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Abstract—This paper reviews the latest developments of
diode-pumped Ti:Er:LiNbO 3 waveguide lasers emitting at
wavelengths around 1.5 m. In particular, harmonically
mode-locked lasers, -switched lasers, distributed Bragg reflector
(DBR)-lasers, and self-frequency doubling lasers are discussed in
detail. Supermode stabilized mode-locked lasers have been real-
ized using a coupled cavity concept; a side mode suppression ratio
of 55 dB has been achieved at 10-GHz pulse repetition rate with
almost transform limited pulses. -switched lasers with a high
extinction ratio ( 25 dB) intracavity electrooptic switch emitted
pulses with a peak power level up to 2.5 kW and a pulsewidth
down to 2.1 ns at 1-kHz repetition frequency. Numerical simula-
tions for both lasers are in a good, almost quantitative agreement
with experimental results. A DBR-laser of narrow linewidth ( 3
GHz) with a permanent (fixed) photorefractive grating and 5 mW
output power has been realized. Self frequency doubling lasers
have been fabricated with a periodic microdomain structure
inside an Er-doped laser cavity; simultaneous emission at the
fundamental wavelength, 1531 nm, and at the second harmonic
wavelength, 765 nm, has been obtained.

Index Terms—Distributed Bragg reflector lasers, erbium
doping, frequency conversion, lithium niobate, mode-locked
lasers, optical waveguides, photorefractive effect, -switched
lasers.

I. INTRODUCTION

I N THE last few years, LiNbO has gained much attention
as a laser active material for integrated optics [1]. The ease

of fabrication of low —loss erbium-diffusion doped Ti:LiNbO
channel guides has allowed the development of a whole new
family of advanced laser devices of higher functionality thanks
to the excellent electrooptic, acoustooptic, and nonlinear op-
tical properties of the substrate. Besides loss compensated or
even amplifying single- and double-pass devices [2], [3], wave-
guide lasers with intracavity monolithically integrated modula-
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tors, switches, and wavelength filters led to the demonstration
of mode-locked [4], [5], -switched [6] and tunable lasers [7].
New enabling technologies like holographic writing and fixing
of photorefractive gratings [8] and electric field assisted inver-
sion of ferroelectric microdomains [9] led to the development of
distributed Bragg reflector (DBR) and self-frequency doubling
lasers [10], [11]. Moreover, the different types of lasers and am-
plifiers can be combined with other active and passive devices
on the same substrate [12] to form integrated optical circuits
(IOC’s) for a variety of applications in optical communications,
sensing, signal-processing, and measurement techniques.

It is the aim of this paper to review the latest developments
of Ti:Er:LiNbO integrated optical lasers. In Section II, har-
monically mode-locked lasers are reported that utilize a cou-
pled cavity design for a drastically improved pulse amplitude
stability. In Section III, a very efficient actively -switched
waveguide laser is discussed. The high extinction ratio of its
intracavity electrooptic switch yields a high prelasing threshold
and hence allows to generate pulses of very high peak power
levels up to the kilowatt-range. DBR lasers with holographically
written fixed photorefractive grating for narrow linewidth feed-
back are reported in Section IV. In Section V, we discuss re-
sults of the first self-frequency doubling Er-doped waveguide
laser, which utilizes quasi-phase-matched optical second-har-
monic generation in an intracavity Er-doped and periodically
domain inverted waveguide structure. We conclude with a dis-
cussion of future prospects in this field.

II. SUPERMODESTABILIZED MODE-LOCKED LASERS

Compact and rugged pulse sources with repetition rates in
the multigigahertz range become more and more important in
particular for future optical communication systems. Therefore,
frequency modulated (FM)-type mode-locked Ti:Er:LiNbO
waveguide lasers with an integrated travelling wave phase
modulator as a mode locker have been developed and inves-
tigated [5], [13]. By harmonic mode locking, pulses up to
10-GHz repetition rate have been generated using approxi-
mately 7-cm-long devices to get the required pump absorption.
However, harmonically mode-locked lasers usually emit more
than one comb of longitudinal modes (called supermode)
simultaneously, leading to high-frequency beat noise.

Several methods of supermode stabilization have been re-
ported in the literature for fiber lasers with a very large number
of supermodes. As one approach, an intracavity Fabry–Perot
filter with a high finesse (>50) has been successfully used to
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Fig. 1. Schematical diagram of the 10-GHz mode-locked Ti:Er:LiNbO-waveguide lasers with coupled cavity. Inset: calculated reflectance of the passive cavity
versus relative optical frequency at the wavelength 1550 nm. Vertical lines: longitudinal modes of the stabilized supermode (solid) and of the suppressed supermodes
(dashed).

select one supermode [14]. In contrast to this transmission-type
filter, we recently reported supermode stabilization by coupling
the active laser cavity directly to a passive Fabry–Perot wave-
guide cavity with a low finesse [15], [16]. In this way, a reflec-
tion-type filter was realized on the same substrate material with
the potential for full integration. As shown in Fig. 1, a single
supermode is selected by the reflectivity maxima of the passive
cavity if the free spectral range (FSR) of the passive cavity is
matched to the mode spacing of the supermodes.

Moreover, the integrated Fabry–Perot filter can also be used
for repetition rate multiplication, as has been demonstrated with
fiber lasers [17].

In the following, the fabrication, theoretical analysis, and
properties of integrated, supermode stabilized mode-locked
Ti:Er:LiNbO lasers are presented.

A. Fabrication and Cavity Design

In order to fabricate the active laser cavity, a Z-cut LiNbO
substrate has been doped by indiffusion of a 30-nm-thick layer
of vacuum-deposited Er at 1130C during 150 h. Afterwards,
photolithographically defined 7-m-wide and 96-nm-thick
Ti-stripes have been indiffused at 1060C during 8.5 h to form
the 66-mm-long active waveguides.

Prior to the electrode fabrication, a 0.9-m-thick SiO -buffer
layer has been vacuum deposited on the substrate surface to
avoid excess losses. Three metal electrodes (see Fig. 1) have
been fabricated on the laser structure using photolithographic
liftoff of a sandwich of 30-nm sputtered Ti and 120-nm sput-
tered Au. Subsequently, the travelling-wave electrode was elec-
troplated up to a thickness of 6m. The traveling-wave phase
modulator in the middle of the cavity has a 25-mm-long sym-
metric coplanar microstrip line used for FM-type mode locking.
Half-wave voltages of 6.6 V and 25 V have been mea-
sured. At both ends of the active laser cavity, two lumped-type
phase modulators have been integrated for push–pull operation
to reduce spatial hole burning effects.

The mirrors of the active and the passive cavities have been
deposited directly on the polished end faces by vacuum evapo-
ration. The input/output coupler is designed as a low-pass filter
and consists of 15 layers of SiOand TiO . It has been fabri-
cated with quarter-wave layers for 1900 nm, leading to a reflec-

tivity at 1480 nm of about 5% and of 30% at 1550 nm wave-
length. The mirrors of the passive cavity at the back side are
broad-band reflectors of four layers ( %) and eight layers
( %), respectively, leading to a finesse of 4.3.

For supermode stabilization, the active waveguide resonator
has been glued to the passive one (see Fig. 1) serving as a laser
mirror with a frequency dependent reflectivity. The inset of
Fig. 1 presents the calculated reflectivity of the passive cavity.
The finesse of 4.3 has been chosen as a compromise between
maximum output power in backward direction (high reflec-
tivity and high finesse) and best supermode discrimination (low
finesse).

The laser has been pigtailed with the common branch of a
fiber-optic wavelength-division multiplexer (WDM). They were
packaged in an Al-housing including temperature stabilization,
an optical isolator, and two fiber-optic power splitters to get one
output tap (1%) for monitoring and another one (9%) for de-
riving a control signal for feedback stabilization [13].

B. Theoretical Model

1) The Theoretical Model Foundation:The developed
numerical model of mode-locked lasers summarized here is
based on semiclassical laser theory [18] and has been presented
in detail in [19]. It accurately describes the interaction of the
laser signal with the active medium, which is responsible for
the signal gain along the cavity, and with the electrooptic
modulator, which is responsible for the coupling between the
axial modes [20], [21].

Schematically, the model takes into account:

1) two-level system approximation with wavelength-depen-
dent cross sections to describe the Er-ions;

2) overlap between transverse profile of the optical fields
(pump and signal) and the active medium populations;

3) distributed interaction between the optical field and the
travelling-wave phase modulator through the refractive
index perturbation induced by the electrooptic effect;

4) single transverse mode field for signal and pump.

The time-dependent solution is represented as the superposi-
tion of the longitudinal cavity modes assuming a general shape
for the optical pulse instead of the usual Gaussian approxima-
tion [21].
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The generic complex field modal amplitude satisfies the
following differential equation:

(1)

where is the phase velocity, is the vacuum perme-
ability, and are the angular frequencies of the longitu-
dinal modes of the unperturbed cavity (cold cavity) and active
cavity, respectively, is the signal-mode intensity, is the
position in the transverse plane, and stands for total signal
power losses, defined by the following equation:

(2)

Here and are the th signal power reflectivities
of the left and right mirror, respectively, and accounts for the
waveguide losses. The terms on the right side of the (1) repre-
sent the coupling coefficients due to the gain and the RF phase
modulation. These have been obtained by expressing the dielec-
tric polarization as a superposition of the longitudinal cavity
modes

(3)

where is the standing-wave function and
is the complex polarization amplitude of theth mode. , due
to the active medium, is represented with the classical expres-
sion

(4)

where is the vacuum dielectric permeability andis the rel-
evant component of the total electric field. The expression of the
complex susceptibility , can be derived from
semiclassical laser theory; in particular has been neglected
and is closely linked to the active medium gain and can be
written in the quasi-two-level system approximation as

(5)

where are the frequency-dependent emission and absorp-
tion cross sections and and represent the population den-
sities of the upper and ground state of the Er-ions, respectively.

has been developed in spatial longitudinal harmonics to take
into account the standing-wave effect of the cavity modes

(6)

where takes into account the spatial transverse depen-
dence of the upper level population, is the upper popula-
tion level mean value along the longitudinal direction, and

are the coefficients of theth spatial harmonic with the period
, with being the cavity length. The interaction

between the optical field and the travelling-wave phase modu-
lator has been included by considering the corresponding po-
larization representing the refractive index perturbation in-
duced by the electrooptic effect

(7)

where is the relevant coefficient of the electrooptic tensor and
is the relevant component of the microwave field. Sub-

stituting in (1) and neglecting the rapidly varying terms, we ob-
tain

(8)

where

(9)

Here, is the applied voltage, is the interelectrode distance,
and is the overlap integral between the transverse microwave
and optical fields, while the other parameters (and ) depend
on the overlap of the longitudinal modal fields in the electrode
region [18]. The coupling term in (8) shows how modes

and are coupled with mode and vice versa as a
consequence of the phase modulation at a frequency around the
cavity FSR.

Introducing the previous equations in (1) and choosing a suit-
able time origin, we obtain for the complex amplitude of
each longitudinal mode the following differential equation:

(10)

The system of modal equations (10) can be represented also in
matrix form as

(11)

where is the complex amplitude vector and
the nonlinear matrix operator has a tridiagonal structure, with
nonzero elements on the codiagonals. Last, for the dynamical
evolution equation for the averaged absorbed pump power,
we assumed the form

(12)

where accounts for the waveguide losses for the pump,is
the coupling constant between the pump power inside the cavity
and the incident pump power , and is the pump ab-
sorption coefficient.

2) The Numerical Implementation:The steady-state be-
havior is studied by setting to zero the time derivatives; the
solution is obtained by solving a set of homogeneous nonlinear
coupled equations. The eigenvectors (with complex
eigenvalues ) of the matrix represent the possible
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complex field configurations (supermodes; see Yarivet al.
[22]). For each of them, the corresponding complex eigenvalue
determines the steady-state behavior; the real part Re) is the
correction of the net gain of the supermode needed to reach
the stable lasing condition, while the imaginary part (Im)
accounts for a central wavelength shift of the supermode.
Neglecting statistical fluctuations, the lasing supermode char-
acteristics are obtained from the analysis of the eigenvector
whose eigenvalue satisfies first the condition Re .

3) Harmonic Mode-Locking Operation:The theoretical
model presented above can be immediately extended to the
case of harmonic mode locking by substituting the subscripts

and for and , where is the
order of the harmonics in (10). The pulse characteristics of
each supermode in isolation can be obtained as for the case
of fundamental mode locking. In the harmonic regime, an
important point is the evaluation of the ratio of the powers
between the lasing and the adjacent supermode [side-mode
suppression ratio (SMSR)]. Starting from the equation

Re (13)

where and are the total stimulated and spontaneous emis-
sion powers associated to theth supermode, we obtain

SMSR
Re Re

(14)

where the subscripts 0 and 1 refer to the lasing and to the
adjacent supermode. This numerical model of harmonic mode
locking has been extensively used to obtain a comparison
with the experimental results. This comparison is reported and
discussed in Section II-C.

C. Laser Performance

1) Operation Conditions:The stability of mode-locked
lasers with Fabry–Perot-type cavities suffers from spatial hole
burning effects, which degrade the low-frequency as well as the
high-frequency stability. The holes in the population inversion
are located at the cavity positions where the pulses are crossing
each other ( positions for th harmonic mode locking)
[23]. Therefore, the (push–pull) phase modulators close to the
waveguide ends are used to shift the intensity pattern back and
forth to suppress these standing-wave effects [24]. A push–pull
modulation of about 5–MHz frequency and 0.1-rad modulation
depth was sufficient to get rid of spatial hole burning effects.

In order to suppress relaxation spiking of the laser during
mode locking, 9% of the laser output was detected and used for
controlled pumping [13]. With a low-frequency (2-MHz band-
width) stabilization unit, a correction component to the drive
current of the pump laser diode was generated. It was possible
to suppress the low-frequency noise by up to 42 dB.

For FM-type mode locking, the RF driver signal from a syn-
thesizer has been boosted to an RF power of 26.5 dBm (-po-
larization) and 22.5 dBm (-polarization), respectively. Mode
locking was achieved at 9.93 GHz and 10.28 GHz .
In contrast to fiber lasers, stable mode locking was possible
without any active control of the optical cavity length [14].

Fig. 2. Power characteristics of the 10-GHz mode-locked coupled cavity laser
in �-polarization. Solid line: measured; dashed line: calculated.

2) Power Characteristics:The mode-locked laser has
been pumped by a broad-band high-power laser diode with
a central wavelength of 1480 nm. Up to 140 mW of pump
power was available in the common branch of the WDM in
front of the waveguide laser. The laser emitted for-polarized
(TE) pumping in -polarization at the wavelength of 1562 nm.
The average output power of the laser during mode locking is
shown in Fig. 2. A threshold of 74 mW and a slope efficiency
of 12% have been measured, leading to a maximum average
output power of more than 8 mW. In comparison with the
single cavity laser (with a highly reflecting back-side mirror),
the output power is reduced by 12%. For-polarized pumping,
the laser emitted in -polarization at 1575 nm wavelength. A
threshold of 90 mW and a maximum output power of 2.2 mW
have been measured.

The dashed curve in Fig. 2 shows the calculated power char-
acteristic. The same slope efficiency but a lower laser threshold
of 50 mW have been calculated.

3) Supermode Selection:To investigate the supermode sta-
bility, the output pulses have been detected by a photodiode with
19 GHz bandwidth and analyzed by an RF spectrum analyzer.
In Fig. 3, the results for different mode-locked lasers are com-
pared. In a single cavity laser without supermode stabilization
(a), strong supermode beat noise components with a frequency
difference of the FSR (1 GHz) are visible. An SMSR of only
8 dB has been measured.

The coupled cavity laser exhibits a drastically improved per-
formance. In the RF spectrum of the-polarized output, only
small beat components at 1, 2, 9, and 11 GHz appear, indi-
cating that only the adjacent supermodes are not completely
suppressed. Nevertheless, the supermode stability of this laser
with an SMSR of 55 dB is excellent.

For the -polarized output at 1575-nm wavelength, an SMSR
of 45 dB has been achieved. These experimental results coincide
well with the theoretical modeling results. Without supermode
stabilization by a passive cavity, an SMSR of 10 dB has been
calculated. For the coupled cavity laser, an SMSR of 45 dB has
been obtained from the simulations (-polarization). It is ex-
pected from the theoretical model and experimentally observed
that the SMSR for mode locking in-polarization is higher than
for -polarization. This is due to a lower coupling coefficient of
the spontaneous emission noise to the guided mode (compare
(14)).
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(a)

(b)

Fig. 3. RF spectrum at tenth harmonic mode locking of the�-polarized output
of the (a) single cavity laser and (b) coupled cavity laser. Resolution bandwidth:
10 kHz.

4) Pulse Properties and Detuning Characteristics:The
laser emission has been investigated in more detail by mea-
suring the autocorrelation of the optical pulses and the optical
spectrum with a resolution of 0.015 nm. This has been done in
the whole frequency range of several megahertz where stable
mode locking is observed. The pulse properties for both polar-
izations are compared at the mode-locking frequencies where
the smallest pulsewidths are obtained (set as zero detuning). For
the -polarized output, a minimum pulsewidth of 5.7 ps and a
spectral bandwidth of 0.64 nm have been measured, leading to
a time bandwidth product of 0.45. This indicates that the pulse
is almost chirp-free, if a Gaussian pulse shape is assumed. Due
to the higher modulation index of the-polarized signal, a
smaller pulsewidth of 4.8 ps and a larger bandwidth of 0.87 nm
have been measured. The time bandwidth product is slightly
larger (0.50).

The highly resolved optical spectrum of the-polarized emis-
sion at zero detuning, presented in Fig. 4(a), shows the comb
of longitudinal modes representing the selected supermode; the
mode spacing is 0.081 nm. The stable emission of this spectrum
confirms the excellent supermode stability.

From the literature, it is well known that FM-mode-locked
lasers can suffer from pulse phase instabilities [21]. The pulse
train of the laser is synchronized either to the phase modulation
maximum (called positive mode) or to the phase modulation
minimum (called negative mode). According to modeling re-
sults [21], [19], the central wavelength shifts to longer (shorter)

wavelengths by increasing the RF driver frequency for the pos-
itive (negative) mode, respectively.

Fig. 4 presents a sequence of spectra of the-polarized emis-
sion, measured over an RF frequency tuning range of 3.8 MHz.
Between 0.4 and 2.8 MHz detuning, the central wavelength
was rising with the RF frequency, which means that the laser
was emitting stably in the positive mode. This result coincides
with the observation of the laser pulses using a fast sampling os-
cilloscope. No jumps between interleaved pulse trains occurred
in this frequency range. For-polarization, the laser emitted
stably in the negative mode; the wavelength was decreasing with
RF frequency.

For both polarizations, jumps of the central emission wave-
length have been observed (e.g., 0.42 nm at 0.5-MHz detuning in
Fig. 4). By accurately investigating the spectrum at these driver
frequencies with a Fabry–Perot spectrum analyzer, it was found
that the laser emission jumped from one supermode to the neigh-
boring one: the comb of longitudinal modes displayed in Fig. 4
was shifted by one axial mode spacing (1 GHz). These super-
mode jumps are caused by a slight mismatch between the FSR
of the passive cavity and the tenth harmonic of the FSR of the
active cavity (mode-locking frequency) of about 1%.

As is shown in Fig. 4, the pulsewidth of the-polarized
output varies only from 5.7 to 7.8 ps within the detuning range
from 0.4 to 2.8 MHz. Consequently, the time bandwidth
product remains below 0.52. For the-polarized output, the
time bandwidth product remains below 0.57 within a larger
detuning range of 4.2 MHz.

Using the theoretical model described in Section II-B, the de-
tuning characteristic has been analyzed in detail for the-polar-
ized emission. The laser has been found to emit on the positive
mode in a 2.2-MHz detuning range. Outside of this frequency
range, the negative mode has been selected from the model. The
calculated pulsewidth is almost constant between 5.3 and 6.5 ps
within the tuning range of the positive mode, in good accor-
dance to the experimental results. Together with the calculated
bandwidth of 0.88 nm, a time bandwidth product of 0.57 results
for zero detuning. Due to the comparatively large bandwidth,
the calculated time bandwidth product is larger than the exper-
imental one.

The calculated central wavelength shift of the positive mode
was 1.7 nm/MHz—significantly larger than the averaged mea-
sured shift (0.43 nm/MHz). However, it has been found that this
central wavelength shift and the stability of the positive and neg-
ative modes depend strongly on the input parameters. In partic-
ular, the modeling results are very sensitive to small variations
of the wavelength-dependent emission cross sections.

D. Pulse Repetition Rate Multiplication

Using the higher order sidebands of the intracavity FM
modulation, the pulse repetition rate of actively mode-locked
lasers can be multiplied by an integer multipleof the mod-
ulation frequency. Two different arrangements are possible:
For rational harmonic mode locking, the cavity is modulated
with a frequency , where is not a multiple of the
active cavity FSR but is one. Therefore, longitudinal modes
with a spacing of are locked, and the pulse repetition
rate is multiplied by a factor of [25]. In another scheme, an
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(a) (b)

Fig. 4. Detuning characteristics of the 10-GHz coupled cavity laser in�-polarization. (a) Optical power density versus wavelength at the driver frequency of
9.9318 GHz (corresponding to zero detuning, marked with the dashed vertical line on the right). (b) Optical power density spectra and pulsewidths versus RF driver
frequency detuning.

intracavity Fabry–Perot filter with an FSR of is used to
suppress the lower order FM sidebands (e.g., at ) [17].

Both schemes have been applied to the coupled cavity mode-
locked Ti:Er:LiNbO waveguide laser. For-polarization, pulse
repetition rate multiplication (by factors of two, three, and four)
has been achieved at frequencies of 4.965, 3.310, and 2.483 GHz
with 30 dBm of RF power fed to the travelling-wave electrode,
respectively. For -polarization, twofold and fourfold multipli-
cations of the pulse repetition rate have been obtained at driver
frequencies of 5.142 and 2.571 GHz.

Five GHz is a multiple of the active cavity FSR. Therefore,
the second method is used for frequency multiplication with the
passive cavity as an intracavity filter. For both polarizations,
low-noise pulse trains have been obtained—also for-polariza-
tion with a low round-trip phase modulation of 0.23 rad. Fig. 5
shows the RF spectrum and the pulse train of the-polarized
output measured with a fast photodiode and a sampling scope.
The 5-GHz RF component is 47 dB smaller than the signal at
10 GHz. The sampling oscilloscope trace indicates an excellent
pulse stability.

The driver frequencies 3.3 and 2.5 GHz are not harmonics
of 1 GHz (mode-locking frequencies of the active laser cavity).
So mode locking at 10 GHz with these driver frequencies cor-
responds to rational harmonic mode locking. The passive filter
cavity is used here—as before in the conventional mode-locked
laser—for the supermode selection and stabilization. In contrast
to the pulse-doubling scheme, a reduction of the output power
has been observed, which is described also in [17]; it was about
10% for -polarization. Due to the higher threshold and the
higher modulation index of the-polarized laser emission, the
laser operation was completely extinguished at 3.3-GHz phase
modulation. For the fourfold multiplication in, an optimum
RF power level of 30.1 dBm has been found where the reduc-
tion of the output power (15%) is minimized. The autocorre-
lation of the pulse train measured at this power level and the
threefold and fourfold multiplication of the-polarized output
are shown in Fig. 6. The pulsewidth of the-polarization at

(a)

(b)

Fig. 5. (a) RF spectrum and (b) sampling oscilloscope trace of the detector
response for the�-polarized, pulse repetition rate doubled, mode-locked laser
operation.

2.5-GHz modulation was clearly smaller (10 ps) than the pulses
of the -polarized output. As expected from the theory given
in [17], pulse phase instabilities of the 10-GHz pulse train (that
means jumping by 50 ps) occurred only for the 3.3- and not for
the 2.5- and 5-GHz modulations.
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Fig. 6. Autocorrelation traces of the pulse train for a driver frequency of 3.31
GHz (�, solid line), 2.48 GHz (�, dashed line), and 2.57 GHz (�, dotted line).

This method can be used for generating pulse trains for high-
capacity communication systems, e.g., pulse repetition rates of
40 GHz using drive signals of 10 GHz only.

III. H IGH-POWER ACTIVELY -SWITCHED LASERS

Diode-pumped integrated-switched lasers can be efficient,
miniaturized sources of short optical pulses with a variety of
possible applications. They could be used as pump sources
for parametric nonlinear frequency conversion, as sources for
optical time-domain reflectometry (OTDR) and for laser based
range finding. For the latter application, eye safe sources are
recommended. Er-doped-switched lasers emitting at about
1.55- m wavelength meet this requirement and have therefore
attracted increasing attention in the last years [26]–[28]. High
Er-concentration levels up to the solid solubility limit can
be achieved by indiffusion without significant fluorescence
quenching. This feature together with the long fluorescence
lifetime of the Er-ions guarantee a high energy storage capa-
bility and a high power conversion efficiency, which can be
exploited for the design of efficient -switched waveguide
lasers. Peak power levels in the kilowatt range have been
predicted [27]. Moreover, due to the excellent electrooptic
properties of the LiNbO substrate, the required intracavity
switch can be monolithically integrated [29], leading to a
compact and rugged laser design.

A. Fabrication

The structure of the device and the setup for its operation are
schematically shown in Fig. 7.

The total length of the laser is 75 mm. Half (with respect
to the -direction) of the Z-cut ( -propagation) LiNbO sub-
strate has been doped over the complete length near the sur-
face by indiffusion of 30 nm of vacuum deposited Er at 1130C
during 150 h. Subsequently, the photolithographically defined
7- m-wide and 100-nm-thick Ti-stripes have been indiffused
at 1060 C during 7.5 h to form the optical waveguide struc-
ture of the laser. In the undoped region, waveguide scattering
losses of 0.03 dB/cm have been measured. The large improve-
ment of the actual laser compared to the one reported earlier
[28] is due to the intracavity electrooptic switch of high extinc-
tion ratio. It has been realized as a folded (by the rear cavity
mirror) Mach–Zehnder-type interferometer with a highly sym-
metric Y-junction as the power splitter. This Y-junction with

Fig. 7. Schematical sketch of the laser structure and the experimental setup
for the investigation ofQ-switched laser operation.

X-sine shaped bends is located in the center of the cavity. Its ex-
cess loss is about 0.15 dB, and its deviation from a symmetrical
power splitting is below 0.2 dB, leading to an estimated mod-
ulator extinction ratio of better than−25 dB. This prevents, as
predicted by the numerical simulation, CW-prelasing up to the
maximum available pump power.

On the waveguide structure, a 0.6-m-thick insulating
SiO -buffer has been vacuum deposited prior to the electrode
fabrication. The electrode structure of the intracavity modulator
( -switch) is a 25-mm-long symmetric coplanar microstrip
line fabricated by liftoff of a sandwich of sputtered Ti/Au.
The modulator has been operated as a lumped device without
low resistance termination due to the relaxed bandwidth
requirements. The halfwave voltage for the laser polarization
TE-( -) is about 14 V due to the smaller electrooptic coefficient
available in this polarization. The laser has a Fabry–Perot cavity
composed of a dielectric mirror vacuum deposited on the rear
waveguide end faces and a variable etalon with air gap (see
Fig. 7). The dielectric mirror has a high reflectance (98%) at
both emission wavelength ( nm, -polarized, or

nm, -polarized) and pump wavelength (
nm). In this way, double-pass pumping is provided, allowing
an improved pump absorption efficiency. On the other side,
an output/pump coupler mirror has been realized by an air
gap etalon formed by the end faces of the pump input/signal
output fiber (common branch) of the WDM and the polished
Ti:Er:LiNbO -waveguide end face. The effective reflectance of
this mirror has been adjusted such that the pump experiences
minimum coupling losses and the resonated laser field “sees”
the maximum reflectivity of about 0.3. With this design, fully
packaged and pigtailed lasers have been realized.

B. Theoretical Model

A dynamic model and the corresponding numerical code to
simulate the behavior of such a-switched waveguide laser
have been developed. The model is based on the following hy-
pothesis.

1) The Er:LiNbO system has been approximated as a
quasi-two-level-system with wavelength-dependent
absorption and emission cross sections.

2) Gain and loss coefficients are calculated using overlap in-
tegrals of the population inversion density of the involved
Er-levels with the corresponding transverse signal and
pump intensity distributions, respectively. A mean field
approach (spatial averaging over the longitudinal inten-
sity distributions [30]) leaving only time-dependent gain
and loss coefficients is applied to reduce the complexity
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(a) (b)

Fig. 8. (a) Y-junction as three port device described byS-matrix. (b)
Schematical layout of the laser with indicated section lengths and reflectors.

of the final equations to evaluate the temporal evolutions
of the pump and signal mode powers.

3) Three different rate equations have been used to approxi-
mate the population inversion density in the different parts
of the folded MZ cavity. The system of 4 (inver-
sion density in the three sections plus pump evolution)
coupled nonlinear differential equations has been solved
numerically with an adaptive time-step routine suitable
for stiff systems.

The branched resonator [see Fig. 8(b)] characteristics are ob-
tained through a resonance condition involving the-matrix co-
efficients of the power splitter for arbitrary
splitting ratio and the mirror reflectivities.

We define an equivalent power gain coefficient of the th
cavity mode, which takes into account the amplitude modula-
tion due to a time-dependent phase shift in one or both
(push–pull) branches of the folded intracavity Mach–Zehnder
interferometer

(15)

and denote the lengths of the single- and dual-channel
sections, respectively, with (total cavity length).
is the gain coefficient of the single-channel section andare
those of the two branches of the dual-channel section, respec-
tively.

The overall gain per round trip can be expressed as follows:

(16)

denote the reflectivities of the two cavity mirrors. An ad-
ditional simulator for continuous-wave (CW) operation allows
one to check the lasing wavelength and to compare the CW
power with the average power duringswitching predicted by
the dynamic simulator.

The highest output power is predicted for-polarized
pump and signal radiations. This has been confirmed by the
experimental results. For low cavity losses (0.15 dB/cm),
the lasing wavelength is generally 1562 nm, while for higher
losses, 1531-nm emission prevails.

The splitting-dependent extinction ratio of the folded
Mach–Zehnder interferometer is expected to determine the CW
prelasing threshold. For the optimum polarization, splitting
asymmetries as large as 30:70% do not result in prelasing up to
a launched pump power of about 140 mW.

The influence of the ratio is more pronounced on the
pulse peak power than on the pulsewidth. For 50% output cou-
pling, a variation from to results in a

Fig. 9. Contour plot of constant peak power in kilowatts in a plane: cavity
length versus output coupler reflectivity; the emission wavelength is 1562 nm
except in the shaded area, where it is 1531 nm.

20% increase of the peak power but only a 10% increase in the
pulse duration.

In Fig. 9, lines of constant peak output power at 1562-nm
wavelength for 1-kHz pulse repetition rate and 0.15-dB/cm
waveguide attenuation at both signal and pump wavelengths
are given in a contour plot as function of the cavity length and
the output coupler reflectance. A pump power of 150 mW and
a ratio have been assumed.

As confirmed by the CW simulator, the laser emission wave-
length is 1562 nm throughout the whole plot except the gray
shaded area, where the emission wavelength changes to 1531
nm. There is a pronounced maximum of the output power with
respect to the output coupling but not with respect to the cavity
length, at least within the chosen range of 80 mm, which is close
to the present technical limit (4-in substrates). The best perfor-
mance of a 7.5-cm-long laser of 2.1 kW peak power and 3.7-ns
pulsewidth [full-width at half-maximum (FWHM)] is predicted
for 55% output coupler reflectivity. For the same output cou-
pler, the maximum peak power of 2.6 kW with respect to the
cavity length was found for 12 cm. A similar behavior can be
obtained for different single to dual channel ratios. The experi-
mental results shown in Fig. 10(a) for an output coupler reflec-
tivity of about 0.3 and a cavity length of 75 mm agree very well
with the simulation results shown in Fig.9 and—as a function
of time—in Fig. 10(b).

C. Laser Performance

Using a pigtailed laser diode ( nm) of up to 145
mW output power as the pump source, a threshold of about 90
mW ( -polarized) has been achieved for-polarized emission
at 1562-nm wavelength. The modulator has been operated with
a dc-bias voltage to give maximum optical extinction and an
ac-switching voltage (square wave) of amplitudeand about
5% duty cycle in the frequency range 1–5 kHz. No evidence of
prelasing has been identified. The-switched pulses have been
attenuated by about 50 dB in a cascade of fiber-optic splitters
and attenuators to ensure linearity of the detector, a biased PIN
photodiode of 1.5 GHz bandwidth. The detector signal has been
measured using a scope of again 1.5-GHz bandwidth. In Fig. 10,
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(a) (b)

Fig. 10. Output power of aQ-switched Ti:Er:LiNbO -waveguide laser versus
time; the zero of the abscissa scale coincides with the leading edge of the
electrical switching pulse; parameter of the set of graphs is the pulse repetition
frequency. (a) Measured results and (b) simulated results.

experimental (a) and theoretical (b) results of-switched op-
eration of the Ti:Er:LiNbO waveguide laser are presented for
145 mW incident pump power. The zero point of the abscissa
of the diagrams corresponds to the leading edge of the electrical
switching pulse. At 1 kHz repetition rate, up to 1.44 kW peak
power has been measured. The buildup time is about 165 ns,
and the pulsewidth is 4.3 ns (FWHM) [6]. With increasing rep-
etition rate, the peak power degrades and the pulsewidth and the
buildup time increase, respectively. A good, quantitative agree-
ment between measured and calculated peak power levels and
pulsewidths has been achieved.

With lasers of even smaller waveguide losses, we have re-
cently achieved pulse peak power levels of about 2.5 kW. High-
resolution scans of these pulses clearly show a fine structure
(burst of pulses) with a periodicity identical to the round trip
time in the laser cavity. We attribute this to self-mode-locking.
Such intense, short pulses would allow very high temporal res-
olution, e.g., in OTDR applications.

For -polarized pumping -polarized emission at 1575 nm
has been observed with significantly lower peak powers (up to

500 W) compared to the-polarized emission at 1562 nm
wavelength.

IV. PHOTOREFRACTIVEGRATING DBR LASERS

Recently, integrated optical Ti:Er:LiNbODBR lasers were
developed with holographically defined ion-beam-etched sur-
face gratings for narrow-band optical feedback. Their emission
wavelength is determined by the periodicity of the grating. Even
single frequency operation has been obtained [31].

However, DBR lasers with etched surface gratings suffer
from several drawbacks: The fabrication technology is compli-
cated [32]. Grating inhomogeneities induce extra losses of the
lasing mode. The overlap of the grating and the lasing mode
is very small, requiring a long interaction length. The pump
mode is partially coupled to substrate modes resulting in high
extra losses; therefore, pumping through the Bragg grating is
not possible.

Photorefractive gratings, as successfully used in fiber-optic
DBR and distributed feedback lasers [33], are a very promising

Fig. 11. Schematical structure of the Ti:Er:LiNbODBR waveguide laser with
photorefractive grating in the Fe-doped section. HR: Highly reflecting dielectric
mirror. AR: Antireflection coating.

alternative to etched gratings, avoiding all the drawbacks men-
tioned above. In the following, a DBR-waveguide laser (

nm) in Er-diffusion-doped LiNbOwith a fixed photore-
fractive grating in an Fe-doped Ti-diffused strip waveguide is
described [10]; the device has been pumped by a laser diode.

A. Fabrication and Grating Characterization

A schematic diagram of the laser is presented in Fig. 11. It
was fabricated in a 70-mm-long X-cut LiNbOsubstrate, which
has been Er-doped over 43 mm by an indiffusion of a 15-nm-
thick, vacuum-deposited Er-layer at 1120C during 120 h. Sub-
sequently, the remaining surface was Fe-diffusion doped (33
nm, 1060 C, 72 h) to increase the photorefractive sensitivity for
grating fabrication. Last, a 8-µm-wide, 97-nm-thick, photolitho-
graphically defined Ti-stripe parallel to the-axis has been in-
diffused forming the optical channel guide. The sample has been
annealed at 500C for 3 h in flowing Ar (0.5 L/min) to enhance
the Fe /Fe -ratio, which determines the photorefractive sen-
sitivity.

The laser resonator consists of a broad-band dielectric high
reflector on the polished waveguide end face of the Er-doped
section and of the narrow-band grating reflector in the Fe-doped
section. The end face on the right-hand side has been antireflec-
tion (AR) coated for fiber butt coupling. Last, the upper and
lower sample surfaces have been AR-coated as well to avoid in-
terference effects during the grating fabrication.

The grating has been written using a holographic setup with
an Ar-laser ( nm). The periodic illumination leads to a
corresponding excitation of electrons from Fe-states; they are
redistributed by drift, diffusion, and the photovoltaic effect in
LiNbO . The last named is the dominant transport mechanism
along the optical -axis. The electrons are trapped by acceptor
states (Fe -ions) in areas of low optical intensity. This redistri-
bution generates a periodic space charge field, which modulates
the refractive index via the electrooptic effect and in this way
generates a narrow-band Bragg-reflector grating.

A grating fabricated at room temperature is not stable. There-
fore, it has been written by a 2-h exposure at 170C. At this
temperature, protons in the crystal become mobile and compen-
sate the periodic electronic space charge [34], [8]. After cooling
to room temperature, these ions are frozen at their high-temper-
ature positions. Homogeneous illumination with the collimated
beam of a 100-W halide lamp then leads to a nearly homoge-
neous redistribution of the electronic charge, developing in this



110 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 6, NO. 1, JANUARY/FEBRUARY 2000

Fig. 12. Transmission of the fixed photorefractive grating versus wavelength.

way a stable ionic grating as a replica of inverse polarity of the
initial electronic space charge distribution.

The spectral characteristics of the holographically written
gratings have been determined by slightly pumping the de-
vice and measuring the backscattered amplified spontaneous
emission from the Er-doped section transmitted through the
grating. This yielded a minimum transmission of about 40%,
corresponding to a reflectivity of about 60%. However, due to
a finite dark conductivity for electrons, the fixed ionic grating
is slowly compensated as a function of time, resulting in a
corresponding reflectivity decrease. Fig. 12 shows the specific
result measured approximately 3 h after grating fabrication; the
reflectivity of about 44% yields optimum output coupling of
the DBR-laser cavity. The halfwidth of the grating response is
about 0.11 nm.

Fortunately, it is easy to develop the grating again by an-
other homogeneous illumination. We demonstrated that even
commercially available GaN-LED’s are well suited to recover
the grating response (and in this way the DBR-laser emission)
within approximately 1 h; continuous illumination then keeps
the reflectivity and the laser output power constant.

B. Laser Performance

To operate the DBR laser, a pigtailed diode laser (
nm) has been used for pumping. A fiber-optic WDM launched
up to 110 mW of pump power into the DBR laser and simultane-
ously extracted the laser emission in backward direction. Laser
emission has been achieved in both TE- and TM-polarization.
TE-polarization for both pump and emission has yielded the
maximum output power (see Fig. 13), as the smaller TE-modes
result in a better overlap with the Er concentration profile.
To suppress TM-emission, a stripe of Ag paste operating as
a TE-pass polarizer has been deposited across the waveguide
close to the high reflector. The grating bandwidth of0.11
nm has led to the simultaneous emission of three longitudinal
modes (see inset of Fig. 13) with a central wavelength of
1531.7 nm. The maximum TE-polarized output power of 5
mW has been measured for a grating reflectivity of about 45%.
The saturation of the output power at high pump power levels
was due to a change of the pump spectrum (broadening and
shifting to longer wavelengths) caused by back reflections into
the nonisolated diode laser. As a result, the pump absorption

Fig. 13. Power characteristics of the DBR laser. Inset: axial mode spectrum
(TE-polarized).

Fig. 14. Calculated power characteristics of an optimized DBR laser (emission
wavelength: 1560 nm).

efficiency and hence the slope efficiency of the DBR-laser were
reduced.

Modeling results predict a significant potential for improve-
ments. Assuming 0.1 dB/cm waveguide scattering losses, an op-
timized Er-concentration profile and output coupling through
the grating, up to 32% slope efficiency and 15 mW output power
at 80 mW of launched pump power seem to be feasible at the
same emission wavelength ( nm). Even better results
can be expected at longer wavelengths; as an example, Fig. 14
presents the calculated characteristics for nm.

V. QUASI-PHASE-MATCHED SELF-FREQUENCYDOUBLING

LASERS

Very recently, periodic poling of Ti:Er:LiNbOwaveguides
was demonstrated for the first time [11]. This is a key result,
as it opens the possibility to combine different types of wave-
guide lasers with quasi-phase-matched nonlinear frequency
converters even in the same waveguide structure. The latter can
be second-harmonic, difference and sum-frequency-generators,
parametric amplifiers, and oscillators. A whole new class of
laser active frequency converting devices can be designed.
Examples are self-frequency doubling lasers and optical
parametric oscillators with intracavity pump laser. However,
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Fig. 15. Chemically etched surface of a periodically poled Ti:Er:LiNbO
optical waveguide.

Fig. 16. Schematic diagram of the experimental setup to investigate the
self-frequency doubling Ti:Er:LiNbOwaveguide laser (OSA: optical spectrum
analyzer).

up to now only self-frequency doubling lasers have been
developed [11]. Fabrication and properties are reported in the
next sections.

A. Fabrication

The laser has been fabricated in a 50-mm-long, Z-cut,
0.5-mm-thick LiNbO substrate. First, an Er-layer of 28-nm
thickness, vacuum deposited on the (Z)-face, was indiffused
(1130 C/150 h). Afterwards, 98-nm-thick and 7-µm-wide
Ti-stripes were photolithographically defined parallel to the
crystal -axis and indiffused (1060C/7.5 h) in the Er-doped
surface to form the optical waveguides. A shallow domain in-
verted layer, generated on the (Z)-side of the substrate during
the diffusion processes, had to be removed by mechanical
grinding. Subsequently, the domain orientation of the substrate
as a whole was inverted by electric field poling followed by
periodic poling using a photoresist grating of 17-m period on
top of the waveguide as mask for a liquid electrolyte electrode.
In this way, a better uniformity of the periodic domain structure
in the waveguide was achieved, as domain growth during the
poling process always starts at the -face. Fig. 15 shows a
photograph of the etched surface of an Er-doped periodically
poled waveguide. No significant differences of the quality
of the domain pattern of doped and undoped samples were
observed.

B. Laser Operation and Performance

A fiber-optic WDM was used to couple up to 135 mW of
pump radiation at 1480 nm center wavelength from a laser
diode into the Ti:Er:LiNbO waveguide resonator (see Fig. 16).
The input mirror was a tunable, low finesse Fabry–Perot etalon,
formed by the end face of the optical fiber and the polished,
uncoated front face of the waveguide. The fiber was mounted
on a piezo-driven translator allowing to adjust the thickness of
the air gap and in this way the effective (wavelength dependent)

Fig. 17. SH power (� = 765:5 nm) generated in forward direction as
function of the fundamental laser power (� = 1531 nm) emitted in backward
direction.

reflectivity of the etalon between 5% and 30% (tunable air gap
reflector). Due to its wavelength dependence, the preferred laser
wavelength has been selected among emission atof 1531,
1545, 1575, and 1602 nm. The output mirror was a dielectric
multilayer (12 layers), vacuum deposited on the polished rear
waveguide end face, with a broad-band reflectivity of 95%
in the wavelength range nm nm. Around
765 nm the mirror transmission was high, exceeding 80%. The
laser fundamental power was monitored in backward direction
behind the WDM. In case of second-harmonic generation
(SHG), the corresponding output power was measured in
forward direction using an optical spectrum analyzer (OSA) as
wavelength filter.

nm was adjusted as the laser emission wave-
length to allow quasi-phase-matched SHG in the periodically
poled waveguide of 17-m periodicity (at room temperature). In
this configuration, the laser threshold was 87 mW coupled pump
power. Due to waveguide and coupling losses, the slope effi-
ciency was poor, allowing only up to 2.4 mW of output power.
Simultaneously, frequency doubled radiation nm
was generated in both forward and backward directions. Only
the part emitted in forward direction was measured using an
OSA to suppress the green upconversion light generated in the
Er-doped waveguide. Up to 2.7W of SH power was emitted
with a quadratic dependence on the fundamental laser power
(see Fig. 17).

To improve the performance of the laser and to increase the
SH-output power, a narrow bandwidth fiber Bragg grating has
been used replacing the “air gap reflector.” In this way, the fun-
damental wavelength is determined by the grating periodicity,
the laser threshold is reduced, and the intracavity fundamental
field strength is enhanced, leading to a higher SH-conversion
efficiency. It was possible to increase the SH-output power by
nearly one order of magnitude. In the future, even photorefrac-
tive Bragg gratings in the Ti:LiNbOwaveguides might be used
[10] to develop a self-frequency doubling DBR laser.

VI. CONCLUSION

In conclusion, we have reviewed the recent progress in the
field of Ti:Er:LiNbO waveguide lasers. There is still a large po-
tential to improve the properties of the different types of lasers
significantly and to use them in selected applications. In partic-
ular, the repetition rate of the harmonically mode-locked laser
can be increased to directly meet, without optical time division
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multiplexing [35], the requirement of future fiber-optic com-
munication systems of 40-Gb/s data rates. Their relatively
high pulse peak power would allow one to excite optical soli-
tons in fibers without any further amplification. The-switched
laser is currently announced as a product for applications such
as distance measurement and collision avoidance sensing [36].
The narrow linewidth DBR laser can be easily combined with
other components on the same chip like external modulators or
interferometers. Moreover, it should be possible to monolithi-
cally integrate more than one DBR laser with external modulator
for WDM applications. Last, the self-frequency-doubling laser
might become of interest as a pump source for cascaded non-
linear optical difference frequency generation as used in low-
noise wavelength converters for optical communications in the
1.55- m window. Besides extracavity, also intracavity combi-
nations of lasers with quasi-phase-matched parametric devices
like a self-pumped integrated optical parametric oscillator are
demanding goals for the future.
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