Bulgarian Chemical Communications, Volume 44, Proceedings of the III'* National Crystallographic Symposium (pp. 98—108) 2012

Rare-earth doped optical waveguides in LiNbO,

M. Kuneva

Institute of Solid State Physics — Bulgarian Academy of Sciences,
72 Tzarigradsko Chaussee Blvd, Sofia 1784, Bulgaria

Received February 15, 2012; Revised March 26, 2012

Doping of dielectric hosts with laser-active ions, such as the rare earth ones, is widely researched recently. The
great interest has been provoked by the miniature waveguide solid state lasers obtained that way, and the opportunity
for monolithic integration of these lasers and other elements on a common substrate.

The present article is a data review on the doping of LiNbO, with ions of rare-earth elements. Here, an attempt is
made to summarize the most important results on technologies for doping with rare earths of optical waveguides in
LiNbO;, substrates and for obtaining of optical waveguides in rare-earth doped LiNbO;. The sequence of the techno-
logical steps depends on the methods of doping and particularly on the temperature. The main methods of doping are
described: ion implantation, diffusion from a layer deposited on the LiNbO, crystal substrate, diffusion from a melt.
The main points of consideration are the effect of substrate orientation and of the initial doping on the subsequent dif-
fusion processes, mechanism of rare-earth ion penetration and the possible positions they occupy in the lattice, struc-
tural changes due to the doping versus technological parameters, etc. A special attention is paid to the low-temperature
methods of diffusion; they imply ion exchange or diffusion without ion exchange when the doping ions are situated in
existing vacations of the host. The influence of the melt composition, temperature and duration of the diffusion on the
concentration of the dopant in the waveguide is discussed, as well as the conditions at which that kind of anisotropic
diffusion process becomes self-restricted.
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INTRODUCTION losses in fiber-optical cables are the lowest. It is also
important to note that, unlike rare-earth-doped glass
fibers, the dopant positions occupy particular sites
in the crystal lattice, which reduces band broaden-
ing due to inhomogeneities, i.e. the pumping and
amplification efficiencies are increased [6].

The obtaining of waveguide lasers consists of
two technological steps: (1) doping with a rare-earth

element, and (2) obtaining of a waveguide.

Being a crystal with strong electro-optical and
non-linear properties, lithium niobate (LN) is one of
the main materials having application in integrated
optics. Of particular interest in recent years are the
possibilities to obtain waveguide lasers based on LN
doped with rare-earth elements, since the lifetime of
their excited states in crystal matrices vary from 1
to 23 ms — a time sufficient for inverse population
to appear [1]. The integrated-optical technologies

based on the use of LN make possible the mono-
lithic integration of waveguide lasers with other
functional elements on a common substrate. An
entire family of waveguide lasers already exists [2,
3-5] having excellent parameters, mainly based on
erbium-doped LN, and emitting in the range 1530
nm < A < 1610 nm. This range belongs to the third
telecommunication spectral window, in which the
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METHODS OF RARE EARTH CRYSTAL
DOPING

Doping during crystal growth (Nd**, Er**,
Y, EF+Yb, YB¥+Pr)

The doping takes place by adding the activating
compound — usually an oxide (e.g. Er,0, for erbium
doping [7]) — to the melt, in which the growth of
the crystal starts (usually a congruent melt com-
position with Li* to Nb*>" concentration ratio of the
order of 0.945). The congruent melt gives rise to
Li-defficient crystals that need intrinsic defects to
satisfy the overall charge compensation.
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The doping of LN with erbium is the most ex-
tensively studied one. The erbium concentration
changes the parameters of the lattice and the inten-
sity of the absorption band. Erbium-doped LN crys-
tals with an erbium concentration of 0.5 to 8 mol%
have been grown by Czochralski’s method in order
to study the integration of erbium in the lattice of
LN [7]. It was observed that the erbium concentra-
tion in the crystal changes linearly depending on
the melt concentration up to a concentration which
remains constant, independent of the increase of
the dopant concentration in the melt. The maximal
amount of erbium ions integrated in the lattice is
about 3 mol%. This value should correspond to the
concentration limit of presence of erbium in LN.
The research of other authors indicates that the rare-
earth component occupies random places in LN’s
lattice and that, when the concentration limit is
reached (the limit of solubility of the dopant in the
crystal, corresponding to non-clustered or axially-
positioned erbium ions), the possibility appears that
chaotically positioned clusters or precipitates form
[8, 9]. Their formation is stimulated also by the
large ion radius of rare-earth elements. As shown in
[8], the clusters formed above the saturation point
cause distortions of the lattice and change the ma-
trix’s crystallography. The presence of clusters is
proven experimentally in [10, 11]. When the erbium
concentration increases, radiation trapping effect of
the emission at 1.5 pm is observed, which decreases
the lifetime of the excited states.

The doping of LN with ytterbium is also well-
studied experimentally [6, 12] and theoretically
[13] regarding the concentration and the sites oc-
cupied by the dopant in the lattice during the crys-
tal growht, which is of particular importance, as it
was shown above. The concentrations of the dopant
considered in this case are relatively low (1.0 wt.%
and 0.8 wt.% for LN: Yb, and LN: Yb, Pr, respec-
tively [14]). The results show that the rare-earth
ions occupy mainly Li* sites, and when co-doping
with another element takes place (e.g. Pr), Yb**
ions may also occupy Nb** sites [13] or form Yb**
pairs in an LN matrix with one Yb*" ion placed at
the Li* site and another one at the Nb>* site, while
the rest of the Yb*" ions are randomly distributed
over the Li* sites [15, 16].

More research is also needed to clarify the in-
fluence of rare-earth elements on the crystal of the
incongruent LN [7].

Since the domain structure also strongly de-
pends on the concentration of the dopant in the
crystal, the concentration of Er and Yb influences
the formation of PPLN (periodically poled LN).
The best PPLN structures are formed by doping
with 0.5 mol% with erbium as well as ytterbium.
Below 0.5 mol%, a regular domain structure is

observed, whereas at dopant concentrations over
1 mol% the domain structure is distorted and be-
comes non-periodic [7].

A very important conclusion from the technolog-
ical point of view is the one that at very low concen-
trations of the rare-earth element (below 0.1 at.%)
the doping does not lead to luminescent activation
of the crystal, and at higher concentrations (above
0.6 at.%) effects appear which lead to quenching of
the luminescence. Due to these reasons, the most ef-
fective concentration of the rare-earth element hap-
pens to be in the range from 0.1 to 0.6 at.%.

The simultaneous doping of LN with more
than one rare-earth element is used to avoid ef-
fects harmful to optical amplifiers and lasers such
as photorefraction and luminescence quenching.
Also, at co-doping with erbium and ytterbium, the
Yb*" ions act as sensitizers of the Er*" lumines-
cence, absorbing the pumping light and effectively
transmitting it to the erbium which then emits it
[17]. With this co-doping, compact and highly
efficient waveguide lasers and amplifiers are ob-
tained. The proportions in the quantity of co-dop-
ing elements for growing LiNbO,:Er*'/Yb** and
the parameters of the growing process are also
described elsewhere [18]. The structural analysis
performed by these authors shows that both types
of rare-earth ions occupy sites in the crystal lattice
slightly shifted towards lithium sites (ca. 0.25 A).
The doping with both ion types changes the re-
fractive indices of the crystal so that their values
are maximal at concentration of 1.1-1.2 mol% in
the crystal.

However, it has to be emphasized that it is not at
all easy to dope the crystal homogeneously during
its growth, especially when a low concentration of
the dopant is required (e.g. 0.5 mol%), since in that
case the relative inhomogeneity reaches high val-
ues. Besides, the doping of the bulk material is not
the best solution for waveguide integrated optics,
because, at excitation, all parts of the waveguide
will absorb. The integrated-optical devices are
thin-layer ones and they do not require bulk dop-
ing. Therefore, the methods for local doping of LN
are preferred [19]. The bulk-doped crystals are of
interest mainly with regard to the construction of
high-gain-switched lasers; they operate at concen-
trations up to 2%, which cannot be reached with the
methods for local doping (indiffusion).

lon implantation followed by annealing
(Nd**, Eu**, Er’")

The attractiveness of ion implantation as a meth-
od for local doping is mainly due to the fact that it
provides the possibility to adjust better the obtained
profile of the dopant in the layer with the profile of
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the optical waveguide which is obtained thereafter
[20]. High-energy (MeV) ion implantation is used
for doping of LN with erbium ions at ion beam en-
ergy of 2.0 or 3.5 MeV and surface density of the
beam of 2x10" and 7.5%10" cm™. The obtained
doped layers after annealing do not differ in their
optical properties from bulk-doped LN. The erbium
ions occupy optically active sites, so the photolumi-
nescent spectra and the lifetime of the I,, level are
the same. No luminescence quenching is observed
at erbium ion concentrations up to 0.12 at.% in the
layer, which is the maximal concentration obtained
under these conditions. Ion implantation could be
used also for the modification of already obtained
waveguides in order to introduce laser/amplifier-
active ions such as Er*" which offers attractive pos-
sibilities for new devices.

Since the ion beam damages the structure of the
crystal close to the surface and causes amorphiza-
tion of the 50-60 nm thick subsurface layer, the
implantation always requires subsequent annealing
for recrystallization. The recrystallization may not
always be complete. It takes place at high tempera-
tures (800—1250 °C), close to the Curie tempera-
ture for LN, so the electro-optical properties of the
material may be lost. At the annealing, along with
recrystallization, the diffusion of the rare-earth el-
ement in depth also continues, and the profile of
its distribution changes from steplike to Gaussian
[21]. This ensures a better overlap of the doped re-
gion and the field in the optical waveguide formed
thereafter. On the other hand, the amorphized re-
gion provides higher mobility for the dopant ions
and hence, at the thermal treatment, they migrate
more to the surface and less in the depth of the
crystal, so that the effective doping does not coin-
cide with the field of the optical mode propagat-
ing in the waveguide. This increases the losses of
erbium fluorescence. Also, the annealing requires
special attention since the higher concentrations of
the doping element combined with the higher tem-
peratures raise the risk of formation of nano-sized
atomic metal clusters of the dopant, which leads to
luminescence quenching [2]. This makes ion im-
plantation not only an expensive method, but also
a risky one [22].

Indiffusion

The doping by diffusion allows avoiding the use
of expensive equipment for doping during crystal
growth as well as the high energy in ion implanta-
tion. It allows local control of the doping element
concentration by using photolithographic techniques
and the obtaining of a large variety of integrated-
optical devices in any combination on a common
substrate at a higher rate of integration.
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a) Thermal diffusion from a metal layer deposited
onto LN substrate (Nd**, Er*", Tm*', Yb*")

The doping by diffusion of rare-earth ions from
a metal layer deposited on the crystal surface takes
place at high temperatures (1050-1130 °C) for a
quite long time (50-250 h depending on the crystal
orientation of the substrate) in a flow of dry oxygen.
These high temperatures and time are required due
to the relatively large ion radii of rare-earth elements
and their harder entry into the LN crystal. Since the
Curie temperature (T, = 1142 °C for congruent LN)
is close to the diffusion one, the risk exists that dur-
ing the diffusion the crystal loses its ferrooelectric
and electro-optical properties. The diffusion creates
a homogeneously doped but very thin surface layer
(nm) in the substrate, so additional annealing is re-
quired for the dopant to enter deeper into the crystal.
At the beginning of the process, while the source
is not yet exhausted, the distribution of the dopant
from the surface to the depth of the crystal has the
shape of an erfc-function. After that, at further ther-
mal treatment after the diffusion of the layer, the
profile transforms to a Gaussian one [23, 24]. In an
aerial atmosphere the metal oxidizes and forms a
hard matte layer. It worsens the optical quality of
the crystal. In that case, either the diffusion should
be continued until the metal oxide transfers entirely
to the substrate, or the crystal surface should be pol-
ished carefully to minimize the losses from surface
scattering in the optical waveguide to be obtained
thereafter in the rare-earth-doped layer [23]. Due
to the low mobility of the ions of rare earth ele-
ments, the doping with them is always the first step
of the obtaining of doped waveguides. The above
discussed shows that the thermal diffusion from
a layer deposited on the surface is also a process
quite difficult from the technological point of view.
Nevertheless, this method has a number of advan-
tages which will be discussed below with the exam-
ple of the thermal diffusion of erbium ions from a
thin vacuum-deposited metal layer.

Besides having the most appropriate emission
spectrum for optical communications, erbium is
also the rare-earth element most frequently used for
diffusion due to its low ion diameter compared to
other rare-earth elements which provides it with a
relatively good mobility during the diffusion proc-
ess [25]. The electron transitions of Er’":LiNbO,
used for laser generation with a wavelength of 1550
nm are a quasi three level system with ground state
absorption. Therefore the erbium doping has to be
limited to these regions of the integrated-optical de-
vice for the function of which pumping is required;
otherwise strong absorption takes place and the effi-
ciency of the device decreases strongly. Such selec-
tive doping cannot be performed during the crystal
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growth but only by indiffusion from a structured
vacuum-deposited layer [23]. This method allows
avoiding the clustering of erbium ions in the ma-
trix and is compatible with the diffusion methods
for obtaining of waveguides. It allows concentration
values to be reached close to the solubility limit for a
solid solution (ca. 0.18 at.% at 1060 °C) without flu-
orescence quenching [21]. This is a prerequisite for
a significant optical amplification in a short distance
(experimentally achieved up to 2 dB/cm). For ex-
ample, the diffusion of an erbium layer (23 A thick)
for 40 h at 1060 °C results in a subsurface layer with
erbium concentration of 3.6x10" ¢cm=[26].

To understand the physical mechanisms behind
the optical properties of the doped LN, it is neces-
sary to be known which sites the dopant occupies in
that pseudo-perovskite matrix. The authors of [27]
have found that in the diffusion from a metal layer,
the Er atoms occupy sites located at 0.46 A from the
lithium sites in a ferroelectric state directed along
the optical axis; at higher erbium concentrations
the diffusion resembles an exchange, where Li and
Nb ions are replaced by erbium ions, thus changing
considerably the structure of the crystal. It remains
well-ordered, with strongly coherent fractions of er-
bium and niobium atoms located in the respective
positions as in [27].

Varioius waveguide lasers have been obtained
by thermal diffusion from a metal layer: Distributed
Bragg Reflector (DBR) laser [3], Distributed Feed-
back (DFB) laser [4], DFB-DBR coupled cavity
laser [5], etc.

b) Diffusion from a melt (Er**)

Although the methods described above allow the
obtaining of high-quality doped waveguides, they
are time-consuming, require high temperatures or
high energy and are risky and technologically com-
plicated. Very promising seems the doping by diffu-
sion from melts of eutectic mixtures of nitrates [28]
or sulphates [29], where the diffusion quite prob-
ably takes the form of an ion exchange. The process
takes place by dipping the substrate in the doping
mixture at relatively low temperatures (a few hun-
dred degrees). Until now this technology has been
studied and applied only for doping of LN with er-
bium. It has to be noted that the diffusion coefficient
of erbium with this method is twice higher than with
diffusion from a metal layer [30]. Melts with the fol-
lowing composition have been proposed (I-III):

76 CsNO, + 14 Ba(NO,), + 10 Ex(NO,), [28] (I)

The diffusion takes place at a temperature of
about 400 °C and for about 5 h. This way, a very
thin doped surface layer is obtained having an er-

bium concentration of up to 9 wt%. The post-diffu-
sion annealing at 400 °C for 20—40 hours increases
the depth of the doped region and lowers the dopant
concentration in the subsurface layer. The tempera-
ture should not exceed 500 °C since higher temper-
atures cause microcracks to appear on the sample
surface, probably due to the too fast relaxation of
the tensions in the diffused region [28]. The best re-
sults are obtained for X-cut samples.

90 KNO, +10 Er(NO,), [28] (II)

The diffusion lasts about 5 hours at a temperature
of 350—400 °C in a platinum crucible. Under these
conditions, in X-cut samples, a thin (50 nm) doped
layer is obtained having a dopant concentration up
to 20 at.%. Erbium ions have a homogeneous (step-
like) distribution. The erbium concentration in the
different cuts differs significantly — from ca. 3 at.%
for Y- and Z-cut to 20 at.% for X-cut. Erbium ions
may diffuse into the crystal when additional anneal-
ing is applied at 350 °C, and their distribution be-
comes Gaussian [28].

The change in lithium concentration in the doped
layer (i.e. lithium decrease) is studied by the Neutron
Depth Profiling (NDP) method. The distribution
of the integrated erbium atoms is determined us-
ing Rutherford Backscattering Spectrometry (RBS)
[19]. The RBS spectrum shows that erbium ions are
located in a ca. 100 nm thick layer (after anneal-
ing) on the surface of the crystal, and that there is a
strong anisotropy when doping substrates having dif-
ferent crystal orientations. While with Y- and Z-cut
substrates the erbium concentration does not exceed
5 at.%, in the cases of an X-cut it could easily reach
20 at.%. This may be explained, to some extent, as
owing to the known different wettability of the Z-cut
compared to the X- and Y-cut by the melt. The wetta-
bility of Z-cuts by the melt is impeded most probably
due to the pyroelectric effect (the pyroelectric axis of
LN is perpendicular to the Z-cut substare). This can-
not, however, explain the different behaviour of X-
and Y-cuts.

The study on concentration profiles of lithium
shows that no lithium decrease is observed in the
doped layer, therefore erbium ions do not occupy
lithium sites during low-temperature doping, and it
does not take the form of an exchange, but of an
interstitial diffusion. Erbium ions most probably
occupy the majority of vacancies, which explains
the higher concentration of erbium ions in the X-cut
samples [28].

Other authors have an interpretation slightly op-
posing the above — they assume that the diffusion
has the form of an ion exchange [30]. These authors
use sulphate melts instead of nitrate ones (III) [29].
Ion exchange is a transfer of different types of ions
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between phases brought to a contact. The gradi-
ent in chemical potential at their interface leads to
movement and exchange of the different ion types,
so that electrical neutrality is preserved. When ion
exchange is not isovalent, the diffusion coefficient
depends on many parameters and it is not easy to
predict the profile of the doping element (i.e. of its
distribution in depth). Within this exchange, a com-
plex rearrangement of the crystal structure takes
place, for which no thorough model has been cre-
ated yet [31].

19.4K,S0O,+9.9Na,SO,+70.7L1,S0,

+0.125 wt.% Er,(SO,), [29] (11

The diffusion lasts 24 hours at 680 °C. The ex-
change takes place at temperatures of 560—700 °C.
The profile of erbium distribution depends on the
speed of melt heating — fast (300 °C/h) or slow
(150 °C/h). The diffusion time varies from 4 to
24 hours. Additional annealing at 900 °C for 15 h
is also performed. By varying the amount of erbium
sulphate in the melt from 0.002 wt.% to 5 wt.%, it
has been found that below 0.002 wt.% the exchange
is inefficient even at longer times and higher tem-
peratures. Above 5 wt.% the thickness of the ion-
exchange layer decreases. A thickness of a few mi-
crometers is achievable at a concentration of 0.6 %,
time below 10 hours and temperature about 600 °C.
At concentrations of erbium sulphate between 0.1—
0.6 wt.% the luminescence intensity increases lin-
early with concentration, i. e. within this range there
is still no luminescence quenching. The systematic
study done by these authors to establish the de-
pendence of erbium profile on diffusion parameters
shows that it is preferable to use lower temperatures
and shorter times, since the process seems to be
self-limiting. The authors state that, due to the high-
er mobility of lithium compared to erbium, a local
unbalanced charge appears which limits the further
diffusion of erbium into the matrix. The gradient in
ion concentration leads to the formation of a barrier
layer which blocks the diffusion of ions involved in
the process. As a possible explanation for the fact
that in X-cut samples the exchange layer is thicker
than in Z-cut ones, these authors also point out the
better wettability of X-cut substrates. It is harder in
terms of energy for erbium to enter Z-cut substrates
due to its lower concentration on the surface.

The analysis of concentration profiles using
SIMS and RBS shows complete lithium depletion
of the subsurface layer, and a stoichiometry close
to Er,Nb,O, which corresponds to a mixture of
erbium and niobium oxides. Under the subsurface
layer, a multivalent Er**-3Li" exchange takes place.
Thicker layers are formed in X-cut substrates than
in Z-cut ones, i.e. these authors also find anisotropy
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of diffusion. Moreover, they also find that in the
case of X-cut samples, both surfaces of the sample
dipped in the melt are equally and homogeneously
doped, whereas with Z-cut, active erbium agglom-
erates are formed, probably due to the different ori-
entation of the ferroelectric domains in the crystal,
which results in doping with active erbium ions of
only one surface of the substrate.

Ion exchange in a salt melt is the most conven-
ient technology for local doping, if no co-doping
with another element is needed. With this method
the thermal stress upon the crystal is minimal and
the risk of depolarization and loss of electro-optical
properties is avoided.

To use rare-earth doped substrates in integrated-
optical circuits, after the doping it is necessary to
obtain high-quality optical waveguides.

WAYS FOR OBTAINING ACTIVE
WAVEGUIDES

Creation of the the waveguide
by the doping itself

It has been found with erbium diffusion from ni-
trate melts [28], that all samples regardless of their
crystal orientation have waveguiding properties
stemming from a change in the extraordinary refrac-
tive index in the range 0.003—0.005 for wavelength
of 0.633 um. The waveguides obtained this way are
quite thick —up to 9 um [19]. This waveguide effect
of the diffused layer results solely from the pres-
ence of erbium ions. However, due to a number of
reasons, the waveguides so obtained do not have a
practical application.

Creation of an optical waveguide
in a rare-earth doped crystal

For the formation of optical waveguides in LN
previously doped with rare-earth elements, ion im-
plantation, diffusion from a metal layer, and proton
exchange have been used. It has to be mentioned
that the rare-earth doping also changes the refrac-
tive index, and if it is a local one, it also creates a
waveguide itself.

The two widely accepted technologies for ob-
taining of optical waveguides in LN by diffusion
are titanium diffusion and proton exchange. Proton
exchange has the advantage of increasing the pho-
torefractive resistance and the generation of a strong
waveguide effect, but the obtained waveguides
maintain only one polarization, since only the ex-
traordinary refractive index rises. This makes some
authors state that the waveguides obtained by pro-
ton exchange are not suitable for laser action, since
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the fluorescence of the system La*:LN has both
polarizations [32]. Many authors however consider
proton-exchanged waveguides as a good alternative
to titanium ones for the obtaining of integrated-op-
tical lasers [28, 33].

a) In-diffusion of Ti or Zn from a metal layer

The most frequently used and approved tech-
nology is the diffusion of Ti in LiNbO,. Until now,
this is the technology providing the highest qual-
ity of waveguides formed in LN previously doped
with rare-earth ions. A thin layer of titanium with a
thickness of 20-200 nm is deposited onto a crystal
substrate and after that, the thermal diffusion takes
place at ca. 950-1100 °C for several (5-20) hours
in flowing Ar gas atmosphere (to prevent oxidation
of the metal) replaced by O, during cool-down to
allow reoxidation. If the diffusion takes place in an
argon atmosphere, the ions directly enter the sub-
strate and diffuse from the metal layer until its ex-
haustion. If the diffusion is carried out in an oxy-
gen atmosphere, the layer is first oxidized to TiO,
or ZnO, respectively, and the metal ions enter the
substrate from the oxide layer. In this case, as with
the rare-earth activation from a metal layer depos-
ited onto the crystal surface, it is very important that
the diffusion of Ti/Zn is complete. If the metal layer
diffuses incompletely, it is necessary to polish the
surface in order to obtain a high-quality, low-loss
waveguide.

Diffusion gives a profile which is typically half-
Gaussian or error-function in shape, with a maximal
change at the surface.

The formation of the waveguide structure is per-
formed by photolithography, followed by deposition
of a Ti layer and thermal diffusion. Due to the high
losses and the instability of the obtained waveguides,
additional annealing in an oxygen atmosphere or
periodic poling is needed [32]. The obtained opti-
cal waveguide overlaps the rare-earth doped region.
Since the diffusion temperature and the duration of
the process of waveguide formation also allow the

Stripe optical waveguide

rare-earth element to enter deeper into the crystal,
it is best to consider this process as an additional
annealing of the doped layer when calculating the
final diffusion depth of the rare-earth element. At
the same time, titanium has a faster diffusion (due
to its shorter ion radius) and this way it provides
the necessary larger width of the waveguide channel
compared to the width of the rare-earth region.

In Figure 1, the transverse section of a crystal is
shown, surface-doped with a rare-earth element sur-
rounded by a stripe waveguide, obtained by titanium
diffusion or proton exchange. The rare-earth doped
area has a smaller width than the waveguide and a
smaller doping depth than the waveguide channel
depth. The maximal concentration of the rare-earth
dopant is located in the center below the surface of
the crystal.

A good combination of the technologies for ob-
taining of erbium-doped LN and for the formation
of optical waveguides by titanium diffusion is dem-
onstrated by the authors of [34-36], as well as opti-
cal amplifiers and lasers based thereon [2].

The obtaining of waveguides by diffusion of ti-
tanium or zinc in the activated systems (Nd/Er/Tm/
Yb):LiNbO, has been described [37]. Single-mode
waveguides are formed by diffusion of 7 um wide,
100 nm thick Ti-stripes for 9 hours at 1060 °C. The
crystal orientation of the substrates is selected with
regard to the type of laser device to be obtained: for
DBR/DFB lasers or for acoustooptically tunable la-
sers, X-cut substrates are used, and a propagation of
the light beam along Z in the first case, and along Y
in the second one. For the obtaining of Q-switched
and modelocked lasers, Z-cut substrates are selected
and a propagation of the light beam along X, in or-
der to use the highest value of the electro-optical
coefficient for more efficient modulation.

The main advantages of the formation of optical
waveguides by thermal indiffusion of a metal layer
in LN are: high reproducibility, increase of both
ordinary and extraordinary refractive indices, high
stability of waveguide parameters and low losses
in the obtained waveguides. As disadvantages,

Crystal

RE - doped region (stripe)

Maximal concentration of the RE element

Fig. 1. A transverse section of a rare-earth doped waveguide channel in LN
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the following may be cited: the high temperature
required and the parasitic waveguides formed by
out-diffusion, as well as the 100-fold reduction in
the optical damage threshold power density from
the bulk value.

b) Proton exchange

Proton exchange (PE) takes place in a surface
layer of a substrate immersed in an appropriate
acidic melt [38]. PE modifies the surface layer
(several um in depth) by Li-H ion exchange at a
relatively low temperature (160-250 °C) causing a
large extraordinary index change An, (An, = 0.12
at 0.633 pum). The PE layers show complex phase
behavior depending on the hydrogen concentration.
Strong protonation considerably worsens electro-
optical properties of the waveguiding layer [39] and
causes higher losses (2 to 5 dB/cm) [40] and some
instability of the parameters over time. However,
taking into consideration that other methods (melt
buffering and/or annealing) exist for the adjust-
ment of phase composition [41], these drawbacks
can be corrected or even turned into advantages for
the possibility to modify the electro-optical proper-
ties. These can also be avoided by using the meth-
ods for optimization of proton concentration [42].
Waveguide fabrication by PE has multiple varia-
tions, including post-exchange annealing (APE)
[42]. Proton-exchanged LN waveguide devices are
preferred over Ti-diffused LN ones in cases where
high optical powers are to be transmitted and/or sin-
gle polarization operation is desired.

Considering proton exchange of rare-earth doped
LN, it should be taken into account that radiative
lifetime reduction and strong fluorescence quench-
ing occur because of the coupling to OH-phonons
[43, 44]. Due to these reasons, some authors do
not find the combination of rare-earth doping with
subsequent obtaining of the optical waveguide by
proton exchange a good one for waveguide lasers,
since the presence of hydrogen has a killing effect
on the excited erbium electrons, shortening their
lifetimes, which then results in a drastically reduced
optical gain [2, 24, 36, 44, 45]. Promising results
have been obtained with selection of appropriate
conditions for carrying out proton exchange with
subsequent annealing for the formation of the op-
tical waveguide [19, 28, 29], or with using reverse
proton exchange (RPE) [46]. Waveguide lasers
have been described based on stripe waveguides
obtained in erbium-doped LN by proton exchange
for 2 h in benzoic acid buffered with 1 mol% lith-
ium benzoate at 200 °C, with subsequent anneal-
ing for 3—4 hours at 350 °C [47]. Continuous-wave
laser action at 1084.5° nm at room temperature in
LiNbO,:Nd** channel waveguides, fabricated by
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RPE, is reported.[46]. Yb-diffused LiNbO, an-
nealed/proton-exchanged waveguide lasers are also
demonstrated. A Fabry-Pérot waveguide laser of
3-cm length is fabricated and characterized. For op-
tical pumping at 918-nm wavelength, stable contin-
uous-wave laser oscillation is achieved at 1061 nm
with a threshold power of 40 mW. [33]. It has been
demonstrated that Er-doped optical waveguides
produced by a moderate temperature process (APE,
for example) are quite effective [19]. With appro-
priately chosen parameters of the APE technology
[43], the hydrogen content in the waveguides could
be decreased to a level not causing photolumines-
cent quenching, so that such waveguides could be
used in active integrated-optical structures.

The results of the study of APE layers in LN
doped with erbium or erbium+ytterbium show also
that during the APE process, no loss of rare-earth
elements from the substrate previously doped with
them is observed. The waveguide properties and
the PE process itself in doped samples do not differ
from those of non-doped ones. The presence of dop-
ing ions (rare-earth as well as hydrogen ones) leads
to worsening of the electro-optical properties of LN,
but a carefully designed APE technology may re-
store them almost to the degree of a non-doped LN.
This may be done by modeling the distribution of
lithium in the waveguide area, since a correlation
between the uniform distribution of lithium and the
high values of the electro-optical coefficient r,; has
been found. A homogeneous distribution of lithi-
um and a very low content of hydrogen has been
obtained in the long-time-annealed waveguiding
layers [48].

It has to be mentioned that the problems with lu-
minescence quenching are observed only with pro-
tonation of erbium-doped LN, whereas, for exam-
ple, after protonation of a neodymium-doped LN,
a very effective luminescence has been registered
around 1 pm wavelength and no quenching prob-
lems are reported [44, 49]. Besides, luminescence
quenching after the proton exchange has not always
been observed in the case of erbium activation of
LN. This effect has been reported when the doping
has been performed either during crystal growth by
ion implantation, or by diffusion from a metal layer
[2, 24, 44, 45] and does not take place when the
doping has been performed with a low-temperature
process in a melt [19, 28-29, 50-52].

The advantages of proton exchange as a meth-
od for obtaining of optical waveguides in LN are:
a fast and simple waveguide formation procedure;
non-toxicity and lower cost; possibility of thermal
tuning of the refractive index; a strong waveguid-
ing effect; an increased photorefractive resistance;
flexibility and compatibility with other technolo-
gies; a large variety of optimization steps. Its main
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disadvantages are: multiphase composition of the
waveguide layer; deterioration of electro-optical
properties in strongly protonated layers; some insta-
bility over time.

Doping of a previously obtained optical
waveguide with laser-active ions (rare earths)

Since for the formation of laser-active wave-
guides the opposite procedure is also generally pos-
sible — proton exchange and subsequent diffusion
of a rare-earth element — the influence of proton
exchange on the following erbium-ion doping has
been studied, in the case that the obtaining of the
optical waveguide is chosen as the first step in the
fabrication of the waveguide light amplifier or laser
[19, 28]. It has been found that with the diffusion of
erbium the amount of diffused erbium depends not
only on the crystal orientation but also on the histo-
ry of the substrate — untreated or previously proton-
exchanged. This dependence is strongest with X-cut
samples, in which the proton exchange lowers about
15 times the amount of erbium ions compared to that
in non-protonated subtstrates under identical condi-
tions [28]. This is most probably due to the gradual
transition of the structure of LN towards monocline
one after PE. Although the lattice parameters do not
change significantly, that suppresses the diffusion of
erbium ions. Due to these reasons, the erbium dop-
ing should be performed before the APE process,

since the completely changed structure of APE lay-
ers impedes the process of rare-earth doping [19].
In Figure 2-A, the steps for the obtaining of a
stripe optical waveguide activated by a rare-earth el-
ement are schematically shown. The first step is the
deposition of structured photoresist (PR) onto the
crystal surface, thereby obtaining photoresist-free
channels in the area subjected to rare-earth doping.
The second step is the deposition of the rare-earth
element (RE) by sputtering or vaccum evaporation
in the form of a metal or a metal oxide, after which
the photoresist (PR) together with the overlying lay-
er are removed by the lift-off technique. This results
in a small rare-earth stripe (RE) deposited onto the
surface of the crystal substrate (S); the stripe would
diffuse in S in the next step. This diffusion takes
place during the first thermal treatment (T1) in an
atmosphere of Ar-O,, the temperature and duration
being so chosen that a controlled diffusion depth is
achieved which has to be smaller than the depth of
the waveguide channel, which should be inserted
thereafter. It has been shown, for example [49] that
with Z-cut substrates, an average diffusion depth
of 5 um is reached after 100 h at 1050 °C, and at
1080 °C the depth is 7.2 pm. The diffusion depth is
defined as 1/e of the surface concentration. The next
step is the deposition of silica-gel (sol-gel) (SG) onto
the crystal surface, followed by the second thermal
treatment (T2) which leads to partial out-diffusion
of the dopant close to the surface through the sur-

Fig. 2. Scheme of the technological steps for obtaining an active waveguide
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face in the gel. This way, an area with a maximal
dopant concentration is formed under the surface of
the crystal. At the same time, the rare-earth doped
area becomes deeper. The next step is the deposition
of titanium (T1) onto the structured photoresist (PR)
onto the surface of S and its diffusion in the crystal
during the third thermal treatment (T3), again in an
atmosphere of Ar-O,. A titanium stripe is deposited
over the center of the rare-earth doped area, and as a
result, the axis of the waveguide channel is parallel
to that of the rare-earth channel. With a 95 nm thick
titanium layer and a diffusion of 10 h at 1050 °C, a
single-mode waveguide is obtained.

In Figure 2-B, another method is shown for the
formation of the lateral borders of the waveguide
channel. This process comprises an initial deposi-
tion of a rare-earth layer (RE) onto a wide area of
the crystal substrate (S) and its diffusion during the
first thermal treatment (T1). After that, again over
a wide area, a waveguide is formed by Ti diffusion
or PE. The next step is the deposition of photore-
sist (PR) onto the doped area (DR), the photoresist
being so structured that a small stripe of photore-
sist (PR1) remains where the waveguide channel
should be formed. In the following step, the surplus
doped material at both sides of the stripe is etched
by ion etching, and the photoresist is removed in the
next step. This way a small stripe — a narrow stripe
waveguide doped with a rare-earth element — stays
on the crystal.

lon implantation (He*, Ne*)

Ton implantation is performed usually at ener-
gies from 7 keV to 2 MeV. The change of the re-
fractive index depends on the ion energy and is
relatively large — from 0.02 to 0.08 [53]. After the
implantation, annealing is always performed to re-
store the crystal structure [2, 25]. The implantation
of H*in erbium-doped LN easily leads to chemical
reactions, for example formation of OH-groups, and
they are important centers of luminescence quench-
ing [2]. In this case, for ion-implanted waveguides,
co-doped LN substrates are used, for example with
MgO, which avoids the quenching by OH-groups.
Waveguides with a high optical quality have been
obtained with implantation of H" in LiNbO, bulk-
doped with Eu®*" and MgO [54]. There, no lumines-
cence quenching is observed and the fluorescence in
the waveguide is the same as bulk fluorescence.

The method has the advantages of preserving
the bulk material properties, depth control and pos-
sibility for obtaining multilayer structures, as well
as an opportunity of writing optical circuits by ion
beam. However, it is a very expensive method and
some instability of waveguide parameters over time
has been demonstrated.
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CONCLUSIONS

* The choice of technological conditions for
rare-earth doping of LN affects the dopant penetra-
tion and location as well as the structural changes of
the doped layers.

* The concentration of the dopant and the sites
its ions occupy in the crystal lattice of the LN matrix
are crucial for both the dopant’s luminescent activa-
tion and its optical properties.

* The local doping of LiNbO, exhibits strong
anisotropy.

* In many cases lasing efficiency and optical
properties of the waveguides obtained could be im-
proved by co-doping.

* The most convenient and promising methods
for obtaining waveguide lasers are the diffusion
ones — for rare-earth doping as well as for the sub-
sequent fabrication of the optical waveguides.

* Better results are achieved when the doping
with rare-earth ions precedes the fabrication of the
optical waveguides, although in some cases the re-
verse procedure is also possible.
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OIITUYHU BBJIHOBOAU B JIMTUEB HUOBAT,
JOTHUPAH C PEKO3EMHMU EJIEMEHTU

M. KnHeBa

Hucmumym no ¢usuxka Ha mewpoomo msino ,,Axao. I'. Haoacakos “ — Bvieapcka akademus Ha HayKume,
oya. ,, Hapuepaocko uoce “ Ne 72, Coghusa 1784, Bvreapus

[MocTpnuna Ha 15 deBpyapu, 2012 r.; npuera Ha 26 mapT, 2012 1.
(Pesrome)

JloTHpaHeTo Ha AUENEKTPHIIN C JIa3ePHO-aKTHBHU HOHU, KAKBUTO ca HOHHUTE HA PEJIKO3EMHUTE SJIEMEHTH, € TIpe/I-
MET Ha IUPOKO U3CIIe/IBaHe MIPe3 MOCICAHNTE FOAUHH. ['0IeMHST HHTepeC ce ABJIKHM Ha Bb3MOXKHOCTTA 32 I0JTyYa-
BaHEe 110 TO3W HAYMH HA MHUHHUATIOPHU TBBPIOTEIHH JIa3epH U 32 MOHOJIMTHO MHTETPUPAHE HA TE3H JIa3epH U JIPyrd
€JIEMEHTH BbPXY 00IlIa MO/I0MKKA.

Hacrosiara my0Oiukaiys npecTaBisiBa 0030p Ha MO-BaKHUTE U3CIEIBaHUs B 00J1aCTTa HA JIOTUPAHETO HA JIU-
THEB HHOOAT ¢ HOHU HAa PEAKO3eMHHU ejeMeHTH. HampaBeH e omut 3a 0000IaBaHe Ha Pe3yJTATUTE 10 OTHOIICHHE
Ha TexHojoruure 3a gotupane Ha LiNDO, ¢ na3epHO-akTHBHM HOHU M 3a NOJIy4aBaHE Ha ONTHYHH BBHIHOBOIM B
JOTHPAHUTE C PEAKO3EMHHU eleMeHTH NoanoxXku oT LiNbO,. OcHOBHUTE METOIM 3a JOTHpaHE Ca: BbBEXKAAHE Ha
npuMeca Npu M3pacTBAHETO HA KPUCTaia, HOHHA UMILIaHTALus, MUdy3ust OT CIOi, OTJI0KEH BbPXY KpHCTallHATa
MOJUTI0XkKKA, TU(Y3Usl OT CTONMIIKA. PasriieaHo e BIMSHHETO Ha OPHEHTALUITA Ha MOJI0KKATA BbPXY JOTUPAHETO,
BJIMSHUETO HAa IOTHPAHETO BBPXY CIEBAIIM TU(PY3UOHHU MPOLIECH, Bb3MOKHUTE MMO3UILIUK HA IPUMECHUTE HOHH B
pemrerkara Ha LINDO,-MaTpuna, CTpyKTypHHATE IPOMEHH B HEsl U 3aBUCHMOCTTA UM OT TEXHOJIOTHYHHTE apaMeTpu
Ha anudy3uoHHUs Tporec U T.H. CreluaniHo BHUMaHUE € OT/eJICHO Ha HUCKOTEMIIEpaTypHUTE METOIHU 3a Mu(y3Hs,
P KOUTO C€ U3BBPIIBA HOHEH 00OMEH i 1udy3us 6e3 HoHeH 00MeH, IPX KOSITO JOTHUPAIIUTE HOHH ce pa3mojaraTt
B CBIIECTBYBAIINTE BaKaHIIMK B KprcTanHara pererka Ha LiINbO,. O6cbieHO € BIMSIHUETO Ha ChCTaBa Ha CTOMMIIKA-
Ta, TEMIIEPATypaTa U MPOIbIDKUTEIHOCTTA Ha AU(Y3UsiTa BbPXY KOHIECHTPAIMATA HA JOTHPAIINS IEMEHT, KAaKTO U
YCIIOBUSITA, IPU KOUTO aHU30TPOIHATA AU(Y3HUs CTaBa CaMOOTPaHUYABAII] Ce ITPOILIEC.
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