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Abstract 

We report on planar waveguides formed by field assisted 
ion exchange in Nd 3+ and Yb3+ doped phosphate glasses 
Losses of 0.71 dB/cm are measured. Electron probe 
measurements confirm Ag+ diffusion 
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Introduction 

Solid-state waveguide lasers offer several attractive 
features that may make high efficiency and effective 
thermal management possible. Due to the ability to 
confine pump light to high intensity over distances much 
longer than the Rayleigh range, as well as maintaining 
good overlap between the pump and lasing modes over 
the entire guiding region, efficient operation with high 
slope efficiency should be possible, even for quasi-three 
level laser systems. Since the waveguide region is 
typically only a few microns of thickness, heat can be 
extracted efficiently from the structure The effects of 
heating are of less significance than in typical solid-state 
lasers because mode confinement is maintained by an 
index of refraction difference, usually much larger than 
that induced by dn/dT or stress-optic effects. Rare earth 
tlopl \vn\vwitle 1:1x,1 nitinn hns hwn wpnrtetl in i 
numerous papers [l-4]. The processes for fabricating 
waveguides include film deposition methods such as 
epitaxial growth, RF sputtering, and most recently, 
thermal bonding of precision finished crystals [5]. In 
addition, ion implantation and ion exchange in a molten 
salt and electric field assisted solid film diffusion [6] 
have been utilized. The ion exchange method remains 
the simplest, particularly for many common laser glasses 
which already have mobile ions, and has received 

considerable attention in recent years An excellent 
review is found in ref. [7]. 

Our work has focussed on developing process 
conditions for the fabrication of waveguides in phosphate 
laser glasses using solid silver film diffusion. These 
processes are important in determining the overall 
structure and properties of the guiding region, such as 
propagation loss, modal profile, and modal overlap 
between the pump and laser wavelengths. Phosphate 
laser glass was chosen as the solid state laser medium due 
to the useful spectroscopic properties of rare earth ions in 
these materials, as well as the range of material properties 
and compositions possible. 

Characterization 

Fabrication begins with thermally evaporating silver films 
on both sides of the phosphate glass substrate A quartz 
crystal monitor is used to measure the thickness of the 
silver film during evaporation. The sample is then placed 
into a furnace where an electric field is applied across the 
substrate. The diffusion temperature and time are varied 
from 270°C to 350°C and 5 minutes to 45 minutes, 
respectively. The excess silver is then etched in a 
solution of nitric acid. A post fabrication anneal may be 
performed to reduce the overall index of refraction 
change and increase the diffusion depth. 

The typical range of waveguide properties 
achieved using different process conditions is 
jiluUllaliLCd in 1 ;iL;ic 1 I ilc: populics uI (lie pliuspllak 
glass used in our experiments have previously been 
characterized by Malone [4]. In this case, a single 
Yb:phosphate glass sample was coated with a silver film 
of 200 nm on each side of the substrate (2 inch square by 
1 mm thick). The sample was then cleaved into four 
pieces and planar waveguides were fabricated under 
different process conditions. Table 1 lists these 
parameters and the resulting waveguide properties of all 
four samples. 



Table 1. Process parameters and properties of 
Yb phosphate glass waveguides. 

Sample # 1 2 3 4 

Temp., T (“C) 300 300 330 330 
Time, t (min) 15 30 5 15 

Anneal Temp (“C) - - - - 
Anneal Time (min) - - - - 

Electric Field (V/mm) 15 15 15 15 
Number of Modes 2 3 5 6 

Diffusion Depth (l/e) urn - 2.71 6.23 9.78 
Max Change in Index, An - 0.04 0.02 0.01 

Notice that the index change in sample 4 (t=15 
min) is lower than that for sample 3 (t=5 min). This 
indicates that the silver was depleted before the 
prescribed 15 minutes were completed. Once the silver 
source was consumed, thermal diffusion of Ag+ ions 
occurred in the substrate, reducing the overall surface 
index of refraction and increasing the diffusion depth 
One might expect to achieve a similar index change by 
annealing sample 3 at 330 “C. 
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Fig. 1. Graded index profiles for annealed Yb:phosphate 
waveguides. 

Gradient index of refraction profiles for sample 
3 annealed for 10 and 20 minutes are shown in Fig. 1. 
Graded refractive index profiles were calculated using the 
n~ethud oi~tluied by (.‘hang [l;]. lJleLtivc indexes 01 [IX 
bound modes in the waveguide were measured using the 
prism coupling technique outlined in ref. [6]. The index 
profiles calculated are best characterized by a gaussian 
distribution, 

n(x) = nbulk + An exp[-(x/d)2], (1) 

where An is the maximum refractive index change and d 
is the I/e diffusion depth. 

The bulk index of refraction of Yb.phosphate 
glass at 632.8 mn is 1 5178. Notice that in Fig 1 the 
maximum change in refractive index at the surface, An, is 
approximately 0.012, and the l/e diffusion depth is 9.16 
urn. These values are very close to those of sample 4 . 

Loss is an important issue in fabricating and 
operating waveguides. We have estimated the loss in our 
waveguides to be from 0.71 dB/cm to 0.99 dB/cm using a 
two prism measurement technique, a variation on the 
three prism method [9]. Two prisms are held-in contact 
with the waveguide surface by index matching oil. A 
HeNe laser beam is focused into the first prism and the 
power of the output light from the second prism, a 
distance z from the first, is recorded by a photodiode. 
The exponential loss coefficient c1 (dB/cm) is then 
calculated from the equation 

Pmcas = Pref exp(-a z/4.34) (2) 

The reference power, PIef, is taken to be the value at the 
smallest prism separation. The second (output) prism is 
then moved a short distance and another measurement is 
made. The coupling efficiencies of both prisms are 
assumed to be the same because large deviations from the 
exponential loss behavior were not detected (Fig. 2). 
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Fig 2 Loss measurement (a = 0.71 dB/cm at h = 632.8 
nm) of Nrl phosphate $nss wavey~ide 

The waveguiding region is formed by 
exchanging Na+ in the glass matrix for Ag+. Assuming a 
one to one exchange of silver for sodium, one can obtain 
a relationship between the diffused silver concentration 
and the change in refractive index using the Lorentz- 
Lorenz equation [ 101 The change in polarizability 
between Ag’ and Na+ is given by 



Aa = a& --aNa =-.-$[2$$$=j, (3) 

where nf and ni are the final and initial refractive indexes, 
respectively, and a& and CINa are the polarizabilities of 
the particular ion. Defining An = nf - ni and 
approximating An << ni, nf, one can obtain an equation 
relating An and Aa. 

(4) 

All quantities in Eq. (4) are known. ni = 1.5178 (at h = 
632.8 nm) and the electronic polarizabilities for Na+ and 
Ag+ are obtained from ref. [ 111. Rewriting the equation 
into a compact form with units of weight percent for N,Q 
a linear relationship between the change in index of 
refraction and the diffused Ag concentration results, 

An = 0.0026 N,Q [wt.%] (5) 

Malone [ 121 verified eq. (5) experimentally using bulk 
samples of phosphate glass with known Ag+ 
concentrations. Electron microprobe analysis was 
performed to determine the Ag concentration in the 
waveguides and to correlate the results with calculated 
refractive index profiles. Data was taken for both Nd and 
Yb doped phosphate glass waveguides, Figs. 3-5 The 
measured data points match well to the calculated profiles 
using Lorentz-Lorenz polarizability model. A short 
diffusion depth guide (Fig 3) and two long diffusion 
depth guides were analyzed. The electron beam was 
rastered in a 15 urn linescan parallel to the long axis of 
the waveguide, where the concentration is constant for a 
planar waveguide The concentration gradient was then 
determined in increments of I urn (perpendicular to the 
waveguide) from the surface of the waveguide. The data 
indicates that the diffusion depths calculated from the 
effective index measurements (prism coupling) are 
accul-ate to w~lhui a leasunable er101. 

An = kO48 
lk depth = 2.92 um 
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Fig 3 Nd.phosphate waveguide, solid curve represents 
theoretical curve calculated from eqs 1 and 5. 

Fig 4. Yb.phosphate waveguide (Y3 Piece D), solid 
curve represents theoretical curve calculated from eqs. 1 
and 5. 

An = 0.011 
l/e wth = 9.93 um 
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Fig 5. Yb:phosphate waveguide (Y3 Piece D), solid 

curve represents theoretical curve calculated from eqs. 1 
and 5. 



Conclusion 

Understanding the role of diffusion temperature, time, 
and electric field during ion exchange is essential in 
characterizing the waveguide (loss, An, l/e depth) and 
modeling its laser performance Electron microprobe 
analysis validates optical (prism-coupling) measurements 
for the graded refractive index profiles. The geometry of 
the waveguide is suited for diode pumping because of the 
high NA of the guiding region We are currently building 
a diode pumped Yb:phosphate glass waveguide laser with 
both planar and channel waveguides. 
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