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The interest in increasing signal speed, lowering optical losses and reducing power requirements led to the integration and
miniaturisation of the optoelectronics components. Planar optical devices play an increasingly important role as the compo-
nents for fibreoptic communication and optical computing systems. Their puipose is to couple, switch, modulate, amplify or
- generate optical signal. Recent important development is successful operation of planar waveguide amplifiers and lasers
that could be easily coupled to fibre components. Several waveguide fabrication techniques are employed depending on host
material, including semiconductor materials, dielectric crystals and glasses.

In this work the basic problems related to active waveguide fabrication and properties will be discussed. We also report
the spectroscopic and laser properties of the Nd**:YAG/YAG epitaxial thin films obtained in ITME laboratory in Warsaw.
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1. Introduction

Planar optical devices play increasingly important role as
the components for fibreoptic communication systems. By
using optical fibres for data transfer, transmission rates of
the order of 10 Gbit/s and bandwidths of several nm could
be achieved [1,2]. The interest in increasing signal speed,
lowering optical losses and reducing power requirements
led to integration and miniaturisation of the optoelectronic
components. Their purpose is to couple, switch, modulate,
amplify or generate optical signal. Recent important devel-
opment is successful operation of planar waveguide ampli-
fiers and lasers that could be easily coupled to fibre compo-
nents [3,4]. Several waveguide fabrication techniques are
employed depending on host material, including semicon-
ductor materials, dielectric crystals and glasses [5]. It was
recently proved that planar lightwave circuits based on sil-
ica waveguides offer an attractive and low-cost technology
for both passive and active devices [6-8].

At present, most of the optical telecommunication thro-
ugh optical fibres takes place at the wavelengths of 1.5 pm
(coinciding with the transmission maximum of standard
silica fibre) and 1.3 pm (coinciding with the high transmis-
sion and dispersion minimum of silica fibre). Thus, triva-
lent erbium (Er**) doped materials which show optical
emission at 1.54 pm [9] and praseodymium (Pr**) doped
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materials for the 1.3 pm range, which both could be
pumped by IR diode lasers, are extensively studied.

1.3-pm emission of the praseodymium ion is due to
transition from the excited !Gy state to the 3Hs multiplet
and from the energy level diagram of Pr3* it results that
optimum pumping wavelength is around 1.02 pm [10]. A
solid state laser is an alternative praseodymium-doped fi-
bre amplifier (PDFA) pump source because it has the high
output power and frequency stability. One of the candi-
dates for PDFA pump is a 968-nm laser diode (LD)
pumped 1.03 pm Yb:YAG laser. However, because of the
high costs of this LD, Yb+Nd:YAG waveguide laser
pumped at 810 nm and operating at 1.03 pm, as a result of
efficient energy transfer from Nd to Yb ions, has been
proposed [11]. Because of the short optical lengths, high
absorption and high gains are needed for waveguide la-
sers. Thus, materials with high concentration of active
ions should be used. In the 70’s, several papers on wave-
guide lasers fabricated from the stoichiometric neodym-
jum (Nd3*) compounds (phosphates and borates) have
been published [12-15].

The basic problems related to active waveguide fabrica-
tion and properties will be discussed in this work. We also
report spectroscopic and laser properties of the Nd**:YAG/
YAG epitaxial thin films and waveguide structures ob-
tained by means of liquid phase epitaxy in ITME labora-
tory in Warsaw.
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2. Principles of operation of waveguide planar
devices

The simples optical planar waveguide consists of a planar
film of refractive index n¢ surrounded by the substrate and
cover layers with lower refractive indices ng and n respec-
tively (Fig. 1). The light is confined in the ng layer by total
internal reflections at the layers interfaces. This requires
that n>ng>n, and typical differences in refractive indices
range from 1073 to 10-!, By solving the Maxwell’s equa-
tions in one dimension system [16-18] under boundary
conditions at surfaces and assuming E and H fields with a
periodic time dependence of the form

E(t) = E(x,y,2)exp(iowt) + E " (x,y, 2)exp(—jor), (1)

where E is the complex amplitude, « is the angular fre-
quency, we arrive at wave equations for field solutions of
the form

E(x,y,z) = E 4 (x,y)exp(=jB42), @

and

H(xs Y, Z) = Hq (x'! }’}exP(—fﬁqz)- (3)

where q is a mode number and [, is the propagation con-
stant of the mode. A planar guide supports transverse elec-
tric (TE) modes with zero longitudinal electric field
(E, = 0) and transverse magnetic modes (TM) with zero
magnetic field (H, = 0). The wave equations governing TE
and TM modes are

TE: | % = (B* -n*k*)E,, )
where

k = w/c = we,m,)"? 5)
and
T™: n2§[;%%’iJ=(ﬁ2 -k . ©6)

Fig. 1. Scheme of planar dielectric waveguide.
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The boundary conditions demand that Ey (and thereby
H, and H,) be continuous across the film boundaries at x =
0 and x = h. Thus, the field Ey distribution in the three con-
sidered regions are

E, =E exp[-y(x-h)], forh<x, (cover)
E}, :Ef cos[}ffx—f;)s)], forO<x<h, (film) (7)
Ey = E explyx], for x <0, (substrate)

where v; (i = c, f, s) are the propagation constants defined
by

-y} =nfk? - B>, ®)

Application of the boundary conditions gives the

eigenvalue equation for the propagation constant b, known
also as the dispersion relation of the form

hnk? - g% @, -, = mn, 9

where m is the mode order, and the phase shifts @, and @,
for the total reflections at the waveguides boundary are
given by

D, :arctaanﬁ, (10)

T#
= : fi L d 11
q; —n}%/nfz or TG modes (11)

Example of the dependence of “h” on the effective re-
fractive index n.g = b/k of the guided modes is presented in
Fig. 2. It could be seen that for a given h there is a discrete
spectrum of b values and that n.¢ value lies between n, and
n;. As the guide gets thicker it allows more guided modes
to propagate, for a very thin film it results that the guide
cannot always support a guided mode and there is a cut-off
thickness for a fundamental mode. We can define cut-off
waveguide thickness for mode m h,, in terms of the refrac-
tive index values

1
h, =

m
km’n% —nsz

It results from Eq. (12) that waveguide mode selection
could be realised by influencing layer thickness and (n; —
n,) index difference. Waveguide is single mode for the nor-
malised thickness lying between 0 and P. Thus optimum ef-
fective thickness for the symmetric guide is given by

arctg

A

1{1??‘ - ?I?
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Fig. 2. Dependence of the film thickness "h” on the effective
refractive index neg.

In Fig. 3, h,y is presented as a function of (n¢ — ng) for
the wavelength of 1.06 pm. It could be seen that the index
difference of about 10-2 is necessary for single mode oper-
ation of a film of about 5 pm thickness.

a — waveguide thickness
b — effective waveguide thickness

T
0 0.005 0.01 0.015

nf - ns
Fig. 3. Optimum effective waveguide thickness vs. refractive
index.’

3. Fabrication of planar lasers and amplifiers

Planar active optical waveguides are fabricated by a variety
of techniques in numerous hosts including semiconductor
materials, dielectric crystals and glasses. Depending on the
type of substrate being used and the intended application
such techniques as diffusion, liquid phase epitaxy (LPE),
molecular beam epitaxy (MBE), implantation, physical
vapour deposition and jonic exchange have been reported
to generate optical waveguides.
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Ton implantation is a widely used technique for doping
waveguides with optically active ions. It offers excellent
control over the position and dose of the introduced dop-
ants and Er implanted silica planar structures have been
demonstrated [6]. High-energy (up to 3 MeV) He* implan-
tation, can be used to alter controllably refractive index
profile allowing formation of optical waveguides in a wide
range of substrate materials,

To the date ion implantation has been the principal
technique for fabrication of planar active optical structures
within laser gain media such as Er:YAG, Nd:YAG, or
Yb:YAG [21-24]. Because of the important structural
damage of the material the optical losses of this kind of
waveguides are of the order of 1 dB/cm, damage can also
couple to the active ion, and thereby case non-radiative de-
cay which lowers the luminescence quantum efficiency.

Liquid phase epitaxy (LPE) is a promising technique
for producing low-loss (<0.05 dB/cm) planar wavequide la-
sers. In particular, rare earth doped YAG epitaxial layers
on YAG substrate have been demonstrated to have excel-
lent laser properties. Due to gallium (Ga) substitution in the
active layer the refractive index differences (n—n.) up to
5%1072 could be produced. The introduction of a large con-
centration of gallium requires the lattice mismatch com-
pensation with lutetium (Lu). Lattice mismatch versus dop-
ant concentration and film-substrate refractive index differ-
ence versus Ga concentration are presented, after Refs. 19
and 20 in Figs. 4 and 5.
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Fig. 4. Lattice mismatch difference vs. dopant concentration in film
(after Refs. 19 and 20).
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Fig. 5. Film substrate refractive index difference vs. dopant
concentration (after Refs. 19 and 20).
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Fig. 6. Refractive index profiles for different waveguide techno-
logies.

The refractive index profiles depend on the method of
waveguide preparation (see Fig. 6). Diffusion technique gen-
erally results in smooth variation of the refractive index.
Liquid phase epitaxy of higher index material on the sub-
strate surface gives step index changes. Proton implantation,
in most materials, results in decrease in the refractive index
that forms an optical barrier at the depth corresponding to
the penetration distance of the high-energy He* ions.

4. Liquid phase epitaxy of waveguides and lasers

The first successful laser experiments in epitaxial Ho*:
YAG layers on YAG substrates were reported by Van der
Ziel et al. [25] in 1972 and the reports on laser oscillations
from Ho** and Nd* ions in LPE grown YAG thin films
were presented in 1973 [26]. More detailed experimental
studies of laser Nd**:YAG /YAG structures, including DFB
and DBR resonators, were presented in Ref. 18. Because of
relatively high losses, of the order of 1 dB/cm, resulting
from the high dislocation density and incorporation of lead
impurities in the epitaxial layers, thresholds were high and
efficiencies were low allowing generation under intense
pumping by flashlamps or cw argon laser. With the im-
provement in the LPE process [20,26,27], miniaturised di-
ode-pumped waveguide lasers with submilliwatt thresholds
were obtained [19,28].

Recently, much interest has been focused on Yb**
-doped solid-state lasers. A 1.03-pm Yb**:YAG laser has
the output wavelength close to the absorption centre of Pr3*
doped fibre and is a good candidate for PDFA pump source
[11]. Efficient, diode-pumped room temperature, bulk
Yb3*:YAG laser has been presented by Lacovara et al. [29]
in 1991. Recently, Pelenc et al. reported the 1.03-pm and
1.05-pm laser operation of a diode-pumped Yb3* doped
YAG planar waveguide [19]. Ytterbium activated YAG
films were grown by means of LPE technique and esti-

mated optical losses at the laser wavelength were less than
0.1 dB/cm. The resonator consisted of two plane parallel
mirrors with the 2.3% output transmission at 1.03 pm. An
InGaAs 1-W diode laser emitting around 968 nm was used
as the pump [19]. Very high slope efficiency, of about 77%
and low thresholds of about 43 mW were registered, which
are better than observed in a bulk Yb*:YAG systems.

A room-temperature operation of an Yb-doped
Gd;Gas0;, buried channel waveguide laser at 1.025 pm
wavelength has been reported [30]. The buried channel
waveguide was prepared on an Yb3*:GGG film grown on a
GGG substrate by means of LPE. A Ti:Al,O; laser was used
as the pumping light source and the observed threshold and
slope efficiency were 80 mW and 13.6% respectively. The
authors concluded that the parameters of this device could
be increased after coupling losses optimisation.

5. LPE growth of Nd:YAG/YAG waveguide
structures

Recently, in ITME laboratory in Warsaw, the layers of
Nd:YAG/YAG have been grown from a supercooled (su-
persaturated) molten garnet-flux high temperature solution.
Standard isothermal LPE dipping technique with reversed
axial rotation has been used to YAG thin film doped with
Nd*, Ga?* and Lu?* ions.

The supersaturation AT which is the saturation (liqui-
dus) temperature Tg minus the growth temperature Tg is
necessary for epitaxial growth of garnet layer from garnet
— flux (PbO-B,03) solution.

The epitaxy equipment used for LPE growth of garnet
thin layers was constructed in the Institute of Electronic
Materials Technology in Warsaw in co-operation with the
Industrial Institute of Automation and Measurements in
Warsaw. The LPE dipping equipment consists of resistant
heated three-zone furnace, rotation and translation micro-
processor control module cooperated with three sets of
Eurotherm temperature controller of 815P type. The accu-
racy of temperature control is £1.0°C so, it is possible to
form the vertical temperature gradient in the melt of about
0.5°C/cm. Evaporating PbO was exhausted.

Garnet layers were grown on <111> oriented 20-mm di-
ameter YAG substrates using the isothermal dipping tech-
nique with rotation of the horizontally held substrate in Pt
holder. The procedure of melt preparation and the dipping
process was identical that the developed for magnetic bub-
ble garnet and has been reported in many papers [31,32].

The composition of molten garnet-PbO-B,05 high tem-
perature solution are specified by the following parameters

l - [Al,05] o [Al05] _ [PbO]
L7 [Y,05 + Nd»Oy + Luy 03] 2 7 [Ga,04] 3 7 [B,05]
[Y203 +Nd203 +LM203 +A1203 +Gﬂ‘2031 [Y203]

R, =
4 [Y203 +N4203 +LH203 +A1203 +Ga203 +Pb0+8203]

——
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Re =
5 7 [Nd, O3 + Luy 03]
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These are the same molar compositional ratios of the
melt elements introduced by Blank et al. for the epitaxy of
magnetic garnets [32]. R; parameters are important in de-
termining the growth conditions and properties of the films,

The compositions of garnet thin layers could be
expressed by the following formula: Y., Nd,Lu,Als ,Ga,0,5,
where x, y and z are the Nd, Lu concentrations in
dodecahedral sites and z is the Ga concentration in tetrahe-
dral sites, respectively.

At first, Nd:YAG films with neodymium concentration
of around 1 at.% and luminescence lifetime of 260 ps were
grown from the melt No. 1. Then, substitutions with neo-
dymium, gallium and lutetium were carried out. The good
quality films with the thickness up to 30 pm were prepared
at supercooling of about 15°C.

R; parameters for the growth of Y5, Nd,Lu,Als, Ga,0,
(Nd3* ions concentration is constant — about 1 at.%,
x = 0.03) with different concentration of Ga’* and Lu?*
ions, the growth temperature Tg, and estimated from X-ray
diffraction measurements compositional parameters y and z
in the formula of garnet layers composition are listed in Ta-
ble 1 [33].

Table 1. R; composition parameters and the concentrations of
Lu** and Ga®* ions in YAG epitaxial films and waveguides.

No.| Ry R,y R3 Ry Rs (°Té) y z
1 5.0 - 12.0 | 0.0294 | 14.0 “]048 - -
2| 50 | 1155 [12.02] 00205 [ 13.99 | 1041 | 0 |~0.07
3| 50 | 5775 |12.02] 0030 |13.99] 1032 | 0 |~0.25
4| 474 | 28875 [12.02| 0.0317 | 7.82 | 1021 [03] 204
5 | 452 | 2.8875 | 12.02] 0.0319 | 5.42 | 1015 |0.5| 204
6| 50| 120 | 120 | 0029 | 139 | 1018 | 0 |~0.09
7050 60 | 120] 0030 | 139 | 1015] 0 [~026
8 | 4.46 | 2.887 | 12.0 | 0.0321 | 4.98 | 1015 |0.6| ~ 0.7
o | 414 | 2887 | 120 | 00324 | 341 | 1013 |09 ~0.7

6. Characterisation of the Nd:YAG/YAG
waveguide structures

The differences between films and substrate lattice con-
stants were measured by X-ray high-resolution diffraction
[33,34].

For epitaxial structures grown from melt No 9, X-ray
rocking curve presented in Fig. 7 indicates no peak separa-
tion, It means that the lattice constants of the epitaxial film
and the substrate are practically equal and we have ob-
tained the best lattice mach for our waveguide structures.

The refractive index of the layer has been measured us-
ing Pluta’s double-refracting interference microscope in its
transmitted-light version. The results of the refractive index
difference An measurements were shown in our earlier pa-
per [33]. In gallium and lutetium substituted garnet wave-
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Fig. 7. XRD pattern of Y3, Nd,LuyAls ,Ga,0,5/YAG epitaxial
structure (melt No 9).

guide layers Yj,Nd,Lu,Als.,Ga,0yy, with concentration
of Nd*, Lu3* and Ga®* ions of about 1 at.% (x = 0.03), 30
at.% (y = 0.9) and 14 at.% (z = 0.7), we have obtained An
up to 2x102 at a wavelength A of 0.6328 pm, respectively.
Absorption spectrum in the diode laser pumping band is
shown in Fig. 8. After excitation at 808 nm emission spec-
tra of Nd*:YAG/YAG structure as a function of active ion
concentration have been registered in the 1.06 pm band and
they are presented in Fig. 9. After pulsed laser excitation
measurements of the Fs, fluorescence lifetime have been
performed for different neodymium ion concentration. The
results of these measurements are shown in Fig. 10. It
could be observed that lifetimes and decay transients are
strongly concentration dependent reflecting the quenching
effect due to cross-relaxation between two neighbouring
neodymium ions [33)]. Comparison of the- measured life-
times with the literature data is presented in Table 2.
Next, optical amplification and laser generation at
1.06 pm has been investigated in the experimental set-up
shown schematically in Figs. 11 and 12. The planar wave-
guide samples typically of 5x10 mm were cut from
epitaxial structures. The surfaces of end faces were pol-
ished to high laser quality to allow longitudinal-pumping

Nd:YAG/YAG
4+ T=300K
&
E
[&]
8
5
z 21
2
o
o)
0 1 1 1 L
780 790 800 810 820 830

Wavelength (nm)

Fig. 8. Absorption cross-section spectrum in the diode laser
pumping band.
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Table 2. Fluorescence lifetims vs. neodymium ion concentration.

Material Y3Al5045:1% Nd3* Y3Al5042:3% Nd3* Y;Al501,:6% Nd**
Tium (p8) — crystal 255 200 (flux growth) 75 (flux growth)
Tjum (1S) — waveguide 267 ~220 ~77
. i lLED ML aser
1.0x108 | | —> —— >
——— 10',?° ]
=3 — 3% 808 nm YAG 1064 nm
8
Z 505107 | | \ /
o
,g. Mirrors
- Fig. 12. Planar waveguide Nd:YAG laser.
0.07 ; : , , ) , ) structures. The signal beam at 1.064 pm, corresponding to
1000 1020 1040 1060 1080 1100 1120  the maximum of the YAG:Nd3* emission, and the pumping
A (um) beam at 808 nm were injected simultaneously to the wave-
Fig. 9. 1.06-um emission spectrum of Nd:YAG films vs. Ng3+  guide. Signal beam has been mechanically modulated and
concentration. registered after passing through the waveguide as a func-
tion of pumping power. Small signal gain of 18 dB has
been observed at 1.064 pm.
1072 |
i 250
YAG:Nd3*/YAG
I T = 300K 200
<= 1 o]
10 L z o
I A O
L % 150 o
104 | | } 2 100 1 o
. 3 o]
—10% \f J. | * | © @)
——3.0% ' 50 -
| | ——86.0% I , I ! _ OO
10"5 PO | o | ATE 1 II E | j i " 0 @I& ;
0 200 400 600 800 1000 1200 0 100 200 300 400 500
Time (ps) Pumping power (mW)

Fig. 10. Decay profiles of 4F3;2 — 419;2 luminescenc in Nd:YAG
films.

LED
808 nm

Detector

MU | FiIterJ

Signal beam
1.064 pm

Lock in

Fig. 11. Schematic diagram of the experimental setup for small
signal gain measurement.
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Fig. 13. Output power vs. incident pump power for the
Y3_x_yNdeu),Alj_zGazOm waveguide laser.

Laser experiments have been performed in the plane-
-parallel Fabry-Perot resonator. The mirrors of 0 and 5%
transmission at 1.064 pm have been placed directly at the
waveguides surfaces. Lasing has been observed at the
threshold pumping power of about 25 mW (Fig. 13), which
allows estimating the distributed loss coefficient to be less
than 0.1 dB/cm.

7. Conclusions
As indicated by X-ray diffraction, refractive index data, op-

tical spectroscopic studies, amplification and laser mea-
surements good optical quality and high cristallinity epi-

© 2001 COSiW SEP, Warsaw



taxial films and waveguide structures have been grown in
ITME on YAG substrates opening perspectives for minia-
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