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Abstract — This review takes a look at the historical 

development of the dielectric planar waveguide laser leading to 
key state-of-the-art technologies which fall within this broad 
subject area. Discussed herein are many of the advantages 
offered by the waveguide geometry such as; high optical-gain 
and thus low threshold-power requirements, suitability for 
quasi-three-level laser transitions, integration with functional 
devices on single substrates, guided spatial-mode control, and its 
considerable immunity to thermal effects and external 
environmental conditions. A detailed snapshot is made of many 
active host media for which there has been reported laser action 
in the planar waveguide geometry, covering many of the major 
rare-earth-ion transitions. Several fabrication techniques are 
highlighted and appraised for their applicability to different 
host media, touching on their benefits and drawbacks. 
Challenges and future prospects for these lasers are considered. 
 

Index Terms— dielectric waveguides, lasers, optical planar 
waveguides 

I. INTRODUCTION 

Guided-wave lasers were amongst the first lasers 
demonstrated, their operation reported as early as 1961 [1]. 
The primary motivation at the time, as it is today, was to 
reduce the cavity mode-volume, through optical confinement 
in the active host. Thus exploiting the resulting high optical-
gain [2] and low threshold-powers, and simultaneously 
circumventing the then difficult process of fabricating large 
optical-quality laser materials. The ease with which high 
inversion densities can be achieved in a waveguide is 
extremely beneficial for amplifiers and laser materials that 
suffer re-absorption at the emission wavelength, such as 
(quasi) three-level transitions, or similarly ones with weak 
stimulated emission cross-section [3]. Today, there are a large 
number of fabrication techniques available that offer an 
extensive range of active thin-film materials from which to 
choose [4-7]. In addition, the laser cavity may be entirely 
contained within a compact planar substrate, allowing 
integration with other “on-chip” optical applications, or 
simply used as stand-alone sources that are insensitive to 
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external environmental conditions. One further benefit 
derived from the geometry of the waveguide is a high degree 
of thermal immunity due to its large aspect-ratio and thus 
large cooling-surface-area to volume ratio [8]. Therefore, the 
temperature rise in the active layer, dependent upon the 
density of the heat deposited during the pumping cycle and 
the thermal resistance between it and the heat sink, can be 
maintained at very modest levels. These are ideal for 
temperature sensitive quasi-three-level systems and 
advantageous for high-average-power devices.  

The remainder of this review will concentrate on the 
progress of dielectric planar-waveguide lasers, for which, in 
recent years, there has been significant progress made by 
many research groups around the world. To set the scene for 
the interest shown for these lasers, Section II takes a closer 
look at the historical trends, the advantages of this laser-
architecture, and the developments that brought us to the 
current state of the art. Following, in Section III, there is a 
brief discussion of key fabrication techniques; future 
challenges for planar waveguide lasers are discussed in 
Section IV; and concluding remarks are made in Section V. 

II.  HISTORICAL CONTEXT 

A. The early years 

A planar waveguide consists of thin layers of optically 
transparent media, with a guiding core of higher refractive 
index (ncore) than the adjacent substrate and cladding layers 
(nsubs, nclad), as illustrated in Fig. 1., forming a structure with 
a “rectangular” geometry. The materials used to make active 
waveguides can be either dielectric or semi-conducting, 
corresponding to two subsets of the more generic term planar-
waveguide laser (PWL). Further optical confinement in the 
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Fig. 1.  Optical excitation schemes for planar waveguide lasers. 
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plane, bounded by regions of lower refractive index, can be 
used to form channel waveguides, as is typically found in 
semi-conductor or integrated optical circuit (IOC) devices. A 
simple Fabry-Perot “on-chip” planar-waveguide laser is then 
realized by constructing a monolithic cavity using mirrors at 
opposing edge facets, or a distributed feedback arrangement 
resonant for stimulated emission coupled to one or more 
propagating modes of the waveguide [9, 10].  

The first reported waveguide laser had a cylindrical 
geometry, which later was to become known as a fiber laser 
[1]. However, it was nearly a decade later before researchers 
at Bell Telephone Laboratories reported an optically-pumped 
dyed thin-film laser on a planar dielectric substrate [9], with 
the first liquid-dye filled rectangular-channel waveguide laser 
reported soon after [11]. These devices, pumped with visible 
or UV laser sources, tended to have relatively short 
operational lifetimes (~105 shots) [12]. At that time growing 
interest in IOC’s for planar miniature communication 
systems, meant there was an immediate need for compatible, 
compact and robust amplifier and laser sources [12]. Here, 
planar waveguide lasers were believed to play a crucial role, 
and the advantage of a low-threshold would allow efficient, 
low-power consuming devices.  

Just how much of a threshold advantage a waveguide 
structure can provide is appreciated by noting the relative 
cavity mode volumes between an unguided bulk and a 
waveguide laser, modified by any additional waveguide 
propagations losses, such that,  
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Where Veff_j (j = bulk or wg – waveguide) is the effective 
mode volume, as described by Kubodera and Otsuka [13] and 
Taira et al. [14]. αp is the exponential propagation loss 
coefficient for the waveguide, l is the length of the active 
medium, Li the intrinsic cavity losses such as losses at 
interfaces and/or mirrors etc., assumed to be the same for 
both lasers being compared, 2N0σl is the re-absorption loss 
associated with population in the terminal stark level, N0, and 
a spectroscopic transition cross section, σ. The term κ is the 
ratio of the output coupling to the round trip losses for each 
laser architecture. As such the common expression, T/δ, 
where T is the cavity output coupler transmission and δ the 
cold cavity lifetime [14], is equivalent to κ/(1+ κ). To 
compare the threshold power levels with the two output-
coupling values set in this way implies that the useful output 
coupling is the same factor above the cavity losses and as 
such has approximately the same effect on the slope 
efficiency. Therefore, at least for the regime discussed here, 
the efficiency for the two systems is equivalent. Note, for a 4-
level transition, the re-absorption loss term in the 
denominator is zero. 

To a first order approximation, the ratio of the effective 
mode volumes scales with the area of the modes. To make 

this comparison we start with the optimum pumping 
configuration for a bulk laser, that is focusing the pump to a 

beam waist radius πλω 30 pp nl= , to which the 

fundamental cavity mode is matched (although this is not 
entirely realistic as l → 0, it is a reasonable approximation for 
this example). The average mode size over the length of 
active medium is then obtained using 

02ωω =avg
 [2]. 

Assuming that the waveguide is single mode, where pump 
and signal beams are approximately the same size in the 
guiding axis, then dVV avgwgeffbulkeff ω2: __ ≈  for a planar 

waveguide that has optical confinement in one axis only with 
a core of full width, d, and optimal pumping in the other. A 
similar expression is found for a channel waveguide, 

22
__ 4: dVV avgwgeffbulkeff ω≈ , where the core width is assumed 

to be the same d as for the planar structure above. The 
additional parameters in these equations are the vacuum 
pump wavelength, λp, and the associated refractive index of 
the active medium, np. 

Plots of the bulk to waveguide threshold-power ratio as a 

Fig. 2. Comparison between the laser threshold power for a bulk active 
medium with optimum focusing and the same media in a (a) planar and (b) 
channel waveguide configuration. 
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function of the active medium length, are shown in Fig. 2(a) 
and (b) for planar and channel waveguides respectively, 
assuming an output coupling four times the round trip losses 
i.e. κ = 4. Several assumptions have been made for this 
example, in addition to those detailed in references [13, 14]; 
firstly the common intrinsic cavity loss is set to Li = 0.01; 
secondly, each waveguide was taken to have a full core width 
d = 7.5µm; and finally the vacuum pump wavelength was set 
to be 0.8µm with an active medium refractive index, np = 1.8.  

In Fig. 2 we see that longer active media without re-
absorption loss (αreabs = 0dBcm-1) show practically no 
advantage if the propagation losses are high, especially for 
the planar guiding structures. In fact there is an optimum 
length (in the case of Fig.2(a) at <0.1cm for the higher loss 
example αp = 0.5dBcm-1 and ~0.5cm for the lower loss 
example αp = 0.05dBcm-1) after which the contribution from 
the propagation losses outweighs the benefits of optical 
confinement. However, for active materials with re-absorption 
loss there is a significant advantage to be gained by guiding 
the pump and laser radiation, especially for propagation 
losses comparable to or smaller than the re-absorption loss 
(αp < αreabs). A value of αreabs = 0.5dBcm-1 was selected for the 
re-absorption loss as it is representative of efficient quasi-
three-level materials, for example ~1at.% Ytterbium-doped 
YAG at room temperature.  

Returning to the historical review, initial demonstrations of 
glass thin-film structures were only to show net gain [15, 16], 
with no report of laser action. Instead epitaxial growth of 
crystalline layers was rather more successful, with the first 
planar crystalline waveguide laser reported by Van der Ziel et 
al in 1972. The device was a Ho3+ doped Yttrium Aluminum 
Garnet (YAG) waveguide grown on a YAG substrate via 
liquid-phase-epitaxy (LPE) [17]. This favorable outcome was 
most likely due to the combination of lower propagation 
losses and the intrinsically higher gain of the activated 
crystalline material with respect to that of glass hosts. In the 
following years the same group reported improved results and 
also Nd3+ doped structures [18, 19], while in Germany at the 
Seimens Research Laboratories, the first hetro-epitaxial 
Nd:YAG films were grown on sapphire [20]. Like the earliest 
glass films these active guides were demonstrated to have net 
gain only. Grabmaier et al soon reported laser action from 
similar homo-epitaxial structures, to those reported in [18], 
but with propagation losses <0.5dBcm-1 [21]. These initial 
successes paved the way for the future development of solid-
state dielectric planar waveguide lasers.  

As an intriguing aside, it was again around the beginning 
of the 70’s that planar-waveguides found application with 
gaseous active media as well [22], where well-understood 
techniques such as electric or RF discharges could be used as 
an efficient excitation mechanism. Although based on 
hollow-waveguides and leaky modes as discussed by Degnan 
[23], optimization of the geometry led to reasonable 
propagation losses and ultimately efficient laser operation. 

Continued growth of this research field during the following 
years, especially in the high-power arena, led to the first 1-
kW class planar-waveguide CO2 laser demonstration two 
decades later [24]. To date commercial CO2 lasers are the 
market leaders for high-power lasers targeting materials 
processing applications [25], with manufacturers such as 
Trumpf Laser Division [26] offering systems with output 
powers up to 20kilowatts. This progression in the 
performance of the CO2 slab laser is representative of the 
potential that the planar geometry has for solid dielectric 
active media, where uniform pumping and good thermal 
management are critical for high-power applications [27].  

Fig. 3. illustrates a generalized timeline for the research 
activities with respect to the dielectric PWL. As discussed 
above, it shows that after the initial demonstration, primary 
research interests branched off into two fields based around 
the crystalline nature of the active film. Moreover, this 
evolved primarily into investigation of fabrication processes 
for different waveguide types during the 80’s. Few published 
reports are to be found on dielectric planar-waveguide lasers 
during this decade [28-30], with one notable result being a 
200W average-power liquid-dye planar waveguide laser [31].  

By the late 80’s diode-laser output power reached a critical 
level at which it became attractive for pumping laser 
materials and likewise active waveguide devices. Combined 
with the successful demonstration of low-loss optical-fiber 
lasers [32, 33] there was rejuvenated interest in achieving 
similar performance on a planar substrate; as such the first 
glass thin-film laser was reported in 1989 by Hibino et al 
[30]. This result preceded a renaissance in research activity 
on PWL devices at the threshold of the last decade in the 20th 
Century.  
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To attempt to follow a consistent thread amongst all of the 
divergent PWL technologies becomes unmanageable from the 
mid 90’s onwards. Instead, a few key results from some of the 
fields of research, indicated at the bottom of Fig. 3, will be 
highlighted, primarily those that exemplify the advantages of 
the planar waveguide laser. 

B. Integrated Devices 

Prior to the realization of the planar waveguide laser the 
concept of integrated optical circuits was already being 
defined [34]. The ability to control and manipulate light 
which is insensitive to the external environmental conditions, 
was considered highly attractive. Photonic circuits were 
envisaged with passive transmission lines that coupled 
functional devices including oscillators, modulators, and 
filters, all on the same chip. Such devices have since been 
realized [35-38] where telecommunication applications have 
been the primary motivation. A broad overview of this field 
can be found in Vol. 6, Issue 1 (2000) of this journal. 

Research on active planar devices, for the most part, 
concentrated on compact amplifiers which looked to have the 
potential for compact multi-channel devices; however, there 
were also advocates for the PWL as the front end optical 
source in place of laser diodes. Their reasons included the 
unique properties of dielectric PWL’s, such as narrow 
linewidth, energy storage and therefore potentially high peak 
powers, and wavelength accessibility [39]. However, without 
the realization of practical devices to date, semiconductor 
PWL’s have proved themselves better equipped for the task. 

To warrant the attention of real applications in the 1.55µm 
region, planar waveguide amplifiers and oscillators require 
high Erbium doping levels to provide sufficient gain with 
efficient pump absorption and short device lengths, 
unfortunately this leads to ion clustering and cooperative-
upconversion processes that quench the 4I13/2 metastable 
energy manifold thus reducing its lifetime [40]. Co-doping 
with Ytterbium was shown to facilitate  shortening device 
lengths through exploiting its stronger absorption at around 
0.97µm that could then efficiently transfer energy to the 4I11/2 
manifold of Erbium. A fast relaxation to the 4I13/2 level [40] 
provides the necessary inversion with a higher effective 
absorption cross section than single doping alone. However, 
cooperative upconversion processes were found to increase 
with co-doped hosts, once again limiting the Erbium 
concentration and possible overall system gain at 1.55µm. 
The demonstration of the Erbium doped fiber amplifier 
(EDFA), its longer lengths and low doping level, yet high 
potential gain, slowed interest in planar devices in spite of 
their applicability to IOC’s. 

Recently another promising candidate, Er-doped silica 
containing nano-crystalline silicon (nc-Si) sensitizers, again 
with enhanced pump absorption for the Erbium ions has 
revived some interest in planar amplifiers once more [41, 42]. 
Strong broadband absorption in the visible spectrum by the 
nc-Si transfers to the narrow emission band of Erbium very 
efficiently, displaying orders of magnitude better effective 
absorption than traditional pumping of the Erbium 4f 
manifolds. This technology promises devices that can be face 
pumped with cheap LED sources and are compatible with 
silicon substrates. 

Another host material extensively investigated for IOC 
applications is LiNbO3. Its ferroelectric properties allow 
complex and fully integrated devices on the one substrate, 
enabling mode-locking [43], Q-switching [44], or even 
wavelength tuning [37] of monolithic PWL’s. Becker et al. 
make an excellent review of progress up until the late 90’s, 
made with Erbium-doped devices [45], with more recent 
devices reported by Sohler et al. [46]. Planar waveguide lasers 
based on this host have been demonstrated with various 
dopants (see Table 1), including monolithic lasers with intra-
cavity quasi-phase-matched second-harmonic generation [47]. 

Ion exchange in glasses is another method for fabricating 
IOC devices which, while not having the high intrinsic gain 
of crystals or the ferroelectric properties of LiNbO3 does have 
the benefit of simple waveguide fabrication with low-loss, 
either on active or passive substrates, or hybrid substrates that 
combine the two [48]. The resulting waveguides can be 
configured to have an excellent spatial mode overlap with 
standard optical fibers, and very low birefringence properties. 
Honkanen et al. [49] have very recently made a review on ion 
exchanged glass devices, in which they discuss new 
applications arising in biological sciences, and for sensors 
that utilize the waveguide evanescent field in a cladding 
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medium to interact with the target components. For these 
devices it is preferable that there is a small index difference 
between the waveguide and media of interest, typically an 
aqueous solution or polymeric layer, so that the field can 
extend further into the cladding and thus increase the 
interaction volume. Therefore, these devices are ideally suited 
to glass rather than crystalline media. Integrated devices 
including multiple oscillators [38] and sensors are 
conceivable, where intra-cavity fields enhanced by the finesse 
of a laser resonator, may also improve the sensing efficiency. 

C. Novel Hosts and Transitions 

From the outset, planar waveguide lasers have provided a 
means to access laser transitions that can be difficult to 
realize in equivalent bulk configurations, e.g. Ho3+:YAG [17]. 
As discussed above, the impetus for research on compact 
planar amplifiers was the continual expansion of long-
distance communications networks, where optical transitions 
within the optical-fiber transmission windows, around 1.3µm 
and 1.55µm, were of particular interest. Erbium is the rare 
earth ion of choice for the longer wavelength window, while 
Neodymium and Praseodymium are suitable for the lower 
window. Improvements in optical fiber properties and the 
advent of the EDFA meant that interest in planar structures 
for telecommunication applications waned. In its place, 

attention returned to the advantages of the guiding geometry 
for oscillators, and the ability to fabricate planar structures 
with a variety of novel hosts and a range of active ions 
eventuating in an explosion of papers describing new PWL’s 
during the 90’s.  

 
Table I is an incomplete list of reported laser action for 

several hosts doped with different active ions. The list 
includes many references that are noteworthy for their 
novelty, or offer significant performance improvements rather 
than being an exhaustive overview. As for bulk activated 
media, Neodymium is the most popular ion for demonstrating 
laser action in a new host media, Erbium follows with a 
reasonable second, although Ytterbium for which the 
waveguide geometry has particular advantage is likely to 
overtake in the near future. 

Intrinsic to the PWL with relatively low-loss is low 
threshold power, even for active media with weak emission 
cross sections. This has enabled efficient PWL’s based on 
LiNbO3, fluoride crystals, and glass hosts, with references 
listed in Table 1, in addition to stimulated emission from 
unusual transitions such as the 4F3/2→4I15/2 1.8µm line of 
Neodymium [50], which is ~70 times weaker than the 
dominant 1.06µm transition in a YAG host.  

TABLE I 
ACTIVE WAVEGUIDE HOST MEDIA AND REPORTED LASER ACTION 

Host media Nd3+ Er3+ Tm3+ Yb3+ Other 

Oxides      
 YAG CW 0.94 [3, 50] 

CW 1.06 [28, 50-56] 
QS 1.06 [57] 
CW 1.3 [50, 58] 
CW 1.8 [50] 

CW 1.55 [59] 
CW 2.7 [60] 

CW 2.0 [61, 62] CW 1.03 [53, 57, 63-65] 
QS 1.03 [66] 

QCW Ho3+ 2.1 [18] 

 GGG CW 0.94 [67, 68] 
CW 1.06 [67-72] 

  CW 1.03 [73]  

 Y2SiO5 CW 1.06 [74]     
 Al2O3     QCW Ti3+ 0.8 [75, 76] 
 GdVO4 CW 1.06 [77]     
 LiNbO3 CW 0.9 [78] 

CW 1.08[79-81] 
QS 1.08 [82] 
ML 1.08 [35] 

CW 1.55 [83, 84]  
QS 1.55 [44] 
T 1.55 [37] 
ML 1.55 [43] 

CW 1.8 [85, 86] CW 1.06 [87, 88]  

 LiTaO3 CW 1.06 [89]     
      
Fluorides      
 YLF CW 1.05 [90]     
 LaF2 CW 1.06 [91] 

CW 1.3 [92] 
    

      
Tungstate      
 KYW    CW 1.03 [93]  
      
Glasses      
 Silicates CW 1.06 [94] CW 1.55 [95]    
 Borosilicate CW 1.06 [10, 96-98] CW 1.55 [99]    
 Phosphates QS 1.06 [100] CW 1.55 [101] 

ML 1.55 [102] 
   

      

 
Format: Mode of operation, wavelength in microns, reference.  
Key: Mode of operation, CW – continuous wave, QCW – quasi-continuous wave, QS – Q-switched, ML – mode-locked , T - tuneable 
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D. Brightness Scaling 

In this final part of our historical review, we note that the 
power levels of the previously discussed results were all 
relatively low. In fact breaking the 1Watt barrier by a solid-
state dielectric PWL had to wait until approximately 10 years 
ago, when a diode-face-pumped 200µm thick multi-mode 
Nd:YAG/YAG composite planar waveguide, produced 9W 
average-power in quasi-continuous-wave (QCW) mode at 
Heriott Watt University [103]. Workers at Southampton 
University were soon to report multi-watt CW output powers 
from diode-end-pumping  Nd:YAG PWL’s, the first 
consisting of a multi-mode (80µm) LPE grown core on a 
YAG substrate [104], and the second a slightly multi-mode 
(8µm) core clad with sapphire, fabricated using the direct-
bonding technique [105]. Griebner et al. improved the PWL 
brightness by using extended cavities and various planar and 
channels structures again fabricated by the direct-bonding 
technique [65, 106]. 

Considering the increasing PWL’s power levels, it is worth 
highlighting the important diode-laser pump source 
parameters required by the guiding structure. As illustrated in 
Fig. 1. two generic pumping schemes can be adopted for 
exciting the active core of a planar waveguide. Face pumping 
offers a seemingly simple area-scalable pumping architecture, 
however, it is at the expense of engineering complexity, 
where an efficient reflective pump chamber is required that 
not only recycles the unabsorbed light back into the 
waveguide core, but also provides a robust low-stress method 
to cool the active medium. This technique provides a uniform 
pump distribution in the thick waveguide core, and using a 
low numerical aperture (NA) waveguide, reasonable overlap 
with the fundamental mode is achieved. On the other hand, 
edge pumping has a generic compatibility with high-power 
laser-diode arrays (bars), due to their good beam quality in 
the fast axis, which can be launched into the waveguide, 
while the slow axis beam can simply be conditioned to 
produce a uniform pumping distribution in the plane. 
Longitudinal-edge pumping can provide good efficiency, if 
configured to have a good mode-overlap between the doped 
area (or pump distribution) and signal fields, with respect to 
absorbed power but is only moderately power scalable. 
However, increasing diode-pump power typically belies 
degradation of its beam quality, through needing to stack bars 
in a vertical array; therefore, little can be gained for a near-
single mode waveguide laser due to a decreasing launch-
efficiency, unless a cladding-pumped structure is employed. 
In contrast edge-pumping in the transverse direction also 
offers a route to power-scaling, unfortunately however, at the 
expense of efficiency for near diffraction-limited outputs [51], 
due to the reduced mode-overlap between the distribution of 
the pump and signal fields. Finally, to achieve a good launch 
efficiency for the edge pumping schemes the pump beam 
quality, Mp

2, should follow the relationship [105], 

pp DNAM λ⋅<2 , (2) 

the aperture, D, can either be the core, d, or the outer 
cladding width of a double-clad structure.  

In keeping with the concept of compact, robust and simple 
high-power sources, Bonner et al. reported the first 
monolithic double-clad planar waveguide lasers [53]. Multi-
watt output powers were observed with Yb3+ and Nd3+ doped 
YAG cores, with diffraction-limited beam quality in the 
guided axis. These YAG/sapphire composite structures were 
pushed into the 10W regime with Nd3+, Yb3+ [57], and Tm3+ 
[62]. Although diffraction-limited in the guided axis, the 
beam quality in the unguided axis was quite poor. Beach et al. 
also describe their results of improved beam quality in the 
plane, obtained using a monolithic strip unstable resonator 
[57]. End-pumping these double-clad structures with high-
brightness beam-shaped diodes was also shown to improve 
the beam quality and provide efficient operation [50]. 

Continued advancements with the face-pumped geometry 
at Heriott-Watt University, have shown output powers 
increased an order of magnitude further to 150W in multi-
mode operation and >100W in a high-brightness 
configuration using an external negative-branch unstable 
resonator [54]. Similar thick-waveguide structures were used 
in self-imaging (Talbot imaging) configurations for lasers and 
amplifiers [107-109], while Sueda et al. [110] have 
demonstrated >250W with a diode-stack end-pumped few-
hundred microns thick Yb:YAG core clad with sapphire, in 
what they termed a micro-thickness slab laser. As highlighted 
by Sueda et al. [110] the temperature gradient across the 
waveguide core can in fact be extremely low, despite these 
high powers.  

To conclude this section it is worth reviewing why a low 
temperature gradient is important and how the planar 
waveguide provides additional benefit. The first relates to the 
maximum thermal load imposed by stress fracture in a 
uniformly heated slab, which Eggleston et al. [8] have 
discussed in detail, showing that it scales with the ratio of the 
larger surface area, A, to the thickness, t, that is the 
maximum thermal power is given by: 

tARP s
therm

slab 12max_ = , (3) 

where Rs is the thermal stress resistance and depends upon 
the material properties of the host [8]. Taking the slab 
geometry to the extreme, one arrives at a waveguide structure 
and, introducing cladding layers such that the thermal load is 
confined to the core in the centre of the slab, we find that the 
stress-fracture thermal-power limit has the same 
proportionality, but reduced by a factor of 2/3 [111].  

tARP s
therm

wg 8max_ = . (4) 

Note however, this is actually a substantially higher 
thermal load density, Qmax, than the comparable slab, as heat 
is generated within the core of thickness, d, which is typically 
much smaller than t. Additionally, Baker et al suggest that 
index guiding will dominate the thermal lens, arising from 
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the minor temperature profile across the core, as long as the 
propagating mode is smaller than that of the thermal guide 
[109]. Following this reasoning, the benefit of a small 
waveguide core can be realized noting an inverse cubic 
dependence where the maximum thermal load for index 
guiding can be expressed by [111]: 

( ) 322
_max_ ddTdnnAkP l

therm
lenswg πλ≈ . (5) 

New terms include the thermal conductivity of the material 
(assuming the same for core and cladding), k, and the change 
in refractive index as a function of the temperature, dn/dT. 
Taking the ratio of (5) and (4) we find that, for a typical YAG 
waveguide structure, core sizes below ~100µm are limited by 
stress fracture rather than thermal guiding. A similar 
structure of thickness t = 1mm can tolerate a thermal flux of 
up to ~640Wcm-2 according to (4) with Rs ~8Wcm-1 [8]. 

III.  FABRICATION TECHNIQUES 

Planar waveguide fabrication falls under two broad 
headings, modification of the refractive index of a bulk 
material, or layering or structuring materials with dissimilar 
refractive index. The first can be obtained through processes 
such as proton- or ion- exchange [4, 49, 112], ion-diffusion 
[113], ion-implantation [114], or optical writing methods 
[115-117]. Typically, these techniques, with exception of the 
last, form relatively thin waveguides with low numerical 
apertures and therefore are not compatible with highly 
divergent or multimode laser diode radiation for high-power 
applications. In contrast, the second fabrication methodology 
allows relatively thick guides of high index contrast and 
therefore high-NA waveguide structures. Techniques utilized 
to fabricate composite structures of dissimilar materials 
include; growth through epitaxial processes (Molecular Beam 
Epitaxy (MBE), LPE and PLD) [5-7], sputtering [118] or 

deposition [119], material removal such as ion-beam milling 
[120] or etching [121], or simply adhesion [122, 123]. 

Active optical fibers can be made with extremely low 
propagation losses on the order of several dBkm-1 [33] 
therefore allowing long (>10m) fiber lengths with low active 
ion concentrations thus avoiding concentration quenching 
effects. The planar geometry is typically limited to lengths on 
the centimeter scale by fabrication and practical device size, 
which fortunately implies losses can be several orders of 
magnitude higher ≤0.1dBcm-1 without compromising laser 
performance in these shorter devices. As illustrated in the 
threshold comparison at the beginning of the section. 
Notwithstanding, propagation losses of this order can still be 
very challenging for many planar waveguide fabrication 
methods. Table II details several fabrication methods, 
indicating which host materials they are suited to, an order of 
magnitude indication of the index difference achieved, and 
typical reported propagation losses. 

In light of Table II it is appreciated that there are several 
techniques from which to choose for making active planar 
waveguides. In fact, many more variations come under these 
listed headings. The host material that is applicable to an 
intended application will inevitably dictate the fabrication 
process; however, the key technologies are those that offer the 
lowest losses to the propagating modes. These include ion-
exchange and optical writing for glass materials, while for 
crystals it is LPE, adhesion (direct bonding), with potential 
for ion-diffusion in some. Pulsed laser deposition (PLD) is 
also a technique that is showing promise with recent thick 
films of low loss (0.1dBcm-1) being reported [135]. 

Ion-exchange produce a graded refractive index change 
from the surface of the layer into the substrate, although the 
use of an annealing step with an applied electric field can 
bury the waveguide. This step is used to symmetrise the mode 
and decrease the propagation losses. Graded waveguides 
typically have quite wavelength dependent spatial modes, 
with higher order modes perpendicular to the plane extending 
well into the substrate due to the smaller index difference in 
that direction. Typically, this implies a poor spatial overlap 
with the signal fundamental mode and that of a less-than-
diffraction-limited pump source. Consequently, these 
waveguide devices normally require high-brightness pump 
sources for efficient end-pumped laser operation. Adiabatic 
tapers have been demonstrated with good effect in 
transforming a single mode channel into a larger multimode 
channel [98, 101], which have the potential for single-emitter 
diode-pumping for compact 1W level devices. Moreover the 
additional functionality that can be integrated onto the planar 
substrate, as discussed above, offers these lasers sources a 
choice for their mode of operation with potential to meet 
many different requirements.  

Epitaxial growth methods, such as LPE and PLD, require 
lattice matching between the various crystal layers to prevent 
dislocation defects in the film, which can ultimately lead to 

TABLE II 
COMPARISON OF FABRICATION TECHNIQUES AND PROPAGATION LOSSES 

Fabrication 
technique 

Host 
materials 

Index step 
Typical 

propagation 
loss dBcm-1 

Ref. 

     
Ion-exchange Glass 10-3-10-2 0.1 [4, 49] 
Proton-exchange LiNbO3, 

LiTaO3 
10-2 0.2 [89, 112, 

124] 
Ion-diffusion LiNbO3 

Sapphire 
10-4 
10-4 

0.2 
1 

[125] 
[45, 126] 

[127] 
Ion-implantation Crystal -3x10-2 1 [74, 114] 
Optical Writing Glass 10-3-10-2 0.1-1 [117, 128] 
LPE Crystal 10-3 0.1 [5, 93] 
MBE Crystal 10-3 1 [91, 129] 
Sputtering Amorph. 10-3-1 0.2 [130] 
CVD Glass 10-2 0.01* [131] 
FHD Glass 10-3 0.01*-0.8 [119, 132, 

133] 
PLD Crystal 0.1 1 [7] 
Sol-gel Glass 0.14 1 [134] 
Adhesion Crystal 10-4-0.2 0.1 [111] 
     

* Un-doped silica films  
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cracks or be a source of scattering loss. Low-loss waveguiding 
layers are usually the result of careful optimization of the 
growth parameters and constituents that compensate for the 
different ionic radii and hence lattice deformation of the 
active ion substitute [5]. Therefore, as a powerful low-loss 
waveguide fabrication process, it is limited to hosts that have 
similar lattice parameters to the substrate, or which can be 
modified with additional substitutions without severely 
affecting the spectroscopy of the active ion. In some fortuitous 
situations different crystals such as Nd:GGG and YAG have 
such a correspondence, as demonstrated by May-Smith et al. 
[135], enabling a high index contrast and high numerical 
aperture waveguide structures with the potential for multi-
layered structures and high-power diode pumping [72]. 

The final waveguide fabrication technique discussed here is 
that of direct bonding. Not a growth technique, it uses 
prefabricated high-quality optical materials that are precision-
polished flat, chemically treated to provide a clean 
hydrophilic surface, then brought together with a second 
similarly prepared surface. Van der Waal’s bonding initiates 
when the surfaces are in close proximity, commonly known as 
contact bonding, however, a further thermal annealing step 
allows stronger covalent bonds to form and the composite is 
no longer susceptible to delamination through shock. Limited 
eventually to materials with similar thermal expansion 
coefficients there is still reasonable flexibility in material 
choice by not having to lattice match layer and substrate. 

The last two fabrication techniques can be used to make 
double-clad waveguide structures, illustrated in Fig 4, where 
a near single-mode active core is encapsulated by a larger 
highly multimode waveguide, similar to double-clad optical 
fibers. These structures enable high-power diode pumping as 
discussed in Section IID, and also force single-mode 
operation in the guided plane despite the highly multi-mode 
nature of the complete structure [136]. The drawback of the 
double-clad waveguide is the increase in the absorption 
length, scaling approximately with the ratio of the core 
thickness, d, to that of the overall waveguide aperture, D 
[137]. Therefore, for reasonable device lengths it is important 
to maintain this ratio close one, or use active materials with 

large absorption cross section. 
Bhutta et al. [136] demonstrated that for d/D<0.6, gain 

saturation across the active core by the fundamental mode 
prevents higher order modes from reaching threshold. 
Accounting for an increase in the core refractive index with 
respect to the inner cladding, typically associated with the 
introduction of a rare earth ion, and the subsequent reduction 
in mode size due to the stronger confinement, we see that this 
optimum ratio is decreased [60], Fig 5. Although this plot is 
for 1-micron radiation and a core refractive index ncore~1.8, 
the optimum ratio for other wavelengths, for the same core 
index, is found by scaling the bottom axis by 1/λother (with 
λother in microns). For other values of core refractive index, a 
further scaling factor is required, that is NAother/NAcore, where 
NAcore = 0.019 and 0.06 for ∆n=10-4 and 10-3 respectively. 

 
From Fig. 5 it is noted that scaling to larger waveguide 

dimensions to facilitate high-power diode pumping requires 
extreme control of the index contrast between the core and 
inner cladding layers. Large-mode-area fiber is the analogue 
technology where the core refractive-index-profile is designed 
to increase the size of the fundamental mode [138]. Recently 
there have been new proposed techniques for fundamental-
mode selection from highly multi-mode planar waveguides 
[139, 140], however, this problem is not yet fully resolved and 
leads us into the following section. 

IV. CHALLENGES AHEAD 

There have been many advantages of the planar waveguide 
laser highlighted above, however, for these laser devices to 
achieve their full potential there are a few disadvantages that 
still need to be addressed. Influence on the current state-of-
the-art high-power application for the PWL comes from two 
sides, one trying to reduce the overall structure size thus 
optimizing the output within the limits imposed by stress-
fracture and thermal lensing, while the other is trying to 
increase the waveguide dimension to enable pumping with 
higher powers. In addition, scaling the output powers further, 
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efficiently, requires consideration of the restrictions imposed 
by pump launch efficiency, the thermal load and ability to 
remove all the localized waste heat, and the overall losses 
introduced with guided propagation. While spatial mode 
control in the guided direction has been successfully 
demonstrated in monolithic cavities using double-clad 
structures, going to large waveguide dimensions will require 
additional methods to ensure diffraction-limited operation, 
such as self-imaging techniques, and extended cavity 
configurations. All the while the beam quality in the 
unguided dimension also remains a topic for discussion, 
unstable resonators have so far been the only successful 
method found for making near diffraction-limited output in 
this plane. Moreover, to take full advantage of the immunity 
to the local environment requires the resonator be monolithic 
with the waveguide.  

Further reduction in the propagation losses and hence total 
cavity losses for PWL’s is essential for efficient operation of 
devices greater than a few centimeters. For example to get a 
slope efficiency of 95% of the maximum possible, i.e. the 
Stokes efficiency for lasers without quantum yield 
enhancement through excited-state energy transfer processes, 
requires κ = 19, that is the optimum output coupling needs to 
be this many times larger than the cavity losses. Again, 
planar waveguide lasers find themselves in the middle 
ground, with respect to an unguided configuration optical 
confinement in one plane provides linear enhancement of the 
small signal gain whereas two degrees of confinement gives 
quadratic improvement. There is still strong potential for 
active planar waveguides however, particularly for high 
average-power devices, where the optimum output coupling 
can be quite high. This is the reason that CW fiber-lasers can 
be extremely efficient, as a ~4% output coupling leads to 
κ ≈ 30 for cavity losses of 10%.  Notwithstanding, PWL’s can 
have equivalent CW performance if there is an order of 
magnitude improvement on the typical propagation losses to 
~0.01dBcm-1. At present, the best LPE losses are around 
0.04dBcm-1.  

Although not discussed above, amplified spontaneous 
emission can be problematic for guided-wave lasers. Due to 
the combination of high gain and the waveguide NA that 
captures a portion of the omni-directional spontaneous 
emission. Essentially increasing the path length over which 
the fluorescence overlaps the excitation volume. Although 
typically not a problem for low threshold CW lasers, it can 
sometimes lead to spurious parasitic lasing paths that extract 
some of the available inversion. In the worst case, this can 
prevent the laser reaching threshold. Circumventing ASE 
losses is even more difficult in Q-switched lasers with large 
inversion densities. There have been various techniques 
demonstrated for minimizing the ASE content [57, 110], 
however, it is can still be challenging for the PWL designer. 

Finally for IOC type devices, there are several challenges 
ahead revolving around integrating various active and passive 

devices onto the one substrate that supports their function and 
has a low loss-penalty. Furthermore, to have a compact chip 
containing many devices will require waveguide structures 
that can support small bend radii in the plane; this requires 
high index-contrast guides. To date the photonic analogue to 
silicon is still to be identified, although there are many 
candidates currently being investigated.  

V. CONCLUSION 

 In this paper we have seen the enormous variety of planar 
waveguide laser systems that have now been now realized. 
From the very early days following the inception of the laser, 
active guided structures found a role in many of the major 
developments leading to novel coherent optical sources. 
Valuable for their potentially low thresholds and suitability 
for quasi-three-level transitions, the active planar waveguide 
lays on the middle ground between its bulk and fiber 
analogues. Allowing it to exploit the attributes for which 
these other gain media excel, such as energy storage in a bulk 
active medium or the high gain and efficient CW 
performance of fiber lasers. Additional benefits derived from 
its planar geometry include, the natural compatibility with 
high-power diode-lasers and, excellent thermal management 
qualities, particularly for thin waveguide structures. 

The extensive range of fabrication techniques available for 
thin active films has enabled the PWL to function in many 
different modes of operation, in both the temporal and 
spectral regimes, while even being in the race for high 
average-powers. Moreover, these lasers are well on their way 
to integration on single substrates with other functional 
devices that provide the abovementioned qualities from 
efficient, compact, and robust packages. 
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