Table 4. Types of defects considered due to V3* incorporation in LiNbO3.

Site Charge Compensation Reaction
Lit Lithium Vacancies (1) 0.5Mp03+43Lir; = M;;+2V{; 4+ 1.5Li,O
Niobium Vacancies (ii) 2.5M0O3+5Lip;+2Nbyp — 5My; +2V;}{) + 2.5LiO + Nb,Os
Oxygen Interstitial (iii) 0.5MpO3+Lig; — M;+0; +0.5Li,O
Li* and Nb°* Self-Compensation (iv) MaOs+Lig;+Nbyp, — My +M{, + 0.5Li,0+0.5 NbyOs
Nb%* Oxygen Vacancies (v) 0.5M03+4+Nbnp+Op — MK”J+VO + 0.5Nby 05
Anti-site (Nb, ) (vi) MyO3+Lig;+2Nbyg, — 2M, +Nby,+LiNbO;

Lithium Vacancies and

Antisite (Nb, ) (vii) 0.5Mp03+3Lir;+Nbyp, — My, + 2V};+Nby; + 1.5Li,0

Table 5. Types of defects considered due to Mo®* incorporation in LiNbO3.

Site Charge Compensation Reaction
Lit Lithium Vacancies (i) LiMoO»+3Lig; — Moy, +2V[,+2LiO
Niobium Vacancies (ii) 5LiMoO,+5Lip;+2Nbyp, — 5M0Li+2V;% +5Li0 + NbyOs5
Oxygen Interstitial (iii) LiMoO,+Lir; — Moy;+0! +LiO
Li* and Nb3>*+ Self-Compensation (iv) 2LiM0oO,+2Li;;+Nby, — MoL].-o—Moi;],b + 1.5Li;0+0.5Nb,O5
Nb%* Oxygen Vacancies (v) LiMoO»+Nbnp, + Oo — Moy, +V, + 0.5Li;0+0.5Nby05
Nb5* Anti-site (Nb, ) (vi) 2LiMoO,+Lig+2Nbyy, — 2Mor, +Nby; + 1.5Li,0+0.5Nb;05

Lithium Vacancies and

5+
Nb Anti-site (Nb|,)

(vii) LiMoO,+3Lig;+Nbyp — Mof, +2V{,+Nb; ;+2Lir0

According to Figures 2 and 3 for the first and second neighbours with respect to the c axis,
the trivalent V3* and Mo>" ions prefer to occupy both the Li and Nb sites according to scheme (iv)
which is also observed in other trivalent ions [23-25]. This can be attributed to the similarity between
the ionic radius of V3* which is 0.64 A and Mo®* which is 0.67 A [40] and that of Li* and Nb°*.
The ionic radius of Li* varies between 0.59 A and 0.74 A and Nb°* varies from 0.32 A to 0. 66 A [40].
All these ionic radii are in relation to the coordination sphere with oxygen atoms.

8 293K

Solution energy per defect ion(eV)

(i) (ii) () ) (vi) (vi)
Solution scheme

Figure 2. Bar chart of solution energies vs. solution schemes for trivalent dopant (V3*) at the Li and
Nb sites, considering the first neighbours in relation to the c axis.

21



Crystals 2020, 10, 457

Solution energy per dopantion(eV)

(i) (ii) (v) (V) () (vi)
Solution scheme

Figure 3. Bar chart of solution energies vs. solution schemes for trivalent dopant (Mo>") at the Li and

Nb sites, considering the first neighbours in relation to the c axis.

3.2.3. Tetravalent Dopants

Like other divalent and trivalent cations, tetravalent V4 and M4+ dopant ions can also substitute
at either the Li* or Nb%* sites. When these ions substitute at the Li* and Nb°* site charge compensation
is required, and various schemes involving vacancies, interstitials, anti-sites and self-compensation are
adopted, as shown in Tables 6 and 7.

Table 6. Types of defects considered due to M = V** incorporation in LiNbO3.

Site Charge Compensation Reaction
Lit Lithium Vacancies (i) MOy +4Li; — MU-O—B:V’Li + 2Li,O
Niobium Vacancies (i) 5MO2+5Lir;+3Nbnp — 5M;+3V{ + 2.5Li,O+1.5NbyOs
Oxygen Interstitial (iii) 2MO,+2Liy; — 2ML1+30;'+LiZO
Li* and Nb%* Self-Compensation (iv) 4MO,+Lig;+3Nbnp — My ;+3My, + 0.5Li;0+1.5 NbyO5
Nb5+ Anti-site (Nb, ) (v) 4MO,+Lig;+4Nbyp, — 4My, +Nb; + 0.5Li,O+1.5NbyO5

L“h::t'i‘_:’;j‘(‘;{;;““d (vi) MO, +4Lir;+Nbyg, — Mg +3V],+Nby, + 2LiO
(vii) 2MO,+3Lig;+2Nbyy, — 2M, +2V} ,+Nby +LiO + LiNbO3
(viii) 3MO,+2Liy;+3Nbngp, — 3Mg, +V{,+Nby ,+LiNbO;
Oxygen Vacancies (ix) 2MO2+2Nbyp+O0 — 2M{y, +V 5 +NbyOs

Table 7. Types of defects considered due to M=Mo** incorporation in LiNbO3.

Site Charge Compensation Reaction
Lit Lithium Vacancies (i) LipMoO3+4Lip; — MoLﬁ»S\/ii + 3Li,O
Niobium Vacancies (ii) 5Li;M0O3+5Lip;+3Nbyp — SMoLi+3V;}g + 7.5Li0+1.5Nby05
Oxygen Interstitial (i) 2LipMoO3+2Lig; — 2Moy ;430! +3Li,O
Li* and Nb%* Self-Compensation (iv) 4Li;MoO3+Lip;+3Nbnp — Moy ;+3Moy, + 4.5Li0+1.5 NbyOs
Nb5+ Anti-site (Nb,,) (v) 4Li,MoO3+Lig;+4Nbyp, — 4Moj, +Nby ; + 4.5LixO+1.5NbyO5

Lithium Vacancies T . ’ ’ .
and Anti-site (Nb, ) (vi) LipMoO3+4Lip;+Nby, — Moy, +3Vi;+Nb,; + 3Li,O
(vii) 2Li;MoO3+3Lir;+2Nbyyp, — 2Moj, +Nb, ;+2V],4+3LirO + LiNbO3
(viii) 3Li;MoO3+2Lig;+3Nbyp, — 3Moyy, +Nb, ,+V{;+3Li»O + 2LiNbO3

Oxygen Vacancies (ix) 2Li;M0O3+2Nbyp,+O0p — 2M0f%+VO+2Li20 + NbyOs5

The results obtained from these calculations are given in Figures 4 and 5. By inspecting these
figures, it can be seen that the tetravalent cation V4* prefers to be incorporated at the Li* and
Nb%* sites through scheme (iv), while the Mo** ion prefers to be incorporated at the niobium site
compensated by an oxygen vacancy according to scheme (ix). Similar to the divalent and trivalent
dopants, this preference is related to the proximity with the ionic radii of Li* and Nb>*.
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Solution energy per defection(eV)

QM 6@ i) v ) ) i) (i)
Solution scheme

Figure 4. Bar chart of solution energies vs. solution schemes for tetravalent dopant (V4*) at the Li and
Nb sites, considering the first neighbours in relation to the c axis.

4 293K

Soution energy per dopant ion(eV)
X = &
1

QG G v v ) i) i) )
Solution scheme

Figure 5. Bar chart of solution energies vs. solution schemes for tetravalent dopant (Mo**) at the Li
and Nb sites, considering the first neighbours in relation to the c axis.

3.2.4. Pentavalent Dopants

For the pentavalent dopants V>* and Mo®*, no charge compensation is required for the substitution
at the Nb°* host site, but it is required when the substitution is at the Li* host site, as shown in

Tables 8 and 9.

Table 8. Types of defects considered due to M = V>* incorporation in LiNbO3.

Site Charge Compensation Reaction
Lit Lithium Vacancies @) 0.5MOs+5Lig; — M, +4V}, + 2.5Li,0
Niobium Vacancies (ii) 2.5MpO5+5Lir;+5Nbnp, — 5M;+4V{ + 2.5Lir0 + 2NbyO5
Oxygen Interstitial (iii) 0.5MOs5-+Lip; — MU+20;' + 0.5Li,O
Nb%* No Charge Compensation (iv) 0.5M05+Nbnp, — My, + 0.5NbO5
Table 9. Types of defects considered due to Mo®* incorporation in LiNbO3.
Site Charge Compensation Reaction
Lit Lithium Vacancies (i) LisMoO4+5Lip; — MoLi+4VLi + 4LiO
Niobium Vacancies (ii) 5LisMoOy+5Lip;+4Nbyp, — 5M0Li+4V§g + 10LiO + 2Nb,Os5
Oxygen Interstitial (iii) LisMoOy+Lir; — Moy;+20] +2LirO
Nb>+ No Charge Compensation (iv) LizMoO4+Nby, — Moy, + 1.5Li;0+0.5Nby 05

The solution energies for the pentavalent (V%) and (Mo°*) dopants with different charge
compensation mechanisms were evaluated and plotted as a function of the reaction scheme. Based on
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the lowest energy value, it seems that the incorporation of pentavalent (V5*) and (Mo°*) ions at an Nb
site is energetically more favourable than at an Li site, according to scheme (iv) as shown in Figures 6
and 7 at temperatures 0 K and 293 K. This can be attributed to the similarity between the charge of the
V3* and Mo°* ions and the Nb®* host, which can contribute to a small deformation in the lattice and

consequently a lower solution energy. Experimental results by Kong et al. [17] and Tian et al. [16] show
that substitution occurs at the Nb>* site.

0K
144 293K

Solution energy per dopant ion(eV)

U] (ii) (i) (iv)
Solution scheme

Figure 6. Bar chart of solution energies vs. solution schemes for pentavalent dopant (V5*) at the Li and
Nb sites, considering the first neighbours in relation to the c axis.

K
[ 293K

Solution energy per dopant ion(eV)
. & .
L

G} (i) (ii) ()
Solution scheme

Figure 7. Bar chart of solution energies vs. solution schemes for pentavalent dopant (Mo®*) at the Li
and Nb sites, considering the first neighbours in relation to the c axis.

3.2.5. Hexavalent Dopants

For the hexavalent dopant Mo®*, as with the pentavalent ions, there is no self-compensation
mechanism and charge compensation schemes are possible when replacing Li and Nb in the LiNbO3
matrix as shown in Table 10.

Table 10. Types of defects considered due to Mo®* incorporation in LiNbO3.

Site Charge Compensation Reaction
Lit Lithium Vacancies (i) LipMoO4+6Lip; — Moy, +5V(,+4LiO
Niobium Vacancies (i) LizMoOy +Liy;+Nbyy, — Mo+ V{7 + 15Li0+0.5Nb,0s
Oxygen Interstitial (iii) 2LipMoO,+2Li; — 2Moy;+50; +3Li0O
Nb%* Lithium Vacancies (iv) LipMoOy+Lig;+Nbnp — Moy, +Vi; + 1.5Li;0+0.5NbyO5
Niobium Vacancies (v) 5Li;MoQO4+6Nbyp, — SMoNb+V§;+5LiZO + 3Nby05
Oxygen Interstitial (vi) 2LipMoOy4+2Nbyy, — 2Moy, +O; +2Li,O + NbyOs

The solution energies for the hexavalent (Mo®*) dopants with different charge-compensation
mechanisms were evaluated and plotted as a function of the reaction scheme. Based on the lowest
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energy value, it seems that the incorporation of hexavalent (Mo®*) ions at an Nb site is energetically
more favourable than at an Li site, according to scheme (iv) as shown in Figure 8 at temperatures 0 K
and 293 K. This can be attributed to the similarity between the ionic radii of Mo®* ions and the Nb>*
host site (0.32-0.71 10\) [40]. The ionic radii of Mo®*, taking into account the coordination number,
vary between 0.42 and 0.67 A [40], and the small difference between the Mo®* dopant ions and Nb>*
ions can contribute to a small deformation in the lattice and consequently a lower solution energy.
This result reveals that global trends of dopant solution energies are controlled by the combination of
dopant ion size [40] and its electrostatic interactions, demonstrating that there is a relation between
the energetically preferred site and the types of defect mechanisms involved in the doping process.
Experimental results from Kong et al. [17] and Zhu et al. [41] show that substitution occurs at the
Nb>* site.

N OK
14 - I 293K

Salution energy per dopart ion(eV)
®
1

@) (i) (iii) (iv) v) (vi)
Solution scheme
Figure 8. Bar chart of solution energies vs. solution schemes for hexavalent dopant (Mo®*) at the Li
and Nb sites, considering the first neighbours in relation to the c axis.

In all cases, the energy involved in doping was obtained by calculating the solution energy,
which includes all terms of the thermodynamic cycle involved in the solution process. For example,
the solution energy, Eq,, corresponding to the incorporation of V2* at the Li* site (second equation in
Table 3) is given by:

Esol = Eper(5My; + Vi ) + 2.5ELa(Li, O) + 0~5ELatt(Nb205) — 5ELatt(MO) )

where the Ej, and Epef terms are lattice energies and defect energy.

All energies were normalised by the number of dopants, i.e., the solution energy is divided by the
number of dopants involved. For example, for scheme (ii) of Table 3, the energy must be divided by
five, since five lithium sites are occupied. This is done because the number of dopants varies for each
mechanism. Lattice energies, Ej,, required to calculate the solution energies are given in Table 11.

25



Crystals 2020, 10, 457

Table 11. Lattice energies used in the solution energy calculations (eV).

Lattice Energy  Lattice Energy

Compound
0K 293 K

LiNbO3 -174.45 -174.66
Li,O -33.16 -32.92
Nb2Os -314.37 -313.39
VO -22.06 -22.07
V703 -124.37 -124.39
VO, -111.54 -111.57
V705 -315.65 -274.18
LiMoO> —-98.07 —-97.09
LizMoO3 -150.38 -149.10
LizMoO4 —-181.28 -178.88
LixMoO4 —234.06 —234.12

3.2.6. Summary of Results for Vanadium and Molybdenum Dopants in LiNbO3

In this sub-section, the results presented in the last five subsections are summarised.

Divalent dopants: the calculations predict that, for V2*, self-compensation (simultaneous doping
at lithium and niobium sites) and doping at the lithium site with lithium vacancy compensation are
most likely. It is noted that V2+|; defects have been observed experimentally [18].

Trivalent dopants: both V3* and Mo®* ions are predicted to self-compensate. Experimental data
from [18] support V3* doping at the lithium site, as with V2*.

Tetravalent dopants: here, different behaviour is predicted for vanadium and molybdenum.
V#* is predicted to self-compensate, while Mo** is predicted to occupy a niobium site with oxygen
vacancy charge compensation. Again, [18] suggests that V4* can dope at a lithium site.

Pentavalent dopants: both V5* and Mo®* are predicted to dope at the niobium site (no charge
compensation is needed), agreeing with experimental results [16,17].

Hexavalent dopants: Mo®* is predicted to dope at the niobium site, with charge compensation
by lithium vacancy formation. The occupation of the niobium site is supported by experimental
data [16,17,19].

4. Conclusions

This paper has presented a computational study of VO, V,03, VO, and V,05 as well as LiMoO,,
Li;MoO3, LizM00y and LiMoOj structures doped into LiNbO3. New interatomic potential parameters
for VO, V5,03 VO, and V,05 as well as LiMoO,, Li;M0O3, LizMoO, and Li;MoO, have been developed.
It was found that divalent (V2*), trivalent (V3*, Mo®*) and tetravalent (V4*) ions are more favourably
incorporated at the Li and Nb sites through the self-compensation mechanism. The tetravalent
(Mo**) ion is more favourably incorporated at the niobium site, compensated by an oxygen vacancy.
The pentavalent ions (V>*, Mo®") and hexavalent (Mo®*) ion are more favourably incorporated at
the Nb site, and the lowest energy schemes involve, respectively, no charge compensation, and for
the Mo®* ion, charge compensation with lithium vacancy. This is shown to be consistent with some
experimental data, although future calculations involving finite V>* and Mo®" concentrations will be
carried out to investigate this further.

Finally, to summarise, in this paper we have looked in detail at vanadium and molybdenum
dopants in various charge states in LINbO3, and through the use of solution energies, identified the
energetically favoured sites and charge compensation mechanisms, while comparing the results with
available experimental and theoretical work in this field.
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Abstract: We present a simple and effective way to improve the thermal stability of nano-domains
written with an atomic force microscope (AFM)-tip voltage in a lithium niobate film on insulator
(LNOI). We show that nano-domains in LNOI (whether in the form of stripe domains or dot domains)
degraded, or even disappeared, after a post-poling thermal annealing treatment at a temperature on
the order of ~100 °C. We experimentally confirmed that the thermal stability of nano-domains in
LNOI is greatly improved if a pre-heat treatment is carried out for LNOI before the nano-domains are
written. This thermal stability improvement of nano-domains is mainly attributed to the generation of
a compensating space charge field parallel to the spontaneous polarization of written nano-domains
during the pre-heat treatment process.

Keywords: thermal stability; nano-domain; LNOI; pre-heat treatment

1. Introduction

Lithium niobate (LiNbOg3), one of the most versatile ferroelectric materials, has been widely
studied due to its excellent performance on electro-optic modulation [1,2], acousto-optic modulation [3]
and nonlinear optics [4,5]. Recently, the technique of lithium niobate film on insulators (LNOI) [6-8]
has attracted much attention for its potential applications in integrated devices. Numerous novel
optical elements based on LNOI have been reported, including photonic crystals [9], high-Q
microresonators [10], ridge waveguides [11], and hybrid lightwave circuits [12].

By applying a polarization reversal voltage, via an atomic force microscope (AFM)-tip, domain
reversal and domain patterning can be realized in lithium niobate thin films. Based on this technique,
Gainutdinov et al. [13] reported that the size and shape of domain patterns can be precisely controlled,
enabling the realization of periodically poled lithium niobate (PPLN) with period of hundreds of
nanometers. PPLN films can be used for quasi-phase-matching (QPM) devices, such as PPLN
microcavities [14] and PPLN waveguides [15], to achieve frequency conversion. Obviously, the stability
of written domains is very important for LNOI-based applications such as PPLN microcavities, PPLN
waveguides, and nonvolatile ferroelectric domain memories [16-19].

Several groups have studied the thermal stability of domains in various ferroelectric materials,
such as Rb-doped KTiOPO, [20], LiTaO3 [21], Pb(Zrp4Tip6)Os [22], and LiNbO3 [23,24]. They
reported that the ferroelectric domains would degrade, or even disappear, after heat treatment.
Moreover, Shao et al. [25] reported that the domain structures fabricated on LNOI are unstable
even at room temperature. Obviously, such instability would prevent the ferroelectric domains from
applications where the device temperature will rise due to light absorption or due to high temperature
environments.

Crystals 2020, 10, 74; d0i:10.3390/ cryst10020074 29 www.mdpi.com/journal/crystals
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In this paper, we propose a simple and effective method to improve the thermal stability of
nano-domains in lithium niobate thin films. We confirmed that nano-domains written in LNOI by
applying an AFM-tip voltage were unstable at high temperatures in the order of ~100 °C. However,
we found that the domain stability can be significantly improved if the LNOI sample experiences
a pre-heat treatment before the nano-domain fabrication process. The underlying mechanism was
also discussed.

2. Materials and Methods

The schematic experimental setup is shown in Figure 1, in which the structure of the LNOI sample
used in our experiments is also clearly shown. The LNOI sample was composed of a 300-nm thick
+Z-cut ion-sliced LiNbOj thin film, a 100-nm thick Cr thin film, a 2-pm thick SiO; layer, and a 500-pm
thick LiNbOj3 substrate, which were all layered or bonded to one another in sequence. The 100-nm
thick Cr layer served as a bottom electrode when an AFM-tip voltage was applied on the top 300-nm
thick LiNbOj thin film. Here, different metals may be used as the bottom electrode and different
metal-lithium-niobate interfaces may have an effect on the domain poling process, but this is not the
main topic of the current paper and will not be explored here.

In the experiments, the top LiNbOj film was poled directly by applying a DC voltage through an
AFM conductive probe tip, contacting the film top surface with the Cr layer being grounded. The dot
domains were written under the AFM-tip voltage step by step, and the stripe domain patterns were
written using a raster lithography method with graphic templates. The reversed domain structures
were characterized by using piezoresponse force microscope (PFM), a versatile and powerful method
to image domain structures with nano-size features. The tip radius, R, and the resonance frequency, fg,
of the pt-coated Si probe tip used in the experiments were R = 20 nm and fg = 100 kHz, respectively.
All AFM and PFM experiments were carried out with an MFP-3D Infinity atomic force microscope
(Asylum Research, Goleta, CA, USA).

DC

LiNbO, film
Cr layer

SiO: layer

LiNbO, substrate

Figure 1. Schematic diagram of nano-domain writing in lithium niobate film on insulators (LNOI)
under an atomic force microscope (AFM)-tip voltage.

The thermal heat treatments, including the post-poling annealing treatment after the domain
writing process and the pre-heat treatment with the virgin LNOI sample without domain structure,
were carried out by using an electric drying oven. The sample was heated to a temperature ranging
from 90 °C to 210 °C in air, with a heating rate of 5 °C/min from room temperature, and then
maintained at the high temperature for a certain time. After that, the sample was moved out from the
drying oven and cooled down naturally to room temperature in air with a cooling rate of ~20 °C/min.
Note that no oxidation or reduction effect was observed in lithium niobate thin films during the
thermal annealing treatment at a temperature of the order of 100 °C.

3. Results

3.1. Thermal Stability of Nano-Domains in Lithium Niobate Thin Films

To begin with, we will explore the thermal stability of nano-domains in lithium niobate thin films
without any pre-heat treatment in this part. As QPM devices and ferroelectric domain memory are two
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important potential applications for domain structures, both stripe domains and dot domains were
fabricated and studied. Here, the stripe domains were fabricated using a raster lithography method
with an AFM-tip voltage of 35 V. The rate of lithography was fixed at f = 2 Hz. Periodical stripe
domains with a fixed period of 1 um and an averaged stripe length of ~4 um but with different stripe
widths of w = 396 nm, 205 nm, and 156 nm, were fabricated. The PFM images of these as-written
stripe domains were measured, and the results are shown in Figure 2a—c, respectively.

We confirmed experimentally that these as-written stripe domians were stable at room
temperature, and no degradation was observed even for several days. Then, the stripe domains
were thermally annealed at a high temperature T = 120 °C for t = 1 h and then cooled down
naturally to room temperature in air again. For comparison, the PEM images of the stripe domains
after the thermal annealing treatment are shown in Figure 2d—f, respectively. The stripe domains were
significantly degraded in both width and length dimensions after the thermal annealing treatment.

(a) 180°

Figure 2. (a—c) Piezoresponse force microscope (PFM) images of as-written stripe domains with
different stripe widths before the thermal annealing treatment. (d—f) The corresponding PFM images
of stripe domains after the thermal annealing treatment at T = 120 °C for 1 h. The length of the stripe
domains was set to be ~ 4 um. The scale bar in all figures is 1 um.

In addition, dot domains with different diameters were also fabricated by applying different
AFM-tip voltages for a fixed time t,, = 1 s. Each dot domain was separated from one another by 1 um
in both the horizontal and vertical directions. Figure 3a shows the PEM images of the fabricated dot
domains, in which four dot domains in each row were fabricated with the same tip voltage. These
voltages were, from the bottom up, 40 V, 45V, 50 V, and 55 V. The averaged diameter of the as-written
dot domains in each row was measured to be 215 nm, 255 nm, 294 nm, and 333 nm, respectively. Here,
the diameter D of a dot domain was estimated by equaling the area of the dot domain to a circle with a
diameter D.

These as-written dot domains were also stable at room temperature. After that, the dot domains
were annealed thermally at a high temperature T = 120 °C for one hour, and then the dot domains
were cooled down to room temperature in air. Again, the PFM images of the dot domains after thermal
annealing treatment were measured, and the results are shown in Figure 3b. It is evident that the dot
domains are significantly degraded and even disappear for those small dot domains. This observed
thermal instability is likely detrimental for practical applications such as QPM devices and ferroelectric
domain memory devices.
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(b)
180° 180°

0° 0°

Figure 3. (a) PFM images of as-written dot domains with different diameters before the thermal
annealing treatment. (b) The corresponding PFM images of dot domains after the thermal annealing
treatment, at a temperature T = 120 °C for 1 h. Here, the dot domains in each row were fabricated at
the same AFM-tip voltage. These voltages were, from the bottom up, 40 V, 45V, 50 V, and 55 V. The
scale bar was 1 um in both cases.

3.2. Improvement on the Thermal Stability of Nano-Domains in Pre-Heated Lithium Niobate Thin Films

Here, we introduce a simple but effective way to improve the thermal stability of nano-domains
in lithium niobate thin films. First, a virgin single-domain sample without any domain structures
was put into the electric drying oven to undergo a pre-heat treatment at T, = 150 °C for 2 h. Then,
nano-domains were written with the same tip voltage as those in Figure 2 for stripe domains and in
Figure 3 for dot domains. In the experiments, the period of the stripe domains was set to be 1 pm, and
the width of the stripe domains was set to be 333 nm, 215 nm, and 137 nm, respectively. The PFM
images of these as-written stripe domains were measured and are shown in Figure 4a—c, respectively.

After that, the sample with the stripe domains was thermally annealed at T = 120 °C for
1 h and then cooled down naturally to room temperature in air. The PFM images of the stripe
domains were measured again for comparison, after the thermal annealing treatmen, and the results
are shown in Figure 4d-f, respectively. As shown in Figure 4, although the stripe domains with a
pre-heat treatment also degrade after the post-poling thermal annealing treatment, the degradation is
significantly suppressed as compared to the case without the pre-heat treatment.

(a)m(b
(d)m(e

Figure 4. The thermal stability of stripe domains in a sample that underwent a pre-heat treatment
at Tp = 150 °C for 2 h. (a-c) PFM images of as-written stripe domains before the thermal annealing

180°

180°

)m(C)m
0°
)m (f)m

0°

treatment. (d—f) PEM images of stripe domains after the thermal annealing treatment at 120 °C for 1 h.
The length of the stripe domains was set to be ~ 4 um. Here, the tip voltage used to fabricate the stripe
domains was the same as that in Figure 2. The scale bar is 1 pm in all figures.

The thermal stability of the dot domains in the pre-heat treated samples was also studied. In
the experiments, the dot domains were written in the pre-heat treated sample under the same tip
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voltage and writing time t,, as those in Figure 3. Similarly, the separation distance between the nearest
neighboring dot domains was set to be 1 pm in both the horizontal and vertical dimensions, and dot
domains with different averaged diameters of 215 nm, 255 nm, 294 nm, and 333 nm were prepared.
Again, the diameters of the dot domains were averaged over four dot domains fabricated under the
same tip voltage and writing time t,,. Then, the sample with the dot domains underwent the same
thermal annealing process as that in Figure 3.

The PFM images of the dot domains before and after the post-poling thermal annealing treatment
were measured for comparison, and the results are shown in Figure 5. Compared to the case without
pre-heat treatment in Figure 3, the thermal stability of the dot domains in the pre-heat treated samples
is significantly improved.

(@) (b)

0° 0°

Figure 5. Thermal stability of the dot domains in a sample that underwent a pre-heat treatment at
Tp = 150 °C for 2 h. (a) PFM images of as-written dot domains with different diameters before the
thermal annealing treatment. (b) PEM images of dot domains after the thermal annealing treatment at
120 °C for 1 h. Here, the dot domains in each row were fabricated at the same AFM-tip voltage as those
in Fig. 3. The scale bar is 1 um in all figures.

4. Discussions

To show quantitatively the improvement on thermal stability of nano-domains in the pre-heat
treated samples, we introduced a thermal stability parameter P, defined as P = Syemain / Sinitial, Where
Sinitial aNd Sremain are the areas of the nano-domains before and after the post-poling thermal annealing
treatment. The domain is more stable for a larger P. Table 1 lists the values of the thermal stability
parameter P for both stripe domains and dot domains, as shown in Figures 2-5.

In general, as compared to the case without pre-heat treatment, the thermal stability parameter P
is much larger for nano-domains in the pre-heat treated samples, indicating that the thermal stability
of nano-domains in samples with pre-heat treatment is significantly improved. Note that the length of
stripe domains also shrinks, and the length shrinkages were measured to be 0.294 um, 0.235 um, and
0.588 um, in the case without pre-heat treatment, while in the case with pre-heat treatment, the length
shrinkages were reduced to be 0.125 pm, 0.121 um, and 0.093 pm, for stripe domains with widths of
333 nm, 215 nm, and 137 nm, respectively.

Table 1. The thermal stability parameter, P, of nano-domains in samples with or without pre-heat
treatment. The condition of pre-heat treatment was Tj, = 150 °C for 2 hours. The length of the stripe
domains was set to be ~4 um.

cas Width of Stripe Domains Diameter of Dot Domains
Domain Size

333nm 215nm 137nm 333nm 255nm 215nm

without pre-heat treatment 0.69 0.64 0.52 0.24 0 0
with pre-heat treatment 0.86 0.83 0.79 0.72 0.66 0.56

The dependence of the thermal stability parameter, P, on the post-poling annealing temperature, T,
was studied for both stripe and dot domains without pre-heat treatment, and the results are shown in
Figure 6. Here, stripe domains with different widths of 372 nm, 196 nm, and 155 nm and dot domains
with different diameters of 333 nm, 255 nm, and 215 nm, were prepared. The length of all stripe
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domains was set to be ~4 um. In all cases, the post-poling thermal annealing time, t, was set to be one
hour. For both stripe domains and dot domains, the thermal stability parameter, P, decreases with the
increase of the post-poling annealing temperature, T, and the domain degradation at 120 °C is typical
of the representative results within the studied temperature range, which is practically reachable in
nano-size photonic structures, such as PPLN microcavities and PPLN ridge waveguides.

1 0.7
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Figure 6. The dependence of the thermal stability parameter, P, on the post-poling annealing
temperature T for both stripe domains (a) and dot domains (b) of various sizes without pre-heat
treatment. Here, the post-poling thermal annealing time t was set to be 1 h in all cases, and the length
of the stripe domains was set to be ~4 pum.

It has been reported that the domain structures in bulk lithium niobate crystals are stable at
temperatures on the order of 100 °C but decay also at a much higher temperature above 600 °C [26,27],
indicating that the domain structure in bulk crystal sheets is much more thermally stable when
compared to that in lithium niobate thin films.

Furthermore, we studied the dependence of the thermal stability of nano-domains on the
experimental pre-heat treatment conditions. In the experiments, pre-heat treatment on virgin
single-domain samples was carried out at different high temperatures, Tp, for different time periods,
tp, and then stripe or dot domains with different sizes were fabricated by applying appropriate tip
voltages. After that, the nano-domains were thermally annealed at T = 120 °C for 1 h. The PEFM
images of all nano-domains were measured and the thermal stability parameter P was characterized
for each nano-domain.

Figure 7a,b shows the dependence of the thermal stability parameter, P, on the pre-heat
temperature, Tp, with tp =2 h for the stripe domains and dot domains, with various sizes. P
increases with the increase of the pre-heat temperature, Ty, in both the stripe domain and the dot
domain cases, indicating that the nano-domains are more thermally stable with higher Tp,. Figure 7c,d
depicts the dependence of the thermal stability parameter, P, on the pre-heat time, t;,, for the stripe and
dot domains of various sizes. Here, the pre-heat treatment temperature was set to be 150 °C for both
cases. The thermal stability parameter P is larger with longer pre-heat treatment time, t,. In addition,
the nano-domains with larger sizes are more stable for both cases, as shown in Figure 7.

34



Crystals 2020, 10, 74

@) ) 081 (b) i
0.7 i
09} z % 0.6 i
i 3 05 1
a 081 { i ¥ { A 04 ¥
I 0.3
0.7 @ 333nm 0.2 @ 333nm
{ 4 215nm 0.1 4 245nm
06} v 137 nm of v v v 177 nm
80 100 120 140 160 180 200 220 80 100 120 140 160 180 200 220
Tp °C) TP (°C)
0.9
1 (e) 3 @
092 z 0.8
088 % 07 i % % {
Fosar I { i A 06
08y { { @ 333nm 05 @ 333nm
076 } 4 215nm { A 255nm
v 137 nm 04 v 196 nm
.72
0 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
t, () t, (h)

Figure 7. Dependence of the thermal stability parameter, P, on the pre-heat temperature, Tp, (a,b) and
the pre-heat time, tp, (¢,d), for nano-domains with various sizes. Here, (a,c) are the results for the stripe
domains, while (b,d) are the results for the dot domains. The pre-heat time, tp, was 2 hours for (a,b),
while the pre-heat temperature, Tp, was set to be 150 °C for (c¢,d). All nano-domains were thermally
annealed at T = 120 °C for 1 h.

From the above results, we see that domain degradation or even domain back switching may
occur in lithium niobate thin films during a thermal annealing process at temperatures on the order of
a hundred degrees Celsius. Fortunately, such domain degradation or back switching can be greatly
suppressed through a simple pre-heat treatment for the virgin single-domain lithium niobate thin films.
It is well known that the domain kinetics in ferroelectric lithium niobate are related to the local field
distribution within lithium niobate crystals. At room temperature, the depolarization field, Eg, is fully
compensated by the screening field, Esceen, due to surface charges or bulk charges in lithium niobate
crystals. When the crystal temperature increases, the spontaneous polarization, Ps, and therefore the
depolarization field, E4, decreases. This breaks the balance between the depolarization field, Ey, and
the screening field, Esceen. Therefore, the thermally actived bulk charges, such as protons in lithium
niobate may drift in bulk, or the surface charges may accumulated on the surface, to compensate for
this field imbalance [28,29]. This will result in a space charge field, E, in lithium niobate with its
direction antiparallel to the spontaneous polarization, Ps. It is this space charge field that results in
the degradation or back switching of the nano-domains in lithium niobate thin films. Note that the
component of the space charge field induced by the thermally activated charges are fixed after the
crystal is cooled down to the room temperature. This space charge field component induced by the
thermally activated charges in crystal is also formed during the pre-heat treatment, and its direction is
antiparallel to the spontaneous polarization in the virgin single-domain crystals but parallel to the
reversed spontaneous polarization of the stripe or dot domains, which, therefore, results in a great
suppression on the degradation of nano-domains. Comprehensive domain kinetics in lithium niobite
thin films are an interesting but complicated topic, and they surely deserve a full-length study beyond
the scope of this paper; for more details, please refer to Ref. [30].

5. Conclusions

In conclusion, we demonstrated a simple yet effective way to improve the thermal stability
of nano-domains fabricated in lithium niobate thin films. We confirmed that the nano-domains in
lithium niobate thin films are thermally unstable even at a temperature on the order of ~100 °C, which
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can be easily reached locally in nano-size photonic structures, due to light absorption. Therefore,
such thermal instability of nano-domains could be very detrimental to practical applications, such as
PPLN microcavities, PPLN ridge waveguides, and ferroelectric domain memories. We demonstrated
that the thermal stability of nano-domains can be greatly improved when the lithium niobate thin
film undergoes a pre-heat treatment before the fabrication of nano-domains. This thermal stability
improvement is attributed to the generation of a space charge field during the pre-heat treatment,
which is parallel to the spontaneous polarization of nano-domains. Our results should be useful
for nano-domain-based photonic devices such as PPLN microcavities, PPLN ridge waveguides, and
ferroelectric domain memories.

Author Contributions: G.Z. conceived the idea of the work. Y.J. designed and performed the experiments. Z.S.
and S.L. participated in the experiments. Y.J. and G.Z. wrote the paper. All authors participated in the data
analysis and paper preparation. All authors have read and agreed to the published version of the manuscript.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (NSFC)
(11774182, 61475077); the 111 project (B07013); and the Fundamental Research Funds for the Central Universities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Turner, E. High-Frequency Electro-Optic Coefficients of Lithium Niobate. Appl. Phys. Lett. 1966, 8, 303-304.
[CrossRef]

2. Kanno, A.; Sakamoto, T.; Chiba, A.; Kawanishi, T.; Higuma, K.; Sudou, M.; Ichikawa, J. 120-Gb/s
NRZ-DQPSK signal generation by a thin-lithium-niobate-substrate modulator. IEICE Electron. Express 2010,
7,817-822. [CrossRef]

3. Courjal, N; Benchabane, S.; Dahdabh, J.; Ulliac, G.; Gruson, Y.; Laude, V. Acousto-optically tunable lithium
niobate photonic crystal. Appl. Phys. Lett. 2010, 96, 131103. [CrossRef]

4. Hao, Z.; Wang, J.; Ma, S.; Mao, W.; Bo, E; Gao, E; Zhang, G.; Xu, ]. Sum-frequency generation in on-chip
lithium niobate microdisk resonators. Photonics Res. 2017, 5, 623-628. [CrossRef]

5. Wang, C,; Xiong, X.; Andrade, N.; Venkataraman, V.; Ren, X.E; Guo, G.C.; Lon¢ar, M. Second harmonic
generation in nano-structured thin-film lithium niobate waveguides. Opt. Express 2017, 25, 6963-6973.
[CrossRef] [PubMed]

6. Hu, H.; Yang, J.; Gui, L.; Sohler, W. Lithium niobate-on-insulator (LNOI): status and perspectives. Silicon
Photonics and Photonic Integrated Circuits III. Int. Soc. Opt. Photonics 2012, 8431, 84311D.

7.  Poberaj, G.; Hu, H.; Sohler, W.; Guenter, P. Lithium niobate on insulator (LNOI) for micro-photonic devices.
Laser Photonics Rev. 2012, 6, 488-503. [CrossRef]

8. Levy,M,; Osgood, R, Jr.; Liu, R.; Cross, L.; Cargill, G., III; Kumar, A.; Bakhru, H. Fabrication of single-crystal
lithium niobate films by crystal ion slicing. Appl. Phys. Lett. 1998, 73, 2293-2295. [CrossRef]

9. Li, Y; Wang, C.; Loncar, M. Design of nano-groove photonic crystal cavities in lithium niobate. Opt. Lett.
2015, 40, 2902-2905. [CrossRef]

10. Wang, J.; Bo, F; Wan, S; Li, W.; Gao, E;; Li, J.; Zhang, G.; Xu, ]. High-Q lithium niobate microdisk resonators
on a chip for efficient electro-optic modulation. Opt. Express 2015, 23, 23072-23078. [CrossRef]

11. Rabiei, P; Steier, W.H. Lithium niobate ridge waveguides and modulators fabricated using smart guide.
Appl. Phys. Lett. 2005, 86, 161115. [CrossRef]

12.  Weigel, P.O.; Savanier, M.; DeRose, C.T.; Pomerene, A.T.; Starbuck, A.L.; Lentine, A.L.; Stenger, V.;
Mookherjea, S. Lightwave circuits in lithium niobate through hybrid waveguides with silicon photonics. Sci.
Rep. 2016, 6, 22301. [CrossRef] [PubMed]

13. Gainutdinov, R.; Volk, T.; Zhang, H. Domain formation and polarization reversal under atomic force
microscopy-tip voltages in ion-sliced LiNbOj3 films on SiO,/LiNbOj3 substrates. Appl. Phys. Lett. 2015,
107, 162903. [CrossRef]

14. Hao, Z.; Zhang, L.; Gao, A.; Mao, W.; Lyu, X,; Gao, X.; Bo, E; Gao, F; Zhang, G.; Xu, J. Periodically poled
lithium niobate whispering gallery mode microcavities on a chip. Sci. China-Phys. Mech. Astron. 2018,
61, 114211. [CrossRef]

36



Crystals 2020, 10, 74

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wang, C.; Langrock, C.; Marandi, A.; Jankowski, M.; Zhang, M.; Desiatov, B.; Fejer, M.M.; Loncar, M.
Ultrahigh-efficiency wavelength conversion in nanophotonic periodically poled lithium niobate waveguides.
Optica 2018, 5, 1438-1441. [CrossRef]

Garcia, V.; Fusil, S.; Bouzehouane, K.; Enouz-Vedrenne, S.; Mathur, N.D.; Barthelemy, A.; Bibes, M. Giant
tunnel electroresistance for non-destructive readout of ferroelectric states. Nature 2009, 460, 81-84. [CrossRef]
[PubMed]

Guo, R;; You, L.; Zhou, Y,; Lim, Z.S.; Zou, X.; Chen, L.; Ramesh, R.; Wang, J. Non-volatile memory based on
the ferroelectric photovoltaic effect. Nat. Commun. 2013, 4, 1990. [CrossRef]

Sharma, P; Zhang, Q.; Sando, D.; Lei, C.H.; Liu, Y.; Li, J.; Nagarajan, V.; Seidel, ]. Nonvolatile ferroelectric
domain wall memory. Sci. Adv. 2017, 3, €1700512. [CrossRef]

Jiang, J.; Bai, Z.L.; Chen, Z.H.; He, L.; Zhang, D.W.; Zhang, Q.H.; Shi, ].A.; Park, M.H.; Scott, ].F.; Hwang, C.S.;
Jiang, A.Q. Temporary formation of highly conducting domain walls for non-destructive read-out of
ferroelectric domain-wall resistance switching memories. Nat. Mater. 2018, 17, 49-56. [CrossRef]
Lindgren, G.; Pena, A.; Zukauskas, A.; Liljestrand, C.; Menaert, B.; Boulanger, B.; Canalias, C. Thermal
stability of ferroelectric domain gratings in Rb-doped KTP. Appl. Phys. Lett. 2015, 107, 082906. [CrossRef]
Liu, X,; Kitamura, K.; Terabe, K. Thermal stability of LiTaO3 domains engineered by scanning force
microscopy. Appl. Phys. Lett. 2006, 89, 142906. [CrossRef]

Woo, J.; Hong, S.; Min, D.K_; Shin, H.; No, K. Effect of domain structure on thermal stability of nanoscale
ferroelectric domains. Appl. Phys. Lett. 2002, 80, 4000-4002. [CrossRef]

Liu, X.Y; Kitamura, K.; Liu, Y.M.; Ohuchi, ES.; Li, J.Y. Thermal-induced domain wall motion of tip-inverted
micro/nanodomains in near-stoichiometric LiNbOj crystals. . Appl. Phys. 2011, 110, 052009. [CrossRef]
Shur, V.Y.; Mingaliev, E.A.; Lebedev, V.A_; Kuznetsov, D.K.; Fursov, D.V. Polarization reversal induced by
heating-cooling cycles in MgO doped lithium niobate crystals. . Appl. Phys. 2013, 113, 187211. [CrossRef]
Shao, G.H.; Bai, Y.H.; Cui, G.X,; Li, C.; Qiu, X.B.; Geng, D.Q.; Wu, D.; Lu, Y.Q. Ferroelectric domain inversion
and its stability in lithium niobate thin film on insulator with different thicknesses. AIP Adv. 2016, 6, 075011.
[CrossRef]

Saveliev, E.D.; Saveliev, A.P.; Akhmatkhanov, A.R.; Baturin, L.S.; Ya Shur, V. Annealing stability of the domain
structure in periodically poled MgO doped lithium niobate single crystals. Ferroelectrics 2019, 542, 45-51.
[CrossRef]

Yamada, M.; Saitoh, M. Fabrication of a periodically poled laminar domain structure with a pitch of a few
micrometers by applying an external electric field. J. Appl. Phys. 1998, 84, 2199-2206. [CrossRef]

Imbrock, J.; Hanafi, H.; Ayoub, M.; Denz, C. Local domain inversion in MgO-doped lithium niobate by
pyroelectric field-assisted femtosecond laser lithography. Appl. Phys. Lett. 2018, 113, 252901. [CrossRef]
Shur, V.Y,; Rumyantsev, E.; Batchko, R.; Miller, G.; Fejer, M.; Byer, R. Domain kinetics in the formation of a
periodic domain structure in lithium niobate. Phys. Solid State 1999, 41, 1681-1687. [CrossRef]

Shur, V.Y. Kinetics of ferroelectric domains: Application of general approach to LiNbO3 and LiTaOs3. ]. Mater.
Sci. 2006, 41, 199-210. [CrossRef]

® (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

37






crystals MBPY

Atrticle
High Homogeneity of Magnesium Doped LiNbO3
Crystals Grown by Bridgman Method

Xiaodong Yan, Tian Tian *, Menghui Wang, Hui Shen, Ding Zhou, Yan Zhang and Jiayue Xu *
Institute of Crystal Growth, School of Materials Science and Engineering, Shanghai Institute of Technology,
Shanghai 201418, China; 176081108@mail.sit.edu.cn (X.Y.); wmh_fzs@163.com (M.W.); hshen@sit.edu.cn (H.S.);
dzhou@sit.edu.cn (D.Z.); yanzhang@sit.edu.cn (Y.Z.)

* Correspondence: tiant@sit.edu.cn (T.T.); xujiayue@sit.edu.cn (J.X.); Tel.: +86-021-608-731-17 (T.T.);
+86-021-608-734-89 (J.X.); Fax: +86-021-608-731-17 (T.T.); +86-021-608-734-89 (J.X.)

Received: 31 December 2019; Accepted: 25 January 2020; Published: 29 January 2020

Abstract: A series of LiNbOj crystals doped with various MgO concentrations (0, 3%, and 5 mol%)
was simultaneously grown in one furnace by the modified vertical Bridgman method. The wet
chemistry method was used to prepare the polycrystalline powders, and the growth conditions were
optimized. The full width at half maximum of high-resolution X-ray rocking curves for (001) reflection
of 5 mol% Mg doped lithium niobate (LN) crystal was about 8”, which meant it possessed high
crystalline quality. The OH™ absorption spectra shifted to 3534.7 cm™!, and the UV absorption edge
violet shift indicated that 5 mol% MgO successfully doped in LN and exceeded the threshold. The
extraordinary refractive index gradient of 5 mol% Mg doped LN crystal was as small as 2.5 x 10~%/cm,
which exhibited high optical homogeneity.

Keywords: lithium niobate; doping magnesium; Bridgman method; high homogeneity

1. Introduction

Lithium niobate (LiNbOj3, or LN) crystal is one of the most prominent materials for applications
in many practical fields, such as optical modulators [1], holographic storage [2], waveguides [3,4],
resonators [5], integrated optics devices and three-dimensional (3D) displays, resulting from its superior
and diverse physical performance [6,7]. Since the first successful growth by Czochralski method in
1965 [8], crystal growth, photorefractive properties, and theoretical simulations have been studied in
depth, and substantial research progress has been reported for LN crystals [9-14]; for example, 6"
pure LN crystals with high homogeneity has been reported recently [15].

Normally, LN is a non-stoichiometric compound, and the (Li)/(Nb) ratio of congruent composition
is 48.38/51.62 [16,17]. According to the broadly accepted Li-vacancy model, the congruent composition
induces a large concentration of intrinsic defects that exist in LN, which mainly are Li vacancies (Vy;~)
and anti-site Nb>* (Nby;**). Small polarons (an electron trapped at Nby;*+) together with bipolarons
(a pair of electrons trapped at adjacent Nby;** and Nbyy,”*) play the role of laser-induced optical
damage (also named photorefraction) centers in LN [10]. The serious disadvantage of laser-induced
optical damage in LN limits its usability in nonlinear optical applications [18]. Doping optical damage
resistant additives into LN crystal is an effective approach to suppress the optical damage; especially,
Zhong et al. first reported that the laser-induced optical damage could be suppressed by doping MgO
with high concentration, exceeding its threshold (about 5 mol%) [19]. The mechanism is when the
concentration of MgO exceeded its threshold, Mg?* repelled anti-site Nb>* to the site of normal-Nb.
Thereby, the formation of small polarons and bipolarons, which serve as an optical damage center, are
suppressed remarkably [20]. This discovery impelled magnesium doped LN (LN:Mg) crystals to play a
significant role in nonlinear optics and have achieved industrial growth. Consequently, a summarized
result of researches on optical grade heavily Mg-doped LN crystals has revealed that most of them
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have been grown by the Czochralski method with the diameter of @17-2”, and the homogeneity has
not been satisfactory [21-25]. Furthermore, only one crystal can be grown in one furnace each time by
the Czochralski method, which indicates low growth efficiency.

Bridgman method is one of the main methods for industry crystal growth, such as optical
crystals [26], piezoelectric crystals [27,28], ferroelectric crystals [29], and semiconductor crystals [30,31],
for its many advantages, especially multiple crystals can be grown in one furnace at the same time,
which means high production efficiency. However, there are few reports about the preparation of
lithium niobate by the Bridgman method [32,33], especially growing large optical grade heavily
Mg-doped LN crystals with high homogeneity is still difficult. Since the lithium niobate crystal
belongs to the trigonal crystal system, the crystal is easy to crack. According to previous reports, the
growth of crystals becomes more difficult as the concentration of magnesium is increased because the
high concentration of MgO in the melt cause (Li)/(Nb) ratio extremely deviate from the congruent
composition [34,35]. Besides, the segregation coefficient of MgO deviated from one could induce
inhomogeneity along the growth direction [36]. So, the growth process of the Bridgman method for
LN:Mg crystals should be optimized.

In this study, we used the Bridgman method to grow @2” LN crystals with different concentrations
of magnesium ions. In order to obtain @2” heavily Mg-doped LN with high homogeneity, systematically
optimized scheme, including polycrystalline powers preparation, thermal field design, and growth
technologies of the Bridgman method, was demonstrated in this work. The homogeneity of LN: Mg
crystals was also checked.

2. Materials and Methods

LN:Mg polycrystalline powders were synthesized by a wet chemistry method. Nb(OH)s (99.99%)
was firstly weighted, and excess HCI (38%) was added into a container. Then, they were heated at 90 °C
and stirred for 30 min. During this process, the mass of active Nb,Os-nH,O was precipitated. After
being cooled, the observed white precipitate was NbOCl3, which should be completely dissolved by
adding deionized water. Malic acid (C4H¢O4, MA) as the ratio of (MA):(Nb) = 3:1 was added into the
former solution and stirred. Then, the pH value of the suspension was adjusted to 8 by the addition of
NH;-H,O to get solution A. The chemical reactions happened in producing solution A were as follows:

Nb(OH); + 3HCI — NbOCl; + 4H,0 (1)
2NbOCl; + (n + 3)H,0O — Nb,O5-nH,0 + 6HCl 2)
Nb,O5-nH,O + MA — Nb — MA + nH,O 3)

According to the congruent composition of (Li)/(Nb) = 48.38/51.62 and the selected doping
concentration of MgO (0, 3 mol%, 5 mol%), Li;CO3 (99.99%) and MgO (99.99%) were weighted and
dissolved by dilute HCI. Until no more bubbles produced, the pH value was adjusted to 8 by the
addition of NH3-H,O to get solution B. Afterward, solutions A and B were mixed to be of high
homogeneity by ultrasonic machine. The mixed solution was filtered and spray dried into powders.
At last, the powders were sintered at 820 °C for 6 h to obtain LN:Mg polycrystalline powders.

Using the prepared LN:Mg polycrystalline powder, we firstly grew @1” LN:Mg crystals and
served them as seed crystals continue to grow 2" LN crystals doped with different MgO concentration
of 0, 3%, and 5 mol% by the Bridgman method with multi-crucible [31], which were labeled as LN,
LN: Mg3, and LN: Mg5, respectively. The prepared LN: Mg polycrystalline powder was placed in
three Pt crucibles with the same dimension of @50 mm X 100 mm. After putting them into three
Al, O3 pipes with the dimension of @110 mm x 200 mm, they were simultaneously placed in a furnace.
Some mullite fiber mixed with Al,O3 powders was used as the thermal insulation material to keep a
stable thermal field. In order to be sufficiently melted, the LN: Mg polycrystalline powder was heated
by medium-frequency induction and held at 100 °C above the melting point for 2 h. LN, LN: Mg3,
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and LN: Mg5 crystals were grown in a sealed environment and along the c-axis. In the procedure
of crystal growth, the falling rate was governed in the range of 0.5 mm/h to 1.0 mm/h. The vertical
temperature gradient above the solid-melt interface was about 0.3 °C/mm, which was measured by
using a thermocouple. In order to avoid the cracks occurring in large crystals, they were cooled down
to room temperature at a low rate of 30 °C/h after the growth process. Finally, LN: Mg crystals with 2"
in diameter and 40 mm in length were grown along the c axis. It was necessary to anneal the as-grown
crystals at 1230 °C for 30 h to escape thermoelastic stress and improve optical homogeneity. The
single-domain structure would be formed by polarization with an electric current density of 7 mA/cm?
for 20 min at 1190 °C. The 3 mm and 1 mm thick c-oriented plates were cut along the c-axis of the
crystals and then polished to optical grade. The distance between the top and bottom part was about
4 cm.

The UV absorption edge wavelength and OH™ spectra of 1-mm-thick plates were measured at
room temperature on using a Beckman DU-8B spectrophotometer and Magna-560 Fourier transform IR
spectrophotometer, respectively. High-resolution X-ray rocking curves of 3 mm plates were recorded
by a Bruker HRXRD-5000 to examine the crystalline quality of LN: Mg3 and LN: Mg5 crystals. The
refractive index of 1-mm-thick plates was also measured by METRICON 2010/M prism coupler at
632.8 nm to evaluate the optical homogeneity.

3. Results and Discussions

3.1. Crystal Growth

It is well known that heavily doped LN:Mg crystals remarkably increase the laser damage
threshold [37]. However, with the increase in the concentration of MgO, the heavily Mg-doped LN
crystals used in optical devices have always been inhomogeneous with low production efficiency
using the Czochralski method. Besides, many defects, such as scattering particles and inclusions, have
been found in heavily doped LN:Mg crystals. In order to grow 2" optical grade heavily doped LN:
Mg crystals with high homogeneity, more attention should be paid to its polycrystalline powders
preparation, thermal field design, and growth technologies.

Normally, the LN:Mg polycrystalline powders are synthesized through solid reaction, which
is mixing Li;CO3, NbyOs, and MgO powders and then sintering at about 1100 °C [15]. Though the
reaction of Nb,O5 with Li, O, discomposed by Li;CO3, could produce LN easily, MgO has very high
melt point (2800 °C), weak reaction activity, and low diffusion velocity, which cause difficulties in
preparing homogeneous LN:Mg polycrystalline powders and might induce macroscopic inclusions
in crystals. Higher reaction temperature or heat preservation with a long time might improve the
uniformity of dopant in the polycrystalline powders or melt. However, it is easy to cause the component
deviation as the volatilization of Li,O. Thus, we chose the wet chemistry method with the advantage of
low reaction temperature, which was helpful to avoid Li,O volatilization and enhance the composition
homogeneity of LN:Mg. We tested the polycrystalline powders by an X-ray diffractometer, and the
results are shown in Figure 1. Based on the PDF#74-2238, the XRD spectrum showed that the diffraction
peaks and relative intensity of LN, LN: Mg3, and LN: Mg5 polycrystalline materials were very similar
to those of lithium niobate without any obvious peak shift or second phase. That indicated that LN
could be successfully prepared by the wet chemical method, and doping Mg?* had a negligible effect
on diffraction data. Good quality of LN:Mg polycrystalline powders laid the foundation for crystal
growth. Besides, most of doped LN crystals were grown by using pure LN crystals as seeds, but we
used the Bridgman method to grow @1” LN crystals with different concentrations of MgO and then
cut as seeds for growing J2” LN:Mg crystals.
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Figure 1. XRD results of LN:Mg polycrystalline powders prepared by the wet chemical method.
LN—lithium niobate.

A stable and suitable thermal field is crucial to growing @2” LN: Mg crystals with high quality. In
the past, only Al,O3 powders were usually selected as insulation materials, but the heating time was
long due to the low thermal conductivity of Al,O3 powders. In order to avoid the shortcomings, some
mullite fiber was mixed with Al,O3 powders and served as insulation materials. About 35% of energy
saving could be realized because of the higher thermal conductivity of mullite fiber compared to Al,O3
powders, which was also beneficial in keeping high stability of the thermal field. Moreover, with the
excellent thermal insulation of mullite fiber mixed with Al,O3 powders, a small radial temperature
gradient was obtained to avoid cracks caused by large thermal stress. The vertical temperature gradient
(‘3—;)5 above the solid-melt interface was designed as 1 °C/mm, which was smaller than other LN
crystals with a small diameter [27]. The reason is that the vertical temperature gradient, as seen from
Equation (4), should be controlled in a certain range and has an inverse relationship with the diameter
of the crystal [29].

2 212 9T kmVr(Ci(B)(1—K))
> ﬁ)s > {_D[k* (1=K exp(0r6/D)] + Lpvr} /ks )

Y

where «a,, ¢, a,R, hks, and vr are the a-direction thermal expansion coefficient, fracture strain,
thermal expansion coefficient, diameter, heat exchange coefficient, thermal conductivity, and falling
rate (growth velocity of crystal), respectively; k; and C;(B) are the thermal conductivity and bulk
concentration of melt; m, 6,D, k*, L, and p are the liquidus slope, depth of solute boundary layer, diffusion
coefficient, segregation coefficient at the interface, crystalline latent heat and density, respectively.
Besides, the falling rate was optimizing from 1.5 mm/h—2.0 mm/h to 0.5 mm/h-0.8 mm/h at different
growth stages. In the crystal growth experiment, we set the descending speed to 0.5 mm/h and
extended the holding time to 8 h, which was more conducive to Mg?* entering the crystal lattice. The
lower falling rate could provide enough time for the sufficient diffusion of Mg?* at the solid-melt
interface and improving Mg?* distribution homogeneity in the crystal. The flat or slight convex shape
was helpful to Mg?* diffused along the vertical and parallel direction of the solid-melt interface.

Based on the above improvements, colorless, transparent, crack-free, and inclusions free LN:Mg
single crystals were grown. The cut and polished LN: Mg5 crystal with a length of 4 cm is shown in
Figure 2. High-resolution X-ray rocking curves are widely used in checking the crystalline quality of
single crystals. The narrower full width at half maximum (FWHM) of single crystals means higher
crystalline quality. Here, the X-ray rocking curves for c-plates of LN:Mg3 crystal and LN:Mg5 crystal
are given in Figure 3. The FWHM was measured to be 8” and 14” for (001) reflection of LN:Mg5 and
LN:Mg3 crystal, respectively, which was better than the reported results [38]. It implied that they
possessed high structural quality with few dislocations and thermal stress [39]. This proved that the
Bridgman method could grow LN:Mg crystals with higher crystallinity.
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Figure 2. Cut and polished LN: Mg5 crystal grew by the Bridgman method.
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Figure 3. X-ray rocking curves of (001) reflection in LN:Mg crystals. (a) and (b) are for LN:Mg3 crystal
and LN:Mg5 crystal, respectively.

3.2. Characterization

As we know, hydrogen ion can be introduced into LN crystals by means of water vapor during
the growth of the crystals and forms as OH™ exists in the lattice. As OH™ is heavily sensitive to the
surrounding environment, OH™ spectra are usually used to investigate the composition and defect
structures of LN. An infrared absorption band near 2.87um (~3480 cm™!) in pure LN crystal was first
reported by Smith et al. [40]. Herrington et al. demonstrated that the absorption band was caused
by the stretching vibrations of OH™ ions [41]. For doped LN crystals, it is well known that when the
optical damage resistant dopants, such as Mg2+, In3*, and Hf**, are doped with the concentration
exceeding their threshold, the OH™ absorption band shifts from the position at 3484 cm™' of pure
LN to higher wavenumbers [42,43]. As shown in Figure 4, LN and LN:Mg3 crystals showed a broad
OH~ absorption band peak at approximately 3484 cm™~!, while the OH™ peak of LN:Mg5 crystal
shifted to the higher wavenumber of 3534.7 cm™~!. It was proposed that in LN:Mg crystals, Mg?* ions
occupying Li-sites would push the Nby;** ions to the normal Nb-sites until all of the Nby;** were
clean up when Mg concentration reached the threshold. Above the concentration threshold of Mg,
additional Mg?* ions would occupy Nb-sites. The position of 3534.7 cm™! nearly coincided with the
result of [42] and related to the OH™ vibration formation in (Mng2+— OH~) complex. It indicated that
MgO was effectively doped into LN crystals, and 5 mol% had exceeded the threshold. Besides, as OH™~
absorption band peaks of different positions in different plates or the same plate were nearly centered
at the same wavenumber, it reflected that MgO distributed homogenously in LN:Mg5 crystal.
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Figure 4. The OH™ spectroscopy of LN:Mg crystals.

Besides, the UV absorption edge of LN is also sensitive to defects [44]. Figure 5a shows that the
UV absorption edge of LN:Mg3 and LN:Mg5 crystals was attributed to short wavelength compared to
LN, especially the violet shift could be seen more obviously for LN:Mg5. The UV absorption edge of
LN crystals has also been attributed to the presence of Li vacancies, actually of O>~ ions in the vicinity
of Vi;~, forming as the defect of (V- 027) [45]. As mentioned above, for LN:Mg crystals, Mngr ions
pushed the Nby;** ions to the normal Nb-sites and formed Mgy ;!*, until all of the Nb;** dismissed
when the MgO concentration exceeded the threshold. Compared with Nbp;** that needs four cationic
vacancies Vi ;~ for keeping the electric charge equilibrium [46], Mgy ;'* only needs one Vy;~ for charge
compensation. Thereby, the decrement of the (V1;~- O>~) defect concentration caused the observation
of the UV absorption edge violet shift with the increment in MgO doping concentration. Especially,
the Nby;#* dismissal induced a more obvious violet shift in LN :Mg5 because of the MgO concentration
exceeding the threshold. This result was also in accordance with the results of OH™ spectra. We also
compared the transmittance of the top and bottom parts for LN:Mg5, as shown in Figure 5b. It was
clear that the two curves almost coincided throughout the 4 cm long crystal, indicating the crystal
possessed a nice uniformity.

8

90

—~ (]
! £ 75
L 6
< c\? 60 Top of LN:Mg5
5 4 - — Bottom of LN:Mg5
E , £ 45
g £
g g 301
=] ]
g 2 z 15
@ [l
=
< ol

0- T T T T T T T T

300 400 500 600 700 800 300 400 500 600 700 800

Wavelength(nm) ‘Wavelength(nm)

Figure 5. (a) is the UV absorption edge of LN:Mg crystals and (b) is the transmittance of the top and
bottom plate in LN:Mg5 crystal.

High optical homogeneity is significant for the application of the nonlinear optical crystal.
According to the high compositional homogeneity discussed above, LN:Mg5 crystal should also have
high optical homogeneity. For the extraordinary refractive index n, is sensitive to the composition
while the ordinary refractive index n, is not, the gradient of the extraordinary refractive index §An, was
measured to examine the optical homogeneity of LN:Mg5 crystal. As listed in Table 1, the difference
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between the average extraordinary refractive index dAne of the top and bottom plate in LN:Mg5 crystal
was 1 x 107%. Since the distance of the two plates was about 4 cm, the gradient of the extraordinary
refractive index §Ane was about 2.5 x 107>/cm, which exhibited high optical homogeneity of the crystal.
The optical homogeneity was about two times higher than the reported high optical homogeneous
LN:Mg crystal, of which §An, was about 5.11 x 10~°/cm [47].

Table 1. The extraordinary refractive index of the top and bottom plate in lithium niobate

(LN):Mg5 crystal.
Samples Extraordinary Refractive Index (n.)
Position 1 Position 2 Position 3 Position 4 Position 5 Average
Bﬁ)ﬁg\r/?ggf 2.1919 2.1917 2.1917 2.1918 2.1917 2.19176
LE)?I\/[O;S 2.1916 2.1917 2.1918 2.1917 2.1915 2.19166

4. Conclusions

LN: Mg single crystals doped with different MgO concentrations were grown successfully in
one furnace at the same time by the Bridgman method. Wet chemistry method was employed for
LN: Mg polycrystalline powders preparation to enhance doping homogeneity of MgO and avoid
LipO volatilization. The critical growth conditions included a small vertical temperature gradient, a
low growth rate, adjusting the descending speed at different growth stages to keep a micro convex
solid-melt interface. X-ray rocking curves of (001) reflection showed that the LN: Mg5 crystal had a high
crystallinity. Compared with the congruent LN crystal, the OH™ absorption peaks and the ultraviolet
absorption edge exhibited that the doping concentration of MgO exceeded the threshold. Moreover,
LN: Mg5 crystal had high optical homogeneity for the extraordinary refractive index gradient that was
as small as 2.5 x 10~%/cm.
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Abstract: In this study, we designed, simulated, and optimized proton exchanged integrated
Mach-Zehnder modulators in a 0.5-um-thick x-cut lithium niobate thin film. The single-mode
conditions, the mode distributions, and the optical power distribution of the lithium niobate channel
waveguides are discussed and compared in this study. The design parameters of the Y-branch and the
separation distances between the electrodes were optimized. The relationship between the half-wave
voltage length production of the electro-optic modulators and the thickness of the proton exchanged
region was studied.

Keywords: electro-optic modulator; lithium niobate thin film; proton exchange; Mach-Zehnder;
integrated optics devices

1. Introduction

Electro-Optic (E-O) modulators have recently attracted growing attention in ultra-compact
photonic integrated circuits (PICs) [1]. They have extensive applications in optical telecommunication
networks and microwave-photonic systems [2]. The Mach-Zehnder interferometer (M-ZI) is one
of the most important interference structures in modulators because of its simple design and
manufacture, with the existence of a reference arm that compensates for the common-mode effect [3].
Many types of M-ZI-based applications for optical communication have been investigated, such as
switches/modulators [4,5], multi/demultiplexers [6,7], and splitters [8,9].

Lithium niobate (LiNbO3, LN) is one of the most remarkable optical crystal materials due to
its combination of excellent E-O and nonlinear optical characteristics [10]. Due to the high E-O
coefficient (r33 = 31.2 pm/V) in LN, high-quality E-O modulators of this type are very valuable in optical
communication [11-15]. In the last decade, high-refractive-index contrast in the form of lithium niobate
thin film bonded to a SiO; layer (lithium niobate on insulator, LNOI) has emerged as an ideal platform
for integrated high-performance modulators [16-19]. A basic challenge in the production of M-ZI
modulators in LNOI is the fabrication of high-quality waveguide structures. A few techniques have
been developed for fabricating waveguides in LN, including dry-etching [20-22], proton exchange
(PE) [23], and chemo-mechanical polishing [24]. Compared with other methods, PE is low-cost, has
low propagation loss, and is a mature manufacturing method that is compatible with the LN optical
waveguide industry [25,26]. Compared with rough-etched side walls, PE waveguides have smooth
boundaries. However, to the best of the authors” knowledge, to date there have been few reports on
proton-exchanged electro-optic modulators in LNOI [23].

Crystals 2019, 9, 549; d0i:10.3390/cryst9110549 49 www.mdpi.com/journal/crystals



Crystals 2019, 9, 549

In this research, we simulated and analyzed a proton-exchanged E-O M-ZI modulator in an x-cut
LNOIL Based on the full-vectorial finite-difference method [27], the single-mode conditions of the PE
waveguides were investigated, the bending losses of the Y-branch structures were analyzed, and the
propagation losses of the PE waveguides with different separation distances between electrodes were
simulated. The half-wave voltages of the devices were calculated using the finite difference beam
propagation method (FD-BPM) [28,29]. The optimized half-wave voltage-length product (V-L) was
approximately 10.2 V-cm.

2. Device Design and Methods

The material of the device studied was an x-cut LN thin film bonded to a SiO; layer deposited on
an LN-substrate [17]. The thicknesses of the LN thin film and the SiO; layer were 0.5 um and 2 pm [30],
respectively. The structures were cladded with 2-pm-thick SiO; layers after the PE waveguides and
electrodes were fabricated. Figure 1a shows a schematic of the M-ZI. The input wave was emitted
into a directional coupler. The input power was divided equally into the two output waveguides
with a first directional coupler. The two waveguides formed the two arms of the M-ZI. On both arms,
opposite electric fields were applied to modify the refractive of the LN and thus change the phase
of the wave propagating through that arm. The two waves were then combined into another 50/50
directional coupler. By varying the applied voltage, the amount of light emitted from the two output
waveguides could be continuously controlled.

(a) (b) Si0, Width
Au electrode | PE region |§UTR T
LiNbO,
Si0,
PE region -
4 SiO, layer s e
2 / . Au(Ground) 5102/ Au(Signal) I=~=-TAu(Ground)
LiNbO, film LiNbO, film = =
H [ -
SiO, layer S10;
\ LiNbO; substrate
LiNbO; substrate

MZI modulator

Figure 1. (a) Schematic of the M-ZI. (b) The cross-sectional schematic of the M-ZI and the
channel waveguides.

Figure 1b shows the schematic cross-sections of the M-ZI and the channel waveguide. The lateral
diffusion could be neglected when the thickness of the PE was much lower than the mask width, and
a rectangular step-like refractive index profile could be formed during the PE process, as shown in
the inset of Figure 1b. The PE region formed stripe-loaded channel waveguides, and the LN thin film
on both sides of the PE region formed planar waveguides. The PE only increased the extraordinary
refractive index (ne) of the LN crystal and it therefore supported only one type of mode in the channel
waveguides (the transverse electric (TE) mode in the x-cut LNOI). The ordinary and extraordinary
refractive index changes were —0.05 and 0.08, respectively. Table 1 shows the refractive indices of
the material at the wavelength of 1.55 pm. In previous studies on bulk LN, the PE waveguides
generally suffered from a dramatically reduced E-O coefficient for the electro-optic devices [31]. Since
the E-O coefficient of the unannealed proton exchange region was close to zero, it was set to zero in
the simulation.
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Table 1. Refractive indices of the material in simulation (A = 1.55 um).

Material n, ne
LN [32] 2.211 2.138
PE [23] 2.161 2218

SiO, 1.46 1.46

The full-vectorial finite difference method was regarded as a simple and effective method to
solve the bending loss and the mode distribution. The finite difference algorithm was used to mesh
the geometry of the waveguide. This algorithm had the ability to adapt to the arbitrary waveguide
structure. After the structure was meshed, Maxwell’s equations were then transformed into matrix
eigenvalue problems and solved by sparse matrix techniques to obtain the effective indices and the
mode distribution of the waveguide modes [33]. The FD-BPM was employed to simulate the M-ZI.
The method consisted of marching the input optical field over small distances in the dielectric media
with the use of a fast Fourier transform. In each propagational step, the plane spectrum was used
to simulate the optical field in the spectral domain, and due to the medium inhomogeneity, a phase
correction was introduced in the spatial domain [34].

3. Results and Discussion

The single-mode conditions were simulated to prevent the distortion of the signal during
transmission. We calculated the modal curves of the PE waveguides at a wavelength of A = 1.55 pm.
The effective indices of the TE mode in the PE waveguides as a function of the width for different
thicknesses of the PE region are presented in Figure 2a. As the width and thickness of the PE waveguides
decreased, the effective refractive index decreased, and the more high-order modes disappeared. The
TE( modes represented the fundamental TE modes. The cutoff dimension of the PE waveguide for the
TE mode between the single- and multi-mode conditions was calculated, as shown in Figure 2b. Any
dimensions beneath the curves fulfilled the single-mode condition. As the cut-off width increased, the
PE thickness decreased.
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©
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o £
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Figure 2. (a) Effective indices of the transverse electric (TE) modes in the proton exchange (PE)
waveguides as a function of the width for different thicknesses of the PE waveguides. (b) Cut-off
dimensions of the PE region for the TE mode.

A small mode size enabled the development of ultra-compact PICs and strengthened the E-O
effect. For the channel waveguide in the LNOI, due to the large refractive index contrast between
the LN layer and the SiO; cladding, the light was strongly confined, resulting in a smaller mode size.
Figure 3a shows the simulation results of the relationship between the mode size (the 1/e intensity in
the vertical and horizontal directions formed the two axes of the ellipse) and the width and thickness
of the PE waveguides. The mode size decreased with the increasing PE thickness. When the width
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initially increased, the confinement of the light became strong, which also led to a smaller mode size.
As the waveguide width increased further, the PE region expanded and the mode size became larger.
The shape of the smallest mode size decreased in width as the thickness increased. For the composite
strip waveguide, the optical power was mainly divided into three parts. The first part was in the PE
region, the second part was in the LN layer without PE, and the third part was in the SiO, cladding
layer. The E-O effect ascended with the increasing optical power in the LN layer without PE. This
required most of the optical power to be concentrated in the LN layer without PE. Figure 3b shows the
optical powers in the LN layer without PE and the PE region for the TE modes. The optical power in
the LN layer without PE increased slightly with the shrinking of the PE width and thickness. Therefore,
the width and thickness of the PE strip had a certain influence on the optical power distribution.
Considering the single-mode conditions, mode sizes, and optical power distribution, the widths of the
PE waveguides were all selected as 1.2 um in the following simulations.

0.85 T T T T T T T T
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weol Ths mneion EECLED ] %
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Figure 3. (a) Relationship between the mode size and the width and thickness of the PE waveguide.
(b) Relationship between the optical power and the width and thickness of the PE waveguide.

Figure 4a shows the schematic of the Y-branch. It consisted of two symmetrical arms between one
input and two output straight waveguides. Each arm consisted of two identical circular arcs of radius
R which had the same width as the input and output waveguides. Since the structure involved a bend
waveguide (circular arcs on each arm), the relationship between the bending loss and the bending
radius was as shown in Figure 4b. The bending loss increased sharply with the decreasing bending
radius and thickness of the PE region.

Output
R Port 1 —_
R §
o
Input )
»
17}
go.
Output -
(a) Port 2 0.200 um

2000 4000 6000 8000
Ring radius (um)

Figure 4. (a) Schematic of the symmetrical Y-Branch. (b) The dependence of the bending loss on the
bending radius of the channel waveguide with a 1.2 um width, using the thickness of the PE waveguide
as the parameter.
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To obtain the maximum electric field, an appropriate separation distance between the electrodes
had to be selected. The separation distances were dictated by the propagation losses introduced by the
electrodes near the PE waveguides. The propagation losses with different separation distances between
the electrodes at a wavelength of A = 1.55 um are shown in Figure 5. The propagation loss increased
sharply with the diminishing separation distance. In the following simulation, the separation distance
between the electrodes was selected to have a PE waveguide loss of approximately 0.5 dB/cm. For
radio frequency (RF) attenuation, thick metals facilitate low-loss RF waveguides. When the electrode
thickness was larger than 1 um, the decrease of the RF attenuation was saturated [12]. To achieve the
optimum performance of the electro-optic modulator, the thickness of the electrodes could be selected
as 1 pm.
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Figure 5. Relationship between the propagation loss and the separation distance.

As shown in Figure 6a,b, the optical field and the electrostatic field were simulated. Figure 6¢
shows the overlap integral of the optical and electrostatic fields. The PE waveguide had a thickness of
0.15 pm and a width of 1.2 pm, allowing confinement for most of the optical power in the LN core
without PE, which was the E-O active material. We could design electrodes to be placed close to the
waveguides without substantially bigger optical transmission losses.

To control the optical properties with an external electric signal, the E-O effect or the Pockels effect
was used, where the birefringence of the crystal changed proportionally to the applied electric field.
A change in the refractive index resulted in a change of the phase of the wave passing through the
crystal. If two waves with different phase change were combined, the amplitude modulation could
be performed by an interferometer. An important quality factor for the M-ZI modulators was the
half-wave voltage (V), defined as the required voltage to induce a -phase difference between the
two modulator arms, changing the optical transmission from the maximum to minimum. Figure 7a
shows the optical transmission of a device with 1-cm-long microwave strip line electrodes, for which
we calculated a low V of 10.2 V (the thickness and the width of PE waveguide and the separation
distance between electrodes were 0.15, 1.2, and 8.08 pum, respectively). Figure 7b shows that the
half-wave voltage length product varied with the thickness of the PE region. The half-wave voltage
length product ascended with the increasing thickness of the PE waveguide. Considering the bending
loss of the Y branch and the half-wave voltage length product, the most suitable thickness of the PE
waveguide was 0.15 um.
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Figure 6. (a) Optical field inside the waveguide. (b) Electrostatic field after a 1 V voltage was applied
to the electrodes. (c¢) Normalized product of the optical and electrical fields.
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Half-wave voltage-length product variation with the thickness of the PE waveguide.

The frequency-dependent refractive index mismatch between the optical and RF signals played a
key role in the final modulation bandwidth of the modulator [1]. Thanks to the LN thin film structure,
the refractive index of the RF and optical modes was well matched in the modulator [12]. This was
different to the ordinary bulk LN modulators [35]. By further adjusting the structural parameters of the
waveguides and electrodes, the mismatch refractive index between the optical and RF signals should
be minimized as much as possible, which should be studied carefully in the future.
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4. Conclusions

The full-vectorial finite-difference method was used to calculate the single-mode conditions,
mode sizes, and optical power distribution of the PE channel waveguides. The widths of the PE
waveguides were optimized to 1.2 pum. The propagation losses of the guided mode at different
separation distances between the electrodes were analyzed and discussed. As a very important aspect
of the practical application, the half-wave voltages were simulated using FD-BPM. The thickness of the
PE waveguides and the separation distances between the electrodes were optimized to 0.15 um and
8.08 um, respectively. The optimized value of V;-L was calculated to be 10.2 V-cm.
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Abstract: We studied photonic electric-field sensors using a 1 X 2 YBB-MZI modulator composed
of two complementary outputs and a 3 dB directional coupler based on the electro-optic effect and
titanium diffused lithium-niobate optical waveguides. The measured DC switching voltage and
extinction ratio at the wavelength 1.3 um were ~16.6 V and ~14.7 dB, respectively. The minimum
detectable fields were ~1.12 V/m and ~3.3 V/m, corresponding to the ~22 dB and ~18 dB dynamic
ranges of ~10 MHz and 50 MHz, respectively, for an rf power of 20 dBm. The sensor shows an almost
linear response to the applied electric-field strength within the range of 0.29 V/m to 29.8 V/m.

Keywords: photonic electric-field sensor; titanium diffused optical channel waveguide;
lithium-niobate electro-optic effect; Y-fed balanced-bridge Mach-Zehnder interferometer (YBB-MZI)

1. Introduction

Electric-field sensors that exhibit wide, flat frequency response characteristics are important
tools for electromagnetic compatibility and interference (EMC/EMI) measurements, high-frequency
electronic circuit analysis, medical equipment field observation, radio-frequency reception, and
high-power microwave detection. The importance of these sensors is increasing as mobile multimedia
communications develops [1,2]. It is necessary to accurately evaluate the strength and distribution of
electromagnetic fields surrounding electronic equipment to estimate electromagnetic compatibility.
The requirements for electric-field sensors based on the important applications mentioned above are as
follows: their wide frequency bandwidth and large dynamic range; their high spatial resolution and
low interference to the original field; and their high stability and accuracy.

Even though a variety of sensing modules have been developed, those with photonic links reduce
or eliminate some of the inaccuracies and systematic errors that affect measurement techniques using
conventional EM-field sensors. They provide electrical isolation, which eliminates ground loops and
common-mode electrical pickup between the sensor head and the electronics module. Moreover,
the optical fibers and dielectric components produce minimal field distortion. In addition, they can
preserve both the phase and amplitude of high-frequency fields with good fidelity and low losses.
The development of optical-fiber and optoelectronic components for the telecommunications industry
has made it possible to implement photonic sensors that are accurate and convenient to use.

In particular, titanium-diffused lithium niobate (Ti: LiNbO3) waveguide devices are suitable for
electric-field detection since their sensors will not perturb the field to be measured. A linear modulator
that is passively biased to the optimal linear operating point is required. This has been demonstrated
for asymmetric Mach-Zehnder interferometers (MZIs) and 1 x 2 directional couplers. The former
devices have an intrinsic bias of 7/2, where a geometrical path length difference of a quarter of a
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wavelength is required between the two arms [3-7]. However, it is not easy to obtain optimal operation
through path length difference alone, because of fabrication tolerances.

Moreover, the latter device is automatically biased to the optimal 3 dB operating point due to its
symmetrical structure, and it provides a greater tolerance in the fabrication process than an asymmetric
Mach-Zehnder interferometric optical modulator [8-11]. However, the complexity of the transfer
function makes it impossible to utilize the sensor in a specific range (namely, the ratio of interaction
length to conversion length).

In contrast, a Y-fed balanced-bridge MZI modulator (YBB-MZI) consists of a 3 dB coupler at the
output, with two complementary output waveguides [12-19]. This type of modulator provides a
well-defined transfer function for the output optical power versus the detected electric-field intensity
and can be automatically biased at the optimum 3 dB operating point due to its symmetrical structure,
which offers a more tolerant design in the fabrication process than Mach-Zehnder interferometric
modulators or 1 X 2 directional couplers, which are asymmetrical. A mono-shield gold electrode
structure was applied in YBB-MZI by the Tsinghua University group to detect a very high electric
field [12]. Moreover, the minimum electric-field strength that can be sensed is determined by the
relative intensity noise (RIN) of the laser diode. Therefore, a YBB-MZI configuration was proposed by
a German group to reduce RIN and improve sensitivity with a balanced optical receiver [16].

In this paper, we provide the quantitative theory of a YBB-MZI modulator and report on a
fabricated Ti: LiNbO3 YBB-MZI modulator operating at a 1.3 um wavelength. We also present, in
detail, the fabrication process and design parameters, as well as the optical and electrical performances
of a packaged electric-field sensor with a diploe patch antenna, including the minimum detectable
electric-field intensity, dynamic range, and sensitivity.

2. Theory, Fabrication, and Performance of a Ti: LiNbO3; YBB-MZI Modulator

2.1. Device Theory

The YBB-MZI modulator consists of a 3 dB directional coupler at the output and has two
complementary output waveguides, as shown in Figure 1. A dipole patch antenna was placed around
the arm of the MZI structure to detect the electric field.
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Figure 1. Schematic diagrams and dimensions of (a) a Ti: LiNbO3 1 x 2 Y-fed balanced-bridge
Mach-Zehnder interferometer (YBB-MZI) modulator and (b) a dipole patch antenna.

The operating characteristics of a 2 x 2 directional coupler are represented by the coupling length
L, the coupling coefficient x, and the wavenumber § of the waveguide. If the transmission loss is
ignored, the transfer matrix of a directional coupler is expressed by [20]:

( Eo ): e‘iﬁL‘( coskLe  —jsinxLc )( Ei ) M

Eg2 —jsinxL.  coskL¢ Epn
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where E;q, Ejp, and Egy, Ep are the input and output optical modes, respectively. The incident
single-mode optical-wave is equally divided in two by a 3 dB power splitter located at the input stage
and can be expressed as follows:

T, = 0
Ein, En \/Ee 2
where 0 is the initial phase.

The dipole patch antenna with an electrode, as shown in Figure 1b, creates an electric field on
one of the two arms of the MZI, which eventually induces a change of the refractive index and an
unbalanced modulation. Before going into the output directional coupler, the optical wave in the two
arms has an extrinsic phase mismatch ®(E,) due to the detected electric field. This phase mismatch
®(E,) can be expressed as

T
®(E,) = ixng’y%rleES 3)

where [, is the length of the electrode connected to the dipole patch antenna, r33 is the electro-optic
coefficient of lithium niobate (~30 pm/V), A is the optical wavelength, 7, is the extraordinary refractive
index of lithium niobate, E, is the electric-field strength through the waveguide, and I' (0 < T’ < 1) is the
overlap integral between the applied electrical field and the optical wave. Therefore, the optical-wave
going into the output coupler can be represented as

Fy = Lo i(0+0(E) (4a)

— 1 _.
Epn= 5 i, (4b)

Combining (1) with (4), the output power of the YBB-MZI modulator is expressed as

Py = =1+ sin(ny)-sin(nx)] = %[1 + sin(2kLc)-sin(®(E,))] (5a)

1
2
Py = %[1 = sin(ny)-sin(nx)] = %[1 —sin(2kL;)-sin(®(E,))] (5b)

where x = ®(E,)/m is the normalized phase-mismatch, y = L /I, is the normalized coupling length,
and [ = 1/2k is the coupling conversion length.

The output intensity Py is simulated and plotted for the YBB-MZI electric-field sensor, as
shown in Figure 2. The YBB-MZI sensor shows a sinusoidal transfer function for different y-values.
The value of y only affects the extinction ratio, which can be represented as sin(rty). For most cases
(where sin(rty) # 0), the transfer function is acceptable as the extinction ratio only impacts the E-field
measurement sensitivity. To support the maximum sensitivity, the coupling length should satisfy
the condition

sin(2k-Le) =1, (6)
where k-L, = w,(n =0,1,2,...).

2.2. Designs and Fabrication

Using single-mode Ti:LiNbO3; channel waveguides, a symmetric 1 X 2 YBB-MZI modulator
with a dipole patch antenna was designed for operation at a wavelength of ~1.3 um in an x-cut,
y-propagating LiNbOj3 substrate, as shown in Figure 1. The device consists of a Y-branch splitter,
a phase modulator, and a directional coupler. The entire device’s structure is similar to that of a
Mach-Zehnder interferometer with two output ports. The waveguide width is 7.5 um for single-mode
operation, and the splitting angle of the Y-branch is 0.6° for decreasing the propagation loss as low
as possible and for fabrication tolerance. The gap interval between the two adjacent waveguides of
the directional coupler and the parallel coupling length are 5 um and 2.8 mm, respectively, to split

59



Crystals 2019, 9, 459

the optical power equally into two output channels with a nominal coupling constant-length product,
k-Lc of m/4. The interval between the inner edges of the two output waveguides is 50 um, thereby
preventing optical power coupling between the two output channels. As shown in Figure 1b, the gap
and length of the modulation electrode connected to the dipole patch antenna are 12 pm and 10 mm,
respectively. The results of the BPM-CAD 3D simulation of the optical wave propagating through
the YBB-MZI modulator are shown in Figure 3 [21]. When no voltage was applied, the two intensity
profiles were approximately identical, with ~1% or lower accuracy because of the nearly equal intensity
splitting, as shown in Figure 3a. Therefore, the YBB-MZI modulator was intrinsically set at the 3 dB
half-power point. While the driving voltage increased to 5 V and 10 V, the light in the lower branch of
the device was coupled with the upper branch, where the light intensity of the lower branch decreased
and the intensity of the upper branch increased, as shown in Figure 3b,c. When 10 V was applied,
the light of the lower branch almost disappeared, and the light intensity of the upper branch reached
the highest level. Therefore, it could be theoretically confirmed that the switching voltage required
to modulate the light intensity of either branch from a bar state (maximum intensity) to a cross state
(minimum intensity) was ~10 V.

Balanced MZI IOES
y=
v=1 \/ y=0.

—_
=

I
wn

P4 Output Intensity
e
=

Figure 2. Simulation results for the light output intensity versus driving voltage with y = 0.2, 0.5, 1,
and 1.3.

An investigation of the formation of optical waveguides in LiNbO3; by metal ion diffusion
indicated an increase or decrease in the refractive index depending on the valence of the in-diffused ion.
Higher-valence ions such as Ti**, Fe**, and Cr®* increase both the ordinary and extraordinary indices.
It appears that lower-valence ions replace Li* sites, while higher-valence ions replace Nb>* sites.
Experimental results indicated that the in-diffused Ti metal in LiNbO3 was all tetravalent (i.e., Ti atoms
are fully ionized). There are no electrons in particularly filled d-orbitals to absorb the electromagnetic
energy at visible wavelengths. This explains the measurement of low losses of waveguides fabricated
by Ti diffusion into LiNbOj3 [22-24]. The dominant sources of waveguide loss are scattering from
LiNbOj surface imperfections due to diffusion and possibly absorption by the metal ions.

The 1 x 2 YBB-MZI waveguide structure, as shown in Figure 1a, was fabricated on an x-cut, 3-inch,
1-mm-thick LiNbO3; wafer as the substrate using UV photolithography and thermal diffusion. First, a
1050-A-thick Ti-film on the LiNbOj3 substrate was deposited by an e-beam evaporator, and then the
desired Ti-film patterns with 7.5 um widths were formed by photolithography and the wet-etching
process, followed by thermal diffusion for 8 hours at 1050 °C in wet-ambient. The resulting Ti-diffused
channel waveguides grew to a thickness two or three times that of the Ti-film stripe. Such surface
growth makes it easy to observe Ti-diffused waveguides with a microscope, as shown in Figure 4.
Furthermore, the diffused waveguide has Gaussian index profiles in its depths. The effective index
increases in linear proportion to the Ti film’s thickness. This feature indicates that the propagation
constant of the fundamental mode can easily be controlled by changing the film thickness alone.
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Figure 3. Three-dimensional BPM-CAD simulation results with the following applied voltages: (a) 0V,
(b)5V,and (c) 10 V.

Dipole Antenna

Ti:LiNbO; W/G

Figure 4. Photograph of the implemented device with pig-tailed optical fibers. W/G is the abbreviation
for waveguide.
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The waveguide edges were optically polished to allow butt-coupling and pig-tailing. A silicon
dioxide buffer layer with a thickness of ~3000 A was deposited on the substrate using an electron beam
and 99.99% pure SiO, pellets to reduce the propagation loss due to the absorption of the light wave
of the antenna’s metal. An aluminum dipole patch antenna and electrode ~5000 A thick (as shown
in Figure 1b) were formed along one of the two arms of the YBB-MZI to allow sensing of the electric
field. A polarization-maintaining single-mode optical fiber and multi-mode fiber were attached to the
input and output waveguides, respectively. Figure 4 shows a photograph of the implemented device
with the attached optical fibers and a dipole patch antenna. The insertion loss of the device, including
the input/output fiber, was measured to be about 11.7 dB, which includes the fiber-connector loss,
pig-tailing loss, mode-mismatch loss, and propagation loss of the waveguides.

2.3. Performance Evaluations

The fabricated device without an attached optical fiber was first tested by applying DC voltages.
The device’s performance and characterization were observed using a tunable laser with butt-coupling
at a wavelength of 1.3. The TE-polarized input light was butt-coupled to the devices, collected at the
output by a microscope’s objective lens, and focused onto a photo-detector for measurement. TE or
TM polarized light was selected by properly adjusting a fiber optic polarization controller. We first
observed the single-mode propagation for TE polarization in the 1 x 2 YBB-MZI modulator.

It was observed that when the voltage was not applied, the two outputs of the device were almost
the same. The voltage required to switch either output light power from a bar state (maximum intensity)
to a cross state (minimum intensity) was measured to be ~-16.6 V, which corresponds to a ~14.7 dB
extinction ratio. Figure 5 shows the optical output power versus the DC voltage measured by an
optical power meter and shows a slightly asymmetric DC output characteristic, as well as a switching
voltage of ~16.6 V, as mentioned previously. The AC modulation responses of the two outputs versus
the driving sinusoidal voltage were further measured in Figure 6, where the optical signals are below
the sinusoidal curve and the applied ac voltage signal is above the curve, at a frequency of ~1 kHz
(5 V/div). The power of the two outputs was confirmed to be nearly equal, and the periodic exchange
of output power in the two outputs expresses a good inverse relationship in the output sinusoidal
curves. The slightly skewed and flattened shape in the optical response in Figure 6 was observed due
to the imperfect single mode waveguide and the out-diffusion that occurred in the diffusion process.
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Figure 5. Measured optical output power intensity versus the applied DC voltage.
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Figure 6. The 1 kHz ac modulation responses at the (a) upper and (b) lower output port, as shown in
Figure 1a.

3. Measurement and Experimental Results

3.1. Experimental Setup

To measure the frequency responses and the minimum measurable field strength of the device,
frequency tests were performed utilizing a tunable laser at a wavelength of 1.3 um. The input optical
power was about 1.4 mW. A detailed diagram of the measurement setup is shown in Figure 7. The device
was tested in a uniform electric-field environment by placing it in a Transverse Electro Magnetic (TEM)
cell (Tescom TC-5010A), as shown in Figure 7, where the TEM cell is utilized to generate accurate
electro-magnetic (EM) waves over a wide frequency range. EM waves generated in the cell are
transmitted in the transverse mode and have similar characteristics to the plane-wave. The optical fibers
penetrating through the slanted wall of the TEM cell and were connected to the laser and photodetector
using an FC/PC fiber-optic connector. The applied electric-field strength was calculated using the output
level and the size of the TEM cell. The —20~+20 dBm (10 uW~100 mW) rf input power to the TEM
cell corresponds to the electric-field strength from 0.293 V/m to 23.2 V/m. Due to the high permittivity
(e = 35) of LINbO;3, the substantial electric-field intensity experienced on the sensor substrate (23.2 V/m)
corresponds to 0.66 V/m in the TEM cell. The rf power propagates through the TEM cell in the same
direction as the light passing through the optical fibers and the sensor [9].
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Spectrum |
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Figure 7. Block diagram of the measurement setup for electric-field sensing and the evaluation of the
frequency response. TEM and PM are abbreviations for Transverse Electro Magnetic and polarization
maintaining, respectively.
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3.2. Test Results and Discussions

Figure 8 shows the spectrum-analyzer outputs for an input of 20 dBm to the TEM cell at frequencies
of 10, 50, and 70 MHz, respectively. The rf power detected at the photodetector was measured to be
—-101.5, =110.9, and —122.2 dBm, as shown in Figure 8, and the noise floor was measured to be about
—130 dBm at the same frequencies. The internal electric field of 29.8 V/m in the TEM cell produced an
SNR of 28.5,19.1, and 7.8 dB at each frequency. Therefore, the minimum detectable electric-fields are
~1.12, ~3.3, and ~12.13 V/m, respectively, at those three frequencies, based on the equation Enin, = 29.8
x 100SNR/20) y/my
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Figure 8. The detected rf spectra of (a) 10 MHz, (b) 50 MHz, and (c) 70 MHz rf input signals into the
TEM cell, with a power level of 100 mW.

Figure 9 shows the sensitivity curves at rf frequencies of 10 MHz, 50 MHz, and 100 MHz. We
can confirm that the graph shows almost linear response characteristics from the applied electric-field
intensity from 0.293 V/m to 23.2 V/m. Even though some data are off the linear response line,
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they remain very close. The device also shows a dynamic range of about ~22, ~18, and ~12 dB at
frequencies of 10, 50, and 100 MHz, respectively. Figure 10 shows the photodetector power at different
electric-field intensities.
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Figure 9. The photo-detected signal power versus the electric-field strength in the TEM cell at
different frequencies.
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Figure 10. The photo-detected signal power versus frequency at different electric-field strengths in the
TEM cell.

Figure 11 illustrates the frequency response of the sensor measured with 20 dBm of rf input
power applied to the TEM cell. This figure shows a nearly flat frequency response from 1 MHz to
~50 MHz. The cut-off high frequency of the device is derived from the series-coupled time constant of
the electrode resistance and the structural and packaged capacitances of the device. Therefore, a much
higher cutoff frequency can be expected when a metal material with a higher coefficient of conductivity,
such as gold instead of aluminum, is applied to an electrode.

So far, the theoretical analysis and experimental results have confirmed that an electric-field sensor
based on YBB-MZI exhibits a superior 3 dB optical bias and simple sinusoidal transfer characteristics.
Regardless of the refractive index of the optical waveguide, a 3 dB optical bias was obtained because of
the perfect symmetry of the two arms that make up the YBB-MZI. However, in the case of a conventional
MZI, a 3 dB optical bias can be realized by the optical path difference between the two arms. Moreover,
the optical bias depends on both the optical path difference and the effective refractive index of the
waveguide, which is especially affected by fabrication parameters, such as titanium thickness, diffusion
time, temperature, and ambience. Therefore, the YBB-MZI structure allows much better control of the
optical bias than does a conventional MZI.
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Figure 11. The frequency response of the sensor.
4. Conclusions

We have demonstrated a photonic electric-field sensor utilizing a 1 x 2 electro-optic Ti:
LiNbOj Y-fed balanced bridge Mach-Zehnder Interferometric modulator, which provides the unique
characteristic of an intrinsic 3 dB operating point, due to its symmetrical geometry. The theoretical
analysis demonstrates that the YBB-MZI structure inherits advantages from both conventional MZI
and directional coupler structures: namely, a sinusoidal transfer function and a better optical bias
control. The sensors were designed and fabricated with a 49 x 15 x 1 mm size and operated at a
wavelength of 1.3 um. We observed a dc switching voltage of ~16.6 V and an extinction ratio of
~14.7 dB. The minimum detectable electric-field strengths for this device were ~1.12 V/m and ~3.3 V/m,
corresponding to a dynamic range of about ~22 dB and ~18 dB at frequencies of 10 MHz and 50 MHz,
respectively. The sensor exhibits a nearly linear response to an applied electric-field intensity from
0.29 V/m to 29.8 V/m.

In the future, further work on electric-field sensors will be needed to improve sensitivity,
operational stability, response speed, detectable frequency range, and encapsulation. To realize a
high sensitivity, it is necessary to suppress the noise in the laser diode and the photodetector as much
as possible while improving the performance efficiency of the YBB-MZI modulator. The sensitivity
limited by shot-noise can be improved by suppressing the relative intensity noise (RIN) of the laser
diode as much as possible in the photodetector, and it is possible to configure the balanced detection
receiver by combining a YBB-MZI modulator and a balanced photodetector. Since the sensitivity of
electric-field sensors utilizing various Ti: LiNbOs-integrated optical modulators is greatly affected
by the structures of electrodes and antennas, the performance of sensors based on various electrode
structures and antennas (such as dipole antennas, loop antennas, and segmented patch antennas)
should be compared and discussed together.
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Abstract: Existent methods for determining the composition of lithium niobate single crystals are
mainly based on their variations due to changes in their electronic structure, which accounts for the
fact that most of these methods rely on experimental techniques using light as the probe. Nevertheless,
these methods used for single crystals fail in accurately predicting the chemical composition of
lithium niobate powders due to strong scattering effects and randomness. In this work, an innovative
method for determining the chemical composition of lithium niobate powders, based mainly on the
probing of secondary thermodynamic phases by X-ray diffraction analysis and structure refinement,
is employed. Its validation is supported by the characterization of several samples synthesized by
the standard and inexpensive method of mechanosynthesis. Furthermore, new linear equations are
proposed to accurately describe and determine the chemical composition of this type of powdered
material. The composition can now be determined by using any of four standard characterization
techniques: X-Ray Diffraction (XRD), Raman Spectroscopy (RS), UV-vis Diffuse Reflectance (DR), and
Differential Thermal Analysis (DTA). In the case of the existence of a previous equivalent description
for single crystals, a brief analysis of the literature is made.

Keywords: chemical composition; lithium niobate; powders; microparticles; nanocrystals

1. Introduction

Nowadays, more than 50 years after Ballman managed to grow large lithium niobate (LiNbO3;
LN) crystals with the Czochralski method [1], synthesizing stoichiometric LN single crystals is still a
state-of-the-art matter: The reason behind this is the fact that a Z-cut of a stoichiometric grown crystal
costs around 12 times more than one possessing a congruent chemical composition [2]. Compared to
this version of the material, while comprehensively studied [3] and well exploited technologically [4-6],
powders are tacitly considered easier and far less expensive to synthesize. LN powders (LNPws) have
served in the past only as survey materials, for example, in the prediction of the nonlinear second order
optical capabilities of unavailable single crystals by applying the Kurtz-Perry method in the powdered
version [7,8]. Nevertheless, recent developments in LNPws are certainly attracting the attention of
scientists and engineers who seek to exploit their potential use in a wide range of applications that
span from the construction industry to nonlinear optics.
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Cementation materials based on LN have been proposed as a way to improve the air quality
of the environment by Artificial Photosynthesis; this is considered important for the reduction of
global warming [9]. Regarding LNPws, we emphasize that not only would they be easier than single
crystals to implement into cemented materials, but they would also probably enhance the intrinsic
surface effects, which are the basis for an improvement of the lifetime of the carriers (photo-generated
electrons and holes) involved in Artificial Photosynthesis [10]. Fe-doped LNPws also show, after a
post-thermal treatment in a controlled reducing atmosphere, a rather strong ferromagnetic response at
room temperature for a doping concentration of the order of 1% mol; this may be considered a first
report of the manifestation of ferromagnetism in nanocrystalline LNPws within the regime of very
low doping concentrations [11]. Yet in another application based on the powder-in-tube method, a
novel fabrication process has been demonstrated for the realization of polarization-maintaining optical
fibers [12]. Comprehension of the main mechanism behind this technology, and by looking at the
LN mechanical properties [3], it can easily be seen that LNPws are, in principle, good candidates
for the fabrication of this type of optical components. Also, possible tuning on the intensity of the
Second Harmonic Generation (SHG) that arises from LN micro powders could be ascribed to a proper
control of their chemical composition and grain size [13]. This could soon translate into major technical
benefits given that neither a critical adjustment of the orientation or temperature in the material
(phase matching condition) nor the accurate engineering of a microstructure (quasi-phase matching
condition) are substantially needed when the SHG from disordered materials—such as LNPws—are
exploited [14].

The performance of LNPws for most of their potentially attributable properties are expected to
drastically depend upon their chemical composition (CC), like in the case of single-crystalline LN [3].
Indeed, it has been already demonstrated that size at the nanoscale does not affect the structural
symmetry of single LN crystals and that nanosized LN single crystals (down to 5 nm) inherit the
nonlinear optical properties from that of large or bulk single crystals [15]: Both the magnitude and the
orientation nature of the nonlinear coefficient d,, are preserved. Our work arises from noticing that at
least one of the two linear equations that describe the CC of LN single crystals by polarized Raman
Spectroscopy measurements [16,17] is not accurate for the case of powders. Hence, it is necessary to
properly characterize LNPws, starting by unambiguously determining their CC. Most of the reports
found in the literature are only devoted to LN single crystals, where optical and non-optical methods
can be found [16-18]. Some of the non-optical methods might also be applied to powders; however, in
some cases they would not be accessible to everyone, like neutron diffraction methods, and might also
give rise to discrepancies like in cases determining the LN CC by measuring the Curie temperature T¢.
Since temperature is a scalar quantity (light propagates and interacts with matter in vector-like form),
it would be permissible to expect a single description of the LN CC in terms of T that serves for both
large single crystals and powders. Interestingly, this is not the case: the systematic measurement of
lower T values (about 10 °C) for LNPws compared to equivalent single crystals has already been
addressed and the reason behind this remains unexplained [18].

In this investigation, a custom-made Raman system has been crafted to obtain control on the
polarization state of the light at the excitation and detection stages. With this system, verification of
the linear equation for the Raman active mode centered at 876 cm!, as given by Schlarb et al. [16]
and Malovichko et al. [17], can be done on stoichiometric (ST) and congruent (CG) lithium niobate
single-crystal wafers, according to the provider [2]. Likewise, this serves to calibrate this assembled
system and to confidently state that the aforementioned linear equation does not describe LNPws.
Then, with a commercially available system, we observed that the linear relationship remains between
the CC of LNPws and the linewidth (T') of the same Raman mode (876 cm™'), under which in simpler
circumstances the polarization state of light at the excitation and detection stages would be disregarded.
In accordance to References [16-19], the accurate determination of the CC of LNPws is proposed by
means of a linear fit in terms of the calculated I' from non-polarized Raman spectra. Yet, the main
contribution of this work is based on an a priori probing of the formed phases from 11 different
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synthesized samples by analysis of X-ray diffraction (XRD) experimental data, while relying on the
existent information in the phase diagram that describes the pure LN phase along with its surrounding
secondary phases (Figure 1). In this way the linear relationship obtained for the averaged Nb content
in the crystallites (cyp), in terms of T, is affixed to two known or expected values of {cyy) for the two
edges that delimit the pure ferroelectric phase: The boundary with phase LiNb3Og on one side (Nb
excess) and the boundary with phase Li3NbOj on the other (Li excess).
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Figure 1. Schematic phase diagram of the LiO-Nb,O5 pseudo binary system in the vicinity of
LiNbOz—redrawn from the publications by Volk and Wohlecke [3] and Hatano et al. [20].

The nanocrystalline LNPws are obtained by a mechanochemical-calcination route [21,22]. Gradual
addition of Li or Nb has been systematically performed by increasing the mass percentage of a
precursor containing the desired ion species. Quantification of secondary-phase percentages is carried
out with structure refinement by a standard Rietveld method. An alternative linear equation to
determine the CC is also given in terms of the calculated cell volumes by means of the same structure
refinement. Additionally, linear fitting of the measured band gap energy (Eg), by means of UV-vis
Diffuse Reflectance (DR), is also used for this purpose. Differential Thermal Analysis (DTA) is utilized
as a verification technique for specific samples and a fourth empirical equation that describes the CC
in terms of the Curie temperature is obtained this way. Scanning Electron Microscopy (SEM) is utilized
to verify that the particle size distributions do not vary drastically from one sample to another.

2. Materials and Methods

2.1. Synthesis

High purity lithium carbonate (Li;COj3) and niobium pentoxide (Nb,Os), from Alpha Aesar, were
used as starting reagents in a 1:1 molar ratio. The respective masses of the precursors were determined
such that 1 g of lithium niobate (LiNbO3; LN) was produced from the following balanced chemical
equation:

Li,CO3 + NbyO5 — 2LiNbO3; + CO, 1)

The resultant product was labeled—and hereafter referred to—as LN-STm (ST: stoichiometric,
m: mixture) because, in principle, a LN mixture was obtained after milling with a 1:1 molar ratio in
terms of Li and Nb. Variations in the chemical composition (CC) of the final resultant powders were
sought by adding, at the milling stage, 1-5% of the mass in one of the precursors (with steps of 1% with
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resolution of 107 g) while keeping the mass of the other precursor constant, in both cases with respect
to the masses measured for sample LN-STm (see Appendix A for table). In this way, 10 more samples
were synthesized and labeled as LN + 1%LiP, LN + 1%NbP, LN + 2%LiP, and so on up to LN + 5%NbP
(P stands for precursor). It must be clarified that the percentages that appear on these labels are not in
terms of the ion species solely, but in terms of the whole mass of the precursors that contain them.

The high-energy milling was carried out in an MSK-SFM-3 mill (MTI Corporation) using nylon
vials with YSZ balls; a powder:ball ratio of 0.1 was used for each sample preparation. The milling was
performed in 30 min cycles, with 30 min pauses to avoid excessive heat inside the milling chamber, until
200 min of effective milling time was reached. Calcination of the resultant materials (amorphous) was
done with a Thermo Scientific F21135 furnace in an air atmosphere. All samples were simultaneously
calcined with the following programmed routine: 10 °C/min — 600 °C for 30 min — 2 °C/min —
850 °C for 120 min — cooling down slowly to room temperature.

2.2. X-Ray Diffraction

These patterns were measured in air at room temperature using a Bruker D-8 Advance
diffractometer with the Bragg-Brentano 6-6 geometry, a source of CuK« radiation (A = 1.5406 A),aNi
0.5% CuK@p filter in the secondary beam, and a 1-dimensional position sensitive silicon strip detector
(Bruker, Linxeye, Karlsruhe, Germany). The diffraction intensity, as a function of the 26 angle, was
measured between 5.00° and 110.00°, with a step of 0.02° every 38.4 s. Sample LN-STm displays a pure
ferroelectric lithium niobate (LN) phase, with Bragg peaks resembling those of the COD-2101175 card
previously deposited with the Crystallographic Open Database; supplementary crystallographic data
can be obtained free of charge from the Web page of the database [23].

Rietveld refinement was performed using computational package X'Pert HighScore Plus from
PANalytical, version 2.2b (2.2.2), released in 2006 [24]. Instructions in the section named Automatic
Rietveld Refinement from the HighScore Online Plus Help document were first followed and then
adapted for phase quantification of the samples. In short, an archive with information about the atomic
coordinates of LN (“2101175.cif”) was downloaded from the Crystallopgraphic Open Database [23].
For the secondary phases LiNb3Og and LizNbO,, ICSD-2921 and ICSD-75264 from The Inorganic
Crystal Structure Database were used, respectively [25]. The archives were then inserted, along
with the experimental data, and Rietveld analysis in “ Automatic Mode” was executed, followed by
iterative executions in “Semi-automatic Mode,” in which different “Profile Parameters” were allowed
to vary until satisfactory indexes of agreement were obtained. The averaged crystallite size was also
calculated by Rietveld refinement, following instructions from the Size/Strain Analysis section; a single
lanthanum hexaboride (LaBg) crystal was used in this case as the standard sample, analyzed with the
ICSD-194636 card.

2.3. Raman Spectroscopy

Two Raman systems were employed in this investigation: One custom-made and one of standard
use and commercially available. The former allowed for the set-up of different experimental conditions
in terms of the polarization state of light at the incident-on-sample and detection stages, including
non-polarized, parallel polarized (p), and cross polarized (s) situations. Adopting the so-called Porto’s
formalism, these experimental conditions were Z (——)z Z( YY)? and Z(YX)Z respectively; where, in
general, A(BC)D stands for light propagating in the A direction with linear polarization B, before the
sample, while selective detection is done on the D direction with polarization C [26].

The commercially available system only featured the non-polarized configuration. It was a Witec
alpha300R Confocal-Raman microscope with a 532 nm source of excitation wavelength and 4-5 cm™~! of
spectral resolution. With this equipment, the Raman spectra were collected in the range 100~1200 cm ™!
at room temperature and light incident on the normal component of the sample with a power of
3.4 mW; a Nikon 10 objective was used to focus the incoming light on a 1:5 mm spot. An intensity
of approximately 11Wem™2 was delivered to the sample. The customized open-air Raman system
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consisted of an excitation beam output of a continuous wave diode laser at 638 nm wavelength with a
power of 37 mW (Innovative photonic solution). The beam was linearly polarized from variable angle
mounting and transmitted through a beam splitter to focus the excitation beam into the sample by an
aspherized achromatic lens (NA = 0.5, Edmund optics). The excitation spot diameter measured at the
focus point had a ~10 um radius. The collected Raman scattered light from the sample through the
aspheric lens and the beam splitter was focused by two silver coated mirrors and one bi-convex lens into
a fiber Raman Stokes probe (InPhotonics) that was connected to a QE65 Raman Pro spectrometer (Ocean
optics) for a Raman shift range detection between 250-3000 cm™!. In its use for the characterization
of the powders, the light at A = 638 nm was incident at razing angle with P = 10 mW. The Raman
spectra were collected in the range 200-1200 cm™! at room temperature with a spectral resolution of
8 cm™L. In this case, a laser intensity of approximately 3 kWcm ™2 was delivered to the sample. Due to
technical issues, most of the utilized experimental conditions were different from one Raman system to
another—it is shown how this did not alter the obtained results, except for the detection mode which
in both cases was fixed at the backscattering-detection mode (Figure 2).

@) (b)

¥
PS

Figure 2. Scheme of the experimental configurations used for the acquisition of Raman spectra:

(a) Custom-made featuring both configurations, polarized and non-polarized; (b) commercially

available featuring only non-polarized measurements. From left to right: RP—Raman probe, F—filter,

M-—mirror, L—lens, P—polarizer, BS—beam splitter, AL—aspheric lens, PS—powdered sample,

S—spectrometer, O—objective.

2.4. UV-Vis Diffuse Reflectances and Differential Thermal Analysis

An Ocean Optics USB2000+ UV-VIS Spectrometer and an R400-Angle-Vis Reflection probe were
used to collect the diffuse reflectance (DR) spectra of the samples and an Ocean Optics DH-2000-BAL
Deuterium-Halogen light source was utilized. Commercially available aluminum oxide (Al,O3) was
chosen as the standard reference. Precautions were taken so that the approximations necessary to
apply the Kubelka-Munk Theory were accomplished [27-29]. These approximations are, mainly
speaking, a preparation of the sample being thick enough so that the measured reflectance does not
change with further increasing of this parameter (avoidance of Fresnel reflection) and an averaged size
of the particles being smaller than such thickness, but larger relative to the wavelength (scattering
independent of the wavelength).

The first of these experimental conditions was fulfilled by using a self-supporting pressed powder
rectangular mount (3 X 3 X 3 mm); in all the experiments, an amount of approximately 1 g of powder
was deposited. The second requirement was fulfilled by determination of the average size particle in
the powders, using a field emission Scanning Electron Microscopy (SEM), with a JEOL JSM 5600-LV
microscope (V =20 kV, at 1500, Mitaka, Tokyo, Japan). The micrographs were analyzed with Image]
software: The edge length histograms were obtained from statistical analysis of at least 200 particles.
Lastly, we followed the recommendation of grinding the powders in an agate mortar for a few minutes
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to avoid sample heterogeneity and regular reflection [29]: All samples were ground for 10 min
before measurements.

On the other hand, the Curie temperatures for the samples LN-STm, LN + 1%NbP, LN + 2%NDbP,
and LN + 3%NbP were measured using differential scanning calorimetry (DSC) equipment coupled to
thermogravimetry (TGA), SDT Q600 of TA instruments. The calorimeter was calibrated with respect to
the copper melting point (1084 °C). The samples were analyzed in a wide temperature range between
room temperature and 1200 °C, at a heating rate of 20 °C/min under a nitrogen atmosphere and using
alumina containers. The ferroelectric-paraelectric state transition was observed around 1050-1080 °C.
Subsequently, the samples were analyzed in four cooling cycles from 500 °C to 1200 °C at the same
heating rate, 20 °C/min, and the process was seen to be reproducible, indicating that there was no
permanent change in the volume of the pseudo-ilmenites.

3. Results and Discussion

3.1. X-Ray Diffraction

The obtained XRD pattern for sample LN-STm is shown in the bottom line of Figure 3a. The
corresponding pattern of single crystalline LN is in agreement with the one indexed in COD-2101175 [23].
The difference, for all samples, between the obtained XRD patterns (ngp) and their respective calculated
patterns by means of Rietveld refinement (I,,f) is also shown in the upper half of this figure; for the
secondary phases LiNb3Og and LizNbO,4, ICSD-2921 and ICSD-75264 from The Inorganic Crystal
Structure Database were used, respectively [25]. For all cases, this difference function tends to a
common baseline, so that neither the formation of thermodynamically stable phases (other than
LiNbOj3, LisNbOy, and LiNb3Og) nor the presence of one of the precursors in an interstitial fashion
can be deduced, that is, without participating in the formation of one of the involved phases. As seen
in this figure, most of the synthesized powders resulted in a pure ferroelectric LN phase, except for
samples LN + 4%NbP and LN + 5%NDbP (blue lines). Figure 4 and Table 1 have been added for a
better visualization of this argument. A loss of Li equivalent to the loss of 5 mol % Li,COj3 could be
hastily addressed for the central sample LN-STm due to the calcination process. Nevertheless, this
information can also be interpreted as having no loss of Li and thus the assumption of a non-ideal
sensitivity for the XRD technique must be taken. In other words, a detection threshold of 5.0 mol %
LipCO3 = 1.4 mol % Nb,Os exists for ‘seeing’ a secondary phase by the XRD analysis, combined with
the structure refinement, done in this investigation. This assumption has been taken into account in
this investigation, thus defining the boundaries that delimit the pure ferroelectric LN phase for samples
LN-STm (Li excess) and LN+3%NbP (Nb excess). For the calculation of mol % equivalence between
precursors, the values for the relative atomic masses of Li and Nb have been used as presented in the
Periodic Table provided by the Royal Society of Chemistry [30].

The calculated cell volumes are plotted in Figure 3b, as a function of the averaged Nb content
in the crystallites {cnp), as calculated by the previous procedure (re-labeling of the samples in terms
of their predicted CC). A clear linear trend exists for a CC range of 49.7-52.1 mol % Nb,Os. Hence,
for future reference, we first propose the determination of {cy;) for LNPws in this CC range with the
following equation:

(enp) = (8.6207V oy — 2692.5216)mo0l % =+ 0.5 mol % @)

where V., stands for the cell volume in (angstrom)3 units, calculated by a standard structure refinement
method. The 0.5 mol % uncertainty is determined by the sum of the uncertainty associated to the
linear fitting (0.14 mol % Nb,Os) and half the longer step in the Nb precursor (0.53/2 = 0.27 mol %
Nb,Os), both multiplied by the square root of the averaged goodness of fit factor for the six involved
samples (V1.55). The uncertainty associated with the linear fitting has been determined following
several calculations according to Baird [31].
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Figure 3. XRD results: (a) Experimental pattern of sample LN-STm and, for all samples, the differences
between experimental and their respective calculated patterns with Rietveld refinement. The central
sample, LN-STm, is distinguished from the rest by the solid line; (b) cell volume as a function of mol %
Nb precursor. The edges of the ferroelectric pure LN phase are represented by the vertical dashed lines.
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Figure 4. X-ray diffraction patterns close to the boundaries of the pure ferroelectric LN phase: (a) Under
the assumption of no loss of Li, sample LN-STm is on the excess of the Li boundary; (b) sample LN +
3%NDbP is on the excess of Nb boundary.

Table 1. Phase percentages present in the synthesized samples, along with the calculated cell volumes
and relevant agreement indices of the refinement process.

Sample  %LiNbO3  %Li3NbO4 % LiNb30s ol vgiume Weighted R Goodness
(A) Profile of Fit
LN+5%LiP 9.9 0.1 0 318.0820 5.82 2.03
LN+4%LiP 100 0 0 318.1917 524 148
LN+3%LiP 100 0 0 318.1732 5.58 150
LN+2%LiP 100 0 0 318.1546 5.60 149
LN+1%LiP 100 0 0 318.0787 5.70 152
LN-STm 100 0 0 318.1374 571 157
LN+1%NbP 100 0 0 318.1930 5.52 155
LN+2%NbP 100 0 0 3183095 571 153
LN+3%NbP 100 0 0 318.3149 5.54 165
LN-+4%NbP 98.2 0 18 318.3566 5.54 151
LN+5%NbP 97.8 0 22 318.2735 5.54 157
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Justification of the Assumption made in the X-Ray Diffraction Analysis

The reasoning behind the assumption made can be summarized in three main points. First, a
good agreement can be seen with the phase diagram (Figure 1), upon which by close inspection,
around T = 850 °C, a CC range of approximately 1.7 mol % Nb,Os is deduced for the pure ferroelectric
LN phase. In this investigation, the observed range goes from the ST point {(cy;) = 50.0 mol %
(sample LN-STm) to a near-CG point {cyp) = 53.0 — 1.4 = 51.6 mol % (sample LN + 3%NbP), that is
AcpureLn =1.6 mol % NbyOs. A direct explanation would not be found for an estimated range of 4.4 mol
% Nb,Os if this assumption had not been taken. Secondly, under these circumstances it follows that,
out of 11 synthesized samples, only samples LN-STm, LN + 1%NDbP, LN + 2%NDbP, and LN+3%NDbP
resulted to have a pure ferroelectric LN phase. It will be soon shown that, for all the performed studies,
unmistakable linear relationships happen to exist among these samples and their corresponding
experimental parameters (related to the CC); a striking, very sensitive, deviation from these trends is
observed for all samples out of this range, in some cases even under the consideration only of neighbor
samples such as LN + 1%LiP and LN + 4%NDbP. Lastly, besides the well-known difficulties to produce
single-phase ST LN at temperatures used in solid-state reactions (T > 1200 C) [32,33], much ambiguity
can be found in the literature concerning deviation from stoichiometry in the formation of LNPws at
calcination temperatures near T = 850 °C. While only one work is found to report no loss of Li after
two 16-hour reaction periods at 1120 °C [34], other authors have observed the loss of Li at 600-800 °C
within at least three different investigations [33,35,36]. However, these methods of synthesis are
very different from each other, except for those in the works published in 2006 (Liu et al.) [33] and
2008 (Liu et al.) [36], which are aqueous soft-chemistry methods. The deviation from stoichiometry
tendency in the formation of LNPws through aqueous soft-chemistry methods, in comparison to
non-aqueous (as in this investigation), has already been identified [37]. Besides, high-energy milling
has previously been proposed as a method to prevent loss of Li, in contrast to Pechini’s method, sol-gel,
and coprecipitation [21].

It is also worth mentioning that De Figueiredo et al. [38] had a similar observation in their
investigation: They had a small amount of non-reacted Li,CO3 not detected by XRD, but only identified
after DTA and Infrared Spectroscopy; the LNPws were synthesized via mechanical alloying. They
explained this observation by assuming that the number and size of the Li;CO3 nanocrystals were
sufficiently low and small to not being detected by XRD. Hence, the assumption taken of no loss of
Li and the existence of a detection threshold of 1.4 mol % Nb,Os in XRD might have been justified
with these lines. This detection threshold can be considered unique and expected to change according
to different experimental variables and analysis tools, including spatial and temporal size of the step
during the experiment, brand, and model of equipment utilized, as well as the software used for
Rietveld refinement, among others.

3.2. Raman Spectroscopy

Verification of the linear equation for the Raman active mode centered at 876 cm~1 [16,17] was
done by using the assembled Raman system (Figure 2a) on the aforementioned stoichiometric (ST)
and congruent (CG) lithium niobate (LN) wafers. Even though the experimental conditions therein
described were not exactly reproduced, this could be accomplished within the given absolute accuracy
and, thus, calibration of this equipment could be done. At this instance, use of the equation for
the Raman band located at 876 cm™! has been done [16,17]. A detailed description of the phonon
branches of single crystal LN and their assignment can be found elsewhere [39,40]. No specifications
regarding the resolution of the Raman bands or fitting techniques are given by Schlarb et al. [16]
or Malovichko et al. [17], although these procedures are critical for achieving great accuracy in the
determination of the LN CC [16,39-41]. Moreover, it is not clearly stated whether the complete
linewidth (I'), or just the halfwidth, is to be entered in this equation.

The resolution of this Raman band was explored, after normalization of the full spectra, by two
distinct line shape fittings: Gaussian and Lorentzian. The Full Width at Half Maximum (FWHM,; T')
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was extracted from the fitting (Origin Pro 8) and used in the calculations. Change of the intercept
value from 53.29 to 54.8 had also been tried, as suggested whenever no polished single crystals are
available [16]. From all the calculations performed, we noticed that only for those (halfwidths) under
a Lorentzian fit and using the intercept value of 54.8, the calculated Li contents follow this equation
within the uncertainty of 0.2% mol, which “govern the absolute accuracy of the described method” [16].
The values obtained by this calculation were (c;;) =50.3 mol % for the ST wafer and 48.5 mol % for
the CG one. Thus, this approach has been adopted for the investigation with the LNPws. Before
presenting these results, one more point needs to be further discussed.

It can be argued that the value of 50.3 mol % for the ST wafer goes out of the uncertainty range,
thus not justifying the implications made above. Nevertheless, it must be noticed that the experimental
conditions used in this investigation are subtly different from those described by Schlarb et al. [16]
and Malovichko et al. [17]. Succinctly, they used an experimental Z(YY)X configuration (using Porto’s
convention [26]), whereas for our case, given certain technical limitations, a Z(YY)Z configuration was
used in this investigation. Besides, no direct statement concerning the propagation of light along an
axis of the crystals studied is done by these authors, but it can be inferred that they excited along the
crystallographic Z-axis by recalling the condition of zero (or small) phonon directional dispersion to
simplify their adjustments (band resolution) [16]. In our case, wafers with Z-cuts were used, upon
which light was made to impinge on normal to the surface. The incident radiation then propagates in a
plane containing the extraordinary axis, inducing in this way short-range atomic forces (extraordinary
refractive index) that compete to long-range atomic forces behind the splitting of longitudinal optic (LO)
and transverse optic (TO) phonons [42]. Significant changes in the Raman spectra of LN single crystals,
especially in the position of the bands located at 153 cm™! and 578 cm™! (red and blue shifts), have
already been identified and addressed to the overlapping of the LO and TO lattice vibrations [42—44].
Such an overlapping is clearly a drawback for band resolution and it might be the reason behind
the discrepancy between predicted and measured values; interestingly, this is only relevant in single
crystals of ST composition.

Application of the same procedure to the synthesized LNPws gives unsatisfactory results, according
to the implications obtained from the XRD analysis (re-labeling of the samples in terms of their predicted
CC, Figure 3b). As expected, the same occurs if this is applied to the non-polarized Raman spectra. It
worsens considering the Raman band is located at 153 cm™!, where the corresponding linear equation
is used, and the Raman spectra are measured with the commercially available Raman system (Witec),
which features recording of intensity in the range 0-200 cm~l. However, well defined linear trends
can be seen for the calculated Raman halfwidths around the pure LN ferroelectric phase, but only for
the case of the band at 876 cm™! as measured under non-polarized experimental conditions. For both
situations (Witec and self-assembled systems), the trend is of an increasing halfwidth with decreasing
Li content; surprisingly, despite the great differences between both experimental configurations and
conditions (Figure 2), both trends are very similar. This feature can also be seen for the positions of the
bands (x.), and it remains for the resultant values of the halfwidths divided by the positions (I'/2x.).
Figure 5b shows how this I'/2x. parameter relates to the Nb content of the synthesized powders, as
determined by XRD analysis. Given the similarity between the results obtained by both experimental
configurations, this graph represents the average of such results. For sample LN-STm, the Raman
spectra measured with the Witec system are shown in Figure 5a; these closely resemble those obtained
in polycrystalline LN by Repelin et al. [40].
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Figure 5. Results obtained by Raman Spectroscopy: (a) Non-polarized Raman spectra of the central
sample LN-STm, obtained with the commercially available Raman system; (b) Linear trend upon which
Equation (3) is based for the case of band resolution with a Lorentzian fit, averaged calculated data
from those obtained by two distinct Raman systems.

As the resolution of this Raman band (876 cm™!) by means of a Gaussian fitting does not entail
significant changes either, the following equations are proposed for the determination of {cyp) in
LNPws:

(enp)r = (2564103 (5 ) + 43.5385)mol % = 0.4 mol %

r 3
(enp)G = (5882353 + (72 ) + 42.7059)mol % = 0.5 mol %

where TI; stands for the FWHM in cm™! of the Raman band around 876 cm™?, resolved by linear
fitting either using a Lorentzian or a Gaussian line shape, x. denotes the center of this Raman band.
Normalization of the full Raman spectra precedes the linear fitting and, regardless of the line shape,
enlargement around this band is suggested, extending it as much as possible (precise determination of
the baseline) and applying a single or double-peak fitting, rather than performing a multi-peak fitting
to the full Raman spectra. Like in the XRD analysis, the uncertainty is determined by summation
over half the longer step in the Nb precursor (0.53/2 = 0.27 mol % Nb,Os), the uncertainty associated
to the linear fitting (0.12 mol % Nb,Os (0.23 mol % Nb,Os) for the Lorentzian (Gaussian) case), and
dividing by the square root of the averaged (five involved samples) reduced x? fit factor obtained
in the resolution of the band Vv0.9823 (V0.9866). Once more, the uncertainty associated to the linear
fitting is determined following several calculations according to Baird [31].

Lastly, the fact that the trend remains linear is not surprising. Scott and Burns [34] have previously
demonstrated this, based on experimentation; showing in this way that the Raman spectra from
poly-crystalline LN inherits the essential features of those from single crystal LN [45]. Conceptually,
this can be understood by recalling the intrinsic nature of LN to deviate from the stoichiometric point.
Under regular circumstances, LN contains high amounts of intrinsic defects such as anti-site Nb
ions (Nby;), which are compensated by their charge-compensating Li vacancies (V;) [3,46]. Such a
substitution mechanism imposes fundamental changes on the electronic structure, inducing in this way,
variations in the macroscopic dielectric tensor of LN [16]. Yet, because in this substitution mechanism
gradual Nb increments are proportional to the decreasing of Li, the variations of the dielectric tensor
are expected to be linear, as far as the Nb-Li interchange is sufficiently small.

3.3. UV-Vis Diffuse Reflectances and Differential Thermal Analysis

The sensitivity of the chemical composition (CC) of lithium niobate (LN) to the fundamental
band gap or fundamental absorption edge has been previously reported for LN single crystals [47,48].
Kovacs et al. have given a corresponding linear equation with different sets of fitting parameters,
depending on the character of the refractive index (ordinary and extraordinary), and the definition
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of the absorption edge (either as corresponding to a value in the absorption coefficient of 20 cm™! or
15 cm™) [48]. There is no point in using this equation to describe the CC of LNPws, since these terms
(refractive index and absorption coefficient) make no sense when related to powders.

In this investigation, the direct measurements of the DR spectra for the 11 samples are transformed
to the Kubelka-Munk (K-M) or remission function F(Re ), straightforwardly with the acquisition
software (Spectra Suite). Since this function is a proxy of the actual absorption spectrum [29], these data
are used to find the fundamental absorption edge for all the samples. For practical purposes, a direct
band gap is assumed for LN—notice that it could also be assumed to be indirect [49]. Thus, under this
assumption, the fundamental band gap is proportional to the square of the remission function, as is
shown in Figure 6a,b. The Nb content of LNPws is linearly related to the fundamental band gap Eg
(Figure 6¢). Equation (4) allows us to accurately determine the Nb content of a determined sample, in
terms of E¢ (in eV units).
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Figure 6. Graphics derived from analysis of the data obtained by UV-vis Diffuse Reflectance
measurements: (a) Normalized Kubelka-Munk or remission functions in terms of the energy of
the light in eV units; (b) Demonstration of the determination of the onset for sample LN-STm (assuming
a direct interband transition) to determine the fundamental band gap energy; (c) Fundamental band
gap energy as a function of mol % Nb precursor.

Interaction of light with matter at a fundamental level must be considered in the DR and Raman
Spectroscopy techniques. In other words, because of the ubiquitous randomness of the media, strong
scattering effects are present in both Rayleigh (crystallite size) and Mie scattering (particle size). The
study of the intensity and angular distribution of the scattered field by the powders has not been done
on this investigation; however, certainty of the results obtained by these techniques is expected under
certain limits if no large variations in the crystallite and particle average sizes are found. Considering all
the synthesized samples, the resultant average crystallites are distributed in a 100-300 nm range, with
overall mean and standard deviation values of 157 and 58 nm, respectively. Also, for four randomly
chosen samples, the distributions in particle size were determined by statistical analysis of micrographs
obtained by Scanning Electron Microscopy (SEM). The obtained distributions were very similar and
the centers (x.) of these distributions fall within a band 1 um thick, centered at 2.6 pm, as shown in
Figure 7.
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Figure 7. Information derived from SEM: (a) and (b) Micrograph and particle size distribution
for sample LN-STm, respectively; (c) Centers of the particle size distributions obtained for four
randomly-chosen samples.

Regarding the ferroelectric-paraelectric phase transition, a change in the crystalline structure of
LN occurs in which the symmetry of the system increases [3]. This second-order phase transition is
described by the Landau order-disorder theory, where a finite discontinuity in the heat capacity of
the system having this transition has been addressed as a direct thermodynamic consequence [50].
Figure 8a shows the difference in temperature between the reference container for each of the studied
samples; with this technique, only samples presenting a pure LN ferroelectric phase have been
investigated. The Curie temperatures are determined by the extrapolated departure from the baseline,
these being plotted in Figure 8b in terms of the Nb content. A nonlinear quadratic trend better describes
this relation, with fitting coefficients A = 18623.560, B = -667.969, and C = 6.383; as expected, this is also
the case for LN single crystals [51]. Nevertheless, use of the linear fitting coefficients is done in the
analysis that follows, so that a simple calculation of an uncertainty value follows by use of Equation (5),
where the Curie temperature T, is in Celsius.

{cnp) = (—0.0515+ T, + 110.8505)mol % =+ 0.4 mol % (5)
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Figure 8. Thermometric results: (a) Curie temperatures as a function of mol % Nb precursor;
(b) Obtained curves for samples within the pure LN phase. The Curie temperatures are determined by
extrapolation of the departure from the baseline.
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Use of this equation gives an estimate of T¢c = 1181.56 °C (1153.41 °C for a ST (CG) powder);
whereas, with the quadratic expression, it is of 1182.61 °C and 1153.01 °C, respectively. These
values vary in no more than 0.1%. Regarding single crystals, a variation of 0.7% can be found for
the Curie temperatures calculated for these CCs, by use of equations reported in two independent
investigations [51,52]. Using the equation given by Bordui et al. [52], the calculated values are
Tc =1206.47 °C (1149.83 °C) for the ST (CG) crystal. Thus, contrary to what was believed, not a unique
description of the LN CC regardless of its version (powder or single crystal) can be formulated by
DTA either. This observation of the Tc being lower for ST LNPws, with respect to ST LN crystals,
has been previously noticed [36], apart from the observations highlighted in the introduction. A
straight explanation of this subtlety cannot be found nowadays in the literature. A classic theoretical
development shows that the energy of the vibrations within the structure is the dominant contribution
to the heat capacity—if the elastic response of a crystal is a linear function of the applied forces [53].
Thus, it is inferred that this might be explained under consideration of anharmonic crystal interactions,
that is, phonon-phonon coupling. Still, further investigations on these matters are needed.

Lastly, it is acknowledged that in contrast to pioneering works (on LN single crystals,
References [16] and [17]) the Equations (2)—(5) here give the averaged Nb content in the crystallites
(cnpy instead of (cr;). Although a simpler comparison with data in the literature could have been
attained by putting these equations in terms of {c;;), it was decided to do it in terms of (cy;) because
of a simpler interpretation and association with a phase diagram describing LN, like that given in
Figure 1. It has been noticed that most of the phase diagrams existent in the literature to describe
LN, not to say all, are presented in terms of Nb,Os mol %. This is readily understood since even in
the fabrication of large LN single crystals, melts of Nb,Os and another compound containing Li are
used [3,20]. The equivalent equations in terms of {c;;) are given in Appendix B.

3.4. Grinding of a Single Crystal

The bought single crystal with stoichiometric composition, described above, was turned
into powder with ST composition. Low-energy grinding with an agate mortar was employed
discontinuously in several steps until an averaged particle size of 1.6 um (checked by SEM) was
reached. In some instances, commercial acetone (purity > 99.5%, Sigma-Aldrich) was used to ease
the grinding, especially during its initial stages. Verification of Equations (2) and (3) was sought
by repeating the experimental procedures performed on the synthesized powders; in the case of
Raman Spectroscopy (RS), only the commercially available system (Witec alpha 300R) was used. The
results obtained are shown in Table 2. While RS does imply a chemical composition according to
what was expected, stoichiometrically (50 mol % NbyOs), the structure refinement does not. This
can be attributed to changes of the lattice parameter (lattice distortion) due to a variable local lattice
strain frequently observed in nanocrystalline materials, induced by excess of volume at the grain
boundaries [54]. Remarkably, our powdered single crystal differs from the synthesized powders in
the averaged crystallite size: On the latter, a myriad of nanosized crystals (100-300 nm) form large
particles of the order of 2-3 um (see Figure 7c), while on the former it can be argued that crystallite size
equals the particle size; actually, the applied Rietveld refinement for the calculation of the averaged
crystallite size of the grinded crystal does not converge. These implications must be confirmed and
scrutinized by further investigation. Lastly, since Equation (3) is strongly dependent on the XRD
analysis (re-labeling of the samples in terms of their predicted CC), the Raman results shown in Table 2
demonstrate the reliability of our method.

Table 2. Estimated chemical composition for the grinded single crystal.

. . Associated Error . e Nb Content
Experimental Technique Measured Parameter Parameter Equation Utilized (mol % NbyOs)
XRD + Rietveld refinement Cell volume: 317.9234 A° Goodness of Fit: 1.8756 2) 48.2
Raman Spectroscopy T/xc: 45.3038cm™1/873.9676 cm™  Reduced x@: 4.70 x 107° (3), Lorentz fit 50.2
T/xe: 21.8202cm™1/874.1964 cm™!  Reduced x@): 8.38 x 1076 (3), Gaussian fit 50.1
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4. Conclusions

Despite the increasing interest in lithium niobate powders (LNPws) due to their importance in
possible applications in actual and future nanooptoelectronic devices, as well as the facility to produce
them in large quantities, an accurate and trusting method to determine their chemical composition (CC)
does not exist, to the best of our knowledge. Therefore, in this work a first step is given in this direction by
developing a facile method based mainly on imposing X-Ray Diffraction (XRD) as a seed characterization
technique. Raman Spectroscopy, UV-vis Diffuse Reflectance and Differential Thermal Analysis enrich
this work, representing various alternatives for the independent and accurate determination of the CC
of LNPws. An empirical equation that describes this fundamental property in terms of a corresponding
experimental parameter is given for each of these four characterization techniques.

We wish to underline here the main aspects of our method. It is primarily based on the
quantification of pure and secondary phase percentages by XRD, followed by Rietveld structure
refinement. Secondly, relying on the LN phase diagram, the CCs of the studied samples are inferred,
and thereafter labeled in terms of the Nb content in the crystallites. Lastly, having done this, any of the
mentioned characterization techniques can be used to relate such a labeling with their corresponding
experimental parameter. In the case of a user who wants to determinate the CC of LNPws only, he/she
would only need to perform the last step and make use of any of Equations (2)—(5), respectively. On
the other hand, in the case of wanting to describe other powders apart from LNPws, the whole method
(three main steps described above) might be further applied inasmuch as akin materials are to be
investigated, lithium tantalate (LiTaO3) powders for example.

The validity of this methodology is proven self-consistently with the determination of the CC
of several samples, where the content of Li and Nb is varied in a controlled way. According to a
paramount observation made in the peer reviewing process of this article, the main shortcoming of
this investigation is the large uncertainty associated with Equations (2)-(5). Rigorously, they should
not be used for a practical composition determination and, instead, it only could be stated with
more confidence that, by using these equations, the composition of a LN powder would be closer
to the stoichiometric or congruent compositions, or rather in an intermediate state. However, both,
the resolution and the associated uncertainties of this methodology, can be significantly improved
by analyzing larger quantities of powder. As mentioned in the details related to the uncertainty
calculations and given after introducing Equations (2) and (3), the major contribution to uncertainty
emerges from the determination of the boundaries of the pure ferroelectric LN phase: Determined by
dividing the Acyurern = 1.6 mol % NbyOs by three increasing steps of Nb content, and then dividing
by 2 (0.53/2 = 0.27 mol % Nb,Os). The associated uncertainty to Equations (2)-(5) can be significantly
reduced if a larger number of samples are synthesized in this range, which can be more easily achieved
if larger quantities of powder are prepared. As an example, it is expected that by synthesizing
approximately 10 g of powder, around 40 points would be available for analysis if the increasing step
is fixed at 0.1% in the mass of the Nb precursor, resulting in a decrease in the overall uncertainties of
about 50-80% (noticing that the uncertainty associated with the linear fitting would also be reduced
significantly). Conclusively, although it is acknowledged that the proposed equations are not universal
in the sense that they may only describe the CC of LNPws with specific physical properties (crystallite
and particle dimensions), this work paves the way to furnish a general description and claims the
attention of the community advocated to this field to broaden the present results. For a more general
description, besides the synthesis of larger number of samples, the influence of other experimental
factors and parameters such as the method of synthesis, the beam spot size, the intensity of light
(Raman Spectroscopy), the averaged crystallite and particle size, and randomness, among others,
should be considered in future investigations.

No full credit for all the ideas developed in this work is to be taken. The idea of determining the
CC of LNPws by means of a linear fit to data obtained from Raman spectra was first conceived in the
pioneering work of Scott and Burns in 1972 [34]. Indeed, no equation is given in this work, but it could
be easily extracted from Figure 3 (in Reference [34]) to describe LNPws instead of LN single crystals;
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again, it would not be easy to decide whether the complete linewidth (I'), or just the halfwidth, is
to be entered in such a hypothetical equation, and if a Lorentizian or Gaussian distribution is to be
used. The work of Scott and Burns is also a pioneer to the ideas conceived by Schlarb et al. [16] and
Malovichko et al. [17], whom later in 1993 exploited this fruitful result and demonstrated that other
optical processes, besides Raman Spectroscopy, resulted into data that fit linearly with the LN CC. Also,
regarding Equation (2), the previous observation of an increase of the lattice parameters or cell volume
with increasing Nb content is also acknowledged [55]. An equation is formulated in Reference [18]
from the data given in [55]. Interestingly, equation (4) in Reference [18] is almost the same as Equation
(A1), given in Appendix B, if the slope and intercept values of the latter are divided by a constant
value of 2.58; the very small discrepancy might be attributed to variation in the local lattice strain, as
discussed above where the results of grinding a LN single crystal of stoichiometric composition are
presented. At last, apart from providing four distinct alternatives to describe accurately the CC of
LNPws (instead of single crystalline LN), what is innovative in the present work is the self-consistency
character of the whole method: no other technique is needed to confirm the CC of the powders since
the determination of the pure ferroelectric LN phase boundaries by XRD analysis suffices for this
purpose. The four distinct methods are based on standard characterization techniques, accessible
nowadays to large scientific communities in developing countries.
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Appendix A

In the following table the measured values for the masses of the precursors used in each of the 11
synthesis procedures are given.

Nb,Os Mass Li;CO3 Mass Nb,O5 Mass Li,CO3; Mass
Sample Sample
(g (g) (g) (g)

LN+5%LiP 0.8989 0.2622 LN+1%NbP 0.9079 0.2498
LN+4%LiP 0.8988 0.2598 LN+2%NbP 0.9167 0.2496
LN+3%LiP 0.8991 0.2574 LN+3%NbP 0.9259 0.2497
LN+2%LiP 0.8990 0.2547 LN+4%NbP 0.9348 0.2498
LN+1%LiP 0.8989 0.2523 LN+5%NbP 0.9438 0.2498

LN-STm 0.8990 0.2498

Appendix B

Equations in terms of the averaged Li content in the crystallites {c; ;) would also be useful, especially
when comparing to measurements on single crystals described elsewhere [16-18]. Equations (2)-(5) in
terms of {cy;) are:

(ci) = (=7.6453V oy + 2482.2171)mol % + 0.5 mol % (A1)
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(eridr = (~259.0674 + (3= ) + 56.8135)mol % ++ 0.4 mol %

2xc

(A2)

(cLidG = (~588.2353 % (52 ) + 58.0412)mol % +0.5 mol %
(cLi) = (~3.9602 % Eq + 65.5987 )mol % + 0.4 mol % (A3)
{criy = (0.0519 * T, — 11.3805)mol % =+ 0.4 mol % (A4)
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Abstract: Lithium niobate (LiNbO3, LN) nanocrystals were prepared by ball-milling of the crucible
residue of a Czochralski grown congruent single crystal, using a Spex 8000 Mixer Mill with different
types of vials (stainless steel, alumina, tungsten carbide) and various milling parameters. Dynamic
light scattering and powder X-ray diffraction were used to determine the achieved particle and
grain sizes, respectively. Possible contamination from the vials was checked by energy-dispersive
X-ray spectroscopy measurements. Milling resulted in sample darkening due to mechanochemical
reduction of Nb (V) via polaron and bipolaron formation, oxygen release and Li,O segregation,
while subsequent oxidizing heat-treatments recovered the white color with the evaporation of Li,O
and crystallization of a LiNb3Og phase instead. The phase transformations occurring during both
the grinding and the post-grinding heat treatments were studied by Raman spectroscopy, X-ray
diffraction and optical reflection measurement, while the Li;O content of the as-ground samples was
quantitatively measured by coulometric titration.

Keywords: lithium niobate; high-energy ball-milling; nanocrystals; mechanochemical reaction

1. Introduction

Lithium niobate (LN, LiNbO3) crystals have countless non-linear optical and acoustic applications
due to their versatile optical and ferroelectric properties. In recent decades nanocrystalline materials
have attracted considerable interest as their properties greatly differ from their coarse-grained
counterparts. The reduction of the grain size may cause, e.g., increased mechanical strength, higher
specific heat and larger electrical resistivity [1]. Nonlinear optical nanocrystals may have many
applications such as building blocks of coherent subwavelength light sources [2-6] and nonresonant
markers in second harmonic generation microscopy [4,7,8]. Rare-earth-doped LN nanocrystals could
play an important role in coherent quantum optical experiments, e.g., as single photon sources,
providing sharply defined wavelengths [9,10].

Many wet chemical synthesis methods are known for the preparation of nanocrystalline materials.
In these methods, nanocrystals are assembled from single atoms or molecules (bottom-up methods).
The other way to prepare dispersed nanograined material is to reduce the particle size by mechanical
grinding (top-down method). High-energy ball-milling is one of these methods. This is a simple,
general and easy-handling technique for nanocrystal preparation, while another advantage of this
method is the possibility to produce large quantities of nanopowders. However, it is known that
mechanical grinding may also induce phase transformations and chemical reactions beside particle
and grain size reduction [11-14]. An example for a phase transformation without composition change
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was the occurrence of various phases in ball-milled TiO; (rutile, anatase and srilankite) whereas the
starting material contained a single phase only [11,15]. The mechanochemical transformation can
also be used for the synthesis of nanocrystals, as it was demonstrated by grinding a (1-x)Li;O: xB,O3
mixture resulting in the formation of Li;B,O7 [15].

Ball-milling was proved to be a successful method also for the preparation of lithium niobate. De
Figueiredo et al. reported that ball-milling of Li;CO3; and Nb,Os resulted in the formation of LiNbO3,
but non-reacted starter materials also remained in the milled powder [16]. Pure LiNbOj3 can still
be prepared by mechanochemical methods if the milling process is followed by calcination at high
temperature [17-19].

High-energy ball-milling was used in several works to produce nano-LN. Spex Mixer Mill 8000 is
one of the most commonly used ball mills for this purpose. In general, dry grinding with one ball with a
diameter of around 1 cm was used in these processes with grinding times as long as 5-20 h [13,15,20-22]
and even longer than 100 h [23]. At the beginning, the grain size rapidly decreased with increasing
grinding time as determined by X-ray diffraction measurements. Five and 20 h of grinding resulted in
grain sizes of about 60 and 20 nm, respectively, but longer ball-milling did not decrease the grain size
considerably. It should be noted that the grain size deduced from X-ray diffraction data is informative
for the coherently scattering domains but does not characterize the size of the particles obtained.

Pooley and Chadwick reported that the sample ball-milled for five hours in a stainless steel vial
contained a significant amount of amorphous material [13] and traces of iron [20]. Other experiments
also proved that contamination from the vial’s material may appear: a sample ball-milled for 16 h in an
alumina vial contained 5% of alumina [22]. In these reports, however, there is no further information
about whether either a phase transformation or any mechanochemical reaction occurred.

The aim of the present work is a systematic characterization of LN nanocrystals prepared by
high-energy ball-milling. For the sake of simplicity, small pieces of the residue of Czochralski-grown
single crystals with identical purity are used as starting material, since the milling experiments did
not require large, perfect single crystalline LN. Besides the determination of both particle and grain
sizes and contamination from the vial’s material, the possible phase transformation and structural
changes induced by the mechanochemical process are also studied using dynamic light scattering (DLS),
powder X-ray diffraction (pXRD), energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy,
optical diffuse reflectance measurements and coulometric acid-base titration.

2. Materials and Methods

2.1. Sample Preparation

Lithium niobate was prepared by solid-state reaction at 800 °C from Li;CO3; (Merck, Darmstadt,
Germany, Suprapur, 99.99%) and Nb,Os (Starck, Goslar, Germany, LN grade, 99.99%) raw materials by
mixing them in the congruent 48.6:51.4 molar ratio. These high-purity materials contain impurities
such as Fe, Al, W, relevant in our studies, in concentrations less than 1-2 ppm. Water-clear single
crystals of congruent composition have been grown from platinum crucible by the Czochralski method,
leaving the crucible residue also congruent and of single phase. LiNbO3; nanocrystals were prepared
from such polycrystalline crucible residue slowly cooled down to room temperature. Pieces of sizes
of several millimeters were selected and ball-milled, using a Spex 8000 Mixer Mill (Metuchen, NJ,
USA). Dry ball-milling was carried out using different types of vials and balls (SS: stainless steel, ALO:
alumina, WC: tungsten carbide). The grinding time was 5 or 20 h with interruptions of 30 min after
every hour of grinding to avoid overheating (the ball mill was not equipped with a temperature sensor).
Further milling parameters are given in Table 1. During the milling process and thereafter the samples
were kept in air (no protecting atmosphere was used).

After the milling process, some samples showed greyish coloration usually observed for LN
single crystals after reduction (i.e., decomposition with oxygen release and a concomitant formation of
Nb (IV) in the lattice). This indicates that the samples underwent a change concerning the oxidation
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state of niobium during the grinding process. For this reason, annealing was applied for restoring
or modifying the oxidation state of niobium in the ground samples. Annealing treatments in either
oxidative or non-oxidative atmospheres were performed for 3 h at 800 °C in either air or in vacuum of
about 10~* mbar, respectively. Samples were put into the furnace in a form so that any possible reaction
between the material and its containment could be avoided. Powder samples were held in a platinum
crucible for the oxidative treatments, while pellets were placed on a platinum plate inside the quartz
tube used for evacuation in the case of the application of non-oxidative conditions. Samples subjected
to one of these annealings will be called hereafter oxidized and reduced samples. Oxidized-reduced
and reduced-oxidized samples underwent two subsequent heat treatment processes separated by
periods long enough to let the samples cool down to room temperature. This way, a series of five
differently treated samples was obtained for each vial material (see Scheme 1).

Table 1. Grinding parameters used for high-energy ball-milling.

Grinding Parameters

Sample Vial ll\szlaaltle(rsi:;l; Z Time  Number  Ball-to-Powder Ball-to-Powder Sample
the Vial) (h) of Balls Mass Ratio Volume Ratio  Quantity (g)
ss5  Otainless 1lmm 5 2 381 221 29
steel 55g
ALO-5 X 12.5 mm 5
ALO-20 Alumina i2¢g 20 2 3.8:1 4.4:1 22
Tungsten 11 mm . .
WC-5 carbide 107g 5 2 3.8:1 1.2:1 5.65
Ground
son"ﬁ : ® & s?lo“c
3
in air 555 AlO20 WES |3|| vacuum
Oxidized Reduced
5 ALO20  WCS 555 AL\E)-EO WCs
800°C ‘ ‘ 800°C
. 3h 3h
in vacuum in air
Oxidized-reduced Reduced-oxidized
. < = &
S5 ALO20  WCS 55 ALO20 WG

Scheme 1. The series of samples ground in different vials (see Table 1) with subsequent heat treatments.
Pellets were pressed for optical reflectance measurements.

2.2. Sample Characterization

The phase analysis of the samples was carried out by X-ray diffraction (XRD) using a Rigaku
(Tokyo, Japan) Smartlab X-ray diffractometer with CuKo radiation (wavelength: A = 0.15418 nm).
The XRD patterns were measured in the Bragg-Brentano diffraction geometry. The crystalline phases
were identified from the peak positions and intensities using an ICDD PDF-2 database. The grain sizes
were determined by using the Williamson-Hall method.

The Raman spectra of ground and heat-treated samples were collected at room temperature using
a Renishaw (Wotton-under-edge, UK) inVia Raman Microscope in backscattering geometry. A 633 nm
laser beam was used as excitation source using a 50x lens. The excitation spot size was 2 um at the
sample surface. The Raman data were recorded in the range of 20~460 cm™~! with a low-wavenumber
filter and in the range of 100~1200 cm~! with a notch filter.
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Dynamic light scattering measurements in the range of 0.1-10000 nm (Malvern Zetasizer Nano S,
Worcestershire, UK) were performed to determine the particle size distribution. The ground samples
were suspended in water assuming the nanoparticles to be perfect spheres leaving the viscosity of
water unchanged. The refractive index of the particles was taken as ~2.2 corresponding to that of bulk
LiNbOj3 in the given wavelength region.

Since the LN samples were discolored after the grinding procedure, possible contamination from
the vials was suspected. This was checked by EDS measurements in a Zeiss Leo scanning electron
microscope (Jena, Germany). Depending on the vial used, the presence of Fe, Al and W was scrutinized
for the stainless steel, alumina and tungsten carbide vials, respectively. The sensitivity of the EDS
method for the above listed elements is 0.1 at%, while the relative error of the EDS measurement in the
x < 0.5 at% concentration range can be as high as 20%.

To characterize the optical reflectance properties of the samples, an Avantes (Apeldorn,
The Netherlands) HS-1024X122 TEC UV-VIS fiber-optic modular spectrophotometer was used.
The measurements were carried out on pellets pressed from the ground and heat-treated samples.
The samples were illuminated in the 190-1100 nm wavelength range using an Avantes AvaLight-D(H)-S
deuterium-halogen light source. To determine the reflectance spectra, we used an Avantes WS-2 diffuse
white tile as a reference. The spectral data recorded were used without any further processing.

The secondary phase occurring during the grinding process (Li,O or any other compound it may
be transformed to) was quantitatively measured by semi-micro coulometric acid-base titration with
current control. For this procedure, portions of the powder samples were weighted in a microbalance
with a precision of 2 ug and suspended in a few milliliters of 0.3 mol/dm?® Na,SO, solution in
the anode compartment of a diaphragm-divided two-chamber electrochemical cell. The pH in the
anode compartment was measured with a combined glass pH electrode and a Consort 860 pH tester.
A platinum anode was used for acid generation by the following electrode reaction: 2H,O = O,+ 4H*
+ 4e—. The Na,SOy solution was boiled prior to the measurement in order to remove any dissolved
CO, that may interfere with the measurements, then cooled to room temperature for the titration. The
solution in the anode compartment was stirred with a magnetic stirrer bar. Blank measurements and
known quantities of both NayHPO, and NaOH were used to verify that no solution intermixing took
place between the anode and cathode chambers.

3. Results and Discussion

3.1. Result of the Ball Milling: Size Parameters

Figure 1 shows the as-received particle diameter distributions of the ground samples determined by
the DLS method. All of them have a broad distribution in the range of a few hundred nanometers while
the smallest particle diameter can be achieved by the ball-milling in stainless steel vial. Ball-milling
in alumina or tungsten carbide vial resulted in similar particle diameter distributions which did not
change considerably if a milling time longer than 5 h was chosen.
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Figure 1. Particle diameter distributions of the ground samples in different vials determined by the
dynamic light scattering (DLS) method.

Since the samples darkened as a result of the grinding process, it was checked whether the greyish
color was related to sample contamination originating from the ball or the vial. EDS results showed that
no characteristic impurity element at x > 0.1 at% concentration was present in the LN powders ground
in either the tungsten carbide or the stainless steel vials, while aluminum could be detected when
alumina vial was used in the milling process. This also means that the large fraction corresponding to
smaller particle sizes observed in sample SS-5 milled in the stainless steel vial (see Figure 1) cannot be
ascribed to the presence of an impurity but has to be considered as LN, too.

Neither the occurrence of alumina contamination nor the absence of any stainless steel residue
can be explained on the basis of the hardness properties of the materials involved in the ball milling
process. Taking into account the order of the Vickers hardness values of the relevant materials (stainless
steel: 200-240, LN: ~630 [24], tungsten carbide: 1200-1700, alumina: 1400-1900), one might expect that
stainless steel would cause the largest impurity level. However, alumina was the only vial material
resulting in sample contamination, although it was the hardest material used. Al contamination was
also confirmed by the XRD measurements as indicated by the presence of x-Al,O3 in the XRD pattern.
This phenomenon was also proved by Heitjans and co-workers [22]. Although the alumina impurity
level was sufficiently high for both XRD and EDS detection (at least 2 vol% which was the detection
limit of the XRD method), it did not appear as a discernible fragment in the size distribution curves of
the samples ALO-5 and ALO-20 (see Figure 1).

Although the alumina contamination cannot be explained on the basis of the hardness of the
unmodified materials, it is understood by taking into account the mechanochemical reactions taking
place in the system. As it will be shown in the forthcoming sections, lithium oxide is released from LN
during the milling process that can react with the amphoteric alumina, resulting in the modification
of its structure and facilitating its degradation. Various mixed oxide compounds of aluminum and
lithium are known (such as LiAlO,, LiAl5Og, LizAlOy; see Ref. [25]). In particular, the synthesis
of LiAlO; is well described by using either sol-based [26] or solid phase reaction-based [27] routes.
Although the quantitative yield of the solid-phase reaction is given for temperatures higher than
370 °C, a surface-limited reaction can be assumed for the milling conditions applied in the present
work. The hardness data of LiAlO, is not known to the authors, but the Vickers hardness of other
alkali aluminates (Na or K) is reported to be quite small (< 100, see [28]). Hence, the sites where the
released Li,O reacts with the Al,O3 ball/vials can be assumed to serve as degradation initiation spots
during the milling process.
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While the particle size of a few hundred nm observed by light scattering did not diminish further
for milling times longer than 5 h, a Williamson-Hall type evaluation of the X-ray diffractograms resulted
in mean grain sizes decreasing from at about 63 nm to 37 nm for milling times increasing from 5 to
20 h (see Table 2). This reflects the fact that the diffraction-based size analysis provides the diameter of
the coherently scattering grains which differs from the much larger particle diameter visible by light
scattering or imaging methods. This is direct evidence that the particles formed during high-energy
milling consist of a multitude of small grains. The grain diameters found in the present work are in
good agreement with those reported before [13,15,20-23] for ball-milled LN crystals.

Table 2. Particle and grain sizes of samples ground in different vials.

Resulting Particle Diameter (nm)  Resulting Grain Diameter (nm)

Sample DLS XRD
555 190, (800) 55+ 18
ALO-5 700 63 +21

ALO-20 700 3742
WC-5 500 51+6

3.2. Structure of the Samples: XRD, Raman and Optical Reflectance Measurements

Figure 2 shows the XRD patterns of the ground materials compared with those oxidized and/or
reduced at 800 °C for 3 h. The broad peaks of the XRD patterns of the as-ground samples indicate small
grain sizes as determined numerically using the Williamson-Hall method (see Table 2). Heat-treatment
processes resulted in narrower diffraction lines due to increased grain sizes. The reflections of a LiNb3Og
(lithium triniobate) phase appeared in the diffraction patterns of all annealed samples (best seen for
oxidized samples, especially for those ground in the stainless steel vial, see Figure 2a). The formation
of the LiNb3Og phase taking place as a result of the combined ball-milling and annealing procedure
can be described as

3 LiNbO3 = LiNb3Og + Lir O, (1)

where lithium oxide is a volatile byproduct.

The fact that the lithium triniobate can only be identified in the heat-treated samples indicates
that the structural rearrangement of the residual Nb containing oxides is not completed in the
as-ground samples. However, the annealing process provides the activation energy required for
crystallization of the new phase with sufficiently large crystallites to yield strong enough reflections in
the diffraction patterns.

In the XRD pattern of the sample ball-milled in alumina vial the reflections of x-Al,O3 can be
clearly identified due to abrasion of the vial and balls during the milling process already before the
heat-treatments (see Figure 2b). The fact that alumina was present in a crystalline form already in the
as-ground samples indicates that the milling destroyed the ball/vial material and the majority of this
impurity does not arise as a result of the side reaction that weakened the alumina structure. The lack
of further crystalline compounds of aluminum in the annealed samples shows that the amount of
possibly reacted alumina was insignificant as compared to alumina that entered the ground mixture by
the mechanical effect of milling.
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Figure 2. Diffraction patterns of Lithium niobate (LN) ground in different vials, stainless steel (a),
alumina (b), and tungsten carbide (c). The unmarked peaks are the reflections of LiNbOs.

Figure 3 shows the Raman spectra of the as-ground and heat-treated samples ball-milled in
stainless steel and tungsten carbide vials. The Raman intensities of the as-ground samples are weak,
the bands are broad, not showing all characteristic features of LiNbOj3 crystals. The heat-treatment
process resulted in line narrowing and increased intensity of the bands corresponding to the pure
LiNbOj3 phase. In addition, in the oxidized samples some weak bands appeared at 59, 79 and 96 cm™*
corresponding to the LiNb3Og phase (Figure 3a) [29]. This confirms the XRD results, where the presence
of the LiNb3Og phase predicted by Equation (1) was best seen for oxidized samples, especially for
those ground in stainless steel vial.

Equation (1) suggests that at least one new component without any niobium content has to appear
during the milling process. Lithium oxide, Li,O, may be present as the primary byproduct and can
be transformed in air to another lithium compound (LiOH-xH,O, Li;CO5-xH,0) by water and/or CO,
uptake. Indeed, the water suspensions of all ball-milled LN powders were found to be alkaline, regardless
of the chemical state of the Li-rich segregate, which is an unambiguous confirmation of the decomposition
of LN via LiyO separation during the milling process. The as-ground LN particles were structurally
disordered in the decomposed region but recrystallized upon annealing, hence both the Raman and XRD
lines of LiNb3Og could manifest themselves. The CO, uptake of Li,O produced during ball-milling can
also be observed, viz. in the Raman spectrum of the LN powder ground in tungsten carbide vial shown
in Figure 3b. The bands at about 190 and 1090 cm™! present in the as-ground samples are attributed
to LiCOj3 generated from LiO (Figure 3b) [30]. Heat-treatments at 800 °C either in air or in vacuum
resulted in the loss of CO, evidenced by the disappearance of those bands from the Raman spectra.
The presence of x-Al,O3 contamination in the powder ball-milled in alumina vial was observed in the
XRD diffractogram; however, it could not be detected by Raman spectroscopy as the corresponding bands
at about 383 and 420 cm™! overlap with the larger bands of LN [31].
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Figure 3. Raman spectra of ground and heat-treated samples ball-milled for five hours in stainless
steel vial, shown in the range of 40460 em™! (a), and in tungsten carbide vial, shown between
125-1150 cm™! (b).

Equation (1) does not account for the redox processes indicated by color changes seen during
ball-milling and annealing treatments. The colors of samples ground in alumina, stainless steel and
tungsten carbide vials varied from light gray to dark gray (see Scheme 1), evidenced by their optical
reflection spectra (Figure 4a)—the darker the sample, the lower its reflection in the whole spectral range.
As mentioned above, the samples underwent a change concerning the oxidation state of niobium
during the grinding process. This partial reduction could be compensated by oxidizing the sample
applying a heat-treatment in air at 800 °C. The oxidative annealing resulted in white color for the
powder ground in stainless steel vial (Scheme 1). Upon subsequent reduction, the sample became
brownish, while the pellet pressed from the as-ground powder became gray when reduced directly.
The oxidation process resulted in a white color even in the case of the previously reduced sample.
As an example, the optical reflection spectra of the as-ground and annealed samples ball-milled in
stainless steel vial are shown in Figure 4b. Similar effects were observed for powders ground in the
other two vials: the change of color was less evidenced for alumina vial but was stronger for tungsten
carbide vial.
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Figure 4. Optical reflection spectra of samples ball-milled in different vials (a) and of ground and
heat-treated samples ball-milled in stainless steel vial (S5-5) (b).

94



Crystals 2019, 9, 334

In Figure 4a no distinctive feature characteristic for Fe?* having an absorption band near 500 nm
can be discerned for any of the as-ground samples. The comparison of reduced samples also shows very
small differences in this respect. Instead, differences in amplitude of the whole spectrum dominate. Still
some change of coloration induced by the redox treatments may be related to the iron contamination
at least partly coming from the starting material. For the preparation of LiNbOj3; high- purity raw
materials with less than 2 ppm, Fe was used. Since the effective distribution coefficient of Fe between
the molten and solid lithium niobate of congruent composition is around 1, it is not expected to be
enriched in the crucible residue during the growth process. On the other hand, even 10 ppm iron does
not induce a sizable increase of the optical absorption. According to Phillips et al. [32] the difference in
the absorption coefficient at about 500 nm between oxidized and reduced LN containing about 0.5
mol% Fe is less than 4 cm ™1, i.e. less than 0.001 cm ™! /ppm Fe, which cannot cause dominant coloration
changes in our case.

3.3. Discussion of the Mechanochemical Reaction Including Redox Processes

Congruent LiNbOj3 crystals are strongly Li deficient and can be described by the Li;_5,Nb;.,,O3
formula, where x = 0.01. The excess Nb ions occupy Li sites and are charge compensated by Li
vacancies. The antisite Nby; ions may trap electrons, forming small polarons. Moreover, Nby ;—Nbnyy,
pairs, consisting of an antisite and its regular nearest-neighbor along the ferroelectric c axis, are capable
to form stable bipolarons (for a review see [33]). The strongly localized polaron/bipolaron models can
evidently be applied for the redox processes in LN nanocrystals.

Already before the appearance of the LiNb3Og phase the LN particles underwent partial reduction
as a result of ball-milling. During reduction, oxygen gas and lithium oxide are formed, the latter
leaving the sample only upon annealing treatments. This leads to the appearance of various polarons
with elementary cell loss at the surface [33,34]

2LiNbO3; — Nbpp** + Nbp;** + 3002 + 2e” + Li,OT+ O, )

where the Nbpp** + Nby;** pair makes a bipolaron. The remaining electrons may also form either a
further bipolaron or two Nby;** polarons on pre-existing Nby; antisite defects in the congruent bulk.
Their broad absorption bands near 500 nm and 760 nm and the disordered structure result in uniform
gray color as observed for the as-ground samples (see Scheme 1 and reflection spectra in Figure 4a).
In this stage the surface is disordered and consists of strongly subcongruent lithium niobate, while
Li,O forms a different phase.

The structure of the particles consisting of a large number of grains can be understood to result from
an interplay of disturbed ferroelectric surface fields. The grains may be assumed to be monodomain
regions of LN pairwise attracted by the strong electric fields acting on most blank surfaces of this
ferroelectric. Structural damage does not allow exact fitting of the attached surfaces, resulting also in
crystallographic misorientation of the grains in touch. During ball milling, the particles constantly
break up and recoalesce in different arrangements, while reduction may only proceed on surfaces
where oxygen evaporation is possible for a sufficiently long period. Li,O segregation on such exposed
grain surfaces may finally shield the electric fields and hamper further attachments with neighboring
grains. During prolonged grinding, this may result in a structure where a large part of the Li;O phase
is on the external surface of the particles.

Oxidation of the samples leads to the evaporation of the segregated Li,O phase and in parallel the
disappearance of all polarons. The latter recovers the white color by reverting the reduction described
by Equation (2) and promotes the formation of the LiNb3Og phase according to Equation (1) whereby
a further LN formula unit is used up:

LiNbO3 + Nbxp** + Nby i+ + 3007 + 2¢” + O, — LiNb3Og (3)
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as observed by XRD, Raman and optical reflection measurements prominently for the oxidized
samples. The LiNb3;Og phase may form an epitaxial layer on the LiNbOj surface as described by
Semiletov et al. [35].

In all other preparation stages various mixtures of bipolarons and polarons are present mainly
absorbing in the blue-green and red range, respectively (Figure 4b). While the as-ground state has
a balanced mixture, its direct reduction leads to a larger bipolaron portion (less reflection in the
blue-green region, see the curve with lowest reflection in Figure 4b. The same reduction, if preceded
by oxidation, reproduces only bipolarons but very few Nby;** polarons (high reflection only in the
red region, see blue curve). Some additional structure observed near 350 nm and 670 nm in samples
having an oxidizing step in their history might be attributed to absorption related to the LiNb3;Og phase.
As shown by Sugak et al. [36] the coloration is formed near the crystal surface and its distribution
depends on annealing temperature. Annealing is assumed to attack the exposed surface of the particles
without essentially changing their deeper structure. It should be noted that the large formation
enthalpy of oxygen vacancies in LN compared to that of similar defects of the cation sublattice prevents
the diffusion of oxygen within the bulk, while diffusing cations may easily occupy the empty Li sites
amply available in congruent LN (see [33] and references therein).

Reaction (2) is an equivalent version of Equation (2) in Sugak et al.’s paper, separately showing
near-surface formation of polarons by Nb displacement to a Li site on the one hand, and electrons
available for diffusion to more deeply situated antisites causing similar coloration on the other hand.
This distinction, together with the overlooked fact that elementary cells are lost upon reduction,
resolves the problems of Sugak et al. about unrealistic properties of coloration allegedly following
from their Equation (2). In contrast to the opinion of Sugak et al., reduction-oxidation cycles are not
completely reversible processes due to possible Li oxide loss especially at higher temperatures and
in closely stoichiometric LiNbOj3, the latter being also much more resistant to reduction. Thermal
reduction was shown to increase off-stoichiometry which, in turn, leads to larger density [37,38],
quantitatively supporting Equation (2). All this gives full support to the cationic model of coloration
excluding any diffusion of oxygen in the bulk. A further argument for reaction (2) specifically in our
case is the expected higher density of Li-poor grain kernels, taken into account that they are produced
by mechanical pressing exerted by the vials.

3.4. Quantitative Determination of the Degree of Decomposition During Ball-Milling

The quantity of lithium oxide segregated at the particle surfaces during ball-milling was determined
by coulometric titration in the as-ground samples. No similar measurements were attempted for the
annealed samples since the Li;O has a fairly large volatility at the annealing temperature. All titration
curves exhibited a single neutralization step as the acid was produced in-situ by the current passing
through the cell. This indicates that the primary decomposition product was Li,O and no significant
amount of LiyCO3; was present, despite long storing times of several weeks in air elapsed after
grinding prior to the titration procedure. The presence of carbonate should have led to a two-stage
neutralization process, first leading to bicarbonate formation, but this was never observed. Although
the decomposition product detected by the Raman measurement was lithium carbonate, this is no
counterargument, as the Raman intensity of the various lithium-containing compounds may be very
different and hence, the sensitivity of the Raman measurement may not be comparable for the various
possible phases. The weight of dissolved Li,O (1mox) was calculated with the following equation:

mox = MQJ2F 4

where M is the molar weight of Li;O, Q is the charge passed until the equivalence point, F is the
Faraday-constant (96485 C/mol), while the number in the denominator indicates that the hydrolysis
of 1 mol of Li;O results in 2 mols of hydroxide ions. Four measurements were performed for each
batch ground in different vials. The measured Li;O mass ratios woy, expressed as weight percent of the
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as-ground powder are given in Table 3. The uncertainty of the measurements is given as the standard
deviation of the consecutive titration results.

Table 3. Measured and estimated parameters of the nanocrystalline LINbO3 samples ground in different
vials. The weight of the Li,O segregate was measured by titration before annealing, while the LiNb3Og
shell crystallized only upon annealing.

100wox LizO in R Mean rMean Grain ~ WINLiND3Os 5 © 4 0 Shell
Sample As-Ground Particle Radius, XRD Shell Thickness
( ‘?Vaelitg})ll;/s) Ra;:l;;s), BLS (am) ** Th;;l;l)ess (am)
0
ALO-20 * 0.97 + 0.05 350 18.5 14.6 2.6
WC-5 1.05 +0.10 250 25.5 11.3 2.0
SS-5 1.52 +0.21 95 *** 27.5 6.2 1.1

* Alumina contamination neglected. ** Taken for convenience from Table 2. *** Smaller peak in the size
distribution neglected.

The total surface of particles in the sample is proportional to 1/R, where R is the average particle
radius as measured by DLS. The values of wox in Table 3 indeed increase monotonously with 1/R,
though a fully quantitative trend cannot be established. No similar trend related to the inverse grain
radius 1/r can be seen in the given range of r values obtained by XRD. These observations can be
understood if segregation mainly occurs on the outer particle surfaces where both Li;O and O, may
freely leave, giving rise to a niobium-rich layer. However, it is also possible that part of the newly
created surfaces, together with part of the Li;O formed, gets buried during later stages of milling and
cannot be dissolved for titration.

The quantitative determination of the lithium oxide loss enables us to estimate the thickness of
the lithium triniobate layer in the oxidized samples. We use a simplified model of compact, uniform,
spherical LN particles of unmodified composition covered by a uniformly thick LiNb3Og phase.
The shell thickness is calculated with the assumption that only the Li;O equivalent to this outer shell
could be dissolved and analyzed by titration.

From the reaction indicated in Equation (1) it follows that

nox = NLIN ®)

where 1 stands for the molar quantity of the relevant materials, while the indices OX and LTN refer
to the lithium oxide segregate and the lithium triniobate shell of the particles, respectively. For the
weight of the particle shell we obtain

mox = myrNn Mox/Mrrn (6)

where M is the molar weight. The weight ratio of the lithium oxide in the ground material, woy, is
as follows:

Mox

M @)

myN + mLTN(l + AA/;ILC_)[;)

MLTN

wox =

The weight of each particle component can be expressed with the geometric parameter of the
core-shell structure, d being the shell thickness and p the density:

4 4
mN = Z7(R - din)’pin ~ 37RpLN — 4R TNpLN )

murn ~ 4n(R - dirn) dprn ~ 4nR2dinprN )
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The higher order terms with respect to dyrn have been neglected since dimn < R. The weight ratio
of the lithium oxide is then

Mox
ALINPLIN §mg

Rpin +dionfpemn(1+ 32 ) - pin]

wox = (10)

Again, the dipn < R relation justifies the neglection of the second term in the denominator,
leading to
R piN Min
din = ——w 11
LN~ 3500 Mox 0¥ an
By assuming that the Li;O leaving the particle also forms a similar shell in the as-ground sample,
for the thickness of this shell we calculate

. PLiN Mox i durN (12)

d 4LIN
X pox M 5.6

where we take pox = pri,0 ~ 2.01 g/cm3, pLN = 4.65 g/cm3 and prn = 4.975 g/cm3 [39]. The values of
drrn and dox are also included in Table 3 and correspond to a layer thickness of at most a few unit cells.

The same amount of segregate (either Li;O or LiNb3Og), if spread evenly on all grain boundaries,
would result in a much thinner layer. Neither the corresponding LiNb3Og layer would be seen as XRD
peaks nor would the equivalent amount of Li;O be readily soluble due to its hindered accessibility.

This finding gives further support to our previous assumption that the processes described by
Equations (2) and (3) essentially occur on the outer surfaces. Accordingly, particle and grain size
reduction proceeds as long as surfaces freshly broken up during ball milling have enough time to
pile up a non-ferroelectric surface layer preventing them from stable recoalescing. Below a certain
size limit, depending on the detailed properties of the milling system, this becomes impossible as
recoalescence becomes too fast. The thickness of the outer segregate layer apparently has a narrow
range defined by a similar requirement of sufficient atmospheric contact of the polar surface.

The proposed formation of the core-shell structure would require direct experimental evidence.
However, the particle size achieved by the ball-milling process was too large for a direct transmission
electron microscopic study of the particles.

Finally, we remark that the given description corresponds to the surface-screening mechanisms in
ferroelectric thin films reviewed by Kalinin [40]. In particular, very similar processes seem to occur in
prospective lithium-ion batteries using LiNb3zOg as an anode material [41].

4. Conclusions

Nano-LN was prepared by ball-milling using a Spex 8000 Mixer Mill with different milling
parameters. The resulting particle size has a broad distribution in the range of a few hundred
nanometers. Five and 20 h of ball-milling resulted in mean grain sizes of about 60 and 40 nm,
respectively. Longer ball-millings do not decrease the particle size but only reduce the grain size.
a-Al,O3 contamination was found for the sample ground in alumina vial due to the chemically induced
abrasion of the vial and the balls during ball-milling. During the milling process the material suffers
partial reduction that leads to a balanced formation of bipolarons and polarons yielding gray color
together with Li;O segregation on the open surfaces. Upon high-temperature oxidation, the volatile
Li,O phase and the polarons get eliminated and the Li deficiency is accommodated by the formation
of a more stable LiNb3Og shell. Darker or brownish color appearing upon high-temperature reduction
is caused by the preferential formation of bipolarons. The Li,O loss was observed to increase with the
growing total surface of the particles. The average thickness of the non-ferroelectric surface segregate
corresponds to a layer of a few unit cells forming the passivating shell of the particles. These findings
provide a comprehensive explanation of the physicochemical behavior of the system during grinding
and annealing in different atmospheres.
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Abstract: We mainly investigated the effect of the valence state of photorefractive resistant elements
on the photorefractive properties of codoped crystals, taking the Zn and Mo codoped LiNbO;
(LN:Mo,Zn) crystal as an example. Especially, the response time and photorefractive sensitivity of
7.2 mol% Zn and 0.5 mol% Mo codoped with LiNbO3 (LN:Mo,Znjy ,) crystal are 0.65 s and 4.35 cm/]
at 442 nm, respectively. The photorefractive properties of the LN:Mo,Zn crystal are similar to the
Mg and Mo codoped LiNbOj crystal, which are better than the Zr and Mo codoped LiNbOj3 crystal.
The results show that the valence state of photorefractive resistant ions is an important factor for the
photorefractive properties of codoped crystals and that the LN:Mo,Zny ; crystal is another potential
material with fast response to holographic storage.

Keywords: lithium niobate; optical storage materials; photorefractive materials

1. Introduction

Volume holographic storage is a technology that can store information at high density inside a
crystal, which exploits the “inside” of the storage material, rather than only using its surface, resulting
in a massive increase in the capacity of the data storage. Lithium niobate (LN) crystal is an essential
material in many applications [1-5], such as surface acoustic wave, waveguides, volume holographic
storage, piezoelectric, pyroelectric, and integrated optics [6-9]. The performance of volume holographic
storage is particularly prominent [10-18]. However, there are still some problems in applying it to real
life. One of the critical issues is that the holographic response of existing bulk holographic materials is
not fast enough. The photorefractive performance of the LN crystal can be improved by using the
doping technique.

In 2012, the photorefraction of Mo-doped LN crystals was reported. T. Tian et al. found
that Mo®* doping promotes the photorefractive properties of LN crystals [19]. Then in 2013, they
studied fast UV-Vis photorefractive response of Zr and Mg codoped LiNbO3:Mo and found that
their experimental phenomena were very different [20]. To explore the effect of the valence state of
optical-damage-resistant ions on the properties of codoped crystals, in 2018, L. Zhu et al. investigated
into In and Hf codoped LiNbO3:Mo crystals [21,22]. They proposed that these crystals, likewise, can
improve the photorefractive properties of codoped LN crystals. Although Zr and Mg, In, Hf are
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elements with optical damage resistance in LN crystal, their effects on the photorefraction of LN:Mo
crystal are different. To further study the effect of the optical damage resistant on the photorefractive
properties of the codoped LN crystals, and explore the specific defect structure inside the crystal, we
chose Zn and Mo codoped LN crystals.

2. Materials and Methods

We grew crystals by using the Czochralski method. The raw materials used were Li;CO3, Nb,Os,
MoQO3, and ZnO with a purity of 99.99%. The Li/Nb ratio in the initial melt was 48.38/51.62. According
to the previous experimental results, it was found that 0.5 mol% Mo was superior in the monodoped
lithium niobate crystal, and the doping threshold of Zn was 7 mol%. So, the concentration we
chose of MoO3 was 0.5 mol%, and the concentrations of ZnO were 5.4 and 7.2 mol%, respectively.
For comparison, the congruent lithium niobate (CLN) and monodoped with Mo lithium niobate crystals
were also grown. The crystals were labeled as CLN, LN:Moy 5, LN:Mo,Zn; 4, and LN:Mo,Zn7 ;. Before
preparing polycrystals, these materials were thoroughly mixed and sintered. The conditions for crystal
growth were a pulling rate of 0.6 mm/h and a rotation speed of 14 r/min. The boules were about 4.0 cm
long and had a diameter of about 3.5 cm. The subsequent polarization was applied in the furnace,
with a polarization current of 30 mA for 15 min. The crystals were then cut into 3 mm and 1 mm-thick
plates after the annealing treatment, and optically polished in the y-face for optical measurement.

We measured the diffraction efficiency and response time of the crystals by the two wave coupling
holographic experiment as shown in Figure 1. Two writing beams of extraordinary light with equal
light intensity were employed to write the holograms, and their crossing angle was designed to be 30°
in air. The instruments used in the experiments were helium cadmium laser (442 nm), argon ion laser
(488 nm), and semiconductor solid state laser (532 nm and 671 nm). The total light intensities used
here were 250 mW/cm? for 442 nm, 400 mW/cm? for 488 nm and 532 nm, and 1200 mW/cm? for 671 nm.
The measured diffraction efficiency was defined as n = I;/(I; + I;), where I; and I} is the diffracted
and transmitted light intensities of the readout beam, respectively. The response time constant 7, and
the saturation diffraction efficiency 7s were deduced by fitting the function 1y = 1s[1 — exp(~t/ ’c,)]2
to the data. The photorefractive sensitivity [23] was defined as S = (d y/1/dt),_,/(IL), where I is the
recording intensity and L is the grating thickness. The UV-visible transmission spectrum of the crystals
was measured using a UV-4100 spectrophotometer (Hitachi Science and Technology, Tokyo, Japan) with
a range of 300-800 nm and a resolution of 1 nm/step. The measurement of the infrared spectrum was
carried out by A MAGNA-560 FT-IR spectrometer (Thermo Nicolet Corporation, Madison, America)
with a range of 4004000 cm ™! and a resolution of 2 cm™!/step.

Laser 7~

Detectorl Reflectorl

Shutter2 |

Sample ¢ Shutterl

Beam splitter

Shutter3

Detector2 Reflector2

Figure 1. The schematic diagram of the experimental two-wave holographic setup.

3. Results

3.1. Photorefractive Properties

Figure 2a—d show the typical curves of diffraction efficiencies for the LN:Mo,Zny, crystal as a
function of time at 442 nm, 488 nm, 532 nm, and 671 nm lasers, respectively. The saturation diffraction
efficiencies of the LN:Mo,Zny, crystal to each wavelength were 4.50%, 17.72%, 2.32%, and 0.19%,
respectively. From the figures, we can see that the diffraction efficiencies of the LN:Mo,Zny, crystal
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increased with the shortening of the wavelength, but the mutation occurred at 488 nm, where the
diffraction efficiency is four times that of 442 nm. The reason for this is probably due to the lower
power of the 442 nm laser, which was the maximum laser power in our lab. However, the crystal had
different responsiveness to each band. Among the lasers used in our experiments, especially in the
671 nm band, the required intensity was the highest.

The response times of the LN:Mo,Zny, crystal were 0.65 s, 3.57 s, 1.71 s, and 6.61 s under the
action of 442 nm, 488 nm, 532 nm, and 671 nm lasers, respectively. As the laser wavelength decreased,
the response time of the LN:Mo,Zny , crystal gradually decreased, but the response time at 488 nm was
about two times longer than the response time taken at 532 nm. The reason for this phenomenon is
likely to be related to its higher diffraction efficiency, so we used photorefractive sensitivity to reflect
the comprehensive photorefractive ability of the LN:Mo,Zny ; crystal.
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Figure 2. The diffraction efficiency of the 7.2 mol% Zn and 0.5 mol% Mo codoped with LiNbO3
(LN:Mo,Zny ») crystal versus time at (a) 442 nm, (b) 488 nm, (c) 532 nm, and (d) 671 nm laser, respectively.

Figure 3 shows the photorefractive properties of LN:Mo,Zn crystals at 442 nm, 488 nm, 532 nm,
and 671 nm laser wavelengths. For comparison, experimental data of CLN crystals is also included.
The saturation diffraction efficiency is depicted in Figure 3a, the response time in Figure 3b, and the
photorefractive sensitivity in Figure 3c. It can be seen from Figure 3a that the saturation diffraction
efficiency of the LN:Mo,Zn crystal was improved due to the addition of zinc. In particular, LN:Mo, Zn; »
had better performance in each band than other crystals and was more special at 488 nm. LN:Moy 5
crystal had the highest saturation diffraction efficiency. Moreover, for all doped samples, the saturation
diffraction efficiencies at 488 nm were higher than that at 442 nm. As shown in Figure 3b, the response
time of the codoped crystal was greatly shortened due to the incorporation of Zn. In order to obtain a
comparison of the crystals synthesis effects, we used the photorefractive sensitivity of the crystals to
analyze that. Figure 3c shows that the photorefractive sensitivity of all our crystals increased with
the shortening of the wavelength. When the zinc element exceeded the threshold, the photorefractive
sensitivity of the LN:Mo,Zn crystal in different bands was improved. The photorefractive sensitivity
of the LN:Mo,Zny7, crystal was significantly better than other crystals in each wavelength band.
The photorefractive sensitivity of the LN:Mo,Zny, crystal was 4.35 cm/J, 0.98 cm/], 0.74 cm/], and
0.02 cm/J at 442 nm, 488 nm, 532 nm, and 671 nm lasers, respectively. Compared with the data of
LN:Mo,Zr; 5 and LN:Mo,Mgg 5 in Reference [20] in the same wavelength, the zinc doping enhanced
the photorefractive properties of LN:Mo crystal, and its variation phenomena was the same as that of
LN:Mo,Mg crystals, and was opposite to LN:Mo,Zr crystals. This indicates that the valence state of
optical damage resistant ions plays a key role.
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Figure 3. (a) The diffraction efficiency, (b) response time, and (c) photorefractive sensitivity of
CLN, LN:Mog 5, LN:Mo,Zns 4, and LN:Mo,Zny, crystals at 442 nm, 488 nm, 532 nm, and 671 nm
lasers, respectively.

3.2. Spectral Analysis

The spectral characteristics of the crystals in different wavelengths can reveal the defect structure
of the crystals. We recorded the wavelength of the absorption coefficient at 20 cm™! as the absorption
edge of the crystal. From the inset of Figure 4a, the absorption edge of the LN:Mo,Zn; 4 crystal had
a blue-shift owing to the ZnO doping. The LN:Mo,Zny, crystal occurred a red-shift for its doping
concentration exceeding the threshold, but this move was very tiny. It can be seen from the UV-Vis
absorption difference spectrum of Figure 4a, which indicates the difference in absorption between the
test crystals and the CLN crystal, that the LN:Mo,Zn crystals have an absorption valley near 319 nm,
and their values were very close to the absorption edge of the LN:Mo,Zn crystal. According to X.
Li et al. research, the absorption edge of pure LN crystal is caused by the defect of lithium vacancy
(VLi7) [24]. Therefore, we speculate that the absorption valley was caused by V;~. There is a distinct
absorption peak near 330 nm and 480 nm, which is similar to the LN:Mo,Mg and LN:Mo,Zr crystals.
This is most likely due to the deep impurity level introduced by Mo ions. According to the existing
energy band information of the ABOj; ferroelectric crystal, we know that for LN crystals, the valence
band top is formed by the 2p orbital of oxygen, and the lowest layer of the empty conduction band
is provided by the 4d orbit of the transition metal Nb>* ions. Molybdenum ions and niobium ions
belong to transition metal ions and have a 4d orbital. When molybdenum ions are incorporated into
the LN crystal, its orbits will affect the bonding strength of the Nb-O bond, resulting in a change in the
band gap width of the LN crystal. The absorption band of the visible band indicates that there are
multiple energy levels in the band gap which contribute to the photorefractive processing.
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Figure 4. (a) UV-visible absorption difference spectra of LN:Mo, LN:Mo,Zn relative to CLN crystals,
and the inset shows absorption edges at 20 cm™!. (b) FT-IR transmission spectra of CLN, LN:Mo and
LN:Mo,Zn crystals.
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From the FT-IR transmission spectrum which is shown in Figure 4b, we can observe that in
the LN:Mo,Zn crystals, the main absorption peak of LN:Mo,Zn;, crystal appeared at 3527 cm™!,
the minor peak appeared at 3504 cm ™!, and the peak appeared at 3483 cm ™! in CLN, LN:Mogs and
LN:Mo,Zns 4. The absorption peak transferred from 3483 em™~! to 3527 em™!, which implies that the
Zn2* concentration in LN:Mo,Zny » crystal exceeded the threshold, the (Nbr;)** defects disappeared,
and the (Znyp)?~ appeared in the crystal.

To detect the defect structures inside the crystal, we analyzed the valence of Mo ions of LN:Mo,Zn; »
crystal by the X-ray photoelectron spectroscopy (XPS) [25]. As shown in Figure 5a, molybdenum ions
exhibited three valence states in the LN:Mo,Zny ; crystal, in which the combined peaks of 233.5 eV and
236.7 eV represent +6 valence, the peaks of 231 eV and 234.5 eV represent +5 valence, and the peaks of
229.3 eV and 232.5 eV represent +4 valence. As a comparison, the molybdenum element in the residue
of the crucible only showed a +6 valence state formed by two combined peaks of 232.6 eV and 235.7 eV
shown in Figure 5b. These results show that the valence states of Mo ions changed when they enter the
crystals, which lead to the generation of new defects.
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Figure 5. X-ray photoelectron spectroscopy of Mo in LN:Mo,Zny ; crystal (a) in the crystal and (b) in
the residue of the crucible.

3.3. Optical Damage Resistance Ability

We used the light spot distortion method to measure the optical-damage-resistance ability of
crystals. As shown in Figure 6, at the maximum laser power in our lab, we can observe that the
transmitted spots of the LN:Mo,Zny, crystal remained circular, under the effect of 671 nm laser,
when the light intensity was maintained at an intensity of 7.8 X 10* W/em? for 5 min. A similar
phenomenon occurred when under the action of the 532 nm and 488 nm lasers, the light intensities were
2.6 x 10° W/em? and 3.2 X 10° W/cm?, respectively. However, the transmitted spot of the LN:Mo,Zns 4
crystal was significantly stretched in the c-axis direction compared to the original incident one. This
performance broadens the range of applications for the LN:Mo,Zny crystal, allowing it to operate at
higher light levels. The above experiment shows that the LN:Mo,Zny; crystal not only has realized
itself as an excellent photorefractive material, but also a high-intensity-application crystal.
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Figure 6. The incident spots of (a) 671nm, (d) 532nm, and (h) 488nm lasers; (b,e,i) transmitted spots of
LN:Mo,Zns 4 crystals under the action of different color lasers; (c¢f,j) transmitted spots of LN:Mo,Zny »
crystal under the action of different color lasers.

4. Discussion

In the absorption difference spectrum of Figure 4a, we can observe that the absorption near 488 nm
is higher than other spectra in the visible band, which also confirms that it has higher diffraction
efficiency than other bands. Also, the apparent absorption peak near 330 nm indicates that there may
be a deep defect level here. Because of the low power of our laboratory 325 nm laser and the absence
of working laser of suitable wavelength, further research on deep defect level is needed.

The XPS studies reveal that the valence change of Mo ions occurs before and after entering the
LN:Mo,Zn crystal. In the process of crystal growth, the convertible Mo ions enter the crystal and are
isolated from oxygen, so they are not easily oxidized and present three valence states. On the contrary,
the Mo ions in the residue can come in contact with sufficient oxygen and be easily oxidized, so the
Mo ions in the residue only exist in the +6 valence state. According to previous reports [17], the Mo**
and Mo®* ions may occupy the Li sites (Moy;>*/4*), and Mo®" ions may occupy the Nb sites (Monp*)
severed as UV photorefractive centers. On the base of the lithium vacancy model, a large number of
intrinsic defects (such as Nby;**, small polaron, and bipolaron, etc.) limit the response time of the
crystal. Atlow concentrations, the molybdenum and zinc ions tend to occupy the Li position, which
could push the Nby ;#* out and shorten the response time. When the zinc ion concentration exceeds the
threshold, all the Nby;** were replaced and the Moy;3*/** were also substituted due to their higher
valence than +2 valence zinc ions and transferred to the Monp * ions. As the UV photorefractive center,
the Moy * ions may attract an electron from O%, which could further speed up the photorefraction
process [26]. However, for the +3 and +4 valence photorefractive resistant elements, the substitution
for the Moy ;>*/4* defect is weak. Thus, the valence state of the optical damage resistant elements may
be the critical factor determining the crystal properties.

As the main obstacle of the optical storage materials, the storage speed has been limiting the
commercial application of LN crystals. The response time and sensitivity of LN:Mo,Zn crystal was
optimized by the zinc codoping, compared with LN:Mo,Zr crystals, which is similar to the LN:Mo,Mg
crystals. These results confirm that the valence state of the optical damage resistant elements may
be the critical factor determining the crystal properties. Compared to the LN:Mo,Mgg 5 crystals,
the response time in LN:Mo,Zny , crystals was several times longer than that of LN:Mo,Mgg 5 crystals
at the same wavelength. Especially with the shortening of wavelength, this gap was further widened.
We think this due to the individuality of the elements, such as the ionic radius, electronegativity,
outer electron configuration, etc. As it is well known, the conduction band is generally provided by
d electrons. For Zn2?* and Mg2+, Zn?* has d electrons, while Mg ions have no d electrons, which
results in a significant difference in the effect of the two on the crystal. Overall, the valence state of
the optical-damage-resistant elements and the individuality of the elements may be the main factor
determining the crystal properties.
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5. Conclusions

In summary, the LN:Mo,Zn crystals were grown with different concentrations and measured about
photorefractive properties. Through the experiments, we find that its photorefractive properties are
similar to those of LN:Mo,Mg crystals, but different from those of LN:Mo,Zr crystals, and the doping
of zinc can shorten the response time and improve the photorefractive sensitivity of the LN:Mo,Zn
crystal, especially 0.65 s and 4.35 cm/J at 442nm for the LN:Mo,Zny; crystal. It is indicated that the
valence state of ions has a significant effect on the photorefractive properties of crystals. The valence
states of Mo ions in crystal was identified by the XPS results, and the Monp,* and Moy ;3*/4* defects
were served as the photorefractive center for fast photorefraction. The experimental results show that
the LN:Mo,Zny; crystal can be used as another candidate material for holographic storage.
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