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Ferroelectric domain engineering of Lithium
niobate
Jackson J. Chakkoria1,2†*, Aditya Dubey1,2†, Arnan Mitchell1,2 and
Andreas Boes2,3,4

Lithium niobate (LN) has remained at the forefront of academic research and industrial applications due to its rich materi-
al properties, which include second-order nonlinear optic, electro-optic, and piezoelectric properties. A further aspect of
LN’s versatility stems from the ability to engineer ferroelectric domains with micro and even nano-scale precision in LN,
which provides an additional degree of freedom to design acoustic and optical devices with improved performance and is
only  possible  in  a  handful  of  other  materials.  In  this  review paper,  we provide  an  overview of  the  domain  engineering
techniques developed for LN, their principles, and the typical domain size and pattern uniformity they provide, which is
important for devices that require high-resolution domain patterns with good reproducibility. It also highlights each tech-
nique's benefits,  limitations,  and adaptability  for  an application,  along with possible improvements and future advance-
ment prospects. Further, the review provides a brief overview of domain visualization methods, which is crucial to gain in-
sights into domain quality/shape and explores the adaptability of the proposed domain engineering methodologies for the
emerging thin-film lithium niobate on an insulator platform, which creates opportunities for developing the next genera-
tion of compact and scalable photonic integrated circuits and high frequency acoustic devices.

Keywords: lithium niobate; ferroelectric; domain engineering; lithium niobate on insulator; domain visualization; periodic
poling; quasi-phase matching; acoustic
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Introduction
Lithium  Niobate  (LN)  is  a  synthetically  grown  crystal,
with its origins traced back to 1928 when it was first syn-
thesised  and  characterised  by  Zhachariasen1.  Later,  in
1965,  Ballman2 achieved  a  breakthrough  by  successfully
cultivating  large,  single  crystals  with  excellent  homo-
geneity  while  employing  the  Czochralski  technique  for
growth. Nassau3 and other researchers further propelled
the exploration of LN's material properties in 1966. Since
its early development, LN has evolved into a remarkably

compelling  and  well-established  material,  finding
widespread  utility  across  an  extensive  range  of  optical
and acoustic applications.  This wide usage of LN in nu-
merous applications can be explained by its rich array of
material  characteristics,  exhibiting  strong  pyroelectric,
piezoelectric,  electro-optic,  photorefractive,  acousto-op-
tic,  photovoltaic,  and  nonlinear  optical  properties4−10.
Furthermore,  LN  has  a  wide  optical  transparency  win-
dow (350 nm to 5 μm)11,12 , providing the means to utilise
the  attractive  material  properties  over  a  wide  spectrum, 
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which  has  enabled  record-breaking  experimental
demonstrations  in  fundamental  science12.  LN’s  maturity
has  also  enabled  many  commercial  LN  devices,  such  as
acoustic frequency bandpass filters for mobile communi-
cations13 and high-speed electro-optical  modulators that
helped to underpin the Internet14.

A  material  property  that  distinguishes  it  from  many
other  acoustic  and optical  materials  is  that  it  is  possible
to invert the spontaneous polarization of the crystal with
mature  methods  that  offer  excellent  spatial  resolution,
while  the  inverted  ferroelectric  domains  are  stable  over
the long term. The local inversion of the crystal's sponta-
neous polarization is also referred to as ferroelectric do-
main  engineering  or  simply ‘domain  engineering’.  LN
crystals that have a periodic domain pattern are also of-
ten  referred  to  as  periodically  poled  LN  (PPLN).  Being
able  to  domain  engineer  LN  is  very  attractive  as  it  pro-
vides  an  additional  degree  of  freedom  for  designing
acoustic  and  optical  devices.  For  example,  periodically
poled  LN  can  be  used  in  acoustic  devices  to  generate
monolithically  uniform  phononic  crystals15 or  for  the
generation  of  acoustic  waves  with  simple  coplanar  elec-
trodes16.  In optical applications, periodically poled LN is
often  used  to  quasi-phase  match  different  wavelengths
and/or modes to enable efficient nonlinear optical inter-
action, for example, for second harmonic generation17.

In  the last  few years,  LN has  attracted renewed inter-
est, particularly from the integrated photonic communi-
ty, due to the commercial availability of thin-film LN on
insulator (LNOI). This integrated photonic platform has
sparked  a  renaissance  in  exploiting  the  optical  material
properties  of  LN  as  it  enables  low-loss  optical  waveg-
uides  with  much stronger  confined  optical  modes  com-
pared  to  the  traditional  diffusion-based  waveguides  in
bulk LN12,18,19, enabling more compact and complex inte-
grated optical devices with more than an order of magni-
tude  improved  nonlinear  optical  efficiencies20−22 and
more  efficient  and  faster  electro-optical  modulators23−25.
In  LNOI,  ferroelectric  domain  engineering  also  plays  a
crucial role in designing optical circuit components.

This  renewed  interest  in  lithium  niobate  sparked  by
LNOI is the primary motivation for this review, provid-
ing a comprehensive summary of the many different fer-
roelectric  domain  engineering  methods  that  have  been
developed  for  LN  over  the  past  decades  and  to  assess
their  suitability  for  the  LNOI  platform.  The  review  pa-
per is structured as follows: Section Lithium niobate crys-
tal properties highlights the material properties of lithium

niobate  (LN)  crystals.  Section Visualization  of  domain
pattern provides an overview of the different methodolo-
gies  for  visualizing  ferroelectric  domain  patterns  in  LN.
Section Domain engineering methods outlines diverse do-
main engineering techniques. Section Applications of do-
main  engineered  LN comprehensively  addresses  the  ap-
plications  of  domain-engineered  LN.  An  outlook  and
summary  with  future  perspectives  are  presented  in  Sec-
tions Outlook and Summary. 

Lithium niobate crystal properties
LN’s  many  attractive  material  properties  and  the  ability
to  ferroelectrically  domain  engineer  LN  are  closely
linked to its crystal structure26. An overview of LN’s crys-
tal  structure,  how  LN’s  crystal  structure  changes  when
the  spontaneous  polarization  is  inverted,  and  the  influ-
ence of doping and defects is provided in this section. A
detailed  description  of  LN  crystal  properties  can  be
found in ref.27,28. 

Crystal structure
LN’s  crystal  structure  was  first  described  in  the  mid-
1960s by Abraham et al. at Bell laboratories with data ob-
tained from various characterization methods such as X-
ray  diffraction29 and  neutron  scattering30.  They  found
that LN exhibits a Trigonal (Rhombohedral) crystal sys-
tem below the Curie temperature (Tc ~1145 °C) and that
it belongs to the R3c space group with threefold symme-
try about the polar axis (c-axis or optical axis)31. LN is al-
so known as oxygen octahedral ferroelectric since six oc-
tahedral are stacked, which share close-packed planes to
form  a  unit  cell  and  exhibit  ferroelectric  properties32,33.
Above  the  Curie  temperature,  LN  belongs  to  the −3  m
point group and behaves as a paraelectric material.

The phase transition in LN is caused by the slight dis-
placement of the Nb cation from the center of the octa-
hedron to an asymmetric position (displacement is 0.258
Å at room temperature,  1 Å=10−10 m) and displacement
of Li (0.690 Å) from the octahedron, as illustrated in Fig.
1(c).  The  displacement  of  cations  gives  rise  to  a  perma-
nent  dipole  moment  (spontaneous  polarization)  within
the  crystal  and  ferroelectric  properties  below  the  Curie
temperature. The cations of LN crystal are arranged in a
particular order in the octahedron as Li, Nb, Vacancy, Li,
Nb, Vacancy, …. along the Z-axis,  as can be seen in Fig
1(c).  The  non-centrosymmetric  crystal  structure,  which
causes the permanent dipole moment, gives rise to LN’s
interesting χ(2) material  properties  as  well  as  its  negative
uniaxial birefringence (ne<no). 
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Domain inversion
The ferroelectric crystal properties of LN36 permit the in-
version of  its  spontaneous polarization (Ps)  in a  process
known as domain inversion. The different methods that
can  be  used  for  achieving  domain  inversion  in  LN  are
described  in  Section Domain  engineering  methods.  The
commonality of the different domain inversion methods
is that an electric field is either being applied to the crys-
tal  by  using  external  sources  or  being  generated  within
the  crystal,  where  the  electric  field  is  aligned  along  the
polar axis (c or Z) of the LN crystal in the opposite direc-
tion  and  with  a  field  strength  higher  than  the  coercive
field  of  LN.  The  coercive  field33 can  be  described  as  the
electric  field strength required to invert  the polarization
of a ferroelectric material. In LN, the inversion of the fer-
roelectric  domain  results  in  an  inversion  of  the  dipole
moment  i.e.,  the  spontaneous  polarization  (Ps)28 with  a
180° phase shift and formation of a domain wall to sepa-
rate two areas with opposing dipole moments. Only two
polarization  states  can  exist  in  LN28.  The  direction  of
spontaneous  polarization  changes  when  the  niobium
cation in the octahedron is displaced to a new asymmet-
ric  position,  and  the  lithium  cation  undergoes  a  more
significant transition and moves to the next, vacant octa-
hedron through the closed-packed oxygen plane28. An il-
lustration  of  the  crystal  structure  before  and  after  do-
main inversion is given in Fig. 2. In LN, domains typically

grow in hexagonal cross-sections in the X-Y plane,  with
the domain walls having a preferential axis that tends to
orient along the Y-axis. Such anisotropic domain propa-
gation of domain walls can be utilized by patterning the
electrode parallel to the Y-axis for better control over the
domain pattern28,37. 
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Fig. 1 | (a) Top view of the relative arrangement of oxygen atoms about the Li and Nb atoms in LN, corresponding to the sequence of the unit

cell. (b) Side view illustration of the LN unit cell crystal structure. (c) The relative position of the cations (Li and Nb) in the crystal structure in rela-

tion to  the oxygen plane is  represented by black lines.  The dashed lines indicate the center  position between two oxygen planes.  Figures re-

drawn from: (a) ref.34, CRC Press ; (b, c) ref.35, Elsevier.
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Fig. 2 | (a, b)  Movement of the Li and Nb ions during domain inver-

sion. The Nb ions undergo a small displacement within their oxygen

octahedrons,  whereas  the  Li  ions  undergo  a  larger  displacement

through  the  close-packed  oxygen  planes  into  the  adjacent,  vacant

oxygen octahedrons. Figure redrawn from ref.33, Annual Reviews.
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Defects and doping
The LN composition can have a significant influence on
the domain inversion process. The most widely used LN
composition  is  congruent  LN  or  CLN  (i.e.,  ~Li-48.45%
and ~Nb-51.55%)28, which is grown out of a melt by the
Czochralski  method2,  and  allows  the  growth  of  LN
wafers  with  diameters  of  up  to  150  mm.  Advancements
in  the  crystal  growth  technique  by  using  Double  Cru-
cible Czochralski growth (DCCZ) paved the way for the
realization of near stoichiometric LN or NSLN (i.e., ~Li-
50%  and  ~Nb-50%)32.  The  composition  difference  in
CLN and near NSLN has a strong influence on the vari-
ous  material  properties,  but  arguably  the  most  impor-
tant one for domain engineering is the coercive field Ec,
which is around 21 kV/mm in CLN, while in NSLN it is
4  kV/mm33.  This  means  the  electric  field  required  to
cause  domain  inversion  is  about  a  factor  of  5  lower  in
NSLN  compared  to  CLN.  It  should  also  be  noted  that
CLN  can  be  doped  with  materials  such  as  MgO  and
ZnO28,38,  which  can  occupy  the  vacancies  caused  by  de-
fects,  resulting  in  similar  material  properties  to  NSLN,
such as the reduction in the coercive field strength when
compared to CLN. This highlights that it is important to
consider the LN composition in the domain engineering
process. 

Visualization of domain pattern
In  this  section,  we introduce  methods  used for  visualiz-
ing ferroelectric domain patterns in LN crystals.  Visual-
izing the domain pattern is required to assess the invert-
ed domains' quality, for example, when the domain engi-
neering process (Section Domain engineering methods) is
being optimized. Each domain visualization method has
its advantages and disadvantages, and considerations for
choosing  the  most  suitable  method include  the  imaging
speed,  resolution,  in-situ  or  ex-situ  and  whether  the
method is invasive or non-invasive to the LN crystal. The
domain visualization methods introduced in this section
are  selective  chemical  etching,  piezoresponse  force  mi-
croscopy (PFM), second harmonic generation (SHG) mi-
croscopy,  electro-optic  imaging  microscopy  and  polar-
ization microscopy. It is important to note that this is not
an  exhaustive  list  of  domain  visualization  methods  but
represents some of the most commonly used ones for LN
crystals. 

Selective chemical etching
Selective chemical etching of LN crystal faces is a method

that translates the ferroelectric domain pattern into a to-
pography, which then is imaged by methods such as op-
tical  microscopy  and  scanning  electron  microscopy
(SEM).  An  example  of  the  process  flow  for  visualizing
domain patterns can be seen in Fig. 3, where the distinc-
tive  etch  rates  of  the  +Z and −Z faces  of  LN  reveal  the
domain  pattern  of  a  periodically  poled  LN  sample.  Dif-
ferent etchants have been investigated for their differen-
tial  crystal  facet  etching rates,  including mixtures of  hy-
drogen  peroxide  (H2O2)  and  sodium  hydroxide
(NaOH)39,  hydrofluoric  acid28 (HF)  with  potassium  hy-
droxide  (KOH)28,39,  HF  acid  with  potassium  perman-
ganate  (KMnO4)28,39,  HF  acid  with  nitric  (HNO3)40 and
‘pure’ 48% HF. For Z-cut LN, their study revealed that in
each case,  the +Z face remained unetched,  while  the −Z
face was etched (e.g., the etch rate of the −Z face is ~0.8
µm/h  in  48%  HF  at  a  room  temperature).  Selective
chemical etching can also be used for translating the do-
main pattern of Y-cut  LN crystals  into a  topography,  as
the Y faces  of  LN  possess  different  etching  rates.  Here,
the −Y face etches faster (~0.08–0.11 µm/h) than the +Y
face (~0.04–0.05 µm/h) when etched in pure HF at room
temperature41,42. LN’s X faces do not show signs of differ-
ential etching; as such, chemical etching is unsuitable for
translating  domain  patterns  into  a  topography  in X-cut
LN  samples.  The  differential  etching  of  the  LN  crystal
facets  is  speculated  to  be  caused  by  surface  protonation
with  an  observation  that  fluorine  ions  (negatively
charged)  diffuse  preferentially  into  the  +Z face  of  LN
crystals  compared  to  the −Z face,  where  the  etching  is
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Fig. 3 | (a)  Illustration  of  the  domain  visualization  process  using  se-

lective  chemical  etching.  (b)  Periodically  poled  bulk  LN  (Z-cut)

viewed  under  an  optical  microscope.  (c)  Image  of  etched  LNOI  (X-

cut) sample observed with an SEM.
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faster  due  to  easier  absorption  of  positively  charged
proton28,43.

It  is  worth  noting  that  this  domain  visualization
method does  not  require  expensive,  sophisticated  imag-
ing  equipment,  and  domain  features  can  readily  be  im-
aged by standard optical microscopy. If  the domain fea-
tures  are  below  the  resolution  of  optical  microscopes,
higher-resolution imaging technologies such as SEM can
be  used.  Selective  chemical  etching  combined  with  mi-
croscopy  is  particularly  suitable  for  imaging  large  area
domain patterns and for assessing the uniformity of such
large  area  domain  patterns,  as  imaging  with  optical  mi-
croscopy  or  SEM  is  relatively  quick.  However,  it  is  im-
portant to note that selective chemical etching is an inva-
sive process that alters the surface of LN and can, there-
fore,  be  destructive  if  the  sample’s  surface  quality  is
important.

Selective chemical etching is also suitable for the visu-
alization of domain patterns in thin film LNOI. In Z-cut
and Y-cut  thin  films,  the  domains  can  be  imaged  from
the  top  right  after  the  differential  HF  etching,  which  is
not  possible  in X-cut  thin  films.  However,  the  domain
profiles in X-cut LNOI can also be imaged by forming a
cross-section via dry etching,  which exposes the crystal-
lographic Z-face,  followed  by  a  selective  chemical  etch-
ing process37. An example of such a cross-section can be
seen in Fig. 3(c). This method also provides insights into
depth of the inverted domains, which is an important pa-
rameter  impacting the  efficiency of  nonlinear  frequency

conversion in periodically poled waveguides. It should be
noted that the buffer SiO2 layer experiences a higher etch
rate compared to the -Z-face of the LN crystal, which can
cause under-etching of the LN thin-film. 

Piezoresponse force microscopy
Piezoresponse force microscopy (PFM) was first demon-
strated by Guenther et al. in 199244, allowing the non-in-
vasive imaging of ferroelectric domain patterns. PFM us-
es  a  standard  scanning  probe  microscope  operated  in
contact  mode  with  a  conductive  cantilever/tip.  In  this
method, a voltage is applied to the conductive cantilever
(see Fig. 4(a)),  causing a periodic deformation in the lo-
calized area on the LN surface due to the inverse piezo-
electric effect45,46. This periodic deformation or vibration
is  picked  up  by  the  cantilever.  When  the  cantilever  is
scanned from one ferroelectric domain (e.g., +Z face) to
another  (e.g., −Z face),  the  cantilever  will  experience  a
change  in  the  phase  of  the  vibration  signal  (180°  phase
shift),  while  the  amplitude  of  the  vibration  signal  re-
mains  the  same  (see Fig. 4(b)).  Thus,  one  can  use  the
phase  information  generated  by  the  PFM  technique  to
identify  a  change  in  crystal  polarization.  This  informa-
tion  can  be  used  to  create  an  image  of  the  domain  pat-
tern  when  a  raster  scan  is  performed  across  the  area  of
interest (see Fig. 4(c)). The small tip of the PFM enables
measurements of domain features with sub-micrometers
and  even  a  few  nanometer  dimensions  with  high
precision47−49.
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One of the drawbacks of this domain visualization tech-
nique is that it can be time-consuming to image domain
patterns  of  a  large  sample  due  to  the  limited  scanning
speed of the tip. One should also give importance to the
selection  of  the  conductive  tip  and  the  amount  of  ap-
plied voltage. PFM can also be used for imaging domain
patterns  on  all  crystal  faces  of  bulk  LN and  LNOI  sam-
ples47−50.  More information about this  domain visualiza-
tion  technique  can  be  found  in  the  review  article  by
E. Soergel45,46. 

Second harmonic generation microscopy
Second  harmonic  generation  (SHG)  microscopy  is  a
non-destructive in-situ 3-D visualization method to im-
age  ferroelectric  domain  patterns  or  domain  walls  with
high  resolution  by  using  scanning  optical  microscopy.
Here,  femtosecond light  pulses,  typically  in  the  near-in-
frared wavelength range, are tightly focused into the LN
crystal.  The  high  intensity  of  the  tightly  focused  light
pulses in the LN crystal results in the generation of a sec-
ond  harmonic  (SH)  signal,  which  is  either  collected  in
the backward or in a forward direction. Raster scanning
the focal spot and recording the SH signal is used to gen-
erate  an  image51,52.  In  transparent  samples,  detection  in
both  directions  is  possible,  whereas  in  thin  film  LNOI
samples with substrates such as silicon, the SH signal can
only  be  detected  in  the  backward  direction  due  to  the
non-transparent  properties  of  silicon  for  the  SH  wave-

length53.  One  can  distinguish  between  three  commonly
used operation modes of SHG microscopy, namely (i) in-
terference  SHG  microscopy,  (ii)  non-interference  SHG
microscopy, and (iii) Cherenkov SHG microscopy. In the
following, a brief overview of the methods is given.

In  the  interference  SHG microscopy53−55,  light  from a
high  peak-power  laser  (e.g.,  femtosecond  laser)  is  fo-
cused into the LN crystal by using a high numerical aper-
ture  objective.  The  high peak  power  of  the  pulse  gener-
ates a non-phase matched nonlinear optical second har-
monic  signal  in  the  LN  crystal,  which  propagates
collinearly  with  the  fundamental  beam  (see Fig. 5(b)).
The phase of the SH signal generated in the LN depends
on the crystal polarization, which means that two oppos-
ing  polarized  areas  produce  SH  signals  with  a  π  phase
shift.  As  the  phase  of  the  SH  signal  cannot  be  directly
measured,  interference  SHG  microscopy  uses  SH  light
generated in a reference nonlinear optic crystal to inter-
fere with the SH signal from the sample under investiga-
tion. The constructive and destructive interference of the
SH  signals  turns  the  phase  information  into  amplitude
information,  causing  opposing  polarized  areas  in  LN
crystals  to  appear  bright  or  dark  (see Fig. 5(c)),  which
can be used for imaging ferroelectric domain patterns in
LN crystals.

In non-interference SHG microscopy, no reference SH
light is used for imaging. Instead, the collinear SH signal
vanishes  when  a  focused  laser  pulse  is  scanned  across  a
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ferroelectric domain wall in LN. This drop in the SH sig-
nal  is  suspected to  be due to  the lower value of  the sec-
ond-order nonlinear coefficients caused by twisted crys-
tal  structure  near  the  boundaries53 (see Fig. 6(b, c)).  Re-
cent SH investigation also revealed that ferroelectric do-
main  walls  in  LN  give  rise  to  new,  rotated  tensor  ele-
ments with induced strain51, and such distortions in crys-

tal  structure  and  symmetry  in  the  vicinity  give  rise  to  a
different SH intensity response56,57.  The reduced SH sig-
nal can, therefore, be used to image domain walls, which
separate opposing polarized areas in LN crystals.

In Cherenkov SHG microscopy58−62 a non-collinear SH
beam  that  propagates  conically  at  an  angle  determined
by longitudinal phase matching (see Fig. 7(c)) is used for
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imaging  domain  walls.  This  conical  SH signal  is  known
as Cherenkov SHG, which is  only generated when there
is  a  spatially  modulated  nonlinear  susceptibility,  i.e.,  a
ferroelectric domain wall59,61.  An example of imaged do-
main  walls  using  Cherenkov  SHG  can  be  seen  in Fig.
7(d)59.  The  3D  domain  imaging  is  achieved  by  stacking
X-Y scans  recorded  at  different  depths  inside  the
medium60.

Non-interference  microscopy  images  reveal  domain
boundaries  as  dark  lines.  In  contrast,  interference  mi-
croscopy offers polarity distribution with phase informa-
tion,  clearly  distinguishing  opposite  domains  as  bright
and  dark  areas53,54.  While  both  methods  offer  compara-
ble  image  resolution,  interference  microscopy  requires
additional  optical  elements.  Cherenkov  microscopy,
however,  can  offer  more  detailed  insights  into  domains
deep  within  the  crystal  through  3D  imaging,  though  it
may require specialized equipment60. SHG microscopy is
an attractive method for imaging domain patterns in LN
as  it  offers  non-destructive,  high-resolution  imaging
even in  3  dimensions.  However,  it  should be  noted that
specialized  equipment  is  required  for  this  imaging
method and that the serial scanning process in three di-
mensions  can  be  time-consuming.  This  domain  pattern
imaging technique can be used to visualize domain pat-
terns in bulk LN crystals and in thin-film LNOI. In thin-
film  LNOI,  this  method  can  also  provide  information
about the depth of the inverted domains by analyzing the
intensity distribution of the reflected SH signal, which is
phase matched in co-propagation51.  Further, the two-di-
mensional  laser  scanning  approach  compatible  with  the
first  two  methods  would  allow faster  imaging  of  a  large
sample  area,  enabling  easy  characterization  of  domain

uniformity, such as variations in domain duty cycle over
the length of a long periodically poled crystal/waveguide. 

Electro-optic imaging microscopy and polarization
microscopy
Electro-optic  imaging  microscopy  is  a  simple  and  fast
method to image ferroelectric domains nondestructively
and  in-situ,  which  has  been  used  for  more  than  half  a
century.  In  this  technique,  the  LN sample  is  placed in  a
transparent  holder  that  allows  the  application  of  an  ex-
ternal  electric  field  to  the  LN  crystal  via  a  transparent
conducting  liquid,  such  as  saturated  KNO3 solution  or
saturated  LiCl  solution.  A  typical  setup  is  illustrated  in
Fig. 8(a). When an external electric field is applied to the
LN  crystal,  the  refractive  index  of  the  LN  changes  de-
pending on the crystal’s polarization, caused by the ten-
sorial  nature  of  the  electro-optic  effect.  This  causes  the
refractive  index  to  increase  in  one  domain  while  it  de-
creases in the opposing polarized domain, creating a re-
fractive  index  contrast  at  the  domain  wall.  The  index
contrast  at  the  domain  wall  causes  scattering  of  the
transmitted  light,  which  can  be  used  to  image  the  do-
main wall when the crystal holder is placed in an optical
microscopy  setup64,65.  This  domain  visualization  tech-
nique  can  also  be  used  to  image  domain  walls  after  do-
main reversal without applying an external electric field.
A  condition  for  this  to  work  is  that  the  domain  inver-
sion  process  occurs  at  low  temperatures,  close  to  room
temperature. In this case, the internal field in LN is suffi-
ciently  strong  to  cause  a  refractive  index  difference  be-
tween opposing polarized domains due to the electro-op-
tic  effect.  The  refractive  index  difference  at  the  domain
wall  causes  scattering  of  the  transmitted  light66.
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Annealing  the  poled  LN  crystal  removes  the  internal
field and refractive index difference between domains.
It  is  also  common to  add  cross-polarizers  to  the  optical
setup to form a polarization microscope, as illustrated in
Fig. 8(b). Adding cross polarizers can help to increase the
contrast and, therefore,  improve the imaging quality64,67.
While  the  electro-optic  imaging  microscopy  and  polar-
ization  microscopy  techniques  are  suitable  for  visualiz-
ing  domain  patterns,  as  shown  in Fig. 8(c),  the  resolu-
tion  of  this  domain  visualization  method  is  diffraction
limited46.  Furthermore,  it  should be noted that  both ap-
proaches  are  applied  in  transmission  mode,  which  re-
quires  transparent  samples  such  as  bulk  LN  wafers  or
thin-film LNOI samples with a silica buffer and LN han-
dle (substrate), as shown in Fig. 8(c). 

Summary of the domain visualization methods
In the previous sections, a brief overview of some of the
most commonly used domain visualization methods was
provided,  including  selective  chemical  etching,  piezore-
sponse  force  microscopy,  second  harmonic  generation
(SHG)  microscopy,  electro-optic  imaging  microscopy,
and polarization microscopy. While each method has ad-
vantages and disadvantages, in recent years, the SHG mi-
croscopy approach has widely been opted for visualizing
domains in the micrometer range due to its non-destruc-
tive,  good  image  resolution,  and  quick  imaging  at-
tributes.  This enables more flexibility in the domain en-
gineering  and  fabrication  of  periodically  poled  waveg-
uides.  In the following Table 1,  we provide a  brief  com-
parison of these domain visualization methods. 

Domain engineering methods
In 1962 Armstrong et al.68 proposed a theory for improv-
ing the nonlinear optical process of the second harmon-
ic generation by using stacks of crystals, where the crys-
tals have alternating orientations of the spontaneous po-
larization. While this can be achieved by carefully stack-
ing many crystal  sheets,  it  soon became unpractical  due
to  the  many  interface  reflections,  the  large  number  of
crystals  and the fragile thin crystal  sheets.  This motivat-
ed  the  search  for  alternative  methods  to  achieve  spatial
control  over  the  crystal’s  spontaneous  polarization,  giv-
ing birth to the field of domain engineering.
Over  time  numerous  methods  have  been  developed  to
invert the spontaneous polarization of LN. In the 1960s,
single  crystal  LN  was  grown  by  Czochralski
technique2,3,68,69,  which  shortly  afterwards  provided  the
means  to  grow  LN  crystals  with  control  over  the  direc-
tion of LN’s spontaneous polarization by using a temper-
ature  gradient  at  the  crystal-melt  interface  during  the
crystal  growth.  This  control  enabled  the  creation  of  tai-
lored  domain  patterns  during  the  crystal  growth
process3,70.  In  the  1980s,  post-growth  domain  inversion
was discovered caused by the diffusion of defects and/or
dopants  in  LN,  examples  include  LiO2 out-diffusion71

and Ti in-diffusion72. A breakthrough in the domain en-
gineering of LN occurred in the 1990’s when Yamada et
al.17 discovered that applying a strong electric field along
the  polar Z-axis  of  LN  crystal  can  cause  domain  inver-
sion  at  room  temperature,  thereby  establishing  a  more
convenient  domain  engineering  method.  This  domain
engineering  method  is  also  often  termed ‘Electric  Field

 

Table 1 | Comparison of visualization techniques.
 

Visualization technique Advantage Disadvantage

Selective chemical etching

• No sophisticated equipment required.
• Large areas can be imaged quickly.

• High resolution images possible when combined with
SEM.

• Invasive process that alters the surface of LN. Can be
destructive if the sample’s surface quality is important.

• Mainly 2D information of the domain can be recorded by
this technique.

Piezoresponse force
microscope

• Non-invasive technique.
• Features of nanometers can be measured.

• Serial process, not ideal for imaging large areas.
• Mainly 2D information of the domain can be recorded by

this technique.
• Specialized equipment required.

Second harmonic generation
microscopy

• Non-invasive technique.
• In-situ domain visualization possible.
• 3D visualization of domains possible.

• Quick 2D large area imaging through laser scanning
with good spatial resolution (~0.5–1 μm)49.

• 3D visualization is time consuming, but 2D visualization
is relatively quick.

• Specialized equipment required.

Electro-optic imaging and
polarization microscopy

• Non-invasive technique.
• In-situ visualization of domain possible.

• Large areas can be imaged quickly.
• Comparatively low-resolution images.
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Poling’ and  is  the  most  widely  used  domain  inversion
method  for  LN.  However,  the  requirement  to  achieve
high  spatial  resolution  and  good  control  over  the  do-
main growth has motivated the search for other domain
engineering  methods  such  as  atomic  force  microscopy
(AFM), light assisted poling (LAP), electron or ion beam
bombardment, direct laser writing, and 3D femtosecond
laser writing. The following sections provide an overview
of  some  of  the  most  used  domain  engineering  methods
for bulk LN and thin-film LNOI. 

Temperature mediated poling
When LN was first grown by the Czochralski or Bridge-
man  technique,  the  crystals  had  multi  domains  and  the
domain formation could not be controlled. To overcome
this  challenge  Nassau  et  al.3,70 introduced  three  tech-
niques  of  Czochralski  growth  to  achieve  single  crystal
and single domain LN crystals: (i) applying a weak exter-
nal electric field during growth (see Fig. 9(a)), (ii) apply-
ing  a  weak  external  field  during  the  reheating  process
and  (iii)  by  introducing  impurities  like  MoO33,70,  Yt73,
MgO74, Cr75, etc. into the melt mixture. In techniques (i)

and  (ii),  the  applied  external  electric  field  during  the
cooling  phase  (as  the  crystal  transitions  from  the  para-
electric state (above the Curie temperature) to the ferro-
electric state (below the Curie temperature)) ensures the
orientation of the crystal polarization. This is the case, as
the applied electric field is higher than the coercive elec-
tric  field  at  crystal  temperatures  just  below  the  Curie
temperature,  resulting  in  single  crystal  and  single  do-
main  LN  crystals.  In  technique  (iii)  no  external  electric
field  is  applied  to  the  crystal,  here  the  impurities  gradi-
ent  at  the  growth  boundaries  causes  an  electrically
charged layer, and this internal electric field can be high-
er than the coercive electric field at temperatures just be-
low the Curie temperature, enabling the growth of single
crystal and single domain LN crystals.

It  has  been  shown  that  by  modifying  the  above  tech-
niques,  one can achieve periodically poled LN crystals76.
For  example,  when  using  the  technique  (i)  in  which  an
electric field is applied during growth, one can obtain pe-
riodic  domains  in  LN  crystals  by  periodically  reversing
the direction of the applied external electric field during
the  growth  process.  The  spatial  period  of  the  inverted
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domain depends on the pull/growth rate and the square
wave frequency of the applied electric field.

Modifying  the  single  domain  growth  technique  by
placing  the  crystal's  growth  axis  (rotational  axis)  asym-
metrically to the temperature field can also generate peri-
odically poled LN crystals. This growth technique is also
known as off-center Czochralski  growth and is  illustrat-
ed in Fig. 9(b). The asymmetrically placed growth axis of
the  crystal  causes  periodic  inversion  of  crystal  polariza-
tion due to the periodic change in the temperature gradi-
ent,  growth rotation and impurity  concentration,  which
cause  a  periodic  change  of  the  internal  electric
fields73,74,77,78.  The  period  of  the  inverted  domain  is  con-
trolled by the pull/growth rate and the rotation speed.

One  of  the  drawbacks  of  the  introduced  methods  to
generate periodically poled LN crystals is the variation of
the inverted domain period. However, these domain en-
gineering  methods  are  attractive  for  the  mass  produc-
tion of bulk periodically poled LN crystals with larger pe-
riods, particularly for crystals thicker than 1 mm. Period-
ically  poled  LN  crystals  grown  by  the  above  methods
were successfully used for nonlinear optical applications
using quasi-phase matching (QPM)75,79. The feasibility of
applying  this  technique  for  domain  patterning  LNOI
could be in using the poled bulk crystals for the ion-slic-
ing process80 for the mass manufacturing of periodically
poled LNOI wafers. 

Defect diffusion
In the previous section, it was mentioned that an impuri-
ty or defect gradient can induce an internal electric field,
which  can  be  used  to  control  the  spontaneous  polariza-
tion of the LN crystal when it is grown out of the melt. In
this section domain engineering methods are introduced
that also rely on an internal electric field that is generat-
ed by defect gradients, however this time on a sample or
wafer level. The defect gradient is generated by carefully
controlling the environment of the LN crystal and heat-
ing the crystal  to elevated temperatures to drive the dif-
fusion  process  and  reduce  the  coercive  field  of  the  LN
crystal. In the following an overview is given for domain
inversion by (i) Li2O out-diffusion and (ii) Ti in-diffusion.
Domain  inversion  by  Li2O  out-diffusion  was  first  ob-
served by Nakamura et al.71,81. They discovered that sub-
jecting LN crystals to temperatures above 1070 °C in an
air or argon gas environment for an extended time peri-
od  results  in  domain  inversion  of  up  to  half  of  the  LN
thickness  due  to  Li2O out-diffusion.  The  domain  inver-

sion  process  starts  from  the  +Z face  of  the  crystal.  The
thickness  of  the  inverted  domains  depends  on  parame-
ters  such as  temperature,  heat  treatment duration,  cool-
ing  time,  and  gas  atmosphere81,82.  Later,  Rosenman  et
al.82,83 demonstrated  that  domain  inversion  can  be  con-
trolled by modifying the boundary conditions of the out-
diffusion process. They achieved this control by pressing
LN  crystal’s –Z faces  against  each  other,  creating  an
asymmetric out-diffusion condition.

Doping LN with metals like Titanium (Ti) is a widely
employed  method  for  generating  refractive  index  con-
trast  for  optical  waveguides  in  LN  crystals.  Miyazawa72

demonstrated that this process can also be utilized to in-
duce domain inversion in LN. A schematic illustration of
the process flow is shown in Fig. 10. In this technique, a
Ti  layer  is  deposited  on  the  +Z face  of  the  LN  crystal,
which  is  then  heated  in  a  furnace  with  airflow  for  5-10
hours at temperatures of ~1000 °C, followed by a gradu-
al cooling to room temperature.  Using this method, do-
mains with thicknesses of up to 10 µm have been demon-
strated72.  Miyazawa  and  Thaniyavarn  showed  that  do-
main  formation  by  Ti-diffusion  is  dependent  on  the  Ti
concentration,  diffusion  temperature,  and  time72,84−86.
This domain engineering technique is barely used nowa-
days  as  the  generated  domain  can  suffer  from  mi-
crodomain formation in the crystal, which can cause op-
tical  diffraction,  and  the  electro-optic  properties  of  the
crystal can also be degraded72.

Domain  engineering  by  using  defect  diffusion  has
been  demonstrated  in  bulk  LN  crystals.  It  has  yet  to  be
seen  if  it  is  feasible  to  use  this  technique  in  thin-film
LNOI, due to the high temperatures that are required in
the  process.  Furthermore,  other  domain  engineering
methods  may  provide  better  control  over  the  domain
formation process in thin-film LNOI. 

Electric field poling
Electric field poling is arguably the most commonly used
method  for  domain  engineering  LN.  One  can
distinguish  different  methods  of  electric  field  poling;
however,  they have in  common that  an external  electric
field, higher than the coercive electric field of LN, is ap-
plied  to  the  crystal,  causing  domain  inversion  at  room
temperature.  The  strong  external  electric  field  required
for inverting domains in LN crystal can be generated by
different  methods,  such  as  (i)  by  applying  an  electrical
potential  difference  between  a  pair  of  patterned  elec-
trodes  on  the  surface  of  LN  crystals,  (ii)  by  applying  a
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potential difference between a tip of an atomic force mi-
croscope and a surface electrode on LN crystals or (iii) by
depositing charges on the LN crystal surface by using an
electron or ion beam. The following sections describe the
three electric field poling methods in more detail. 

Patterned surface electrodes poling
In  bulk  LN, Z-cut  is  the  most  common crystal  cut  used
for electric field poling with patterned surface electrodes.
The preference for this cut can be explained by the ease
of  placement  of  the  patterned  surface  electrodes  on  the
polar faces of the crystal (see Fig. 11(a)), allowing the ap-
plication of  an electric  field along the polar Z-axis.  Two
types  of  electrodes  are  commonly  used  for  electric  field
poling:  (i)  patterned  metal  electrodes  (see Fig. 11)17 and
(ii)  liquid  electrodes  (such  as  a  LiCl  solution)87,  which
use  a  patterned  photoresist  as  an  electrically  insulating
layer to define the desired poling pattern88. In both cases,
a  high  potential  difference  is  applied  to  the  electrodes,
creating a strong electric field, which causes localized do-
main inversion when the applied field is above the coer-
cive  field  strength  of  the  crystal  (e.g.,  in  bulk  CLN,  the
coercive field is  ~21 kV/mm). The first  stage in domain
formation  is  nucleation,  where  each  individual  domain
has  a  single  starting  point  called  the  nucleation  site89.
Nucleation  occurs  exclusively  at  the  electrodes  and  the

nucleation  sites  are  typically  concentrated  along  the
edges,  as  illustrated  in Fig. 11(a),  caused  by  the  higher
electric field strength at the electrode edge. Furthermore,
the domain nucleation sites are more pronounced at the
positive  electrode.  The  nucleated  domains  propagate
along  the  polar  axis  to  the  other  side  of  the  LN  crystal
and  terminate  at  the  ground  electrode,  as  illustrated  in
Fig. 11(b) and 11(c). Afterwards, the narrow domains co-
alesce  underneath  the  electrode  (Fig. 11(d))  and contin-
ue  to  laterally  expand  (Fig. 11(e)),  which  can  cause  the
merging of the domains if the domain inversion process
is not stopped by reducing the applied electric field.

Various parameters impact the promotion of new nu-
cleation  sites  and  the  growth  of  the  domains.  These  in-
clude voltage strength, pulse duration, number of pulses,
and  rest  time  between  each  pulse.  Generally,  domains
tend  to  grow  more  quickly  with  an  increase  in  voltage
and continue the domain growth process and lateral ex-
pansion  (Fig. 11(e))  for  longer  pulse  durations.  Hence,
optimizing  the  strength  and  duration  of  the  voltage  ap-
plied  to  the  electrodes  to  control  the  domain  growth  is
essential.  One  of  the  biggest  challenges  in  domain  pat-
terning of bulk LN is suppressing lateral domain expan-
sion while achieving uniform in-depth inversion, partic-
ularly  for  short  domain  periods  (<4  µm)  when  a  stan-
dard LN crystal thickness of 500 µm is used90,91. In gener-
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al,  one  can  distinguish  between  two  different  electric
field  poling  strategies,  one  is  the  application  of  a  single
pulse  above  the  coercive  field  to  initiate  nucleation  and
domain  growth,  followed  by  a  voltage  value  below  the
threshold limit for domain stabilization, and the other is
the application of multiple short voltage pulses above the
coercive  field  to  achieve  uniform  domain  patterns92.  In
the case that pulses are used, a time delay is  applied be-
tween  the  pulses  to  reduce  the  heating  of  the  crystal,
which can cause undesired lateral domain expansion57,93.
With  careful  control  over  these  supply  parameters,  this
domain  engineering  method  allows  the  fabrication  of
uniform  domain  patterns  with  a  duty  cycle  close  to  the
desired value with high repeatability89.

In  thin-film  LNOI,  the  approach  to  achieve  domain
inversion  with  patterned  electrodes  is  similar  to  that  of
bulk  LN.  One  difference  is  that X-cut  LNOI  (see Fig.
12(l))  is  more  commonly  used  as  the  poling  electrodes
can be applied in a single fabrication step.  It  also allows
TE-guided  modes  in  the  patterned  waveguide,  utilizing
LN’s  strongest  non-linear  coefficient  (d33 =  26  pm/V)94.
For the poling process,  comb-shaped electrodes are pat-
terned on the thin-film LNOI surface, which are used to
apply electric field pulses along the polar Z-axis, causing
domain nucleation at the positive tips of the comb elec-
trode.  The  nucleated  domain  then  grows  toward  the

ground electrode, as illustrated in Fig. 12(a–d), when ap-
plied with a single long poling pulse. A similar poling ap-
proach can also be used for Z-cut LNOI (see Fig. 12(m)),
with  patterned  electrodes  located  on  the  top  surface  for
the application of  the  high voltage signal  and an unpat-
terned  electrode  underneath  the  LN  layer  acting  as  the
ground. The unpatterned electrode can be on the silicon
substrate wafer,  which has sufficient  conductivity.  Typi-
cally,  the LNOI sample is  placed on top of  a conductive
plate (such as Aluminium or Copper), acting as the elec-
trical ground. Conducting the poling process at elevated
temperatures  (~300  °C)  can  benefit  the  domain  growth
process  as  trapped charges  at  the  LN-SiO2 interface  can
more  readily  be  neutralized22,95.  Another  approach  to
avoid heating during poling involves evaporating a con-
ductive  thin  film  to  form  an  interjacent  electrode  be-
tween  the  LN  thin  film  and  the  substrate45,47.  This
conductive electrode film can be short-circuited with the
ground electrode. At the same time, the HV supply is ap-
plied  to  the  patterned  surface  electrodes,  where  the  do-
main can grow from the top surface and terminate at the
ground interjacent electrode.

Similar to bulk LN, the domain nucleation and growth
in  thin-film  LNOI  strongly  depend  on  supply  parame-
ters such as the applied voltage, pulse duration, rest time,
and  electrode  shape/material.  The  impact  of  these  sup-
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ply  parameters  on  domain  expansion  follows  a  similar
fashion. It is important to note that the coercive field in
thin-film  LNOI  is  comparatively  higher  (30  kV/mm)
than in  bulk  LN crystals,  which  might  be  caused  by  the
bonding  interface  between  the  thin-film  LN  and  silica
buffer layer, hindering domain inversion92.  Several stud-
ies  of  domain inversion in X-cut  LNOI showed that  the
shape of the electrode (e.g., utilizing a rounded electrode
tip or a sharp electrode tip) can be used to increase and
tailor the electric field at the electrode tip, which is an ad-
ditional  degree  of  freedom  difficult  to  realize  in Z-cut
bulk LN or thin-film LNOI93.  Since the length of the in-
verted domain in thin-film LN is in the order of tens of
microns, a series of comparatively short pulses are com-
monly  used  to  achieve  uniform  domain  nucleation,  re-
sulting  in  better  uniformity  of  the  domain  pattern  in
LNOI  (see Fig. 12(e–h)).  The  shorter  length  of  the  in-
verted  domains  in  thin-film  LNOI  also  allows  for  the
fabrication  of  sub-micron  domain  periods96,  which  is
much more challenging in bulk LN.

Additionally,  in  nonlinear  processes  like  second  har-
monic  generation,  uniform  domains  with  a  duty  cycle
close  to  50%  are  crucial  for  efficient  phase  matching97.
Hence,  excellent  control  over  the  domain dimensions  is
desired,  which  is  typically  challenging  due  to  the  semi-

random domain nucleation and growth process, as high-
lighted in this section above. This often requires process
optimization from wafer to wafer, which involves quanti-
fying and understanding different variables defining do-
main evolution. The real-time domain visualization dur-
ing  electric  field  poling  can make  the  optimization pro-
cess  more  flexible  and  dynamic,  thereby  enabling  a  ro-
bust fabrication process with enhanced consistency. 

Atomic force microscopy poling
Atomic  force  microscopy  (AFM)  poling  enables  the
‘writing’ of  sub-micron-sized inverted domains and was
first  demonstrated  in  bulk  LN98,99,  as  illustrated  in Fig.
13(a). This domain inversion method is typically applied
to Z-cut  LN  crystals,  where  the  backside  of  the  LN
crystal  is  connected to the electrical  ground and voltage
pulses are applied to the tip of the AFM, which is moved
along the top LN surface. Domain inversion occurs when
the electrical field is higher than the coercive field of LN.
It is important to note that the sharp tip of the AFM en-
hances the electric field, resulting in a strong electric field
even  when  moderate  voltages  are  used.  However,  the
poling  of  thick  LN crystals  (e.g.,  500  µm) is  challenging
as  the  electric  field  strength  decreases  quickly  with  dis-
tance from the AFM tip.
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A method to avoid the need to domain invert the en-

tire wafer thickness is to use helium (He) implanted LN
crystals,  as  illustrated  in Fig. 13(c).  The  helium  ions  are
implanted into the LN with depths of tens of microns100,
creating a defect layer within that LN crystal at which in-
verted  domains  from  the  AFM  writing  process  are
‘pinned’,  allowing  the  energetically  unfavorable  state  of
opposing crystal polarization within the crystal.  Howev-
er,  the pinning of  the domain in the crystal  can also re-
sult in trapped charges, which can hinder the domain in-
version  in  the  proximity  of  already  inverted  domains.
This  can  manifest  in  a  series  of  inverted  domain  dots,
rather than an inverted line when the AFM tip is scanned
across the surface101.

Using  thin-film  LNOI  instead  of  bulk  LN  provides
three major advantages to the AFM domain writing pro-
cess, (i) the LN film is naturally thin, so the whole thick-
ness of the LN can be inverted with no opposing crystal
polarization or trapped charges, (ii) the applied voltage is
significantly  reduced  due  to  the  reduced  LN  thickness,
and (iii) the electrode can be brought in direct contact or

in  very  close  proximity  of  the  LN  film  improving  the
electric  field  profile  of  the  AFM  tip.  As  the  trapping  of
charges  is  strongly  alleviated,  writing  of  continuous  do-
main lines with very high resolution is  possible,  provid-
ing the means to achieve periodic domain structure with
periods  of  100  nm  and  a  duty  cycle  close  to  50%102,  as
shown  in Fig. 13(f).  Gainutdinov103,  Guang-hao104,
Agronin99,  Volk105 give  an  excellent  explanation  and
overview of AFM poling methods, where they investigat-
ed various LN thin-film thickness, applied voltage, dura-
tion of the pulse, and stability of inverted domains. One
of the most  discussed disadvantages of  AFM is  the time
required  to  write  these  domains  (serial  process)  and
stitching  errors  in  case  domain  patterns  larger  than  the
writing field are required.

Nevertheless, this domain writing method is a power-
ful method to achieve sub-micron-sized domains in bulk
LN  and  thin-film  LNOI  crystals.  The  width  of  inverted
domains  can  be  controlled  by  the  duration  of  the  pulse
and the applied voltage to the AFM tip,  while the depth
can  be  controlled  by  the  He  implantation  depth  or  LN
crystal  thickness.  This technique has recently shown the
capability to generate reliable, repeatable submicron do-
mains in X-cut LNOI48,106. 

Electron and ion beam poling
Rather than using electrodes to apply an electric field to
the  LN  crystal  to  invert  the  spontaneous  polarization,
one can also ‘deposit’ charge carriers such as electrons or
ions on the surface of  the LN crystal.  In both processes,
the deposition of charge carriers is conducted in a vacu-
um to enable the accumulation of the charges on the LN
surface,  generating  a  strong  electric  field.  If  the  electric
field is higher than the coercive field of LN, it can cause
domain  inversion107,108.  In  the  following  an  overview  is
provided of the electron and ion beam domain inversion
processes.

In  electron  beam  poling,  a  scanning  electron  micro-
scope  (SEM)109−112 or  electron  beam  lithography
(EBL)108,113,114 system  is  used  to  deposit  electrons  on  the
−Z face  of  the  crystal.  The  +Z face  of  crystal  is  coated
with a conductive later,  often a metal  layer,  forming the
ground  electrode112,115.  The  electron  beam  parameters
that influence the domain inversion process are accelera-
tion  voltage  (5  kV–25  kV),  e-beam  current  (0.1  nA–3
nA), exposure time (10 ms–2 s) and irradiation area (0.5
µm2)116. It is important to note that the acceleration volt-
age can be chosen to deposit the electrons a few microns
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deep in the LN surface, which helps suppress charge neu-
tralization. The nucleation of the domains starts near the
−Z surface  of  the  crystal  and  extends  until  the  domain
reaches the +Z surface. It has been observed that the nu-
cleation site can also depend on the metal electrode that
is used112,117. 500 µm thick LN crystals can be poled with
this  technique.  The  resolution  of  the  fabricated  domain
patterns is typically much lower (domain sizes of several
microns) than the resolution of the SEM or EBL systems
(tens  to  hundreds  of  nanometers),  which  can  be  ex-
plained  by  the  high  charge  accumulation  and  strong
backscattering of electrons causing spreading and merg-
ing  of  the  domains115,116.  The  lateral  expansion  of  do-
mains  can  be  reduced  by  using  a  resist  coating,  which
helps to accumulate charges in the resist region108,114.

In  ion  beam  poling,  the  higher  mass  of  ions  helps  to
reduce  the  charge  accumulation  and  backscattering
when  compared  to  the  electron  beam  poling  process118.
1D and 2D inverted domain patterns have been demon-
strated with periods of 1 µm and below119,120. In this tech-
nique,  ions  are  deposited  on  the  +Z-face  of  the  crystal,
and the –Z-face is coated with a conductive layer, which
is connected to the ground. Ions that have been investi-
gated  for  this  domain  engineering  method  include  Ga+,
Si2+,  and  Cu+118,119,121,122.  Like  the  electron  beam  poling
process,  the  domain  inversion  in  the  ion  beam  poling
technique  is  governed  by  the  charge,  energy,  flux,  and
fluency  of  the  ion  beam  (For  instance,  Cu+ ion-based
poling  parameters  include  energy  of  ~30  keV,  a  flux  of
~30 mA/cm², and a fluence of ~2×1017 ions/cm2)122,  and
the lateral expansion of domains can be reduced by coat-
ing  the  +Z face  with  some  resist107.  The  typical  domain
depth for this domain engineering method is tens of mi-
crons while providing a sub-micron resolution. It should
be noted that electron and ion beam poling methods can
be done in Y, and Z-cut bulk LN crystal116,120,123. Ion beam
poling  can  also  be  done  in Z-cut  LNOI,  and  periods
down  to  200  nm  with  a  duty  cycle  of  33%  over  3  mm
length  are  demonstrated124.  Achieving  domain  periods
below 200 nm was hindered by the merging of the invert-
ed  domains  due  to  broadening  effects124.  Ion  beam  pol-
ing  is  emerging  as  a  promising  technique  for  attaining
sub-micron  periods  for  both  optical  and  acoustic
applications.
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Light-assisted and all optical poling
Light can either assist the poling process, for example, by
lowering the coercive field strength, or it  can be used to
directly invert domains in LN crystals. The various light
sources  that  can  be  used  and flexibility  in  exposure  set-
tings  make  light  assisted  and  all  optical  poling  methods
attractive to achieve high resolution domain patterns.  A
detailed  overview of  light-assisted  and  all  optical  poling
methods  can  be  found  in  the  excellent  review  by  C.Y.J.
Ying et al.125. In the following, we provide an overview of
(i)  light-assisted  poling,  (ii)  poling  inhibition,  (iii)  UV
laser direct writing and (iv) 3D femtosecond laser writing. 

Light-assisted poling
Light-assisted  poling  makes  use  of  the  coercive  field  re-
duction  of  the  LN  crystals  when  irradiated  with  weakly
absorbed  laser  light  (e.g.,  in  the  visible  spectrum).  The
coercive  field  is  reduced  as  the  weakly  absorbing  laser
light  creates  a  photo-induced  space  charge  field  within
the  region  of  interest28,125,126.  To  achieve  domain  inver-
sion  with  this  method,  one  needs  to  apply  an  electric
field to the LN crystal at the same time as the crystal is ir-
radiated with the laser light. This can be achieved by us-
ing a setup like the one illustrated in Fig. 15(a), which us-
es  liquid  electrodes  for  applying  the  uniform  electric
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field.  Selective  irradiation  of  the  LN  crystal  results  in  a
localized reduction in the coercive field, and if the coer-
cive field is below the electric field applied to the crystal,
domain  nucleation  and  inversion  occur.  Light-assisted
poling removes the need for structured electrodes at the
surface  of  the  LN crystal.  An example  of  a  domain  pat-
tern generated by this poling method can be seen in Fig.
15(b). It should be noted that the reduction of the coer-
cive  field  strength  depends  on  the  LN  doping  level,  the
used  laser  wavelength  and  if  a  continuous  wave  or  a
pulsed laser light is  used.  A detailed overview of the ex-
perimental investigations can be found in ref.125−132.
A  slight  modification  of  the  above  poling  method  is  la-
tent light assisted poling.  In this  process,  the irradiation
process  is  decoupled  from  the  application  of  an  electric
field,  which  means  that  the  LN crystal  is  first  irradiated
with weakly absorbing laser light,  followed by the appli-
cation of an electric field to the LN crystal, which can oc-
cur hours later. This domain inversion process has been
demonstrated in congruent LN, while it was not possible
to  domain  engineer  Mg  doped  LN  crystals  with  this
method125,130.

Light-assisted  poling  and  latent  light  assisted  poling
have  been  demonstrated  in  bulk  LN  crystals.  Applying
this  technique  in  LNOI  with  a  transparent  substrate
would  be  intriguing,  as  it  could  eliminate  the  need  for
fine  finger  electrodes,  which  are  required  for  sub-mi-
cron poling by EFP. It must be seen if these poling meth-
ods can be transferred to thin-film LNOI. 

Poling inhibition
Poling inhibition is a domain engineering process which
is used to create surface domains in LN crystals133−135.  In
this process, continuous wave UV laser light with a pho-

ton energy larger than the band gap of LN is focused on
the  +Z face  of  the  LN  crystal.  The  LN  crystal  is  moved
with  motorized  translation  stages  to  enable  the  irradia-
tion of arbitrary shapes and areas on its surface. The UV
laser light is strongly absorbed at the surface of LN, cre-
ating  a  local  heating  profile,  as  illustrated  in Fig. 16(a).
The  temperature  profile  of  the  localized  heating  causes
an asymmetric diffusion of Li (Fig. 16(b)) from the heat-
ed area into the surrounding cooler LN. As the coercive
field  strength  of  LN depends  on  the  Li  concentration,  a
coercive  field  profile  is  generated  in  the  LN  crystal,
which  has  a  higher  coercive  field  at  the  area  that  was
heated  by  the  UV  laser  light  and  a  lower  coercive  field
around  the  heated  area  (Fig. 16(c)).  Afterwards  a  uni-
form electric field is applied to the LN crystal (Fig. 16(d))
with a field strength higher than the coercive field of LN,
but below the coercive field of the previously UV laser ir-
radiated  area.  This  causes  domain  inversion  for  the
whole crystal except for the previously UV laser irradiat-
ed area, resulting in surface domains as illustrated in Fig.
16(e, f). Poling periods down to 2.9 µm and depths of 1.5
to 4.3 µm have been demonstrated with this method125.

A few variations on the poling inhibition domain en-
gineering  methods  have  also  been  investigated.  For  ex-
ample,  the  use  of  an  additional  poling  step,  sometimes
referred  to  as ‘reverse’ poling,  which  can  be  used  to
achieve bulk domains in Mg doped LN crystals135 or the
use  of  a  silicon  layer  on  top  of  the  LN crystal  to  enable
the use of visible laser light and the additional benefit of
reducing  surface  damage  that  can  be  caused  when
strongly absorbing UV laser light is  used136.  Domain in-
version  via  poling  inhibition  has  been  successfully
demonstrated in bulk LN crystals.  However,  its  applica-
bility  to  LNOI  presents  challenges  due  to  the  elevated
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temperatures  required  during  the  process,  which  can
lead to the delamination of layers in the material stack. 

Laser direct writing
Laser direct writing is a domain engineering process that
can  be  used  to  write  surface  domains  on  the −Z face  as
well as X and Y cut LN crystals134,137,138. In contrast to the
light-assisted  poling  and  the  poling  inhibition  domain
engineering  methods,  no  electric  field  poling  step  is  re-
quired to create inverted domains.

In the laser  direct  writing process,  strongly absorbing
laser light (typically UV laser light) is focused on the sur-
face  of  the  LN  crystal,  which  is  located  on  motorized
translation  stages  to  allow  the  focal  spot  to  be  scanned
across the LN crystal surface. The high absorption of the
UV laser light causes localized heating at the surface, re-
sulting in a large temperature gradient, which induces an
electric  field  in  the  LN  crystal  of  thermoelectric  origin.
As the coercive field of LN is low at temperatures close to
the  Curie  temperature,  the  thermoelectric  field  can  be
sufficient to cause domain inversion (similar to the tem-
perature  mediated  poling  process  described  in  Section
Temperature mediated poling). Due to the polarity of the
thermoelectric  field,  it  is  possible  to  directly  write  do-
mains with this method on the −Z face as well as X and Y
cut LN crystals. On X and Y-cut LN, it is possible to write
and erase domains depending on the scanning direction
of  the  focal  spot134. Figure 17 shows  the  illustrative  pro-
cess  for  the  domain  inversion  depending  on  different
crystal cuts27,138. It is important to note that the high tem-

perature  gradient  generated  in  this  domain  engineering
method  often  causes  surface  damage  in  the  form  of
cracks, which is undesirable for many applications.

A slight  modification  of  the  laser  direct  writing  tech-
nique  is  the  use  of  the  Cr  layer  prior  to  the  irradiation
process.  The  Cr  partially  absorbs  the  UV  laser  light,
causing it to heat up and act as an oxygen sink, which in
turn causes  a  defect  diffusion gradient  at  the  LN crystal
surface139.  Similar  to  the  defect  diffusion  domain  engi-
neering mechanism described in Section Defect diffusion,
the defect diffusion gradient caused by the heated Cr lay-
er results in localized domain inversion. As this domain
engineering process  takes  place  with slightly  lower tem-
perature  gradients,  the  surface  damage  is  reduced when
compared to the UV laser direct writing process. Howev-
er, the reduction of the oxygen concentration causes a re-
duced  transparency  of  the  LN  crystal  at  visible
wavelengths.

Visible laser light (e.g., 532 nm) can also be used to ir-
radiate the Cr layer, as it is partially absorbed by the met-
al. Furthermore, if one uses a Cr pattern, the visible laser
light is only absorbed at the Cr coated areas, whereas the
uncoated areas transmit or reflect the laser light. This al-
lows  for  the  Cr  pattern  to  be ‘imprinted’ as  an  inverted
domain  pattern  into  the  surface  of  the  LN  crystal.  The
domain  inversion  process  is  illustrated  in Fig. 18(a–c).
The advantage of  this  process  is  that  the Cr pattern can
have  fine  features  (smaller  than  the  diffraction  limit  of
laser  wavelength  used),  which  has  enabled  the  experi-
mental  demonstration  of  high-resolution  domain
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patterns,  as  shown  in Fig. 18(d–f)136,139.  One  disadvan-
tage  of  this  domain  engineering  method  is  that  the  do-
main depth is shallow due to the temperature and diffu-
sion profile.
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Domain inversion by direct laser writing has yet to be
demonstrated  in  LNOI.  Again,  this  might  be  due  to  the
temperatures  involved  in  this  process.  As  the  Si  sub-
strate  in  LNOI  absorbs  light,  it  potentially  generates
highly localized heat, leading to delamination. Addition-
ally,  reflections  from  the  substrate  can  lead  to  less  pre-
cise  domains.  The  technique's  adaptation  to  LNOI  with
LN or sapphire as a substrate provides an opportunity. 

Femtosecond laser writing
Femtosecond  laser  writing  of  the  ferroelectric  domain
can be used to create and erase 3D domain patterns in X,
Y,  and Z-cut  LN  crystals58,140−142.  In  this  technique  as
shown  in Fig. 19(a),  a  near-infrared  ultra-short  laser
beam (e.g., 800 nm wavelength, 180 fs pulses and a repe-

tition  rate  of  76  MHz59)  is  focused  into  LN  using  a  mi-
croscope  objective  with  a  high  numerical  aperture.  Do-
main  inversion is  caused by  the  heat  generated  through
multiphoton  absorption  (two-photon  absorption  is  not
feasible due to the insufficient wavelength for band-band
two-photon  absorption).  The  tight  focusing  of  the  laser
beam generates a strong temperature gradient, initiating
nucleation  when  the  thermoelectric  field  surpasses  the
coercive field. The laser spot is then moved along the +Z
direction to  promote  domain growth in  this  direction59.
This  domain  engineering  method  has  allowed  the
demonstration  of  repeatable  periods  down  to  500  nm
with  depths  up  to  30  µm141.  The  domain  inversion  pro-
cess depends on parameters such as the laser wavelength,
pulse  power,  pulse  duration,  repetition  rate,  writing
speed,  and  the  material  properties  of  the  crystal
used58,59,63,142,143. Noteworthy attributes of this domain en-
gineering  method  include  high  precision,  rapid  writing
times,  non-contact  writing,  and the absence of  the need
for  an  electrode  layer,  making  it  an  intriguing  domain
engineering  method  and,  so  far,  the  only  domain  engi-
neering method that  can generate  (Fig. 19(b))  and erase
3D domain patterns in LN crystals58,141.

Domain inversion using femtosecond laser writing has
not  yet  been  demonstrated  in  LNOI.  However,  there  is
potential  for  adapting  the  technique  to  thin-film  LNOI,
particularly  when LN or  sapphire  substrates  are  used to
reduce reflection and absorption of the laser light by the
substrate. Indeed, the tight focusing on a localized point
can facilitate the creation and erasure of 3D domains in
LNOI141. 

Summary of the domain engineering methods
Domain  engineering  on  the  lithium  niobate  (LN)  plat-
form  is  crucial  for  enabling  efficient  nonlinear  optical
processes,  sophisticated  quantum  information  process-
ing,  effective  electro-optic  modulation,  and  many  more
applications.  In  the  previous  sections,  an  overview  of
some  of  the  most  commonly  used  domain  inversion
methods was provided, which included temperature me-
diated  poling,  defect  diffusion,  patterned  surface  elec-
trodes  poling,  atomic  force  microscopy  poling,  electron
and ion beam poling, light-assisted poling, poling inhibi-
tion, laser direct writing, and 3D femtosecond laser writ-
ing.  In Table 2,  we  provide  a  comparison  of  these  do-
main engineering methods.
In  addition  to  the  parameters  outlined  in Table 2,  it
should  be  noted that  the  uniformity  of  the  inverted  do-

Chakkoria JJ et al. Opto-Electron Adv  8, 240139 (2025) https://doi.org/10.29026/oea.2025.240139

240139-19

 

https://doi.org/10.29026/oea.2025.240139


main  pattern  is  a  crucial  factor  for  many  applications.
Techniques  like  3D  femtosecond  laser  writing,  AFM,
electron, or ion beam poling can suffer from stitching er-
rors  when the domain pattern is  larger  than the writing
field, which can result in a reduced uniformity of the do-
main  period.  In  contrast,  lithography-based  methods
such as electric field poling and light-assisted poling ex-
perience  fewer  stitching  errors.  All  domain  inversion
techniques  may  encounter  random  domain  nucleation
and growth, which influences the uniformity of the duty
cycle of the domain pattern.

It is also important to note that poling processes intro-
duce domain walls and potential defects, which may lead
to increased scattering losses in waveguides144, which can
affect the overall performance of the device. Besides con-
ventional  poling  techniques,  periodically  changing  the

propagation direction of light, when compared to the LN
crystal orientation can also facilitate quasi-phase match-
ing  and  has  been  demonstrated  in  an X-cut  LNOI  mi-
crodisk resonator145.  In this approach, the effective non-
linear  optical  coefficient  oscillates  periodically  as  light
propagates  around  the  circumference  of  the  microdisk,
avoiding domain inversion processes.
 

Applications of domain engineered LN
In  the  previous  section,  an  overview  was  given  for  the
different  domain  engineering  methods  that  can  be  used
to achieve custom domain patterns in LN crystals. In this
section,  we  introduce  how  custom  domain  patterns  in
LN crystals can be used for applications in optics, acous-
tics, and LN patterning.
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Optical
For  optical  applications,  the  most  common  use  of  do-
main patterns is to achieve quasi-phase matching (QPM)
to  compensate  for  phase-velocity  mismatch  of  different
waves. To achieve QPM, the spontaneous polarization of
the LN crystal  is  inverted when the phase mismatch be-
tween  the  waves  reaches  180°,  resulting  in  a  unidirec-
tional energy flow over the propagation length when op-

erating  in  the  small  signal  conversion  regime  (see Fig.
20(e)).  In the following, further information is provided
for using domain engineered patterns for QPM for non-
linear  optic,  electro-optic,  and  polarization  manipula-
tion applications.
 

Nonlinear optic applications
While  LN  possesses  both  second  order  and  third  order

 

Table 2 | Comparison of domain inversion methods with available data.
 

Domain inversion method Typical domain size
Poling of
bulk LN

Poling of
LNOI

Comment

Temperature mediated
poling

> 4 µm76 (period) Yes No
• Suitable for production of bulk PPLN with larger crystal thicknesses.

• Control over period and duty cycle is comparatively less.

Defect diffusion ~21 µm86 (period) Yes No
• Suitable for poling bulk LN.

• May not be suitable for LNOI due to the high temperatures required.

Patterned surface
electrodes poling

> 600 nm96 (period) Yes Yes

• One of the most commonly used methods for domain engineering
bulk LN and LNOI.

• Excellent control over domain period. Less control over domain width
or duty cycle.

• High electrical voltage is required.
• Wafer scale production is possible146,147.

• Fur bulk LN Z-cut crystals are preferred, for LNOI X and Z-cut
crystals are preferred.

Atomic force microscopy
poling

> 50 nm102 Yes Yes

• One of the highest resolution domain engineering methods.
• Relatively high electrical voltage is required.

• Domain engineering process is relatively slow as it is a serial
process.

• Potential issues of stitching for domain patterns larger than the
writing field.

• This method enables domain inversion in both X and Z-cut LNOI
crystals.

Electron and ion beam
poling

> 200 nm124 (period) Yes Yes

• One of the highest resolution domain engineering methods.
• Specialized equipment (e.g., SEM, EBL, FIB) required.

• Domain engineering process is relatively slow as it is a serial
process.

Light-assisted poling > 5.25 µm130 (period) Yes No
• An additional step involving electric field poling is necessary and

utilized to invert domains in the Z-face of the LN crystal.
• Has not yet been demonstrated in LNOI, although it may be possible.

Poling inhibition > 3 µm135 (period) Yes No

• An additional step involving electric field poling is necessary and
utilized to write domains in the Z-face of the LN crystal.

• May not be suitable for LNOI due to the high temperatures required.
• Domain depth is generally low and depends on domain width135.

Laser direct writing > 100 nm139 Yes No

• All optical poling and can be used to write domains in Z- face, X and
Y-cut LN crystals.

• Non-contact writing and precise domains can be achieved.
• Domain depth is generally low and depends on domain width139.

• May not be suitable for LNOI due to the high temperatures required.

Femtosecond laser writing >30 nm141 Yes No

• All optical poling that can be used to write and erase domain patterns
in X, Y, and Z-cut LN crystals.

• 3D domain patterns can be generated.
• Non-contact writing and precise domains can be achieved.

• Domains can have depths of tens of micron.
• Translation to LNOI might be feasible.
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nonlinear optical properties, it has traditionally been em-
ployed  primarily  for  its  second-order  nonlinear  optical
characteristics.  Notably,  its  nonlinear  tensor  features  a
dominant coefficient, d33 = 26 pm/V94, aligned along the
Z-axis. Second order nonlinear optical processes that LN
crystals  are  used  for,  include  second  harmonic  genera-
tion  (SHG)20,21,97,  sum  frequency  generation  (SFG)148,149,
difference  frequency  generation  (DFG)94 and  sponta-
neous  parametric  down  conversion  (SPDC)150.  In  these
nonlinear optical processes, custom domain patterns are
crucial  as  they  allow  the  QPM  of  light  with  different
wavelengths / frequencies, which would naturally not be
phase match due to the material dispersion of LN, partic-
ularly  when  modal  phase  matching151 or  birefringent
phase  matching152,153 are  not  possible.  In  the  following,
the different nonlinear optical processes and their appli-
cations are briefly described.

In the SHG, photons with double the frequency of the
input  photons  are  produced,  as  illustrated  in Fig. 20(a).
SHG  is  used  in  applications  such  as  the  generation  of
light  at  wavelengths  at  which  no  efficient  laser  sources
exist  (e.g.  frequency doubling of  solid  state  lasers)21 and
the stabilization of  optical  frequency combs by frequen-
cy  doubling  the  long  wavelength  tail  of  an  octave  span-
ning  optical  frequency  comb  and  using  the  beat  signal
produced by the second harmonic wavelength and short
wavelength  tail  of  the  octave  spanning  frequency  comb
for phase locking (f–2f locking)154.

In sum frequency generation (SFG) and difference fre-
quency  generation  (DFG)  (see Fig. 20(b, c)),  light  from
two  sources  with  different  frequencies  is  used  to  gener-
ate a new frequency, which has either the sum or the dif-
ference  of  the  two  input  frequencies.  These  processes
find  applications  in  diverse  fields,  including  imaging155,
spectroscopy156,157,  sensing12,158,  parametric  amplifica-
tion159 and optical communication applications160.

Utilizing  periodic  domain  engineering  in  LN  allows
for the efficient generation of entangled photon pairs via
spontaneous  parametric  down-conversion (SPDC) as  il-
lustrated  in Fig. 20(d).  SPDC  is  a  crucial  element  in
quantum information processing and quantum commu-
nication  applications150,161,  for  example,  by  enabling  the
heralding of photons.

Further,  the  applications  of  domain-engineered  lithi-
um niobate (LN) extend beyond conventional uses to in-
clude  nonlinear  processes  like  high-harmonic  genera-
tion and supercontinuum generation12,163. These process-
es  benefit  from  the  strong  nonlinear  coefficients  of  LN
and  the  ability  to  engineer  the  phase-matching  condi-
tions,  enabling  efficient  frequency  conversion  and  the
generation  of  new  wavelengths.  A  broad  spectrum  of
light from a narrow-band input, can be realized through
the  tailored  nonlinear  properties  of  domain-engineered
LN164. The broad spectral output is particularly advanta-
geous for applications in coherence tomography165, spec-
troscopy,  and  high-capacity  optical  communications,  as
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it  allows  for  the  generation  of  a  wide  range  of  wave-
lengths  from  a  single  source,  enhancing  the  versatility
and functionality of photonic devices.

In Table 3,  an  overview  is  given  of  experimental
demonstration  of  second  order  nonlinear  processes  in
bulk  LN and LN waveguides,  including  the  poling  peri-
ods  that  are  required  for  these  processes.  High-resolu-
tion  domain  engineering  methods  such  as  atomic  force
microscope poling and ion beam poling (Sections Atom-

ic force microscopy poling and Electron and ion beam pol-
ing)  are  promising  methods  to  achieve  quasi-phase
matching  of  counter-propagating  optical  waves,  which
require  sub-micron domain  patterns.  This  is  very  excit-
ing for nonlinear optical  processes in lithium niobate as
such sub-micron domain periods can provide a pathway
to  integrated  mirrorless  optical  parametric  oscillator166

on photonic integrated circuit chips.
 

 

Table 3 | Overview of different lithium niobate nonlinear optical device designs.
 

References Type Method of
poling

Length
(mm)

Poling period
(µm)

Normalized
efficiency

(%/W/cm2)

Overall efficiency
(%/W)

Conversion
efficiency

(%)

Pump power
(mW)

Nonlinear process

ref.20

Thin
film

Thin film LNOI
X-cut

(600 nm)

Electric
field poling

(EFP)
21

4.30–4.37
(Adapted
poling)

2150 9500 82.5 20.3
Second harmonic
generation (SHG)

ref.21

Thin film LNOI
X-cut

(600 nm)

Electric
field poling

(EFP)
4 4.1 2600 416 53 220

Second harmonic
generation (SHG)

ref.167

SiN-TFLN
X-cut

(300 nm)

Electric
field poling

(EFP)
4.8 4.98 1160 267

Not
available

Not available
Second harmonic
generation (SHG)

ref.150

SiN-TFLN
X-cut

(300 nm)

Electric
field poling

(EFP)
4.8 4.87 230 (SHG) 53 (SHG)

Not
available

Not available
Photon pair

generation (SPDC)

ref.161
Thin film LNOI X-cut

(300 nm)

Electric
field poling

(EFP)
5 2.8

1700
(SHG)

425 (SHG)
Not

available
Not available

Photon pair
generation (SPDC)

ref.168
Thin film LNOI X-cut

(600 nm)

Electric
field poling

(EFP)
10 3.66 2618 2618 (SFG) 24.17

10.96 (~1317nm),
22.38 (1064nm)

Sum frequency
generation (SFG)

ref.169

Bulk

Direct-Bonded
PPZnLN

Electric
field poling

(EFP)
50 17 96 2400 92 160

Second harmonic
generation (SHG)

ref.170 Proton exchange
Electric

field poling
(EFP)

60 14.74 38 1400 99 900
Second harmonic
generation (SHG)

ref.171 MgO:PPLN
Electric

field poling
(EFP)

20 17.3 62 248 58 7000
Second harmonic
generation (SHG)

ref.172
Zinc-indiffused

MgO:PPLN
Not specified 40 18.3 6.29 100.6 70 1590

Second harmonic
generation (SHG)

ref.173
MgO:PPLN

Z-cut

Electric
field poling

(EFP)
50 10.2 1.32 33 (SFG)

Not
available

Not available
Sum frequency

generation (SFG)

ref.174
MgO:PPLN

Z-cut

Electric
field poling

(EFP)
40 10.1–10.4 4.06 65 (SFG)

Not
available

Not available
Sum frequency

generation (SFG)

ref.175 MgO: PPLN crystal Not specified 50 32.16 0.0228 0.57 (DFG)
Not

available
Not available

Difference frequency
generation (DFG)

ref.176

PPLN
crystal
Z-cut

Electric
field poling

(EFP)
17.5 22.0 0.0068 0.021 (DFG)

Not
available

Not available
Difference frequency

generation (DFG)
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Electro-optic applications

Δne = −
(
n3
eγ33E

)
/2 ne

E

LN  exhibits  excellent  electro-optical  properties,  which
similar  to  the  second  order  nonlinear  properties  mani-
fest in the form of a tensor. The highest electro-optic ten-
sor element is r33,  which has a value of 31 pm/V25.  LN’s
electro-optic properties can be used to modulate light by
applying  an  electrical  signal,  typically  a  microwave  sig-
nal,  to  the  LN  crystal.  The  microwave  signal  modulates
the  refractive  index  of  LN  via  the  electro-optic  effect

,  where  is  the refractive index of
the  extraordinary  wave  and  is  the  applied  electric
field177.  The  modulation  of  the  refractive  index  in  turn
modulates  the  phase  of  the  optical  wave  traversing
through  the  crystal.  As  the  electro-optic  effect  in  LN  is
relatively weak, interaction length in the order of several
millimeters  to  a  few  centimeters  is  typically  used  to
achieve sufficient modulation at moderate voltages.

Λ = 1/ (2fm (1/vm − 1/vo))
vm vo

fm

If the optical wave and the microwave travel with dif-
ferent velocities (not being phase matched), then the two
signals can go out of phase thereby reducing the modula-
tion efficiency,  which is  more likely for high microwave
frequencies and long electro-optic modulators. Similar to
the  case  of  the  nonlinear  optical  applications,  a  custom
domain pattern can be used to compensate for the veloc-
ity mismatch and achieve quasi-phase matching, as illus-
trated  in Fig. 21.  The  poling  period  of  the  QPM  struc-
ture  is  determined by ,  where

 is the group velocity of the light wave,  is the phase
velocity  of  the microwave and  is  the modulation fre-
quency177,178.  It  is  important  to  note  that  unlike  broad-
band electro-optic modulators that aim to achieve phase
matching of the optical wave and the microwave, electro-
optic modulators that uses a QPM structure have a nar-
rower  frequency  operation  window,  which  can  be  de-
signed around a custom frequency177−179. 

Polarization manipulation

r51

θ
E

θ = r51E/ [(1/n2
TE)− (1/n2

TM)]

Periodic domain patterns in LN crystals can also be used
to  quasi-phase  match  TE  and  TM  waveguide  modes.
Typically, these two modes would not couple as they are
orthogonal. However, when an electric field is applied to
the  periodic  domain  pattern,  the  two  orthogonal  polar-
izations can couple via the electro-optical tensor element

 in  LN.  One can consider  the  periodic  domain inver-
sion as a series of half-wave plates, which each rotate the
polarization  by  an  angle ,  which  depends  on  the  ap-
plied  electric  field  strength  via

.  This  shows  that  the  cou-

Δλ ≈ 1.6λ0/3N

pling strength between TE and TM modes can be adjust-
ed  by  the  electric  field  strength.  Furthermore,  the  pro-
cess is wavelength selective as the  match-
ing  condition  is  only  fulfilled  in  a  certain  wavelength
range181,  where N is  the  number  of  inverted  domains.
These properties can be used to rotate the polarization of
a  selected  wavelength  range  in  LN,  which  enables  the
demonstration of Solc-type wavelength filters in LN bulk
crystals181,182 and  waveguides183 by  using  external
polarizers. 

Acoustic
Integrating  bulk  and  surface  acoustic  waves  (BAW  and
SAW)  into  microdevices  encompasses  a  wide  range  of
applications  in  fields  such  as  optical  communication184,
electronics185,  biosensors185−187 ,  and gyroscopics188.  LN is
a  highly  attractive  material  for  acoustic  applications
thanks  to  its  piezoelectric  properties  and  relatively  high
electro-mechanic  coupling  coefficient,  which  allows  the
efficient  excitation and detection of  acoustic  waves,  e.g.,
with  inter  digital  transducer  (IDT)  (see Fig. 22(a)).  The
ability  to create custom domain patterns in LN is  desir-
able for acoustic applications as it provides an additional
degree  of  freedom in the  design of  acoustic  devices,  en-
abling,  for  example,  the  generation  of  acoustic  waves
with  coplanar  electrodes  and  monolithically  uniform
phononic crystals, which will be discussed in more detail
below. 

Surface acoustic wave generation

f ΛIDT

f = vp/ΛIDT vp

ΛIDT/4

For  most  of  the  acoustic  applications,  control  over  the
excitation  and  propagation  of  acoustic  waves  is  crucial
for  device  performance.  However,  for  acoustic  devices
that are required to operate at GHz frequencies, it can be
challenging  to  achieve  this  with  IDTs,  as  the  excitation
frequency  of the SAW depends on the IDT period 
by ,  where  is  the  SAW  phase  velocity  of
the LN crystal. From the equation, one can see that IDTs
that operate at GHz frequencies require a micron or sub-
micron IDT period, when assuming a SAW phase veloci-
ty  of  ~3488  m/s  (Y-cut, Z-propagating).  This  presents
challenges  two-fold:  (i)  the  fabrication  of  sub-micron
fingers, which have a width of , over a large area is
difficult  as  there  is  a  chance  for  short-circuiting  and
damage due to the small gap between electrode fingers189

and (ii)  if  high electrical  powers are used for the excita-
tion  of  acoustic  waves,  the  conductivity  for  narrow  fin-
ger  widths  can  cause  thermal  issues  and  malfunction  of
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the IDT189.

f = vp/ΛASL ΛASL/2

A way to overcome these challenges is the use of cus-
tom  domain  patterns  in  LN  crystal,  which  are  also
known as piezoelectric acoustic superlattice (ASL)190. An
ASL  is  a  PPLN  structure,  which  has  a  change  in  piezo-
electric constant sign every period, thanks to the domain
pattern.  In  such  an  ASL  structure,  wide  coplanar  elec-
trodes  are  placed  normal  to  the  domain  pattern  with  a
gap in between the electrodes (see Fig. 22(b)). If an elec-
trical signal is applied to the electrodes the period invert-
ed  domain  pattern  creates  a  periodic  surface  displace-
ment  with  a  period  determined  by  the  poling  pattern.
The  operation  frequency  of  the  acoustic  transducer  is
therefore determined by the poling period of the domain
pattern ,  where  a  domain  width  is .
An ASL SAW transducer,  therefore,  relaxes  the  fabrica-
tion challenges that may cause short circuiting due to the
larger electrode dimensions. Furthermore, higher electri-
cal powers can be applied to electrodes thanks to the in-
creased  conductivity  of  the  coplanar  electrodes.  This
makes  ASL  an  attractive  candidate  for  SAW  generation
and  detection,  which  has  enabled  acoustic  devices  such
as an electrical driven polarization rotator16, as shown in
Fig. 22(c).

One  should  note  that  ASL  transducers  are  typically
fabricated on Z-cut LN crystal,  due to the availability of
mature domain engineering methods of electric field pol-
ing.  However,  domain  engineering  methods  such  as
atomic force microscopy poling or ion beam poling pro-
vide avenues to achieve excellent quality sub-micron do-
main patterns, which provides a pathway to acoustic de-
vices  that  can  operate  at  tens  of  GHz.  Furthermore,  for
certain  applications  where  high  SAW  energies  are  re-
quired, such as in microfluidic actuation191, the substrate

of choice is 128° YX-cut LN. Poling of such crystal can be
done by domain engineering methods such as the direct
writing of domains with lasers16,192.
 

Phononic bandgaps
Surface  phononic  bandgap  structures  are  important  for
controlling  the  propagation  of  phonons  in  a  medium.
These structures have intensive application in fields such
as  biosensing186,191,  quantum  physics195,196,  and  microflu-
idics191.  A  point  to  be  noted  is  that,  for  example,  for
quantum  physics  applications,  the  interaction  of  ran-
dom  phonons  from  the  environment  is  not  desired.  To
avoid such phonon interactions, phonon cavities are cre-
ated  where  phonons  with  a  particular  frequency  are
trapped.  Reports  have  shown  that  phononic  bandgap
structures can be formed by an array of pillars or holes197,
but both need many steps of machining and can provide
integration  challenges.  These  limitations  can  be  over-
come  when  a  mechanically  and  dielectrically  homoge-
neous  material  is  used  to  create  phononic  bandgap,
which  is  possible  by  domain  inversion  of  piezoelectric
crystals  such  as  LN198,  as  discussed  in  the  previous  sec-
tion.  A  bandgap  is  created  by  phonon-polariton  cou-
pling and the phonon frequency can be chosen by the pe-
riod of the domains. This has enabled the demonstration
of 2D phononic crystals in Z-cut LN using a 2D hexago-
nal  poling  pattern15,  as  can  be  seen  in Fig. 23(c) and
23(d).  Furthermore,  placing  a  defect  in  the  phononic
crystal  provides  a  means  to  engineer  the  bandgap  to
form a phonon cavity.  This  has  been demonstrated in a
1D photonic crystal by placing a single domain defect in
the  center  of  the  poled  structure199 as  illustrated  in Fig.
23(a) and 23(b).
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Surface patterning
The  patterning  of  LN crystals  enables  the  fabrication  of
LN  devices  such  as  single  crystal  cantilevers,  alignment
grooves for fibers, micro lens, and photonic and phonon-
ic waveguides and resonator devices.  However,  the con-
trolled patterning of LN can be challenging due to the in-
ertness  of  LN.  Although  significant  progress  has  been
made in recent years by focused ion beam (FIB) and re-
active ion etching (RIE), they face limitations on the area
that  can be patterned,  the aspect  ratio of  the fabrication
and  the  sidewalls  (for  example,  argon  ion  milling).  Dif-
ferential etching of LN can be useful as an additional sur-
face  patterning  method  for  LN.  Differential  etching  of
LN allows the micro-structuring of LN since each crystal
face of LN exhibits different etch rates when being etched
by hydrofluoric acid (HF). For example, the etch rate of
the −Z face is  about  1  µm/h,  whereas  the +Z face is  not
affected  by  HF40.  Likewise,  the  +Y (~0.04–0.05  µm/h)
and –Y (~0.08–0.11 µm/h) faces also have different etch
rates,  but  the  difference  between  the  etch  rates  is  less42.
This means that domain patterns can be translated into a
surface topography, forming microstructures in LN. This
has proven to be an efficient method to form microstruc-
tures in LN200,  as shown in Fig. 24(a) and has been used
for the fabrication of a 2D phononic crystal operating at
GHz  frequencies  (Fig. 24(b))201 by  using  a  high-resolu-

tion domain patterning method139.  Recently, a fork grat-
ing  for  generating  vortex  beams  has  been  fabricated
through  domain  patterning  and  chemical  etching  in X-
cut LN143.

The  microstructures  formed  by  differential  etching
can  have  sharp  tips  or  edges,  as  shown  in Fig. 24(c),
which  is  not  desirable  for  certain  applications.  Surface
tension  reshaping202 can  be  used  to  form  smooth  mi-
crostructures, which can be achieved by thermal anneal-
ing  the  LN  samples  below  curie  temperature  (e.g.,  1130
°C for 50 minutes) with continuing oxygen flow to avoid
lithium out  diffusion.  By  this  annealing  process  reshap-
ing  occurs,  which  in Fig. 24(d) was  used  to  form an  ar-
ray of smooth micro lens202. This makes surface pattern-
ing by differential etching of domains a promising tech-
nique to form smooth microstructures in LN. 

Outlook
The future of LNOI domain engineering is poised for ex-
citing  breakthroughs  in  integrated  photonics  and
acoustics. The required period size for these applications
is  primarily  dictated  by  the  target  frequency,  spanning
from a few microns to sub-microns. EFP, the most com-
monly used method, is favored for its maturity and feasi-
bility20.  However,  maintaining  domain  uniformity  and
control  over  individual  domain  dimensions  remains  a
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challenge.  EFP  is  predominantly  demonstrated  in X-cut
LNOI due to the ease of coplanar electrode placement. In
Z-cut LNOI, a conductive bottom electrode is still neces-
sary.  This  bottom  electrode  can  either  be  in  direct
contact with the LN layer (which is less attractive for cer-

tain  optical  applications)  or  beneath  an  insulating  SiO2

layer to promote domain growth (suitable for optical ap-
plications).  Demonstrations involving poling at  elevated
temperatures have shown that  it  facilitates  axial  domain
growth  close  to  the  LN-silica  interface  in Z-cut  LNOI.
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However,  further advancements are required in both X-
cut and Z-cut LNOI to make these processes more flexi-
ble and robust.

Creating  fine  sub-micron  periods  with  EFP  is  a
formidable  task,  primarily  due  to  the  risk  of  lateral  do-
main merging from closely spaced finger electrodes. Ap-
plying high-voltage pulses to such narrow electrodes can
lead  to  their  premature  domain  spread  and  potential
merging  before  complete  inversion  in  depth96.  Alterna-
tive  methods  for  creating  fine  submicron  domains  in
LNOI,  such  as  AFM  and  ion-beam  poling,  have  shown
promise.  AFM  is  a  more  mature  technique  for Z-cut
LNOI,  with  demonstrated  domain  sizes  down  to  50
nm102.  However,  domain  stability  remains  a  crucial  as-
pect.  AFM  for Z-cut  poling  faces  challenges  similar  to
EFP,  potentially  impacting  optical  application  efficiency
due  to  bottom  electrodes.  Techniques  like  operating  at
higher  temperatures  during  poling  are  also  used  in
AFM47.  A  significant  advancement  in  AFM-based  do-
main  inversion  is  the  achievement  of  domain  inversion
in X-cut  LNOI.  Although  still  in  its  early  stages,  this
technique  shows  promise  and  further  investigation  into
domain  stability  is  necessary106.  These  advancements
suggest that AFM could become a significant method for
poling  submicron  domains  in  both X and Z-cut  LNOI.
AFM also offers the advantage of individual domain con-
trol,  which is not possible with EFP. Ion-beam poling is
another strong contender for sub-micron domain poling,
especially for Y and Z-cut crystals. Demonstrations in Z-
cut  LNOI  have  been  successful,  and  ongoing  advance-
ments are promising124.

A  highly  potential  yet  unexplored  method  for  poling
LNOI is all-optical poling. The main limitation has been
the absorption of light by the Si substrate and the afteref-
fects, such as the delamination of layers in LNOI due to
the  high  temperatures  generated  during  the  process.
However,  LNOI  with  LN  or  sapphire  as  the  substrate
could  utilize  this  technique.  In  bulk  LN,  optical  poling
techniques have proven effective for writing and erasing
sub-micron  domains.  Adapting  this  to  LNOI  could  en-
able  domain  engineering  of  any  crystal  cut  of  LNOI.  In
the case of LNOI with a Si substrate, modifying the laser
focusing and other optics could facilitate domain poling.
In  conclusion,  EFP and  AFM are  excellent  for  poling X
and Z-cut  LNOI.  However,  further  exploration  and  ad-
vancements in optical poling techniques could open new
opportunities for precise domain engineering in any cut
of LNOI. 

Summary
In this review article, we have surveyed an array of meth-
ods for engineering the ferroelectric domains of LN crys-
tals  that  have  been  reported  over  the  past  decades.  The
domain engineering methods reviewed include tempera-
ture-mediated poling,  defect  diffusion,  electric field pol-
ing,  and  light-assisted  and  all-optical  poling.  These  do-
main  engineering  methods  are  constantly  being  im-
proved,  with  a  focus  on  exploring  domain  engineering
methods  that  provide  high-resolution  domain  pattern-
ing  with  excellent  reproducibility.  Furthermore,  the
translation  of  the  domain  engineering  methods  to  the
thin-film  LNOI  platform  is  attracting  a  lot  of  attention,
as  the  thin-film  LNOI  platform  is  highly  attractive  for
the  next  generation  of  acoustic  and  photonic  integrated
circuit devices. Indeed, LN is a highly attractive material
for  generating  and  manipulating  acoustic  and  electro-
magnetic waves over a spectral range that covers nearly 4
orders of magnitude for acoustics and nearly 5 orders of
magnitude  for  electromagnetics12.  The  ability  to  fabri-
cate exquisite domain patterns in LN ensures that the di-
verse applications that LN is used for are ever-growing.
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