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Abstract—High-index contrast waveguides fabricated with precise control and reproducibility are of high 
interest for nonlinear and/or electro-optical highly efficient and compact devices for quantum and classical 
optical data processing. Here we present a new process to fabricate planar and channel optical waveguides on 
lithium niobate substrates that we called High Vacuum Proton Exchange (HiVacPE). The main purpose was 
to improve the reproducibility and the quality of the produced waveguides by limiting and controlling the 
water traces in the melt,  which is used for the ionic exchange. Moreover, we discovered that,  when the 
acidity of the bath is  increased, depending on substrate orientation (Z-cut or X-cut) the waveguides are 
completely different in term of crystallographic properties, index profiles and nonlinearity. The best-obtained 
channel waveguides exhibit a refractive index contrast as high as 0.04 without any degradation of the crystal 
nonlinearity  and  state  of  the  art  propagation  losses  (0.16dB/cm).  We  have  also  demonstrated  that  the 
HiVacPE process  allows fabricating  waveguides  on Z-cut  substrate  with  high-index contrast  up  to  0.11 
without degrading the crystal nonlinearity but high strain induced propagation losses. On top of that, we 
proposed an original and very useful method of analyzing waveguides with complex index profiles. This 
method can be used for the analysis of any waveguides whose core contains several layers. 
Index Terms—lithium niobate, nonlinear optics, optical waveguides. 

I. INTRODUCTION 

Lithium Niobate (LN) crystal of high optical quality and wide transparency range (350-5200 nm) is already 
one of the most used materials for many integrated optical applications and photonic devices. Its excellent 
electro-optical and nonlinear optical properties are exploited in various applications such as: laser frequency 
doublers,  wideband tunable light  sources,  light  amplification,  quasi-phase-matched frequency convertors, 
surface acoustic waves, optical switches and modulators, multiplexors and for many other all-optical signals 
processing. Most of the integrated optics devices designed for these applications are based on waveguides 
fabricated either by Ti-indiffusion [1, 2] or by one of the proton exchange techniques namely Annealed 
Proton Exchange (APE) [3-5], Reverse Proton Exchange (RPE) [6] or Soft Proton Exchange (SPE) [7-10]. 
All these techniques allow fabricating low loss waveguides with preserved electro- optical and nonlinear 
properties,  but in return lead to low refractive index increase typically in the range of ∆ne=0.01 for Ti-
indiffusion [11], ∆ne=0.02 for APE and RPE [6] and ∆ne=0.03 for SPE [7]. These values limit the benefit 
linked to the confinement of the lights in a waveguide. The maximum index contrast allowed by the Proton 
Exchange (PE) technique [12] is approximately ∆ne=0.12 at λ=633 nm but most of waveguides exhibiting 

such a ∆ne present a nonlinear coefficient χ(2) totally degraded [13]. Recently, the so-called High Index Soft 
Proton Exchange (HISoPE) allowed the fabrication of channel waveguides that exhibit ∆ne=0.1 with almost 
unmodified nonlinearities but high strain induced propagation losses (≥5dB/cm) [14].  
In this paper, we propose to focus on the influence of the high vacuum and water traces in the exchange 
ampoule on the quality of the waveguides obtained in fabrication conditions that are near the transition PE-
SPE (high ∆ne /low ∆ne). 



Proposed at the beginning of the 80’s [12], the Proton Exchange (PE) technique is a chemical fabrication 
process of waveguides and consists in immersing a LN sample in an acidic bath at temperature ranging from 
200°C to 400°C. Most of the time, the acidic bath consists in melted benzoic acid, but despite its low acidity 
one can also use pure water or water vapor [15-18]. It is therefore important to consider the influence of 
water traces in acidic melts as they can modify the acidity of the bath through self-ionization or modification 
of the acid ionization [19]. This is a key feature to control, as the acidity has a strong impact on the refractive 
index  contrast,  the  crystallographic  structure,  the  nonlinearity  and  the  propagation  losses  of  the  final 
waveguides [20]. It has also to be controlled to obtain reproducible results. 
Here we study a new fabrication technique that we named High Vacuum Proton Exchange (HiVacPE) which 
consists in pumping harder the exchange ampoule to diminish as much as possible the water content of the 
acidic  bath.  Beside  expected  effects  such  as  the  modification  of  the  position  of  the  PE-SPE transition 
threshold, we observed strong differences between the HiVacPE waveguides prepared on X-cut and Z-cut 
substrate, which have never been reported so far. On top of these important results for the fabrication of 
integrated  optics  circuits,  we will  also  describe  an  original  and very  useful  method for  the  analysis  of 
waveguides whose core contains several layers. 

II. HIGH VACUUM PROTON EXCHANGE (HIVACPE)  

High Vacuum Proton Exchange process was performed in a hermetically sealed hourglass tube. Prior to be 
sealed, the bottom part of the tube was filled with a powder mixture composed of Benzoic Acid (BA) and 
Lithium  Benzoate  (LB)  as  proton  source.  The  concentration  of  LB  in  the  melt  is  measured  by 
ρLB=100×[mLB/(mLB+mBA)] where mLB, and mBA are the mass of LB and BA in the powder mixture. The 
sample to be processed is placed in the top part of the tube and then, by using a turbo pumping station 
(HiCube 80 Eco - Pfeiffer), the tube is pumped down to a pressure as low as p=3.5×10-5 mbar. This very low 
pressure, 105 times lower compared to the ones reported by the literature [14, 21], is the key point of the 
HiVacPE technique which allows diminishing as much as possible the residual water adsorbed by the internal 
surface of the glass tube and mainly the large amount absorbed by powders. After the glass tube is sealed, it 
is placed into a metallic tube container ensuring a uniform heating and an easy and safe manipulation. Placed 
in an oven, that was prior heated at 300°C, the metallic tube is turned upside down after 30 minutes when 
both the melted proton source and the sample have reached the exchange temperature. Thus, the sample is 
dipped into the melt and the proton exchange starts. At the end of the exchange period (t=72 hours), the tube 
is turned upside down again and allowed to cool down. When it reaches the room temperature, breaking the 
sealed-end allows getting out the sample. Using this protocol, we fabricated planar HiVacPE waveguides on 
both Z-cut and X-cut LN samples. The samples were cut from wafers supplied by Gooch & Housego. The 
BA and LB powders supplied by Sigma-Aldrich were mixed in concentrations of LB ranging from 3% down 
to 2.2% with an increment of 0.1%. 
In this range of LB content, one finds the threshold ρth, which is the minimum LB amount necessary to 
obtain low- index contrast SPE waveguides at 300°C. For lower LB amount, one obtains the high-index 
contrast  waveguides  [14,  21].  This  threshold  marks  an  important  change  in  both  the  crystallographic 
structure and the index profile of the waveguides. From the crystallographic point of view, one goes from a 
single layer waveguide where only the α-phase is present, to a multi-layer structure where both κ phases and 
α-  phase  are  present  in  the  protonated  area.  From the  index  profile  point  of  view,  one  goes  from an 
exponential  index profile for SPE waveguides to the mix of a step and a gradient profile in high index 
waveguides [14]. 
The main purpose when started working on HiVacPE was to improve the reproducibility and the quality of 
the fabricated waveguides by limiting and controlling the water traces in the melt. The impact of HiVacPE 
process on the reproducibility was tested over one year and a half by producing, in same vacuum conditions, 
more than fifty waveguides by using different LB concentrations in the range of 3% and 2.2%. For laboratory 
experiments and demonstrators both, planar and channel waveguides have been fabricated and no notable 
differences were identified in index profile behavior, index contrast, nonlinearity and propagation losses. We 
can say that HiVacPE is a trouble-free and highly reproducible process allowing producing efficient and 
compact devices for applications in modern photonics. 



III. HIVACPE PLANAR WAVEGUIDES 

A. Crystallographic investigation by X-Ray Diffraction 
To  investigate  the  crystalline  structure  and  the  modification  of  lattice  parameters  of  HiVacPE  planar 
waveguides,  we  used  the  X-ray  diffraction  method  (XRD).  We  chose  to  use  the  rocking  curves  of 
crystallographic planes parallel to the surface of Z- cut and X-cut of LN samples with Miller indices: h=0, 
k=0,  l=12  (00.12)  for  Z-cut  and  h=2,  k=2,  l=0  (220)  for  X-cut  corresponding  respectively  to  θB,Z-

cut=41.8062° and θB,X- cut=73.479° Bragg angles in the substrate. These values are used as origin in the 
spectra reported on Fig. 1. It is worth to note that the lattice parameters of the proton exchanged layer are 
greater than those of the substrate [22]. In the case of a planar waveguide and considering the stress induced 
by the non-protonated substrate, the only allowed deformations are normal to the surface of the sample [23]. 
The strain ε33

" perpendicular to the surface can be obtained directly from the rocking curves. It is expressed 
as: 

ε
,,

33
 = -Δθhkl . cotθB (1)

where Δθhkl is the measured angular distance between the substrate peak and protonated layer peak on the 
rocking curve from the surface plane (hkl), in our case (00.12) and (220) respectively. It was demonstrated 
that the surface layer always presents the largest value of the strain [23]. Starting from the rocking curves we 
identify the crystallographic phases and also calculate the value of the strain by using (1) and compare them 
to those reported in literature [23, 24]. 
The HiVacPE waveguides present interesting crystallographic structures and exhibit characteristics that are 
worth to be noted. 
In the case of Z-cut samples, Fig. 1(a), for ρLB ranging from 3% to 2.5% only α-phase is identified, the 
maximum intensity peak of this phase ranging from -100" to -190". The α-phase peaks seat near of the one 
of substrate and the crystallographic parameters vary gradually and remain similar to those of the substrate. 
As it is well known the corresponding waveguides exhibit very low propagation losses (<0.5 dB/cm) and the 
nonlinear  coefficients  are  not  or  only slightly  affected by the exchange process  [9].  In  paragraph IV,  a 
particular attention will be paid to investigate the quality of channel waveguides fabricated at ρLB=2.5%. For 
ρLB=2.4%, the graded response corresponding to the α-phase is completed by a large plateau extending to 
-425"  which means  that  another  graded layer  is  present  at  the  surface.  It  corresponds  to  κ1-phase.  For 
ρLB=2.3% it is possible to observe a sharp peak with its maximum at -472". This peak corresponds to the κ2-
phase.  Reducing further  the LB concentration down to 2.2%, the κ1-  phase layer  is  reorganized with a 
maximum intensity at  -410" and the κ2-phase peak becomes very sharp and intense and seats at  -488". 
Therefore, as expected, reducing the LB concentration results in increasing the deformation and allows κ1 
and κ2 layers to appear at the surface of the crystal [23, 24]. The XRD signal does not go to zero between κ1 
and  α-phase  peaks,  which  means  that  the  transition  between  these  phases  is  a  layer  where  the 
crystallographic parameter varies gradually. 
 In the case of X-cut samples, Fig. 1(b), the waveguides fabricated with ρLB ranging from 3% to 2.6 % only 
α-phase is identified, the maximum peak of this phase ranging from -50" to -120". Reducing further the 
concentration  form 2.5% to  2.2% allows  observing  a  sharp  peak  corresponding  to  the  κ1-  phase.  The 
intensity of the κ1-phase peak gradually increases as the concentration of LB is reduced, and the increase of 
the intensity peak is accompanied by a shift of its maximum value from -650" to -679". 
It is worth to note that, contrary to what is observed on the Z-cut samples, in the case of X-cut waveguides 
the XRD signal goes almost to zero between κ1 and α-phase peaks. That means there is a sudden transition 
between the phases through which the crystallographic parameters vary abruptly.  
In the following sections, we will see that this quite remarkable difference in the rocking curves related to the 
crystal  orientation  is  correlated  to  strong  differences  between  the  index  profiles  and  the  nonlinearity 
exhibited by the waveguides. 



Fig. 1. (a) X-ray rocking curves from (00.12) reflection 
of Z-cut HiVacPE planar waveguides and (b) X-ray 
rocking curves from (220) reflection of X- cut HiVacPE 
planar waveguides. The waveguides was fabricated with 
different LB concentrations at T=300°C for t=72 hours.  

B. Index profile reconstruction by M-lines measurements 
In order to reconstruct the index profile of the planar waveguides whose crystalline structures have been 
presented, the effective indices of the propagation modes have been measured using a standard two-prisms 
coupling set-up and a He-Ne laser emitting at λ=633 nm [25].The light was in- coupled and out-coupled 
using rutile (TiO2) prisms pressed against the waveguide surface. At the output of the out- coupling prism, 
bright lines are observed and for each one the angle with the normal to the prism output surface is measured 
with an autocollimator (relative error on the angle is less than 10-5). This angle characterizes the propagation 
constant of the wave associated to the guided mode and thus we can determine the effective index of each 
guided mode for a given waveguide. By doing so, we identified the TM modes supported by the waveguides 
on Z-cut  substrates  and the TE modes supported by the waveguides fabricated on X-cut  substrates  and 
determined their effective index Neff.  From the full-set of values of Neff of a given waveguide, one can 
reconstruct its index profile using the IWKB numerical method described in [26]. The index contrast Δne of a 
given waveguide is calculated as the difference between its surface index and the value of the extraordinary 
index of the substrate (ne=2.2028 for Gooch & Housego virgin substrate). The obtained ∆ne for each LB 
concentration are presented on Table I. The reconstructed index profiles for Z-cut and X-cut waveguides are 
presented on Fig. 2. 
In the case of Z-cut samples, as it can clearly be seen the HiVacPE waveguides show a gradually increase of 
index contrast from Δne=1.57×10-2 up to 1.11×10-1 as the LB concentration decreases in the acidic bath. As 
we can see in Fig. 2 (a), the index profiles change from an exponentially decreasing one to a mix of graded 
profiles whose shape is not precisely determined. The change from one regime to the other occurs between 
ρLB=2.5% and ρLB=2.6%, which corresponds to the ρLB values at which the κ phases start to appear in the 
rocking curves. 
It  is  important  to  note  that  for  the  same  acidity  of  the  bath,  the  index  profile  of  the  Z-cut  HiVacPE 
waveguides are different from that obtained in containers where the initial pressure is approximately 1 mbar. 
We attribute this, to the high vacuum in the glass tube at the beginning of the HiVacPE process, which is the 
sign that most of the water traces have been removed. This was not the case in the melts used to prepare 
HISoPE waveguides [14]. 
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TABLE I 
INDEX CONTRAST AT λ=633 nm OF THE WAVEGUIDES FABRICATED BY 

HIVACPE ON Z-CUT AND X-CUT LN AT T=300°C FOR t=72 HOURS 
 Index Contrast Δne 

ρLB Z-cut X-cut 
3% 1.57×10-2 1.37×10-2 
2.9% 1.89×10-2 1.59×10-2 
2.8% 1.96×10-2 1.94×10-2 
2.7% 2.25×10-2 1.97×10-2 
2.6% 2.34×10-2 3.08×10-2 
2.5% 3.92×10-2 1.23×10-1 
2.4% 8.84×10-2 9.53×10-2 
2.3% 1.02×10-1 9.58×10-2 
2.2% 1.11×10-1 9.58×10-2 

 

 
Fig. 1.  (a) X-ray rocking curves from (00.12) reflection of Z-cut HiVacPE 
planar waveguides and (b) X-ray rocking curves from (220) reflection of X-
cut HiVacPE planar waveguides. The waveguides was fabricated with 
different LB concentrations at T=300°C for t=72 hours. 
 



Fig.  2.  Extraordinary  index  profile  at  λ=633  nm 
reconstructed  by  IWKB  for  planar  waveguides 
fabricated in (a) Z-cut and (b) X-cut LN by HiVacPE 
using different concentration of the LB in the bath at 
300°C and  for  72  hours.  The  symbols  represent  the 
measured Neff of the modes. In origin is the surface 
index calculated by IWKB. Dashed lines are guides 
for the eye. 

In the case of X-cut samples, the index contrast gradually increases from Δne=1.37×10-2 up to 3.08×10-2 as 
ρLB decreases from 3% to 2.6%. (see Table I). At ρLB=2.5% an abrupt jump is observed for the surface 
index contrast up to Δne=1.23×10-1. This value of index contrast should be carefully considered because the 
IWKB method is inaccurate when an abrupt index change occurs in less than an optical wavelength, which is 
the case at this concentration. As we can clearly see in Fig. 2 (b), this concentration value seems to be the 
threshold from which the index profile exhibit a step part which can be observed down to ρLB=2.2%. 
The step index part of the index profile is not observed on Z-cut samples and this difference corresponds to 
the difference observed in the rocking curves. On Z-cut samples the rocking curves show different phases but 
in-between these phases, the signal never goes to zero, which indicate a superposition of layers were the 
crystallographic parameter is varying gradually just as the refractive index. On X-cut samples at the contrary, 
the  rocking curves  show a  clear  gap between the  α  and the  κ  phases,  which correspond to  the  abrupt 
variation of the refractive index between the two phases. 

C. Analysis of index contrast 
In this next section, we thoroughly investigate the threshold ρLB values where changes are occurring in the 
index profile of Z-cut and X-cut waveguides. In Fig. 3 are represented for both Z-cut and X-cut waveguides, 
the index contrast Δne vs the concentration of the LB in the acidic bath. 
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different LB concentrations at T=300°C for t=72 hours. 
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the index profile of the Z-cut HiVacPE waveguides are 
different from that obtained in containers where the initial 
pressure is approximately 1 mbar. We attribute this, to the 
high vacuum in the glass tube at the beginning of the HiVacPE 
process, which is the sign that most of the water traces have 
been removed. This was not the case in the melts used to 
prepare HISoPE waveguides [14]. 

In the case of X-cut samples, the index contrast gradually 
increases from Δne=1.37×10-2 up to 3.08×10-2 as ρLB decreases 
from 3% to 2.6%. (see Table I). At ρLB=2.5% an abrupt jump 
is observed for the surface index contrast up to Δne=1.23×10-1. 
This value of index contrast should be carefully considered 
because the IWKB method is inaccurate when an abrupt index 
change occurs in less than an optical wavelength, which is the 
case at this concentration. As we can clearly see in Fig. 2 (b), 
this concentration value seems to be the threshold from which 
the index profile exhibit a step part which can be observed 
down to ρLB=2.2%. 

 
The step index part of the index profile is not observed on 

Z-cut samples and this difference corresponds to the 
difference observed in the rocking curves. On Z-cut samples 
the rocking curves show different phases but in-between these 
phases, the signal never goes to zero, which indicate a 
superposition of layers were the crystallographic parameter is 
varying gradually just as the refractive index. On X-cut 
samples at the contrary, the rocking curves show a clear gap 
between the α and the κ phases, which correspond to the 

abrupt variation of the refractive index between the two 
phases. 

C. Analysis of index contrast 
In this next section, we thoroughly investigate the threshold 

ρLB values where changes are occurring in the index profile of 
Z-cut and X-cut waveguides. In Fig. 3 are represented for both 
Z-cut and X-cut waveguides, the index contrast Δne vs the 
concentration of the LB in the acidic bath. 

The idea is to identify the LB concentration threshold Uth 
from which one passes from a simple exponential profile to 
complex gradient one for Z-cut waveguides and to the mix of 
a step and gradient profile for X-cut waveguides. To achieve 
this we used several methods. First was the fit of experimental 
points with a sigmoidal type function such as Boltzmann 
Δn(ρLB)=Δne,max/(1+exp((ρLB-ρth)/W)) were W is a parameter 
which characterizes the steepness of the curve. Using this 
method the fit is good but not the best and for this reason, it is 
not presented in Fig. 3. Other method is the fitting of the 
experimental points by chunks. The first chunk is fitting with a 
step-like modified version of Michaelis-Menten function 
Δn(ρLB)=Δne,max×(ρth-ρLB)/(W+ρth-ρLB) which present a 
discontinuity in ρth. The second chunk is fitting with a linear 
regression. The intersection of these two fits gives the 
threshold value ρth. This approach looks more natural and, 
indeed, the fits are better. However, the best fit is obtained 
when a sum of two generalized exponential functions are used. 
It is expressed by: 
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A1, A2, w1, w2, a1 and a2 are adjustable parameters. When the 
parameters ai=1 the function is an exponential decay, when 
ai=2 the function is a Gaussian and when ai ≥ 10 the function 
is a quasi-step. Each of the generalized exponential function 
fits one chunk of the experimental points.  

 

 
Fig. 3.  Variation of the index contrast ∆ne vs LB concentration for Z-cut and 
X-cut waveguides. The symbols represent the experimental points and solid 
lines are the fits with sum of two generalized exponential functions. The 
dashed lines are partial fits, i.e. modified Michaelis-Menten function and 
linear regression. The best guess of the index contrast for X-cut sample 
fabricated at 2.5% is represented by a circle. On bottom part of the graph are 
given the derivative of the fits, which help to localize the position of the 
threshold after which the waveguides present only the α-phase (SPE type 
waveguides). 
 

 
Fig. 2.  Extraordinary index profile at λ=633 nm reconstructed by IWKB for 
planar waveguides fabricated in (a) Z-cut and (b) X-cut LN by HiVacPE 
using different concentration of the LB in the bath at 300℃ and for 72 hours. 
The symbols represent the measured Neff of the modes. In origin is the 
surface index calculated by IWKB. Dashed lines are guides for the eye. 
 



The idea is to identify the LB concentration threshold ρth from which one passes from a simple exponential 
profile to complex gradient one for Z-cut waveguides and to the mix of a step and gradient profile for X-cut 
waveguides.  To  achieve  this  we  used  several  methods.  First  was  the  fit  of  experimental  points  with  a 
sigmoidal  type function such as  Boltzmann Δn(ρLB)=Δne,max/(1+exp((ρLB-ρth)/τ))  were τ  is  a  parameter 
which characterizes the steepness of the curve. Using this method the fit is good but not the best and for this 
reason, it is not presented in Fig. 3. Other method is the fitting of the experimental points by chunks. The first 
chunk is fitting with a step-like modified version of Michaelis-Menten function Δn(ρLB)=Δne,max×(ρth-ρLB)/
(τ+ρth-ρLB) which present a discontinuity in ρth. The second chunk is fitting with a linear regression. The 
intersection of these two fits gives the threshold value ρth. This approach looks more natural and, indeed, the 
fits are better. However, the best fit is obtained when a sum of two generalized exponential functions are 
used. It is expressed by: 

ne(ρLB) = ne + A1 exp(-(ρLB /wi)
a1) + A2 exp(-(ρLB /w2)

a2) (2)
A1, A2, w1, w2, a1 and a2 are adjustable parameters. When the parameters ai=1 the function is an exponential 
decay, when ai=2 the function is a Gaussian and when ai ≥  10 the function is a quasi-step. Each of the 
generalized exponential function fits one chunk of the experimental points. 

Fig.  3.  Variation  of  the  index  contrast  ∆ne  vs  LB 
concentration for  Z-cut  and X-cut  waveguides.  The 
symbols represent the experimental points and solid 
lines  are  the  fits  with  sum  of  two  generalized 
exponential  functions.  The  dashed  lines  are  partial 
fits,  i.e.  modified  Michaelis-Menten  function  and 
linear regression. The best guess of the index contrast 
for X-cut sample fabricated at 2.5% is represented by 
a circle. On bottom part of the graph are given the 
derivative  of  the  fits,  which  help  to  localize  the 
position of the threshold after which the waveguides 
present only the α-phase (SPE type waveguides). 

The threshold of LB concentration is obtained with very good precision when we make the derivative of the 
fitting curves. For each point, its derivative is calculated as the average of the left and the right derivatives. 
The experimental points are fitted considering the maximum index contrast at Δne,max=0.12 for both Z-cut 
and X-cut respectively [27]. From the full set of points corresponding of X-cut samples, the value of index 
contrast Δne=1.23×10-1 obtained for 2.5% is not used when fitting the points for the reason given above 
about inaccurate values given by IWKB. After appropriate fit of remained points we find for 2.5% on the fit 
curve the best guess of index contrast at Δne= 7.7×10-2. This value will be used for all other investigations 
and analysis in our paper. 
To obtain ρth, we calculate the minimum of the derivatives of the index contrast vs ρLB curves which gives: 
ρth,Z- cut=2.46±0.03% for Z-cut waveguides and ρth,X-cut=2.53±0.03% for X-cut waveguides. These points 
give the threshold after  which the index profiles of  the waveguides are no longer a  simple exponential 
profiles. This threshold corresponds exactly to the one that can be defined looking at the appearance of κ 
phases in the rocking curves. 

D. Analysis of index profiles 

In  this  section,  we  thoroughly  analyze  the  index  profiles  in  order  to  determine  the  best  fit  for  the 
experimental points depicted in Fig. 2. We will use, once again, the sum of two generalized exponential 
functions expressed by: 

n(d) = ne + A1 exp(-(d /wi)
a1) + A2 exp(-(d /w2)

a2) (2)
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the index profile of the Z-cut HiVacPE waveguides are 
different from that obtained in containers where the initial 
pressure is approximately 1 mbar. We attribute this, to the 
high vacuum in the glass tube at the beginning of the HiVacPE 
process, which is the sign that most of the water traces have 
been removed. This was not the case in the melts used to 
prepare HISoPE waveguides [14]. 

In the case of X-cut samples, the index contrast gradually 
increases from Δne=1.37×10-2 up to 3.08×10-2 as ρLB decreases 
from 3% to 2.6%. (see Table I). At ρLB=2.5% an abrupt jump 
is observed for the surface index contrast up to Δne=1.23×10-1. 
This value of index contrast should be carefully considered 
because the IWKB method is inaccurate when an abrupt index 
change occurs in less than an optical wavelength, which is the 
case at this concentration. As we can clearly see in Fig. 2 (b), 
this concentration value seems to be the threshold from which 
the index profile exhibit a step part which can be observed 
down to ρLB=2.2%. 

 
The step index part of the index profile is not observed on 

Z-cut samples and this difference corresponds to the 
difference observed in the rocking curves. On Z-cut samples 
the rocking curves show different phases but in-between these 
phases, the signal never goes to zero, which indicate a 
superposition of layers were the crystallographic parameter is 
varying gradually just as the refractive index. On X-cut 
samples at the contrary, the rocking curves show a clear gap 
between the α and the κ phases, which correspond to the 

abrupt variation of the refractive index between the two 
phases. 

C. Analysis of index contrast 
In this next section, we thoroughly investigate the threshold 

ρLB values where changes are occurring in the index profile of 
Z-cut and X-cut waveguides. In Fig. 3 are represented for both 
Z-cut and X-cut waveguides, the index contrast Δne vs the 
concentration of the LB in the acidic bath. 

The idea is to identify the LB concentration threshold Uth 
from which one passes from a simple exponential profile to 
complex gradient one for Z-cut waveguides and to the mix of 
a step and gradient profile for X-cut waveguides. To achieve 
this we used several methods. First was the fit of experimental 
points with a sigmoidal type function such as Boltzmann 
Δn(ρLB)=Δne,max/(1+exp((ρLB-ρth)/W)) were W is a parameter 
which characterizes the steepness of the curve. Using this 
method the fit is good but not the best and for this reason, it is 
not presented in Fig. 3. Other method is the fitting of the 
experimental points by chunks. The first chunk is fitting with a 
step-like modified version of Michaelis-Menten function 
Δn(ρLB)=Δne,max×(ρth-ρLB)/(W+ρth-ρLB) which present a 
discontinuity in ρth. The second chunk is fitting with a linear 
regression. The intersection of these two fits gives the 
threshold value ρth. This approach looks more natural and, 
indeed, the fits are better. However, the best fit is obtained 
when a sum of two generalized exponential functions are used. 
It is expressed by: 
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A1, A2, w1, w2, a1 and a2 are adjustable parameters. When the 
parameters ai=1 the function is an exponential decay, when 
ai=2 the function is a Gaussian and when ai ≥ 10 the function 
is a quasi-step. Each of the generalized exponential function 
fits one chunk of the experimental points.  

 

 
Fig. 3.  Variation of the index contrast ∆ne vs LB concentration for Z-cut and 
X-cut waveguides. The symbols represent the experimental points and solid 
lines are the fits with sum of two generalized exponential functions. The 
dashed lines are partial fits, i.e. modified Michaelis-Menten function and 
linear regression. The best guess of the index contrast for X-cut sample 
fabricated at 2.5% is represented by a circle. On bottom part of the graph are 
given the derivative of the fits, which help to localize the position of the 
threshold after which the waveguides present only the α-phase (SPE type 
waveguides). 
 

 
Fig. 2.  Extraordinary index profile at λ=633 nm reconstructed by IWKB for 
planar waveguides fabricated in (a) Z-cut and (b) X-cut LN by HiVacPE 
using different concentration of the LB in the bath at 300℃ and for 72 hours. 
The symbols represent the measured Neff of the modes. In origin is the 
surface index calculated by IWKB. Dashed lines are guides for the eye. 
 



where, once again, A1, A2, w1, w2, a1 and a2 are adjustable parameters and take different values depending on 
LB concentration and d is the depth in the waveguide. Each generalized exponential function in (3) describes 
the behavior of one of the chunk of the index profile. Therefore, for waveguides exhibiting only a simple 
exponential profile the second function in (3) vanishes. 
On Fig. 4 are plotted index profiles for the Z-cut samples fabricated with ρLB equal to 2.2%, 2.3% and 2.4%, 
which  are  the  only  ones  exhibiting  complex  profiles.  The  symbols  represent  de  measured  Neff  of  the 
propagating modes and at the origin is the surface index calculated by IWKB. The solid lines are the fits 
obtained  by  using  (3)  and  dashed  lines  are  partial  fits  using  modified  Michaelis-Menten  function  and 
exponential decay. The derivatives of the fits exhibit one minimum point for 2.4% and two minimum points 
for both 2.2% and 2.3% respectively. These minimum points correspond to a given depth in the waveguide, 
where  there  is  a  significant  refractive  index  difference  between  two  layers.  The  derivative  curve 
corresponding to 2.4% exhibits only one minimum point, which means that this waveguide exhibits two 
refractive  index  sub-layers.  First  sub-layer  starts  from the  surface  of  the  waveguide  and  extends  until 
approximately 1 μm in depth and then starts the second sub-layer which goes to the end of the protonated 
area (see inset on Fig 4 for two sub- layers configuration of the waveguide). Further, for both 2.2% and 2.3% 
respectively the derivative curves exhibit two minimum points, which means that these waveguides exhibit 
three refractive index sub-layers (see inset on Fig 4 for three sub-layers configuration of the waveguide). 

Fig. 4. Index profiles of Z-cut HiVacPE waveguides 
fabricated with LB concentration ranging from 2.2% 
to 2.4% respectively. The symbols represent de 
measured Neff of the propagating modes and at the 
origin is the surface index calculated by IWKB. The 
solid lines are the fits obtained by using (3) and 
dashed lines are partial fits using modified 
Michaelis-Menten function and exponential decay. 
In the bottom part of the graph are given the 
derivative of the fits. In the inset are represented the 
sub-layers structures of the waveguides. The 
intensity of the red color represents the refractive 
index value in the waveguides. 

In this case, first sub-layers start from the surface and extends until approximately 0.5 μm and 0.8 μm in 
depth for 2.3% and 2.2% respectively. From these depths start the second sub- layers that go to 2.2 μm and 3 
μm for  2.3% and  2.2% respectively.  Then,  the  third  sub-layers  start  and  go  dipper  to  the  end  of  the 
protonated areas. These results are consistent with what has been observed on the rocking curves with the 
apparition of a κ1 layer and later a κ2 layer when ρLB is reduced from 2.4% to 2.2%. 
On Fig. 5 are plotted the index profiles for the X-cut samples fabricated with LB concentrations ranging from 
2.2% to 2.5%. The symbols represent de measured Neff of the propagating modes and at the origin is the 
surface  index calculated by IWKB or  the  best  guess  value  for  �LB=2.5%. The solid  lines  are  the  fits 
obtained  by  using  (3)  and  dashed  lines  are  partial  fits  using  modified  Michaelis-Menten  function  and 
exponential decay. The derivative curves exhibit only one minimum point for any of these profiles. These 
minimum points correspond to a given depth in the waveguide, where there is a significant refractive index 
difference between two layers. For ρLB=2.5%, the first sub-layer starts from the surface of the waveguide and 
extends  to  approximately  0.9  μm  As  expected,  by  decreasing  ρLB,  the  first  sub-layer  goes  dipper  to 
approximately 3 μm, 3.5 μm and 4.5 μm for ρLB=2.4%, ρLB=2.3% and ρLB=2.2% respectively. From these 
points start the second sub-layers, which go to the end of the protonated area. See the inset of Fig. 5 for both: 
two sub-layers configuration of the waveguide and relationship between the thickness of the first sub-layer 
and LB concentration. Once again, these results can be directly correlated with the rocking curves where 
only the κ1 phase has been identified for the low values of ρLB used in this study. 
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The threshold of LB concentration is obtained with very good 
precision when we make the derivative of the fitting curves. 
For each point, its derivative is calculated as the average of the 
left and the right derivatives. The experimental points are 
fitted considering the maximum index contrast at Δne,max=0.12 
for both Z-cut and X-cut respectively [27]. From the full set of 
points corresponding of X-cut samples, the value of index 
contrast Δne=1.23×10-1 obtained for 2.5% is not used when 
fitting the points for the reason given above about inaccurate 
values given by IWKB. After appropriate fit of remained 
points we find for 2.5% on the fit curve the best guess of index 
contrast at Δne= 7.7×10-2. This value will be used for all other 
investigations and analysis in our paper. 
To obtain ρth, we calculate the minimum of the derivatives of 
the index contrast vs ρLB curves which gives: ρth,Z-

cut=2.46±0.03% for Z-cut waveguides and ρth,X-cut=2.53±0.03% 
for X-cut waveguides. These points give the threshold after 
which the index profiles of the waveguides are no longer a 
simple exponential profiles. This threshold corresponds 
exactly to the one that can be defined looking at the 
appearance of κ phases in the rocking curves. 

D. Analysis of index profiles 
In this section, we thoroughly analyze the index profiles in 

order to determine the best fit for the experimental points 
depicted in Fig. 2. We will use, once again, the sum of two 
generalized exponential functions expressed by: 
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where, once again, A1, A2, w1, w2, a1 and a2 are adjustable 
parameters and take different values depending on LB 
concentration and d is the depth in the waveguide. Each 
generalized exponential function in (3) describes the behavior 
of one of the chunk of the index profile. Therefore, for 
waveguides exhibiting only a simple exponential profile the 
second function in (3) vanishes. 

On Fig. 4 are plotted index profiles for the Z-cut samples 
fabricated with ρLB equal to 2.2%, 2.3% and 2.4%, which are 
the only ones exhibiting complex profiles. The symbols 
represent de measured Neff of the propagating modes and at 
the origin is the surface index calculated by IWKB. The solid 
lines are the fits obtained by using (3) and dashed lines are 
partial fits using modified Michaelis-Menten function and 
exponential decay. The derivatives of the fits exhibit one 
minimum point for 2.4% and two minimum points for both 
2.2% and 2.3% respectively. These minimum points 
correspond to a given depth in the waveguide, where there is a 
significant refractive index difference between two layers. The 
derivative curve corresponding to 2.4% exhibits only one 
minimum point, which means that this waveguide exhibits two 
refractive index sub-layers. First sub-layer starts from the 
surface of the waveguide and extends until approximately 1 
µm in depth and then starts the second sub-layer which goes to 
the end of the protonated area (see inset on Fig 4 for two sub-
layers configuration of the waveguide). Further, for both 2.2% 
and 2.3% respectively the derivative curves exhibit two 
minimum points, which means that these waveguides exhibit 

three refractive index sub-layers (see inset on Fig 4 for three 
sub-layers configuration of the waveguide). 

 
In this case, first sub-layers start from the surface and extends 
until approximately 0.5 µm and 0.8 µm in depth for 2.3% and 
2.2% respectively. From these depths start the second sub-
layers that go to 2.2 µm and 3 µm for 2.3% and 2.2% 
respectively. Then, the third sub-layers start and go dipper to 
the end of the protonated areas. These results are consistent 
with what has been observed on the rocking curves with the 
apparition of a κ1 layer and later a κ2 layer when ρLB is 
reduced from 2.4% to 2.2%. 

On Fig. 5 are plotted the index profiles for the X-cut 
samples fabricated with LB concentrations ranging from 2.2% 
to 2.5%. The symbols represent de measured Neff of the 
propagating modes and at the origin is the surface index 
calculated by IWKB or the best guess value for ULB=2.5%. 
The solid lines are the fits obtained by using (3) and dashed 
lines are partial fits using modified Michaelis-Menten function 
and exponential decay. The derivative curves exhibit only one 
minimum point for any of these profiles. These minimum 
points correspond to a given depth in the waveguide, where 
there is a significant refractive index difference between two 
layers. For ρLB=2.5%, the first sub-layer starts from the 
surface of the waveguide and extends to approximately 0.9 µm 
As expected, by decreasing ρLB, the first sub-layer goes dipper 
to approximately 3 µm, 3.5 µm and 4.5 µm for ρLB=2.4%, 
ρLB=2.3% and ρLB=2.2% respectively. From these points start 
the second sub-layers, which go to the end of the protonated 
area. See the inset of Fig. 5 for both: two sub-layers 
configuration of the waveguide and relationship between the 
thickness of the first sub-layer and LB concentration. Once 
again, these results can be directly correlated with the rocking 
curves where only the κ1 phase has been identified for the low 

 
Fig. 4.  Index profiles of Z-cut HiVacPE waveguides fabricated with LB 
concentration ranging from 2.2% to 2.4% respectively. The symbols 
represent de measured Neff of the propagating modes and at the origin is the 
surface index calculated by IWKB. The solid lines are the fits obtained by 
using (3) and dashed lines are partial fits using modified Michaelis-Menten 
function and exponential decay. In the bottom part of the graph are given the 
derivative of the fits. In the inset are represented the sub-layers structures of 
the waveguides. The intensity of the red color represents the refractive index 
value in the waveguides. 
 



Fig. 5. Index profiles of X-cut HiVacPE waveguides 
fabricated with LB concentrations ranging from 2.2% 
to  2.5%  respectively.  The  symbols  represent  de 
measured Neff of the propagating modes and at the 
origin is the surface index calculated by IWKB or the 
best guess value for 2.5%. The solid lines are the fits 
obtained by using (3) and dashed lines are partial fits 
using  modified  Michaelis-Menten  function  and 
exponential decay. On the bottom part of the graph 
are given the derivative of the fits.  In the inset  are 
represented  the  sub-layers  structures  of  the 
waveguides. The intensity of the red color represents 
the refractive index value in the waveguides. 

E. Nonlinearity Measurements 
One of the great interests of LN waveguides is their high nonlinear efficiency. In order to see if the HiVacPE 
technique preserves the nonlinearity of the material, we performed surface Second Harmonic Generation 
(SHG) measurements. The experimental setup is similar to the one used in [13] and which is fully described 
in  [28].  A laser  beam at  wavelength  1.5  μm is  focused on the  polished end facet  of  a  waveguide  and 
vertically  scanned  through  the  different  regions:  air,  exchanged  layers  and  substrate  respectively.  By 
measuring, during the scan, the reflected fundamental and second harmonic (SHG) beams, one can evaluate 
the variation of the second–order nonlinearity coefficient induced by the waveguide fabrication process. The 
fundamental beam is used to identify the air-waveguide interface position and the intensity of the harmonic is 
used to compare the waveguide value of the nonlinear coefficient d33 with its substrate value.

Fig. 6. SHG profiles and reflected fundamental signal 
of  Z-cut  HiVacPE  waveguides  superimposed  with 
index profiles when (a) ρLB decreases from 3% to 
2.5% and (b) ρLB decreases from 2.4% to 2.2%. 

 
In Fig. 6 (a) is presented a typical example of these scan superimposed with the corresponding index profile 
at λ=633 nm for a Z-cut waveguide fabricated with ρLB ranging from 3% to 2.5%. These waveguides exhibit 
only one single layer and no κ  phase. As it can be seen, there is no significant variation of SHG signal 
between the protonated area and the substrate. This indicates that the waveguides exhibit the same nonlinear 
coefficient  as  the  substrate  when only  α-phase  is  present  in  the  proton  exchanged  layer.  This  result  is 
identical to the one obtained in all the waveguides produced so far and presenting only the α-phase in the 
protonated area. Reducing further ρLB from 2.4% to 2.2%, the waveguides exhibit, as we have already seen, 
either two or three sub-layers.  In these cases,  the SHG and fundamental  signals are similar to the ones 
presented on Fig 6 (b). Besides the α-phase, these waveguides contain κ phases and exhibit a very high index 
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values of ρLB used in this study. 

 
E. Nonlinearity Measurements 
One of the great interests of LN waveguides is their high 
nonlinear efficiency. In order to see if the HiVacPE technique 
preserves the nonlinearity of the material, we performed 
surface Second Harmonic Generation (SHG) measurements. 
The experimental setup is similar to the one used in [13] and 
which is fully described in [28]. A laser beam at wavelength 
1.5 µm is focused on the polished end facet of a waveguide 
and vertically scanned through the different regions: air, 
exchanged layers and substrate respectively. By measuring, 
during the scan, the reflected fundamental and second 
harmonic (SHG) beams, one can evaluate the variation of the 
second–order nonlinearity coefficient induced by the 
waveguide fabrication process. The fundamental beam is used 
to identify the air-waveguide interface position and the 
intensity of the harmonic is used to compare the waveguide 
value of the nonlinear coefficient d33 with its substrate value. 

In Fig. 6 (a) is presented a typical example of these scan 
superimposed with the corresponding index profile at λ=633 
nm for a Z-cut waveguide fabricated with ρLB ranging from 
3% to 2.5%. These waveguides exhibit only one single layer 
and no κ phase. As it can be seen, there is no significant 
variation of SHG signal between the protonated area and the 
substrate. This indicates that the waveguides exhibit the same 
nonlinear coefficient as the substrate when only α-phase is 
present in the proton exchanged layer. This result is identical 
to the one obtained in all the waveguides produced so far and 
presenting only the α-phase in the protonated area. Reducing 
further ρLB from 2.4% to 2.2%, the waveguides exhibit, as we 
have already seen, either two or three sub-layers. In these 
cases, the SHG and fundamental signals are similar to the ones 
presented on Fig 6 (b). Besides the α-phase, these waveguides 

contain κ phases and exhibit a very high index contrast in a 
part of the waveguide. For these waveguides, the SHG peak is 
very sharp and intense compared the other ones. The SHG 
signal superimposed on the refractive index profile of the 
waveguide clearly shows an intense peak of SHG in the 
protonated area. This enhancement of the SHG signal is 
probably a complex function of the discontinuity of the 
nonlinear coefficient d33 between the air and the crystal [29] 
and of the confinement of the pump beam due to the high 
index contrast in the waveguide. Therefore, without a 
complete understanding of the reflected SHG signal, it is 
impossible to extract information about the exact value of the 
nonlinear coefficient d33 in these HiVacPE waveguides, but 
we can assume at least that the waveguide value is equal to the 
substrate value. 

 
In Fig. 7 (a) is presented one example of the SHG and 

fundamental signal for X-cut waveguides superimposed with 
the index profile at λ=633 nm of the waveguide when ρLB 
decreases from 3% to 2.6%. These waveguides exhibit one 
single layer and a low index contrast. As it can be seen, there 
is no significant variation of the SHG signal between the 
protonated area and the substrate. This indicates that the 
waveguides exhibit the same nonlinear coefficient as the 
substrate when only α-phase is presented in the protonated 
area, as already observed in waveguides fabricated in other 
experimental conditions. On Fig. 7 (b) is presented the very 
sharp and intense SHG peak exhibited by the waveguide 
fabricated at ρLB=2.5%. Besides the α-phase, this waveguide 
contains κ1-phase and exhibit a high index contrast. The 
intense peak of SHG that is observed here has probably the 
same origin as the one observed on Z-cut samples. Moreover, 
due to the lateral resolution of the experiment (~2µm) and the 
small depth of the κ layer (0.9µm) it is impossible to extract a 
clear information about the value of d33 in the surface layer of 
this particular waveguide. 

 
Fig. 5.  Index profiles of X-cut HiVacPE waveguides fabricated with LB 
concentrations ranging from 2.2% to 2.5% respectively. The symbols 
represent de measured Neff of the propagating modes and at the origin is the 
surface index calculated by IWKB or the best guess value for 2.5%. The 
solid lines are the fits obtained by using (3) and dashed lines are partial fits 
using modified Michaelis-Menten function and exponential decay. On the 
bottom part of the graph are given the derivative of the fits. In the inset are 
represented the sub-layers structures of the waveguides. The intensity of the 
red color represents the refractive index value in the waveguides. 
 

 
Fig. 6.  SHG profiles and reflected fundamental signal of Z-cut HiVacPE 
waveguides superimposed with index profiles when (a) ρLB decreases from 
3% to 2.5% and (b) ρLB decreases from 2.4% to 2.2%. 
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values of ρLB used in this study. 
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preserves the nonlinearity of the material, we performed 
surface Second Harmonic Generation (SHG) measurements. 
The experimental setup is similar to the one used in [13] and 
which is fully described in [28]. A laser beam at wavelength 
1.5 µm is focused on the polished end facet of a waveguide 
and vertically scanned through the different regions: air, 
exchanged layers and substrate respectively. By measuring, 
during the scan, the reflected fundamental and second 
harmonic (SHG) beams, one can evaluate the variation of the 
second–order nonlinearity coefficient induced by the 
waveguide fabrication process. The fundamental beam is used 
to identify the air-waveguide interface position and the 
intensity of the harmonic is used to compare the waveguide 
value of the nonlinear coefficient d33 with its substrate value. 

In Fig. 6 (a) is presented a typical example of these scan 
superimposed with the corresponding index profile at λ=633 
nm for a Z-cut waveguide fabricated with ρLB ranging from 
3% to 2.5%. These waveguides exhibit only one single layer 
and no κ phase. As it can be seen, there is no significant 
variation of SHG signal between the protonated area and the 
substrate. This indicates that the waveguides exhibit the same 
nonlinear coefficient as the substrate when only α-phase is 
present in the proton exchanged layer. This result is identical 
to the one obtained in all the waveguides produced so far and 
presenting only the α-phase in the protonated area. Reducing 
further ρLB from 2.4% to 2.2%, the waveguides exhibit, as we 
have already seen, either two or three sub-layers. In these 
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part of the waveguide. For these waveguides, the SHG peak is 
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signal superimposed on the refractive index profile of the 
waveguide clearly shows an intense peak of SHG in the 
protonated area. This enhancement of the SHG signal is 
probably a complex function of the discontinuity of the 
nonlinear coefficient d33 between the air and the crystal [29] 
and of the confinement of the pump beam due to the high 
index contrast in the waveguide. Therefore, without a 
complete understanding of the reflected SHG signal, it is 
impossible to extract information about the exact value of the 
nonlinear coefficient d33 in these HiVacPE waveguides, but 
we can assume at least that the waveguide value is equal to the 
substrate value. 
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fundamental signal for X-cut waveguides superimposed with 
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is no significant variation of the SHG signal between the 
protonated area and the substrate. This indicates that the 
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substrate when only α-phase is presented in the protonated 
area, as already observed in waveguides fabricated in other 
experimental conditions. On Fig. 7 (b) is presented the very 
sharp and intense SHG peak exhibited by the waveguide 
fabricated at ρLB=2.5%. Besides the α-phase, this waveguide 
contains κ1-phase and exhibit a high index contrast. The 
intense peak of SHG that is observed here has probably the 
same origin as the one observed on Z-cut samples. Moreover, 
due to the lateral resolution of the experiment (~2µm) and the 
small depth of the κ layer (0.9µm) it is impossible to extract a 
clear information about the value of d33 in the surface layer of 
this particular waveguide. 
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Fig. 6.  SHG profiles and reflected fundamental signal of Z-cut HiVacPE 
waveguides superimposed with index profiles when (a) ρLB decreases from 
3% to 2.5% and (b) ρLB decreases from 2.4% to 2.2%. 
 



contrast in a part of the waveguide. For these waveguides, the SHG peak is very sharp and intense compared 
the other ones. The SHG signal superimposed on the refractive index profile of the waveguide clearly shows 
an intense peak of SHG in the protonated area. This enhancement of the SHG signal is probably a complex 
function of the discontinuity of the nonlinear coefficient d33 between the air and the crystal [29] and of the 
confinement  of  the  pump beam due  to  the  high  index  contrast  in  the  waveguide.  Therefore,  without  a 
complete understanding of the reflected SHG signal, it is impossible to extract information about the exact 
value of the nonlinear coefficient d33 in these HiVacPE waveguides, but we can assume at least that the 
waveguide value is equal to the substrate value. 

Fig. 7. SHG profiles and reflected fundamental signal of 
X-cut  HiVacPE waveguides  superimposed  with  index 
profiles when (a) ρLB decreases from 3% to 2.6% and 
(b) ρLB=2.5% 

In  Fig.  7  (a)  is  presented  one  example  of  the  SHG  and  fundamental  signal  for  X-cut  waveguides 
superimposed with the index profile at λ=633 nm of the waveguide when ρLB decreases from 3% to 2.6%. 
These waveguides exhibit one single layer and a low index contrast. As it can be seen, there is no significant 
variation of the SHG signal between the protonated area and the substrate. This indicates that the waveguides 
exhibit the same nonlinear coefficient as the substrate when only α-phase is presented in the protonated area, 
as already observed in waveguides fabricated in other experimental conditions. On Fig. 7 (b) is presented the 
very sharp and intense SHG peak exhibited by the waveguide fabricated at ρLB=2.5%. Besides the α-phase, 
this  waveguide  contains  κ1-phase  and  exhibit  a  high  index  contrast.  The  intense  peak  of  SHG that  is 
observed here has probably the same origin as the one observed on Z-cut samples. Moreover, due to the 
lateral resolution of the experiment (~2μm) and the small depth of the κ layer (0.9μm) it is impossible to 
extract a clear information about the value of d33 in the surface layer of this particular waveguide. 
Now, it is worth presenting in Fig. 8 each SHG and fundamental signal obtained on samples prepared with a 
LB concentration ranging from 2.4% to 2.2%. These waveguides exhibit two sub-layers and an index profile 
composed of a step part and a graded part. The first important thing to note is that the nonlinearity is not 
preserved in more than half of the first index sub-layers of the protonated area. It is difficult to be more 
precise concerning the exact extension of the area where d33 is reduced, due to the lateral resolution of the 
experiment and of the presence of the SHG peak which, in this case, tends to exists at the interface between 
the κ and the α layers. When looking more closely, the second thing to note is that the nonlinearity is not 
completely destroyed at the surface of the waveguides for the concentrations 2.4% and 2.3% (see Fig. 8 (a) 
and (b)). At the contrary, for 2.2%, the SHG signal remains equal to zero starting from the surface down to 
almost 2.5 μm (see Fig. 8 (c)). 
This quite remarkable different behavior of the nonlinearity depending on the substrate orientation is in very 
good agreement with the index profiles and with the XRD analysis. In the case of Z-cut waveguides, the 
XRD signal does not go to zero between the different phases. The transition between these phases is done 
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Now, it is worth presenting in Fig. 8 each SHG and 

fundamental signal obtained on samples prepared with a LB 
concentration ranging from 2.4% to 2.2%. These waveguides 
exhibit two sub-layers and an index profile composed of a step 
part and a graded part. The first important thing to note is that 
the nonlinearity is not preserved in more than half of the first 
index sub-layers of the protonated area. It is difficult to be 
more precise concerning the exact extension of the area where 
d33 is reduced, due to the lateral resolution of the experiment 
and of the presence of the SHG peak which, in this case, tends 
to exists at the interface between the κ and the α layers. When 
looking more closely, the second thing to note is that the 
nonlinearity is not completely destroyed at the surface of the 
waveguides for the concentrations 2.4% and 2.3% (see Fig. 8 
(a) and (b)). At the contrary, for 2.2%, the SHG signal remains 
equal to zero starting from the surface down to almost 2.5 µm 
(see Fig. 8 (c)). 

This quite remarkable different behavior of the nonlinearity 
depending on the substrate orientation is in very good 
agreement with the index profiles and with the XRD analysis. 
In the case of Z-cut waveguides, the XRD signal does not go 
to zero between the different phases. The transition between 
these phases is done through a layer in which the 
crystallographic parameter varies gradually, which is also 
observed in the index profile and allows observing high index 
layers with no degradation of the nonlinear coefficient d33. At 
the contrary, for the X-cut waveguides the XRD signal goes 
almost to zero between κ1 and α phases, and the 
crystallographic parameter varies abruptly between them. This 
induces a sudden strain transition that can be also observed in 
the index profile of the waveguides and is correlated with a 
strong degradation of the nonlinearity. 

 

IV. HIVACPE CHANNEL WAVEGUIDES 

A. Fabrication of channel waveguide 
In view of the possible applications, we have targeted the 
fabrication of single-mode channel waveguides around 
λ=1550 nm. Taking into account that, decreasing the LB 
concentration in the melt increases the index contrast Δne, we 
have to adjust the width of the waveguide so that it remains 
single-mode at the wavelength of interest. Therefore, channel 
waveguides were fabricated by using SiO2 masks with 
openings of different width. They were fabricated on the 
surface of Z-cut samples using standard UV photolithography, 
Ion Assisted Deposition (IAD) of SiO2 layer and a lift-off 
process. Besides a set of channel waveguides, the so prepared 
samples have the advantage to present on the opposite surface, 
a planar waveguide very useful for preliminary M-lines 
characterizations. It is worth to note that depending on the 
openings in the SiO2 mask, some of the channel waveguides 
exhibit smaller depths than the planar waveguide, due to the 
fact that, through narrow opening, the lateral diffusion is no 
longer negligible [30]. To allow characterizing the channel 
waveguides, the input and the output edges of the samples 
were polished with high quality. 

 
Fig. 8.  SHG profiles and reflected fundamental signal of X-cut HiVacPE 
waveguides superimposed with index profiles when (a) ρLB=2.4%, (b) 
ρLB=2.3% and (c) ρLB=2.2%. 
 

 
Fig. 7.  SHG profiles and reflected fundamental signal of X-cut HiVacPE 
waveguides superimposed with index profiles when (a) ρLB decreases from 
3% to 2.6% and (b) ρLB=2.5% 
 



through a layer in which the crystallographic parameter varies gradually, which is also observed in the index 
profile and allows observing high index layers with no degradation of the nonlinear coefficient d33. At the 
contrary, for the X-cut waveguides the XRD signal goes almost to zero between κ1 and α phases, and the 
crystallographic parameter varies abruptly between them. This induces a sudden strain transition that can be 
also observed in the index profile of the waveguides and is  correlated with a strong degradation of the 
nonlinearity. 

Fig. 8. SHG profiles and reflected fundamental signal 
of  X-cut  HiVacPE  waveguides  superimposed  with 
index profiles when (a) ρLB=2.4%, (b) ρLB=2.3% and 
(c) ρLB=2.2%. 

IV. HIVACPE CHANNEL WAVEGUIDES 

A. Fabrication of channel waveguide 
In view of the possible applications, we have targeted the fabrication of single-mode channel waveguides 
around λ=1550 nm. Taking into account that, decreasing the LB concentration in the melt increases the index 
contrast Δne, we have to adjust the width of the waveguide so that it remains single-mode at the wavelength 
of interest. Therefore, channel waveguides were fabricated by using SiO2 masks with openings of different 
width.  They  were  fabricated  on  the  surface  of  Z-cut  samples  using  standard  UV photolithography,  Ion 
Assisted Deposition (IAD) of SiO2 layer and a lift-off process. Besides a set of channel waveguides, the so 
prepared samples have the advantage to present on the opposite surface, a planar waveguide very useful for 
preliminary M-lines characterizations. It is worth to note that depending on the openings in the SiO2 mask, 
some of the channel waveguides exhibit  smaller depths than the planar waveguide, due to the fact that, 
through  narrow opening,  the  lateral  diffusion  is  no  longer  negligible  [30].  To  allow characterizing  the 
channel waveguides, the input and the output edges of the samples were polished with high quality. 

B. Propagation losses 
Propagation losses in the HiVacPE channel waveguides have been measured by using the Fabry-Pérot cavity 
technique [31]. For each channel waveguide, the single mode propagation was tested by investigating the 
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fundamental signal obtained on samples prepared with a LB 
concentration ranging from 2.4% to 2.2%. These waveguides 
exhibit two sub-layers and an index profile composed of a step 
part and a graded part. The first important thing to note is that 
the nonlinearity is not preserved in more than half of the first 
index sub-layers of the protonated area. It is difficult to be 
more precise concerning the exact extension of the area where 
d33 is reduced, due to the lateral resolution of the experiment 
and of the presence of the SHG peak which, in this case, tends 
to exists at the interface between the κ and the α layers. When 
looking more closely, the second thing to note is that the 
nonlinearity is not completely destroyed at the surface of the 
waveguides for the concentrations 2.4% and 2.3% (see Fig. 8 
(a) and (b)). At the contrary, for 2.2%, the SHG signal remains 
equal to zero starting from the surface down to almost 2.5 µm 
(see Fig. 8 (c)). 

This quite remarkable different behavior of the nonlinearity 
depending on the substrate orientation is in very good 
agreement with the index profiles and with the XRD analysis. 
In the case of Z-cut waveguides, the XRD signal does not go 
to zero between the different phases. The transition between 
these phases is done through a layer in which the 
crystallographic parameter varies gradually, which is also 
observed in the index profile and allows observing high index 
layers with no degradation of the nonlinear coefficient d33. At 
the contrary, for the X-cut waveguides the XRD signal goes 
almost to zero between κ1 and α phases, and the 
crystallographic parameter varies abruptly between them. This 
induces a sudden strain transition that can be also observed in 
the index profile of the waveguides and is correlated with a 
strong degradation of the nonlinearity. 

 

IV. HIVACPE CHANNEL WAVEGUIDES 

A. Fabrication of channel waveguide 
In view of the possible applications, we have targeted the 
fabrication of single-mode channel waveguides around 
λ=1550 nm. Taking into account that, decreasing the LB 
concentration in the melt increases the index contrast Δne, we 
have to adjust the width of the waveguide so that it remains 
single-mode at the wavelength of interest. Therefore, channel 
waveguides were fabricated by using SiO2 masks with 
openings of different width. They were fabricated on the 
surface of Z-cut samples using standard UV photolithography, 
Ion Assisted Deposition (IAD) of SiO2 layer and a lift-off 
process. Besides a set of channel waveguides, the so prepared 
samples have the advantage to present on the opposite surface, 
a planar waveguide very useful for preliminary M-lines 
characterizations. It is worth to note that depending on the 
openings in the SiO2 mask, some of the channel waveguides 
exhibit smaller depths than the planar waveguide, due to the 
fact that, through narrow opening, the lateral diffusion is no 
longer negligible [30]. To allow characterizing the channel 
waveguides, the input and the output edges of the samples 
were polished with high quality. 

 
Fig. 8.  SHG profiles and reflected fundamental signal of X-cut HiVacPE 
waveguides superimposed with index profiles when (a) ρLB=2.4%, (b) 
ρLB=2.3% and (c) ρLB=2.2%. 
 

 
Fig. 7.  SHG profiles and reflected fundamental signal of X-cut HiVacPE 
waveguides superimposed with index profiles when (a) ρLB decreases from 
3% to 2.6% and (b) ρLB=2.5% 
 



near-field  pattern  at  the  output  of  the  waveguide.  The  high  quality  of  the  edges  polishing  makes  the 
investigated waveguide to act as a resonant optical cavity. Resonance conditions depend on the wavelength 
so their periodic occurrence can be evidenced by varying the wavelength of a tunable laser around λ=1550 
nm and measuring the transmitted intensity. The propagation losses P (evaluated in decibels) can be retrieved 
from the oscillation contrast using: 

(4)

were R is the end-face (Fresnel) reflection coefficient taking in account the mode waists and the angles 
formed by the waveguide with the end faces of the sample. The parameter C is the contrast defined as:

 
were Imax and Imin represent the maximum and minimum output intensities, respectively. 
The modal behavior was verified by observing the near- field pattern of the propagating mode for each 
channel waveguide. The investigations were performed by using a tunable laser (Yenista Optics – Tunics 
T100R) around λ=1550 nm. For the in-coupling we used a micro lensed polarization maintaining fiber. The 
image of the propagating modes at the waveguide output is obtained with an Olympus microscope objective 
and  an  infrared  highly  sensitive  CCD  camera  (NIR-  300PGE  from  VDS  Vosskühler  GmbH).  The 
investigation results on propagation losses can be grouped into two categories as follow: 

1. Propagation losses for low-index contrast 
For the ρLB ranging from 3% to 2.5%, corresponding to low index contrast, we experimentally validate the 
single-mode behavior at λ=1550 nm. In the case of channel waveguides fabricated using 2.5% of LB and 
6μm opening, the oscillation contrast (C=20±2%) can be deduced from the spectra depicted in Fig. 9. It 
should be noted the fact that the index contrast for 2.5% is the highest index contrast value for what is 
generally  called  the  range  of  low-index  contrast  waveguides.  The  best  of  our  investigated  channel 
waveguides exhibit very low propagation losses around 0.16±0.02 dB/cm. 

 

Fig.  9.  Transmission  of  a  Fabry-Pérot  waveguide 
cavity fabricated by using 2.5% of LB and opening of 
6μm on the mask. 

2. Propagation losses for high-index contrast 
For the lower LB concentrations ranging from 2.4%, to 2.2%, allowing to get very high index contrast, the 
channel waveguides were fabricated by using openings in the mask of width 2 μm and 2.5 μm, in order to 
obtain single-mode propagation at λ=1550 nm. 
In  Fig.  10  (a)  and  (b)  we  present  the  near-field  pattern  of  the  optical  modes  supported  by  a  channel 
waveguide prepared with ρLB=2.2% and 2 μm opening. Unfortunately, we can clearly observe a multimode 
behavior at λ=1550 nm. Furthermore, we observe, a certain amount of radiating light around the propagating 
mode. This makes us thinking of TM- TE polarization coupling which would lead to the arising of hybrid 
modes (EH modes) [32, 33]. To verify this aspect we observed the far field at the output of the waveguide by 
using a visible light at λ=633 nm. In order to separate TM and TE polarizations, a polarizer was introduced 
between the sample and the screen placed just a few centimeters away. When only TE polarization is passing, 
it  can  be  observed  characteristic  semicircles  corresponding  to  the  light  radiating  into  the  substrate,  the 

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

8 

B. Propagation losses 
Propagation losses in the HiVacPE channel waveguides have 
been measured by using the Fabry-Pérot cavity technique [31]. 
For each channel waveguide, the single mode propagation was 
tested by investigating the near-field pattern at the output of 
the waveguide. The high quality of the edges polishing makes 
the investigated waveguide to act as a resonant optical cavity. 
Resonance conditions depend on the wavelength so their 
periodic occurrence can be evidenced by varying the 
wavelength of a tunable laser around λ=1550 nm and 
measuring the transmitted intensity. The propagation losses P 
(evaluated in decibels) can be retrieved from the oscillation 
contrast using: 

2 1/21 (1 )
4.34 ln( ) ln

CP R
C

ª º� �
 �« »

¬ ¼
 (4) 

were R is the end-face (Fresnel) reflection coefficient taking in 
account the mode waists and the angles formed by the 
waveguide with the end faces of the sample. The parameter C 
is the contrast defined as: 
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were Imax and Imin represent the maximum and minimum 
output intensities, respectively. 

The modal behavior was verified by observing the near-
field pattern of the propagating mode for each channel 
waveguide. The investigations were performed by using a 
tunable laser (Yenista Optics – Tunics T100R) around λ=1550 
nm. For the in-coupling we used a micro lensed polarization 
maintaining fiber. The image of the propagating modes at the 
waveguide output is obtained with an Olympus microscope 
objective and an infrared highly sensitive CCD camera (NIR-
300PGE from VDS Vosskühler GmbH). The investigation 
results on propagation losses can be grouped into two 
categories as follow: 

1. Propagation losses for low-index contrast 
For the ρLB ranging from 3% to 2.5%, corresponding to low 
index contrast, we experimentally validate the single-mode 
behavior at λ=1550 nm. In the case of channel waveguides 
fabricated using 2.5% of LB and 6µm opening, the oscillation 
contrast (C=20±2%) can be deduced from the spectra depicted 
in Fig. 9. It should be noted the fact that the index contrast for 
2.5% is the highest index contrast value for what is generally 
called the range of low-index contrast waveguides. 

 
The best of our investigated channel waveguides exhibit very 

low propagation losses around 0.16±0.02 dB/cm. 

2. Propagation losses for high-index contrast 
For the lower LB concentrations ranging from 2.4%, to 

2.2%, allowing to get very high index contrast, the channel 
waveguides were fabricated by using openings in the mask of 
width 2 µm and 2.5 µm, in order to obtain single-mode 
propagation at λ=1550 nm. 

In Fig. 10 (a) and (b) we present the near-field pattern of the 
optical modes supported by a channel waveguide prepared 
with ρLB=2.2% and 2 µm opening. Unfortunately, we can 
clearly observe a multimode behavior at λ=1550 nm. 
Furthermore, we observe, a certain amount of radiating light 
around the propagating mode. This makes us thinking of TM-
TE polarization coupling which would lead to the arising of 
hybrid modes (EH modes) [32, 33]. To verify this aspect we 
observed the far field at the output of the waveguide by using 
a visible light at λ=633 nm. In order to separate TM and TE 
polarizations, a polarizer was introduced between the sample 
and the screen placed just a few centimeters away. When only 
TE polarization is passing, it can be observed characteristic 
semicircles corresponding to the light radiating into the 
substrate, the waveguide acting like an antenna. A part of 
radiating light is reflected by the bottom surface of the sample, 
resulting in mirrored semicircles in the upper half of the image 
on Fig. 10 (c). 

 
The hybrid modes were already observed in proton exchanged 
Z-cut LN waveguides and the hybrid nature of the modes was 
clearly related to the index modifications due to the important 
strain that can be induced by the proton exchange process in 
certain fabrication conditions [14, 32, 33]. Unfortunately, the 
multimode behavior of the propagation makes no longer 
possible to use the Fabry-Pérot cavity technique. Despite the 
fact that the planar waveguides on the opposite face of the 
sample exhibited quite good optical quality during M-lines 
measurements, even for the low concentrations of the BL 
ranging from 2.4% to 2.2%, we assume high losses (t5 
dB/cm) for the channel waveguides fabricated in these 
conditions. These are mainly due to the strain induced by non-
modified area of the crystal all around the waveguide [14]. 
The strain induced index modifications cause TM-TE 
polarization coupling which leads to the arising of hybrid 
modes (EH modes) whose ordinary part can radiate in the 
substrate. 

 
Fig. 10.  Near field pattern (a) and (b) of optical modes supported by a 
channel waveguide prepared with ρ=2.2% and 2µm width. (c) Far field 
picture on a screen of TE polarized hybrid modes in HiVacPE channel 
waveguide at λ=633 nm 
 

 
Fig. 9.  Transmission of a Fabry-Pérot waveguide cavity fabricated by using 
2.5% of LB and opening of 6µm on the mask. 
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B. Propagation losses 
Propagation losses in the HiVacPE channel waveguides have 
been measured by using the Fabry-Pérot cavity technique [31]. 
For each channel waveguide, the single mode propagation was 
tested by investigating the near-field pattern at the output of 
the waveguide. The high quality of the edges polishing makes 
the investigated waveguide to act as a resonant optical cavity. 
Resonance conditions depend on the wavelength so their 
periodic occurrence can be evidenced by varying the 
wavelength of a tunable laser around λ=1550 nm and 
measuring the transmitted intensity. The propagation losses P 
(evaluated in decibels) can be retrieved from the oscillation 
contrast using: 
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were Imax and Imin represent the maximum and minimum 
output intensities, respectively. 

The modal behavior was verified by observing the near-
field pattern of the propagating mode for each channel 
waveguide. The investigations were performed by using a 
tunable laser (Yenista Optics – Tunics T100R) around λ=1550 
nm. For the in-coupling we used a micro lensed polarization 
maintaining fiber. The image of the propagating modes at the 
waveguide output is obtained with an Olympus microscope 
objective and an infrared highly sensitive CCD camera (NIR-
300PGE from VDS Vosskühler GmbH). The investigation 
results on propagation losses can be grouped into two 
categories as follow: 

1. Propagation losses for low-index contrast 
For the ρLB ranging from 3% to 2.5%, corresponding to low 
index contrast, we experimentally validate the single-mode 
behavior at λ=1550 nm. In the case of channel waveguides 
fabricated using 2.5% of LB and 6µm opening, the oscillation 
contrast (C=20±2%) can be deduced from the spectra depicted 
in Fig. 9. It should be noted the fact that the index contrast for 
2.5% is the highest index contrast value for what is generally 
called the range of low-index contrast waveguides. 

 
The best of our investigated channel waveguides exhibit very 

low propagation losses around 0.16±0.02 dB/cm. 

2. Propagation losses for high-index contrast 
For the lower LB concentrations ranging from 2.4%, to 

2.2%, allowing to get very high index contrast, the channel 
waveguides were fabricated by using openings in the mask of 
width 2 µm and 2.5 µm, in order to obtain single-mode 
propagation at λ=1550 nm. 

In Fig. 10 (a) and (b) we present the near-field pattern of the 
optical modes supported by a channel waveguide prepared 
with ρLB=2.2% and 2 µm opening. Unfortunately, we can 
clearly observe a multimode behavior at λ=1550 nm. 
Furthermore, we observe, a certain amount of radiating light 
around the propagating mode. This makes us thinking of TM-
TE polarization coupling which would lead to the arising of 
hybrid modes (EH modes) [32, 33]. To verify this aspect we 
observed the far field at the output of the waveguide by using 
a visible light at λ=633 nm. In order to separate TM and TE 
polarizations, a polarizer was introduced between the sample 
and the screen placed just a few centimeters away. When only 
TE polarization is passing, it can be observed characteristic 
semicircles corresponding to the light radiating into the 
substrate, the waveguide acting like an antenna. A part of 
radiating light is reflected by the bottom surface of the sample, 
resulting in mirrored semicircles in the upper half of the image 
on Fig. 10 (c). 

 
The hybrid modes were already observed in proton exchanged 
Z-cut LN waveguides and the hybrid nature of the modes was 
clearly related to the index modifications due to the important 
strain that can be induced by the proton exchange process in 
certain fabrication conditions [14, 32, 33]. Unfortunately, the 
multimode behavior of the propagation makes no longer 
possible to use the Fabry-Pérot cavity technique. Despite the 
fact that the planar waveguides on the opposite face of the 
sample exhibited quite good optical quality during M-lines 
measurements, even for the low concentrations of the BL 
ranging from 2.4% to 2.2%, we assume high losses (t5 
dB/cm) for the channel waveguides fabricated in these 
conditions. These are mainly due to the strain induced by non-
modified area of the crystal all around the waveguide [14]. 
The strain induced index modifications cause TM-TE 
polarization coupling which leads to the arising of hybrid 
modes (EH modes) whose ordinary part can radiate in the 
substrate. 

 
Fig. 10.  Near field pattern (a) and (b) of optical modes supported by a 
channel waveguide prepared with ρ=2.2% and 2µm width. (c) Far field 
picture on a screen of TE polarized hybrid modes in HiVacPE channel 
waveguide at λ=633 nm 
 

 
Fig. 9.  Transmission of a Fabry-Pérot waveguide cavity fabricated by using 
2.5% of LB and opening of 6µm on the mask. 
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B. Propagation losses 
Propagation losses in the HiVacPE channel waveguides have 
been measured by using the Fabry-Pérot cavity technique [31]. 
For each channel waveguide, the single mode propagation was 
tested by investigating the near-field pattern at the output of 
the waveguide. The high quality of the edges polishing makes 
the investigated waveguide to act as a resonant optical cavity. 
Resonance conditions depend on the wavelength so their 
periodic occurrence can be evidenced by varying the 
wavelength of a tunable laser around λ=1550 nm and 
measuring the transmitted intensity. The propagation losses P 
(evaluated in decibels) can be retrieved from the oscillation 
contrast using: 
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were R is the end-face (Fresnel) reflection coefficient taking in 
account the mode waists and the angles formed by the 
waveguide with the end faces of the sample. The parameter C 
is the contrast defined as: 
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were Imax and Imin represent the maximum and minimum 
output intensities, respectively. 

The modal behavior was verified by observing the near-
field pattern of the propagating mode for each channel 
waveguide. The investigations were performed by using a 
tunable laser (Yenista Optics – Tunics T100R) around λ=1550 
nm. For the in-coupling we used a micro lensed polarization 
maintaining fiber. The image of the propagating modes at the 
waveguide output is obtained with an Olympus microscope 
objective and an infrared highly sensitive CCD camera (NIR-
300PGE from VDS Vosskühler GmbH). The investigation 
results on propagation losses can be grouped into two 
categories as follow: 

1. Propagation losses for low-index contrast 
For the ρLB ranging from 3% to 2.5%, corresponding to low 
index contrast, we experimentally validate the single-mode 
behavior at λ=1550 nm. In the case of channel waveguides 
fabricated using 2.5% of LB and 6µm opening, the oscillation 
contrast (C=20±2%) can be deduced from the spectra depicted 
in Fig. 9. It should be noted the fact that the index contrast for 
2.5% is the highest index contrast value for what is generally 
called the range of low-index contrast waveguides. 
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low propagation losses around 0.16±0.02 dB/cm. 
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2.2%, allowing to get very high index contrast, the channel 
waveguides were fabricated by using openings in the mask of 
width 2 µm and 2.5 µm, in order to obtain single-mode 
propagation at λ=1550 nm. 

In Fig. 10 (a) and (b) we present the near-field pattern of the 
optical modes supported by a channel waveguide prepared 
with ρLB=2.2% and 2 µm opening. Unfortunately, we can 
clearly observe a multimode behavior at λ=1550 nm. 
Furthermore, we observe, a certain amount of radiating light 
around the propagating mode. This makes us thinking of TM-
TE polarization coupling which would lead to the arising of 
hybrid modes (EH modes) [32, 33]. To verify this aspect we 
observed the far field at the output of the waveguide by using 
a visible light at λ=633 nm. In order to separate TM and TE 
polarizations, a polarizer was introduced between the sample 
and the screen placed just a few centimeters away. When only 
TE polarization is passing, it can be observed characteristic 
semicircles corresponding to the light radiating into the 
substrate, the waveguide acting like an antenna. A part of 
radiating light is reflected by the bottom surface of the sample, 
resulting in mirrored semicircles in the upper half of the image 
on Fig. 10 (c). 

 
The hybrid modes were already observed in proton exchanged 
Z-cut LN waveguides and the hybrid nature of the modes was 
clearly related to the index modifications due to the important 
strain that can be induced by the proton exchange process in 
certain fabrication conditions [14, 32, 33]. Unfortunately, the 
multimode behavior of the propagation makes no longer 
possible to use the Fabry-Pérot cavity technique. Despite the 
fact that the planar waveguides on the opposite face of the 
sample exhibited quite good optical quality during M-lines 
measurements, even for the low concentrations of the BL 
ranging from 2.4% to 2.2%, we assume high losses (t5 
dB/cm) for the channel waveguides fabricated in these 
conditions. These are mainly due to the strain induced by non-
modified area of the crystal all around the waveguide [14]. 
The strain induced index modifications cause TM-TE 
polarization coupling which leads to the arising of hybrid 
modes (EH modes) whose ordinary part can radiate in the 
substrate. 
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waveguide acting like an antenna. A part of radiating light is reflected by the bottom surface of the sample, 
resulting in mirrored semicircles in the upper half of the image on Fig. 10 (c).

 
Fig. 10. Near field pattern (a) and (b) of optical modes 
supported  by  a  channel  waveguide  prepared  with 
ρ=2.2%  and  2μm  width.  (c)  Far  field  picture  on  a 
screen  of  TE  polarized  hybrid  modes  in  HiVacPE 
channel waveguide at λ=633 nm 

The hybrid modes were already observed in proton exchanged Z-cut LN waveguides and the hybrid nature of 
the modes was clearly related to the index modifications due to the important strain that can be induced by 
the proton exchange process in certain fabrication conditions [14, 32, 33]. Unfortunately, the multimode 
behavior of the propagation makes no longer possible to use the Fabry-Pérot cavity technique. Despite the 
fact that the planar waveguides on the opposite face of the sample exhibited quite good optical quality during 
M-lines measurements, even for the low concentrations of the BL ranging from 2.4% to 2.2%, we assume 
high losses (�5 dB/cm) for the channel waveguides fabricated in these conditions. These are mainly due to 
the strain induced by non- modified area of the crystal all around the waveguide [14]. The strain induced 
index modifications cause TM-TE polarization coupling which leads to the arising of hybrid modes (EH 
modes) whose ordinary part can radiate in the substrate. 

V. DISCUSSION AND CONCLUSION  

In this paper, we describe a new waveguide fabrication technique in LN that we named High Vacuum Proton 
Exchange (HiVacPE). If the main purpose was to improve the reproducibility and the quality of the produced 
waveguides by limiting and controlling the water traces in the melt, we discovered that, when the acidity of 
the bath is increased, depending on substrate orientation (Z-cut or X-cut) the waveguides are completely 
different in term of crystallographic properties, index profiles and nonlinearity. By comparing the HiVacPE 
waveguides to the waveguides fabricated by any other PE process we shown that the high vacuum modifies 
the results and shifts certain important characteristics such as the position of ρth thresholds. 
For ρLB> ρth the exchanged layer is in α-phase and the properties of the waveguides are those of the well-
known SPE waveguides: low index contrast, exponential index profiles and preserved nonlinearity. For the 
channel waveguides fabricated in these conditions, propagation losses around 0.16dB/cm are experimentally 
validated. As we already said, these waveguides are quite similar to SPE waveguides, but one has to note that 
HiVacPE process allows fabricating waveguides with an index contrast up to 0.04 which is the highest index 
contrast ever reported in the literature for such lithium niobate channel waveguides. Most probably, these 
waveguide fabrication conditions are compatible with periodically poled substrates, and therefore should 
allow fabricating very efficient nonlinear components for quantum or classical optical data processing. 
However, for ρLB slightly lower to ρth, our characterizations point out a phenomenon that has never been 
reported so far. Waveguides produced with such melts present completely different characteristics depending 
on the fact that the sample is Z-cut or X-cut. 
From XRD analysis,  we clearly observe that the crystallographic structures of HiVacPE waveguides are 
completely different depending on substrate orientation (Z-cut or X-cut), The Z-cut samples present several 
layers where the crystallographic parameter varies gradually with smaller jump between the phases while the 
X-cut samples exhibit an abrupt transition between the α and the κ1 phases. 
A clear difference is also visible when working on the index profiles of the produced waveguides, the Z-cut 
and  the  X-cut  samples  exhibiting  completely  different  shapes.  The  Z-cut  waveguides  exhibit  complex 
gradient index profiles, while the X-cut waveguides exhibit a first layer where the index is constant followed 
by a second layer where it is exponentially varying down to the substrate value. We demonstrated that these 
index profiles of the waveguides fit very well with the sum of two generalized exponential functions. The 
careful analysis of these fits, revealed the layered structure of the waveguides. 
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B. Propagation losses 
Propagation losses in the HiVacPE channel waveguides have 
been measured by using the Fabry-Pérot cavity technique [31]. 
For each channel waveguide, the single mode propagation was 
tested by investigating the near-field pattern at the output of 
the waveguide. The high quality of the edges polishing makes 
the investigated waveguide to act as a resonant optical cavity. 
Resonance conditions depend on the wavelength so their 
periodic occurrence can be evidenced by varying the 
wavelength of a tunable laser around λ=1550 nm and 
measuring the transmitted intensity. The propagation losses P 
(evaluated in decibels) can be retrieved from the oscillation 
contrast using: 
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were Imax and Imin represent the maximum and minimum 
output intensities, respectively. 

The modal behavior was verified by observing the near-
field pattern of the propagating mode for each channel 
waveguide. The investigations were performed by using a 
tunable laser (Yenista Optics – Tunics T100R) around λ=1550 
nm. For the in-coupling we used a micro lensed polarization 
maintaining fiber. The image of the propagating modes at the 
waveguide output is obtained with an Olympus microscope 
objective and an infrared highly sensitive CCD camera (NIR-
300PGE from VDS Vosskühler GmbH). The investigation 
results on propagation losses can be grouped into two 
categories as follow: 

1. Propagation losses for low-index contrast 
For the ρLB ranging from 3% to 2.5%, corresponding to low 
index contrast, we experimentally validate the single-mode 
behavior at λ=1550 nm. In the case of channel waveguides 
fabricated using 2.5% of LB and 6µm opening, the oscillation 
contrast (C=20±2%) can be deduced from the spectra depicted 
in Fig. 9. It should be noted the fact that the index contrast for 
2.5% is the highest index contrast value for what is generally 
called the range of low-index contrast waveguides. 
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For the lower LB concentrations ranging from 2.4%, to 

2.2%, allowing to get very high index contrast, the channel 
waveguides were fabricated by using openings in the mask of 
width 2 µm and 2.5 µm, in order to obtain single-mode 
propagation at λ=1550 nm. 

In Fig. 10 (a) and (b) we present the near-field pattern of the 
optical modes supported by a channel waveguide prepared 
with ρLB=2.2% and 2 µm opening. Unfortunately, we can 
clearly observe a multimode behavior at λ=1550 nm. 
Furthermore, we observe, a certain amount of radiating light 
around the propagating mode. This makes us thinking of TM-
TE polarization coupling which would lead to the arising of 
hybrid modes (EH modes) [32, 33]. To verify this aspect we 
observed the far field at the output of the waveguide by using 
a visible light at λ=633 nm. In order to separate TM and TE 
polarizations, a polarizer was introduced between the sample 
and the screen placed just a few centimeters away. When only 
TE polarization is passing, it can be observed characteristic 
semicircles corresponding to the light radiating into the 
substrate, the waveguide acting like an antenna. A part of 
radiating light is reflected by the bottom surface of the sample, 
resulting in mirrored semicircles in the upper half of the image 
on Fig. 10 (c). 

 
The hybrid modes were already observed in proton exchanged 
Z-cut LN waveguides and the hybrid nature of the modes was 
clearly related to the index modifications due to the important 
strain that can be induced by the proton exchange process in 
certain fabrication conditions [14, 32, 33]. Unfortunately, the 
multimode behavior of the propagation makes no longer 
possible to use the Fabry-Pérot cavity technique. Despite the 
fact that the planar waveguides on the opposite face of the 
sample exhibited quite good optical quality during M-lines 
measurements, even for the low concentrations of the BL 
ranging from 2.4% to 2.2%, we assume high losses (t5 
dB/cm) for the channel waveguides fabricated in these 
conditions. These are mainly due to the strain induced by non-
modified area of the crystal all around the waveguide [14]. 
The strain induced index modifications cause TM-TE 
polarization coupling which leads to the arising of hybrid 
modes (EH modes) whose ordinary part can radiate in the 
substrate. 

 
Fig. 10.  Near field pattern (a) and (b) of optical modes supported by a 
channel waveguide prepared with ρ=2.2% and 2µm width. (c) Far field 
picture on a screen of TE polarized hybrid modes in HiVacPE channel 
waveguide at λ=633 nm 
 

 
Fig. 9.  Transmission of a Fabry-Pérot waveguide cavity fabricated by using 
2.5% of LB and opening of 6µm on the mask. 
 



The measurement  of  the  local  nonlinearity,  also  indicate  a  strong difference  when fabricating HiVacPE 
waveguides  with  ρLB< ρth  on  Z-cut  and  X-cut  samples.  In  the  high  index  part  of  the  waveguides,  the 
nonlinearity is mostly preserved for the Z- cut samples, while on the X-cut ones it is drastically reduced or 
destroyed depending on the ρLB value. This indicates that, by using HiVacPE process the high-index contrast 
nonlinear 
waveguides  can only  be  obtained on Z-cut  substrates  although nothing has  suggested this  aspect  if  we 
consider the results presented in [34]. At the contrary, the high propagation losses of channel waveguides 
presenting  a  high  index  increase,  is  not  a  surprise.  They  are  due  to  stress  induced  index  modification 
resulting in TE-TM coupling, which in a material where the birefringence is negative and where only the 
extraordinary modes (TM modes in this case) are guided results in losses through the radiation into the 
substrate of the ordinary component of the modes. 
In order to use the highest index contrasts obtained by HiVacPE, there is still some work to do, such as 
fabricating a planar HiVacPE waveguide and then etch most of the surface of the sample to define ridge 
waveguides. In this case, the waveguides will not be laterally stressed and therefore one can avoid TE-TM 
conversion that induces most of the high propagation losses observed in the channel waveguides fabricated 
up to now. 
In summary, we have demonstrated that pumping harder the exchange ampoule to diminish as much as 
possible the water content in the acidic bath used to fabricate waveguides in LN, resulted in a new proton 
exchange technique the so-called High Vacuum Proton Exchange (HiVacPE). 
Taking  advantage  of  simultaneously  exhibited  index  contrast  as  high  as  0.04,  low  propagation  losses 
(0.16dB/cm) and preserved nonlinearity, the HiVacPE technique can be a way of improving the efficiency of 
the nonlinear components and devices in many applications using LN waveguides. 
We have also demonstrated that the HiVacPE process allows fabricating waveguides on Z-cut LN exhibiting 
high-  index  contrast  up  to  0.11  without  degrading  the  crystal  nonlinearity,  which  combined  with  an 
appropriate etching process, allows fabricating nonlinear photonic wires. This is of high interest for nonlinear 
highly efficient and compact devices for quantum and classical optical data processing. 
The impact on the reproducibility was tested by producing in same conditions more than fifty waveguides 
during one year and a half and no notable differences were identified. 
In addition to the difference of our waveguides compared to ones fabricated by any other proton exchange 
process, the quite remarkable aspect that stands out is the fact that, depending on substrate orientation the 
waveguides  exhibit  completely  different  crystallographic  structures,  index  profile  shapes  and  nonlinear 
properties. 
Moreover, we proposed an original and very useful method of analyzing waveguides exhibiting complex 
index profiles. This method can be used for the analysis of the waveguides fabricated by any other proton 
exchange techniques. 
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