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Abstract 

We report the 1.03 pm and 1.05 p,m laser operation of a diode-pumped Yb-doped YAG planar waveguide. The fabrication 
and characterisation of such multilayer planar waveguides by liquid phase epitaxy are also described. Diode-pumped laser results 
( 143 mW threshold, 277% slope efficiency) obtained with 2.1% output coupling compare very favourably with results 
reported elsewhere for bulk lasers. 

1. Introduction 

The development of miniaturised diode-pumped 

solid state laser systems continues to be an area of 

intense activity. Low threshold and high slope effi- 

ciency are important features of such devices and slope 

efficiencies of 69% and thresholds of 5 mW have 

already been reported in neodymium-doped systems 
[ 11. In this context ytterbium doped materials offer 

several advantages as pointed out by Lacovara et al. 

[ 21. The existence of only one manifold of excited Yb 

states precludes excited-state absorption processes and 

also suppresses concentration quenching. Furthermore, 

with a reduced energy difference between the pump 

and emitted photon compared to diode-pumped Nd 

lasers there is a significantly decreased thermal load. 
Also, in the case of Yb: YAG, the large absorption 
linewidth (the broadest peak situated at 941 nm and 
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another at 968 nm) makes it well-suited to diode- 

pumping. 

The main drawback of the energy level structure of 

Yb is its quasi-three-level nature, a significant part 

(5%) of the total ground state population being in the 

lower laser level [ 21, giving rise to a rather high thresh- 

old. One way of decreasing the threshold is the use of 

a guided structure in which high pump power densities 
are achievable for modest pump power. 

Liquid phase epitaxy (LPE) is a promising tech- 

nique for producing low-loss planar waveguide lasers. 

This method has already achieved good results in a 
multimode Nd : YAG waveguide where losses as low 

as 0.05 dB/cm were obtained and a submilliwatt 

threshold measured [ 31. Moreover, this technique 

allows the realisation of a wide variety of waveguides 

by controlling the refractive indices and thicknesses of 
the epitaxial layers. Refractive index differences up to 
4.8 X lop2 and thicknessesbetween 3 and 120 pm have 
been produced. Results on the 946 nm transition of 

Nd : YAG have confirmed the potential of LPE wave- 
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Table 1 
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Composition and properties of several Yb doped YAG layers 

Growth conditions Layer composition Layer properties 

Melt rs To V, XY, X ,.a X 
(Z%) 

Aa Aa, An 
(“C) (“0 (&mn) (at.%) (at.%) ( IO-’ A) (lo-3 A) (IO_‘) 

A 1000 970 1.15 3.5 k 0.2 0 0 +4*0.2 +4.5 +0.2 
B 1000 970 1.34 8kO.2 0 0 + 6.6 0.2 f +7.6+0.2 <I 

990 0.4 8.5 +0.2 0 0 +7.1+0.2 + 7.9 0.2 * 
C 1020 1000 1.25 7kO.2 22.5 +o.s 10*0.5 -0.5*0.2 -0.8f0.2 10*0.5 
D 1020 1000 1.18 7 * 0.2 23 & 0.5 12*0.5 -5.s+o.2 -6kO.2 12*0.5 
E 1030 1020 0.2 7kO.2 28 &OS 1250.5 - 0.5 * 0.2 - 1.5kO.2 12fO.S 

guides for quasi-three-level lasers [ 41. Yb : YAG pla- Therefore, a gallium-lutetium codoping was per- 
nar waveguide lasers have previously been made by formed in order to increase the refractive index and at 
ion-implantation [ 51 but the propagation losses were the same time maintain the lattice parameter of the 
quite high at -2 dB/cm. layers. 

We report here the LPE growth and laser operation 

of an Yb-doped guide. This planar waveguide was com- 

posed of an active layer, with a controlled refractive 
index, epitaxially grown on a pure YAG substrate. 

Then, a cladding layer of pure YAG was grown on top 

in order to have a symmetric index profile and to pro- 

vide a buried (and hence protected) guiding interface. 

Just as for the growth of Nd : YAG, the solvent was 

composed of PbO and B20, in the molar ratio of I2 to 
I and an excess of A&O, with respect to Y20, was used 

in the melts. The saturation temperature T, depends on 

the melt composition. Good quality films were prepared 

at low supersaturation AT, (AT= T, - Tgrowth between 

10 and 30°C) at a growth rate up to 1.5 pm/minute. 

Film composition and thus lattice mismatch depend on 

the growth temperature Tgrowrh and the melt composi- 

tion. The film thickness depends both on the supersat- 

uration and the growth duration. It was measured by 

weighing the substrate before and after the growth or 

by observation of the edge of the layer by optical 

microscopy. 

2. Liquid phase epitaxial growth 

The advantages offered by the compositional varia- 
tions and range of refractive index values of the garnet 
structure for the realization of planar waveguides were 

first pointed out by Tien et al. in 1972 [ 61. In particular 

the index increase due to gallium substitution in doped- 
YAG epitaxial waveguides has been demonstrated in a 

previous paper [7]. Due to the large size of the Ga3+ 
ion this substitution (for Al”+) increases the lattice 

parameter of the layer and requires an extra compen- 
satory doping by a small rare earth such as lutetium in 
order to maintain the lattice match with the YAG sub- 

strate. Ytterbium-substituted YAG films were grown 
by means of LPE in a similar fashion to that already 
reported for neodymium-substituted YAG films [ 71. 
One inch diameter pure YAG substrates with [ Ill] 
orientation were used. In order to take full advantage 
of the light confinement offered by a waveguide geom- 
etry, layers of only a few microns thickness need to be 
fabricated but this in turn requires a larger index dif- 
ference, An, than that produced by the Yb doping alone. 

Table 1 summarises the relevant data from the com- 

positions studied. At first, YAG films with only Yb 

substitution were grown at temperatures lower than 

1000°C with about 3.5 at.% Yb. We obtain a distri- 

bution coefficient for Yb equal to 1.4. Then the amount 

of YbzO, in the melt was increased to reach about 8.5 

at.% in the films. The introduction of a large concen- 

tration of gallium required a lattice mismatch compen- 

sation with lutetium. Addition of lutetium in the YAG 
melt leads to an increase of the saturation temperature 
[ 71. Finally, gallium-lutetium codoped films were 
grown at temperatures around 1000°C. The distribu- 
tion coefficients of Ga and Lu were calculated to be 

respectively 0.35 and 2.0. The last composition appears 
to be a good compromise between lattice mismatch and 

index difference for the laser tests. From this melt, films 
of about 10 Frn thickness with a low lattice mismatch 
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were obtained at a very low supersaturation and hence 
a small growth rate. As for Nd : YAG waveguides [ 31, 

the Yb : YAG laser layer growth was followed by the 
growth of an undoped YAG cladding layer grown in 

an undoped melt. The thickness of this cladding layer 

was about 20 pm. 

3. Layer characterization 

3.1. Lattice mismatch 

X-ray analysis was used to monitor the doping level 

while the lattice mismatch (Aa = asubsvate - a,=,,_) was 

monitored by X-ray diffraction. Change of the garnet 

lattice parameter, a+,_, due to the substitution of 

yttrium by ytterbium and lutetium are respectively 

- 0.0007 A and - 0.0009 8, per at.% (Fig. 1). Incor- 

poration of gallium required for index adjustment 

results in an increase in the lattice by + 0.0028 A per 
at.% (Fig. 2). Assuming that these variations are addi- 

tive and using the compositions determined by X-ray 
analysis, the calculated lattice mismatch Aa, is found 

Fig. 1. Lattice mismatch versus dopant concentration for Lu and Yb 
dopings. 

0 I 2 3 3 5 6 7 x ‘1 10 

Galllurn c”“w”,ra,lOn (11, 9, 

Fig. 2. Lattice mismatch versus dopant concentration for Ga doping. 

Fig. 3. Film-substrate refractive index difference An for Ga-doped 

layers. 

to be in agreement with the measured Aa (see Table 

1). Consequently, an adjustment of the melt composi- 

tion and of the growth temperature allows the growth 
of films having a small lattice mismatch and a con- 

trolled refractive index difference. 

3.2. Refractive index 

The refractive index difference between the epitaxial 

layer and the substrate was measured using a classical 

prism-film coupling technique (dark m-lines). The 
effect of each dopant on the refractive index was deter- 

mined by testing films having various compositions. 
The refractive index increase was in all cases found to 
be linear with dopant concentration, as shown in Fig. 

3 for the case of gallium doping. The slopes of these 

index variations were measured to be 1.1 X lo-“, 

0.2 X IO-“, and 0.095 X IO-’ per at.% of Ga, Yb, and 

Lu, respectively. 

4. Laser results 

4.1. Experimental set-up 

The guide chosen for assessment of laser perform- 
ance had a 6 pm thick active layer, a cladding layer of 
19 pm and dopant concentrations of X, = 6.2 at.%, 

X,, = 26 at.%, and X9, = 11 at.%. The refractive index 
difference was 1.4 X lop2 which results in a waveguide 
capable of supporting 3 modes at 1 Frn. This guide was 
cut to a length of 1.6 mm and its endfaces were polished 
so as to be parallel to each other and perpendicular to 
the top surface of the cladding layer. This length is 
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Fig. 4. Experimental set-up for the laser tests. 

approximately equal to one absorption length at 968 

nm and is similar to that used in the bulk experiments 

of Ref. [2]. The plane-parallel laser resonator was 

made by butting two thin mirrors on the endfaces. 

These lightweight mirrors were held in place by surface 

tension using an appropriate liquid [ 31. The input mir- 

ror had 65% transmission at the pump wavelength (968 

nm) and 0.6% transmission at the expected laser wave- 
length ( 1.03 pm). The output mirror had 7 1% reflec- 

tivity at 968 nm, providing some feedback of the 

unabsorbed pump, and 2.3% transmission at 1.03 pm. 
All these transmissions were measured when the mir- 

rors were in contact with YAG. 
An InGaAs 1 W diode-laser (Spectra Diode Labo- 

ratories), emitting around 968 nm, was used as the 

pump. Its output was collimated (see Fig. 4) by a lens 

of 6.5 mm focal length and numerical aperture of 0.62, 

and shaped by an anamorphic prism pair. The beam 

spot size was then matched to the guide dimension 
using a X 10 microscope objective. The size and shape 

of the pump waist was observed using an infra-red 

camera. In the plane perpendicular to the guide the 
beam was approximately Gaussian with a 1 /e* intensity 

diameter of m 6 km. In the other plane the beam was 
approximately ‘top-hat’ in profile with 3 lobes at the 

peak and a diameter of N 20 pm. 
A silicon plate was used as a spectral filter to separate 

the residual pump from the waveguide laser beam. The 

effect of any pump feedback on the performance of the 
pump diode was monitored using a beam splitter and a 

silicon photodiode (Fig. 4). Optimum alignment of the 
pump to the waveguide led to a 30% increase in the 
pump power. 

4.2. Results 

The launch efficiency L and the single pass absorp- 
tion A were measured by comparing the total through- 
put pump power when the input beam was incident 

(and optimally launched) on the guide to that when 

incident on the bulk undoped YAG substrate (using 

the same focusing arrangement). In the latter case the 

throughput power P, is related to the incident power on 
the focusing objective, Pi, by 

P,=PiT,loT:, 

and the former case the throughput pump power P, is 

P,=PiT,,oT2F(l-_) 1 

where T X lo is the transmission of the X 10 microscope 
objective (0.77) and TF is the transmission of the YAG 

endfaces. Thus the ratio of the two throughput powers 
(for the same incident power) is ( 1 -LA) and was 

measured to be 0.57. The launch efficiency times single 

pass absorption product is therefore 0.43. This would 

be enough information to calculate the absorbed power 

threshold Pa from measurements of the incident power 

threshold if the output mirror did not reflect the pump 

light, as we would simply use 

where R, is the reflectivity of the input mirror at the 

pump wavelength (0.35). However the output mirrors 
used had significant reflectivity at the pump wavelength 

and so we need to account for unabsorbed pump light 
being reflected back along the guide adding to the over- 
all absorbed power. In this situation the absorbed power 

can be related to the incident power by 

P,=PiT,10(1_RI)LA[l+(l_A)R2 

+ (1 -A)2R2R, + (1 -A)‘R;R, 

+(1-A)4R;R:+...], 

where R2 is the reflectivity of the output mirror at the 
wavelength (0.7 1) , In order to evaluate this expression 
one must know the launch efficiency and absorption 
separately. However an upper limit for the absorbed 
power, and hence an upper limit for the absorbed power 
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Fig. 5. Fluorescence spectrum of the Yb : Lu : Ga : YAG epitaxial 

layer. 

threshold and a lower limit for the slope efficiency, 

may be found by assuming 100% launch efficiency 
(43% single pass absorption). Using this assumption 

we evaluate the above expression to find 

versus absorbed pump power is plotted in Fig. 6 (where 

we have assumed 100% launch efficiency). From these 

results a lower limit on the slope efficiency of 77% was 
found. This very high slope efficiency results from the 

closeness of the pump, z+,, and signal, v,, frequencies 

( %IVp - 0.9) and the good overlap between pump and 

emitted beams which can be realised in waveguides. It 

is also indicative of the low propagation losses of the 

waveguide grown by liquid phase epitaxy. The thresh- 

old value of I 43 mW was similar for both lasing lines. 

The advantage of using waveguides to confine the 

pump and laser light resulting in high power densities 

can be seen by comparing this result to the longitudi- 

nally diode-pumped bulk Yb : YAG laser reported else- 

where [ 2,9,10]. Here slope efficiencies of up to 60% 

have been obtained but thresholds are in the 100 to 200 

mW range. 

P,=Pi 0.215( 1+0.405 

+0.081 -to.033 +0.007 + . ..) . 

This expression carries on with gradually decreasing 

contributions from the higher order terms. Thus we 

arrive at the upper limit of N 33% of the power incident 
on the Xl0 objective being absorbed in the waveguide. 

The output mode of the laser was observed with an 

infrared camera and monitor. The output was multi- 

mode with a vertical (guided) intensity profile con- 

sisting of one main peak and two smaller side lobes, 

and an approximately Gaussian horizontal intensity 

profile of _ 60 pm 1 /eZ intensity radius. The size and 

shape of the pump mode appeared very close to that of 

Using the experimental set up shown in Fig. 4 laser 

emission was observed at either 1029 nm or 1048 nm, 

corresponding to two Yb3+ emission peaks as indi- 
cated in Fig. 5. The emission cross-section at 1029 nm 

(the normal laser line for bulk Yb : YAG [ 21) is higher 

than at 1048 nm. On the other hand, the lower laser 
level of the 1048 nm transition is less populated, so the 

re-absorption losses are less. The mirrors used were of 

slightly higher reflectivity at 1048 nm than at 1029 nm 

(99.6% and 98.3% at 1048 nm for the input and output 

mirrors, respectively). Lasing on these two lines has 

also recently been seen to occur with similar output 

powers at both wavelengths by other authors [8]. In 

our particular case we were able to swap between 1029 
nm and 1048 nm operation by simply moving the wav- 
eguide such that we were launching into a different 

region of the planar guide. This may be due to inter- 
ferometric effects between the mirror and YAG causing 
changes in reflectivity in different locations. 

250 ) 

L 

Slope Efficiency - 77% 

200 I 2 

I 5 ( 

Absorbed Power / mW 

The laser tended to work most readily on the 1048 Fig. 6. Output power versus input power for the diode pumped 

nm transition. The output power at this wavelength Yb:YAG waveguide laser at 1048 nm. 
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the signal mode except that the horizontal intensity 
profile was more ‘top-hat’ in shape. 

In order to see whether the laser was performing as 
expected by theory we have also pumped the Yb : YAG 
with a Ti : sapphire laser. This is an easier case to model 
as the pump beam is single mode and diffraction lim- 
ited. The experimental set-up was similar to that 
described earlier except that the 970 nm diode array 
(and its beam shaping optics) were replaced by an 
argon-ion laser pumped Ti : sapphire laser operating at 
the shorter pump wavelength of 941 nm. The guide 
used in this case was longer (2.4 mm) but was cut and 
polished from the same epitaxially grown structure as 
was the 1.6 mm guide used in the diode-array experi- 
ments. Once again laser action could be obtained at 
1029 nm or, more readily, at 1048 nm. In this case the 
output intensity profile was single mode and approxi- 
mately Gaussian in both planes. The signal mode had 
l/e* intensity radii of -2.4 pm (guided) and -41 
urn (non-guided). The guided pump radius was also 
N 2.4 ym and the average spot size in the non-guided 
plane was calculated to be 95 pm [ I I 1. Measurements 
of the beam quality in terms of the number of times 
diffraction limited were not made. 

The output power at 1048 nm versus absorbed power 
(again this is an upper limit for absorbed power found 
by assuming 100% launch efficiency) is shown in Fig. 
7. It can be seen that the threshold ( I 16 mW) is 
significantly lower than for diode pumping but the 
slope efficiency is slightly reduced ( 2 59%). A theo- 
retical expectation for the absorbed power threshold 
can be found from [ 121 

x (W,Ty + W~J”~(L+T+2N(IcQl) 

where vP is the pump frequency, a, and a, are the 
emission and absorption cross-sections at the laser 
wavelength, ris the fluorescence lifetime, Ware the l/ 
e2 intensity profile radii at the laser (1) and pump (p) 
wavelengths in the guided (x) and non-guided (y) 
planes, L is the round-trip propagation loss, T is the 
total output coupling, N y is the equilibrium population 
density of the lower laser level, and 1 is the length of 
the crystal. The fluorescence lifetime was measured to 
be 0.8 ms which is somewhat less than the 1.16 ms 
found in bulk Yb : YAG [ 21. This is probably due to 
the presence of Ga and Lu in the active layer. Assuming 

output Power / mw 
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Fig. 7. Output power versus input power for Ti : sapphire pumping 
of the 1048 nm emission. 

that the emission and absorption cross-sections are the 
same and equal to the value found in bulk Yb:YAG 
[ 21 ( 1.8 X 1O-24 m’), we arrive at an absorbed power 
threshold for 1029 nm operation of P, = 14 mW. In 
this calculation we have assumed that the propagation 
losses are much less than the combined transmission 
and re-absorption losses (i.e. much less than 3 dB / 
cm). This is in good agreement with the experimentally 
found value of 5 16 mW (which was the same for 
1029 nm or 1048 nm lasing) . We have only calculated 
the 1029 nm threshold as we do not know the cross- 
sections at 1048 nm. Similarly we have not calculated 
a theoretical slope efficiency at 1048 nm, but as slope 
efficiencies of 277% and >59%, for 968 nm diode 
and 941 nm Ti : sapphire pumping respectively, have 
been observed, it can be deduced that the propagation 
loss must be much less than the total output coupling 
(i.e. much less than 0.2 dB/cm) . The slope efficiency 
may be slightly less in the Ti:sapphire pumped case 
due to a combination of the lower pump wavelength, 
the fact that we were not so many times above thresh- 

old, and a larger difference between the pump and laser 

mode sizes in the non-guided direction [ 121. 
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5. Conclusion 

We have shown that the laser performance of the 

quasi-three-level laser Yb : YAG is improved in a pla- 
nar epitaxial waveguide. The waveguide configuration 

assures a good overlap between the pump and the emit- 

ted beams, leading to high slope efficiencies, and the 

high power densities achievable in waveguides results 

in the decrease of the intrinsic high threshold of these 

lasers. Liquid phase epitaxy has been proved to be a 

good method of producing low loss waveguides suita- 

ble for planar lasers. A further order of magnitude 

reduction in threshold should be obtained if channel 

waveguides based on these low loss thin films could be 

produced and fabrication of such guides is currently 

under investigation. Channel guides could be pumped 

by single stripe diode lasers for relatively low power 

applications. For higher output powers planar guides 

in a longitudinal or side-pumped configuration [ 131 

would be preferred as they are compatible with diode 
array or diode bar pumping. Extension of this technique 

to other three level laser dopants in YAG that could 

benefit from this waveguide geometry, such as Er3* 
and Tm’ ‘, is under way. 
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