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1. ABSTRACT 

Twin-photons and triple-photons generations require pump laser intensities of several hundred 

MW cm
-2

. Micrometer-sized crystalline waveguides allow such interactions to be achieved at 

relatively low energies by taking advantage of the confinement of light. The materials selected to 

achieve these phenomena in the present work are from the titanyl phosphate family. The chosen 

architecture is a micrometric layer of KTiOAsO4 (KTA) grown on a KTiOPO4 (KTP) substrate 

forming a planar waveguide in a first step. These two isostructural materials have a low lattice 

parameter mismatch (around 2 %), making it possible to achieve high-quality epitaxial growth. 

The refractive index of KTA being higher than that of KTP (Δ  ≈ 0.043 at 1500 nm), this couple 

of materials could allow light to be guided in the deposited layer. To grow the KTA film, the 
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chosen technique is Pulsed Laser Deposition (PLD) that allows nonlinear complex oxides layer 

of optical quality to be grown. In this study, we show that the growth is well oriented for layers 

with a thickness up to 200 nm after deposition under 32 mTorr of oxygen and a laser fluence of 

0.8 J cm
-2

, forming epitaxial layers. Then, after annealing at 650°C for 14h, the crystal state is 

improved as well as the surface. However, our calculations show that the layer’s thickness has to 

be equal to 1.68 μm to achieve Second Harmonic Generation (SHG) at Telecom wavelengths, 

which is the next step of this research. In this study we demonstrate the feasibility of KTA 

epitaxy over KTP by PLD with good epitaxial quality, good orientation and theoretical phase-

matching conditions for a planar KTA waveguide. 

2. INTRODUCTION 

The development of nonlinear optics, with the generation of entangled twin-photons or triple-

photons, opens up new opportunities in quantum information
1
. However, these applications often 

require the ability to work at low laser energy and in the Continuous Wave regime. The 

efficiency of nonlinear processes depends on the intensity, i.e. the energy per time and surface 

units, so that it is therefore important to spatially confine the pump laser in order to maximize the 

nonlinear conversion efficiency. Micrometric or sub-micrometric waveguides are therefore good 

candidates. 

There are various techniques for manufacturing waveguides in bulk nonlinear crystals, such as 

proton exchange
2
, ion implantation 

3
 or dicing 

4
. A good alternative to these techniques is to 

grow the crystal as a thin film using a method such as pulsed laser deposition. This technic is 

well suited for growing complex oxides thin films in a short amount of time
5
, in particular in the 

case of KTP for which the ion-exchanged option leads to waveguides that was erased over time 

by the ion-exchange process, the same one that had been used for the fabrication of the guide
2
. 
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PLD consists of the ablation by a pulsed high energy laser of a material of the layer’s desired 

composition. The ablation forms a plasma plume which condenses on the substrate forming a 

layer with the same composition than the target
6
. The PLD technic has a high tendency to form 

directly an epitaxial layer during the deposition, nevertheless, a post-annealing can improve the 

crystal quality of the film. Deposition of nonlinear crystals by PLD has already been reported
7–11

.  

The work carried out here follows an initial study based on the PLD growth of RbTiOPO4 (RTP) 

on KTP
12

. In this study, it was shown that annealing led to interdiffusion of K
+
 and Rb

+
 ions, 

making it impossible to use the RTP layer as a waveguide with this growing process. RTP 

material was therefore abandoned in favor of KTA, a material with nonlinear optical properties
13

, 

which is also isomorphic to KTP with the same alkali. Since arsenic is engaged in As-O bonds 

and phosphorous in P-O bonds interdiffusion is avoided. Furthermore, KTA has lattice 

parameters close enough to those of KTP, ensuring epitaxial deposition and a large enough 

refractive index difference, allowing strong optical confinement. 

The present work begins with numerical simulations on phase-matched SHG in a planar optical 

waveguide made of a KTA thin film deposited onto a KTP substrate, which allows us to define a 

roadmap for the elaboration process described in the following. Then we define the relevant 

deposition parameters in order to obtain a dense layer of KTA, followed by the description of the 

different characterizations of the final layer. 

KTA, as KTP, is a positive biaxial crystal so that the relation of order between the three 

refractive indices is:                   where   is the wavelength and the Cartesian 

indices refer to the dielectric frame (     ) that is collinear to the crystallographic frame 

(     )
14

. Except along the two optical axes of the index surface, any direction of propagation 

exhibits birefringence, which means that two possible refractive indices can be excited according 
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to the polarization of light. This property gives the possibility to achieve phase-matching 

between the nonlinear polarization and the radiated field during the phenomena of Sum-

Frequency Generation (SFG: 
 

  
 

 

  
 

 

  
) or Difference-Frequency Generation (DFG: 

 

  
 

 

  
 

 

  
), which leads to a maximization of the conversion efficiency. Phase-matching is then an 

important target that has to be taken into account in the framework of materials engineering 

when the goal is to fabricate efficient nonlinear media. We are interested here in second-

harmonic generation, which is a particular case of SFG where              and so    

  

 
        . And because propagation is envisaged in a waveguide, the refractive index has to 

be replaced by the effective index,     , in order to take-into-account the confinement geometry, 

in particular the thickness   of the layer
15

. Then in a first step, it is necessary to calculate the 

magnitude of the three principal effective indices,     
 ,     

 
 and     

 , as a function of 

wavelength, starting from the dispersion equations of the three principal refractive indices
14

. 

Note that     
         

         
    . The planar waveguide dispersion equation in an 

anisotropic material can be simplified by aligning the direction of propagation of the guided 

mode with one axes of the dielectric frame of the KTA layer. An analytical mode solver for the 

3-layer system (KTP, KTA, air) can then be used to compute the effective index of propagation 

     for the two possible directions of the electric field, i.e. Transverse Magnetic (TM) and 

Transverse Electric (TE). According to the crystallographic orientation of the planar waveguide 

shown in Figure 1 (top), the TM and TE directions are along the x-axis and z-axis of the 

dielectric frame, respectively. The wavelength dispersion of the TM and TE indices is obtained 

by using the Sellmeier equations of KTP
14

 and KTA
16

. The effective indices that are obtained are 

those with which is written the phase-matching relation. We then identified the y-axis as the 
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direction of propagation allowing to reach type II phase-matching, the corresponding relation 

writing: 

     
     

            
     

           
     

                                       

The calculation of     
     

 and     
     

 is detailed in SI-A. 

Equation 1 shows that the two orthogonally polarized modes, along the x- and z-axis, are 

involved at the fundamental wavelength   . It requires to properly polarize the pump beam, i.e. 

at 45° of the x- and z-axis, as shown in Figure 1 (top). In Figure 1 (bottom) is plotted the phase-

matching curve given the fundamental wavelength    as a function of the thickness   of the 

KTA layer. 

 

Figure 1 : Birefringence phase-matching curve calculated for a propagation along the y-axis of 

KTA and giving the fundamental wavelength    as a function of the thickness   of the KTA 
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layer;         is the dielectric frame of KTA;   
              

               
               stand for the 

fundamental and second-harmonic electric field polarizations;              are the unit vectors of 

the fundamental and second-harmonic wave vectors. 

The curve of Figure 1 shows that phase-matching is not possible for a layer thickness smaller 

than   = 1.62 μm, corresponding to    = 1.70 μm. Above this minimal thickness, phase-

matching is possible for two fundamental wavelengths: for example, at   = 1.68 μm correspond 

   = 1.50 μm and    = 1.88 μm. For such a layer thickness, the waveguide is single-mode at the 

fundamental wavelength and bi-mode at the second harmonic frequency. 

Then the target for the frequency doubling at Telecom wavelengths is a layer thickness around 

1.7 μm. Growing such thick layer by PLD is a challenge because epaxial strain relaxation could 

create either delamination or cracks in the films. However different solutions are possible and 

already used in the literature. The most obvious is to pursue the deposition until the desired 

thickness
17

 (1.68 µm), but it is also possible to realize it in a multistep process
18

 to avoid possible 

damage on the layer or the apparition of too many aggregates from the target. The use of an 

ultrathin buffer layer could also be considered. Another challenge is the thickness homogeneity. 

It is expected an inhomogeneity of about ±1.2%
19

, which gives ± 20 nm for a thickness of 1.68 

µm. Then, according to Equation 1 and Figure 1, the fundamental wavelength window ranges 

between 1.474 µm and 1.533 µm. 

Note that the index contrast between KTA and KTP is low, ranging from 0.039 to 0.050, while it 

is from 0.781 to 0.889 between KTA and the air as seen in Table 1. Our calculations show that 

such values are compatible with a good level of guiding. Furthermore, a better interface and thus 

a lower level of losses are expected thanks to the low lattice parameter mismatch. 
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Table 1: principal refractive indices of KTA and KTP at two wavelengths: 750 nm and 1500 nm. 

 

nx 

750 nm 

nz 

750 nm 

nx 

1500 nm 

nz 

1500 nm 

KTA
16

 1.802 1.889 1.781 1.856 

KTP
14

 1.752 1.849 1.731 1.817 

nKTA - nKTP 0.050 0.040 0.050 0.039 

nKTA - nair 0.802 0.889 0.781 0.856 

 

The dispersion equations of nx and nz are given for KTA and KTP in SI-A. 

Note also that a platform based on lithium niobate on insulator (LNOI) could be an option
20

, 

since the index contrast is better, but there are two limitations: the photorefractive damage when 

pumping at 532 nm on the one hand, and the lack of birefringence phase-matching (BPM) or 

quasi-phase-matching (QPM) for triple photon generation on the other hand. A third-order 

nonlinear interaction and our final goal. Concerning QPM, note that it is impossible to use the 

third-order nonlinear coefficient    . Actually, it is not possible to reverse the sign of χ33 which 

corresponds to an even function of z, so that        has the same sign than                  
1
. 

The previous introductive part devoted to the photonic device gives the full roadmap for the 

fabrication part described in the following. 

In this work the deposition is done on X faced KTP ((h00) planes parallel to the surface) 

substrates grown by CRISTAL LASER SA then orientally cut and polished to a roughness of 4 

Å at Institut Néel. Substrates are cleaned using deionized water, isopropanol and acetone baths, 

then fixed by a clamp on the substrate holder. To finish the cleaning process the substrate is 
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placed in the deposition chamber and heated at 700°C under the ultimate vacuum of the chamber 

(around 3 µTorrs) for 1 hour. During deposition, the substrate is heated at 700°C and dynamic O2 

pressure inside the chamber is adjusted at 32 mTorr monitored by a Balzers Compact Full Range 

Gauge. The deposition is carried out by ablation of a KTA single crystal target using a KrF 

excimer laser (COHERENT COMPexPro 102 F) (246 nm, 20 ns pulses, 15Hz). The laser fluence 

on the target is set at 0.8 J cm
-2

 to reduce photochromic damage of the target, which is called 

“grey tracking”
21,22

, by local heating due to the laser. To avoid ballistic particles deposition, a 

1.05-cm-wide alumina mask is placed halfway between the target and the substrate. Finally, the 

samples are annealed during 14h in a tubular furnace under oxygen at 650°C to ensure good 

oxygen stoichiometry of the layer and good crystallization of the phase. 

 

 

Figure 2 : (a) Low magnification STEM image of the film observed in cross section; (b) STEM 

image of the KTA layer over the KTP substrate, (platinum is seen in the upper left corner); (c) 
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and (d) EDX elemental mapping of arsenic and phosphorus respectively. On (d), Platinum is 

observed due to convolution of the Phosphorus and Platinum peaks. 

The cross-section Transmission Electron Microscopy (TEM) preparation was carried out by 

Focused Ion Beam (FIB), which explain the presence of a platinum layer above the KTA deposit 

observed on the low magnification Scanning Transmission Electron Microscopy (STEM) image 

shown in Figure 2a.  Figure 2b allows to estimate the thickness of the layer around 215 nm, and 

also to confirm the good thickness homogeneity of the KTA layer. The dark spots observed in 

Figure 2b are due to unfortunate carbon contamination that occurred during STEM observation. 

The chemical composition of the sample was verified by performing Energy Dispersive X-ray 

(EDX) spectroscopy mapping over the whole area of this STEM image. The arsenic EDX signal 

(Figure 2c) is clearly observed in the KTA film area only, while phosphorous is present 

exclusively in the substrate region (Figure 2d). The comparison of the As and P EDX elemental 

mappings defines a straight interface between the substrate and the KTA film, with no 

interdiffusion, in contrast with the behavior seen during RTP film growth
12

. 
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Figure 3 : Diffraction diagrams with (a) θ-2θ scan of the film where continuous lines correspond 

to PDF data (KTA: 04-009-2944; KTP: 01-078-1342) and the dashed lines to calculation; (b) ω-

scan of the KTA (800) reflection; (c) [001] zone axis ED pattern of the interface between KTA 

film and KTP substrate; (d) Reciprocal Space Mapping (RSM) on the (930) reflections of KTA 

and KTP. 

In addition to the stoichiometry and morphological studies, the diffractions analyses are valuable 

to asses not only the layer structure we are dealing with but also the crystal quality and strains of 

this layer. On the θ-2θ scan diffraction pattern (Figure 3a), the absence of peaks that are not KTA 

and KTP (h00) shows: (i) an oriented crystallization along the [h00] axis, (ii) that the layer is 

single crystalline, and (iii) that the composition of the target is well transferred on the substrate. 
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The cell parameters of KTA and KTP calculated from this diagram are 13.11 ± 0.03 Å and 12.82 

± 0.03 Å, respectively: it corresponds to εa ≈ -0.178 ± 0.006 % in term of strain along the a-axis 

for the film which is a weak value. It should be noted that (h00) reflections where   are odd 

should be extinct. Their presence on the diffraction pattern is attributed to multiple diffraction 

due to the high crystal quality of the KTP substrate. 

The KTA film’s crystal quality has been evaluated by ω-scan on the (800) reflection (Figure 3b). 

The calculated Full Width at Half Maximum (FWHM) is 0.083 ± 0.001°. In comparison, KTP 

substrate (high quality flux grown single crystal) FWHM in the same measurement conditions is 

0.005 ± 0.001°. This difference is due to the fact that KTP substrate is near-perfect crystal and in 

the other hand the film has not in the same order of perfection. Indeed, ballistic particles may be 

deposited during the growth or defects can naturally form during the growth. It is worth noting 

that the intensity is different between Figure 3a and 3b: it comes from the fact that the 

monochromators used for the measurements were different, i.e. respectively 2×(220) Ge and 

4×(220) Ge, the latter one decreasing the diffracted intensity by one order of magnitude.  

The Electron Diffraction (ED) pattern oriented along the [001] direction (Figure 3c) was 

recorded at the interface between the film and the substrate to visualize their respective lattices. 

Indexation of the diffraction spots is consistent with the orthorhombic space group Pna21. As for 

Figure 3a, (h00) and (0k0) reflections, where   and   are odd, should be extinct, which is not the 

case due to multiple diffraction. RSM was done on (802) (SI-B 2) and (930) reflections (Figure 

3d). From the spot’s projections on Qx, Qy and Qz (see SI-B 2 for Qz) axis the calculated cell 

parameters are afilm ≈ 13.12 ± 0.09 Å, bfilm ≈ 6.583 ± 0.005 Å, cfilm ≈ 10.75 ± 0.02 Å and asubstrate ≈ 

12.82 ± 0.09 Å, bsubstrate ≈ 6.404 ± 0.005 Å, csubstrate ≈ 10.59 ± 0.02 Å. These values lead to strains 

along the layer axes of εa ≈ -0.145 ± 0.006 %, εb ≈ 0.041 ± 0.008 %, εc ≈ 0.057 ± 0.007 %, which 
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confirms the negative strain along the a-axis calculated from the θ-2θ scan, and positive strains 

along the b- and c-axes. We can conclude that the film is nearly relaxed in the plan without any 

epitaxial stress. This fact is particularly important because, it has been said in the previous 

section that thickness of the film should reach 1.68 m. We could then consider that the growth 

could extend without any relaxation defect nor twins up to the desired thickness.  

 

Figure 4 : [001] HAADF-STEM image of (a) KTA film deposited on KTP substrate and (b) 

KTA film with the corresponding orientation of the KTA crystal structure superimposed on it. 

The distortion is due to a slight shift during the scanning at high magnification. 

Figure 4 exhibits High Angle Annular Dark Field-Scanning Electron Microscopy (HAADF-

STEM) images recorded along the [001] direction. In these images, the intensity of each 

projected ion column is directly proportional to the average atomic number denoted as Z
n 

(1 < n 

< 2). As a result, the brightest dots correspond to the elements with the highest atomic numbers, 

with As (Z = 33) being the brightest, followed by Ti (Z = 22), K (Z = 19), and finally O (Z = 8). 

Figure 4a provides an overall view of the film deposited on the substrate, exhibiting perfect 

crystallinity without any visible crystal defects. It also evidences the flawless epitaxy of the film 

on the substrate, with a clean interface between the two. The interface appears stepped rather 

than perfectly straight, which may be attributed to the substrate preparation process. In fact, the 

substrate has a slight miscut (0.04°) resulting in the formation of terraces. It is also possible that 
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a scratch was formed during the polishing, forming this stepped interface. Figure 4b displays an 

enlarged HAADF-STEM image of the film, overlaid with the projected structural model of KTA. 

This comparison clearly shows the excellent agreement between the model and the contrast 

observed in the images. This confirms at small scale the chemical and structural analyses 

hereinbefore presented.  

 

In conclusion, this work provides a theoretical and experimental corpus for the development of 

integrated optical devices allowing twin-photons or triple-photons generation. The simulation 

indicates that a 1.7 µm thick KTA layer would be able to achieve twin-photons generation in the 

Telecom range. We also demonstrated that the growth of an epitaxial 200 nm tick KTA layer can 

be obtained by pulsed layer deposition. The composition uniformity has been verified by EDX 

analysis and assed the absence of interdiffusion of As and P atoms. Diffraction analysis 

confirmed the Pna21 structure and showed the single crystalline state of the layer, as well as the 

small tilt and light strains. HAADF-STEM exhibited the high-quality epitaxy of the layer, while 

the absence of As diffusion and the atomic fit on the structural KTA model confirms the crystal 

orientation and structure. The next step will be the optical characterization of the planar 

waveguide in terms of guiding, losses and SHG conversion efficiency once the thickness will be 

sufficient, i.e. around 1 micron.  
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