Showecasing research from Professor Kunfeng Chen’s
laboratory, Institute of Novel Semiconductors, Shandong
University, Jinan, China.

Black lithium niobate single crystal: influence of point
defects on its microwave properties

Lithium niobate piezoelectric crystal is widely used in various
acoustic and microwave devices. Black lithium niobate
crystals have different defect concentrations of bipolar,
lithium vacancy, anti-site niobium etc. These defects can

lead to lattice distortion and the formation of defect dipoles,
which affect dielectric loss of acoustic devices.
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Lithium niobate, as an important piezoelectric substrate material, is widely used in various acoustic
and microwave devices. When lithium niobate crystals are grown from a melt at high temperatures,
they typically contain a high concentration of intrinsic point defects. These point defects (either
intrinsic or related to impurities or external fields) often alter the material's physical constants and
increase acoustic losses. In this study, in order to study the effect of defects on the performance of
SAW devices, we prepared black lithium niobate crystals with different concentrations of bipolarons,
lithium vacancies, niobium anti-sites and other defects in an argon-hydrogen atmosphere. The types
and concentrations of defects in the blackened lithium niobate wafers at different reduction
temperatures were analyzed using UV-vis and IR spectroscopy. The chemical state of oxygen on the
surface of the sample was analyzed by XPS. Dual-port electrodes were fabricated on the samples
using micro-nano processing technology, and the relationship between the substrate dielectric loss
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and defects in lithium niobate was established through S-parameter testing. The results indicate that
the chemical reduction treatment increases the defects in lithium niobate, leading to lattice distortion
and the formation of defect dipoles, thereby increasing the dielectric loss of the devices. These
findings provide profound insights into defect engineering for the application of lithium niobate in
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1 Introduction

Lithium niobate single crystals are multifunctional
ferroelectric and piezoelectric crystals with a high Curie
temperature (1210 °C), high electromechanical coupling
coefficient, low dielectric loss, small temperature coefficient,
piezoelectric effect, etc. As a result, it has found extensive
application in optical, acoustic, and photoelectric devices.'™
The physical and chemical properties of lithium niobate
primarily depend on its microstructure, defects, composition
and size.®® In recent years, with the rapid development of
wireless communication technology, high frequency surface
acoustic wave (SAW) devices play a crucial role in modern
communication systems.”'® Compared with the commonly
used piezoelectric crystal quartz, lithium niobate crystals and
their films have a high sound velocity and can be used to
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prepare high-frequency SAW devices.""""> The stability of
SAWs results from a combination of thermal stability and very
low acoustic dissipation, as well as the temporal stability of
the substrate's physical and chemical properties. The acoustic
losses are highly dependent on the crystalline quality of
lithium niobate used, which is characterized by point and
extended defects, domains, impurities, etc."*™*> Most of the
point defects (intrinsic or related to impurities) of
piezoelectric materials induce variations of the physical
constants, of their temperature coefficients and, very often, a
noticeable increase of the acoustic and/or of the dielectric
dissipation.'®™®

Although chemically reduced lithium niobate wafers
(termed black lithium niobate) used for SAW devices have a
high conductivity and opaque color, which minimizes
pyroelectric effects and has a positive impact on the
lithography process, the chemical reduction process also
introduces many defects for lithium niobate. The existence of
defects directly affects the operating frequency, bandwidth,
substrate loss, temperature stability and other key
performance indicators of high frequency SAW devices.'**

Furthermore, various point defects of lithium niobate are
inevitably introduced during the preparation and use of the
device. These defects can affect the long-term frequency

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic diagram of S-parameter measurement of lithium niobate-on-wafer devices.

stability of microwave devices, i.e., SAW, bulk acoustic wave
(BAW), etc. Therefore, a deep understanding of the effect of
defects on the physical and chemical properties of lithium
niobate under various conditions is essential. In this study,
we used ultraviolet and infrared spectroscopy to analyze the
types and contents of defects in chemically reduced lithium
niobate wafers at different temperatures. Two-port
electrodes were prepared on black lithium niobate wafers
combined with micro-nano processing technology. The
S-parameters of the wafers in the frequency range of 0.1-1.7
GHz were tested, and the substrate loss values were
calculated. Finally, the relationship between defects and
lithium niobate substrate losses was analyzed, which lays a
foundation for its application in acoustic and microwave
devices.

2 Experimental section
2.1 Synthesis of black lithium niobate

X-cut lithium niobate wafers (10 mm x 10 mm x 0.5 mm,
Guangzhou Zetian Electronics Co. Ltd.) were ultrasonically

treated in acetone (AR, Tianjin Komiou Chemical Reagent
Co. Ltd.), ethanol (AR, Tianjin Fuyu Fine Chemical Co. Ltd.)
and deionized water successively to remove impurities on the
surface of the wafers, and dried at 80 °C in an oven. Then
the X-cut lithium niobate wafers were chemically reduced at
400 °C, 500 °C, 600 °C and 700 °C in a 95% Ar + 5% H,
mixed atmosphere (heating rate: 10 °C min~", dwelling time:
2 h, cooled naturally).

2.2 Characterization of lithium niobate

Optical absorption was performed from 200 nm to 800
nm using a UV-vis spectrophotometer (UV-9000) with a
spectral resolution of 0.5 nm. The samples were
investigated by Fourier transform infrared spectroscopy (IR
Affinity-1S) with a spectral resolution of 0.5 cm™. The O
1s spectra of the samples were analyzed using X-ray
photoelectron spectroscopy (XPS, Thermo Scientific™ K-
Alpha™") with C 1s (284.8 eV) as the reference, and a
100 W Al Ko (hv = 1486.6 eV) X-ray source. The samples
were analyzed under vacuum (P < 10™® mbar) with a pass

Fig. 2 (a) Morphology of X-cut lithium niobate wafers at different annealing temperatures. Micrographs of the electrode structure on the lithium
niobate wafer at magnifications of (b) 5x and (c) 20x. (d) Schematic diagram of the electrode structure model on the lithium niobate wafer.
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Fig. 3 (a) UV-vis absorption spectra of LiNbOs untreated (25 °C) and treated at different reduction temperatures (400 °C, 500 °C, 600 °C, and
700 ©°C). (b) The corresponding absorption coefficient values at 1 = 500 nm for LiNbOs untreated (25 °C) and treated at different reduction
temperatures (400 °C, 500 °C, 600 °C, and 700 °C). (c) The band gap values of LiNbO3z untreated (25 °C) and treated at different reduction
temperatures (400 °C, 500 °C, 600 °C, and 700 °C), which are obtained by the intercept method. (d) Generation and relaxation of small polarons

in thermally reduced LiNbO3.28

energy of 150 eV (survey scans) or 50 eV (high-resolution
scans).

2.3 Two-port S-parameter measurement

Lithium niobate wafers untreated (25 °C) and treated at
different chemical reduction temperatures (400 °C, 500 °C,
600 °C and 700 °C) were spin coated with a 1 um thick
photoresist (AZ1500). Laser direct writing lithography
equipment (HEIDELBERG, MLA150) was used to engrave a
two-port electrode pattern with a period of 14.1 um (electrode
tooth width of 6.3 pm) and an electrode spacing of 15 um.
Then, a layer of chromium film with a thickness of 120 nm
was deposited on the wafer surface by magnetron sputtering.
Acetone was used as the stripping solution to remove the
photoresist to obtain the target electrode structure. Finally, a
vector network analyzer (VNA, KEYSIGHT-E5071C, frequency
range: 100 kHz-8.5 GHz) combined with a three-dimensional
inspection station was used to measure the S-parameters and
calculate its loss. The relationship diagram is shown in Fig. 1.

3 Results and discussion

To investigate the influence of point defects on the microwave
properties of lithium niobate single crystals, we prepared
blackened lithium niobate samples with varying defect
concentrations by chemical reduction at different
temperatures. As shown in Fig. 2a, compared to the untreated
wafer (25 °C), the blackness of the treated wafers deepens

3240 | CrystEngComm, 2025, 27, 3238-3246

with increasing reduction temperatures. Some studies suggest
that the darkening of lithium niobate is primarily due to
cation movement and the formation of small polarons/
bipolarons. The coloration behavior is more likely related to

bipolaron defects formed by niobium anti-sites.

3.1 Ultraviolet-visible spectroscopy

21-24

UV-vis absorption spectrum measurements were conducted on
lithium niobate treated at different chemical reduction
temperatures (400 °C, 500 °C, 600 °C, and 700 °C), where the
absorption coefficient o was calculated using the Lambert law:

I=1Ie ™

(1)

where I, is the initial light intensity, I is the light intensity
after passing through the sample, and d is the sample

thickness.*

Table 1 The band-gap value and the absorption coefficient at 1 = 500

nm of lithium niobate untreated and under different reduction
temperature treatments

Sample Band gap 500

25 °C 3.78 eV 9.47 cm™*
400 °C 3.76 eV 10.98 cm™*
500 °C 3.75 ¢V 15.73 cm ™"
600 °C 3.70 eV 29.97 cm ™
700 °C 3.50 eV 74.91 cm™*

This journal is © The Royal Society of Chemistry 2025
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The characterization results are shown in Fig. 3a. Lithium
niobate exhibits at least four different intrinsic small
polarons, which generate characteristic absorption bands in
the visible to near-infrared spectral range.>® For the untreated
sample, no significant absorption is observed in the entire
visible region, and the absorption edge starts at
approximately 320 nm. However, as the chemical reduction
temperature increases (within the range of room temperature
to 700 °C), the absorption edge of the treated samples
gradually shifts toward longer wavelengths, showing a
distinct red shift. This phenomenon is primarily attributed to
changes in the defect states of Nb anti-sites (Nby;).”” When
the treatment temperature exceeds 500 °C, the absorption
band significantly broadens with increasing reduction
temperature, and a characteristic absorption peak appears at
500 nm (2.5 eV), corresponding to stable polaron pairs
(Nby;*":Nby,*"), i.e., small electron bipolarons.
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Table 1 lists the absorption coefficients (as00) at 4 = 500
nm for the untreated sample and the samples treated at
different temperatures. Fig. 3b further illustrates the trend of
the bipolaron absorption band (o500) intensity with
increasing reduction temperature. It can be observed that the
intensity of the bipolaron absorption band significantly
increases with higher reduction temperatures, indicating that
the bipolaron concentration rises as the reduction
temperature increases.

In addition, the shift of the position of the absorption
edge is also related to the transition energy of the valence
electron from the 2p orbital of O*” to the 4d orbital of Nb®".
When the internal defects of lithium niobate crystals
increase, the internal electron orbital transition energy will
be reduced effectively.

We use Tauc's law and the transversal method to obtain
the band gap values at different temperatures, and the results
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Fig. 4 (a) Infrared absorption spectra of LiNbO3 untreated (25 °C) and treated at different reduction temperatures (400 °C, 500 °C, 600 °C, and
700 °C). Lorentzian multimodal fitting of the OH™ IR absorption spectra for LiINbO3z wafers (b) untreated (25 °C) and reduced at temperatures of (c)

400 °C, (d) 500 °C, (e) 600 °C, and (f) 700 °C.

This journal is © The Royal Society of Chemistry 2025
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are recorded in Table 1.2°73!

(ahv) = K (hv-Ey) (2)

As shown in Fig. 3c, the bandgap value of LiNbO; gradually
decreases with increasing reduction treatment temperature.
Consequently, the electrons on O>” ions require less energy
to transition from lower to higher energy states, resulting in
the absorption of lower-energy photons. This shows that with
the increase of reduction temperature, the internal defect
concentration of lithium niobate increases, and the lattice
disorder is enhanced, resulting in a redshift of the
absorption edge.

3.2 Fourier transform infrared spectroscopy

Hydrogen is present in nearly all ABO; compounds; it forms
an OH impurity complex and has an influence on the
chemical and physical properties and applications.** LiNbO;
crystals grown in air always contain protons and hydrogen
atoms in the amount of 10'°-10"® ecm™, bound to oxygen
atoms of Og octahedra by hydrogen bonds. The presence of
hydrogen atoms in the structure leads to the formation of
complex defects of the type V ;~OH and Nb;;-OH.>*

OH absorption spectra change with the varying Li
composition of the crystal, because OH  stretching vibration
is sensitive to the environment around H'. Thus, OH~
absorption spectra are frequently used as a probe for the
crystal composition and lattice defects that affect the
environment around H'. Deformation vibrations of OH
groups are supposed to manifest in the IR absorption spectra
of LN crystals in the 3450-3550 cm™" area.**°

The OH™ absorption spectra of lithium niobate in the
wavelength range of 3400-3550 cm™' at different
temperatures were characterized by Fourier transform
infrared spectroscopy; the full spectrum is shown in Fig. S1.}

Fig. 4a shows the relationship between the absorption
coefficient and the wavelength at different temperatures. As
can be seen from the figure, with the gradual increase of the
temperature, the absorption coefficient of the wafer also
gradually increases, but at 700 °C, the absorption coefficient
of the wafer drops and is similar to that at room temperature.
The diminishing of OH-peak intensities may have been
caused by the H-loss of the sample.

Through Lorentz multimodal fitting of the OH™
absorption spectra of lithium niobate wafers at different
temperatures (shown in Fig. 4b-f, and detailed data are
recorded in Table S1t), it is found that in all absorption
bands, the positions of the decomposition peaks are at
about 3466, 3481 and 3489 cm ', which are almost
constant. These peaks are labeled here A, B, and C,
respectively, in the order of wavelength from lowest to
highest. This is due to some non-stoichiometric related
defects (e.g., Nby; and/or Vi;) that interfere with hydroxyl
vibration.>”*® Among them, the 3466 cm™" infrared band is
only sensitive to the defects of isolated Vi; capturing a
proton; the 3481 cm™ and 3489 cm™* peaks are suggested

3242 | CrystEngComm, 2025, 27, 3238-3246
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to be associated with protons occupying intrinsic Vy; defects
near NbL-5+ 32,34,37
i
In addition, we used the intensity ratio between ~3466
em™ (I;) and ~3481 cm™ () to calculate the Li,O content in

the wafer at different blackening temperatures.>®>%*°
1 I
M =50- ——--1 (mol %) (3)
1.933 I,

where M is the content of Li,O in the sample in mol%. The
results are shown in Table 2. As the temperature increases,
the peak area at about 3466 cm™"' gradually decreases, and so
does the Li,O content. We calculate R using the M value [R =
M/(1 - M)], and Li/Nb = R.

Knowing the Li/Nb value, one can calculate the
concentration of point defects [niobium anti-sites (Nby;*")
and lithium vacancies (Vy;)] in the LN crystal. Using a Li-
vacancy compensation model, the concentration of Nby;*"
and Vy; point defects in mol% in a crystal lattice of nominally

39,40

pure LN crystals can be calculated with the formula:***"**
4-4xLi/Nb
CiVi)=|———F+ 100 1 % 4
C(Nbyy) = C(Vy)/4 5)

The calculation results are shown in Table 2. It can be
observed that when the temperature exceeds 400 °C, the
lithium content in the chemically reduced wafers decreases
with increasing temperature, while the number of Vi; and
Nb;; defects increases. This is due to the lithium Iloss
during the chemical reduction process, leading to the
formation of lithium vacancies. This drives Nb>" ions from
Nb sites to occupy Li sites, simultaneously forming a large
number of Nby;*" defects. To maintain charge neutrality,
each Nby*" requires four Vp; for charge compensation.

Table 2 Fitting peak strength, content of Li,O in the sample in mol% (M),
Li/Nb ratio, and concentration of Nb,_i4+ and V; defects of black lithium
niobate

Peak
Crest intensity
Sample number (cm™

M (mol%) R C(Vii)  C(Nbyy)

25 °C 0.166 49.718
0.304
0.151
0.263 49.723
0.492
0.250
0.278 49.710
0.496
0.294
0.322 49.691
0.540
0.368
0.178 49.688
0.296
0.158

0.98878 0.74940 0.18735
400 °C 0.98898 0.73602 0.18401
500 °C 0.98847 0.77015 0.19254
600 °C 0.98772 0.82035 0.20509

700 °C 0.98760 0.82838 0.20710

OmPrPOEP>POE>QE> O >
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Consequently, this inevitably leads to an increase in Vi; and
Nb anti-site defects, which is consistent with the red shift
of the absorption edge observed in lithium niobate after
reduction treatment.**>**

3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the most
widely used surface analysis techniques. It can be applied to
most solid materials, providing chemical state and valuable
quantitative information from the material's surface. It can
obtain information from a depth of approximately 10 nm
from the surface. Defects in materials alter bonding energies,
which can be observed through peak shifts or the emergence
of new peaks. Therefore, compared to defect-free materials,
XPS can serve as an effective method for detecting oxygen
atoms or unsaturated sites in defective materials. Therefore,
in order to explore the influence of different chemical
reduction temperatures on the surface oxygen state of the
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sample, XPS technology was used to analyze the surface of the
original sample and the samples treated with different
temperatures. All peaks would be calibrated with the C 1s
peak binding energy of 284.8 eV for adventitious carbon, and
then the O 1s electron spectrum was fitted by the Gauss-
Lorentz function mixture. The result is shown in Fig. 5. There
are three fitting peaks in the O 1s electron spectrum.

Among them, the decomposition peak (O;) near 530 eV
corresponds to lattice oxygen, and the decomposition peak
(O3) near 530 eV corresponds to adsorbed oxygen. However,
in most literature studies, the decomposition peak near 531
eV is attributed to oxygen vacancies.””™*® Most of these
studies only assume the presence of oxygen vacancies without
sufficient evidence and do not consider the reversible phase
separation/formation of Li,O or the depletion of Li,O on the
surfaces. Due to this phase separation, without carefully
monitoring the terminating surfaces, it is impossible to
distinguish the oxygen movement in one direction from the
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Fig. 5 (a) The O 1s electron spectra of LiNbO3 wafers untreated at 25 °C and treated at different reduction temperatures: (b) 400 °C, (c) 500 °C,
(d) 600 °C, and (e) 700 °C, fitted using a Gaussian-Lorentzian mixed function. (f) Plot of the O, concentration ratio on the surface of LiNbOz
crystals untreated at 25 °C and treated at different reduction temperatures (400 °C, 500 °C, 600 °C, and 700 °C).
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lithium movement in the opposite direction. A telling piece
of evidence here is that in one experiment, the electrical
conductivity values obtained using oxygen-specific electrodes
on both sides of the sample, and those obtained using
lithium-specific electrodes in another experiment, are of a
similar order of magnitude.*’

Moreover, the nature of the decomposition peak near 531
eV may be slightly different from that in other oxides. This
might be because of oxygen atoms with different, weakly
frustrated bonds on the internal surfaces or near-surface
regions of Li,O segregates. Alternatively, this could represent
the depletion of oxygen near the surface of the sample. For
this reason, in this paper, the decomposition peak near 531
eV is referred to as the surface state oxygen (O,) of the
sample. The concentration of the surface state oxygen of
LiNbO; after treatment at different reduction temperatures
was calculated based on the peak area ratio [0,/(0; + O, +
0O;)]. The measurement error of the peak area is 5%. As
shown in Table S2,;f with the increase in the treatment
temperature, the concentration of the surface state oxygen of
LiNbO; increases.

3.4 S-parameter measurement

A vector network analyzer is used to perform S-parameter
two-port testing under small-signal power in the frequency
range of 0.1 GHz to 1.7 GHz with a step size of 1 MHz. Fig.
S2-S41 show the relationship between S-parameters,
impedance, admittance, and frequency. Among them,
impedance and admittance are reciprocal to each other. The
microwave dielectric losses of the samples, both untreated
(25 °C) and treated at different reduction temperatures (400
°C, 500 °C, 600 °C, and 700 °C), were calculated using the
S-parameters.”® The calculation error is +0.01 dB.

L=1-|Su|* - |Sul® (6)

As shown in Fig. 6a, at the same temperature, the
microwave dielectric loss of the LiNbO; substrate increases
with increasing frequency. To more intuitively observe the
relationship between the substrate dielectric loss and
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different reduction temperatures, we selected five frequency
points (0.1 GHz, 0.5 GHz, 1.0 GHz, 1.5 GHz, and 1.7 GHz) for
comparative analysis. The results are shown in Fig. 6b. As the
chemical reduction temperature increases, the substrate loss
of the treated LiNbO; also increases. For example, at 0.1
GHz, compared to the untreated LiNbO; substrate, the
substrate loss increases from 0.0022 dB to 0.0263 dB when
the temperature reaches 700 °C. Table S3f provides more
detailed data. Additionally, as clearly shown in Fig. S3,
which depicts the relationship between impedance and
frequency, at certain frequencies (e.g., 1 GHz or 1.5 GHz), the
higher the chemical reduction temperature, the greater the
impedance and, consequently, the greater the dielectric loss.

The microwave dielectric loss includes intrinsic and
extrinsic losses, which are closely related to the type and
concentration of defects. Intrinsic losses are primarily
attributed to phonon scattering or defect-related anharmonic
vibrations, while extrinsic losses are mainly influenced by
secondary phases, oxygen vacancies, grain size, and
densification or porosity. Based on our previous results, after
chemical reduction treatment, the concentrations of defects
such as bipolarons, Vy; and Nb;; increase with higher
reduction temperatures, and the electrical conductivity also
increases. We speculate that the increase in dielectric loss
may be due to the increased defects of LiNbO; after chemical
reduction treatment, which cause lattice distortion. These
defects form defect clusters or defect dipoles, hindering
signal transmission and thereby increasing the dielectric loss
of the device. The lattice distortion-induced disorder is
primarily caused by two types of point defects: Vi; and Nby;*".
These point defects may aggregate to form defect clusters,
which further influence the dielectric loss."® At low
frequencies and microwave bands, defect dipoles associated
with substitutional ions also cause dielectric relaxation,
leading to an increase in dielectric loss with higher
substitution levels.”">*

4 Conclusions

In summary, we prepared blackened LiNbO; wafers at
different reduction temperatures in an argon-hydrogen
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Fig. 6 (a) The relationship between the substrate loss of on-chip LiNbOz devices and frequency in the range of 0.1 to 1.7 GHz for untreated and
treated samples at different reduction temperatures. (b) The substrate loss of on-chip LiNbOz devices at frequency points of 0.1 GHz, 0.5 GHz, 1.0
GHz, 1.5 GHz, and 1.7 GHz for untreated and treated samples at different reduction temperatures.
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atmosphere and fabricated dual-port electrodes on them for
microwave performance testing. The results show that as the
chemical reduction temperature increases, more defects such
as bipolarons, lithium vacancies, Nb anti-sites, and oxygen
vacancies are generated in the samples. These defects reduce
the internal electron transition energy, leading to an increase
in lattice disorder, a red shift in the absorption edge, and a
decrease in the bandgap. Furthermore, the presence of these
defects affects the microwave dielectric loss of the LiNbO;
substrate. As the chemical reduction temperature rises, the
defect concentration in the treated samples increases,
forming defect clusters or defect dipoles, which cause lattice
distortion on the sample surface and result in higher
dielectric loss. These findings provide valuable insights into
the structural evolution and performance changes of defects
in LiNbO;-based microwave devices. In future work, we will
continue to build on this foundation and further investigate
the precise quantitative impact of each type of defect on
device performance, aiming to meet the evolving demands of
high-frequency acoustic devices.
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