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1 Introduction

Optically-pumped lasers and amplitiers can in principle benetit
greatly from a guided-wave geometry in which the pump and las-
ing modes overlap tightly. the laser mode volume is minimized,
and the product of optical intensity and interaction length is not
limited by diffraction as in a bulk gain medium. This idea is most
successtully embodied in the erbium-doped silica fibre amplifier,
and many novel and efficient laser systems have been demonstrat-
ed in glass fibre form.

Crystalline gain media, however, offer a range of attractive proper-
ties and possibilities which glass cannot match. Large coetficients
of absorption and gain per unit length are more easily achieved in
crystals with sharp line spectra, which may be strongly polarized,
than in glassy gain media with characteristically broad spectral fea-
tures; thus crystal systems are better suited to the development of
genuinely miniature devices of millimetre dimensions than glass
fibres. in which fibre lengths of tens or hundreds of ¢m are gener-
ally required. Crystals may also exhibit desirable electro- and
acousto-optic properties and nonlinearities by which control func-
tions may be integrated into active devices. Finally, the range of
laser transitions which have been demonstrated in crystals is sub-
stantially wider than in glass, in which the lanthanide intra-4f-con-
figuration laser transitions account for almost all the lasers realized
to date. Crystals not only perform well as transition metal hosts for
broadly tunable vibronic lasers; they also have been used to dem-
onstrate 5d-4f inter-configuration transitions of lanthanide ions
such as Ce’* at wavelengths in the near uv.

These considerations motivate the attempt to develop new crystal-
line laser materials adapted for use in guided-wave geometries.
Since the active region of the laser crystal is now in the form of a
thin planar layer of micron dimensions, a new approach to fabrica-
tion is involved; rather than Czochralski-pulling of bulk laser rods
the relevant fabrication techniques will be based on epitaxy. ot
physical and chemical surface treatments such as ion-implantation
or thermal indiffusion. Thin crystal layers can in principal be pre-
pared over a wider range of composition and dopant concentration
than the corresponding bulk systems. and this may offer interesting
degrees of freedom to the laser designer.
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This paper will describe some of the approuaches currently being
explored for the fabrication of novel crystalline waveguide laser
systems. including thermal indiffusion of laser activator ions into
lithium niobate crystals, implantation of high-energy helium ions,
and preparation of high quality garnet layers by liquid phase epi-
taxy. These materials are enabling new laser transitions to be dem-
onstrated, and the potential performance enhancement of the wave-
guide geometry is beginning to be realized.

2 The planar waveguide laser geometry

The simplest type of crystal waveguide laser uses a plane-plane
Fabry-Perot resonator defined by the polished crystal end-faces.
with pump light launched longitudinally into a planar waveguide
on the upper surtace of the crystal. The design of the guide ideally
allows only the tundamental mode to propagate at the laser wave-
length. however. in the surface plane the light is unguided and the
emerging beam has an elliptical profile. External multilayer dielec-
tric mirrors on thin (~ 200 um) substrates can be optically contact-
ed to the guide ends and held in place by the surface tension of a
drop of index-matching fluid. Such removable mirrors are highly
convenient for research and development purposes, but can of
course be replaced by dielectric coatings deposited directly onto
the guide ends for a more compact and rugged device.

An alternative possibility for a planar guide is a side-pumping
geometry. in which pump light is coupled into the guide in a high-
ly elliptical beam propagating at right angles to the laser mode.
Since absorption of the pump over the width of the laser mode is
small, the coefficient of gain per unit length is also small. thus this
geometry demands extremely low guide propagation losses. It is,
however, potentially a technique for making use of the output from
high-power, high-aspect-ratio pump sources such as diode arrays
and bars, and opens the possibility of creating high power wave-
guide sources.

If the guide fabrication process allows the formation of low loss
channels, then more complex resonators can be designed incorpo-
rating a range of interesting functions, as recent work on lithium
niobate guides shows.

The reduction in lasing threshold achieved by the waveguide
geometry can be estimated from the volume of the lasing mode.
Consider a longitudinally-pumped laser in which the length / of the
gain medium is determined by the absorption coefficient at the
pump wavelength. In an unguided laser the optimum spot size for
the lasing mode is approximately that which sets [ equal to the Ray-
leigh range; let the corresponding fundamental mode volume for
light of free-space wavelength be called V. The mode volumes
for guided-wave lasers in this medium would then be of order of
magnitude V. /o for a planar guide and V., /o for a channel
guide, where

=41

V2

and NA is the effective numerical aperture of the waveguide. The
corresponding reduction in threshold thus becomes more pro-

NA
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nounced in less strongly absorbing media in which greater values
of [ are required to ensure sufficient pump absorption. Lasing in the
near infrared in a waveguide structure a few mm long with NA ~
0.2 can therefore in principal exhibit a threshold reduced relative to
that of the corresponding bulk device by an order of magnitude for
a planar geometry and two orders of magnitude in a channel.

This waveguide advantage is unfortunately very quickly lost if
propagation losses in the guided structure significantly exceed
those in the bulk medium. In the example of the previous para-
graph, should the net losses in the planar waveguide structure
amount to ~10x the output coupling used in the bulk system (in
which it is assumed that propagation losses are negligible), then
there will be no reduction of threshold. There will. moreover, be a
disastrous effect on the slope efficiency. which may drop by a very
large factor for the planar cavity. in which internal losses now dom-
inate the usetul output coupling loss. A key aspect of the develop-
ment of waveguide crystalline media is therefore the endeavour to
identify and eliminate the sources of excess propagation loss in
guides.

One class of laser system which is more tolerant ot such losses is
the three-fevel. or quasi-three-level laser. in which lasing termi-
nates on a thermally-populated level. The performance of such a
laser is typically limited by reabsorption losses at the laser wave-
length rather than by background propagation losses. In a guided
wave geometry the lasing transition can be more strongly inverted
at a given coupled pump power than in the bulk, with benefit also
to the slope efficiency of the laser.

3 Thermal diffusion of dopants into lithium
niobate

Lithium niobate is an obviously attractive candidate for waveguide
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Fig. 1 Stages in the fabrication of a Ti channel guide in
LiNbO, diffusively doped with Yb
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Fig. 2 Tunable Y-branch Nd:LiNbQO; laser after {6]

laser operation because of the existence of a mature technology for
the fabrication of low-loss (~ 0.1 dB cm'') waveguides by proton
exchange or Ti indiffusion. Trivalent lanthanide ions can be substi-
tutionally incorporated into the crystal structure, probably at the
Nb'site, and several such bulk lasers have been reported.

In early work on this system waveguides were fabricated in bulk-
doped crystals, with the lanthanide dopant incorporated from the
melt. Such crystals are not readily available; even at a concentra-
tion of only ~1/2 atomic % the dopant alters the melt phase diagram
enough to present a new problem in crystal growth. and several
trial runs are needed with great expense in labour. time and materi-
als.

The use of thermal diffusion to introduce laser dopant ions into the
surface of an otherwise undoped LiNbO; substrate to a depth suffi-
cient to accommodate an optical waveguide represents, by compar-
ison with bulk doping, an immense saving of expense and effort. It
has been shown that despite the large charge on the trivalent lantha-
nide ion it can be indiffused without destroying the poling of the
ferroelectric crystal at temperatures as high as 1000, at which um
depths can be achieved in diffusion times of order 10° hours. The
steps involved in fabricating such a strucwure are shown schemati-
cally in Fig. /. Not only have efficient Er- [1] and Nd-doped [2]
lasers been made in this way. but also Q-switched [3] and mode-
locked [4] lasers have been demonstrated which exploit the large
electro-optic susceptibility of LiNbOj; in an integrated geometry.
More recently an Er:LiNbO; laser which incorporates a distributed
Bragg reflector made by dry etching has been reported. Oscilla-
tion of this 6-cm-long device on just two axial modes is described [5].
Another type of structure is shown in Fig. 2 which illustrates a tun-
able Y-branch laser in Nd-diffused material {6]. The resonant fre-
quencies of this laser cavity are determined by the requirement for
constructive interference at the junction of the Y, thus greatly
spaced out by a vernier effect compared to those of a simple Fabry-
Perot laser of the same length. Electro-optic tuning of the cavity
frequency is thus possible by altering the optical path length of one
branch of the Y. This device operated at a centre wavelength of
1092.7 nm with a total tuning range of 2.3 nm.

The first demonstration of lasing in Yb:LiNbO; has been reported
in a diffusion-doped sample: oscillation at wavelengths of 1007,
1030 and 1060 nm was observed in channel guides at room temper-
ature [7]. More recently a 1850-nm transition in ditfusion-doped
Tm:LiNbO, channels has been made to lase. At present the effi-
ciency that can be achieved with these dopants appears to be some-




Fig.3

Ion-implanted channel waveguides on the surface of a
Nd:YAG crystal. magnification x 100

what limited by photorefractive effects, however these are very
sensitive to the composition and thermal history of the material.
and it may well be possible to reduce them to acceptably low lev-
els. A particularly exciting development is the combination of dif-
fusion-doping with periodic poling [8]. This may offer the possibil-
ity of greatly reducing photorefructive effects. as well as enabling
efficient intracavity doubling of laser radiation.

4 Formation of waveguides by ion implantation

The implantation of high energy (few MeV) He and H ions into
crystals is an attractively versatile technique for the fabrication of
optical waveguides. It has been used to make lasing guides in a
number of chemically and structurally dissimilar crystals. includ-
ing garnets (Y:Al:O,,. Gd:Ga;0,,). the perovskite YAIQ,, and the
ferroelectrics Bi.Ge,0,, and LiNbO,. The ion damage mechanisms
which modify the structure and refractive index of the implanted
laver are diverse and complex, and have been reviewed in the
monograph by Townsend, Chandler and Zhang [9].

lIon-implanted channel guides have been fabricated in Nd-doped
garnets using a lithographically-patterned electroplated gold ion-
stopping mask. The photograph in Fig. 3 shows sets of guides in
graduated thicknesses on the surface of a Nd:Y:AlLO,. crvstal
under magnification of x100. All except the narrowest of the chan-
nels (4- and 6-pm widths) exhibited laser action when pumped at
807nm. The 20-um wide channels exhibited the lowest lasing
thresholds of ~ 500 uW absorbed power. With suitable output
coupling, slope efficiencies of nearly 30 % with respect to absorbed
power could be demonstrated in this structure [10].

In the laser systems investigated so far. ion-implanted guides
appear to exhibit propagation losses of ~ 1 dBem™ or more. limit-
ing the efficiency which such devices can achieve. The sources of
such loss have not been unambiguously identified. but it is likely
that ion-damage induces some additional optical absorption in the
irradiated surface. There is. however, some evidence that jon
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tmplantation can produce low loss guides in some materials such as
the germanate glass for which a propagation loss of ~ 0.2 dBcm”
was reported [11].

5 Liquid phase epitaxy

Some of the most efficient laser crvstal waveguides reported to
date have been garnet layers of high optical quality fabricated by a
liquid-phase epitaxy technique [12]. Lavers of Y,AL:O,. (YAG)
doped with Ga to enhance the index. Lu to restore the lattice-
match, and the desired lanthanide laser ion. are grown onto an
undoped defect-free YAG substrate using a PbO-B.O, flux at
~1000'C. A further undoped capping laver is often grown over the
guiding layer to reduce propagation losses.

In an early experiment with a Nd-doped epilayer, the threshold for
1064-nm lasing in a planar guide was found to be only 670 uW of
incident power. despite the relatively weak optical confinement in
this sample. in which Nd doping (1.5 at %) alone was used to
enhance the refractive index of the guiding layer relative 10 sub-
strate and cladding layers of undoped YAG. giving a small An of
~0.05. This exceptionally low threshold is indicative of a very
small waveguide propagation loss. estimated to be <0.05 dBem'™'.
With suitable output coupling the guide exhibited a slope efficien-
cy of 40 9% with respect to incident power when pumped by a sin-
gle-mode GaAlAs diode [13].

The low propagation loss exhibited by this guide has stimulated
work on the side-pumped geometry described in Section 2. The
best value of slope efficiency reported to date is 19 % with respect
to launched power [14]. a promising result considering that the
overlap of pump and lasing modes is inevitably less strong than
with longitudinal pumping. The interesting feature of side-pump-
ing is the prospect of scaling to high output power in a long guide
pumped by high power diode arrays or bars. The high quality of the
waveguide produced by the liquid phase epitaxial growth tech-
nique is an essential prerequisite for efficient operation of such a
device.

The 1030-nm Yb:YAG laser is currently attracting much interest as
a tunable high-power bulk laser system. in which. however. high
pump power density and careful heat management are necessary
for efficient operation [15]. The waveguide geometry offers an
alternative approach to both problems. An Yb-doped garnet epilay-
er guide pumped by a 968-nm diode has emitted over 250 mW of
laser radiation at 1048 nm with a slope efficiency in excess of 77 %.
corresponding to a near-quantumn-limited performance on this qua-
si-three-level transition [16].

6 Summary

An extensive range of fabrication techniques is currently being
used in the effort to develop planar laser and amplifier devices.
This article has considered only those which produce crystalline
layers. and which have some proven device potential. The huge
variety of surface treatments which may be brought into play to
create novel laser gain media in waveguide form is an appealing
feature of this field of research: however as the present article
attempts to show. the advantages of a guided-wave geometry are
quickly lost unless the chosen fabrication technique creates guides
of sufficiently high quality. The development of liquid phase epi-
taxy to make low-loss laser crystal waveguides is a significant
advance. which will focus interest in other epitaxial growth tech-
niques which may be applied to dielectric gain media.

A major advantage of the planar over the rod-type bulk geometry
is that the high aspect ratio confers excellent thermal loading char-
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acteristics. Coupled with the high-power pump sources now avail- 3]
able. this extends the prospect of active devices which combine

high gain with high output power and good mode quality in an
extremely compact and robust form. Such devices might be expect-  [6]
ed increasingly to take over applications which have traditionally

been the preserve of gas lasers, with marked advantages in the size.  [7]
etficiency and eventually cost of the resulting systems.

A particularly interesting new area has opened up in active inte-
grated optic devices based on lanthanide-indiffused lithium nio-  [8]
bate. A wavelength-tunable filter incorporating gain has been dem-
onstrated [17]. and many .0 dB” components useful for telecom- 9]
munications. such as lossless splitters. are now realizable. This is a
promising field for future work. Elsewhere effort continues to meet
the fabrication challenges posed by the great potential of the wave-
guide geometry. As vet. for example. no tluoride crystal waveguide
laser has been reported. Fluorides are some of the most versatile of
all laser crystal hosts. for short wavelengths, infrared-to-visible  [11]
conversion. and efficient Cr'™-ion operation. Whether such lasers
will eventually be fabricated in a planar format remains to be seen.

R. GroB}, J. Sochtig, I. Baumann, W. Sohler, H. Schutz

and R. Widmer, Proc. 7th Eur. Conf. on Int. Opt. (ECIO

'95). paper Th A4

J. Amin, M. Hempstead, J. Romian and J. S. Wilkinson,

Opt. Lett. 19, 1541 (1994)

J. K. Jones, J. P. De Sandro, M. Hempstead, D. P. Shep-

herd, A. C. Large, A. C. Tropper and J. S. Wilkinson,

accepted for publication in Opt. Lett.

J. Webjorn, J. Amin, M. Hempstead, P. St. J. Russell and

J. S. Wilkinson, Electron. Lett. 30, 2135 (1994)

Optical Effects of Ton Implantation, P. D. Townsend. P. J.

Chandler and L. Zhang, Cambridge University Press

(1994)

S. J. Field, D. C. Hanna, A. C. Large, D. P. Shepherd. A.

C. Tropper, P. J. Chandler, P. D. Townsend and L. Zhang,

Electron. Lett. 27, 2375 (1991)

G. Kakarantzas, P. D. Townsend and J. Wang, Electron.

Lett. 29,489 (1993)

B. Ferrand, B. Chambaz, D. Pelenc and C. Wyon, Dizest

of European Conf. on Crystal Growth, paper B2 (1991}

[13] I. Chartier, B. Ferrand, D. Pelenc, S. J. Field, D. C. Han-
na, A. C. Large, D. P. Shepherd and A. C. Tropper. Opt.
Lett. 17. 810 (1992)

{14] D. C. Hanna, A. C. Large, D. P. Shepherd, A. C. Tropper,

I. Chartier, B. Ferrand and D. Pelenc, Opt. Comm. 91. 229

(1992)

L. Brauch, A. Giesen, M. Karszewski, Chr. Stewen and

A. Voss, Opt. Lett. 20, 713 (1995)

References

(1] R.Brinkmann, W. Sohler and H. Suche, Electron. Lett. 27,
41301991

[2] M. Hempstead, J. S. Wilkinson and L. Reekie, [EEE Pho- {15}
tonics Tech. Lett. 4. 832 (1992

[3] E. Lallier, J. P. Pocholle, M. Papuchon, Q. He, M. de [l16] D.Pelenc, B. Chambaz, 1. Chartier, B. Ferrand, C. Wvon,
Micheli and D. B. Ostrowsky. Electron. Lett. 28, 1428 D. P.Shepherd, D. C. Hanna, A. C. Large and A. C. Trop-
(1992} per, Opt. Comm. 115. 491 (1995)

[4+]  H.Suche. L.. Baumann, D. Hiller and W. Sohler, Electron. {17] R. Brinkmann, M. Dinand, I. Baumann, Ch. Harizi. W.

Lett. 29, 1111 (1993 Sohler and H. Suche, IEEE Phot. Tech. Lett. 6, 519 (1994)

quick-set

CLEO/EUROPE ’96

8-13, September 1996
Congress Centre Hamburg
Germany

For Attendance
Information:

For Technical Programme/ For Exhibit Information:

Paper Submission Inform.

AUFBAUELEMENTE BAUKASTEN CLEO/Europe — EQEQ '96 CLEO/Europe — EQEQ'96 CLEO/Europe Exhibits

so einfach zu redlisieren mit Quick-Set, Institute of Physics I[EEE/LEOS 2010 Massachusetts Av.,
durchdacht, leicht versténdlich, schnell aufgebaut, Meetings and Conferences 445 Hoes Lane, NW Washington,
verstellbar, stabil, preiswert, Department PO. Box 1331 DC 20036-1023

universell - fir Konstruktionen jeglicher Art

MONTECH AG
GEWERBESTR. 12 « CH-4552 DERENDINGEN
TELEFON +41 65 41 11 31 TELEFAX +41 65 421977

B 1 aser nnd Ontociektomk 2704/1995

)

47 Belgrave Square

London SW1X 8QX, UK
Tel. 44 (0) 171 235 6111
Fax. 44 (0) 171 823 1051

Piscataway, NJ 08855-133t
Tel. (001) 908 562 3894
Fax. (001) 908 562 8434

Tel. (001) 202 416 1950
Fax. (001) 202 416 6100




