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(57) Abrégée/Abstract:

The present Invention relates to a wavelength tuneable external-cavity laser module, the laser being tuneable across a
predetermined wavelength range and comprising: a thermally stabilised substrate; a gain medium for emitting an optical beam
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(57) Abrege(suite)/Abstract(continued):

passing through the external cavity along an optical axis, saild gain medium being placed In thermal contact with the thermally
stabilised substrate; an end mirror for recelving and reflecting the optical beam within the external cavity, and a phase element for
controlling the phase of the optical beam and beling positioned within the external cavity between the gain medium and the end
mirror, whereln sald phase element comprises a material having a refractive index that varies In response to changes In
temperature and has a transmissivity substantially independent of wavelength across said predetermined wavelength range. The
thermally-controllable phase element in the laser external cavity iIs configured so as to induce a phase variation that compensates
the drop In the output power due to ageing or to external temperature variation. According to a preferred embodiment, a heating
element is placed Iin thermal contact to the phase element. The temperature of the phase element can be increased to "bring back”
the output power to a value very close to the Initial value. Preferably, the phase element is a silicon plate. By thermally controlling an
Intra-cavity phase element it is possible to vary continuously the output power as a function of the injection current. Therefore, the
solution has the advantage that it is possible to configure the ECL to laser at a desired value of the output power selected along a
mono tonic function of the injection current.
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(57) Abstract: The present invention relates to a wavelength tuneable extemal-cavity laser module, the laser being tuneable across
a predetermined wavelength range and comprising: a thermally stabilised substrate; a gain medium for emitting an optical beam
v nassing through the external cavity along an optical axis, said gain medium being placed in thermal contact with the thermally
stabilised substrate; an end mirror for receiving and reflecting the optical beam within the external cavity, and a phase element for
controlling the phase of the optical beam and being positioned within the external cavity between the gain medium and the end mirror,
W) yherein said phase element comprises a material having a refractive index that varies in response to changes in temperature and has
- 2 transmissivity substantially independent of wavelength across said predetermined wavelength range. The thermally-controllable
[~ pPhase element in the laser external cavity is configured so as to induce a phase variation that compensates the drop in the output
I~ power due to ageing or to external temperature variation. According to a preferred embodiment, a heating element is placed in
& thermal contact to the phase element. The temperature of the phase element can be increased to "bring back" the output power to a
a value very close to the initial value. Preferably, the phase element is a silicon plate. By thermally controlling an intra-cavity phase
& clement it is possible to vary continuously the output power as a function of the injection current. Therefore, the solution has the
— advantage that it is possible to configure the ECL to laser at a desired value of the output power selected along a mono tonic function
N o the injection current.
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Phase control by active thermal adjustments in an external cavity laser

The invention relates to a tuneable external-cavity laser and in particular to an
external cavity tuneable laser that i1s especially adapted as optical transmitter for

wavelength-division multiplexed optical communication networks.

Related art

The use of lasers as tuneable light source can greatly improve the reconfigurability
of wavelength-division multiplexed (WDM) systems or of the newly evolved dense
WDM (DWDM) systems. For example, different channels can be assigned to a node by
simply tuning the wavelength. Also, tuneable lasers can be used to form virtual private
networks based on wavelength routing, 1.e., photonic networks.

U.S. patent No. 6,526,071 describes an external-cavity tuneable laser that can be
employed 1n telecom applications to generate the centre wavelengths for any channel on
the International Telecommunications Union (ITU) gnd. The disclosed tuneable laser
includes a gain medium, a grid generator and a channel selector, both grid generator and
channel selector being located 1n the optical path of the beam. The gnd generator selects
periodic longitudinal modes of the cavity at intervals corresponding to the channel
spacing and rejects neighbouring modes. The channel selector selects a channel within
the wavelength grid and rejects other channels. The grid generator, which is a Fabry-
Perot etalon, 1s dimensioned to have a free spectral range (FSR) corresponding to the
spacing between gridlines of a selected wavelength grid (an ITU grid) and the channel
selector 1s dimensioned to have a FSR broader than that of the grid generator which is
itself broader than the FSR of the cavity.

J. De Merlier et al. in “Full C-Band External Cavity Wavelength Tunable Laser
Using a Liquid-Crystal-Based Tunable Mirror”, published in IEEE Photonics
technology Letters, vol. 17, No. 3 (2005), pages 681-683, disclose an external cavity
tuneable laser containing a fixed etalon with a FSR of 50 GHz and a liquid crystal (LC)
based tuneable mirror. The tuneable mirror 1s an optical resonator that works in
reflection, exhibiting one reflection peak over a wide wavelength range which can be
tuned over the whole C-band by adjusting the amplitude of the ac voltage signal. The
laser consists of a chip containing a gain and a phase section. The integration of the
phase control on the chip avoids the need for mechanical tuning of the cavity length.

An external cavity tuneable laser with an etalon as grid generator and an LC-based
tuneable mirror 1s described in WO patent application No. 2005/041371.

CONFIRMATION COPY
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WO patent application No. 2005/041372 descrnibes a method of controlling an
external-cavity tuneable laser that comprises a liquid-crystal based tuneable mirror, 1n
which wavelength selectivity is achieved by an electrical signal provided by an
alternating (AC) voltage. Selection of the emission wavelength (frequency) of the
tuneable laser by the tuneable mirror is derived from the analysis of the signal
modulation induced by the AC voltage applied to the tuneable mirror.

In order to accommodate increasing optical communication traffic, DWDM systems
with channel spacing of 50 GHz and even of 25 GHz have been recently developed. As
DWDM uses narrower channel spacing, wavelength (frequency) accuracy of transmitter
lasers over the entire tuning (e.g., the C-band or L-band) and operating temperature
range has become an important 1ssue. For example, DWDM systems with 25 GHz may
require a frequency accuracy of less, in absolute value, than 1 GHz.

In external-cavity tuneable lasers for WDM systems, variations of the cavity optical
path length cause an offset of the cavity mode from the centre of the (selected) etalon
peak. Such an optical misalignment of the cavity modes introduces optical losses that
lead to a drop 1n the output power at the selected lasing channel, which can be
unacceptable when a stable output at selectable wavelengths during laser operation 1s
required.

As tuneable elements are configured for narrower channel separation, decreasing
component tolerances and thermal fluctuations become increasingly important. Spatial
misalignments of optical components of the laser device may arise from temperature
variations due to expansions and contractions associated to the various components,
which will reduce wavelength stability and generally reduce the performance of the
laser. The laser response needs to be stabilised across a relatively wide temperature
range, typically ranging from -5°C to 75°C. To ensure thermal stability, many
telecommunication laser devices are mounted on a common platform, which exhibits
high thermal conductivity and 1s subject to the thermal control of one or more thermo-
electric coolers (TECs). Temperature control allows for maintenance of thermal
alignment of the optical components. |

In an external cavity laser, a resonant external cavity 1s formed with optical path
length L, between a first mirror, typically the reflective rear surface of the gain
medium, and a second mirror, the end mirror. The free spectral range (FSR) of the laser
cavity, 1.e., the spacing between the cavity modes, depends on the optical path length,

owing to the relation
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wherein ¢y 1s the speed of light in vacuo.
The optical path length of an external cavity laser is a sum of the products of indices

of refraction and optical thicknesses of the various elements or components present in
the optical path across the external cavity, including the air present within the cavity.
Thus, the optical path length of the laser cavity can be given by

L., =) nL, (2)

where n; (1=1,...,m) is the refractive index of the medium filling the i"- optical element
(component) that the light encounters in the cavity and of the cavity itself (1.e., the free
space, ngs =), while L; is the thickness of the i'". element and the physical length the
light travels in free space (i.e., the free-space physical length). The external cavity can
be thought as an optical resonator composed of two confronting and reflective,
generally parallel, surfaces separated by a length, which 1s defined as the physical
length of the cavity, Ly. In general; Lopt 2=Lo.

US patent application No. 2003/0012237 discloses a laser apparatus that uses an
active thermal adjustment of a laser cavity reflective element to minimise losses and
provide wavelength stability. A compensating member 1s coupled to a reflector and
configured to thermally position the one reflector with respect to the other reflector 1n
order to maintain an optical path length that does not vary with temperature (except
during active thermal control of the compensating member). The thermal positioning
may be carried out by a thermoelectric controller operatively coupled to the
compensating member and configured to thermally adjust the compensating member by
heating or cooling thereof.

From Eq. (2) 1t can be seen that L., may be adjusted by physical adjustment of the
spacing between the two end mirrors defining the external cavity and/or by adjusting the
refractive index of the material present in the external cavity.

US patent No. 6,763,047 describes an external cavity laser apparatus that uses an
active thermal adjustment of the external cavity to minimise losses and provide
wavelength stability. The apparatus of the cited patent includes a thermally conductive
platform, a gain medium and an end mirror thermally coupled to the platform and a
thermoelectric controller thermally coupled to the platform and configured to cause the
platform to expand and contract in response to a temperature change of the platform,
thereby adjusting the optical path length of the cavity. Heating or cooling of the
plattorm by the thermoelectric controller provides temperature control of the gain
medium refractive index via thermal conduction with gain medium and/or thermal
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expansion or contraction of the platform to control the spacing between the end mirrors.
A control element 1s operatively coupled to the thermoelectric controller to provide
C(;ntrol instructions regarding heating or cooling of the platform, and hence of the gain
medium.

In external cavity lasers, especially for WDM applications, the gain medium is
typically a semiconductor laser chip, such as a monolithic semiconductor diode laser. In
the semiconductor diode laser, a Fabry-Perot (FP) laser cavity can be defined between the
facets of the gain medium since both facets are at least partially reflective. In order to
minimize the light that 1s internally reflected from the facet facing the external laser
cavity, said facet 1s treated with an anti-reflection (AR) coating

It 1s however generally not possible to achieve zero retlection at the AR-coated
facet and reflectivity ranges typically for example between 10> and 10™°. As a result, the
laser behaves as 1f 1t consists of two interfering cavities. The relative phase of the laser
facet reflection relative to the external cavity reflection may affect the tuning of the lasing
mode.

US patent No. 6,724,790 describes an external cavity laser apparatus including a
gain medium facet phase control means that enables the laser facet phase to be adjusted
so as to minimize the relative reflectivity phase angle. Phase adjustment is accomplished
by changing the temperature of the gain medium via controlling the temperature of a

temperature-controllable sled to which the gain medium 1s thermally coupled.

Summary of the invention

A wavelength tuneable external-cavity laser module being tuneable across a
predetermined wavelength range including a plurality of channels, the laser module
comprising: a thermally stabilised substrate ; a gain medium for emitting an optical beam
passing through the external cavity along an optical axis, said gain medium being placed
in thermal contact with the thermally stabilised substrate; an end mirror for recetving and
reflecting the optical beam within the external cavity; a phase element for controlling the
phase of the optical beam and being positioned within the external cavity, wherein said

phase element comprises a material having a refractive index that varies 1n response to
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changes in temperature and has an optical transmissivity substantially independent of

wavelength across said predetermined wavelength range.

The present invention relates to a external cavity laser (ECL) assembly
comprising a gain medium and an end mirror and in particular to a tuneable ECL
providing a single longitudinal mode output signal at selectable wavelengths.

The gain medium 1s preferably a semiconductor gain medium, such as a
semiconductor laser chip. Due to environmental thermal fluctuations and to heating
generated during operation, (semiconductor) the gain medium undergoes temperature
variations that in turn induce variations of the refractive index with consequent changes
of the optical path length of the laser external cavity. In particular, semiconductor gain
media such as InGaAs and InGaAsP have generally high refraction indices that exhibit
relatively large variations with temperature and therefore can significantly affect the
overall external cavity optical path length.

In order to improve temperature stability, the gain medium of an ECL is thermally

coupled to a thermally stabilised substrate, which preterably includes a thermo-electric



10

15

20

25

30

335

CA 02703584 2010-04-23

WO 2008/077415 PCT/EP2006/012448

cooler (TEC) that provides the gain medium with thermal control. The TEC comprises a
thermally stabilised surface in thermal coupling with the gain medium so that excessive
heating of the gain medium can be dissipated through the TEC, which 1s operatively
arranged so as to maintain said TEC surface at a substantially constant temperature, €.g.,
25°C£0.1°C or 30°Cx0.1°C.

Within this context, thermal coupling (or thermal contact) between two elements
means that a heat flow path exists between said two elements. The heat flow path,
which is defined by a thermal resistance, takes place across thermally conductive or
partially thermally insulating maternals.

A single-mode tuneable ECL for telecom application generally includes a gnd
generator, such as a FP etalon, and a tuneable element. Figure 1 illustrates the laser
output power, represented by the current monitored on a photodiode positioned at the
laser output (Ipp), which 1s proportional to the output power, as a function of the
injection current (I p) of the laser chip in such a tuneable ECL. Referring to the solid
line, the local maxima (two maxima are indicated m Fig. 1 with M1 and M2)
correspond to the alignment condition of the cavity mode with the (selected) etalon
peak, whereas local minima (indicated with m1 and m2) correspond to the condition of
mode hopping. Under mode hopping, the mode jumps between longitudinal cavity
modes resulting in a sudden, discontinuous change in the laser output wavelength and
power (1.e., of the photodiode current). Stable operating conditions correspond to the
local maxima of the output power. When the lasing signal is slightly off the alignment
condition, small adjustments of the output power can be made by varying the injection
current. Typically, a control algorithm maintains the laser cavity alignment by adjusting
the injection current so as to operate at the initial local maximum (e.g., the value M2).

Dnft in the ECL output can occur due to ageing, such as to ageing of the laser diode
or to the operation of the ECL at an external temperature that greatly differs from the
temperature at which the TEC 1s stabilised, e.g., in the occurrence of a temperature
gradient between the external temperature and the stabilised temperature of more than
20°C. Such a temperature gradient may induce mechanical deformations of the TEC,
which 1n turn lead to changes in the optical path length. Laser drift leads to a shift
towards lower values of the power output, as shown by the dashed line in Fig. 1. In the
experiment reported in Fig. 1, ageing is obtained by heating the gain medium at a
temperature 85°C for a time of S000 hrs. As a consequence of ageing, the values of the
local maxima of the dashed line are smaller than the respective local maxima under the
initial conditions. For instance, if the value of the imitial output power was M2, in the
aged laser represented by the dashed line, the output power under alignment condition,
€.g., In the presence of a control algorithm that adjusts I p so as to uphold the nearest
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maximum point, corresponds to the value A2. It is not possible to restore the initial
output power value (e.g., M2) while attaining a phase condition: the laser can work
either at a lower power value (e.g., A2) or at a larger value (e.g., A3), the latter value
corresponding however to a significant larger value of injection current with consequent
increase in power consumption and further acceleration of the ageing of the laser chip.

The Applicant has understood that temperature control of an intra-cavity optical
element having a temperature-dependent phase delay can allow the ECL to laser at the
initial output power or at a value very close to the initial output power. For instance,
always with reference to Fig. 1, if after ageing the output power under cavity alignment
1s at A2, there exists a temperature change induced to the intra-cavity phase element,
which compensates the cavity phase vanation due to ageing (or to large temperature
gradients between the thermally stabilised surface and the external temperature) and
brings the output power back to the value of M2 or to a value close to M2.

The Applicant has considered inducing the intra-cavity phase variations by means of
a thermal control of the gain medium. The gain medium 1s generally placed in good
thermal contact with a TEC, 1.e., the thermal resistance between the gain medium and
the thermally stabilised surface of the TEC i1s relatively low, e.g., 3-5 K/W. A heating
element thermally coupled to the gain medium can produce a temperature change in the
gain medium, which in turn induces a change in 1ts refraction index and thus an optical
length change 1n the cavity. For instance, a temperature change of a few degrees, 1.e.,
within 3.5-3.7°C, is necessary to cycle through a 27 phase of an InP laser diode having
refraction index, n, of 3.2 and vanation of refraction index with temperature, dn/dT, of
0.000065625 ppm/°C. Since the laser diode 1s placed above the TEC, heating of the gain
medium leads to an increase of power consumption of the TEC.

The Applicant has conceived placing the gain medium not above the TEC thermally
stabilised surface, but at a certain longitudinal distance from it. Figure 2 schematically
1llustrates such a configuration of a thermally controlled external cavity laser. The
external cavity laser 200 includes a semiconductor gain chip 203 as gain medium
emitting a light beam and an end mirrof 205, the gain medium and the end mirror being
thermally coupled to a thermoelectric cooler (TEC) 201, which 1s 1n the illustrated laser
configuration a Peltier cell. The gain medium 203 is placed on a thermally conductive
submount 204, which 1s placed on a thermally conductive platform or optical bench
202. Optical bench 202 1s placed 1n thermal contact to the thermally stabilised surface of
the TEC 201, e.g., the upper carmnier plate 206 of a Peltier cell, which has a main
longitudinal direction along the X axis. Platform 202 has a length larger than the length
of the TEC thermally stabilised surface along a X axis, which can be considered to lie
substantially along the optical axis of the laser beam within the cavity. There exists a
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distance d from the left edge of the optical bench 202 along the X-axis to the left edge
of the upper carrier plate 206. The gain chip is thus positioned at a certain distance
along the X axis from the TEC thermally stabilised surface 206. In this way, the thermal
resistance of the heat flow path from the gain medium to the thermally stabilised surface
of the TEC increases, being for example not smaller than about 5-10 K/W.

In an ECL having a configuration as illustrated in Fig. 2, it is possible to heat the
gain medium of a few degrees centigrade without significantly increasing the power
consumption of the TEC. However, gain media, in particular semiconductor laser chips,
are generally characterised by a maximum operation temperature above which
performances tend to degrade and device reliability cannot be guaranteed by the
manufacturer. The maximum allowable temperature may vary with the chip structure
and materials, being for example 38-42°C for waveguide laser diodes based on InGaAs
compounds. Consequently, if the gain medium has a less efficient thermal contact with
the TEC, the temperature change that can be induced by a heater into the gain medium
cannot exceed the maximum operation temperature of the gain medium itself. This
requirement may limit the cycle through the phases, for instance for phases larger than
2-3m. Furthermore, heating of the gain medium accelerates its ageing and thus ageing of
the ECL.

The Apphcant has found that the introduction of a thermally-controllable phase
element 1n the laser external cavity allows a phase variation that compensates the drop
in the output power due to ageing or to external temperature varnation. According to a
preferred embodiment, a heater i1s placed in thermal contact to the phase element. The
temperature of the phase element can be increased to “bring back™ the output power to a
value very close to the initial value.

The Applicant has further understood that by thermally controlling an intra-cavity
phase element it 1s possible to vary continuously the output power as a function of the
injection current. Figure 3 compares the output power behaviour as a function of the
laser chip injection current of the type described with reference to Fig. 1 and
characteristics of an ECL comprising a FP etalon (solid line) with the output power
behaviour obtained by thermally controlling the intra-cavity phase element according to
the invention (dot-dashed line). The “hilly” behaviour of the solid line requires the laser
to operate only at the local maxima (M1, M2, M3) in mode alignment condition,
whereas in the laser according to the invention constraints on the permissible values of
the output power are relaxed since thermal control allows tuning of the power while
preserving stable working conditions of the laser, as it will be explained more in detail
in the following. |
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The solution has the advantage that 1t 1s possible to configure the ECL to laser at a
desired value of the output power selected along a monotonic function of the injection

current.
Brief description of the drawings

FIG. 1 is an exemplary measurement showing the laser output power as a function
of the injection current of the gain medium. The solid line represents the initial output
power and the dashed line represents the output power after ageing.

FIG. 2 1s a schematic diagram illustrating a particular configuration of an external
cavity laser stabilised in temperature by means of a thermoelectric cooler.

FIG. 3 1s an exemplary measurement comparing the laser output power as a
function of the injection current of the gain medium for an ECL as described with
reference to Fig. 1 (solid line) with the output power behaviour of an ECL according to
the invention (dot-dashed line).

FIG. 4 1s a schematic lateral view of a laser module along the main longitudinal
direction of the optical bench, which 1s substantially parallel to the main optical axis of
the optical beam within the cavity, according to a preferred embodiment of the present
invention.

FIG. 5 shows computer simulations of the temperature vanation (filled triangles)
induced on a phase element and of the dissipated power produced on a heating element
in thermal contact with the phase element as a function of the thickness of the phase
clement (filled squares).

FIGS. 6A-6C are mechanical perspective schematic views of a support for the
phase element according to three embodiments of the present invention.

FIG. 7 1s a schematic partial lateral view (only the phase-varying structure on the
TEC 1s shown).

FIG. 8 1s a perspective view of a laser module (the packaging enclosure 1s not
shown) according to a further embodiment of the present invention.

FIG. 9 1s an exemplary measurement showing the photodiode current as a function
of the dissipated power through the heating element.

FIG. 10 i1s a schematic view of a control circuit for phase stabilisation of a tuneable
laser according to an embodiment of the present invention.

Description of the preferred embodiments
According to the a preferred embodiment of the present invention, the external-
cavity laser is a tuneable laser including a gain medium emitting a light beam, a grid
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generator and a channel selector, both grnid generator and channel selector being located
along the optical path of the beam exiting the gain medium. The gnd generator selects
periodic longitudinal modes of the cavity at intervals corresponding to the channel
spacing and rejects neighbouring modes. The channel selector selects a channel within
the wavelength gnd and rejects other channels.

Preferably, the channel selector is a tuneable mirror, which forms an end mirror of
the external cavity and defines it in length together with the reflecting front facet of the
gain medium, e.g., a semiconductor laser diode. In other words, the tuneable mirror
functions as both channel selector and end mirror for the laser cavity.

When present 1n the laser cavity together with the grnid generator, the channel
selector serves as the coarse tuning element that discriminates between the peaks of the
grid generator. For single-mode laser emission, a longitudinal cavity mode should be
positioned over the maximum of one of the gnd transmission peaks (the one selected by
the tuneable element).

Laser assemblies are typically housed 1n a package that protects the laser
components and other electronic or thermoelectric components associated to the laser
assembly from the external environment. External cavity lasers for telecommunications
are generally housed in hermetically sealed packages so as to allow the laser assembly
to be sealed within an 1nert atmosphere to prevent contamination/degradation of the
optical surfaces of the various components of the laser.

A tuneable laser module according to a preferred embodiment of the present
invention 1s schematically depicted as a side view (not to scale) in Fig. 4. The laser
module 1 comprises an external cavity laser assembly housed in a package, e.g., a
butterfly package, which defines an enclosure 7. The package includes a boot 17 for the
insertion of an optical fibre, 1.e., fibre pigtail 22. A glass window 23 closes up
hermetically the laser assembly from the boot for fibre insertion. The laser assembly
includes a gain medium 13, a collimating lens 3, a grid generator 4, a deflector 6 and a
tuneable mirror 8. The gain medium 13 1s based on a semiconductor laser chip, for
example an InGaAs/InP multiple quantum well Fabry-Perot (FP) gain chip especially
designed for external-cavity laser applications. The diode comprises a back facet 24 and
a front facet 25. The diode’s back facet 25 1s an intracavity facet and is treated with an
anti-reflection (AR) coating. Preferably, the gain chip waveguide i1s bent so that it has
an angled incidence on the front facet in order to further reduce back reflections. The
front facet 24 1s partially reflective and serves as one of the end mirrors of the external
cavity. The reflectivity of the front facet can range for instance of about 10% in order to
allow a relatively high laser output power. The tuneable mirror 8 forms an end mirror of
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the laser external cavity and defines it in length together with the reflecting front facet
24 of the laser chip 13.

The laser assembly 1s placed on an optical bench or platform 10, which functions
also as mechanical reference base for the optical elements. The use of a common optical
bench 1s preferred because it minimises the design complexity and simplifies the
alignment between the components of the tuneable laser. The platform 10 1s made of a
thermally conductive matenal, such as aluminium nitride (AIN), silicon carbide (S1C)
and copper-tungsten (CuW).

Optical bench 10 1s placed on a TEC 11, e.g. 1t 1s glued or soldered on the (upper)
thermally stabilised surface of the TEC.

The grid generator 4 1s preferably a Fabry-Perot (FP) etalon, which 1s structured
and configured to define a plurality of equally spaced transmission peaks. In
apphcations for WDM or DWDM telecommunication systems, transmission peak
spacing, 1.€., the free spectral range (FSR) of the grid element, corresponds to the ITU
channel gnd, e.g., 50 or 25 GHz. The laser can be designed in such a way that the
operating wavelengths are aligned with the ITU channel grid. In order to stabilise its
temperature, the FP etalon 4 1s preferably housed 1n a thermally conductive housing 5 to
promote thermal contact with the platform 10.

Temperature monitoring of the platform 10 is provided by a thermal sensor device
12, such as a thermistor, which 1s placed on the platform and is operatively coupled to
the TEC 11 so as to provide control signals to cool or heat the surface of the TEC in
thermal contact with the platform 10, and thus to heat or cool platform 10 in order to
maintain an approximately constant temperature, T;, e.g., T;=30°C+0.1°C. In the
embodiment of Fig. 4, the thermal sensor device i1s placed in proximity of the FP etalon
4, for control of its thermal stability.

The gain chip 13 is preferably placed, e.g., by bonding, on a thermally conductive

submount 21 so as to position the emitted beam at a convenient height with respect to

the other optical elements and to further improve heat dissipation. The thermally
conductive submount 21, made for instance of SiC, is placed on the optical bench 10.

Within the laser cavity, the emerging beam 26 from the laser chip back facet 25 is
collimated by collimating lens 3.

The laser cavity includes a thermally-controllable phase element 19 comprising a
material having a refractive index that varies with temperature. The phase element is
configured so as to exhibit an optical transmissivity substantially independent of the
wavelength of the optical passing through it, at least in the wavelength range of
operation of the tuneable ECL, e.g., across the C-band (1530-1570 nm) and/or the L-
band (1570-1610 nm).
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Thermal control of the phase element is obtained by placing a heating element 18 in
thermal contact to the phase element.

In the embodiment illustrated in Fig. 4, the phase element 1s placed within the cavity
between collimating lens 3 and the FP etalon 4. Although not shown in Fig. 4, lens 3 1s
mounted to platform 10 by an individual mount.

Preferably, the phase element 1s oriented at a relatively small angle with respect to
the optical axis in order to reduce back-reflections from the facet of the phase element
receiving the incident optical beam 26. The angle 1s preferably not smaller than 4° and
not larger than about 20°.

According to a preferred embodiment, heating element 18 comprises a resistor
element, such as an SMD resistor. The resistor, which can be for instance glued on top
of the phase element, as illustrated in Fig. 4. A current, Ijcater, 1 provided to the resistor,
which generates a power dissipated through the resistor according to the known
relationship, Pheate,=Rheater-Iheater2, wherein Ryeater 18 the electrical resistance of the heating
element. By Joule’s effect, a heat 1s thus generated raising the resistor temperature.
Therefore, the temperature of the phase element, Tpg, In thermal contact with the
resistor results to be proportional to the current flown through the resistor.

After the FP etalon 4, the laser beam strikes a deflector 6 that deflects the beam 26
onto a tuneable mirror 8 along optical path 29. The tuneable mirror 8 reflects the light
signal back to the deflector 6, which 1n turn deflects the light signal back to the gain
medium 13. The deflector 6 is in this embodiment a planar mirror, for instance a gold-
coated silicon slab.

According to the embodiment illustrated in Fig. 4, the external laser cavity 1s a
folded resonant cavity having an optical path length, which 1s the sum of the optical
path 26 between the partially reflective front facet 24 of the gain medium 13 and the
deflector 6 and the optical path 29 between the deflector and the tuneable mirror 8.

- Although not shown in Fig. 4 for sake of clarity, the deflector can be secured in the
cavity for instance by means of a support structure that 1s fixed to the platform 10.
Examples of supporting structures for the deflector are described for instance in WO
patent application No. 2006/002663. Preferably, the deflector is aligned to the laser
beam by means of active optical alignment techniques.

The tuneable mirror 8 is an electro-optic element, in which tuneability 1s achieved
by using a matenal with voltage-dependent refractive index, preferably a liquid crystal
(LC) matenial. For example, a tuneable mirror 1s that described in WO patent
application No. 2005/064365. The tuneable mirror 1s driven with an alternating voltage
of amplitude V1y at a frequency f4 to prevent deterioration of the liquid crystal due to
dc stress. The frequency of the applied voltage may range from 20 kHz to 200 kHz.
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The tuneable mirror serves as the coarse tuning element that discriminates between
the peaks of the FP etalon. The FWHM bandwidth of the tuneable element is not
smaller than the FWHM bandwidth of the grid etalon. For longitudinal single-mode
operation, the transmission peak of the FP etalon corresponding to a particular channel
frequency should select, 1.e., transmit, a single cavity mode. Therefore, the FP etalon
should have a finesse, which 1s defined as the FSR divided by the FWHM, which
suppresses the neighbouring modes of the cavity between each channel. For single-
mode laser emission, a longitudinal cavity mode should be positioned over the
maximum of one of the etalon transmission peaks (the one selected by the tuneable
element). In this way, only the specified frequency will pass through the etalon and the
other competing neighbouring cavity modes will be suppressed.

In the preferred embodiments, the laser assembly 1is designed to produce
substantially single longitudinal and, preferably, single-transversal mode radiation.
Longitudinal modes refer to the simultaneous lasing at several discrete frequencies
within the laser cavity. Transversal modes correspond to the spatial variation in the
beam intensity cross section In the transverse direction of the lasing radiation.
Generally, an appropnate choice of the gain medium, e.g., a commercially available
semiconductor laser diode including a waveguide, guarantees single spatial, or single
transversal, mode operation. The laser 1s operative to emit a single longitudinal mode
output, which depends on the spectral response of the optical elements within the cavity
and on the phase of the cavity.

The phase condition of the laser cavity 1s met if the following equation is satisfied:

20, (I,5)+2P . +2P . + 2P . (] )+ P, =2N7 (3)

heater

where N 1s an integer number different from zero, ¢, p 1s the phase delay introduced by
the laser diode, ¢gt 1s the phase delay introduced by the FP etalon, ¢gs 1s the phase delay
introduced by the free space, ¢pg 1s the phase delay introduced by the phase element
(depending on its temperature, Tpg, and thus on the current flown through the heating
element, Iieaer), and Qr; 1s the phase delay introduced by the tuneable mirror. The etalon
phase delay ¢gt 1s related to the reflectivity of the etalon.

The phase element should not introduce optical losses due to internal reflections of
the optical beam within the phase element, i.e., the phase element should not behave as
an etalon 1n the cavity (1.e., a second FP etalon). In other words, optical losses due to
absorptions in the matenal(s) making the phase element and to internal reflections
should be substantially independent on the wavelength of the optical beam passing
through the phase element, at least in the wavelength range of operation of the tuneable
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ECL. External reflections from the phase element are also preferably undesired 1n order
to avoid losses 1n optical power of the laser beam.

Internal (and external) reflections can be prevented if at least one of the surfaces
with which the phase element interacts with the optical beam has a low reflectivity, for
instance by treating with an AR coating the surface. Preferably, both surfaces
interacting with the optical beam, 1.e., with the beam incident onto and exiting from the
element, have a low reflectivity. Reflectivity i1s preferably not larger than 2.5%, more
preferably not larger than 1% and most preferably not larger than 0.2% across the
wavelength range of operation of the ECL.

The matenal or matenals making at least the portions of the phase element that
interact with the optical beam need to be optically transparent in the wavelength range
of operability of the ECL so as not to cause optical losses across the material(s) which
significantly contribute to the low losses that may arise from the accepted residual
reflectivity of the facets of the phase element.

Hereafter, the laser cavity phase will be indicated with ¢ and corresponds to the
condition of maximum FP etalon transmission at the selected channel. From Eq. (3), the
phase condition 1s met for values ¢ and ¢+2N.

The tuneable mirror 8 lays substantially horizontally with respect to the principal
surface plane of the thermally conductive platform 10 (e.g., it can be glued or soldered
to the upper surface of the platform) in order to maximise thermal contact with the TEC.
The FP etalon 4 and the tuneable mirror 8 are mounted on the surface region of the
optical bench 10 placed above the TEC 11 1n order to minimise the thermal resistance of
the heat flow path. The thermal resistance of the heat flow path between the tuneable
mirror or the FP etalon and the TEC thermally stabilised surface is preferably not larger
than 2 K/W, more preferably not larger than 1 K/W.

It 1s to be understood that the present invention envisages also an external cavity
laser wherein the tuneable mirror or in general an end mirror is mounted vertically with
respect to the optical beam.

The laser beam 1s coupled out of the external cavity by the front facet 24 of the laser
chip 13. Preferably, a collimating lens 14 can be placed along the optical path of the
laser output beam. A fibre focus lens 16 directs the light, which has passed through an
optical 1solator 15, into fibre pigtail 22. Optical isolator 15 is employed to prevent back-
reflected light being passed back into the external laser cavity and is generally an
optional element. A beam splitter 27, e.g. a 98%/2% tap, which is placed after lens 14,
picks off a portion of the output light as a test beam, which is directed to a photodiode
28 for power control. Therefore, power output is monitored by monitoring the
photodiode current, Ipp, which is proportional to the laser beam power. Although not
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shown in the figure, the beam splitter and the photodiode can be placed on a common
submount or on two different submounts that are mounted on the platform 10.

Referring back to phase element 19, such element i1s placed on a submount 20,
which is placed on platform 10. As it will be described more in detail in the following,
thermal resistance of the heat flow path between submount 20 and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>