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Abstract 
 

In this bachelor’s thesis, a fabrication process for channel waveguides in LiNbO3 crystals 

using the proton exchange technique is developed and characterized. These waveguides can 

be used at the laser physics department at the Royal Institution of Technology, KTH, for 

specifically non-linear optical applications. 

A waveguide is a device that guides a wave. In this case an optical waveguide is fabricated 

and so it guides electromagnetic waves in the optical spectrum that is light. To guide the 

wave diffraction has to be prevented in one or two dimensions, constraining the light to 

travel along a certain desired path. Waveguides can be fabricated in small sizes down to the 

micrometer level. The small structures can yield high-intensity guided waves with low input 

powers and this can lead to more efficient and compact nonlinear devices (sensitive to the 

field intensities). This makes it possible to produce compact and efficient devices with 

waveguides.  

To confine the light in the waveguide, the refractive index at the surface of the crystal will be 

increased creating a guiding layer in that region. The index increase is achieved by proton 

exchange. Proton exchange is a process where the lithium ions at the surface of the crystal 

are exchanged with hydrogen ions. This exchanged part makes the guiding layer because the 

hydrogen ions increase the refractive index of LiNbO3.  

The fabrication process of the channel waveguides consisted of transferring a mask pattern 

into the LiNbO3 crystal. To do this, titanium was uniformly deposited on the crystal and on 

top of it a layer of photoresist was spun. The mask was transferred into the photoresist by 

photolithography and then etched into the titanium. The proton exchange could then take 

place in the mask openings.  

The progression of the fabrication was carefully documented after each step of the process to 

assess the quality of the waveguides. Several waveguides were fabricated on each sample 

with widths ranging from 2 to 10 microns. 

In the end, the full process for waveguide patterning and fabrication was developed on 

LiNbO3 substrates. The fabrication recipe developed in this work allowed for reliable 

fabrication of uniform channel waveguides over the whole sample length, L=12 mm, with 

widths down to 1.02 µm. A remarkably good result if one considers that this is beyond 

typical resolutions (~2µm) of the lithographic system used in this work.  
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Sammanfattning 
I detta arbete tillverkas en optisk kanalvågledare med hjälp av protonutbyte. Vågledarna 

tillverkas i materialet LiNbO3 och kommer att kunna användas på Institutionen för 

Laserfysik på Kungliga Tekniska Högskolan, KTH, för icke-linjära optiska tillämpningar. 

En vågledare är en enhet som leder vågor. En optisk vågledare leder elektromagnetiska 

vågor i det synliga spektrumet, alltså ljus. För att leda ljuset krävs total inre reflektion. Detta 

betyder att ljuset hindras från diffraktion i en eller två dimensioner och tvingar ljuset att 

färdas längs en viss önskad bana. Vågledare kan tillverkas i små format i storleksordningen 

mikrometer. Dessa små strukturer kan leda högintensitetsvågor med låg effektförlust och det 

möjliggör tillverkningen av kompakta och effektiva komponenter med vågledare. 

För att hindra ljuset från diffraktion kommer brytningsindex på ytan av LiNbO3 kristallen att 

höjas. Det området som får högre brytningsindex kallas för det ledande lagret, eftersom det 

är i det här området som ljuset kommer att ledas. För att uppnå den högre brytningsindex 

används protonutbyte. Protonutbyte innebär att man byter ut litium jonerna på ytan av 

kristallen mot vätejoner som ökar brytningsindex i LiNbO3. Den regionen i kristallen som 

utbytet har skett i utgör därmed det ledande lagret. 

 För att tillverka vågledarna överfördes ett mönster från en schablon in i LiNbO3 kristallen. 

Mönsteröverföringen gjordes genom att LiNbO3 proven täcktes med ett tunt skikt titan som 

sedan täcktes med ett lager fotoresist. Mönstret överfördes in i fotoresisten genom 

fotolitografi och etsades in i titanen. Protonutbytet utfördes sedan i öppningarna som hade 

etsats i titanet. 

Tillverkningsprocessen undersöktes efter varje steg för att utröna kvaliteten på vågledarna. 

Flera vågledare tillverkads på varje prov med öppningar som varierade i bredd från 2µm till 

10 µm. 

Hela tillverkningsprocessen för vågledarna utvecklades på LiNbO3 substrat. 

Tillverkningsreceptet som användes i detta arbete gav pålitliga uniforma kanalvågledare 

över hela provlängden, L=12 mm, med kanalbredd ner till 1.92µm. Ett väldigt bra resultat 

om man tar hänsyn till att det är långt ifrån den typiska upplösningen (~2µm) av det 

litografiska systemet som användes under arbetet. 
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Introduction 
In this work, optical channel waveguides will be fabricated using proton exchange on a 

lithium niobate substrates. The field of interest in this work will be non-linear applications 

where devices such as frequency doublers or wavelength converters taking advantage of the 

high optical nonlinearity (d33 = 34 pm/V) of lithium niobate. The efficiency of nonlinear 

processes depends on the intensity of the optical fields, hence the interest of implementing 

nonlinear devices in guided-wave configurations, which can guarantee high field intensities 

with low input powers, by confining light over transverse cross sections of ~30 µm2. 

Optical waveguides can yield high-intensity guided waves with low input powers and this 

can lead to more efficient and compact nonlinear devices (sensitive to the field intensities). 

Waveguides are used in a wide range of applications; integrated optics, lasers, 

telecommunications etc. One of the most common fields in which optical waveguides are 

found is fiber-optics in telecommunication systems. 

The waveguides created in this work will be used at the Laser Physics Department at the 

Royal Institute of Technology , KTH, specifically for non-linear applications.  

In the following paragraph a brief background theory is given on waveguides. 

Background 

An optical waveguide is a device that guides electromagnetic waves in the optical spectrum. 

The electromagnetic waves in the optical spectrum are what we see as light. In the 

waveguide, the wave is guided in the propagation direction and is confined in the transverse 

direction. Confining the light along one transverse direction gives a slab waveguide. If the 

light is confined in both transverse directions, the structure is then called a channel 

waveguide. To trap the light in the layer or channel in which the light will be guided, the 

refractive index of the guiding region layer will have to be higher than the index of the 

substrate. 

Different optical materials can be used to develop waveguides, depending on what they will 

be used for. Since these waveguides will be used for non-linear optical applications, the 

chosen material needs to have good non-linear properties. The material chosen in this work 

is lithium niobate, which has the necessary qualities. 

 

Lithium niobate, LiNbO3, is an artificially grown crystal. It is a uniaxial negative birefringent 

crystal with a range of optical properties including ferroelectricity, photo elasticity, 

pyroelectricity, piezoelectricity, electro-optic effect and optical non-linearity [1].  
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Figure 1 - Crystal structure of LiNbO3 [1]. 

Figure 1 shows the crystal structure of LiNbO3. The orientation of the z-axis is shown 

because (the symmetry axis of the crystal) the ferroelectric property of LiNbO3 produces a 

spontaneous polarization in the crystal in the +z-direction, also indicated in the figure by Ps. 

The ferroelectricity of the crystal makes it possible to reverse this spontaneous polarization 

by the application of an external electric field. This property is useful during a technique 

called periodic poling which can be done to waveguides to engineer nonlinear interactions 

for higher efficiencies. The polarization of the crystal is reversed periodically by applying an 

electric field in the opposite direction of the spontaneous polarization. This is done 

periodically in the crystal, giving domains of opposite polarizations in periods along the 

crystal. To be able to do this, the orientation of the z-axis in the waveguides has to be known. 

This will however not be done during this work. 

The electro-optic effect is only present in crystals with no inversion symmetry. It produces 

birefringence in the crystal induced by constant or varying electric field. Birefringence means 

that the light passing through the crystal experiences two different refractive indices. 

The piezoelectric effect is the charge that accumulates in the crystal due to an applied 

mechanical strain. The non-linearity of the crystal makes the dielectric polarization of the 

crystal respond non-linearly to the electric field of light. This non-linearity gives rise to 

different optical phenomena, so that a nonlinear crystal, pumped by a laser at a given 

frequency, can generate light at new frequencies (i.e. new colors) at its output. An example is 

the case of second harmonic generation, SHG, which doubles the frequency of light.  

Due to the above properties, LiNbO3 is a widely used crystal for optical devices, such as high 

speed optical modulators, optical wavelength converters, optical parametric amplifiers and 

second harmonic generators [2]. 

Aim 

The aim of this thesis is to fabricate and characterize channel waveguides in LiNbO3 using 

the proton exchange fabrication process. 
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Fabrication Process 

The fabrication of a waveguide in LiNbO3 consists of several different steps in which a 

pattern is transferred from a mask to the LiNbO3. This is done by coating the substrate, 

LiNbO3, with a layer of Titanium which is then coated by a layer of photoresist. The 

photoresist is exposed to UV-light through a mask with a given pattern. The pattern is then 

transferred from the mask to the photoresist. The transfer of the mask from the photoresist to 

the titanium is achieved through etching. Once the titanium has been etched the waveguides 

can be produced in the pattern by proton exchange. The sketch in figure 2 shows an 

overview of the whole fabrication process and in the paragraphs to come the different steps 

will be described in more detail. 

 

Figure 2 - Sketch of the fabrication process. 

Ti-evaporation 

The LiNbO3 wafer was cut into smaller rectangular shaped samples with the dimensions  

         marked by numbers on the –z surface so that the orientation of the crystal could 

easily be recognized. 

Since the LiNbO3 crystal has a specific crystal structure which has directional properties, the 

titanium, Ti, was deposited on the +z surface. In this experiment it does not matter which 

side the titanium is deposited, but if the samples were to be poled later, as mentioned in the 

introduction, it would be important to know the direction of the z-axis. 
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To deposit a thin uniform layer of Ti on the samples, the samples were loaded into the 

“Edwards High Vacuum depositioning system”. This system uses a source of titanium which 

is heated up by an electron beam to the point where the titanium atoms are evaporated and 

then re-deposited onto the samples. The parameters for the evaporation process are shown 

below along with a sketch of the process. 

               
                                                ⁄  

             
                 

                      

 

Figure 3 - Sketch of the Ti-evaporation process inside the high pressure chamber. 

The sample is loaded into a high pressure chamber. The pressure in the chamber is increased 

from          to       . The low pressure in the chamber makes it possible to evaporate the 

titanium without melting it. An electron beam is used to heat up the Ti source, evaporating 

the Ti atoms into the chamber. The power of the electron beam is determined by the current 

applied, in this case         . The deposition rate,  , depends on how much current is 

applied to heat up the Ti. The more current applied, the higher the deposition rate. With the 

deposition rate and the amount of time the samples were left in the chamber,   , the 

thickness of the titanium layer,   , was calculated to 93   . 

Photolithography 

The titanium coated samples were covered with a layer of photoresist, Shipley S1818, by 

spinning. The spinning distributes a uniform surface of photoresist onto the samples. A 

couple of drops of S1818 were placed on the titanium coated surface and the samples were 

spun at a given rate.  

Initially the samples were spun at a rate of          for      which was supposed to give a 

uniform thickness of       . However, upon inspection after the exposure, the pattern 
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transfer onto the photoresist had been poor. This was due to a non-uniform layer of 

photoresist. The implication of this is that some parts of the pattern will be opened while 

others will still be undeveloped. The probable cause of this was a mechanical instability of 

the spinner which vibrated the sample as it was spinning, disrupting the uniformity of the 

surface of the photoresist. The spinner being louder than usual was an indication that there 

was a mechanical problem. 

With this in mind, most of the samples were cleaned with acetone and isopropanol and the 

photoresist was re-spun using another spinner. On this spinner, the rate was set to          

for      to insure that a uniform surface is achieved. On the other hand the higher spinning 

rate will slightly decrease the thickness of the photoresist layer. This was taken into account 

when deciding the time of exposure for the photolithography. 

After the spinning the samples were baked at      for 1 hour, prior to the 

photolithography. This was done to harden the photoresist and to evaporate the coating 

solvent. 

The “Mask aligner, Karl Süss model MJB3” was used for the photolithography. During the 

photolithography, UV-light is shined onto the sample through a mask and the sample is then 

bathed in a developer solution, Rohm and Haas MF 319, and washed in water. 

If the photoresist is positive, the part of the resist which is exposed to light is removed. The 

UV-light breaks the polymer bonds in the photoresist making it soluble in the developer 

solution, removing it in the exposed areas. On the other hand if a negative photoresist is 

used, the opposite result is obtained. The exposed parts of the photoresist remain after 

exposure because the UV-light strengthens the polymer bonds and the developer solution 

removes the photoresist from the unexposed areas. In this work, a positive photoresist was 

used.  

 

Figure 4 - Sketch of the photolithography process. 
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Figure 5 - Mask pattern used. 

A sketch of the photolithography is shown above along with the mask pattern used. The 

dark lines in figure 5 are the openings of the mask which range from 2 to 10 µm with a 1 µm 

increment. The pattern is 12 mm long giving waveguides of that approximate length. The 

mask has 12 identical bands so that the pattern is repeated 12 times on each sample to 

increase the chances of getting a good waveguide. 

To obtain a good result in the exposure, the mask is brought into contact with the 

photoresist. The UV-light is shined through the mask for 3.2 s, breaking the polymer bonds 

in the openings of the mask. The appropriate exposure time was determined by dummy 

samples so that none of the samples would go to waste. The samples were then bathed in 

developer solution for 90 s and then washed with water. When the samples were inspected 

under a microscope, some photoresist was still present in the openings. To amend this, the 

samples were bathed for an additional 90 s and washed again. This gave a better result, 

making the total developer time 3 minutes. 

Etching 

The pattern has now been transferred from the mask to the photoresist. To transfer it to the 

titanium, the samples were etched using the “Reactive Ion Etch (RIE) with Inductive 

Coupled Plasma (ICP)”machine. 

Reactive ion etching is a dry etching technique where the samples are loaded into a chamber 

with very low pressure and reactive gases. The ICP source is fed with RF power creating an 

oscillating electric field. This field strips the reactive gases of electrons creating reactive gas 

plasma in the chamber. The lower electrode is then biased by another RF power accelerating 

the ionized gas molecules towards the sample. These ions bombard the sample and etch 

through the titanium layer. The diagram below shows the chamber of the RIE along with the 

parameters used for the process. 
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Figure 6 – Chamber diagram for reactive ion etching (RIE) [5]. 

The reactive gases used during the RIE were chlorine, Cl2, and Argon, Ar. Chlorine is chosen 

because the gas is the most recommended by different literature for titanium etching. 

When the chlorine and argon are accelerated onto the sample two types of etching occur, 

mechanical and chemical. The argon atoms being larger and heavier contribute more to the 

mechanical etching than the chlorine atoms. The chlorine atoms were used for the chemical 

etching. The chlorine binds with the exposed titanium atoms, thus etching through it. In 

principle, only argon atoms could be bombarded onto the sample and in this way only 

mechanical etching would occur. Since only a photoresist mask was used to cover the parts 

of the samples that were not supposed to be etched, only using a mechanical etch would 

probably etch through the photoresist before it had etched through the titanium layer. By 

using chemical etching with chlorine atoms, the selectivity of the etching is increased. The 

chlorine reacts with the titanium and etches through it but does not react with the 

photoresist. This makes it possible to simply use a photoresist mask during the etching and 

obtain a titanium mask. If only mechanical etching were to be used, a more sturdy material 

than the photoresist would need to be used as a mask for the titanium etching. 

With a titanium thickness of 93 nm and an etching time of 10 min, the etch rate is 

approximately 0.16 nm/s. If the ICP power were to be increased, the amount of ionized 

chlorine would increase and therefore increase the chemical etching and the total etching 

rate. Increasing or decreasing the RF sample power affects the mechanical etching, but 

varying this power will not affect the etching rate significantly since the main part of the 

etching is done chemically. Increasing the pressure in the chamber reduces the directional 

ion bombardment and as a result increases the chemical etching and the total etching rate. 

The amounts of chlorine and argon gas also affect the etching rate. With an increase in the 

amount of chlorine gas, the etch rate is increased to some extent. The increase in the amount 

of argon gas however, does not have a significant effect on the etching rate. The gas 

composition can play a role in the etch rate. If there is more argon gas than chlorine gas, the 

              

 

                      

  
            

 

                     

                Etching time: 10 min 
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etch rate decreases due to less available reactive chlorine. Of all the parameters that can 

affect the etch rate, the ICP power along with the chamber pressure are the most significant 

with etch rate greatly increasing with an increase in either parameter until a certain point 

where increasing them more will decrease either the quality of the etch or the etching rate 

[8]. An optimal balance needs to be found to find the best etching parameters with both good 

quality and not too slow. 

After the RIE, the etched samples were cleaned with acetone to remove the remaining 

photoresist and were then examined under a microscope to determine which waveguides 

were usable and which were not. Below are some pictures of the different waveguides 

obtained. 

 

Figure 7 - Good waveguides after RIE from sample E2. 

Figure 7 shows a picture of some of the good waveguides. The ones shown in figure 7 have 

no defects along the whole waveguide length of 12 mm and all the different waveguide 

widths have been opened. This picture was taken through a microscope since the structures 

are too small to see without them. In this microscope the light is shined onto the sample. The 

light will be reflected off of the titanium, making these parts bright in the figure, and the 

light will go through the etched parts making these parts dark in the figure. The mask used 

had openings ranging from 2 to 10   , but after the RIE the widths of the openings were 

smaller than those of the mask. The measurements of this particular waveguide were: 

Sample  Widths (µm) 

Mask 10 9 8 7 6 5 4 3 2 

E2  8.80 7.78 6.91 5.84 5.02 3.93 2.98 1.81 1.02 

Average 8.46 7.44 6.47 5.49 4.57 3.54 2.57 1.93 (7) 1.33 (3) 
Table 1 - Measurements of the openings efter RIE. 

The table shows the measurements of sample E2 compared to the average measurements of 

all the samples along with the mask measurements. Sample E2 had the best result, having 

developed all the waveguides and having an approximate deviation of 1 μm. On average 

though, the deviation was approximately 1.5 μm. The smallest waveguides, 3 and 2 μm, 

were not developed in all the samples. The average shown for these two widths only take 

into account the samples on which the waveguide was developed. This number is shown in 

parenthesis beside the average widths.  
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The reason for the widths of the waveguides being smaller than the mask is because the 

photolithography and the etching processes do not occur vertically. A small slope in the 

walls of the photoresist is formed after development, reducing the widths of the actual 

waveguide as shown in figure 8. 

 

Figure 8 - Sketch of slope. 

The sketch above shows this slope with a mask on top to show the difference in widths that 

are obtained. The slope formed during the RIE is not so significant because it is so small. On 

the other hand, a thick layer of photoresist is used to be able to etch through the titanium 

without etching through the photoresist, and so the slope formed from the photoresist after 

development is more significant and fairly unavoidable.  

Below are more pictures of the waveguides created illustrating some of the defects that can 

occur, making the waveguide unusable. 

 

Figure 9 - Interrupted waveguides after RIE from sample E3. 

Figure 9 shows a waveguide that has been interrupted in several places. This is probably due 

to specks of dirt or dust present on the waveguide when it was lodged into the chamber for 

etching. The interrupted waveguides will still guide the light, but only up to the defect and 

then the light will diffract. Some of the waveguides in figure 9 are only partially closed. 
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These will guide light through the whole waveguide, but some diffraction of the light will 

occur and some unwanted loss of power will be present because of this. 

 

Figure 10 - Undeveloped waveguides after RIE from sample E4. 

The waveguides shown in figure 10 are not interrupted, but here the smallest waveguide is 

undeveloped. Since the waveguides range in width from 2 to 10    it is difficult to optimize 

both the photolithography and the RIE to open all the different waveguide widths. The result 

being that the smallest waveguide will not always be developed.  

Proton Exchange 

In the proton exchange, the samples are immersed in a benzoic acid bath (C6H5COOH) for a 

certain time. During this time, the Lithium ions, Li+, at the surface of the sample are 

exchanged with Hydrogen ions, H+. Benzoic acid is chosen because it has a melting point of 

122 °C and a boiling point of 249 °C. This means that it is in a liquid state between 122 °C and 

249 °C. The proton exchange can then be done at a relatively low temperature, since the acid 

has to be in liquid form for the exchange to take place. This low temperature exchange 

minimizes the optical damage to the samples. The set-up used is sketched below. 

 

Figure 11 - Setup of the proton exchange [3]. 
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The samples are fixed in a sealed container as figure 11 illustrates. The benzoic acid is heated 

up slowly to     , at a rate of    per minute. The reason for this is because if the samples 

were to be heated at a faster rate there is a risk of small charges being accumulated along the 

surface of the crystal. These charges can sometimes create an electric field enough to reverse 

the spontaneous polarization of the crystal present because of its pyroelectric property. This 

can create small unwanted domains at the surface of the crystal with reversed polarizations. 

The chamber is then turned, immersing the samples in acid and left for approximately 30 

minutes. The chamber is then turned once again to remove the samples from the acid, and 

the whole set-up is cooled down with the same rate of     per minute.  

The chemical process taking place during the proton exchange is shown below. 

LiNbO3 + H+  HxLi1-xNbO3 

Here x≈0.7 nearly independent of processing conditions [5]. This means that approximately 

70% of the lithium ions at the surface are exchanged with hydrogen ions. 

The titanium mask prevents the proton exchange from taking place in the areas where it has 

covered the LiNbO3, controlling the width of the exchanged layer. Despite this, some lateral 

diffusion will still occur. To determine the depth and width of the layer the equation below is 

used to describe it [4]: 

  √     , where         ( 
  

   
) 

The depth of the exchanged layer,  , depends on the duration of the proton exchange,    and 

the concentration independent effective diffusion coefficient,  . The coefficient   is also 

dependent on the temperature,   , at which the exchange occurs. The coefficient    and    

depend on the crystals orientation and according to Bortz [4] they are modeled by: 

           
      ⁄        0.987 eV 

    is the diffusion coefficient that determines the depth of the exchanged layer. 
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Figure 12 – Graph showing exchange depth. 

The samples were chosen to be left in the acid for 3.5 h. According to the graph above the 

resulting depth of the exchanged layer should be approximately 0.89   . 

The exchange of Li+ with H+ increases the effective index of the crystal by          at 

633nm as well as decreases the ordinary refractive index by          . It is an abrupt 

change which gives a step-index profile. This step-index change is easiest to show on a slab 

waveguide and that is what is shown in figure 12 below. 

 

Figure 13 - Step-index profile of PE waveguide. 

This increase makes it possible to guide the light in the exchanged area. The index increase 

shown in figure 13 is valid for light at wavelengths of λ=633 nm. 
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Polishing 

The last part of the process is polishing. The end faces of the waveguide need to be as 

smooth as possible to be able to couple light into the waveguide. To couple light into a 

waveguide, a beam of light is focused at the entrance edge of the waveguide to the same 

dimensions as the waveguide. The figure below shows the edge of a sample. 

 

Figure 14 - Part of edge of sample E2. 

The edge shown in figure 13 has not been polished. At the openings of the waveguides the 

surface is so uneven that trying to couple light into the waveguide will not be possible 

because the light will scatter. To allow the coupling, the surface needs to be polished to 

mirror quality, with residual imperfections smaller than the wavelength of light (mirror-

quality). This part is tricky and time consuming and could not be accomplished within the 

time of this work. The waveguides are actually being polished now in view of further optical 

experiments in which their quality will be assessed by systematic measurements on: mode-

cutoff, field profiles and losses. 

Analysis of waveguide 
 The PE mask and waveguide fabrication process has now been well-developed. The 

microscopic inspection of the channel waveguides, performed in the cleanroom, indicates 

uniform waveguides over the whole sample length. We want the waveguides to confine the 

light well, which means that the light stays in the waveguide without diffracting over the 

whole sample. To have good light confinement, the waveguides need to be uniform along 

the whole sample length. From what we can tell from the visual inspections the result has 

been good uniformity for most of the waveguides and for different widths.  

Future work on the waveguides, after the polishing, will imply optical characterizations in 

the Laser Physics laboratories, to see what light (i.e. wavelength and polarisation) is guided 

in the different waveguidesIn the case of our waveguides, the substrates are z-cut and the 

channel waveguides are made along x (=propagation direction). As discussed on page 16, the 
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PE process increases only the extraordinary index (i.e. the index seen by waves polarised 

along z), not the ordinary ones, so the waveguides will confine only quasi-TM modes. The 

latter have a transverse magnetic field polarised along the y axis and an electric field mainly 

polarised along z (with a small component also along the propagation direction).  The 

transverse magnetic (TM) waves in the waveguide are quantized giving rise to specific 

orders of the TM modes. The mode order is a number which represents the number of field 

maxima in the waveguide. Waveguides can guide several modes and this means that there 

are several different field maximum inside the waveguide (i.e. multi-lobe field distributions, 

not easily coupled to standard gaussian beams coming from a laser). The desired 

characteristics of the waveguides created during this work are that they be single-mode 

waveguides. This means that there is only one magnetic field maximum inside the 

waveguide giving the first order transverse magnetic mode TM00.  

To guide a single-mode wave at a given wavelength, the dimensions of the waveguide need 

to be properly chosen so that all other (higher order modes) are cut-off (i.e. not confined). If 

the waveguide dimensions are too small, then no light will be guided, but as the waveguide 

width increases, more modes will be guided. The optimum, i.e. only one guided-mode will 

lie somewhere in the middle and needs to be determined through optical experiments. This 

is why several waveguide widths have been created so that the optimum dimensions of the 

waveguide that will guide single-mode waves can be found through future experiments. 

Since the waveguides created are supposed to be used for non-linear applications, they need 

to have good non-linear qualities. The proton-exchange process has a damaging effect of the 

non-linearity of LiNbO3. One way to regain the non-linearity of the crystal, is to anneal the 

waveguides. This means that the samples are heated for a certain amount of time, typically at 

temperatures higher than the PE temperature (300°C). After annealing, the step-index profile 

of the waveguide shown in figure 13 is changed into a gradient-index profile that extends 

deeper into the crystal than the proton exchange. The annealing process also slightly 

decreases the index increase that has been achieved through proton-exchange. , changing the 

guidance properties. Therefore future experiments will involve assessment of the guidance 

properties (cut-off and modal profiles) before and after the annealing steps. Ultimately, after 

identifying the optimum nonlinear waveguides for single mode operation at 

telecommunication wavelengths (~1550 nm), they will be periodically poled in the Laser 

Physics group and used for all-optical wavelength conversion experiments in optical fibre 

systems. 

Conclusion 
The final waveguides were uniform along the whole waveguide length, L=12 mm. The 

smallest waveguides developed were measured to be less than 1 µm wide which is beyond 

typical resolutions of the lithographic system used in this work, Karl Süss mask aligner 

model MJB3. 
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The cleanroom process used in this work was applied to fabricate PE channel waveguide 

from a mask with widths ranging from 10 µm down to 2µm (varying in steps of one micron). 

The process yielded good reproducibility and uniformity. We also identified the limit in 

achievable widths to be 1.02 µm. 

The waveguide width that had better uniformity among the samples was between 6-8 µm. 

This is also the width that we expect to be the optimum at the end, i.e. for the wavelength 

conversion devices (after annealing and periodic poling). 

Future work on the PE waveguides fabricated in this work will be to proceed to their optical 

characterizations (after polishing), perform the annealing and periodic poling steps and 

finally characterize them in both linear and nonlinear optical experiments. 
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