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Abstract: The tremendous interest in the field of waveguide lasers in the past two decades is 

largely attributed to the geometry of the gain medium, which provides the possibility to store 

optical energy on a very small dimension in the form of an optical mode. This allows for 

realization of sources with enhanced optical gain, low lasing threshold, and small footprint and 

opens up exciting possibilities in the area of integrated optics by facilitating their on-chip 

integration with different functionalities and highly compact photonic circuits. Moreover, this 

geometrical concept is compatible with high power diode pumping schemes as it provides 

exceptional thermal management, minimizing the impact of thermal loading on laser 

performance. The proliferation of techniques for fabrication and processing capable of producing 

high optical quality waveguides has greatly contributed to the growth of waveguide lasers from a 

topic of fundamental research to an area that encompasses a variety of practical applications. In 

this first part of the review on optically pumped waveguide lasers the properties that distinguish 

these sources from other classes of lasers will be discussed.  Furthermore, the current state-of-the 

art in terms of fabrication tools used for producing waveguide lasers is reviewed from the aspects 

of the processes and the materials involved.   
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1.Introduction 

 

Over the last two decades the field of solid-state planar waveguide lasers has experienced a 

steady growth, progressing from a laboratory curiosity to an area that demonstrates a broad 

spectrum of applications, from multiwavelength laser channel arrays for telecommunications to 

diode-pumped planar structures with multiwatt output powers for sensing and ranging 

applications. Waveguide lasers are by no means a new field and the first report on such a source 

dates back in 1961, when laser operation of a waveguide based on an active glass core rod 

embedded in a low refractive index cladding was demonstrated [1]. However research efforts in 

the years that followed this report focused primarily on the development of optically pumped 

laser sources based on high optical quality bulk dielectric laser media in the form of rods and 

slabs. The merits of the waveguide geometry and the associated optical confinement have been 

first highlighted in single mode glass optical fibers. Fibers have proven an enabling technology 

for realization of highly efficient amplifier and laser sources owing to their unrivalled low loss 

performance and ability to maintain a small spot size and hence high intensities over lengths that 

are orders of magnitude longer than would normally be allowed by diffraction, [2, 3]. Er-doped 

fiber amplifiers (EDFAs) in particular have directly contributed to the enormous expansion of the 

optical communications networks that underpin today’s internet infrastructure by allowing for 

signal regeneration and optical data transmission over long distances. The excellent performance 

of fiber lasers and amplifiers provided motivation and triggered a major technological interest in 

their planar analogues, which was initially driven by the prospects of addressing telecom 

applications, and eventually later applications from a broader spectrum of disciplines. Planar 

waveguide lasers bridge in a way the gap between solid-state bulk lasers and fiber lasers by 

combining the best of the two worlds. Unlike bulk lasers, they do not suffer from the trade-off 

between small spot size and long interaction length, offering the attributes of high gain and 
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efficient cw performance that characterize fibers; on the other hand, they can attain considerable 

levels of energy storage, an advantage that is typically conferred by bulk gain media. 

Furthermore, waveguide geometries allow for easier access to the gain medium, thereby 

simplifying the addition of extra functionalities to the cavity, such as modulators and gratings.  

The combination of enhanced functionality along with the possibility to spatially compress 

the optical energy and signals has led to the development of small footprint, low threshold laser 

devices within the reach of modestly powered pump sources, that offer immense scope for on-

chip integration in compact and robust packages. The ability to integrate laser sources into a chip 

scale format is of interest from the perspective of integrated optics since it greatly expands the 

possibilities for a broad range of applications extending from light-on-chip to lab-on-chip. The 

main drawback of optically pumped lasers in terms of providing an integrated light source 

solution is their reliance on external pump lasers for their operation, which prevents them from 

reaching the ultimate level of integration, that is, a monolithic device requiring no external inputs. 

However, there is a cost-effective and compact solution to this problem in the existing mature 

optical pumping technology based on laser diodes. 

Another strand of research into these devices is power scaling using diode pumping schemes; 

the significant advances made in this field were rather unexpected since the small cross-sectional 

areas of the waveguide cores were initially perceived as being incompatible with high power 

operation. However, planar waveguide configurations have proven very successful in this respect, 

ensuring efficient removal of the heat that is generated during laser operation, thereby offering 

opportunities for full exploitation of the potential of these miniature laser sources in a broad 

range of applications.  

Unlike the electronics industry, where silicon has been the dominant technology platform, 

photonics is a hybrid technology relying on a broad range of materials and fabrication techniques 

for producing photonic devices such as waveguide laser sources. For the latter, the need for 
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improving their performance and functionality and facilitating their interfacing with other 

components in optical circuits has provided a wealth of opportunities for research into the basic 

science and development of the underlying capabilities of different fabrication technologies. In 

fact, the exciting progress made in the field of waveguide lasers has in many respects mirrored 

advances in fabrication in terms of producing new gain media, establishing new approaches to 

micro-/nano-structuring and increasing possibilities for hybrid integration.  

One of the main challenges in waveguide fabrication with a view to developing laser sources 

is to maintain the propagation loss in the structures produced at a minimum level since any 

significant increase would offset the intrinsic benefits offered by the waveguide geometry. 

Furthermore, any alteration of material properties relevant to laser action is also undesirable as it 

may compromise the device performance. It is also worth pointing out at this place that each of 

the available fabrication techniques is not suitable for every class of material and in order to 

ensure low propagation loss and preserve the intrinsic material properties of the waveguide gain 

medium the optimum technique has to be identified and applied.  

Following the introduction, this review is structured as follows: In Section 2, general 

principles of waveguiding and parameters that are usually considered when designing waveguide 

laser sources, such as the numerical aperture and the modal properties, are briefly discussed. 

Section 3 illustrates the advantages to be gained by implementing planar waveguide geometries 

for laser cavities in terms of lasing threshold, gain, simplicity of pumping schemes, and efficient 

thermal management. Discussed are also other useful features of the planar geometry, such as the 

potential for integration with different functions and photonic circuits and the possibility to tailor 

both nonlinearity and dispersion in waveguides by suitably choosing their design, which is useful 

for non-linear frequency conversion devices and mode-locked lasers. Sections 4 and 5 consider 

possible sources of loss in waveguides and review existing loss measurement techniques, while in 
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section 6, key waveguide fabrication technologies that are commonly used for development of 

amplifier and laser sources are presented. Finally, concluding remarks are made in section 7.  

 

 

2. Waveguide structures 

 

Optical waveguiding is based on Snell’s law, which states that light propagating from a 

medium with a higher refractive index to one with a lower refractive index can be completely 

reflected by total internal reflection (TIR). The simplest conceivable form of a planar optical 

waveguide is that with slab geometry; such a structure is composed of a core material that is 

deposited on a substrate and has its top surface exposed to the surrounding medium. In an 

alternative configuration of a planar slab waveguide, the core is embedded in-between a substrate 

and a cladding material, as shown in Fig. 1(a). In these schemes, the core has a higher refractive 

index (n2) than the substrate (n1) and the cladding (n3) and therefore, any light beam coupled into 

it through the waveguide end face would be confined in the vertical direction by TIR and 

propagate along its length maintaining its intensity. To establish a refractive index step, the 

cladding layer and the substrate are required to have a thickness that exceeds the penetration 

depth of the evanescent field of the modes that are guided in the core. Depending on whether the 

refractive index of the cladding layer is equal to or, different than that of the substrate, the index 

and mode profiles in the waveguide are symmetric or, asymmetric, respectively. Assuming for 

simplicity a symmetric waveguide with both its cladding and substrate having the same refractive 

index n1 [Fig. 1(b)], the critical angle cφ  for TIR at the core–cladding interface for a ray of light 

propagating in the core is given by [4] 
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The reflected ray will subsequently experience successive total internal reflections at the 

interfaces of the core with the substrate and the cladding layer and hence it will propagate within 

the core along its length. Applying the Snell’s law at the interface of the core with a surrounding 

medium with a refractive index n0, for a ray with an angle of incidence θ with respect to the 

waveguide axis gives  
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From Eq. (1) and Eq. (2) the condition for this ray to be totally reflected at the core-cladding 

interface is 
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Using Eq. (3) in Eq. (2), the condition for TIR is given by the following expression 
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2 )( nnn ≥−  then TIR will occur at the core-cladding interface for any value of the incident 

angle i. Assuming that the waveguide is surrounded by air and therefore, 10 =n , the maximum 

acceptance angle im with respect to the waveguide axis for an incident ray to be guided in the core 

will be given by 

                                                            NAnnim =−= 2
1

2
2sin                                                       (5) 

As it becomes evident from the last equation, the sine of the maximum angle of acceptance 

defines the numerical aperture (NA) of the waveguide, which is an important parameter since it 

essentially determines the coupling efficiency from a light source. The NA is related to the 

refractive index contrast ∆n between the core and the surrounding material and from Eq. (5), it 

can be seen that it increases with increasing ∆n. High-NA waveguides are particularly suitable for 

pumping with diode lasers since they can easily capture and confine the fast diverging beams of 
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these sources. The key waveguide parameters, which determine the size and number of 

propagation modes at a given wavelength, are its thickness and NA. The number of propagation 

modes supported by a planar waveguide at a given wavelength λ is given by the quantity p, as 

defined below, increased to the lowest integer [5]  

                                                                   
λ

NAd
p

⋅⋅
=

2
                                                              (6)   

The waveguide is characterized as single-moded when 1≤p , that is when its transverse size is 

equal to, or, smaller than about half of the quantity λ/NA, which yields an approximation for the 

number of modes in a waveguide without having to resort to any elaborated analysis. In a single-

mode waveguide, all propagating modes other than the fundamental will be cut off. From Eq. (6) 

it also becomes clear that the number of guided modes in a waveguide core with a given 

thickness, d, can be minimized by reducing its NA, which however, has the obvious disadvantage 

of weakening the light guidance. On the other hand, in waveguides with high NA the thickness 

required for maintaining single-mode propagation is smaller. The existing waveguide fabrication 

technologies provide very interesting possibilities to define channel waveguides in different 

materials. Waveguides with channel geometry ensure confinement in both lateral directions and 

the different designs that have been used for waveguide lasers are illustrated in Figure 2. They 

include (a) embedded strips in the substrate material, which can be realized with a number of 

methods such as thermal ion-indifusion, ion- or, proton exchange, optical (laser) direct writing 

ion- or, proton implantation, and proton beam writing (b) strip and (c) rib or, ridge waveguides 

formed by direct etching of the core layer and (d) strip-loaded waveguides whose fabrication 

involves etching of a cladding layer deposited over the core layer.  

 

 

3. Advantages of the waveguide geometry 
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3.1. Lasing Threshold 

The two most important performance metrics of a laser are its threshold pump power and the 

efficiency with which it converts the pump power into laser power once it has reached threshold. 

There are a number of reports in the literature on theoretical models that have been developed to 

simulate the operation of longitudinally pumped lasers, predicting their performance with varying 

degrees of complexity [6-10]. In this section, an analysis is followed [9, 10] in which the key 

expressions for pump power threshold, slope efficiency, and gain are derived for a waveguide 

laser and its bulk counterpart by solving the rate equations describing the population-inversion 

density and the cavity photon number. The rate equations are suitably modified to include 

Gaussian spatial distributions for the laser and pump beams and the effect of their overlap, while 

the effect of re-absorption loss at the laser wavelength as a result of thermally induced population 

in (quasi-) three-level laser systems is also taken into account. Since the model is described in 

detail in the respective papers, in the remainder of this section the analytical expressions for the 

key laser parameters that have been derived will only be presented and used to discuss the 

advantage of employing waveguides geometries; starting from the absorbed pump power 

threshold, it can be estimated by  
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Here the parameters are as follows:  h is the Planck’s constant, vp is the frequency of the pump 

irradiation, σe is the laser emission cross section, τ is the upper laser level lifetime, 21 fff += , 

with 1f  and 2f  being the fractions of the populations of the upper and lower laser level  

manifolds, of the corresponding Stark-levels, respectively, and )]exp(1[ lp ⋅−− α  is the absorption 

efficiency of the launched pump light, with pa  being the absorption coefficient of the pump beam 

in the gain medium. In the last term in Eq. (7), lL Lbulk ⋅⋅= α2  is the intracavity round trip loss 
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exponent with Lα  being the propagation loss coefficient,  T is the natural logarithm of the 

reflectivity of the outcoupling mirror at the laser wavelength, while the product lN a ⋅⋅⋅ σ0
12  

stands for the re-absorption loss with 0
1N , aσ , and l being correspondingly the equilibrium 

population density of the lower laser level, the absorption cross section and the length of the gain 

medium. The re-absorption loss is relevant to (quasi)-three-level laser systems and enters the 

expression for the pump power threshold as an additional cavity loss. Since bulk lasers are 

restricted to the use of focused pump laser light, diffraction effects of the pump and laser beams 

have to be taken into account; therefore, the average pump and laser spot sizes bulkPw ,  and 

bulkLw , , respectively, have been introduced in Eq. (7). The optimal pumping configuration for 

minimizing bulkPw ,  and bulkLw , and maximizing their overlap in the gain medium requires 

slightly tighter focusing than confocal. The Rayleigh length of the focused pump beam should 

ideally be equal to the waveguide length, in which case its beam waist radius can be expressed as 

[11]  
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where )(LPλ  is the pump (laser) wavelength and n is the refractive index of the laser medium. 

Assuming such a pumping configuration, the pump (laser) spot size radius averaged over the gain 

medium will then be given by [11] 
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Using Eq. (9) into Eq. (7), the following expression is obtained for the threshold of the bulk laser  
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For longitudinally pumped slab and channel waveguide lasers, the corresponding to Eq. (7) 

analytical expressions for the absorbed pump power threshold are the following, respectively, 
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where, Lbulk, Lsl, and Lch correspond to the round trip loss in bulk, slab  waveguide, and channel 

waveguide cavities, and w refer to the 1/e2 intensity radii for the pump (P) and laser (L) modes in 

the horizontal (X) and vertical (Y) planes. Here, one notes that for slab waveguides in Eq. (11), 

the average values PXw  and LYw  have been used for the pump and laser spot sizes, respectively, 

in the horizontal, unguided direction; they can be both estimated from Eq. (9).  

In three-level laser systems re-absorption loss is significantly high compared to propagation 

loss, and therefore, the effect of Lbulk, Lsl, and Lch on the corresponding laser thresholds is 

negligible. The ratios of pump power thresholds of the slab and channel waveguide lasers to that 

of the bulk laser can be obtained by diving Eq. (11) and Eq. (12) by Eq. (10), respectively, 
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Similar expressions can be derived for four-level laser systems by setting the re-absorption loss 

term in Eqs. (10), (11) and (12) to zero 
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From Eqs. (13) - (16), it is clear that waveguide geometries have an advantage over bulk in terms 

of low lasing threshold as they can ensure tight confinement of both the pump and laser beam. In 

this respect, channels waveguides are clearly superior to their slab counterparts since they provide 

confinement in two dimensions allowing for larger threshold reductions. The advantage in terms 

of low laser threshold increases with increasing waveguide length and decreasing pump and laser 

beam spot sizes and is more evident for (quasi)-three-level laser systems. In contrast, in four-

level lasers, due to the absence of reabsorption loss in their gain media, propagation loss could 

become an issue for planar waveguides only in cases when their fabrication introduces significant 

loss with respect to the corresponding bulk material. This extra loss, which is higher in channel 

waveguides than in their slab counterparts because of the larger number of fabrication steps 

required for their realization, can compromise or even outweigh their potential to provide low 

lasing thresholds and therefore, it should be minimized in order to optimize laser operation.  

 

3.2. Slope efficiency 

The slope efficiency η, of a waveguide laser describes the conversion efficiency of the input 

(absorbed) pump power into output signal power. Taking into account potential reabsorption loss 

in the cavity an expression derived for η is [9]  
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In the last equation the new term is dFdS , which is a quantity that indicates the conversion 

efficiency of the pump light. It strongly depends on reabsorption losses and the overlap, ηPL of the 

pump with the laser mode, which is given by [12] 
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From Eq. (17) it becomes evident that waveguide lasers are generally expected to yield lower 

slope efficiencies than the corresponding bulk systems since they exhibit higher propagation 

losses. Similar slope efficiencies for both laser systems can be achieved by using outcoupling 

mirrors with higher transmission to form the waveguide cavity, which however, according to Eqs. 

(11) and (12), would be at the cost of an increased pump power threshold. Here, one notes that 

the effect of loss on slope efficiency can be to a certain extend compensated by the waveguide 

geometry, which ensures high overlap efficiencies of the pump and laser beams compared to an 

unguided configuration. Since channel waveguide lasers have higher overlap efficiencies than 

their slab waveguide and bulk counterparts, it follows that if all three systems have the same level 

of loss, sources based on channel geometries are expected to exhibit comparable slope 

efficiencies with the other two types of lasers but lower lasing thresholds. As an example to 

illustrate this fact the laser characteristics of two Ti:sapphire waveguide lasers with slab and 

channel geometry, respectively, with similar levels of loss are shown in Fig. 3. As it becomes 

clear from the plot, for about the same outcoupling level both lasers exhibit similar slope 

efficiencies however, the observed threshold for the channel waveguide laser is half that of its 

planar counterpart. Whilst, for fundamental mode laser operation the overlap efficiencies that can 

be achieved in bulk slab or rod lasers approach 0.5 and 0.36, respectively [15], in waveguide 

lasers the corresponding value is considerably higher and for channel geometries can even reach 

unity.   

 

3.3. Gain 

To demonstrate the potential of a waveguide gain medium to provide higher gain than its bulk 

counterpart in the following the small signal gain expressions for both systems are derived and 

compared.  Assuming a Gaussian signal beam that is perfectly aligned with the pumped region 

and taking into account that the condition for lasing is for the gain to compensate the cavity 



 13

losses occurring during each round trip by replacing the loss terms in Eqs. (7), (11) and (12) with 

the corresponding small signal gain )ln( )(
0
bulkG  and )ln( )(

0
sl

G , and )ln( )(
0

sl
G  for the bulk and the 

slab and channel waveguide gain media the following expressions can be obtained 

correspondingly 
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In Eqs. (19) - (21) the term )]exp(1[ lP pin ⋅−−⋅ α  is the absorbed pump power with Pin being the 

power of the launched pump light. Dividing Eqs. (20), and (21) by Eq. (19) provides the ratios of 

the small signal gain of the slab and channel waveguide to that of the bulk laser, respectively,  
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The last two equations indicate that the optical confinement in one or two planes that can be 

achieved in waveguides with slab or channel geometry, respectively, provides linear (slab) or 

quadratic (channel) enhancement of the small signal gain with respect to that obtained from an 

unguided configuration. It becomes also evident that this enhancement scales with the length of 

the gain medium.  

 

3.4. Thermal management 
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Progress in scaling the output power from waveguide lasers has been facilitated by the use of 

high-power diode lasers for pumping. In-plane pumping schemes (end- or side-pumping) are 

inherently compatible with high power laser-diode bars and stacks, due to the good beam quality 

of these sources in the fast axis and the excellent match of their cross sections to the profile of 

planar waveguides. This eases the need for shaping of the pump beam, and for waveguides with 

high NA it allows implementation of efficient coupling designs involving simple focusing optics 

or, even proximity coupling [16]. In contrast to fiber lasers, where the thermal limit for power 

scaling is usually determined by the onset of damage due to the increase in temperature, in bulk 

lasers, power limitations originate from the development of temperature gradients in the laser 

medium. They are induced by the non-uniform deposition of heat from the diode pump laser and 

the propagation of that heat through the gain medium to the heat sink. The severity of this effect 

depends on a number of factors, including thermo-mechanical, thermo-optical properties and 

geometry of the laser medium, pump deposition profile, cavity configuration, and heat-sinking 

arrangements [17]. Heat itself results from the quantum defect of the pumping cycle, q, which is 

defined as the energy difference of the pump photons with the laser photons 

                                                                 ( )
Lp vhvhq ⋅−⋅=                                                                 

(24) 
This energy loss and the associated temperature rise produce an unwanted feedback by reducing 

the thermal conductivity of the gain medium, which in turn leads to a further increase in the 

amount of the heat deposited. The latter can trigger various thermo-optical effects in the gain 

medium such as thermal lensing, thermal-stress-induced birefringence, and fracture, which have a 

detrimental effect on laser operation. Thermal lensing is related to the variation of the refractive 

index of the gain medium with the temperature (dn / dT), and results in tighter or weaker mode 

confinement if, dn / dT  > 0 or, dn / dT  <  0, respectively. Under normal operating conditions, 

index guidance is the prevailing waveguiding mechanism. However, with increasing pump power 
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a level is eventually reached when the temperature gradients in the laser medium become 

significant and thermal guiding dominates over index guiding. The effect of thermal guiding has 

been recently highlighted with the demonstration of a thermal-induced refractive index planar 

slab waveguide laser emitting 23.1 W of optical power for a pump power of 50 W, which 

corresponds to an optical-to-optical conversion efficiency of 46% [18]. Thermal guiding leads in 

general to a decrease in the fundamental mode size and in turn to excitation of higher order 

modes and degradation in the quality of the laser beam. Whilst in high-power solid-state bulk 

lasers cooling systems that are costly, complex, and large in size, are required to mitigate these 

effects, in planar waveguide lasers they can be alleviated by virtue of their geometry.  

  The effect of the waveguide geometry in this respect can be appreciated by deriving the upper 

limit for the thermal power density Qmax at which thermal lensing starts having an impact on laser 

performance.  For a waveguide core with a step index profile and a uniform rare earth ion doping 

distribution the following expression is derived for Qmax [19, 20] 
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where k, and d are the thermal conductivity and the waveguide thickness, respectively. In the last 

equation, it was assumed that index guidance would dominate over thermal lensing as long as the 

propagating mode is smaller than that of the thermal guide. Since Qmax in Eq. (25) scales with the 

inverse power to the four on the thickness of the gain medium, it becomes clear that thin slab 

waveguides have a higher thermal limit for the onset of thermal lensing than their bulk 

counterparts. One further issue when moving to higher pump powers is the appearance of 

differential thermal expansion and in turn of thermal stress in the gain medium. Thermal stress 

deteriorates the laser performance by introducing birefringence in the gain medium and may even 

cause its fracture if a certain pump power level is exceeded. Based on an analysis on thermal 

effects in uniformly heated bulk laser media with slab and rod geometries the limit for Qmax 
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before the onset of surface stress fracture can be estimated by the following expressions, 

respectively, [21] 
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where Rs is the thermal stress resistance of the gain medium. From the last two equations, it 

becomes clear that bulk slabs can withstand higher thermal loads than rods before the stress 

fracture sets in. Therefore, the slab geometry is more suitable for pumping with high-power diode 

lasers and for this reason it is preferred for (quasi)-three-level bulk laser systems that require 

pumping with high intensities. Planar slab waveguides can be considered as an extreme case of 

the slab geometry with a small thickness d, and therefore have a significantly higher fracture limit 

when compared to bulk slab systems.  

The excellent thermal management properties that characterize planar waveguides by virtue 

of their large aspect ratio can be appreciated by comparing the maximum temperature rise, ∆Tmax 

that is induced during laser operation in the waveguide gain medium with that in the bulk. ∆Tmax, 

has been calculated for an optically pumped YAG:Yb3+ bulk slab crystal using the diffusion 

model of the heat flow [22]. The assumptions made were first, that the profile of the pump beam 

is approximately flat in the horizontal direction, and fills the full width w of the slab and second, 

that its extension in the vertical direction is considerably smaller than the slab thickness d. In this 

case, the dependence of ∆Tmax on pump power Pp can be calculated by [22] 
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where Kc is the thermal conductivity, ηh is the heat conversion efficiency, and ηa is the absorption 

efficiency. For this calculation it was assumed that Kc = 0.14 W/cm·K, l = 50 mm, ηa = 0.85, and 

ηh = 0.087. In Fig. 4, ∆Tmax is plotted as a function of Pp for several width-to-thickness (w/d) 
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ratios, assuming a constant value for the cross section of the slab of S = w·d = 2 mm. It becomes 

clear that ∆Tmax decreases with decreasing d, that is when moving from bulk to planar slab 

waveguides; in the latter there is effectively an one-dimensional heat flow, since heat only needs 

to pass through a very thin layer of high thermal impedance before reaching the heat sink. This 

highlights the favorable effect of the large cooling-surface-area-to-volume ratio in waveguides in 

terms of enabling efficient heat removal from the pumped region and maintaining the temperature 

rise in the gain medium at a manageable level during laser operation, thereby allowing power 

scaling. 

 

3.5. Nonlinear optical devices 

Since many nonlinear optical effects including, nonlinear frequency conversion, parametric 

amplification and oscillation, sum and difference frequency generation, frequency doubling and 

four-wave mixing have an intensity dependence that can be quadratic or even of higher order, 

maintaining high intensities over long distances can have a strong impact on the nonlinearities of 

the material. By virtue of their geometry, waveguides are capable of dramatically enhancing 

nonlinear interactions, which can be triggered at low pump powers compared to the same 

interactions in the bulk, allowing for use of readily available laser diodes as pump sources. 

Nonlinear waveguides, based on dielectric materials such as periodically-poled lithium niobate 

(LiNbO3) [23], lithium tantalate (LiTaO3) [24], potassium titanyl phosphate (KTiOPO4) [25] and 

semiconductors such as periodically-reversed GaAs [26-28] can provide frequency conversion 

over the entire transparency range of the host, spanning from 350 nm to 4.5 µm, by utilizing 

quasi-phase matching (QPM) [29, 30]. Coupling of the periodically poled/reversed waveguides to 

IR semiconductor diode lasers allows generation of blue–green coherent radiation by nonlinear 

wavelength conversion, which is useful for optical data storage, color printing, medical 

applications, and displays requiring higher powers and longer wavelengths than those produced 
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by InGaN diodes [31]. Advances in the technology of periodic poling enabled integration of 

different types of waveguide lasers with quasi-phase-matched nonlinear frequency converters 

even in the same waveguide structure as exemplified by the self-frequency doubling lasers 

reported in the literature [32, 33]. The advantage of waveguides in enhancing nonlinear 

interactions can be appreciated by comparing the efficiencies for second harmonic generation 

(SHG) that can be achieved in a QPM waveguide and in the corresponding bulk material. For a 

waveguide the conversion efficiency wgη , can be estimated from [34] 
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where, Pω(0) and P2ω(L) are the incident and the generated second harmonic power, respectively, 

deff is the effective nonlinear coefficient, l is the waveguide length, while nω and n2ω are the 

effective refractive indices of the transverse mode at the fundamental and the second harmonic 

frequencies, respectively. The term Aeff in Eq. (29) represents the effective interaction area 

between the fundamental and second harmonic modes and depends on their actual spot sizes and 

overlap. A similar expression for the conversion efficiency from fundamental to second harmonic 

is valid for the bulk material with the only difference being that the term Aeff in Eq. (29), should 

be replaced by the spot size of the pump beam. In this case the diffraction behavior of the 

unguided pump beam should be considered, for which the optimum focusing for maximum 

enhancement of the nonlinear interactions is somewhat tighter than confocal focusing, with the 

spot size of the pumping beam at the ends of the medium being 2  times that at the centre [35]. 

This condition is satisfied if the focused beam spot size is nlWbulk ⋅⋅ 2~ λ . Since the generated 

second harmonic power is inversely proportional to the beam spot size, it follows that the 

conversion efficiency ηb in the bulk would only scale linearly with the interaction length. A 

convenient way to present the enhancement of SHG is to estimate the ratio of the conversion 

efficiencies in a waveguide ηwg and in its bulk counterpart ηb 
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In the last equation it can be seen that the enhancement conferred by a waveguide geometry, 

increases with increasing interaction length and decreasing Aeff (and hence increasing optical 

intensity). Assuming a value of 30 µm2 for the Aeff and a length of l = 1 cm for both the QPM 

waveguide and the bulk crystal an efficiency improvement of two orders of magnitude can be 

derived from Eq. (30). The same efficiency for frequency doubling in bulk nonlinear crystals can 

only be achieved by using significantly higher input powers. Figure 5 shows a SHG tuning curve 

as obtained from a periodically-poled, QPM LiNbO3 channel waveguide, exhibiting propagation 

loss of less than 1 dB·cm-1 by pumping at 1.55 µm. The peak normalized second-harmonic 

conversion efficiency obtained exceeded 150%/W-cm2 [36], a value that is several orders of 

magnitude larger than those typically obtained in bulk media.  

Another notable example of the benefit of using a waveguide geometry for nonlinear optical 

devices is the recent demonstration of parametric frequency comb generation in chip-size optical 

parametric oscillators (OPOs) based on silicon nitride ring resonators [37] (Fig. 6a), and doped 

high-index silicon dioxide ring resonators [38]. Because of inversion symmetry in these 

materials, the parametric gain and frequency conversion were provided through four-wave 

mixing (FWM), thereby exploiting the χ(3) nonlinearity of these materials. Oscillation based on 

parametric gain requires phase matching, which is determined by the frequency detuning ∆ω = 

2ωp - ωS - ωI, where ω refer to the frequency of the pump (p), signal (s), and idler (i). ∆ω 

indicates the irregularity in the spacing of resonant frequencies due to both cavity and material 

dispersion, and for achieving phase-matching it should not exceed the parametric gain bandwidth 

Ω given by [39] 
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where n is the refractive index, c is the speed of light, P is the circulating power within the ring 

resonator and γ is the waveguide nonlinear parameter, which can be expressed as   
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where n2 is the non-linear refractive index. The waveguide geometry is critical to the successful 

operation of these OPO sources in two ways. First, the small modal effective areas Aeff, of the 

ring waveguides that can be achieved because of the enhanced index contrast with the substrate 

increase their nonlinear parameter, γ, and in turn the gain bandwidth, Ω. Second, the waveguide 

design provides a convenient mean to engineering anomalous dispersion (in particular with 

flattened profile, exhibiting near zero-dispersion at the pump wavelength) that is necessary to 

reduce ∆ω and achieve phase matching. Tuning the pump wavelength to a cavity resonance in the 

anomalous dispersion regime near the zero-dispersion wavelength and increasing the pump 

power allows, for broad-bandwidth phase matching and hence generation of simultaneous 

parametric oscillations at a number of equally spaced wavelengths through cascaded FWM in the 

ring (Fig. 6b). Minimizing the power demands for nonlinear interactions is of outmost importance 

for the development of all-optical devices. The theoretical value for parametric oscillation 

threshold is 
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The high transverse optical confinement of the ring waveguides in combination with the high 

optical quality factor, Q, of the ring microresonator significantly reduced the pump power 

required for the FWM process, allowing OPO operation above a pump threshold of only a few 

milliwatts. 

As well as demonstrating low power frequency conversion, the capability to control the 

nonlinear and dispersive properties of the waveguides can also been exploited for generation of  



 21

laser pulses of short duration through soliton mode-locking and phase matching. Recently, 

generation of subpicosecond pulses at 200 GHz-repetition rate has been reported in a passively 

mode-locked Er-doped fiber laser, whose operation was based on high-harmonic FWM in a high-

Q nonlinear planar ring resonator integrated in the cavity [40].  

 

3.6. Potential for integration 

The low-threshold χ(3) OPOs described in the previous paragraph represent an excellent 

example of the device miniaturization that can be achieved by exploiting waveguide geometries 

and sets conveniently the context for the discussion in this paragraph on the integreability of chip-

scale waveguide laser cavities.  Integrated light sources are vital parts of optical circuits and have 

an important impact on practical applications. Therefore, in addition to work targeting at 

waveguide lasers as discrete elements, there has also been considerable research activity in 

integrated versions of these sources. Combining the latter with different optical functions, such as 

Q-switching and mode-locking, feedback gratings, nonlinear conversion devices, mode-control, 

and tuning or frequency selecting elements on the same substrate, has led to the demonstration of 

sophisticated miniature devices.  

Although it is most desirable to build integrated circuits from a single material, in practice no 

material system can effectively offer full passive and active functionality on the same chip. 

Hybrid integration, in which a material is used as a platform to accommodate different materials 

that excel in providing the functionalities envisaged, has emerged as a monolithic solution for 

photonic chips. An important parameter in choosing suitable waveguide material-substrate pairs 

is their refractive index contrast, since it determines the device footprint and the overall 

dimensions of the photonic integrated circuit. Silicon-on-insulator (SOI) is one of the most 

attractive systems for all-optical devices because of its compatibility with the complementary 

metal oxide semiconductor (CMOS) fabrication technology and the high-index contrast between 
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the silicon (n=3.5) core, and the silica (n=1.45) (that is usually employed as a substrate and 

cladding), allowing for strong optical confinement and large effective nonlinearities. Despite the 

lack of efficient optical transitions in materials with indirect band gap structure and hence their 

limited potential as laser media, important progress has been made with silicon Raman lasers 

using waveguide ring-type resonators. Although these devices are not fully optimized, their 

realization strengthens the prospects for fully functional on-chip integration [41-43].  

Silica-on-silicon is another extremely versatile platform for integrated optics offering the 

attractions of CMOS-compatibility and proximity of the silica core refractive index to that of 

optical fibers, allowing for low loss fiber-chip coupling. The high refractive index of silicon 

represents a difficulty when this material is used as a substrate for waveguides, however, this 

problem can be avoided by applying a SiO2 buffer layer between the substrate and the device. 

One example of an integrated source based on this material system is the femtosecond waveguide 

laser shown in Fig. 7, which can generate 440 fs pulses at a repetition rate of 394 MHz [44]. The 

approach followed for its realization was to combine waveguides with normal and anomalous 

dispersion within the laser cavity for obtaining net anomalous intracavity dispersion, which is 

required for soliton mode-locking. This eases the dependence on the dispersive contribution of 

the saturable Bragg reflector (SBR) and hence the requirement to predict the lasing wavelength 

precisely enough to engineer an SBR device with the appropriate characteristics for a specific 

target repetition rate.  

Polymer-on-silicon is an attractive, hybrid system that exploits the ease of processing and 

tailoring of the optical properties of organic materials for developing integrated light sources on 

silicon platforms for a variety of applications. One attractive feature of this material system is its 

CMOS-compatibility, which follows from the possibility to synthesize polymers independently of 

other fabrication processes and then simply add them at the end of the fabrication flow after all of 

the high-temperature processing is completed [45]. Ferroelectrics are also convenient for 
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integrated optics because their excellent electro-optic and nonlinear properties and wide 

transparency can support a broad range of functionalities. However, the difficulty to grow high 

quality single crystalline thin films of these materials with the existing epitaxial methods, in 

particular on substrates conventionally used in integrated optics, where lattice-matching 

constraints imposes an additional limitation, inhibits integration with other material platforms. 

Nevertheless, a range of integrated waveguide lasers with different temporal output properties  

have been realized by thermal indiffusion of active rare-earth ions in ferroelectric crystals, in 

particular LiNbO3 [33]. Figure 8 shows an integrated DFB–DBR coupled cavity laser that has 

been produced following this fabrication approach for applications related to wavelength division 

multiplexing (WDM) and interferometric instrumentation [46]. It consists of a Ti:Fe:Er:LiNbO3 

section with a photorefractive Bragg grating, representing the DFB laser, and the Ti:Er:LiNbO3 

gain section with a broadband multi-layer dielectric mirror of high reflectivity attached on its 

endface. The laser produced single-frequency emission of up to 8 mW optical power at a 

wavelength of 1557.2 nm, and the slope efficiency derived was ~22% (Fig. 9).   

 

 

4. Loss in optical waveguides  

 

From the discussion in the previous section is becomes clear that one of the most critical 

issues with regard to designing and realizing efficient waveguide lasers is to reduce as much as 

possible the level of propagation loss in the waveguide. Since the first demonstration of a 

waveguide laser, many efficient sources have been developed capitalizing on improvements in 

waveguide fabrication processes and the suppression of loss that the latter brought with them. 

The main loss mechanisms in waveguides are: (i) scattering, (ii) optical absorption, and (iii) 

radiation loss, in particular that induced by directional changes in the waveguide.  
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4.1. Scattering loss 

The main source of loss in dielectric waveguides is scattering of the propagating waves at the 

surface of the waveguide or at its interfaces with the cladding layer and the substrate and can be 

significant even for surfaces with relatively smooth features. The scattering loss coefficient α for 

a symmetric waveguide is given by [47] 
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In this expression it can be seen that α scales with the square of the ratio of the surface roughness, 

σ, to the wavelength of the guided mode, λo, and is inversely proportional to the waveguide 

thickness d. In Eq. (34), p represents the extinction coefficient in the substrate and cladding layer; 

the term 2/p is in effect related to the evanescent tails of the mode, indicating that modes with 

large tails compared to the waveguide thickness are less affected by surface scattering than well-

confined ones in high-index contrast waveguides. The last term in Eq. (34) involves the angle of 

incidence, θi, of the launched light beam at the waveguide cladding interface and depends on the 

waveguide mode that is considered. Higher order modes are associated with higher values of θi 

and hence exhibit higher scattering loss because of the larger number of reflections per unit 

length that they experience in the direction of propagation. It should be noted that scattering loss 

may also arise from material imperfections or defects produced within the volume of the structure 

during the fabrication process. In glass waveguides, volume scattering loss is induced by 

inhomogeneities due to composition or density fluctuation in the material and the intensity of the 

scattered light is proportional to 41 oλ . On the other hand, in crystalline waveguides volume 

scattering loss may originate from poor crystallinity, mixed growth phases or incorrect 

stoichiometry.   
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4.2 Optical absorption loss  

Modes propagating in a waveguide may experience losses through absorption by contaminant 

atoms that are either introduced in the waveguide during its fabrication or, are inherently present 

in the host material. In glass and polymer waveguides a serious source of optical absorption loss 

associated with the fabrication process adopted is the formation of hydroxyl ions (OH-). Their 

fundamental vibrational absorption peak lies at a wavelength of ~2.73 µm, while overtones of this 

peak introduce absorption loss at wavelengths around 0.72, 0.88, 0.95, 1.24 and 1.38 µm. The 

formation mechanism and the possible ways for eliminating OH- ions will be discussed later in 

this review when details of various waveguide fabrication techniques will be presented. On the 

other hand, a typical example of intrinsic absorption loss in a waveguide is the non-linear two-

photon absorption (TPA) in optically pumped semiconductor waveguides with indirect band gap 

structure, such as silicon. The effect of TPA is more severe at high optical pump intensities and 

results in the generation of a significant amount of free carriers, which are responsible for linear 

photon absorption. The latter compromises the operation of silicon-based waveguide amplifiers, 

lasers and wavelength converters because the photo-generated free-carriers have a relatively long 

recombination time. Silicon Raman waveguide lasers [41-43] for example, suffer from free 

carrier absorption at wavelengths in the range from 1.1 µm, which is the absorption-edge 

wavelength of silicon, to approximately 2 µm, affecting both the pump and Raman signal. The 

loss coefficient αFC due to free carrier absorption is given by [48] 
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In the last equation, the product h·v is the photon energy, while the last term corresponds to the 

density of the electron-hole pairs created through pump-induced TPA, with τeff being the effective 

recombination time, β the TPA coefficient in silicon, 171045.1 −= xFCσ  the free carrier absorption 
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cross section at the wavelength of =refλ  1.55 µm [49], and Ip the pump intensity. In optically 

pumped waveguide lasers the effect of free carrier absorption can be mitigated either by pulsed 

pumping with repetition rates that are longer than the carrier lifetime or, by applying an electric 

field to remove the carriers and/or by doping with non-radiative recombination centers. 

 

4.3. Radiation loss  

Radiation loss occurs when light that is confined and guided in a waveguide is coupled to 

radiation modes and starts propagating in the substrate or cladding region. In slab or, straight 

channel waveguides such effects can be triggered by coupling of the guided light from the 

fundamental or, lower order modes to higher order modes. This coupling results from 

perturbations along the waveguide, such as structural irregularities and inhomogeneities, diameter 

fluctuations, build-up of stress or, strain fields in the material, and most importantly from changes 

in the propagation direction of the mode [50]. Higher order modes are more affected by radiation 

losses since they are closer to the cut-off condition, where all the energy is transferred to 

substrate radiation modes. In high-optical-quality straight waveguides the contribution of 

radiation loss to the total loss is generally negligible when compared to those of scattering and 

absorption. However, it becomes an issue for devices that are based on curved waveguides, such 

as for example waveguide lasers with ring resonators. In this case, when the guided mode enters a 

curved waveguide section the proportion of the evanescent tail at the outer edge of the waveguide 

cannot travel sufficiently quickly to stay in phase with the remainder of the guided mode and 

therefore, it separates from the guide and radiates into the surrounding medium. The radiation 

bending loss coefficient, α, can be derived from the following expression [51]  
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where K is a constant that depends on waveguide thickness and the refractive indices of its core 

and cladding, β is a modal propagation constant, R is the radius of curvature of the waveguide, 

and ∆neff  is the difference between the modal effective index neff and the cladding index. It is 

clear from Eq. (37) that radiation loss depends exponentially on R, and it can be significant when 

the refractive index contrast between the waveguide and the surrounding medium is very small.   

 

 

5. Loss measurement techniques  

 

To measure losses in waveguide structures a number of simple or, more elaborate methods 

have been proposed and implemented over the years. Aspects that need to be considered when 

choosing a loss measurement technique amongst the existing methods are the type of waveguide 

in terms of geometry and material/optical characteristics, the type of predominant loss and the 

anticipated loss level. The techniques most commonly used for measuring loss in waveguides, are 

reviewed below. 

 

5.1. Cut-back  

The most straightforward way to measure propagation loss is the cut-back method, which 

relies on successive single-pass transmission measurements through the waveguide at the 

wavelength of interest, followed by reductions in its length after each measurement. In these 

measurements light is coupled in and out of the waveguide through its end faces respectively, by 

means of microscope objectives. The in-coupled power Po is maintained constant for all the 

transmission measurements and the power transmission ratio (ratio of transmitted to incident 

power) for a waveguide length x is [5] 
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From Eq. (37) it is clear that by plotting the logarithm of the transmitted power as a function of x, 

a line is obtained the gradient of which provides the propagation loss coefficient α. Whilst, this 

method can be easily applied to optical fibers because of their long length and the possibility to 

reduce it without changing the in-coupled optical power, it may prove inaccurate for determining 

loss in planar waveguides. This is because the waveguide must be removed from the optical setup 

after each optical power transmission measurement for shortening its length and polishing its end 

faces, which makes it difficult to reproduce the input coupling during different measurements. In 

practice, propagation loss with this method is often derived by comparing transmission through 

waveguides of different lengths, which can be achieved for example by angle polishing the 

sample, and then fitting the length dependence. Although practical, this approach may 

compromise measurement accuracy since it is based on the assumption of identical coupling 

conditions and surface roughness for each waveguide. 

 

5.2. Sliding prism technique 

In this technique a pair of prisms is clamped onto the waveguide surface to act as an input and 

output coupler, respectively [52, 53]. The material of the prisms has a higher refractive index than 

that of the waveguide and coupling of light into and out of the latter is enabled when the prism-

surface separation is sufficiently reduced. Measurements are conducted by keeping the position of 

the incoupling prism fixed, and moving the outcoupling one to different positions along the 

waveguide that correspond to different effective lengths. The propagation loss is derived by 

measuring the outcoupled power in each of these positions and then plotting the logarithm of 

these values as a function of the distance x between the two prisms using Eq. (37). The slope of 

the line obtained from this plot yields a value for the propagation loss coefficient α.  

Notably, this method can also be applied to multimode waveguides for measuring the loss that 

is associated with each of the propagating modes separately. Selective coupling of light into each 
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mode can be achieved by suitably choosing the incidence angle of the laser beam. Loss can then 

be measured accurately by positioning and masking the detector in a way that it can collect only 

the transmitted light from the m-line corresponding to the desired mode. In this case, the 

occurrence of mode conversion is indicated by the presence of multiple m-lines. Limitations to 

the accuracy of this loss measurement technique are defined by the difficulty to ensure that the 

outcoupling prism has the same coupling efficiency when it is moved to a new position. Another 

practical difficulty is to ensure efficient coupling without inflicting any damage on the waveguide 

surface each time the prism is clamped onto it. 

 

5.3 Fabry-Perot method  

This loss measurement method is applied to single-mode waveguides the end faces of which 

are polished parallel to each other and to an optical quality so as to act as mirrors [54-56]. In this 

case the waveguide forms a low finesse symmetric resonator and loss is evaluated by coupling it 

to a laser beam through its end faces with the use of a microscope objective. Changes in the 

optical path length of the waveguide are subsequently induced by tuning the wavelength of the 

laser beam or, by heating the waveguide itself. Either of these modulations leads to variations of 

the internal phase difference φ=2·β·l with β being the propagation constant of the mode in a 

waveguide of length l. The fraction of the incident light IT  transmitted through the cavity depends 

both on φ and the propagation loss α [55, 56]   
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where Io is the intensity of the incident laser beam, η is the coupling efficiency to the fundamental 

waveguide mode and R  is the effective reflectivity given by 
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with  neff  being the effective index. The latter can be directly calculated from the free spectral 

range of the cavity, defined as ∆ν = c / (2· neff ·L). By measuring the transmission through the 

waveguide cavity at phase delay values that correspond to periodic maxima (Imax) and minima 

(Imin), α can be estimated from the following expression 
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where )()( minmaxminmax IIIIK +−=  is the modulation ratio. One attractive feature of the Fabry-

Perot method is that the loss calculation is independent of the coupling efficiency of the probe 

laser beam. 

 

5.4. Self-pumped phase conjugation (SPPC) method 

This is a non-destructive technique that exploits the self-pumped phase conjugation (SPPC) 

effect for measurement of propagation loss in channel waveguides [57]. A typical SPPC 

configuration that has been used for determining loss in Ti:sapphire rib waveguides [58], is 

shown in Fig. 10. Measurements involve the use of a laser beam with a wavelength that falls 

outside the absorption band of the waveguide material and can trigger optimal crystal response in 

terms of intensity and build-up time of the phase conjugated signal. The laser beam is coupled 

into and transmitted through the waveguide and the outcoupled mode propagates towards a 

photorefractive crystal (BaTiO3), where it undergoes phase conjugation. Using the standard total 

internal reflection (TIR) geometry, the crystal response can be optimized by varying the 

transverse position of the beam input and the angle of incidence. The phase-conjugated beam is 

retro-reflected and automatically coupled back into the waveguide following exactly the path of 

the outcoupled beam without experiencing any losses other than the Fresnel reflections at the two 

waveguide end face-air interfaces. The main advantage of this method is that it ensures optimal 

efficiency for the coupling of the phase-conjugated light back into the waveguide. Propagation 
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loss can be therefore precisely determined by measuring and comparing the intensity of the retro-

reflected light prior to its coupling into, and after its coupling out of the waveguide, respectively. 

In the configuration in Fig. 9 the loss α in dB per unit length for a waveguide with a length l, can 

be derived from the following equation [58] 
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where K is a constant that includes all power losses due to the optical elements and the Fresnel 

reflections from the coupling and outcoupling faces of the waveguide, and is given by  
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In the last equation, RBS1 and RBS2 are the reflection coefficients of the wedged beam splitters 

WSB1 and WSB2 respectively, TBS2 is the transmission coefficient of the beam splitter WSB2, 

TO1 and TO2 represent the transmission coefficients for the incoupling and outcoupling objective, 

respectively, and TFR stands for the Fresnel transmission coefficient at the waveguide-air 

interface. The SPPC method can provide a systematic error in the measurements of less than 5% 

[57, 58]. 

 

5.5. Streak imaging 

With the method of streak imaging, loss is determined by measuring the longitudinal 

distribution of the light that is scattered from the waveguide at different positions along the 

guiding direction, z. This can be achieved by using either an optical fiber to collect it [59] or a 

CCD camera to image and measure its streak [60]. A prerequisite for the implementation of this 

approach is that the scattering centers in the waveguide should be homogeneously distributed 

such that it becomes possible to determine accurately the light intensity I(z) in the structure from 
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the detected scattered intensity Isc(z). The latter is proportional to the light intensity I(z) in the 

film, which is given by  

                                                            )exp()0()( zIzI ⋅−⋅= α                                                         

(43) 

where I(0) is the intensity of the incoupled light, and α is the attenuation coefficient, which can be 

derived through fitting with Eq. (43). A practical difficulty that needs to be overcome in order to 

achieve accurate loss measurements is related to the residual light that propagates in the sample, 

which although is not directly coupled into the waveguide it can be still detected as scattered light 

after propagating some distance in the substrate. Another problem arises from the fact that in low 

loss waveguides the streak intensities produced are weak and therefore difficult to measure. This 

essentially means that this technique is less precise when applied for loss measurements in high 

optical quality waveguides. 

 

5.6. Fluorescence imaging  

The technique of fluorescence imaging has the same underlying concept with the streak 

imaging one discussed in the preceding paragraph, allowing for measurement of loss due to 

scattering and optical absorption in active waveguides. However, in contrast to streak imaging, 

which relies on detection of scattered light, here, loss is instead determined from the longitudinal 

distribution of fluorescence light generated by the waveguide along the waveguiding direction by 

optical pumping with a wavelength that falls within the absorption band of the gain medium [61]. 

A typical arrangement for such measurements is shown in Fig. 11, where the moveable slit in 

front of the photodiode is used to determine the intensity of the fluorescence light Iflu(z) as a 

function of the position z of its origin within the waveguide. This allows for the coefficient α of 

the total loss (scattering and absorption) to be derived in a similar way to the streak imaging 

technique. However, there also exists the possibility, as recently demonstrated [62], of 
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distinguishing between scattering scα , and absorption loss )(λabsL , from the detected spatially 

resolved fluorescence by using different excitation wavelengths. For each of these wavelengths 

besides α , the relative effective absorption cross sections max/)( σλσ  is also obtained by 

excitation or absorption spectroscopy using the same excitation light employed for loss 

measurement in order to account for the dependence of )(λabsL  on pump linewidth. In this case 

the expression that provides α as a function of the individual loss components is given by 
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where k  represents the absorption loss for σ = maxσ . In deriving the last equation, it was assumed 

that the dependence of scα  on λ  is negligible relative to that of )(λabsL , and that the latter is 

proportional to max/)( σλσ . According to Eq. (44), by plotting α  as a function of max/)( σλσ  the 

slope of the resulting line and its intersection with the abscissa would yield the values of k , and 

scα , respectively. It should be noted that the accuracy of these measurements increases with the 

number of excitation wavelengths used and the wavelength stability of the pump source.  

 

5.7. Findlay-Clay method 

The Findlay-Clay method allows evaluation of an upper limit for the propagation loss in an 

active waveguide by utilizing the overall performance of the laser source that is based on this 

waveguide. It is applicable to four-level laser systems that inherently show negligible 

depopulation of the ground state, and for which the absorbed power threshold, Pth is dependent on 

the level of the output coupling as follows [63]: 

                                                   )]ln()2[( 21RRlKP Lth −⋅⋅⋅= α                                                   (45)   

where αL is the propagation loss coefficient in the laser cavity, l is the waveguide length, R1 and 

R2 are the intensity reflectivities of the in- and out-coupling mirrors, respectively, and K is a 
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constant, which for a longitudinally pumped system is given by  
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where, h is the Planck’s constant, vp is the frequency of the pump irradiation, w refer to the 1/e2 

radii of intensity of the pump (p) and laser (l) modes, in the horizontal (x) and vertical (y) planes, 

respectively, τ is the fluorescence lifetime, and σe is the emission cross section. The loss in the 

waveguide is derived by measuring the absorbed pump power threshold for lasing using output 

coupling mirrors with different values of reflectivity. By inserting the absorbed power threshold 

obtained for each of the outcoupling mirrors used in Eq. (45) and then plotting 
l

Pth

⋅2  as a 

function of 
l

RR
⋅

⋅−
2

)ln( 21 , a straight line is obtained the intercept of which with the abscissa  

yields the value of the loss coefficient αL.  An upper value for propagation loss L, (in reality L 

also accounts for losses due to imperfections in the attachment of the cavity mirrors), in units of 

dB·cm-1 can then be derived loss from the expression 
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where inI  and )lexp(II inout ⋅−⋅= α are the intensities at the input and output endface of the 

waveguide, respectively. 

  

 

6. Fabrication techniques 

 

A key factor in fully exploiting the enormous potential of the waveguide laser sources is their 

fabrication, which includes the technologies required for the waveguide formation and the the 

development of the materials used as gain media. There is a wealth of fabrication techniques that 

have been employed for realization of waveguide lasers, which can be grouped in two broad 



 35

categories: those involving growth of a film onto a substrate of lower refractive index to produce 

a step index change, and those relying on definition of a waveguiding region inside an existing 

material, either by inducing a localized refractive index modification or, by surface 

microstructuring. Several criteria exist for the selection of the suitable technique in each specific 

case. These include simplicity and cost-effectiveness of the fabrication process, its applicability 

to a specific laser medium, optical quality of the structures produced, attainability of the desired 

waveguide geometry, flexibility in waveguide design, device footprint and scalability of 

fabrication area. In cases when integration of the waveguide laser with an optical circuit or 

functionality is the intended goal, a factor that also needs to be considered is whether the process 

leaves unaffected any components or devices on the chip that have been produced in earlier steps 

of the fabrication flow. A summary of the most commonly applied fabrication methods for 

developing waveguide laser sources is given below. Since many of their aspects have been well 

documented in reviews of specific technical areas, the remaining of this article is not intended to 

be a comprehensive review of each individual technique. It will instead illustrate the basic 

principles behind their operation and highlight their advantages and shortcomings with regard to 

their application for development of waveguide lasers. 

 

6.1. Techniques involving waveguide deposition on an existing substrate  

6.1.1 Epitaxial growth  

Liquid phase epitaxy (LPE) and the vapor phase deposition techniques of pulsed laser 

deposition (PLD) and molecular beam epitaxy (MBE) that will be discussed in the following 

paragraphs have emerged as the key technologies for epitaxial growth of planar crystalline 

waveguides. An attractive feature that all of these methods have in common is the capability of 

producing single crystalline films, which are very favorable for waveguide applications as they 

inherently exhibit lower scattering loss than their polycrystalline counterparts. Furthermore, these 
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deposition approaches can ensure substitutional inclusion of rare-earth dopant ions in the layers 

grown, thereby minimizing broadening of the absorption and emission spectral lines, which is 

associated with increased laser thresholds and reduced gain.  

 

6.1.1.1. Liquid Phase Epitaxy (LPE)  

By contrast to MBE and PLD, LPE is a non-vacuum process that can be carried out using 

simple and low-cost apparatus [64]. As shown in the schematic in Fig. 12, growth of dielectric 

waveguide layers involves vertical dipping and rotation of an oriented, single-crystal substrate 

into a crucible that contains a supersaturated molten solution of oxide precursors of the layer 

constituents (i.e. the host material and for optically active layers the rare-earth dopant ions). The 

LPE deposition process takes place within a furnace, where a wide zone of uniform temperature 

is established and maintained, to ensure near-zero temperature gradients in the solution. Prior to 

the growth phase of the process, the solution is heated above its saturation temperature and is 

maintained at this level for sufficient time to allow homogenization of the liquid. The solution 

temperature is subsequently gradually reduced, and in the course of this process, the crystal 

substrate is slowly introduced in the furnace and kept in close proximity with the solution until 

thermal equilibrium with the latter is established. It is then immersed in the solution when the 

temperature of the latter is still slightly higher than the saturation value in order to dissolve an 

outer thin layer of the crystal and hence prevent potential introduction of defects in the film to be 

grown. By further cooling, the solution is finally brought to the supersaturation regime, at which 

spontaneous crystallization occurs in the presence of a seed of a critical size (in this case the 

substrate) [64]. The supersaturation temperature depends on the composition of the melt and 

tends to increase slightly with increasing rare-earth doping level. Once growth has been 

completed, the substrate is removed from the solution and maintained at close proximity with it, 

while the whole system is slowly cooled to room temperature. The whole process results in the 
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growth of the desired crystal layer on the front and backside of the substrate at a speed that is 

typically about 2 µm·min-1 . The critical process parameters for the quality of the films produced 

include the melt composition and temperature, the substrate temperature and orientation, the 

growth time, and the cooling rate of the substrate after film growth.  

LPE allows a reasonable freedom of choice over fundamental waveguide design parameters 

such as core thickness and NA. The constraints imposed on the choice of materials for the 

substrate and the film are related to their lattice constants and thermal expansion coefficients, 

which should exhibit minimal mismatch in order to minimize loss contribution from the build-up 

of stress at the film-substrate interface and prevent formation of cracks due to differential thermal 

expansion during the film deposition process. In contrast to vapor phase epitaxial techniques, 

LPE is a near thermodynamic equilibrium process, since the supersaturations imposed for the 

growth are very low. This enables fabrication of single crystalline layers of exceptional optical 

quality, with thicknesses that can exceed 100 µm. Furthermore, LPE-grown layers exhibit 

extremely low propagation loss, reaching in some cases that of the corresponding bulk crystals (< 

0.05 dB·cm-1) [66], which is the lowest value reported to date for a crystalline planar waveguide 

device. One of the advantageous features of LPE is the feasibility of lattice-matched growth [67], 

which can be achieved by introducing passive ions with suitably chosen relative concentrations in 

the film composition. This is an efficient way of reducing scattering loss and ensuring enhanced 

index contrast between film and substrate, which, as discussed previously, is advantageous for 

integrated waveguide devices. Figure 13(a) shows electron probe microanalysis (EPMA) results 

obtained for an epitaxially, lattice-matched grown KY0.59Gd0.19Lu0.22(WO4)2 layer on a 

KY(WO4)2 substrate, revealing that the atomic percentage of the Y, Gd and Lu ions across the 

layer remains constant, which in turn indicates that LPE can ensure homogenous composition 

across the film thickness. In Figs. 13(b) and (c) an environmental scanning electron microscopy 
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(ESEM) picture of the KY0.59Gd0.19Lu0.22(WO4)2/KY(WO4)2 interface and a photograph of the 

whole structure are presented, respectively.  

Fabrication of multi-layered structures by LPE is in principle feasible however, it is a time-

consuming process, requiring use of several different melt compositions and optimization of 

deposition for each of them. The main limitations of this method are the lack of accurate 

thickness control and the poor surface uniformity of the layer, which however, can be overcome 

by polishing. LPE has been extensively used for growth of oxide layers and for waveguide lasers 

in particular, early work focused on development of rare-earth doped garnet films [66, 68-75]. 

Research interest in recent years has shifted towards deposition of rare-earth doped double 

tungstate structures [65, 76-85], due to a number of favorable properties of these crystals, such as 

the possibility of doping with high concentrations of rare earth ions and the large emission and 

absorption cross sections of the latter in this family of crystals. Finally, there is only one report to 

date on a waveguide laser based on other crystals, namely on YLF:Nd3+ [86].  

  

6.1.1.2. Pulsed laser deposition (PLD)  

PLD is a fast and versatile technique for fabricating a wide range of thin-film devices 

including waveguide lasers [87-89]. As shown in Fig. 14 the growth process is carried out in a 

vacuum chamber, where a pulsed laser beam is focused onto a solid target, thereby inducing 

material ablation. The material ejected from the target forms a forward–directed plume and is 

deposited onto a substrate located opposite to the target at a distance of a few centimeters. 

Depositions are often performed in a background gas environment, which is either a buffer gas, if 

reduction of the kinetic energies of the ablated species is desirable or, an oxygen agent (typically 

molecular oxygen), if oxygenization of the ejected species is required. Although in most cases 

excimer lasers with nanosecond pulse duration have been employed to induce material ablation, 

use of picosecond and femtosecond lasers has also been reported, primarily for studying the 
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effect of pulse length on the formation of particulates in the film, which represent a significant 

source of optical loss. The results obtained in these works suggested that the success of this 

approach in eliminating these particulates depends on the target material [90-92].  

Attractive features of the PLD technique include its capability in yielding stoichiometric 

material transfer from the target to the substrate, the high growth rates that can be achieved, 

which even for hard crystalline materials such as sapphire can be up to 25 µm·h-1 [87], as well as 

the possibility to control the location and valence state of dopant inclusions and the layer 

thickness. PLD provides the same degree of flexibility with LPE in the choice of the combination 

of layer and substrate material, requiring minimum mismatches between their respective thermal 

expansion coefficients and lattice constants. Sophisticated PLD-configurations involving 

multiple-target carousels and multiple laser sources [Fig. 15(a)] enable fabrication of capped or 

clad waveguides, mixed materials, or multilayer structures with step or graded interfaces [93]. 

Figure 15(b) shows a scanning electron microscopy (SEM) micrograph of a 5-layer garnet crystal 

structure deposited on a YAG substrate using such elaborated configurations. Since PLD operates 

at far from equilibrium conditions, growth is relatively easy for simple oxides with cubic 

structure, such as garnets and sesquioxides or, hexagonal structures like α-Al2O3:Ti3+ 

(Ti:sapphire). However, it becomes considerably difficult for materials with more complex lattice 

structures, such as the biaxial crystals YAlO3:Nd3+ [92, 94, 95] and KGd(WO4)2:Nd3+ [96], in 

which unwanted crystalline phases were obtained in the films produced. For this reason reports 

on waveguide lasers fabricated by PLD are limited to a small group of crystals that includes 

GGG:Nd3+ [97-102], (Gd, Lu)2O3:Nd3+ [103], (Gd, Lu)2O3:Yb3+ [104], and Ti:sapphire [13, 14, 

105]. Recently, lasing has also been obtained from polycrystalline semiconducting films based on 

chromium doped zinc selenide (ZnSe:Cr2+) grown on sapphire substrates [106]. Although PLD is 

particularly suitable for deposition of glass films from the viewpoint of the very large and 

controllable photosensitivity [107-110] that these structures exhibit, there is no report to date on 
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laser operation of active glass waveguides produced by this technique, largely due to the 

relatively high propagation losses. Use of alternating targets allowed for engineering of the rare-

earth dopant ion profiles and their distribution either in-depth, or both the in-depth and in-plane 

in PLD-grown amorphous Al2O3:Er3+ [111, 112], and Al2O3:Er3+:Yb3+ [113] waveguide layers. 

This approach has the advantage of reducing ion-ion interactions that are detrimental for laser 

operation.  

As mentioned earlier in this subsection, propagation loss in PLD-grown layers often 

originates from micron-size particulates that are present on their surfaces or embedded in their 

bulk. Their formation is arguably the main drawback of PLD and can limit the prospects for 

development of functional waveguide devices. Besides the use of picosecond and femtosecond 

pulsed lasers for target ablation, other approaches to limiting this effect that have been reported in 

the literature, include colliding plumes and synchronized pulsed gas-jet configurations, spinning 

targets, mechanical shutters, and velocity selectors with mixed success [87, 114, 115]. Another 

route that has proven successful in suppressing loss is to bury the PLD-grown waveguide by 

growing on top of it a capping layer [87]. 

 To date, the lowest propagation loss measured in a PLD-fabricated waveguide laser has been 

reported for a GGG:Nd3+ structure with slab geometry [102]; the loss value obtained was less 

than 0.1 dB·cm-1, which is only twice as high as that of the bulk crystal material (~0.04 dB·cm-1). 

An interesting feature of the PLD technology is its potential to produce films of materials with a 

very high melting point at significantly lower temperatures. A testament of this ability is the 

growth of rare-earth-doped sesquisoxide waveguide layers at a temperature around 650°C [103, 

104], well below their melting temperature of over 2400°C. The high melting temperature of 

these crystals in combination with their phase transition point that lies below their melting point, 

make their growth in bulk form very challenging [116]. In this respect, another notable example 

is the deposition of Ti:sapphire layers with a degree of crystal perfection comparable with the 
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commercial bulk crystals used as targets, at temperatures around 975ºC, which is well below the 

melting temperature of the bulk crystal (~2200ºC) [117]. Finally, it is worth noting that PLD has 

also proven suitable for two-dimensional, lattice matched, layer-by-layer growth of rare-earth-

activated planar waveguides [103, 104, 118]. This mode of growth is an effective approach to 

engineering enhanced index contrast between film and substrate, which is important for 

integrated optics devices. 

 
 
6.1.1.3. Molecular beam epitaxy (MBE)  

Molecular beam epitaxy (MBE) is a sophisticated, ultra-high-vacuum (UHV) technique that is 

conventionally employed for epitaxial growth of compound semiconductor layers. However, 

considerable effort has also been directed towards development of rare-earth doped dielectric, 

single-crystal waveguide layers, in particular fluorides [119]. In a typical MBE configuration, the 

precursor materials of the crystalline host and the rare-earth dopant ions are contained in 

shuttered, Knudsen-type effusion cells, which are isothermal cavities that can be resistively 

heated to a suitable temperature. Due to the elevated temperature, the precursor materials 

evaporate through an existing hole in each cell to produce direct beams of thermally accelerated 

atoms/molecules that are combined on a heated substrate to form a film. It should be noted that 

for materials with high melting temperature, evaporation is induced with electron beam guns. The 

growth rate, composition and doping level of the films produced are determined by the beam 

fluxes, which are in turn controlled by the temperature of the effusion cells. The growth rate also 

depends on the distance of the effusion cells from the substrate. The entire deposition assembly is 

enclosed in a UHV chamber, which is in turn part of a system that also includes two other 

separate units, a load-lock and an analysis chamber. MBE offers a number of attractive features 

when compared to other epitaxial growth methods, of which the most important are the 

possibility to produce ultra-high purity layers and the ability to maintain precise control over their 
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composition and thickness at the single atomic level. Such an accurate control allows refractive 

index and lattice engineering of the film and is enabled by the inherently low growth rates of the 

MBE technique and the possibility to promptly start and interrupt the deposition process by 

turning on and off the molecular beams. 

Although there are reports in the literature on MBE growth of waveguide films of complex 

ternary oxide materials such as LiNbO3 [120] and BaTiO3 [121], most of the work on dielectric 

waveguide layers to date has focused on hetero-epitaxial deposition of rare-earth doped fluoride 

waveguides, such as ZnF2, PbF2, [122] CaF2, [123] and LaF3 [124-127]. They were grown on 

different dielectric and semiconductor substrates and their propagation loss was on the order of 1 

dB·cm-1 [122, 126, 127]. Reports on waveguide lasers are limited to LaF3:Nd3+ structures with 

slab and channel geometries [126, 127]. The reasons behind this interest in implementing this 

method for growth of fluoride crystal layers rather than for their oxide counterparts are: (i) the 

fluoride molecules have a higher dissociation energy, and therefore can withstand the processes 

of evaporation and transport to the substrate without decomposing, and (ii) the combination of the 

low temperatures required for growth of fluoride layers and the inherently low growth rates of the 

MBE method ensures homogeneous distribution of the rare earth ions within the layers and thus 

minimization of clustering. This latter feature allows doping with significantly higher rare-earth 

ion concentrations compared to the corresponding fluoride bulk crystals without luminescence 

quenching. Notably MBE is ideally suited for fabrication of rare-earth doped divalent fluoride 

waveguide layers. The growth of the latter can be accomplished with the use of rare-earth 

trifluoride precursors, which conveniently provide a quasi-intrinsic charge compensation 

mechanism in the layer thanks to the excessive number of F-interstitials that is available when a 

trivalent rare-earth ion replaces a divalent cation. A barrier to the widespread adoption of MBE 

for waveguide fabrication is the equipment cost and the limited flexibility in terms of using the 

same equipment for depositing a range of different materials. Equipment is usually dedicated to 
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growth of a single material in order to preserve the ultra-high vacuum, ultra-clean growth 

conditions and the ability to control accurately the whole process. Finally, it should be noted that 

MBE is not ideal for fabrication of thick films due to the low deposition rates that can be 

achieved, which for rare-earth doped fluoride crystalline layers do not exceed ~ 0.7 µm·h-1 [126]. 

 

6.1.2. Chemical Vapor Deposition (CVD)  

Chemical vapor deposition (CVD) is capable of producing crystallographically oriented and 

amorphous layers and has been used for development of active waveguide devices based on 

glasses [128-130], oxides [131], and semiconductor alloys [132]. The CVD process involves 

growth of a solid film on a substrate either through chemical reactions in the gas phase or, by 

decomposition of a gaseous precursor of the material intended for deposition. The applicability of 

this method depends on the availability of volatile precursors, which should also be stable enough 

to withstand delivery through suitable feed lines to the vacuum chamber where the deposition 

process takes place. In standard (thermal) CVD the substrate is maintained at an elevated 

temperature, typically between 400 and 1500°C, and the chemical reaction that leads to film 

growth is thermally activated. The substrate temperature in this case is a critical parameter for the 

deposition since it determines the pathway of the underlying chemical reaction. The latter occurs 

either within the gas medium that surrounds the heated substrate (homogeneous reaction), or, on 

the surface of substrate (heterogeneous reaction), where the reactants are adsorbed and undergo 

migration and film-forming reactions.  

Several variants of the standard CVD technique exist, involving different gaseous precursors, 

gas pressure regimes or, means to induce the chemical reaction that leads to film deposition. 

Amongst these methods, plasma-enhanced CVD (PECVD) is the most commonly used for 

fabrication of optical waveguides. The PECVD apparatus consists of a vacuum chamber with a 

two parallel electrode plates, of which the lower electrode usually serves as a substrate holder and 
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can be heated to 350ºC, whereas the upper electrode is driven by an RF power supply. A 

discharge that is ignited and maintained by the RF field in the mixture of the precursor gases 

between the electrodes and away from the substrate results in the formation of a low-pressure 

plasma (2-5 Torr). The average electron energies in this plasma typically range from 1 to 20 eV, a 

level that is sufficient for the ionization and dissociation of the gas molecules. Gas-phase or 

surface chemical reactions between the highly energetic molecular and atomic fragments 

produced by this process lead to the deposition of a solid layer on the substrate. By contrast, to 

standard CVD, both deposition rate and film properties in PECVD depend on plasma parameters. 

Fabrication of pure silica layers, which is an interesting host for optical devices, usually involves 

a chemical reaction between silane (SiH4) and nitrous oxide (N2O) 

                                    )(2)(2)( )(2)( 22224 gNgHsSiOgONgSiH ++↔+                               (48) 

Various glass network-forming oxides such as P2O5, GeO2, and B2O3 can be introduced in the 

silica glass network to modify its properties (i.e. refractive index, photosensitivity, viscosity, and 

capability of dissolving rare-earth ions) by co-deposition using their respective precursors, 

phosphine (PH3), germane (GeH4), and diborane (B2H6) that can be for this purpose transported 

to the reaction site. Similarly, doping with rare-earth ions is performed by vapor delivery of 

organic complex rare-earth precursors, such as chelates. The schematic of a typical PECVD set-

up that has been used for the growth of Al2O3 films [133] is shown in Fig. 16. Films in this case 

were produced by a chemical reaction between the trimethyl-amine alane (CH3)3NAlH3, (TMAA) 

precursor and N2O and deposited on substrate heated at 300 ºC.  

Despite the complexity of the apparatus and the large number of control variables, PECVD 

has a number of attractive features, of which the most important is arguably that film growth can 

be accomplished at relatively low substrate temperatures. This is exemplified by the fact that 

whilst temperatures between 650 and 850ºC are needed for growing high-quality SiO2 films with 

standard CVD, layers with similar quality can be produced by PECVD at temperatures from 300 
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to 350ºC. This temperature difference exists because a part of the energy needed for the activation 

of chemical reactions that lead to material deposition is provided by the plasma. The low 

deposition temperatures offer flexibility in the choice of the substrates that can be used for the 

growth, allowing film deposition even on temperature-sensitive materials. Furthermore, they are 

greatly beneficial for growth of rare-earth doped glass waveguides as they significantly reduce 

the possibility of ion clustering that tends to appear at high temperatures due to the increased 

diffusivity of the rare-earth ions. Finally, PECVD is also associated with low deposition rates, 

which allow for accurate control over film stoichiometry and doping level thus ensuring 

deposition of high quality layers. 

Difficulties in the implementation of this technique arise from the harmful nature of the 

precursor gases that are often required for waveguide fabrication, which imposes limitations on 

the range of materials that can be grown. Similar problems are encountered with the gaseous by-

products of the process, which may be toxic, flammable or corrosive and require appropriate 

handling. These gases however, are in a way useful because their analysis provides a mean to 

understand the chemical reaction mechanisms involved in the CVD process and in turn to 

optimize the quality of the films produced. Another intrinsic problem of this technique is the 

presence of hydroxyl groups (OH-) in the deposit, originating directly from the reactants. They 

are responsible for luminescence quenching of the rare-earth ions through coupling of their 

excited states to high energy vibrational modes of the O-H bonds and their removal requires post-

fabrication annealing at high temperatures.  

PECVD allowed fabrication of planar silica slab waveguides with a propagation loss as low 

as 0.01 dB·cm-1 [134], and was often used in combination with photolithographic and ion-beam 

etching techniques for development of active channel waveguide devices. The latter include 

Al2O3:Er3+ amplifiers, exhibiting a broad emission bandwidth of about 55 nm [131] and 

integrated silica/silicate-on-silicon laser sources, in particular Er/Al- and Yb/Al-doped 
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germanosilicate glass waveguide lasers [128-130]. Figure 17(a) shows a schematic of a DBR 

laser array based on Er/Al-doped germanosilicate glass fabricated by a combination of PECVD 

and reactive ion etching (RIE). The cavity was defined by Bragg gratings imprinted in one-step 

using a single phase mask. Since the waveguides have different widths and hence different 

effective refractive indices, it follows that the optical path length between the grating periods for 

each waveguide will also be different, leading to laser emission at multiple wavelengths [Fig. 

17(b)]. 

 

6.1.3. Flame hydrolysis deposition (FHD)  

Flame hydrolysis deposition (FHD) is one of the most important techniques for fabrication of 

rare-earth doped glass optical waveguides, and has been extensively applied to produce 

waveguide components for silica-on-silicon planar photonic circuits [135, 136]. In the FHD 

process, a layer of the eventual glass is deposited in the form of a low-density soot on a planar 

substrate, which is typically a silicon wafer covered with a thermal oxide layer of approximately 

10-µm thickness. The latter is used to improve the adhesion of the deposited layer and to isolate 

the waveguide from the high index silicon substrate. Deposition involves oxidation and 

hydrolysis of metal halide precursors (in most cases chlorides), which both take place in an oxy-

hydrogen flame. The precursors are transported to the flame by a carrier gas, usually oxygen or, 

nitrogen (Fig. 18). In this process, oxidation is the dominant reaction at relatively high 

temperatures, above 1200 °C, that are reached along the central axis of the flame, where the 

temperature can be as high as 2000 °C. Hydrolysis on the other hand prevails at temperatures 

below 1200 °C and can even take place at room temperature. The most commonly used precursor 

for synthesis of silica soots is silicon tetrachloride (SiCl4) and its oxidation and hydrolysis can be 

described by the following chemical equations, respectively 

                                               )(2)( )()( 2224 gClsSiOgOgSiCl +↔+                                         (49) 
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                                            )(4)( )(2)( 224 gHClsSiOgOHgSiCl +↔+                                    (50) 

The soot has a porous structure and consists of particles with a typical diameter of 0.1 µm, which 

then form aggregates with a diameter of approximately 0.2 µm via collision and coalescence 

[137].  Following its deposition, the soot is consolidated into a full density amorphous solid film, 

by viscous sintering in a suitable furnace, at a temperature close to its melting point, which 

depending on its composition can range from 1000 to 1500 °C.  Soots of phosphate, germanate, 

and borate glasses that are commonly used for waveguide amplifiers and lasers are usually 

produced by using phosphorous oxychloride (POCl3), silicon tetrachloride (GeCl4), and boron 

trichloride (BCl3) as precursors, respectively, in a similar way to that described by Eqs. (49) and 

(50). Other exciting possibilities offered by the FHD method include fabrication of 

multicomponent and rare-earth ion doped glasses by co-deposition and development of layered 

structures of different glass compositions by sequential deposition using different gaseous halide 

precursors. The latter are contained in columns that can be heated to produce vapors that are 

subsequently transported to the deposition zone through separate delivery lines. In such 

configurations, the glass composition can be precisely controlled by varying the relative amounts 

of the precursor elements. Organic compounds, such as chelates are often preferred for use as 

rare-earth-ion precursors due to their high vapor pressure, which allows delivery in lines that are 

maintained at considerably lower temperatures (~200ºC) than those required for transport of the 

less volatile halide precursors (several hundred degrees) [138]. A typical FHD configuration for 

growth of rare-earth multicomponet glass films is shown in Fig. 19(a). 

Besides the standard vapor-transport based technique for doping, additional approaches such 

as aerosol [139, 140], and solution doping [141] can be used to incorporate rare earth ions into 

the soot. Figure 19(b) shows a typical implementation of the former method, which relies on 

feeding aerosol droplets of an aqueous solution of the dopants together with the halide precursors 

to the oxy-hydrogen flame, where after oxidation and hydrolysis a doped soot layer is produced 
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and deposited on a substrate in a single-step process. On the other hand, solution doping is 

accomplished after the soot has been formed and partially sintered into a robust sponge-like layer. 

In this process, the soot is immersed into a solution of the chosen rare-earth precursor (typically a 

chloride precursor in an alcohol solution) for a certain period of time and then removed, dried and 

consolidated into a uniform fully solid layer. The doping level of the latter is determined by the 

concentration of the rare-earth precursor in the solution, the duration of the immersion and the 

degree of pre-sintering of the soot layer. FHD is capable of producing waveguide films with low 

propagation loss (0.01 dB·cm-1 [135]) and very good uniformity, exhibiting a thickness variation 

and a surface roughness that can be as low as 0.1 µm and 0.1 nm, respectively. A disadvantage of 

this technique is the difficulty to control precisely the dopant concentration and ensure its 

uniform distribution in the layer. Laser operation has been reported for FHD-deposited Nd-doped 

[138, 142-145] and Er-doped [146, 147] silica waveguides as well as for Er-doped phospho-

silicate waveguides [148]. 

 

6.1.4. Sol-gel deposition  

Sol-gel deposition is a low-cost, simple and versatile technique for fabrication of planar 

waveguides based on various glasses and organic-inorganic hybrid materials [149-151]. The 

versatility of this approach in terms of potential to process a broad range of materials and produce 

different type of structures is illustrated in Fig. 20. In the conventional sol-gel process, one or a 

mixture of metal alkoxide precursors with the generic formula M(OR)n, where R = CnH2n+1 is the 

alkyl group, are hydrolyzed to form hydroxyl groups. The latter are subsequently subjected to 

(poly) condensation to produce a colloidal suspension (sol) using an acid or, a base, such as 

hydrochloric acid (HCl) or, ammonia (NH3), respectively, as a catalyst for the process. The 

hydrolysis and (poly) condensation reactions are schematically expressed by the following 

equations, respectively, 
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The sol produced by this process is deposited on a substrate either by dipping or, spin coating or, 

spraying, where then coagulation of the colloids leads to the formation of a porous network of 

solid material (gel) that is permeated by the liquid solvent (acid or base). The gel is ultimately 

densified to form a glass film by sintering at temperatures slightly above the glass transition 

temperature of the eventual glass. Arguably the most investigated metal alkoxide precursor for 

formation of silica/silicate glass waveguides is tetraethylorthosilicate, with the chemical formula 

Si(OC2H5)4 (also known as Si(OEt)4 or TEOS).  

One important feature of the sol-gel process is the possibility to tailor the molecular structure 

of the layer to an intended application by suitably choosing the precursor materials and 

processing chemistry conditions. This has allowed fabrication of multicomponent silicate glass 

films that contain a large amount of refractory materials, such as Al2O3 [152], TiO2 [153], ZrO2, 

[154], and GeO2 [155] from suitable mixtures of alkoxide precursors. Furthermore, doping with 

rare earth ions [150, 156], dyes [157], or, unstable non-oxide semiconductors [158] is also 

feasible and can be accomplished either in the hydrolysis step, when the layer is still in the sol 

form or, after the formation of the gel. A drawback of the conventional sol-gel method is the 

appearance of cracks in the films produced due to the large amount of shrinkage experienced by 

their wet gel during drying. This effect places a limitation on the maximum waveguide thickness 

that can be achieved in practice, to values that do not exceed 200 nm, which is insufficient for on-

chip integration with other waveguide components. This problem can be overcome by multiple 

successive depositions and thermal annealing treatments at a suitable temperature after the 

formation of each individual layer. Fabrication of multi-component glasses from mixtures of 

alkoxide precursors may also pose a practical challenge, since the shrinkage in their volume often 

results in preferential precipitation of a particular oxide during sol formation. Nevertheless, sol-
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gel-fabricated waveguides with propagation loss as low as 0.7 dB·cm-1 were reported [153] and a 

number of waveguides laser sources were demonstrated, including dye-doped silica [159, 160], 

zirconia [161-167], titania–silica [168], and Nd-doped silica-hafnia [169] layers. 

An intriguing possibility offered by the sol-gel method is the growth of hybrid organic–

inorganic optical materials, a route that has been exploited for fabrication of organic-silica/silicate 

optical waveguide devices. This approach relies on the use of organically modified silica/silicate 

(ORMOSIL) precursors, which are modified silicon alkoxides, having one or, more of their 

alkoxy groups replaced by a nonhydrolyzable group (usually trialkoxysilanes and 

tetralkoxysilanes). In this case, the remaining three alkoxy groups form the silica network while 

the organic component acts as a network modifier [170, 171]. The ORMOSIL’s organic ligand 

may carry either a simple nonhydrolyzable organic group, such as an alkyl or an organic dye, 

which are bonded to the inorganic network as network modifiers or, alternatively, reactive groups 

that can polymerize or copolymerize (methacryloyl, styryl, or epoxy groups that facilitate 

densification at low temperatures) or, undergo hydrolysis-condensation (trialkoxysilyl groups) 

and act together with the inorganic components as network formers. In this latter case, the sols 

that are used contain besides the ORMOSIL precursor a metal alkoxide precursor and the 

solvent(s). The role of the metal alkoxide precursor is twofold: to serve as a catalyst for the 

organic polymerization and to contribute to the formation of the inorganic oxide. In the hybrid 

layers produced, the organic and inorganic constituents are connected with each other by strong 

covalent or, ionic bonds. Their thermo-mechanical properties are superior to those of polymers 

and their homogeneity is considerably enhanced with respect to inorganic sol-gel materials, 

without however reaching that of polymers.  

An advantage of the hybrid sol-gel approach is that the temperature required for the 

polymerization and consolidation of the layer to its final density is low compared to the 

conventional sol-gel process. The process temperature can be further reduced by introducing a 
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photosensitizer in the sol, to allow for photopolymerization by exposure to UV light [172]. 

Furthermore, the hybrid inorganic-organic sol-gel route provides an effective means of 

engineering optical properties of the films, such as refractive index and transparency, and most 

importantly, it represents an effective solution to the problem of film cracking, allowing for 

single-step fabrication of up to 10-µm-thick, crack-free structures. Such thicknesses are feasible 

because the inclusion of a significant fraction of nonhydrolyzable organic groups in the gel 

network increases the flexibility of the layers, making them less prone to cracking during the 

sintering process. Reports on laser emission from hybrid waveguides are of dye-doped titania-

ORMOSIL [159], zirconia-ORMOSIL [161, 173] and zirconia–titania-ORMOSIL [174] layers.  

The sol-gel chemistry is also used in combination with self-assembled surfactants that serve 

as templates, to produce nanostructured hybrid materials [175, 176]. This approach ensures 

enhanced control over the local structures in the mesoscopic scale (2-100 nm) and has been 

successfully implemented for synthesis of mesostructured hybrid waveguide gain media. The 

templates used were amphiphilic triblock copolymers, which have the generic formula ABA with 

A and B being a hydrophilic and a hydrophobic block, respectively [176, 177]. Variation of their 

chemical structure allows for structuring of inorganic networks with controlled segregation at the 

nanoscopic level and tuning of hybrid interfaces and hence of the material properties. Using 

poly(ethylene oxide)-b-(polypropylene oxide)-b-poly(ethylene oxide) (EOx-POy-EOx) triblock 

copolymer surfactants, in particular (EO)20(PO)70(EO)20 (P123) and (EO)106(PO)20(EO)106 (F127), 

waveguide ASE sources [178] and lasers [179, 180] based on Rhodamine 6G-doped 

mesostructured silica composites were produced from a mesostructured precursor solution 

containing the hydrolyzed metal alkoxide precursor of the silica network TEOS, the self-

assembled block co-polymer template diluted in an organic solvent and the dye.  

 

6.1.5. Thermal sublimation 
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Deposition of layers by thermal sublimation is considerably less demanding compared to 

epitaxial growth methods and has proven to be an effective approach to fabricating planar slab 

waveguides based on dye-doped small-molecular-weight organic semiconductors for laser 

sources. The deposition process is carried out in a vacuum chamber and involves heating of a 

solid source material by a resistance or, an electron beam. The chamber is maintained at a 

sufficiently low pressure, such that the sublimated material can freely propagate towards a 

substrate positioned opposite to the source material, where it condenses to form a film. The 

sublimation process is carried out at temperatures and pressures below the triple point in the 

phase diagram of the source material to ensure that the latter undergoes an endothermic phase 

transition directly to the gas phase without intermediate liquification. To enhance the adhesion of 

the layer, the substrate is often maintained at a moderate temperature (~200 ºC) during deposition 

by using a second heating element. Thermal sublimation is capable of producing layers of 

superior chemical purity and optical quality compared to those produced by solution processing 

[181, 182]. Furthermore, it offers good control over film uniformity and is particularly suitable 

for small-molecule organic materials that can be damaged by exposure to solvents. A 

shortcoming of this method is that it cannot ensure precise control over the composition of the 

dye-doped organic films produced, due to the difficulty in modulating the transport rates of the 

sublimated precursor materials. This difficulty arises from the fact that these rates can only be 

controlled through the temperature of the organic precurors and change rapidly within a few 

degrees. 

Lasing has been reported for slab waveguides based on the small semiconductor molecules 

tris-(8-hydroxyquinoline) aluminum (Alq3) and 2-napthyl-4,5-bis(4-methoxyphenyl)-1,3-oxazole 

(NAPOXA); the former was doped with different dyes such as DCM [182, 183], DCM2, 

rhodamine 6G, or pyrromethene 546 [183], and the latter with DCM2 [184, 185]. Deposition of 

these structures was performed in vacuum chambers by simultaneous sublimation of the host and 
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dopant molecules at background pressures of about 2x10−6 mbar. Deposition rates and film 

thickness of up to 50 Å·min-1 and 350 nm, respectively, were achieved. Figure 21 shows laser 

spectra obtained for two different pump powers from a DBR waveguide laser based on a 

Alq3:DMC2 film formed by thermal sublimation together with a schematic of the structure itself.  

 

6.1.6. Sputtering 

Sputtering is a vacuum process that has been used for deposition of amorphous dielectric 

waveguide layers based on rare-earth doped oxides. There are several variations of this technique, 

involving use of different potentials, gas pressure regimes and physical arrangements, which all 

fall under two broad categories, namely diode- and magnetron sputtering. Diode sputtering 

systems employ a parallel plate reactor with the cathode and the anode containing the target 

material and the substrate, respectively. In this process, a discharge of an inert gas such as argon, 

neon or krypton, that is ignited between the electrodes and maintained by either a DC or a RF 

power source produces high-energy (from 2 to 30 eV), positively charged ions. The latter are 

accelerated towards the electrode with the target, which is kept at a high negative potential, and 

bombard the target material, thereby transferring their kinetic energy into it. As a result, material 

is ejected from the target, mainly as neutral atoms, and deposited on a substrate positioned on the 

opposite electrode to form a layer. For the deposition of insulating materials, such as the various 

dielectric oxides employed for waveguide lasers, the RF variant is the preferred option because it 

prevents charge build-up on the surface of the substrate and deposition of the insulator material 

on the electrodes. Beside configurations involving a single composite target material, co-

sputtering from two targets (host material and rare-earth dopant ion precursor) or multiple targets 

have also been implemented for fabrication of rare-earth ion doped or co-doped waveguides, 

respectively. The growth process can be controlled through variation of a number of parameters, 

including process gas pressure and flow rate, substrate temperature, sputter power bias voltage, 
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and electrode distance. Films produced are characterized by low propagation loss as demonstrated 

with the growth of Al2O3:Er3+ slab waveguides by co-sputtering, in which loss did not exceed 

0.11 dB·cm-1 [186]. 

Diode sputtering is characterized by slow deposition rates and in many cases leads to 

overheating and structural damage of the substrate due to the extensive bombardment by the 

secondary electrons created in the ionization process. These issues can be simultaneously 

addressed with the use of magnetron sputtering. In the latter, magnets placed behind the electrode 

with the target material create a magnetic field that traps secondary electrons produced by 

collisions of inert gas atoms with free electrons near the cathode and above the target surface, 

forcing them to follow longer helical paths. This presents a twofold advantage: first, it prevents 

the electrons from bombarding the substrate and hence causing an increase in its temperature, and 

second, it increases the probability of ionizing collisions between electrons and neutral gas 

molecules by several orders of magnitude. The larger number of ions produced in this way 

increase the sputtering yields, allowing for use of low pressures compared to those required in 

diode sputtering (10-2 to 10-1 Torr). They also lead to high deposition rates on the substrate that 

range from 0.5 to 5 µm·min-1, as compared to values between 0.02 and 0.2 µm·min-1 typically 

attainable in diode sputtering.  

Considerable work has also been carried out using a variant of the standard technique referred 

to as “reactive sputtering”, in which deposition is performed in the presence of a reactive gas. The 

latter is usually oxygen or nitrogen and reacts chemically with the atoms that are ejected from the 

target to form a compound layer (oxide or nitride) on the substrate. Depending on the reactive gas 

pressure in the chamber the reaction between the sputtered species and the gas species occurs 

either at the substrate or, near the cathode, with the compound in the latter case being 

subsequently transported to the substrate. 
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Sputtering is attractive in that it is carried out at relatively low temperatures and provided that 

no high temperature annealing of the sputtered layers is required, it allows for material growth on 

substrates with existing devices or functionalities produced in earlier steps of the fabrication flow 

without disturbing them. On the other hand, a disadvantage of this method is that it cannot ensure 

stoichiometric transfer of multicomponent target materials to the deposited films. This is related 

to changes in the target composition during its bombardment due to the different sputtering yields 

of the component materials, which in turn leads to a variation of the deposition reactions involved 

in the process with the time. Another practical challenge posed for the implementation of this 

method is that the discharge ignited to produce the plasma can be maintained only for a very 

narrow range of operating parameters. Amongst the different sputtering variants, RF-magnetron 

sputtering has attracted a lot of interest for fabrication of active waveguide devices and in most 

cases it has been implemented in combination with dry etching techniques. A great deal of efforts 

was directed to the development of Al2O3:Er3+ amplifiers [187-189], leading to the demonstration 

of devices with an amplification bandwidth of 80 nm, covering the entire C-band [183]. Laser 

emission has been obtained from Nd-doped [190, 191], Er-doped [192] tantalum pentoxide 

(Ta2O5) ribs, Yb-doped aluminum oxide (Al2O3:Yb3+) DBR channels [193], Al2O3:Er3+ ring 

[194] and DFB channel waveguides [195] produced in sputtered layers of the corresponding 

materials, as well as from Nd-doped phosphate glass slab waveguides [196]. Recently, emission 

of 440-fs-short laser pulses from Er-doped aluminosilicate glass rib waveguides based on RF-

sputtered films has been reported [44].  

 

6.1.7. Contact and diffusion bonding 

Contact- and diffusion bonding cannot be classified as material growth techniques, since they 

both rely on glueless bonding of existing bulk materials with reversed geometrical shapes for 

producing waveguides [197, 198]. Contact bonding, also known as thermal bonding, is a very 
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simple approach to fabricating high optical quality waveguides and the only difficulty in its 

implementation arises from the need for thorough treatment of the surfaces to be brought into 

contact to eliminate any defects or inclusions from their whole area. For this purpose, prior to 

bonding, their quality is enhanced through a stringent process that includes polishing to an 

atomically flat finish (the root-mean-square value should be within the sub-nanometer range), 

chemical treatment, and cleaning in aqueous environments to remove any organic or inorganic 

chemical residuals that can reduce the bond energy. After the completion of this process the 

surfaces are covered by a layer of hydroxyl (OH-) groups and become hydrophilic, having the 

ability to adsorb a monolayer of water molecules under ambient conditions. When two surfaces 

that have been subjected to such a treatment are brought to close proximity, a strong adhesive 

bond would form between them at room temperature without any aid from chemical agents, 

solely as a result of long–range Van der Waal’s attractive intermolecular forces. Once the 

materials are in contact and during the settling process of the bond a chemical reaction takes 

place, whereby the hydroxyl bonds (van der Waals bonds) are transformed to hydrogen bonds 

(covalent bonds), which are characterized by an enhanced strength. The bonding process can be 

accelerated by thermal annealing at a temperature that is sufficiently low to prevent inter-

diffusion between the adjacent polished surfaces. To avoid thermal deformation or, build up of 

stress in the component materials, their heating and cooling rates prior and after thermal 

annealing are very slow, about ~10°C per hour. This process results in an increase of the strength 

of the covalent bonds across the interface of the two materials by several orders of magnitude, 

reaching eventually that of the chemical bonds in the starting materials. In this way the bond 

becomes monolithic, providing the waveguide structure with sufficient mechanical and chemical 

stability to withstand the polishing process of its end faces or, potential deposition of further 

cladding layers that may follow.  
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Thermal annealing is particularly useful for contact-bonded planar waveguides that are 

pumped with high-power diode lasers because it prevents separation of the bonded layers due to 

differential thermal expansion that can develop during laser operation. Furthermore, it assists the 

removal of absorbed gases and residual hydroxyl groups that are trapped at the interface of the 

bonded structures. Compared to the epitaxial growth techniques of LPE, MBE, and PLD 

discussed previously, contact bonding is largely independent of the material properties, allowing 

flexibility in the waveguide design. The only constraint imposed on the choice of materials is that 

they should have similar thermal expansion coefficients to prevent the development of stress and 

thermal gradients during thermal annealing and laser operation. One attractive feature of contact-

bonded waveguides is that they exhibit low scattering losses (< 0.5 dB·cm-1 [20]) as a result of the 

atomically smooth interfaces of the bonded materials.  

Development of diode-pumped planar waveguide lasers largely relies on the use of this 

technique, capitalizing on its ability to produce high-NA waveguides with large thickness that can 

easily capture the highly divergent pump beams. Therefore, it is not surprising that there is large 

number of reports on such devices, almost all of which are based on YAG:Nd3+ [16, 199-215] 

slab waveguides, largely due to the favorable thermo-mechanical properties of this crystal, which 

make it suitable for high-power diode pumping. Lasing was also reported for Nd3+-doped BK7 

glass-based waveguides fabricated by a combination contact bonding and ion exchange [216].  

Finally, it should be noted that waveguide lasers have also been developed by diffusion 

bonding, which differs from contact bonding in that the bond formation is achieved via 

interdiffusion between the contacted surfaces. The process in this case is carried out in a vacuum 

chamber at considerably higher temperatures, by simultaneously heating and pressing the two 

materials. Parameters that determine the quality of the bond formed are the bonding temperature, 

the pressure exerted on the composite structure and the holding time. Laser operation was 

achieved in diffusion-bonded, YAG:Yb3+ channel waveguides [217, 218] using the configuration 
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shown in Fig. 22(a). The structures produced output powers of up to 1 W for approximately 3.5 

W of absorbed pump power, corresponding to a slope efficiency of 43% [Fig. 22(b)].  

 

6.1.8. Deposition from solutions  

Solution processing is routinely used for formation of polymer planar waveguides and one of 

its main advantages is the simplicity of the whole process, which solely involves dilution of the 

polymer gain medium in an organic solvent and then its deposition on a substrate by spin coating, 

casting or injection molding techniques. The deposited layer is subsequently air-dried and baked 

at a temperature that depending on the polymer could range from 60 to 100ºC and last several 

hours. Other attractive features of this method are the low cost of the process equipment and its 

capability of producing low-loss waveguides, typically on the order of 0.1 dB·cm-1. However, 

there are also some drawbacks, which are related to the difficulty in obtaining high purity layers, 

the lack of precise thickness control and poor layer uniformity, and the relatively weak film 

adhesion to the substrate of interest.  

It should be appreciated that the application of solution processing is not straightforward for 

all the polymer gain media. In the case of rare-earth doped polymer waveguides, fabrication has 

proven quite challenging due to the immiscibility of the rare-earth salt precursors with organic 

solvents. A convenient way of addressing this issue is to encapsulate the rare-earth ions with 

organic ligands [219], which provide enough co-ordination sites to bind the ions and form a 

stable complex that can be easily dispersed in polymer solutions. An additional advantage of this 

approach is that the complex shields the dopant ions from impurities in the surrounding polymer 

matrix that may quench their luminescence. Figure 23(a) shows the chemical structure of the 

organic complex Nd(TTA)3phen (where TTA and phen stand for thenoyltrifluoro-acetone and 

1,10-phen anthroline, respectively) that has been used for development of Nd-doped channel 

waveguides lasers [220]. Conjugated polymers similarly exhibit poor solubility in organic 
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solvents, a problem that can be overcome by attaching soluble side chains to their backbone 

[221]. 

Another potential issue with regard to the operation of laser sources fabricated by solution 

processing is the emission quenching induced by overtone vibrations of C-H and O-H bonds that 

exist in the complex and the polymer (in its organic solvent), respectively. The impact of this 

effect can be mitigated by reducing the energy of the fundamental vibration through substitution 

of the hydrogen atoms by lower mass atoms, such as deuterium, fluorine, or chlorine [222]. This 

substitution process has little impact on the loss level of the waveguides produced, allowing for 

example development of fluorinated polymer waveguides with losses below the level of 0.2 

dB·cm-1 at the telecommunication wavelength window around 1.5 µm. Finally, it is worth 

mentioning that the end faces of films fabricated by solution processing cannot be easily polished 

to an optical quality sufficiently high to allow formation of Fabry-Perot waveguide resonators. 

Therefore, in optically pumped waveguide lasers optical feedback in the resonator is often 

provided by distributed Bragg reflectors (DBR) or, distributed feedback (DFB) gratings of 

second-order that support out-of-plane emission. 

Since solution processing is the main approach for fabricating polymer waveguide lasers, 

there is a large number of publications in the literature on operation of sources produced by this 

technique. These sources were primarily based on dye-doped [223, 224] and semiconductor 

polymers [221], while very recently laser emission has also been obtained from rare-earth doped 

polymer channel waveguides [220, 225]. In the latter, the polymer host was produced by 

crosslinking of 4, 4′-(hexafluoroisopropylidene)diphthalic anhydride (6-FDA) and 3, 4-

epoxycyclohexylmethyl-3, 4-epoxycyclo-hexane carboxylate (UVR) [220] and subsequently 

doped with the organic complex Nd(TTA)3phen. As it can be seen in Fig. 23(b), these lasers 

operated either on the quasi-three-level (4F3/2 → 4I9/2) or, on the four-level (4F3/2 → 4I11/2) 

transition near 878.0 nm and 1060.2 nm, respectively [225]. 
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6.2. Methods for waveguide definition in an existing host  

 

There is a wide range of fabrication methods that fall under this category and each of them is 

based on localized processing of the material either for inducing a refractive index change in its 

bulk or, surface or, for microstructuring its surface. All of these methods are applied for 

development of channel waveguides however, some of them can also be used for fabrication of 

slab waveguides. As discussed in preceding sections, provided that channel fabrication does not 

significantly increase loss, the laser sources produced exhibit lower laser thresholds and 

improved efficiency compared to their slab waveguide counterparts as a result of the enhanced 

lateral confinement of the pump and laser modes in the formerly unguided plane. Furthermore, 

they are capable of providing a near diffraction-limited, near circular, single-transverse-mode 

output beam, which is interesting for various applications requiring coupling with single-mode 

fibers.  

 

6.2.1. Thermal ion indiffusion  

The introduction of transition metal- or rare earth ions into crystalline materials by thermal in-

diffusion is a well-established technique for fabrication of planar or channel waveguides of 

optical quality that is comparable to that of the corresponding bulk crystal. The first step of the 

fabrication process involves deposition of a uniform metal layer (the ion donor) with a thickness 

between 20 and 150 nm on a substrate (the ion acceptor) [226]. If fabrication of channel 

waveguides is intended, the deposited film is photolithographically structured to produce metal 

strip patterns. The crystal is subsequently subjected to high-temperature annealing either in an 

inert gas atmosphere or in a mixture of an inert gas and oxygen, whereby metal ions from the film 

or the strips diffuse into the surface region of the substrate due to the concentration gradient that 
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they experience. For planar slab waveguides an analytical expression for the concentration profile 

C(y, t) of the indiffused ions can be derived by solving the one-dimensional diffusion equation 
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where D(T) is the diffusion coefficient of the dopant ion in the host material, given by the 

Arrhenius equation 

                                                       








⋅
−⋅=

Tk

E
DTD A

o exp)(                                                        (54) 

In the last expression, Do and T are the diffusion constant and temperature, respectively, EA is the 

activation energy for the diffusion process, and k is the Boltzmann constant. For a source of 

diffusant ions that is fully depleted after the completion of the diffusion process, the function 

describing C(y,t) can be obtained by solving Eq. (53) and has a Gaussian form [227] 
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where the term Ntot, is the total number of diffusant ions supplied per unit area and the product 

tD ⋅2  is the effective diffusion depth, representing the depth at which the surface concentration 

is decreased by a ratio of 1/e. As it becomes evident from Eq. (55), C(y, t) peaks at the surface 

[C(0, t)] and, as expected for sources completely depleted by the diffusion process, C(0, t) 

decreases with diffusion time since the number of diffusant ions within the crystal is constant. 

The duration and the temperature of the annealing process depend on the diffusion coefficient, D; 

the temperature can indicatively span from 1000°C to 1950°C for the in-diffusion of Ti-ions into 

LiNbO3 [228] and sapphire [229], respectively. It should be noted at this point that the diffusion 

process is in reality more complex and can be affected by a number of various other factors such 

as diffusion through existing crystal defects, varying diffusion rates with direction in the crystal 

lattice, outdiffusion of the diffusant ions from the crystal, chemical reactions that may occur 

between the diffusant ions and the crystal as well as existence of more than one diffusion 
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mechanism. The presence of dopant ions in parts of the substrate modifies the local refractive 

index in a way that its profile can be identified with that of the ion concentration. Since for most 

materials the refractive index exhibits a linear dependence on the ion concentration, it follows 

that the index profile of slab waveguides produced by thermal indifussion is graded in the vertical 

direction, while that of channel waveguides is graded in both the vertical and the horizontal 

direction. Graded-index waveguides have wavelength dependent modes, with the higher order 

ones preferentially propagating in the outermost areas of the waveguide, where the index contrast 

with the host material is lower. This makes essential the use of high-brightness pump sources for 

their longitudinal pumping in order to ensure a good spatial overlap of the pump mode with the 

fundamental mode of the in the channel and hence efficient laser operation. Figs. 24(a) and (b) 

show SEM pictures of a LiNbO3 rib waveguide before, and after its indiffusion with Ti ions, 

respectively. As displayed in Fig. 24(c), the TE-and TM-mode profiles obtained from this 

structure are asymmetric due to the graded index profile in the rib. 

An effective approach to optimizing laser performance is to introduce apart from the active 

ion, a second optically passive ion into the substrate by sequential indiffusion [33]. This provides 

flexibility in the waveguide design, allowing independent control of the waveguide parameters and 

its spectroscopic properties through variation of the concentration of the passive and the active 

dopant ions, respectively. The method of ion indiffusion can produce low-loss (< 0.1 dB·cm-1) 

waveguides with channel or, slab geometry and is suitable for fabrication of complex channel 

waveguide circuits. An obstacle to its implementation however, is that the choice of the diffusion 

pairs (host material and ions) is often limited by the lack of data on the diffusion characteristics. 

Furthermore, the need for simultaneously maintaining high temperatures and accurately 

controlling the temperature over extended processing times, which may extend up to tens of 

hours, poses a technical challenge. Ion-indiffused LiNbO3:Er:Ti waveguide lasers have been the 

topic of vigorous research and there are a number of reviews summarizing their performance [33, 
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228, 231, 232]. Besides this material system, there are also reports on laser operation of channel 

waveguides defined by thermal ion indiffusion in a broad range of crystals, including LiNbO3:Nd 

[233], LiNbO3:Yb:Ti [234], LiNbO3:Nd:Ti [235-238], LiNbO3:Tm:Ti [239], LiNbO3:Nd:Zn [240, 

241], LiNbO3:Tm:Zn [242], LiTaO3:Nd [243], and Ti:sapphire [244].  

 

6.2.2. Ion-exchange  

Ion exchange is one of the most important and thorough researched techniques for fabrication 

of channel waveguides in glasses [245, 246]. Its underlying principle is similar to that of ion 

indiffusion, with the concentration gradient of ions being the force that drives the whole process. 

Ion exchange requires use of very simple instrumentation and is carried out by immersing a glass 

substrate into a low-temperature eutectic salt melt containing the diffusant ions, which are either 

monovalent alkali metal ions, usually Li+, Cs+, Rb+, or K+ or, other monovalent metal ions such 

as Ti+, Ag+ and Cu+ [247]. To define channel waveguides, a mask of suitable material is applied 

on the substrate that leaves uncovered the areas to be transformed to waveguiding regions. The 

temperature of the melt is required to be lower than the glass transition temperature of the host 

substrate in order to preserve the original quality of the latter and mitigate undesirable ion 

diffusion in the lateral direction. For this reason, salts with relatively low melting temperature, 

such as nitrates (200-400ºC), are preferred for use as diffusant ion sources. Once the substrate is 

in the salt bath, ions from the latter diffuse into the glass and exchange with monovalent ions of 

smaller size and/or polarizability, usually Na+, K+ and occasionally Li+, which are subsequently 

released into the melt [248]. For ion-exchanged waveguides with slab geometry, the normalized 

concentration profile ( )tyC ,  produced in the glass can be described by the one-dimensional 

diffusion equation [247] 
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Here, ( )outin DD−= 1α  indicates the difference in mobilities of the in- and out-diffused ions 

with Din and Dout being their self-diffusion coefficients, respectively. If the exchanged ions are 

equally mobile (α = 0), or, the concentration fraction of the in-diffused ions in the host is very 

small compared to that of the out-diffusing ions that are still present in the glass, then Eq. (56) 

takes the form of Eq. (53). Taking into account that the salt melt is practically an undepleted 

source of diffusant ions, and assuming that the field due to space charge effects is negligible the 

solution of Eq. (53) providing ( )tyC ,  is [227] 
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where the term Cs is the maximum solubility of the incoming ions at the diffusion temperature 

and equals their concentration at the surface, and the product tD ⋅2  is the effective diffusion 

depth deff, which corresponds to the point erfc(1) and indicates the depth of the waveguide 

produced. As it can be seen in Eq. (57), ( )tyC ,  and deff , both increase with increasing diffusion 

time.  

Owing to the difference in size and polarizability of the exchanged ions, the parts of the glass 

that have been affected by this process exhibit a higher refractive index with respect to the 

substrate and therefore, can support light guidance. For planar waveguides the index profile 

( )tyn ,  produced in the glass is given by 
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where ∆n is the maximum index change at the surface of the waveguide and nS is the refractive 

index of the substrate. A corresponding expression for channel waveguides can be derived by 

solving the two-dimensional diffusion equation; however, due to its complexity and lack of 

accurate boundary conditions at the mask edges this problem is often solved numerically [249]. 
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Such an analytical expression for the index profile n(x,y) has been derived for K+–Na+-exchanged 

waveguides in BK7 glass by a combination of experiment and modeling and is given by [250] 
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where dx, and dy refer to the half-width and the )1(erfc , of the width and depth of the ion 

indiffused area in the substrate, respectively. From Eqs. (58) and (59) it can be seen that the index 

of the ion-exchanged waveguides has a graded profile since it gradually decreases with increasing 

diffusion depth and width. The profile can become near circular by burying the waveguides after 

their fabrication via thermal annealing [251, 252]. Fabrication of buried waveguides with 

enhanced control over both their refractive index profile and the ion-exchange speed can be 

achieved by applying an electric field to the substrate [253, 254].  In this approach, known as 

field-assisted ion exchange, a metal film is deposited on one side of the substrate to serve as the 

negative electrode, while the molten salt solution where the substrate is immersed into, resumes 

the roles of the positive electrode and the source of cations [254]. Burying the waveguides brings 

with it the additional advantage of lower propagation loss, which for channel waveguides can be 

as low as 0.1 dB·cm-1. Figure 25(a) shows the index profile of an Ag-Na ion-exchanged 

phosphate glass channel waveguide produced with the field-assisted process. Its almost circular 

near-field mode profile at 1550 nm shown in Fig. 25(b) is similar to that of standard SMF-28 

fibers, indicating the index symmetrization that can be achieved by the burying step. Waveguides 

fabricated with this approach were successfully operated as lasers, using the arrangement shown 

in Fig. 26, delivering an output power in excess of 160 mW with 46% slope efficiency [255]. 

Waveguide lasers in multicomponent glasses were also produced by film-diffused ion 

exchange [256], another variant of the standard technique, which similar to field-assisted ion 

exchange relies on the application of an electric field to drive the exchange process, allowing for 

single-step fabrication of buried waveguides. However, in this case the source of diffusant ions is 
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the deposited metal layer itself. The latter is overgrown by a gold or aluminum film, which serves 

as the cathode for the application of the electric field, whereas the anode can be a metal film 

applied on the back side of the substrate or, a melt of a mixture of salts. The salts are chosen such 

that the ionic proportions in their melt are nearly the same as those in the glass substrate in order 

to ensure that changes induced in the glass surface composition are only due to ions originating 

from the film. Film-diffused ion exchange has been applied for diffusion of copper [256] and 

silver ions [257] since these materials are amongst the few diffusant ions precursors that can 

produce stable metallic films. The refractive index of waveguides formed by either field-assisted 

or film-diffused ion exchange have step index profiles described by [258] 
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In the last equation, the product µ·E is the drift velocity of the diffusant ions, with µ being their 

mobility and E the electric field applied. An advantage of these two processes relative to the 

standard ion exchange technique is that they can be accomplished at lower temperatures since the 

index profile of the waveguides produced is determined by the magnitude of the external field. 

Furthermore, they increase the speed of the exchange process and most importantly offer the 

possibility to control the spatial profile of the waveguides. There is a large number of reports in 

the literature on laser operation of rare-earth activated channel waveguides fabricated by thermal- 

or electric field-activated ion exchange in different glasses including phosphates [255,  259-273], 

silicates [274-280], and borosilicates [281-286]. 

 

6.2.3. Proton exchange 

Proton exchange (PE) has been extensively used for fabrication of channel waveguides in 

photorefractive crystals, in particular LiNbO3 and to a lesser extent LiTaO3 [287]. The fabrication 

process is similar to the ion-exchange one described in the preceding paragraph, entailing 

immersion of the crystal substrate in an acid bath. The substrate is covered by a mask, which 
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leaves exposed the areas where the channel waveguides would be defined. The bath is usually 

based on a benzoic acid (C6H5COOH), although occasionally also stearic, succinic, nonane, 

palmic, pyro-phosphoric, phosphoric and sulphuric acids have been used, and is maintained at a 

relatively low temperature, typically between 150 and 300ºC. The acid acts as the proton (H+) 

source since it dissociates at equilibrium as follows 

                                               +− +↔ HCOOHCCOOHHC 5656                                                (61) 

The presence of the crystal in the acid triggers a one-to-one replacement process of a part of the 

lithium ions in the exposed areas of the crystal by protons, the net result of which is the formation 

of a proton-rich layer (HxLi1-xNbO3 or, HxLi1-xTaO3) at the surface with a thickness that is 

typically between 1 and 10 µm. The corresponding reactions that describe this effect in LiNbO3 

and LiTaO3 crystals are 

                                           +
−

+ +↔+ xLiNbOHLixHLiNbO xx 313                                            (62) 

                                           +
−

+ +↔+ xLiTaOHLixHLiTaO xx 313                                              (63) 

The proton-rich layer produced exhibits a higher (~ 0.1 - 0.14) extraordinary (ne) and a slightly 

lower ordinary (no) refractive index with respect to the corresponding values of the crystalline 

substrate. Therefore, it can guide light in one polarization, providing strong optical confinement 

due to its step-index profile. However, waveguides produced by this pure PE process are 

characterized by temporal instability at room temperature due to the presence of the metastable β-

crystallographic phase, a behavior that is typical of structures containing high proton 

concentrations [288, 289]. Furthermore, they usually exhibit relatively high propagation losses 

(up to 1 dB·cm-1) [288] caused by surface scattering and have severely degraded non-linear 

coefficients [290, 291].  

These problems can to some extent be solved by annealing in oxygen atmosphere at a 

temperature between 250 and 450oC [291] to induce diffusion of the protons that have been 

incorporated in the crystal in the preceding exchange step, deeper into its bulk. The advantages of 
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this treatment are first, a partial restoration the nonlinear properties of the waveguides [292], and 

second, a transition from the β-phase to the stress-free α-crystallographic phase [289], which in 

turn leads to an improvement in their temporal stability and a decrease in their propagation loss. 

However, the annealing process brings with it some unwanted side effects, such as a decrease in 

the peak refractive index ∆ne of the waveguides, and an asymmetrization of their index profile, 

which exhibits a maximum value at the surface and decreases monotonically with increasing 

depth [293]. This asymmetry inhibits low-loss coupling to optical fibers and can be reduced by 

immersing the annealed proton exchanged (APE) waveguides in a eutectic melt of a mixture of 

nitrates (LiNO3: KNO3:NaNO3) that is maintained at a temperature in the range between 250 and 

330 ºC [294, 295]. This initiates an exchange between existing protons at the surface of the 

waveguide and lithium ions in the melt, a process that is termed reverse proton-exchange (RPE). 

RPE results in the formation of a two-layer waveguide system consisting of a nearly-proton-free 

LiNbO3 (or, LiTaO3) surface layer, in which the non-linear properties of the LiNbO3 substrate are 

restored and acts as an ordinary index waveguide [296, 297], and a deeper layer, which is the 

extraordinary index waveguide that has been formed earlier by the APE process. This buried 

layer however, now exhibits a symmetric index profile, low propagation loss (< 1 dB·cm-1), and a 

relatively high refractive index contrast ∆n of  ~ 2x10-2.  

It should be noted that fabrication of proton-exchanged waveguides can also be accomplished 

by using acids in vapor phase as proton sources [298-300]. An attractive feature of the vapor 

phase proton-exchange (VPPE) approach is that it is a single-step process and can yield high-

quality waveguides without affecting their nonlinear optical coefficients, thereby bypassing the 

thermal annealing treatment that usually follows their fabrication.  

One potential issue for PE waveguides in rare-earth doped crystals when development of 

amplifier and laser sources is the intended application is the decrease in the excited state lifetime 

of the rare-earth ions through non-radiative transitions. Such fluorescence quenching effects 
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occur due to the large number of high-energy optical phonons associated with O-H bonds that are 

formed by protons present in the waveguide. This problem is less severe for Nd3+ ions, whose 

fluorescence lifetime can be restored to a value very near to those in the crystal host by thermal 

annealing. The latter reduces the proton concentration, without causing any significant decrease 

in the refractive index contrast between the waveguide with the crystal host [301]. However, 

annealing is less effective in recovering the lifetime of Er3+
 ions because the nonradiative 

relaxation in this case can be initiated even with a small number of OH-phonons [302]. Early 

work on laser sources using PE techniques focused on developing LiNbO3:MgO:Nd waveguides 

by pure PE [303], which were operated as cw [304], Q-switched [305, 306], and mode locked 

[307] lasers. Laser oscillation was also demonstrated in channel waveguides produced in 

LiTaO3:Nd3+
 [301] bulk crystals and in Yb-indiffused LiNbO3 planar slab waveguides (Fig. 27) 

by APE [308, 309]. The laser output characteristics and the emission spectrum shown in Fig. 28 

originate from a LiNbO3:Yb3+ channel waveguide laser fabricated by APE.  

  

6.2.4. Ion/proton beam implantation  

Implantation of ions and protons has proven a versatile technique for fabricating surface or 

buried waveguides with slab or channel geometries in crystals, glasses and other amorphous 

oxides [310-313], while recently fabrication of channel waveguides with excellent confinement 

of the propagating light has also been demonstrated in a rare-earth doped ceramic material [314]. 

In the implantation process, high-energy positive ions or, protons after experiencing acceleration 

and mass/energy selection, impinge on a substrate through a suitably designed mask and 

penetrate to a depth of a few microns below its surface, where the come to rest once they have 

completely lost their energy by exciting electrons along their trajectory. The penetration depth 

depends on the ion mass and energy as well as on the substrate material and its orientation. 

Material modification occurs only at the end of the ion track, underneath the surface where, 
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depending on the type, energy and dose of the ions, the interaction between the latter and lattice 

atoms can result in lattice disorder or even in amorphization. To ensure penetration depths in the 

micron range that are typically needed for fabrication of optical waveguides MeV, implantation 

energies are usually required. 

Although waveguides can be formed by implantating optically active dopant ions in existing 

materials [312, 315], for waveguide lasers the approach usually followed is to define the 

waveguiding area within a bulk gain medium by implantation of passive ions. In this latter case, 

implantation in crystalline materials leads to a decrease in the refractive index of the affected 

areas, although, there are a limited number of papers in the literature reporting on positive index 

changes in LiNbO3 [316], KNbO3 [317], and YAG:Nd3+ [318] crystals. If the net result of 

implantation is a decrease in the refractive index, the strategy followed to produce waveguides is 

to create buried layers of reduced refractive index that surround and define the waveguiding area 

within the bulk crystal by acting as optical barriers. The latter can be broadened with the use of 

multi-energy implants to a thickness sufficiently large to prevent tunneling losses of the guided 

light. This process however, is often associated with a degradation of the waveguide quality due 

to an increase in ionization-induced effects at the crystal surface and along the ion track, which 

intersects the prospective guiding region. Aside from crystals, this method has also been applied 

for development of waveguides in glasses, in which the effect of implantation on optical 

properties strongly depends on their composition. Thus, in germanate and silica glasses it induces 

a compaction of the implanted areas, which is associated with an increase in refractive index 

whereas, in silicate, phosphate, and fluoride glasses the net result is a volume expansion of the 

affected areas and a decrease in their refractive index. Light guidance in this latter case is 

observed in a narrow layer adjacent to the implanted area that exhibits a relatively higher 

refractive index. Notably, for silicate, phosphate and fluoride glasses there is no report on 

waveguide lasers because the multiple energy implantations needed for broadening the optical 
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barriers in order to improve light confinement, usually result in formation of defects and a 

decrease in the index contrast between the guiding area and the surrounding area. Most of the 

reports to date on ion-implanted waveguide lasers are of structures with slab geometry produced 

in different crystals, including YAG:Nd3+ [319-321], YAG:Yb3+ [322], GGG:Nd3+ [323], 

YAlO3:Nd3+ [324], and LiNbO3:MgO:Nd3+ [325]; laser oscillation in channel waveguides was 

observed in YAG:Nd3+ [326], GGG:Nd3+ [327], and YVO4:Nd3+ crystals [328]. In contrast, little 

work has been reported on laser operation of planar waveguides produced by ion-implantation in 

rare-earth doped glasses, with the only successful demonstration of laser oscillation being that in 

Tm-doped germanate glass [329]. Most of these laser sources were produced by implantation 

with helium ions (He+) [320-327, 329], however successful use of carbon ions (C+) was also 

reported [319, 328]. Recently, laser operation was demonstrated in YAG:Nd3+ planar waveguides 

produced by swift heavy-ion implantation, using  Ar4+ [330] and N3+ [331] ions. Swift heavy-ion 

implantation is carried out with higher energies (typically tens of MeV). As a result, lower 

irradiation fluences are required for formation of waveguides (~1012 cm−2) compared to normal 

implantation (1016–1017 cm−2 for light ions and 1014–1015 cm−2 for heavy ions). Refractive index 

changes in this case are induced through electronic excitations rather than by nuclear collisions 

with the target atoms. 

Proton implantation has also attracted interest for fabrication of waveguide lasers primarily 

for its potential to induce deeper damage profiles as a result of the larger depths that protons can 

penetrate in the substrate compared to higher-mass ions. Furthermore, for many materials the 

effect of proton implantation on the quality of the guiding region is less detrimental relative to 

that of higher mass ions, thereby extending the prospects for developing efficient waveguide 

devices [332].  

Although ion/proton implantation allows a great freedom of choice over the waveguide 

design, it suffers from the drawback that it creates defects in the guiding area, which are 
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responsible for an increase in propagation loss. To eliminate these defects the waveguides are 

subjected to high-temperature post-fabrication annealing, which however is undesirable in cases 

when their integration along with other functional components produced on the same chip in 

earlier fabrication steps is intended. Buried slab and channel waveguides exhibiting relatively low 

propagation loss (0.7 and 1 dB·cm-1 for the slab and channel structures, respectively) have been 

nevertheless produced without thermal annealing in undoped sapphire [332, 333] and Ti:sapphire 

crystals [333, 334]. Figure 29 shows the implantation design of the Ti:sapphire channel 

waveguide lasers, while in Figs. 30(a) and (b) the simulated and the measured fluorescence 

intensity profiles of a single-mode, proton-implanted Ti:sapphire channel waveguide are 

displayed. Proton implantation has also been successfully implemented for development of 

YAG:Nd3+ [319, 335, 336] and GGG:Nd3+ [337] slab waveguide lasers.  

 

6.2.5. Proton beam writing  

Proton-beam writing (PBW) allows for three-dimensional (3D) micro- / nanostructuring of 

optical waveguides in various materials. It involves scanning of a focused proton beam typically 

with MeV energy, and micron or even sub-micron size within the target material [Fig 31(a)] to 

induce local structural modifications at micron/submicron scales at the end of range of the 

penetrating protons. This leads to localized alteration of bond polarizability or material density at 

the nuclear collision volume, and in turn to a refractive index change [338]. An advantageous 

feature that differentiates this method from conventional ion/proton implantation is that 

waveguide formation can be accomplished in a single step without masking the substrate. 

Furthermore, due to energy and momentum mismatch of the incoming protons with the electrons 

in the target material, the former travel in a straight line and can penetrate in larger depths 

without inducing any electronic excitations or significant refractive index changes along their 

trajectory. Buried waveguides are formed within the bulk of the material at a depth that can be 
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well defined by controlling the beam energy [Fig. 31(b), (c)] [339]. Waveguide amplifiers and 

lasers have been fabricated using the PBW technique in YAG:Nd3+ crystals [340] and Er3+:Yb3+ 

doped phosphate glasses [341]. 

 
 
6.2.6. Optical writing  

Optical writing is a relatively new approach for realization of channel waveguides that utilizes 

a scanned laser beam with a suitably chosen wavelength to permanently modify the local 

refractive index of a material. This method offers the possibility of single-step fabrication, 

bypassing the need for photolithographic patterning and is particularly suitable for producing 

large-area photonic integrated circuits, for which the use of masks is impractical. Furthermore, it 

has the additional benefit that the characteristics of the waveguide can be precisely tuned by 

controlling laser parameters such as intensity, fluence and exposure time, thereby enabling 

optimization of the waveguide laser performance.  

In early demonstrations of this technique the photosensitivity of certain types of glasses to 

ultra-violet (UV) wavelengths was exploited for writing surface channel waveguides with the use 

of UV cw lasers [342, 343]. For waveguides fabricated with this approach, refractive index 

contrast values up to ~10-2 with respect to the host glass [343], and propagation loss as low as 0.2 

dB·cm [344] were reported. UV laser writing has proven successful in accomplishing complex 

index engineering functions as best exemplified by the demonstration of waveguide writing and 

encoding Bragg gratings in a single step [345] using the arrangement shown in Fig. 32, an 

approach that would be useful amongst other potential applications for rapid prototyping of 

narrow line emitting waveguide lasers. In that context there has been a steadily increasing interest 

in applying direct UV writing for development of integrated devices, including planar waveguide 

laser sources. The latter have been realized in different glasses, such as silica [144], germano-

borosilicate [216], lead silicate [346], and gallium lanthanum sulphide (GLS) glass [347], using 
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Nd3+ ions as activators. Despite the simplicity and speed of this fabrication method, there are 

some practical limits to its implementation that include: (i) the insufficient level of 

photosensitivity that many glasses exhibit to the emission wavelengths of commercially available 

UV lasers and, (ii) the proximity of their photosensitivity and absorption spectral bands. The 

latter prevents the laser beam from penetrating into large depths in the material, thereby 

precluding writing of waveguides embedded in its bulk.  

In recent years, a more sophisticated implementation involving processing with tightly 

focused femtosecond (fs) laser pulses has emerged, permitting rapid device prototyping in both 

absorptive and transparent substrates [348-350]. An advantage of this method is that it allows 

three dimensional writing within the bulk of a sample simply by translating the sample with 

respect to the incident laser beam and changing the focal depth of the latter. One important 

feature of this process is that the optical energy is absorbed and transferred to the lattice through 

nonlinear absorption and avalanche ionization on a significantly shorter timescale than that 

required for heat transfer. This, in combination with the tight focusing, results in highly localized 

phase or structural modifications and in turn in permanent changes of the refractive index in the 

focal volume inside the material, without causing any collateral damage to the surrounding areas 

by thermal diffusion. For transparent substrates, the writing process is independent of the material 

and therefore, optical waveguides can be realized in compound substrates of different materials. 

The intensity required for waveguide writing is determined by the duration and energy of the 

laser pulses and the NA of the focusing objective. Writing with low NA objectives leads to 

formation of waveguides with elliptical profiles however, a number of approaches to 

symmetrising the profile have been reported, including pulse shaping prior to its focusing [351], 

use of a slit aperture [352] or of a two-dimensional deformable mirror [353], and multiple scan 

writing [354]. Other parameters that affect the writing process are the scanning speed, pulse 

shape as well as orientation and polarization of the fs-laser beam [355, 356].  
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The underlying mechanism of waveguide formation by fs laser writing depends on the nature 

of the processed material. Exposure of glasses to ultra-sort pulses results in melting and re-

solidification of the affected areas, the net result of which is a contraction of their volume and an 

increase in the refractive index, typically in the range 10-2-10-3, that is supportive of light 

guidance. Propagation loss of less than 0.2 dB·cm-1 was demonstrated in waveguides fabricated 

with this approach [357]. In contrast, fs laser processing of crystals and α-quartz leads to an 

expansion of the local volume and in turn to a decrease in the local material density and refractive 

index. Light guidance in these materials is observed along the boundary between the irradiated 

and the non-irradiated zones, where an increase in the refractive index of the order of 10-3 is 

observed due to the compression induced by the volume expansion of the processed region. 

However, the rather high propagation loss in this boundary area, which exceeds 2 dB·cm-1, limits 

significantly the prospects for efficient waveguide laser sources [358]. 

There has been intensive research activity in producing passive and active waveguide devices 

in glasses over the last years, resulting in the development of laser sources in rare-earth doped 

phosphate [359-364], oxyfluoride silicate [365], bismuthate [366] fluorogermanate [367] and 

fluorozirconate [368] glasses. Fabrication of waveguides that can support laser oscillation in 

crystals can be more challenging than in glasses, requiring a strategy similar to that followed in 

fabrication of channel waveguides by ion implantation, namely engineering of low-refractive-

index barriers that surround and confine the intended waveguide channel region. Following this 

approach, depressed cladding buried channel waveguide lasers were produced in 

YAG:Nd3+crystals [369]. The refractive index change within the laser mode in these waveguides 

was ∆n ~ 4x10-4 and the propagation loss about 0.3 dB·cm-1. As shown in Fig. 33 their cross 

section had a rectangular shape in order to match the mode profile of the laser diode used for 

pumping. In more recent reports however, waveguides in laser crystals were defined using a 

simpler approach, involving machining of a pair of parallel closely spaced (on the order of a few 
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micrometers) tracks in their bulk. Light in this case is confined in between the tracks as a result of 

the stress-induced birefringence developed in their surrounding regions. Femtosecond laser 

machining led to the development of channel waveguide lasers in YAG:Nd3+ [370, 371], 

GdVO4:Nd3+ [372], YVO4:Nd3+ [373] YAG:Yb3+ [374], KGd(WO4)2:Yb3+ and KY(WO4)2:Yb3
 

[375] crystals as well as in YAG:Nd3+ [376] and YAG:Yb3+ [377] bulk ceramics. A microscope 

image of a pair of tracks produced by fs-laser irradiation in a YAG crystal is displayed in Fig. 

34(a), whereas Fig. 34(b) shows a CCD image of a laser mode obtained from a waveguide 

defined by two such tracks in a YAG:Nd3+ crystal. An interesting approach to fabricating 

waveguides with this technique was implemented in LiF crystals and involved formation of laser 

active F2 color centers inside their bulk by exposure to fs-laser pulses. Micro-gratings that were 

subsequently encoded holographically with the use of fs-laser irradiation led to the development 

of distributed feedback (DFB) waveguide lasers [378].  

Finally, another approach to optically writing channel waveguides is by using the self-

focusing effect, induced by permanent refractive index changes through an one-photon or two-

photon photosensitivity process in photosensitive glasses [379], or via laser-initiated free radical 

polymerization in polymers [380] and sol-gel hybrid (organic-inorganic) materials that contain 

photopolymerizable acrylate monomers [381]. The photopolymerization process can lead to 

refractive index changes of up to 4x10-2 [380]. Reports on lasing are of waveguides written in two 

different photopymerizable organic gain media. These were the resin KAYARAD DF-803N 

doped with the NK-125 dye (emission band from 700–900 nm) [382, 383], and a copolymer of 

pentaerythritol triacrylate (PETA) and benzyl acrylate (BA) doped with the LDS798 dye, 

(emission band from 770 to 830 nm) [384]. In each case, suitable photoinitiators for 

polymerization at the exposure wavelength were introduced in the precursor solution of the gain 

medium. Self-written cylindrical waveguides with constant diamenter were fabricated by 

exposing the gain medium to cw laser irradiation of  488-nm or, 405-nm wavelength  for the NK-
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125- and the LDS798-doped gain medium, respectively, through two fibers positioned at its 

opposite sides, as shown in Fig. 35. The typical exposure power and duration were 20 µW and 30 

s, respectively. This method has proven capable of producing single mode waveguides [385, 386] 

and holds therefore promise for fabrication of optical interconnects and three-dimensional 

waveguide circuitry.  

 
 

6.3. Surface structuring techniques 

 

Surface structuring is applied to produce channel waveguides of strip, rib, or, strip-loaded type, 

and is accomplished either by material etching in combination with standard photolithographic 

techniques or, with the use of imprinting technologies such as soft lithography and nanoimprint 

lithography or, by laser ablation. Amongst these methods etching is the most established 

approach, involving a variety of processes that are divided into two categories, dry etching and 

wet (chemical) etching, depending on whether gaseous or liquid chemical etchants are used for 

material removal, respectively. Parameters that are considered for choosing the appropriate 

etching technique are the etching rate and controllability, the material selectivity, as well as the 

etching anisotropy and damage induced to the material by the etching process.  

 

6.3.1. Dry etching 

Dry etching techniques are widely used in conjunction with photolithography in the 

semiconductor and silica-on-silicon technologies for integrated circuit manufacturing. They are 

also commonly applied for microfabrication of channel waveguides in a variety of materials for 

development of laser sources and usually represent the last step of the whole fabrication process 

that begins with the deposition of an active layer using one of the deposition techniques discussed 

previously. Dry etching involves selective material removal by means of ion-assisted processes 

such as ion beam etching (IBE), reactive ion etching (RIE), and inductively coupled plasma (ICP) 
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etching. These processes are highly anisotropic due to the directionality of the ion bombardment, 

which is maximized when the incoming ion flux is normal to the surface of incidence. The RIE 

and ICP apparatus consist of a vacuum chamber with two parallel electrode plates, where the 

cathode serves as a substrate holder and is powered by a RF supply. By contrast, IBE 

arrangements are based on a tripode configuration, in which the substrate is placed on a third 

electrode and is decoupled from the plasma source (termed in this case “remote plasma”). The 

IBE process is carried out in the presence of a noble gas, typically argon, which is ionized by a 

glow discharge that is ignited and maintained by the RF field. This generates a stream of 

accelerated argon ions with relatively high energies (500-800 eV) that bombard the substrate, 

thereby removing material from its surface through physical sputtering. The argon gas pressure in 

the chamber is usually quite low, typically about 10-4 Torr, resulting in long mean free paths for 

the ions. The etch rates that can be achieved strongly depend on the ion beam angle with respect 

to the substrate. One drawback of the IBE process is the extended damage that is often inflicted 

on the processed sample by the physical sputtering process, which in turn has an impact on the 

loss level of the waveguide. Furthermore, it is difficult to produce channel waveguides with 

vertical sidewalls as required by some applications. Other potential limitations of this technique 

include: (i) the appearance of trenching along the waveguide sidewalls due to the glancing 

incidence of ions, (ii) redeposition of material removed from the bottom of the grooves that 

define the channels on the sidewalls, (iii) backscattering of etching products and their 

redeposition on the substrate (iv) non-uniform etching due to deviation from the perpendicular 

ion incidence caused by inhomegeneities in the electric field on the substrate [387]. Figure 36 

shows a schematic of the steps followed for fabrication of rib waveguides in PLD-grown 

Ti:sapphire layers using a combination of photolithography and IBE [58]. The ribs produced (Fig. 

37) exhibited a propagation loss of 0.2 dB·cm-1 with respect to the background loss of the slab 

host waveguide layer.   
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In contrast to IBE, the gases utilized in the RIE process are chemically active and typically 

based on fluorine since this particular gas chemistry provides high etch rates. However, 

depending on the processed material, also chlorine, bromine or iodine-based gas chemistries can 

be used. Similar to IBE, the RIE process starts with the formation of plasma through the ignition 

a glow discharge in the process gas, which dissociates and/or ionizes its molecules. The ions in 

the plasma are directed to the substrate by the RF-bias and bombard its surface at normal 

incidence with energies typically in excess of 200 eV, thereby removing material by both 

chemical reactions with the surface and physical sputtering. The process gas pressures required to 

ensure self-sustained plasma are considerably higher compared to the IBE process, typically 

ranging from 10 to 300 mTorr. Consequently, the electron mean free paths are smaller than the 

distance between the two electrodes, which in turn reduces the anisotropy of the etching process 

and the aspect ratios that can be achieved. Process optimization requires careful balancing of the 

physical and chemical etching components and can be achieved by varying a number of 

parameters, such as RF power and frequency, flow rate and composition of the process gas, 

background pressure and substrate temperature. Channels with vertical profiles can be obtained 

by passivation of their sidewalls through a polymer deposition process that is established and 

occurs in parallel with material etching. For this purpose gaseous etching agents with a 

composition that supports the polymerization process such as hydrofluorocarbons or, mixtures of 

chlorofluorocarbons with hydrogen, are introduced to the plasma. The selectivity of the etching 

process depends critically on the composition of the process gases and improves with the 

composition approaching the polymerizing point. In RIE the involvement of the second, chemical 

component in the etching process leads to significantly higher material removal rates with respect 

to those of the two individual etching components. An example that illustrates this fact is the etch 

rates of Ti:sapphire crystals obtained by RIE and IBE, which are approximately 45 nm·min-1 

[388] and 12 nm·min-1 [389], respectively. The etch rates attainable in the RIE process can be 
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further enhanced by increasing the plasma density, however, in practice this would also lead to 

higher ion energies, since both the plasma density and the ion energy in RIE configurations are 

modulated by the same RF power. The high ion energies have a detrimental effect on the 

patterning quality as they can cause excessive damage to the photolithographic mask and 

degradation of the surface quality of the sample.  

ICP etching is an effective way to significantly increasing the etch rate without affecting the 

surface quality. In a typical ICP configuration (Fig. 38), the plasma is inductively driven by an 

RF-powered magnetic field, while an RF bias that is controlled separately by another RF 

generator is applied to the cathode to enhance the anisotropy of the etching process by creating a 

directional electric field. This mode of plasma excitation leads to larger electron mean free paths 

compared to RIE thus allowing for use of low (≤ 10 mTorr) process gas pressures, which in turn 

increases the diffusivity and mobility of the reactive species. This allows use of high ion densities 

(~1011 ions/cm-3 as compared to >109 ions/cm-3 in RIE) without increasing the ion energy, since 

the ion-producing electrons are coupled to the magnetic field. The ICP is advantageous for 

etching of waveguides in dielectric gain media because it ensures enhanced control over the 

critical dimension, and higher etching rates and aspect ratios compared to the other two ion 

processes discussed previously. The RIE and ICP techniques are in general capable of producing 

channel waveguides in different crystalline materials whose dimensions can be several 

micrometers in height and width and exhibit smooth and vertical sidewalls and very low optical 

loss. A propagation loss as low as 0.1 dB·cm-1 with respect to the background loss of the host 

film was reported for rib waveguides fabricated in amorphous Al2O3 and polycrystalline Y2O3 

films using ICP etching with BCl3/HBr (50%:50%) gas plasma [391].    

Laser oscillation was demonstrated in rib waveguides fabricated by IBE using Ar+ ions in a 

range of materials, such as PLD-deposited Ti:sapphire [14], LPE-grown GGG:Yb3+ [74], 

GGG:Nd3+[75], KY(WO4)2:Gd3+, Lu3+, Yb3+ [82, 83] and KY(WO4)2:Gd3+, Lu3+, Tm3+ layers 
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[84], and in RF-sputtered Ta2O5:Nd3+ [191] and Ta2O5:Er3+ [192] films. There are also a number 

of reports on laser operation of RIE-microstructured rib waveguides in layers based on Er/Al-

doped germanosilicate glass [129, 130] and Ta2O5:Nd3+ [190], as well as in silicon [42, 43].  

Finally, ICP has been successfully implemented for development of Al2O3:Yb3+ [193] and 

Al2O3:Er3+ [194, 195] integrated waveguide lasers based on DBR [193], ring [194], and DFB 

resonators [195].  

 

6.3.2. Wet chemical etching  

Wet chemical etching is applied for fabrication of channel waveguides in various single-

crystalline or polycrystalline materials, as well as for cleaning and removal of work damaged 

areas and roughness from optical surfaces after dry etching. This method does not require any 

sophisticated apparatus and surface patterning is performed by covering parts of the substrate 

with suitable masks that are inert to the etchant or exhibit considerably slower etch rates than the 

material to be etched. The structure is then immersed for a certain time in a suitable etchant 

solution that is maintained at an appropriate temperature and stirred to eliminate air bubbles. The 

interaction between the etchant and the exposed surface areas results in material removal at their 

interface. The most important parameters in chemical etching are bias (undercut), selectivity, 

feature size control. The etchants that are commonly used are categorized as isotropic, which are 

solutions of typically nitric (HNO3), hydrofluoric (HF) and acetic (CH3COOH) acids, and 

anisotropic (typically alkaline aqueous solutions). The former etches at an equal rate in all 

crystallographic directions, which leads to large bias when etching thick films. By contrast, 

etching with anisotropic etchants results in material removal at different rates depending on the 

orientation of the exposed crystal plane. The attractive features of wet etching are the enhanced 

selectivity and speed of the etching process, which for anisotropic etching reaches 0.1 µm·sec-1, 

and the limited damage that is induced to the lattice as compared to dry etching. On the other 
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hand, there are also some downsides such as the need for using undesirable and potentially 

harmful chemicals and the difficulty to control precisely the etch depth and the profile of the 

structures produced, in particular to achieve vertical pattern transfer.  

Processing of hard crystalline laser hosts poses a challenge as many of these materials are 

either resistant to all the common etchants or, exhibit significantly lower etch rates than the 

materials usually employed as masks. This problem can be overcome by inducing localized 

damage to the crystal lattice prior to wet etching, thereby exploiting the preferentiality exhibited 

by most acidic solutions to etch with a higher rate the structurally modified areas. A number of 

approaches to producing areas susceptible to etchants in different crystalline materials have been 

reported, including exposure to UV pulsed laser irradiation [392], proton exchange [393], and ion 

beam implantation [394]. Ion beam implantation with light ions such as He+ followed by wet 

etching with H3PO4 acid was successfully implemented for fabrication of rib channel waveguides 

in Ti:sapphire thin films with etch depths larger than 1 µm [394].   

 

6.3.3. Soft Lithography and nanoimprint lithography 

Soft lithography [395, 396] and nanoimprint lithography (NIL) [397] are mechanical imprint 

techniques that can replace conventional photolithographic methods for fabrication of optical 

waveguides and surface relief Bragg gratings in polymers [398, 399], and inorganic-organic 

hybrid materials produced by sol-gel processing [178-180, 400].  

Soft lithography is the collective name used for a group of patterning techniques that are well 

suited for fabrication of mesoscale structures with sizes ranging from 10 to 100 µm. All these 

techniques rely on elastomeric molds to print directly onto the surface of the material the reverse 

of a predefined feature by stamping. The molds are produced with the replica molding technique, 

which involves casting of an elastomeric material on a master with the desired micro-pattern 

imprinted in its surface. The use of elastomers is of key importance for the success of the entire 
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process because they can ensure full, conformal contact on the micrometer scale, even with non-

planar surfaces without requiring exertion of significant pressure. This capability was best 

exemplified by the successful printing of Bragg gratings directly on rib waveguides based on the 

small molecular-weight semiconductor molecule Alq3 doped with dye DCM2 [401], as illustrated 

in Fig. 39. Amongst the various elastomeric materials poly (dimethylsiloxane) (PDMS) is the 

most commonly used, owing to its chemical inertia and the ease that it can be released from the 

processed area leaving even complex and fragile structures completely unaffected. Furthermore, 

PDMS is optically transparent to wavelengths down to 300 nm, allowing cross-linking by UV 

light exposure of the prepolymers that are being molded.  

There are a number of variants of this technique, amongst which micromolding in capillaries 

(MIMIC), solvent-assisted micromolding (SAMIM), and liquid imprinting have been used for 

development of waveguide lasers. In MIMIC a PDMS mold makes conformal contact with a 

surface, thereby forming a pattern with channels on it. A low-viscosity liquid prepolymer is then 

placed at the open ends of the network of channels, filling them by capillary action. The 

prepolymer is subsequently cured into a solid and the PDMS mold is removed, leaving the 

desired pattern on the substrate. Figures 40(a) and (b) show SEM and confocal microscope 

images of undoped and rhodamine 6G (R6G)-doped mesostructured silica ridge waveguides, 

respectively, that have been produced by MIMIC. In the doped structures [Fig. 40(b)], amplified 

spontaneous emission (ASE) [178, 179] and lasing [180] were demonstrated. In SAMIM the 

PDMS mold used for imprinting is wetted with a suitable solvent and brought into contact with 

the surface of the polymer, thereby causing a thin layer of the latter to dissolve. The fluid 

produced conforms to the surface topology of the mold and as the solvent dissipates and 

evaporates the polymer solidifies to form relief structures of the reversed pattern of that on the 

surface of the mold. Finally, liquid imprinting entails pressing of the elastomeric mold on a liquid 

film of a solution of the polymer gain medium, until the solvent has completely evaporated. Both 
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SAMIM [402] and liquid imprinting [403] have been used for encoding gratings in conjugated 

polymers to produce DFB waveguide lasers.  

There has been considerable interest in using NIL techniques for fabrication of Bragg gratings 

to develop organic DFB waveguide lasers. For this purpose three different NIL variants were 

successfully implemented, namely hot embossing [404, 405], ultraviolet NIL (UV-NIL) [180, 

224, 400, 406, 407] and room temperature (RT) NIL [408]. Hot embossing is suitable for 

imprinting on thermoplastic polymers and is accomplished by simultaneously heating the 

polymer above its glass transition temperature, which depending on the type of polymer could 

range from 100 to 300°C, and pressing a SiO2 master mold on its surface. The mold has the 

grating imprinted on its surface by electron beam or reactive ion etching. The imprinting process 

is carried out under vacuum or, in an inert atmosphere to prevent degradation of light emission 

from the prospective polymer laser due to heating. The UV-NIL approach on the other hand, is 

ideal for processing of UV sensitive polymers and is carried out at room temperature with the use 

of UV transparent templates. The template with the desired pattern is initially pressed on the 

polymer surface and exposed to UV light; it is subsequently removed, leaving the imprint of the 

reverse of their pattern on the polymer surface. Figure 41(a) shows a SEM image of a Bragg 

grating imprinted in a dye-doped polymer slab waveguide by UV-NIL. The emission spectrum 

obtained from the DFB laser based on this grating is displayed in Fig. 41(b), together with a 

picture of the waveguide during laser operation. Finally, with regard to the RT-NIL approach, it 

has been employed for patterning of waveguides in gain media with poor thermoplastic 

properties. It is usually carried out with silicon molds in air and has been implemented for 

fabrication of laser sources based on semiconducting oligothiophene layers [409, 410]. An 

advantage of RT-NIL over hot embossing is that it allows for successive imprinting different 

features on the same layer.  
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In contrast to optical lithography, NIL processes are not affected by spatial resolution 

limitations, allowing printing of features with significantly smaller size (10 nm or less). 

Furthermore, they offer the possibility of single-step, 3-D patterning by employing templates 

with 3-D imprinted structures and can be carried out using hard or soft molds, as required. Soft 

lithography and NIL have a number of other advantages over optical lithography, such as cost 

effectiveness, simplicity, speed, and suitability for large-area fabrication. However, as contact 

lithographic technologies they inevitably introduce greater particle contamination to the 

processed layers and provide less accurate overlay alignment.  

 

6.3.4. Laser ablation  

Surface patterning by material ablation with the use of nanosecond [411-413] or femtosecond 

[414] pulsed lasers is another method that has been studied for development of channel 

waveguide lasers. Of key importance for the optical quality of the structures produced is to avoid 

any dissipation of the deposited energy beyond the volume that is ablated during the pulse. This 

condition is fulfilled if the thickness of the layer ablated per pulse is on the order of the heat 

penetration depth or, of the optical penetration depth, depending on which is larger [415]. For 

materials with high thermal conductivity nanosecond pulses are too long to fulfill this 

requirement and therefore, the quality and resolution of surface patterning is not as high as with 

femtosecond pulses. The scale of effort on using laser ablation for fabrication of channel 

waveguides is rather low since it is perceived to be difficult to overcome problems related to 

formation of debris on top of the structures, re-deposition of the ablated material and formation 

sub-wavelength ripples along the side-walls that increase the level of scattering loss in the 

structures. 
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7. Conclusions 

 

With the significant improvement in optical quality of planar waveguides over the last years, 

laser sources based on such structures have started realizing their enormous potential that is 

associated with their geometry. This geometry concept is largely responsible for a number of 

unique properties and benefits that waveguide lasers possess and offer, respectively, as compared 

with other classes of lasers in terms of performance, size, functionality, and practicality. The 

combination of these characteristics have driven their rapid development and facilitated their 

penetration into different applications, many of which had been formerly dominated or, could not 

be addressed by other classes of lasers.  

The advances achieved in the field of waveguide lasers have gone hand-in-hand with the 

development of a broad range of fabrication technologies. The latter have played a critical role in 

refining several parameters that are important for optimal device performance and provided 

exactly what these laser sources needed to progress from proof-of-concept demonstrations to 

practical applications. The fabrication techniques discussed in the preceding sections of this 

review are diverse in their operational characteristics, capabilities, and materials they can process 

and either represent adaptations of technologies that have already moved into the stage of 

maturity or, are new and still remain in a development phase. In many cases, the overall 

fabrication approach followed for the realization of waveguide gain media combines different 

techniques, thereby exploiting their individual strengths to achieve specific device characteristics. 

The broad span of applications and the different requirements they placed upon an ideal 

waveguide laser source and its operating properties have fuelled interest in introducing novel 

fabrication processes or, improving existing ones that are approaching their physical limits.  

When one contemplates the past two decades of research, it becomes clear that another major 

contributing factor to the progress in waveguide lasers has been the fruitful entanglement of ideas 
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from different disciplines, most notably optics, laser physics, materials science and nonlinear 

optics. The field of waveguide lasers remains an active topic of research and further progress, is 

also likely to be boosted by combinations of ideas from these disciplines. To underpin future 

research and development of such sources for specific applications technical advance in their 

fabrication technology focuses on the following directions:  

(i) Downsizing the waveguide laser systems and increasing the scale of their integration with 

existing semiconductor and optoelectronic circuitry, fiber technology, and various on-chip 

applications.  

(ii) Introducing new gain media to overcome limitations on laser performance imposed by the 

available material characteristics, and developing suitable fabrication technologies for these 

materials along with the process equipment and integration required.  

(iii) Scaling the output power of waveguide laser sources and expanding the range of both their 

wavelength coverage and the temporal formats produced. Materials solutions and 

innovative design concepts for laser cavities are both expected to equally contribute to 

address these issues.  

In conclusion, this paper aimed to highlight the advantages conferred by the planar waveguide 

geometry for efficient, compact, and functional laser sources, the pursuit of which has inspired a 

great deal of research in waveguide fabrication technology. It also aimed at setting a context for 

the second part of this review, in which waveguide gain media that are commonly used or, are 

currently attracting a lot of research interest are presented. Furthermore, the broad range of 

operational modes achieved using the waveguide laser technology is also discussed, thereby 

underlining the advantages that can be gained by combining fabrication with device research. 
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FIGURES CAPTIONS 

Figure 1: Geometry of: (a) an asymmetric slab waveguide (n1 > n2 > n0), and, (b) a symmetric 

slab waveguide with its refractive index profile and a propagating light ray in its core. 

 

Figure 2: Different types of channel waveguides: (a) embedded, (b) strip, (c) rib or, ridge, and (d) 

strip-loaded.  

 

Figure 3: Output power from two Ti:sapphire waveguide lasers, with channel (rib) and slab 

geometry, respectively, as a function of absorbed power for  ~4.6% outcoupling. Both lasers have 

comparable losses and exhibit similar slope efficiencies however, the rib source has a 

considerably lower lasing threshold (~ 475 mW) than the slab one (~ 1030 mW), largely due to 

the better overlap of the pump and laser beams [13, 14].   

 

Figure 4: Calculated maximum temperature increase ∆Tmax in a microthickness YAG:Yb3+ slab 

laser as a function of pump power Pp for various width (w) to thickness (d) aspect ratios. The slab 

cross section dwS ⋅=  was assumed to be 2 mm [22]. (Reprinted with permission from K. Sueda, 

H. Takahashi, S. Kawato, T. Kobayashi, “High-efficiency laser-diodes-pumped microthickness 

Yb:Y3Al5O12 slab laser,” Applied Physics Letters vol. 87, 151110, Copyright 2005, American 

Institute of Physics). 

 

Figure 5: Measured and calculated cw SHG tuning curve for a 3.3-cm-long LiNbO3 waveguide, 

indicating a peak normalized conversion efficiency of approximately 2150 cmW% ⋅ . The nearly 

ideal sinc2 shape of the curve suggests that phase matching is maintained throughout the device 

length [36]. (Reprinted with permission from Optics Letters, K. R. Parameswaran, R. K. Kurz, J. 

R. Kurz, R. V. Roussev, M. M. Fejer, M. Fujimura, “Highly efficient second-harmonic generation 
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in buried waveguides formed by annealed and  reverse proton exchange in periodically poled 

lithium niobate,” vol. 27, pp. 179-181, © 2002 Optical Society of America). 

 

Figure 6:  a) Scanning electron microscope (SEM) micrograph of an on-chip OPO based on a 

silicon nitride (Si3N4) microring resonator coupled to a bus waveguide. b) Optical parametric 

oscillation leading to emission at numerous precisely defined wavelengths was achieved in this 

device by tuning the emission wavelength of the pump laser to the resonance of the microring 

[37]. (Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics, 

www.nature.com/nphoton/index.html, J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-

Foster, A. L. Gaeta, M. Lipson, “CMOS-compatible multiple-wavelength oscillator for on-chip 

optical interconnects,” vol. 4, pp. 37-40, Copyright 2009). 

 

Figure 7: (a) Layout of the cavity of an integrated femtosecond waveguide laser consisting of 

two sections: a 5-cm (Er)-doped alumino–silicate waveguide with group-velocity dispersion 

(GVD) of 30 fs2/mm, and a 20-cm of phosphorous-doped silica waveguide with GVD of -25 

fs2/mm. The latter is used to obtain net anomalous intracavity dispersion for soliton mode-locking 

operation. The inset shows the reflection and dispersion spectra of the saturable Bragg reflector 

(SBR) element that was used to start the mode-locking and stabilize the soliton. (b) Picture of the 

laser setup. (c) RF spectrum (3-GHz span, 10-MHz resolution), indicating an operating repetition 

rate of 394 MHz. (d) Background free autocorrelation trace showing that the pulses produced had 

a duration of 438 fs [44]. (Reprinted with permission from IEEE Photonics Technology Letters, 

vol. 21, H. Byun, D. Pudo, S. Frolov, A. Hanjani, J. Shmulovich, E. P. Ippen, F. X. Kärtner, 

“Integrated Low-Jitter 400-MHz Femtosecond Waveguide Laser,” pp. 763-765, © 2009 IEEE).  
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Figure 8: Schematic of an integrated DFB–DBR coupled cavity laser based on a single-mode 

channel waveguide. It was fabricated by thermal indiffusion of titanium ions into an Er:LiNbO3 

section (DBR laser) and an Er:Fe:LiNbO3 section (DFB laser) of the same crystal. The 

abbreviations AR and WDM stand for antireflection and wavelength division demultiplexer, 

respectively [46]. (Reprinted with permission from Optics Letters, B. K. Das, R. Ricken, V. 

Quiring, H. Suche, W. Sohler, “Distributed feedback distributed Bragg reflector coupled cavity 

laser with a Ti:(Fe:)Er:LiNbO3 waveguide,” vol. 29, pp. 165-167, © 2004 Optical Society of 

America). 

 

Figure 9: (a) Output power as a function of launched pump power for the Ti:Er:LiNbO3 

waveguide laser with the integrated DFB–DBR coupled cavity shown in Fig. 8. (b) Single-

frequency emission of one DFB mode in resonance with one DBR cavity mode. FSR=15 GHz is 

the free spectral range of the Fabry–Perot spectrum analyzer used to record the spectrum [46]. 

(Reprinted with permission from Optics Letters, B. K. Das, R. Ricken, V. Quiring, H. Suche, W. 

Sohler, “Distributed feedback distributed Bragg reflector coupled cavity laser with a 

Ti:(Fe:)Er:LiNbO3 waveguide,” vol. 29, pp. 165-167, © 2004 Optical Society of America). 

 

Figure 10: Experimental set-up for loss measurements in Ti:sapphire rib waveguides using the 

SPPC technique. In this arrangement, L1 and L2, are a pair of cylindrical lenses for pump-beam 

shaping, WBS 1, 2 are wedged beam splitters and PD 3, 4 and PD 1, 2 are photodiodes for 

detection of the incident and phase-conjugate signals before and after their passing through the 

rib waveguides, respectively [58]. 

 

Figure 11: Typical arrangement for loss measurements in active waveguides using the 

fluorescence imaging technique. The filter shown in the set-up is employed to block the 
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excitation light and in combination with a lock-in amplifier it ensures that only the fluorescence 

light is detected [62]. (Reprinted with permission from Journal of Optical Society of America B, 

A. Kahn,Y. Kuzminykh, H. Scheife, G. Huber, “Nondestructive measurement of the propagation 

losses in active planar waveguides,” vol. 24, pp. 1571-1574, © 2007 Optical Society of America). 

 

Figure 12: Schematic of a LPE arrangement used for growth of monoclinic double tungstate 

waveguide layers, in particular KY(WO4) [65]. (Reprinted with permission from IEEE Journal of 

Selected Topics in Quantum Electronics, vol. 13, M. Pollnau, Y. E. Romanyuk, F. Gardillou, C. 

N. Borca, U. Griebner, S. Rivier, V. Petrov, “Double Tungstate Lasers: From Bulk Toward On-

Chip Integrated Waveguide Devices,” pp. 661-671 © 2007 IEEE). 

 

Figure 13: Lattice-matched KY0.59Gd0.19Lu0.22(WO4)2 layers grown on KY(WO4)2 substrates: (a) 

scheme of the atomic percentage of Y, Gd and Lu across the substrate and the epitaxial layer as 

calculated from the EPMA results. Optimization of the relative concentrations of Y, Gd, and Lu 

is critical for achieving lattice-matched growth. (b) ESEM picture of a KY0.59Gd0.19Lu0.22(WO4)2/ 

KY(WO4)2 interface obtained using backscattered electrons, and (c) photograph of the planar 

KY0.59Gd0.19Lu0.22(WO4)2/KY(WO4)2 structure [67]. (Reprinted with permission from Crystal 

Growth and Design, W. Bolaňos, J. J. Carvajal, M. C. Pujol, X. Mateos, G. Lifante, M. Aguiló, F. 

Díaz, “Epitaxial Growth of Lattice Matched KY1−x−y GdxLuy(WO4)2 Thin Films on KY(WO4)2 

Substrates for Waveguiding Applications,” vol. 9, pp. 3525-3531, Copyright 2009, American 

Chemical Society). 

 

Figure 14: PLD configuration for growth of Ti:sapphire and doped GGG:Nd3+ waveguide layers. 

To prevent contamination through desorption from the walls of the vacuum chamber due to the 
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high temperatures involved in the deposition process (~ 1000ºC), localized substrate heating was 

provided by scanning a 100-W CO2 laser beam on the substrate [14, 102].  

 

Figure 15: (a) Schematic of a target-substrate arrangement for combinatorial PLD experiments, 

comprising a rotating substrate heater and a three-beam, three-target assembly. (b) SEM 

micrograph of a 5-layer garnet crystal structure produced by combinatorial PLD [93]. (Reprinted 

from Applied Surface Science, 255, R. W. Eason, T. C. May-Smith, C. Grivas, M. S. B. Darby, 

D. P. Shepherd, R. Gazia, “Current state-of-the-art of pulsed laser deposition of optical 

waveguide structures: Existing capabilities and future trends,” pp. 5199-5205, Copyright 2009, 

with permission from Elsevier). 

 

Figure 16: Schematic of a PECVD apparatus employed for deposition of Al2O3 films. A carrier 

gas (argon) was used to transport the precursor trimethyl-amine alane (CH3)3NAlH3 (TMAA) to 

the reaction site, where it reacted with N2O to produce a solid Al2O3 layer on a heated (300 ºC) 

substrate [133]. (With kind permission from Springer Science + Business Media: Applied Physics 

A, “Al2O3 thin films by plasma-enhanced chemical vapour deposition using trimethyl-amine 

alane (TMAA) as the Al precursor,” vol. 65, 1997, pp. 469-475, C. E. Chryssou, C. W. Pitt, Fig . 

1).  

 

Figure 17: (a) Schematic of an array of four waveguide lasers based on channels with different 

widths, where one of the output sides is combined using Y splitters. The array was produced by a 

combination of PECVD and RIE, and a pair of gratings was inscribed over each channel by 

exposure to UV irradiation through a single phase mask. (b) A laser spectrum as obtained from 

the array, where the differences in lasing wavelengths indicated are entirely determined by the 

waveguide width [128]. (Reprinted with permission from: Optical Engineering, M. R. Poulsen, P. 
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I. Borel, J. Fage-Pedersen, J. Hübner, M. Kristensen, J. H. Povlsen, K. Rottwitt, M. Svalgaard, W. 

Svendsen, “Advances in silica-based integrated optics,” vol. 42 pp. 2821-2834, Copyright 2003, 

SPIE-International Society for Optical Engineering). 

 

Figure 18: Typical set-up for FHD fabrication of planar optical waveguides. A mixture of vapour 

precursors is fed into an oxy/hydrogen torch and films are deposited on silica glass substrates 

placed on a turn-table [136]. (Reprinted with permission from Electronic Letters, vol. 19, M. 

Kawachi, M. Yasu, T. Edahiro, “Fabrication of SiO2-TiO2 glass planar optical waveguides by 

flame hydrolysis deposition,” pp. 583-584, © 1983 IEEE). 

 

Figure 19: Schematic of FHD configurations used for deposition of: (a) Nd-doped silica layers 

with inclusions of Al2O3 using a vapour delivery system. The Nd-ion precursor is the high-

vapour-pressure organic compound Nd(thd)3 [138]. (Reprinted with permission from Optics 

Letters, R. Tumminelli, E. Hakimi, J. Haavisto, “Integrated-optic Nd:glass laser fabricated by 

flame hydrolysis deposition using chelates,” vol. 16, pp. 1098-1100, © 1991 Optical Society of 

America). (b) Nd- and Er-doped silica layers with inclusions of P2O5 using aerosol doping. The 

chlorides SiCl4 and PCl3 served as precursors of SiO2 and P2O5, respectively, and nitrogen was 

used as a carrier gas to atomize the solution and deliver the resultant aerosol droplets to the 

burner [139]. (Reprinted with permission from: J. A. Bebbington, G. Barbarossa, J. R. Bonar, J. 

S. Aitchison, “Rare earth doped silica waveguides on Si fabricated by flame hydrolysis deposition 

and aerosol doping,” Applied Physics Letters, vol. 62, pp. 337-339, (1993), Copyright 1993, 

American Institute of Physics). 

 

Figure 20: Schematic illustrating the high versatility of the sol–gel technique in terms of 

chemical processes involved in fabrication, nature of the precursor materials, and shape of the 
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composite devices produced [151]. (Reprinted figure with permission from Journal of American 

Ceramic Society, S. Bhandarkar, “Sol-Gel Processing for Optical Communication Technology,” 

vol. 87, pp.1180-1199, Copyright 2004, John Wiley and Sons).  

 

Figure 21: Laser emission spectra obtained from a DBR laser based on the organic 

semiconducting gain medium Alq3:DCM2 by pumping with power densities of a 6 kW/cm2 

(bottom) and 20 kW/cm2 (top). The inset shows the schematic of the DBR laser, which had a 

cavity length of 2 mm. The gratings were formed by etching the SiO2 substrate; the gain medium 

was then deposited on the substrate by thermal sublimation [185]. (Reprinted with permission 

from: M. Berggren, A. Dodabalapur, R. E. Slusher, “Stimulated emission and lasing in dye-doped 

organic thin films with Forster transfer,” Applied Physics Letters, vol. 71, pp. 2230-2232, 

Copyright 1997, American Institute of Physics). 

 

Figure 22: (a) Top view of the extended cavity of a diode side-pumped YAG:Yb3+ channel 

waveguide laser fabricated by diffusion bonding. A micrograph of the polished end face of the 

YAG:Yb3+ channel waveguide (cross section 100 x 80 µm2) surrounded by a 300-µm-thick YAG 

cladding is also shown. (b) Output power from the YAG:Yb3+ channel waveguide laser as a 

function of absorbed pump power [217]. (Reprinted with permission from Optics Letters, U. 

Griebner, H. Schönnagel, “Stimulated emission and lasing in dye-doped organic thin films with 

Forster transfer,” vol. 24, pp. 750-752, © 1999 Optical Society of America).  

 

Figure 23:  (a) Chemical structure of the Nd(TTA)3phen complex [220]. (b) Laser emission 

spectra obtained from a Nd(TTA)3phen complex-doped polymer channel waveguide for the 

quasi-three-level (4F3/2 → 4I9/2) and four-level (4F3/2 → 4I11/2) transitions near 878.0 nm and 

1060.2 nm, respectively. The peaks in the bands correspond to longitudinal cavity modes [225]. 
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Figure 24: SEM micrographs of ridges of 6.5-µm height fabricated by wet etching in a LiNBO3 

crystal (a) before and (b) after their indiffusion with titanium ions at 1060ºC. As a result of the 

high temperatures used for the diffusion process the in-diffused ridge exhibits improved sidewall 

smoothness and a propagation loss as low as 0.08 dB·cm-1. (c) Mode distributions obtained from 

a ridge waveguide with 7-µm top width for the TE (top) and the TM-polarization (bottom), 

respectively [230]. (With kind permission from Springer Science + Business Media: Applied 

Physics B, “Low-loss ridge waveguides on lithium niobate fabricated by local diffusion doping 

with titanium,” vol. 98, 2010, pp. 677-679, H. Hu, R. Ricken, W. Sohler, Figs. 2, 3) 

 

Figure 25: (a) Refractive index profile of a channel waveguide produced by Ag-Na ion exchange 

in an Er:Yb co-doped phosphate glass substrate and then buried by applying to the latter a 

transversal electric field. (b) Typical near-field mode profiles of a waveguide produced with this 

approach (green lines) compared to near-field mode profiles of a standard single-mode fiber at 

1550 nm (blue lines) [255]. (Reprinted with permission from Optics Express, G. Della Valle, A. 

Festa, G. Sorbello, K. Ennser, C. Cassagnetes, D. Barbier, S. Taccheo, “Single mode and high 

power waveguide lasers fabricated by ion-exchange” vol. 16, pp. 12334-12341, © 2008 Optical 

Society of America).  

 

Figure 26: Set-up for high-power laser experiments of ion-exchanged Er:Yb-coped phosphate 

glass channel waveguides. The abbreviations PC, and HR FBG stand for polarization controller 

and high-reflective fiber Bragg grating, respectively. The picture at the center shows one of these 

waveguides with a length of 45-mm under double-end pumping through fibers (each containing a 

FBG) that were butt-coupled to its two end-faces [255]. (Reprinted with permission from Optics 

Express, G. Della Valle, A. Festa, G. Sorbello, K. Ennser, C. Cassagnetes, D. Barbier, S. 
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Taccheo, “Single mode and high power waveguide lasers fabricated by ion-exchange” vol. 16, 

pp. 12334-12341, © 2008 Optical Society of America).  

 

Figure 27: Schematic of a LiNbO3:Yb3+ waveguide laser fabricated by annealed proton exchange 

in a slab waveguide produced by indiffusion of a LiNbO3 crystal with Yb-ions [308]. 

(Reproduced with permission from Japanese Journal of Applied Physics: vol. 46, issue 8B, pp. 

5447-5449, 2007. M. Fujimura, H. Tsuchimoto, T. Suhara, Copyright 2007, Japanese Society of 

Applied Physics). 

 

Figure 28: (a) Output power as a function of incident pump power, and (b) emission spectrum, 

both originating from a LiNbO3:Yb3+ channel waveguide laser produced by annealed proton 

exchange in a thermally indiffused LiNbO3:Yb3+ slab waveguide [308]. (Reproduced with 

permission from Japanese Journal of Applied Physics: vol. 46, issue 8B, pp. 5447-5449, M. 

Fujimura, H. Tsuchimoto, T. Suhara, Copyright 2007, Japanese Society of Applied Physics). 

 

Figure 29: Schematic (not to scale) of the implantation design of channel waveguides in a 

Ti:sapphire crystal. The channels had different cross sections, namely 10 x 5 µm2, 15 x 5 µm2, 

and 25 x 5 µm2, and were defined by optical barriers (indicated by red stripes) formed by multiple 

implants with different energies. The distances of these barriers from the top surface of the 

sample are also indicated [334].  

 

Figure 30: (a) Simulated and (b) measured fundamental transmission mode intensity profiles of 

the output from a 5-µm-deep and 10-µm-wide buried proton-implanted Ti:sapphire channel 

waveguide obtained by coupling a fundamental-mode laser beam of 800-nm wavelength [334]. 
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Figure 31: (a) Schematic of the waveguide writing process in YAG:Nd3+ crystals using the 

focused PBW technique.  Also in the same figure, images of near-field intensity distributions of 

TE modes at 632 nm obtained from YAG:Nd3+ channel waveguides fabricated using an 

implantation dose of 2 × 1016 ions/cm3 and energies of  (b) 1 MeV and (c) 2 MeV  (Reprinted 

figure with permission from [339]). (Reprinted with permission from Optics Letters, A. Benayas, 

D. Jaque, Y. Yao, F. Chen, A. A. Bettiol, A. Rodenas, A. K. Kar, “Microstructuring of Nd:YAG 

crystals by proton-beam writing,”  vol. 35, pp. 3898-3900, © 2010 Optical Society of America). 

 

Figure 32: Schematic of the configuration used for one-step, simultaneous direct writing of 

channel waveguides and encoding of Bragg grating structures in glass substrates using cw UV 

irradiation. Bragg gratings of certain periodicity in the waveguide are formed by modulating the 

frequency of the UV light so as to match the scanning speed and their strength is modulated by 

slightly detuning the modulation frequency of the UV light [345]. (Reprinted with permission 

from IEE Proceedings Optoelectronics, vol. 151, G. D. Emmerson, C. B. E. Gawith, S. P. Watts, 

R. B. Williams, P. G. R. Smith, S. G. McMeekin, J. R. Bonar, R. I. Laming, “All-UV-written 

integrated planar Bragg gratings and channel waveguides through single-step direct grating 

writing,” pp. 119-122, © 2004 IEEE). 

 

Figure 33:  Picture of the endface of a depressed cladding waveguide produced by femtosecond 

(fs) laser writing in a YAG:Nd3+ crystal. The core, which has a size of 100 µm x 13 µm, was 

defined by fs-laser-written tracks, whose refractive index averaged across their cross section is 

smaller relative to that of the host crystal [369]. (Reprinted with permission from Optics Letters, 

A. G. Okhrimchuk, A.V. Shestakov, I. Khrushchev, J. Mitchell, “Depressed cladding, buried 

waveguide laser formed in a YAG:Nd3+ crystal by femtosecond laser writing,” vol. 30, pp. 2248-

2250, © 2005 Optical Society of America).  
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Figure 34: (a) Microscope image obtained under crossed polarizers of the cross section of a pair 

of tracks written in an undoped 45-µm-thick YAG crystal using femtosecond laser pulses. (b) 

Near-field image of the guided laser mode from a channel waveguide inscribed in a YAG:Nd3+ 

crystal as recorded by a CCD camera [370]. (With kind permission from Springer Science + 

Business Media: Applied Physics B, “Femtosecond laser written stress-induced Nd:Y3Al5O12 

(Nd:YAG) channel waveguide laser,” vol. 97, 2009, pp. 251-255, J. Siebenmorgen, K. Petermann 

G. Huber, K. Rademaker, S. Nolte, A. Tünnermann, Figs. 4c, 10).  

 

Figure 35: Schematic of the fabrication process and operation of a self-written channel 

waveguide laser with Fabry-Perot (FP) cavity. (a) The fibers used for writing are aligned and 

positioned within two grooves and the FP-cavity is formed by two the half-mirrors placed into the 

gap between fibers; the gain medium is then casted in-between these mirrors. (b) Channel 

waveguide writing in the dye-doped polymer by launching UV light through the two fiber tips. 

(c) Lasing operation under optical pumping; the uncured part of the gain medium was removed 

[383]. (Reprinted with permission from Journal of Lightwave Technology, vol. 27, K. Yamashita, 

M. Ito, E. Fukuzawa, H. Okada, K. Oe, “Device Parameter Analyses of Solid-State Organic Laser 

Made by Self-Written Active Waveguide Technique,” pp. 4570-4574, © 2009 IEEE). 

 

Figure 36: Schematic of the steps followed for fabrication of rib waveguides in PLD-deposited 

Ti:sapphire films using a combination of photolithography and IBE: (a) spin coating of the 

Ti:sapphire layer by a negative photoresist, (b) exposure to UV light through a photolithographic 

mask, (c) development of the photoresist to produce stripped photoresist patterns, (d) IBE of the 

uncovered Ti:sapphire surfaces, (e) removal of the photoresist remnants to obtain rib structures. 

The inset shows details of the resulting structures [58]. 
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Figure 37: SEM image of Ar+-beam-structured rib waveguides in a 10-µm-thick PLD-grown 

Ti:sapphire layer obtained following the process displayed in Fig. 36 [389]. 

 

Figure 38: Schematic of a typical configuration for inductively coupled plasma (ICP) etching 

[390]. (Reprinted with permission from: Z. Ren, P. J. Heard, J. M. Marshall, P. A. Thomas, S. 

Yu,  "Etching characteristics of LiNbO3 in reactive ion etching and inductively coupled plasma" 

Journal of Applied Physics vol. 103, 034109, (2008), Copyright 2008, American Institute of 

Physics). 

 

Figure 39: Schematic of the UV-NIL fabrication flow of Bragg gratings on top of Alq3:DCM2 

ridge waveguides to produce DFB resonators. An elastomeric mold transparent at 337 nm was 

used for imprinting [401]. (Reprinted with permission from: J. A. Rogers, M. Meier, A. 

Dodabalapur, E. J. Laskowski, M. A. Cappuzzo, “Distributed feedback ridge waveguide lasers 

fabricated by nanoscale printing and molding on nonplanar substrates,” Applied Physics Letters 

vol. 74, pp. 3257-3259, (1999), Copyright 1999, American Institute of Physics). 

 

Figure 40: (a) SEM image of a waveguide array fabricated in a hexagonal mesostructured silica-

EO20PO70EO20 composite layer using MIMIC. (b) Laser scanning confocal microscopy image of 

a waveguide array produced by MIMIC in a Rh6G-doped mesostructured silica-EO20PO70EO20 

layer as obtained by pumping at 514 nm [178]. (From: P. Yang, G. Wirnsberger, H. C. Huang, S. 

R. Cordero, M. D. McGehee, B. Scott, T. Deng, G. M. Whitesides, B. F. Chmelka, S. K. Buratto, 

G. D. Stucky, “Mirrorless Lasing from Mesostructured Waveguides Patterned by Soft 

Lithography,” Science vol. 287, 2000, pp. 465-467. Reprinted with permission from AAAS.) 

 



 128

Figure 41: (a) SEM image of a DFB grating, imprinted by UV-NIL into a thin film of the UV-

curable resin PAC-01-CL doped with the laser dye Rhodamine 610. (b) Laser spectrum obtained 

from the DFB waveguide laser by pulsed pumping at 337 nm with an optical pumping density of 

~1.2 mJ/cm2. The inset shows the DFB device under optical pumping [406]. (Reprinted with 

permission from: K. Yamashita, M. Arimatsu, M. Takayama, K. Oe, H. Yanagi, “Simple 

fabrication technique of distributed-feedback polymer laser by direct photonanoimprint 

lithography,” Applied Physics Letters, vol. 92, 243306, (2008), Copyright 2008, American 

Institute of Physics). 
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Figure 1: Geometry of: (a) an asymmetric slab waveguide (n1 > n2 > n0), and, (b) a symmetric 

slab waveguide with its refractive index profile and a propagating light ray in its core. 
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Figure 2: Different types of channel waveguides: (a) embedded, (b) strip, (c) rib or, ridge, and (d) 

strip-loaded.  
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Figure 3: Output power from two Ti:sapphire waveguide lasers, with channel (rib) and slab 

geometry, respectively, as a function of absorbed power for  ~4.6% outcoupling. Both lasers have 

comparable losses and exhibit similar slope efficiencies however, the rib source has a 

considerably lower lasing threshold (~ 475 mW) than the slab one (~ 1030 mW), largely due to 

the better overlap of the pump and laser beams [13, 14].   
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Figure 4: Calculated maximum temperature increase ∆Tmax in a microthickness YAG:Yb3+ slab 

laser as a function of pump power Pp for various width (w) to thickness (d) aspect ratios. The slab 

cross section dwS ⋅=  was assumed to be 2 mm [22]. (Reprinted with permission from K. Sueda, 

H. Takahashi, S. Kawato, T. Kobayashi, “High-efficiency laser-diodes-pumped microthickness 

Yb:Y3Al5O12 slab laser,” Applied Physics Letters vol. 87, 151110, Copyright 2005, American 

Institute of Physics). 
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Figure 5: Measured and calculated cw SHG tuning curve for a 3.3-cm-long LiNbO3 waveguide, 

indicating a peak normalized conversion efficiency of approximately 2150 cmW% ⋅ . The nearly 

ideal sinc2 shape of the curve suggests that phase matching is maintained throughout the device 

length [36]. (Reprinted with permission from Optics Letters, K. R. Parameswaran, R. K. Kurz, J. 

R. Kurz, R. V. Roussev, M. M. Fejer, M. Fujimura, “Highly efficient second-harmonic generation 

in buried waveguides formed by annealed and  reverse proton exchange in periodically poled 

lithium niobate,” vol. 27, pp. 179-181, © 2002 Optical Society of America). 
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Figure 6:  a) Scanning electron microscope (SEM) micrograph of an on-chip OPO based on a 

silicon nitride (Si3N4) microring resonator coupled to a bus waveguide. b) Optical parametric 

oscillation leading to emission at numerous precisely defined wavelengths was achieved in this 

device by tuning the emission wavelength of the pump laser to the resonance of the microring 

[37]. (Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics, 

www.nature.com/nphoton/index.html, J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-

Foster, A. L. Gaeta, M. Lipson, “CMOS-compatible multiple-wavelength oscillator for on-chip 

optical interconnects,” vol. 4, pp. 37-40, Copyright 2009) 
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Figure 7: (a) Layout of the cavity of an integrated femtosecond waveguide laser consisting of 

two sections: a 5-cm (Er)-doped alumino–silicate waveguide with group-velocity dispersion 

(GVD) of 30 fs2/mm, and a 20-cm of phosphorous-doped silica waveguide with GVD of -25 

fs2/mm. The latter is used to obtain net anomalous intracavity dispersion for soliton mode-locking 

operation. The inset shows the reflection and dispersion spectra of the saturable Bragg reflector 

(SBR) element that was used to start the mode-locking and stabilize the soliton. (b) Picture of the 

laser setup. (c) RF spectrum (3-GHz span, 10-MHz resolution), indicating an operating repetition 

rate of 394 MHz. (d) Background free autocorrelation trace showing that the pulses produced had 

a duration of 438 fs [44]. (Reprinted with permission from IEEE Photonics Technology Letters, 

vol. 21, H. Byun, D. Pudo, S. Frolov, A. Hanjani, J. Shmulovich, E. P. Ippen, F. X. Kärtner, 

“Integrated Low-Jitter 400-MHz Femtosecond Waveguide Laser,” pp. 763-765, © 2009 IEEE).  
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Figure 8: Schematic of an integrated DFB–DBR coupled cavity laser based on a single-mode 

channel waveguide. It was fabricated by thermal indiffusion of titanium ions into an Er:LiNbO3 

section (DBR laser) and an Er:Fe:LiNbO3 section (DFB laser) of the same crystal. The 

abbreviations AR and WDM stand for antireflection and wavelength division demultiplexer, 

respectively [46]. (Reprinted with permission from Optics Letters, B. K. Das, R. Ricken, V. 

Quiring, H. Suche, W. Sohler, “Distributed feedback distributed Bragg reflector coupled cavity 

laser with a Ti:(Fe:)Er:LiNbO3 waveguide,” vol. 29, pp. 165-167, © 2004 Optical Society of 

America). 
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Figure 9: (a) Output power as a function of launched pump power for the Ti:Er:LiNbO3 

waveguide laser with the integrated DFB–DBR coupled cavity shown in Fig. 8. (b) Single-

frequency emission of one DFB mode in resonance with one DBR cavity mode. FSR=15 GHz is 

the free spectral range of the Fabry–Perot spectrum analyzer used to record the spectrum [46]. 

(Reprinted with permission from Optics Letters, B. K. Das, R. Ricken, V. Quiring, H. Suche, W. 

Sohler, “Distributed feedback distributed Bragg reflector coupled cavity laser with a 

Ti:(Fe:)Er:LiNbO3 waveguide,” vol. 29, pp. 165-167, © 2004 Optical Society of America). 
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Figure 10: Experimental set-up for loss measurements in Ti:sapphire rib waveguides using the 

SPPC technique. In this arrangement, L1 and L2, are a pair of cylindrical lenses for pump-beam 

shaping, WBS 1, 2 are wedged beam splitters and PD 3, 4 and PD 1, 2 are photodiodes for 

detection of the incident and phase-conjugate signals before and after their passing through the 

rib waveguides, respectively [58]. 
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Figure 11: Typical arrangement for loss measurements in active waveguides using the 

fluorescence imaging technique. The filter shown in the set-up is employed to block the 

excitation light and in combination with a lock-in amplifier it ensures that only the fluorescence 

light is detected [62]. (Reprinted with permission from Journal of Optical Society of America B, 

A. Kahn,Y. Kuzminykh, H. Scheife, G. Huber, “Nondestructive measurement of the propagation 

losses in active planar waveguides,” vol. 24, pp. 1571-1574, © 2007 Optical Society of America). 
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Figure 12: Schematic of a LPE arrangement used for growth of monoclinic double tungstate 

waveguide layers, in particular KY(WO4) [65]. (Reprinted with permission from IEEE Journal of 

Selected Topics in Quantum Electronics, vol. 13, M. Pollnau, Y. E. Romanyuk, F. Gardillou, C. 

N. Borca, U. Griebner, S. Rivier, V. Petrov, “Double Tungstate Lasers: From Bulk Toward On-

Chip Integrated Waveguide Devices,” pp. 661-671 © 2007 IEEE). 

  

 



 141

C. Grivas, “Optically pumped planar waveguide lasers Part I: fundamentals and fabrication   

techniques” 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Lattice-matched KY0.59Gd0.19Lu0.22(WO4)2 layers grown on KY(WO4)2 substrates: (a) 

scheme of the atomic percentage of Y, Gd and Lu across the substrate and the epitaxial layer as 

calculated from the EPMA results. Optimization of the relative concentrations of Y, Gd, and Lu 

is critical for achieving lattice-matched growth. (b) ESEM picture of a KY0.59Gd0.19Lu0.22(WO4)2/ 

KY(WO4)2 interface obtained using backscattered electrons, and (c) photograph of the planar 

KY0.59Gd0.19Lu0.22(WO4)2/KY(WO4)2 structure [67]. (Reprinted with permission from Crystal 

Growth and Design, W. Bolaňos, J. J. Carvajal, M. C. Pujol, X. Mateos, G. Lifante, M. Aguiló, F. 

Díaz, “Epitaxial Growth of Lattice Matched KY1−x−y GdxLuy(WO4)2 Thin Films on KY(WO4)2 

Substrates for Waveguiding Applications,” vol. 9, pp. 3525-3531, Copyright 2009, American 

Chemical Society). 
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Figure 14: PLD configuration for growth of Ti:sapphire and doped GGG:Nd3+ waveguide layers. 

To prevent contamination through desorption from the walls of the vacuum chamber due to the 

high temperatures involved in the deposition process (~ 1000ºC), localized substrate heating was 

provided by scanning a 100-W CO2 laser beam on the substrate [14, 102].  

 

 

 

 

 



 143

C. Grivas, “Optically pumped planar waveguide lasers Part I: fundamentals and fabrication   

techniques” 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: (a) Schematic of a target-substrate arrangement for combinatorial PLD experiments, 

comprising a rotating substrate heater and a three-beam, three-target assembly. (b) SEM 

micrograph of a 5-layer garnet crystal structure produced by combinatorial PLD [93]. 

(Reprinted from Applied Surface Science, 255, R. W. Eason, T. C. May-Smith, C. Grivas, M. 

S. B. Darby, D. P. Shepherd, R. Gazia, “Current state-of-the-art of pulsed laser deposition of 

optical waveguide structures: Existing capabilities and future trends,” pp. 5199-5205, Copyright 

2009, with permission from Elsevier). 
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Figure 16: Schematic of a PECVD apparatus employed for deposition of Al2O3 films. A carrier 

gas (argon) was used to transport the precursor trimethyl-amine alane (CH3)3NAlH3 (TMAA) to 

the reaction site, where it reacted with N2O to produce a solid Al2O3 layer on a heated (300 ºC) 

substrate [133]. (With kind permission from Springer Science + Business Media: Applied Physics 

A, “Al2O3 thin films by plasma-enhanced chemical vapour deposition using trimethyl-amine 

alane (TMAA) as the Al precursor,” vol. 65, 1997, pp. 469-475, C. E. Chryssou, C. W. Pitt, Fig . 

1).  
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Figure 17: (a) Schematic of an array of four waveguide lasers based on channels with different 

widths, where one of the output sides is combined using Y splitters. The array was produced by a 

combination of PECVD and RIE, and a pair of gratings was inscribed over each channel by 

exposure to UV irradiation through a single phase mask. (b) A laser spectrum as obtained from 

the array, where the differences in lasing wavelengths indicated are entirely determined by the 

waveguide width [128]. (Reprinted with permission from: Optical Engineering, M. R. Poulsen, P. 

I. Borel, J. Fage-Pedersen, J. Hübner, M. Kristensen, J. H. Povlsen, K. Rottwitt, M. Svalgaard, W. 

Svendsen, “Advances in silica-based integrated optics,” vol. 42 pp. 2821-2834, Copyright 2003, 

SPIE-International Society for Optical Engineering). 
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Figure 18: Typical set-up for FHD fabrication of planar optical waveguides. A mixture of vapour 

precursors is fed into an oxy/hydrogen torch and films are deposited on silica glass substrates 

placed on a turn-table [136]. (Reprinted with permission from Electronic Letters, vol. 19, M. 

Kawachi, M. Yasu, T. Edahiro, “Fabrication of SiO2-TiO2 glass planar optical waveguides by 

flame hydrolysis deposition,” pp. 583-584, © 1983 IEEE). 
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Figure 19: Schematic of FHD configurations used for deposition of: (a) Nd-doped silica layers 

with inclusions of Al2O3 using a vapour delivery system. The Nd-ion precursor is the high-

vapour-pressure organic compound Nd(thd)3 [138] (Reprinted with permission from Optics 

Letters, R. Tumminelli, E. Hakimi, J. Haavisto, “Integrated-optic Nd:glass laser fabricated by 

flame hydrolysis deposition using chelates,” vol. 16, pp. 1098-1100, © 1991 Optical Society of 

America). (b) Nd- and Er-doped silica layers with inclusions of P2O5 using aerosol doping. The 

chlorides SiCl4 and PCl3 served as precursors of SiO2 and P2O5, respectively, and nitrogen was 

used as a carrier gas to atomize the solution and deliver the resultant aerosol droplets to the 

burner [139]. (Reprinted with permission from: J. A. Bebbington, G. Barbarossa, J. R. Bonar, J. 

S. Aitchison, “Rare earth doped silica waveguides on Si fabricated by flame hydrolysis 

deposition and aerosol doping,” Applied Physics Letters, vol. 62, pp. 337-339, (1993), 

Copyright 1993, American Institute of Physics). 
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Figure 20: Schematic illustrating the high versatility of the sol–gel technique in terms of 

chemical processes involved in fabrication, nature of the precursor materials, and shape of the 

composite devices produced [151]. (Reprinted figure with permission from Journal of American 

Ceramic Society, S. Bhandarkar, “Sol-Gel Processing for Optical Communication Technology,” 

vol. 87, pp.1180-1199, Copyright 2004, John Wiley and Sons).  
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Figure 21: Laser emission spectra obtained from a DBR laser based on the organic 

semiconducting gain medium Alq3:DCM2 by pumping with power densities of a 6 kW/cm2 

(bottom) and 20 kW/cm2 (top). The inset shows the schematic of the DBR laser, which had a 

cavity length of 2 mm. The gratings were formed by etching the SiO2 substrate; the gain medium 

was then deposited on the substrate by thermal sublimation [185]. (Reprinted with permission 

from: M. Berggren, A. Dodabalapur, R. E. Slusher, “Stimulated emission and lasing in dye-doped 

organic thin films with Forster transfer,” Applied Physics Letters, vol. 71, pp. 2230-2232, 

Copyright 1997, American Institute of Physics). 
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Figure 22: (a) Top view of the extended cavity of a diode side-pumped YAG:Yb3+ channel 

waveguide laser fabricated by diffusion bonding. A micrograph of the polished end face of the 

YAG:Yb3+ channel waveguide (cross section 100 x 80 µm2) surrounded by a 300-µm-thick YAG 

cladding is also shown. (b) Output power from the YAG:Yb3+ channel waveguide laser as a 

function of absorbed pump power [217]. (Reprinted with permission from Optics Letters, U. 

Griebner, H. Schönnagel, “Stimulated emission and lasing in dye-doped organic thin films with 

Forster transfer,” vol. 24, pp. 750-752, © 1999 Optical Society of America).  
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Figure 23:  (a) Chemical structure of the Nd(TTA)3phen complex [220]. (b) Laser emission 

spectra obtained from a Nd(TTA)3phen complex-doped polymer channel waveguide for the 

quasi-three-level (4F3/2 → 4I9/2) and four-level (4F3/2 → 4I11/2) transitions near 878.0 nm and 

1060.2 nm, respectively. The peaks in the bands correspond to longitudinal cavity modes [225]. 

 

 

 

 

 

 

 

N

N
O O

O

O O

Nd

O

CF3

F3C

F3C

S

S
S

877.6 877.8 878.0 878.2 1060.0 1060.2 1060.4

0.0

0.2

0.4

0.6

0.8

1.0

N
O

R
M

A
L

IZ
E

D
 

IN
T

E
N

S
IT

Y
(a

r
b

. 
u

n
it

s)
 

WAVELENGTH (nm)

(b)(a)

N

N
O O

O

O O

Nd

O

CF3

F3C

F3C

S

S
S

877.6 877.8 878.0 878.2 1060.0 1060.2 1060.4

0.0

0.2

0.4

0.6

0.8

1.0

N
O

R
M

A
L

IZ
E

D
 

IN
T

E
N

S
IT

Y
(a

r
b

. 
u

n
it

s)
 

WAVELENGTH (nm)

(b)

877.6 877.8 878.0 878.2 1060.0 1060.2 1060.4

0.0

0.2

0.4

0.6

0.8

1.0

N
O

R
M

A
L

IZ
E

D
 

IN
T

E
N

S
IT

Y
(a

r
b

. 
u

n
it

s)
 

WAVELENGTH (nm)

(b)(a)



 152

C. Grivas, “Optically pumped planar waveguide lasers Part I: fundamentals and fabrication   

techniques” 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: SEM micrographs of ridges of 6.5-µm height fabricated by wet etching in a LiNBO3 

crystal (a) before and (b) after their indiffusion with titanium ions at 1060ºC. As a result of the 

high temperatures used for the diffusion process the in-diffused ridge exhibits improved sidewall 

smoothness and a propagation loss as low as 0.08 dB·cm-1. (c) Mode distributions obtained from 

a ridge waveguide with 7-µm top width for the TE (top) and the TM-polarization (bottom), 

respectively [230]. (With kind permission from Springer Science + Business Media: Applied 

Physics B, “Low-loss ridge waveguides on lithium niobate fabricated by local diffusion doping 

with titanium,” vol. 98, 2010, pp. 677-679, H. Hu, R. Ricken, W. Sohler, Figs. 2, 3) 
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Figure 25: (a) Refractive index profile of a channel waveguide produced by Ag-Na ion exchange 

in an Er:Yb co-doped phosphate glass substrate and then buried by applying to the latter a 

transversal electric field. (b) Typical near-field mode profiles of a waveguide produced with this 

approach (green lines) compared to near-field mode profiles of a standard single-mode fiber at 

1550 nm (blue lines) [255]. (Reprinted with permission from Optics Express, G. Della Valle, A. 

Festa, G. Sorbello, K. Ennser, C. Cassagnetes, D. Barbier, S. Taccheo, “Single mode and high 

power waveguide lasers fabricated by ion-exchange” vol. 16, pp. 12334-12341, © 2008 Optical 

Society of America).  
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Figure 26: Set-up for high-power laser experiments of ion-exchanged Er:Yb-coped phosphate 

glass channel waveguides. The abbreviations PC, and HR FBG stand for polarization controller 

and high-reflective fiber Bragg grating, respectively. The picture at the center shows one of these 

waveguides with a length of 45-mm under double-end pumping through fibers (each containing a 

FBG) that were butt-coupled to its two end-faces [255]. (Reprinted with permission from Optics 

Express, G. Della Valle, A. Festa, G. Sorbello, K. Ennser, C. Cassagnetes, D. Barbier, S. 

Taccheo, “Single mode and high power waveguide lasers fabricated by ion-exchange” vol. 16, 

pp. 12334-12341, © 2008 Optical Society of America).  
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Figure 27: Schematic of a LiNbO3:Yb3+ waveguide laser fabricated by annealed proton exchange 

in a slab waveguide produced by indiffusion of a LiNbO3 crystal with Yb-ions [308]. 

(Reproduced with permission from Japanese Journal of Applied Physics: vol. 46, issue 8B, pp. 

5447-5449, 2007. M. Fujimura, H. Tsuchimoto, T. Suhara, Copyright 2007, Japanese Society of 

Applied Physics). 
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Figure 28: (a) Output power as a function of incident pump power, and (b) emission spectrum, 

both originating from a LiNbO3:Yb3+ channel waveguide laser produced by annealed proton 

exchange in a thermally indiffused LiNbO3:Yb3+ slab waveguide [308]. (Reproduced with 

permission from Japanese Journal of Applied Physics: vol. 46, issue 8B, pp. 5447-5449, M. 

Fujimura, H. Tsuchimoto, T. Suhara, Copyright 2007, Japanese Society of Applied Physics). 
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Figure 29: Schematic (not to scale) of the implantation design of channel waveguides in a 

Ti:sapphire crystal. The channels had different cross sections, namely 10 x 5 µm2, 15 x 5 µm2, 

and 25 x 5 µm2, and were defined by optical barriers (indicated by red stripes) formed by multiple 

implants with different energies. The distances of these barriers from the top surface of the 

sample are also indicated [334].  
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Figure 30: (a) Simulated and (b) measured fundamental transmission mode intensity profiles of 

the output from a 5-µm-deep and 10-µm-wide buried proton-implanted Ti:sapphire channel 

waveguide obtained by coupling a fundamental-mode laser beam of 800-nm wavelength [334]. 
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Figure 31: (a) Schematic of the waveguide writing process in YAG:Nd3+ crystals using the 

focused PBW technique.  Also in the same figure, images of near-field intensity distributions of 

TE modes at 632 nm obtained from YAG:Nd3+ channel waveguides fabricated using an 

implantation dose of 2 × 1016 ions/cm3 and energies of  (b) 1 MeV and (c) 2 MeV  (Reprinted 

figure with permission from [339]). (Reprinted with permission from Optics Letters, A. Benayas, 

D. Jaque, Y. Yao, F. Chen, A. A. Bettiol, A. Rodenas, A. K. Kar, “Microstructuring of Nd:YAG 

crystals by proton-beam writing,”  vol. 35, pp. 3898-3900, © 2010 Optical Society of America). 
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Figure 32: Schematic of the configuration used for one-step, simultaneous direct writing of 

channel waveguides and encoding of Bragg grating structures in glass substrates using cw UV 

irradiation. Bragg gratings of certain periodicity in the waveguide are formed by modulating the 

frequency of the UV light so as to match the scanning speed and their strength is modulated by 

slightly detuning the modulation frequency of the UV light [345]. (Reprinted with permission 

from IEE Proceedings Optoelectronics, vol. 151, G. D. Emmerson, C. B. E. Gawith, S. P. 

Watts, R. B. Williams, P. G. R. Smith, S. G. McMeekin, J. R. Bonar, R. I. Laming,  “All-UV-

written integrated planar Bragg gratings and channel waveguides through single-step direct 

grating writing,” pp. 119-122, © 2004 IEEE). 
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Figure 33:  Picture of the endface of a depressed cladding waveguide produced by femtosecond 

(fs) laser writing in a YAG:Nd3+ crystal. The core, which has a size of 100 µm x 13 µm, was 

defined by fs-laser-written tracks, whose refractive index averaged across their cross section is 

smaller relative to that of the host crystal [369]. (Reprinted with permission from Optics Letters, 

A. G. Okhrimchuk, A.V. Shestakov, I. Khrushchev, J. Mitchell, “Depressed cladding, buried 

waveguide laser formed in a YAG:Nd3+ crystal by femtosecond laser writing,” vol. 30, pp. 2248-

2250, © 2005 Optical Society of America).  
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Figure 34: (a) Microscope image obtained under crossed polarizers of the cross section of a pair 

of tracks written in an undoped 45-µm-thick YAG crystal using femtosecond laser pulses. (b) 

Near-field image of the guided laser mode from a channel waveguide inscribed in a YAG:Nd3+ 

crystal as recorded by a CCD camera [370]. (With kind permission from Springer Science + 

Business Media: Applied Physics B, “Femtosecond laser written stress-induced Nd:Y3Al5O12 

(Nd:YAG) channel waveguide laser,” vol. 97, 2009, pp. 251-255, J. Siebenmorgen, K. Petermann 

G. Huber, K. Rademaker, S. Nolte, A. Tünnermann, Figs. 4c, 10).  
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Figure 35: Schematic of the fabrication process and operation of a self-written channel 

waveguide laser with Fabry-Perot (FP) cavity. (a) The fibers used for writing are aligned and 

positioned within two grooves and the FP-cavity is formed by two the half-mirrors placed into the 

gap between fibers; the gain medium is then casted in-between these mirrors. (b) Channel 

waveguide writing in the dye-doped polymer by launching UV light through the two fiber tips. 

(c) Lasing operation under optical pumping; the uncured part of the gain medium was removed 

[383]. (Reprinted with permission from Journal of Lightwave Technology, vol. 27, K. Yamashita, 

M. Ito, E. Fukuzawa, H. Okada, K. Oe, “Device Parameter Analyses of Solid-State Organic Laser 

Made by Self-Written Active Waveguide Technique,” pp. 4570-4574, © 2009 IEEE). 
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Figure 36: Schematic of the steps followed for fabrication of rib waveguides in PLD-deposited 

Ti:sapphire films using a combination of photolithography and IBE: (a) spin coating of the 

Ti:sapphire layer by a negative photoresist, (b) exposure to UV light through a photolithographic 

mask, (c) development of the photoresist to produce stripped photoresist patterns, (d) IBE of the 

uncovered Ti:sapphire surfaces, (e) removal of the photoresist remnants to obtain rib structures. 

The inset shows details of the resulting structures [58]. 
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Figure 37: SEM image of Ar+-beam-structured rib waveguides in a 10-µm-thick PLD-grown 

Ti:sapphire layer obtained following the process displayed in Fig. 36 [389]. 
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Figure 38: Schematic of a typical configuration for inductively coupled plasma (ICP) etching 

[390]. (Reprinted with permission from: Z. Ren, P. J. Heard, J. M. Marshall, P. A. Thomas, S. 

Yu,  "Etching characteristics of LiNbO3 in reactive ion etching and inductively coupled plasma" 

Journal of Applied Physics vol. 103, 034109, (2008), Copyright 2008, American Institute of 

Physics). 
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Figure 39: Schematic of the UV-NIL fabrication flow of Bragg gratings on top of Alq3:DCM2 

ridge waveguides to produce DFB resonators. An elastomeric mold transparent at 337 nm was 

used for imprinting [401]. (Reprinted with permission from: J. A. Rogers, M. Meier, A. 

Dodabalapur, E. J. Laskowski, M. A. Cappuzzo, “Distributed feedback ridge waveguide lasers 

fabricated by nanoscale printing and molding on nonplanar substrates,” Applied Physics Letters 

vol. 74, pp. 3257-3259, (1999), Copyright 1999, American Institute of Physics). 
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Figure 40: (a) SEM image of a waveguide array fabricated in a hexagonal mesostructured silica-

EO20PO70EO20 composite layer using MIMIC. (b) Laser scanning confocal microscopy image of 

a waveguide array produced by MIMIC in a Rh6G-doped mesostructured silica-EO20PO70EO20 

layer as obtained by pumping at 514 nm [178]. (From: P. Yang, G. Wirnsberger, H. C. Huang, S. 

R. Cordero, M. D. McGehee, B. Scott, T. Deng, G. M. Whitesides, B. F. Chmelka, S. K. Buratto, 

G. D. Stucky, “Mirrorless Lasing from Mesostructured Waveguides Patterned by Soft 

Lithography,” Science vol. 287, 2000, pp. 465-467. Reprinted with permission from AAAS.) 

.  
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Figure 41: (a) SEM image of a DFB grating, imprinted by UV-NIL into a thin film of the UV-

curable resin PAC-01-CL doped with the laser dye Rhodamine 610. (b) Laser spectrum obtained 

from the DFB waveguide laser by pulsed pumping at 337 nm with an optical pumping density of 

~1.2 mJ/cm2. The inset shows the DFB device under optical pumping [406]. (Reprinted with 

permission from: K. Yamashita, M. Arimatsu, M. Takayama, K. Oe, H. Yanagi, “Simple 

fabrication technique of distributed-feedback polymer laser by direct photonanoimprint 

lithography,” Applied Physics Letters, vol. 92, 243306, (2008), Copyright 2008, American 

Institute of Physics). 
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