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1. Introduction
Wavelength stabilization is extremely important in multiple applications, from telecom and
datacom transmitters to frequency conversion and solid state laser pumping.
The disadvantage of conventional edge-emitting lasers is the fact that the lasing wavelength
is not stabilized and it shifts toward longer wavelengths with temperature increase, reflecting
the shrinkage of the semiconductor band-gap.
The temperature dependence of the gain spectrum and lasing wavelength therefore is
roughly given by [1, p.114]
dλ/dT ≈ 1.24 d(Eg-1)/dT
≈ -1.24 Eg-2(dEg/dT) ,

(1)

where Eg is the band-gap energy. Typical temperature coefficient dλ/dT is 0.4-0.5 nm/K in
the wavelength of 1000-1300 nm.
The different temperature behavior takes place if the lasing wavelength is mainly determined
by the laser cavity but not the gain. This situation is realized for instance in VCSEL where
DBRs and cavity itself define the lasing wavelength. In this case the temperature
dependence of the lasing wavelength follows the temperature dependence of the refractive
index [2] and is given by
dλ/dT ≈ (λ/n) dn/dT,

(2)

where λ is the emission wavelength and n is refractive index. The value of dn/dT is between
2×10-4 and 5×10-4 K-1. Thus the temperature coefficient of the emission wavelength dλ/dT is
~ 0.05-0.1 nm/K.
2. Tilted wave laser (TWL) concept
It has been previously shown that it is possible to create edge-emitting lasers where not only
the waveguide is involved in lasing. In so-called leaky wave diode lasers [3, 4] lasing is
developed within a thin waveguide active region (as in usual edge-emitting diode lasers),
while the output emission is emission leaking to a semiconductor substrate.
The Tilted Wave Laser (TWL) concept is based on the existence of the tilted modes
originating in planar waveguides with thin cladding layers. The light of these modes is
propagating at the leakage angle outside the waveguide and is being reflected back (Fig. 1).
This reflection enables lasing in TWL and provides its specific features in particular
wavelength thermal stability. The concept of wavelength stabilization in edge–emitting
lasers, which is achieved exclusively through epitaxial design was proposed in 2002 [5].
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Fig. 1 Sketch of tilted wave laser waveguide.

There are two different approaches for wavelength stabilization using tilted modes. In one
case (tilted cavity laser, or TCL), the wavelength selectivity was proposed to be reached by
loss engineering in the leaky waveguide layer attached to a narrow stopband Bragg-reflector
at a wavelength and leakage angle. At the matching wavelength and angle the leakage is
suppressed by the stopband reflectivity. The disadvantage of the TCL approach is in the
very large thickness of the epitaxial DBR needed to achieve a sharp minimum in the losses.
In the second approach referred as Tilted Wave Laser (TWL) [6], no leakage loss selectivity
is necessary and the wavelength stabilization is realized through phase matching, which
occurs only in case of lasing or at least stimulated emission in the device. All the leaky light
is reflected in this approach back to the cavity by a single (or multiple) reflection from the
underlying layer (layers). Coherent leaky light, passing through multiple reflections
accumulates a phase difference and interferes with the light, which is propagating in the
planar leaky waveguide. In case the interference is constructive, the phase matching
condition is fulfilled and wavelength stabilization is taking place. The easiest approach to
realize such a device is to use the back reflection of the leakage emission from the polished
substrate backside towards the active zone of the leaky waveguide. The TWL approach thus
provides an opportunity to reduce costs of the device in comparison with TCL due to simpler,
thinner and much more robust layer architecture.
Comparison of the TWL concept with other concepts for single mode operation of edge
emitters is given in Appendix – Single mode lasers.
3. Design issues (modeling)
Optical modes have been simulated by using original codes.
According to the Maxwell equations TE mode propagation in multilayer waveguide is
described by
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,
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is the direction perpendicular to the

is the mode wavenumber,

n( x)

z

direction,

k

is the waveguide layer

refractive index. Solving of the Eq. 3 for complex optical waveguide may be simplified by
proper choice of the boundary conditions. We have used the model of Unaxial Perfectly
matched layer (uPML) [7, 8]. The main idea of the model is the replacing boundary layers by
specific absorbing PML-layers where the Eq. 3 transforms by the rule

∂
→
∂x
where

σ ( x)

1
∂
σ ( x ) ∂x
1+ i
ω

,

(4)

is the conductivity of the PML-layer.

Using PML-layers as boundary conditions allows calculating leaky modes and accelerating
simulation process. Solving Eq.3 by finite difference (FD) method leads to finding eigenvalue
of large matrix (>1000x1000). The application of shift-and-invert Arnoldi technique [9] has
been applied, which makes the FD method more accurate, fast and practical.
As it was mentioned above a common feature of tilted wave lasers is that lasing is
developed within a thin waveguide active region, while a coupled thick waveguide is involved
on the lasing mode formation. In the other words optical mode tunnels from the thin
waveguide into the thick waveguide and vice versa. The tunneling is possible in the only
case when optical modes exist in either of the waveguides and their effective refractive
indexes are equal. The requirement for the thin waveguide is that it should support only one
guided mode. The thick waveguide supports several modes but only one mode effectively
coupled to the thin waveguide takes place in lasing.
Two types of TWLs have been simulated. The types differ in their thick waveguide design. In
the first type (type A) light leaks from the thin waveguide into the substrate which works as a
thick waveguide. In the second type (type B) the coupled thick waveguide is formed by
introducing a reflecting layer at the distance of several microns from the thin waveguide (Fig.
2). Refractive index of the reflecting layer should be significantly lower than refractive index
of the thick waveguide.
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Fig. 2 Two types of TWL: A – without reflecting layer, B – with reflecting layer.

The refractive index and its temperature dependence for the waveguide simulation were
calculated according to the Refs. [10, 11, 12].
The most remarkable feature of TWL is vertical far-field pattern. Leaking wave is incident on
the cavity facet an angle less than the angle for total internal reflection so the wave emitting
from the cavity is angled to the facet normal. In lossless waveguide this leads to forming two
narrow lobes in the far-field pattern [13]. Existence of intrinsic losses and gain in leaky laser
waveguide may result in redistribution intensity between two lobes. In the TWL of type A
where the entire substrate works as a coupled waveguide one lobe almost evanesces.
Simulation of near-field pattern and far-field pattern of the TWL of type B is presented in Fig.
3. Two pronounced lobes are clearly seen in the far-field pattern. The intensity in the central
part is associated with the light emitting from the thin waveguide. This effect may be
eliminated if the feedback in the thin waveguide becomes smaller than the feedback in the
coupled thick waveguide.
4.0

2.5

type B(10µm)

2.0
1.5
1.0

Refractive index

Intensity, arb.units

3.0

Intensity, arb.units

3.5

0.5
0.0
15

10

Distance, µ5m

0

-100

-50

0

50

100

Angle, deg.

Fig. 3 Simulated near-field pattern (left) and far-field pattern (right) of the TWL of type B.
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It is important to notice that the modeling tool calculates optical mode in passive waveguide
and does not take into account several specific laser features like current flowing, selfheating
etc. In the other word the code used in numerical simulation gives mainly qualitative analysis
of the optical mode in TWLs. The real mode behavior is refined by experiment.
4. Epitaxial growth, laser processing and basic laser parameters
Series of the laser wafers were grown by the metal–organic chemical vapour deposition
(MOCVD) on n-GaAs (100) substrate. The active region and upper part (p-part) of the wafers
were identical. The active region in all structures consisted of two InGaAs quantum wells
inserted into the middle of 0.58 µm thick GaAs waveguide. The structures had 600 nm pGaAsP cladding layer and 300 nm p-GaAs contact layer. Lower parts (n-part) in the wafers
were different. Wafers of type B had 10 µm thick n-GaAs coupled waveguide and 2 µm thick
n-InGaP reflecting layer while the wafers of type A had no these layers. Either of wafer types
had n-InGaP cladding layer. Thickness of the layer was varied from 200 nm to 400 nm.
After the growth the wafers were processed into 50 µm and 100 µm wide shallow-mesa
ridge lasers by etching through the 300 nm p-contact layer. The samples have been used for
investigating basic laser parameters. The basic laser parameters such as threshold current
density, differential quantum efficiency were measured in pulsed mode (pulse duration 300
ns, repetition frequency 2 kHz). Internal loss and internal quantum efficiency of stimulated
emission were determined from the dependence of reciprocal differential quantum efficiency
(ηD) on the cavity length (L).
From this point only the TWL wafers showed good laser parameters and thermal stability are
described.
Cavity length dependence of threshold current density and lasing wavelength for the TWLs
of A and B types are presented in Fig. 4. TWL of type A in spite of free carrier absorption in
the substrate shows acceptable value of threshold current density. However, TWL of type B
(with reflecting layer) shows significantly lower value of threshold current density –
200 A/cm2. The lasing wavelength at room temperature lies in the range of 964-1010 nm
depending on the wafer and cavity length.
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Fig. 4 Dependence of the threshold current density and lasing wavelength on the cavity
length for the TWLs of A and B types.

Both types A and B have shown high internal quantum efficiency (Fig. 5) of 90% and 84%
respectively. TWL of type A has shown the intrinsic losses of 4.7 cm–1. The value is quite
high since in the type A TWL leaky mode propagates through the entire substrate. TWL of
type B has shown significantly lower value of intrinsic losses – 2.2 cm–1.
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Fig. 5 Dependence of the reciprocal differential quantum efficiency (DQE) on the cavity
length for the TWLs of A and B types.
Measured far-field patterns (Fig. 6) qualitatively agree with the far-field patterns obtained in
numerical simulations (Fig. 3).
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Fig. 6 Far-field patterns.

Summarizing TWLs of type B (with reflecting layer) shows better laser parameters (lower
threshold current density, lower intrinsic losses) than TWLs of type A.
5. High temperature stability
The TWL wafer of type B has been processed into 4 µm wide shallow-mesa ridge lasers by
etching through the 300 nm p-contact layer and partly through the p-cladding layer (Fig. 7).

Fig. 7 SEM image of the TWL of type B (stripe width - 4 µm). In the image the reflecting
layer is clearly seen.

Lasers were mounted p-side down on copper heatsink. The laser parameters were
measured in CW mode in the temperature range of 15-600C.
The lasers operate in fundamental lateral mode that was confirmed by far-field pattern
measurements (Fig. 8). Trace of the first-order mode is observed. Lasers operating at longer
wavelength should eliminate this effect.
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Fig. 8 Lateral far-field pattern.

Fig. 9 shows temperature dependence of L-I curves. Differential quantum efficiency was
calculated from this figure. It decreases with increasing the temperature. DQE at room
temperature is 83%. Threshold current slightly changes with temperature so estimated value
of characteristic temperature T0 exceeds 500 K.
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Fig. 10 shows temperature dependence of the lasing spectra of the TWL of type B. In the
range of 20-500C (∆T=30K) temperature-induced shift of the lasing wavelength is 1.5 nm,
which gives temperature coefficient dλ/dT of 0.05 nm/K. Beyond this temperature range
lasing wavelength is discretely shifted. Wavelength at 150C is 999.85 nm while at 200C
lasing wavelength is 1012.45 nm. This fact confirms that lasing wavelength is determined by
the allowed TWL modes originated from the waveguide coupling [14] and the spectral
distance ∆λ between the modes is more than 10nm. Lasing in TWL takes place only if the
mode wavelength lies within the gain spectrum. Temperature shift of the resonant
wavelength of the allowed TWL modes is dominated by dn/dT (see Eq.2) and the shift is
~0.05 nm/K. At the same time temperature shift of the gain is ~0.4 nm/K at the 980 nm
wavelength (Eq.1). It means that temperature range of high temperature stability is
determined by the gain width (Fig. 11) and roughly may be estimated by

∆T=∆λG/( dλG/dT- dλW/dT)

,

(5)

where ∆T is the range of temperature stability, ∆λG is the gain width, dλG/dT is the
temperature dependence of the gain and dλW/dT is the temperature dependence of the
transmission band (wavelength of the optical mode). Thus broader gain spectrum allows
increasing the range of temperature stability.
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Single transverse mode devices at short cavity lengths are expected to work in a single
longitudinal and transverse mode with a high side mode suppression ratio.
EOM TWL concept
Tilted wave laser can be easily integrated vertically with the electro-optically modulated
(EOM) section and, thus, operate at ultrahigh speeds.
There are two key features, which enable the functionality of the EOM TWL:
1) Wavelength stabilization
The all epitaxial TWL design enables wavelength-stabilized operation, which is a must both
for proper single mode single wavelength DFB-class operation, needed for coupling to single
mode fiber and avoiding wavelength dispersion effects, and also a prerequisite for intensity
modulation using the electro-optical effect.
2) Vertical Integration
After fabricating a TWL, the vertically-integrated EOM concept will be applied to such a
laser. The coupling strength between the thin waveguide and the TWL section is controlled
by the EO-modulator media, which is introduced either directly into the narrow coupled
waveguide, or adjusted in its vicinity. Now the coupling efficiency can be tuned and the EOmodulated TWL can be realized.
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6. Conclusions
Tilted wave laser (TWL) designs have been numerically simulated by original code. Series of
980nm TWL wafers have been grown by MOCVD technique. The wafers were processed
into the broad-area and narrow ridge lasers. Basic laser parameters (threshold current,
efficiency, intrinsic losses, far-field pattern) have been investigated both in pulsed and CW
mode. The complex vertical far-field pattern is defined by the resonance interaction of the
two coupled cavities. The lasers with optimized waveguide design have shown high
temperature stability of the lasing wavelength (0.05 nm/K) in the temperature range of 20500C under CW excitation, which proves the concept of thermal stability in TWL. The
obtained results and reference TWL design will be used for developing tilted wave lasers
emitting at 1300 nm.
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Appendix - Single-mode lasers
I. Introduction
A single-frequency laser (sometimes called a single-wavelength laser) is a laser which
operates on a single resonator mode, so that it emits quasi-monochromatic radiation with a
very small linewidth and low phase noise. Because any mode distribution noise is
eliminated, single-frequency lasers also have the potential to have very low intensity noise.
Particularly in low-power single-frequency lasers such as laser diodes (LDs), there is some
small amount of optical power in various resonator modes, even though one mode is clearly
dominating. This is because such modes may be only slightly below the laser threshold, so
that spontaneous emission can already generate some substantial power. The mode
suppression ratio (MSR) is then defined as the power of the lasing mode divided by that in
the next strongest mode. It can be optimized by making the laser resonator more frequencyselective.
Single-frequency lasers can be very sensitive to optical feedback. Even if less than a
millionth of the output power is sent back to the laser, this may in some cases cause strongly
increased phase noise and intensity noise or even chaotic multimode operation. Therefore,
single-frequency lasers have to be carefully protected against any back-reflections, often
using one or two Faraday isolators.
Typical applications of single-frequency lasers occur in the areas of optical metrology (e.g.
with fiber-optic sensors) and interferometry, optical data storage, high-resolution
spectroscopy (e.g. LIDAR), and optical fiber communications. In some cases such as
spectroscopy, the narrow spectral width of the output is directly important. In other cases,
such as optical data storage, a low intensity noise is required, thus the absence of any mode
beating noise.
Single-frequency sources are also attractive because they can be used for driving resonant
enhancement cavities, e.g. for nonlinear frequency conversion, and for coherent beam
combining. The latter technique is currently used to develop laser systems with very high
output powers and good beam quality.
II. Types of Single-frequency Lasers
In general types of diode edge-emitting single-frequency lasers could be classified by the
construction as following:
1) Diode Lasers with the complex optical waveguide construction requiring special
processing schemes (DBR, DFB, α-DFB lasers, etc.).
2) Diode External Cavity Lasers.
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3) Diode Lasers with the all-epitaxial design (TCL and TWL concepts).
Below different types of the lasers mentioned above are discussed.
1. Diode Lasers with the complex optical waveguide construction requiring special
processing schemes.
Stable single-mode operation is often achieved with distributed feedback lasers (DFB
lasers) or distributed Bragg reflector lasers (DBR lasers).
1.1 DFB lasers
A distributed-feedback laser [15, 16, 17, 18, 19, 20] is a laser where the whole resonator
consists of a periodic structure, which acts as a distributed reflector in the wavelength range
of laser action, and contains a gain medium (Fig. 12).

Fig. 12 Schematic of the DFB laser [3].

Typically, the periodic structure is made with a phase shift in its middle. This structure is
essentially the direct concatenation of two Bragg gratings with internal optical gain. It has
multiple axial resonator modes, but there is typically one mode which is favored in terms of
losses. Therefore, single-frequency operation is often easily achieved, despite spatial hole
burning due to the standing-wave pattern in the gain medium. Due to the large free spectral
range, wavelength tuning without mode hops may be possible over a range of several
nanometers. However, the tuning range may not be as large as for a distributed Bragg
reflector laser.
Semiconductor DFB lasers can be built with an integrated grating structure, e.g. a
corrugated waveguide. Such devices are available in a wide spectral range at least between
0.8 μm and 2.8 μm. Typical output powers are some tens of milliwatts. The linewidth is
typically a few hundred MHz, and wavelength tuning is often possible over several
nanometers. Temperature-stabilized devices, as used e.g. in DWDM systems, can exhibit a
high wavelength stability.
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DFB lasers at 1310 nm and 1490 nm on InGaAsP/InP material system [18] wavelength have
been designed, fabricated and tested over a wide temperature range. These lasers exhibited
good performances such as high reliability, high power, high modulation speed, slow
variation of power with temperature, and small tracking error as well.
In [19] first results for high performance monomode quantum dot (QD) DFB laser diodes in
the wavelength range of interest are discussed. The spectral gain properties of the
underlying QD active region allow realizing DFB lasers with emission spanning an extremely
broad wavelength range of 65nm ranging from around 1095nm to 1160nm based on the
identical laser structure.

1.2 DBR lasers
A distributed Bragg reflector laser [21, 22, 23, 24, 25, 26, 27, 28, 29, 30] is a laser, where the
laser resonator is made with at least one distributed Bragg reflector (DBR) outside the gain
medium (the active region). A DBR is a Bragg mirror, i.e., a light-reflecting device (a mirror)
based on Bragg reflection at a periodic structure (Fig. 13). In most cases, the Bragg mirror is
more specifically a quarter-wave mirror, providing the maximum amount of reflection for the
given number of layers.
Examples of the DBR laser constructions:

Fig. 13 Schematic diagram of the InGaAs DBR lasers. The front and rear grating
lengths are 150 and 500 µm, respectively [24].
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Fig. 14 Schematic of the three-section DBR laser structure [25].

A conventional DBR laser diode contains some corrugated waveguide structure (a grating
section) providing wavelength-dependent feedback to define the emission wavelength.
Another section of the laser waveguide acts as the amplifying medium (active region), and
the other end of the resonator may have another DBR.
DBR laser diodes are usually single-frequency lasers with diffraction-limited output, and
often they are wavelength-tunable (tunable lasers) Fig. 14. Tuning within the free spectral
range of the laser resonator may be accomplished with a separate phase section, which can
e.g. be electrically heated, or simply by varying the temperature of the gain region via the
drive current. If the temperature of the whole device is varied, the wavelength response is
significantly smaller than for an ordinary single-mode laser diode, since the reflection band of
the grating is shifted less than the gain maximum. Electro-optic tuning can also be
accomplished. Mode-hop free tuning over a larger wavelength region is possible by
coordinated tuning of the Bragg grating and the gain structure.
There are more sophisticated device designs, exploiting a kind of Vernier effect with
sampled gratings (SG-DBR laser), that offer a tuning range as wide as e.g. 40 nm, although
not without mode hops.
The linewidth of a DBR diode is typically a few megahertz. Due to the relatively short laser
resonator, it is larger than that e.g. of an external-cavity diode laser.
There are Master Oscillator Power Amplifier (MOPA) structures where an additional
amplifier section (a semiconductor optical amplifier) is placed on the same semiconductor
chip. The actual DBR laser is then the seed laser. Output powers above 10 W can be
achieved with such devices [31].
Single mode strained-layer lasers [30] have been fabricated which use buried second
order gratings for distributed Bragg reflectors. The lasers contain a strained GaInAs quantum
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well in the active region and operate in an edge emitting fashion with cw powers in excess of
110 mW. Single longitudinal and transverse mode operation is maintained at 971.9 nm up to
42 mW. Total power conversion efficiencies as high as 28% have been observed. The
longitudinal and transverse mode behavior is stable under 90% amplitude modulation with
50% duty cycle pulses at 10 kHz and 10 MHz.
Applications of DBR laser diodes include optical fiber communications, free-space optical
communications, laser cooling, optical metrology and sensors, and high-resolution
spectroscopy. DBR lasers actually compete with external-cavity diode lasers (ECDLs), which
also offer wavelength-tunable single-frequency output, with potentially better performance
e.g. in terms of noise, but also requiring a significantly more complex setup. Chips containing
DBR laser arrays can serve as very compact sources for use in wavelength division
multiplexing systems.
Examples of special laser structures have been developed to achieve an improved beam
quality are the tapered DFB lasers [32, 33, 34, 35, 36, 37], antiresonant reflecting optical
waveguide (ARROW) laser [38], the alpha-DFB-laser [39, 40, 41, 42, 43, 44, 45]. The
latter device allowed for nearly 1 W optical output power in a diffraction limited beam. Yet the
fabrication of these devices proved to be very difficult due to the necessity of very precise
grating structures and multiple etching and epitaxial growth steps.
There are tapered diode lasers, having a region where the width and thus the area of the
active region is significantly increased along the propagation direction. Due to a straight
region with smaller width, the beam quality and brightness achieved are better than in a
laser diode with the maximum width along the whole active region. However, the output
exhibits strong astigmatism, which may depend on the operation power.
The dependence of the beam quality of tapered laser oscillators and amplifiers on the
modal optical gain is demonstrated experimentally and theoretically for the first time.
Tapered devices with high- (HMG) and low-modal gain (LMG) structures are compared in
terms of output power and beam quality. At high-output powers the beam quality of LMG
devices is by a factor of ten better than the beam quality of high-modal gain devices. The
beam quality remains nearly unchanged up to power levels of more than 5-W continuouswave (CW) where a beam quality factor of M2<3 is achieved for both, tapered laser
oscillators and tapered amplifiers .
A distributed Bragg reflector (DBR) tapered diode laser [37] (Fig. 15) with a record optical
output power of 12 W and a conversion efficiency of about 44% is presented.
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Fig. 15 Schematic three-dimensional view of DBR tapered laser

The device has a sixth-order surface grating and shows single longitudinal mode emission at
979 nm as well as a nearly diffraction limited beam. At 11.4 W the laser has a lateral beam
propagation factor of M 2 1/e2 - 1.1 with 72% of the power in the central lobe.
In Ref. [44] a detailed experimental study of the far-field characteristics of mid-IR a-DFB
lasers with W active regions was performed.

Fig. 16 Schematic views of (a) FabryPerot and (b) alfa-DFB lasers

Fig. 17 Micrograph of the surface of an alfaDFB laser with angled grating.

It is supposed in [45] that in the near future, only two types of broad-area single-spatial mode
lasers will be commercially available: flared-amplifier (tapered) lasers and angled-grating
distributed-feedback (alfa-DFB) lasers (Fig. 16, Fig. 17 and Fig. 18). Near-diffraction-limited
powers of 5W and 1.6 W have been reported for these lasers, respectively.
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Fig. 18 Three types of high-brightness lasers; (a) mode-locked narrow-waveguide
array, (b) a-DFB laser, (c) flared-amplifier laser.

In conclusion advantages of DBR, DFB lasers and their variations are accompanied by
complex processing, low yield and high cost.
2. Diode External Cavity Lasers
An external-cavity diode laser [46, 47, 48, 49] is a semiconductor laser based on a laser
diode chip which typically has one end anti-reflection coated, and the laser resonator is
completed with, e.g., a collimating lens and an external mirror as shown in Fig. 19. Another
type of external-cavity laser uses a resonator based on an optical fiber rather than on freespace optics. Narrowband optical feedback can then come from a fiber Bragg grating.

Fig. 19 Simple setup of a diode laser with external cavity. The semiconductor chip is
anti-reflection coated on one side, and the laser resonator extends to the output
coupler mirror on the right-hand side.

The external laser resonator introduces various new features and options:
•

The longer resonator increases the damping time of the intracavity light and thus
allows for lower phase noise and a smaller emission linewidth (in single-frequency
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operation). An intracavity filter such as the diffraction grating can further reduce the
linewidth. Typical linewidths of external-cavity diode lasers are below 1MHz.
•

Wavelength tuning is possible by including some adjustable optical filter as tuning
element. Most often, a diffraction grating is used for this purpose. For details, see
below.

Note that there are external-cavity semiconductor lasers, which, however, are usually not
diode lasers: vertical external-cavity surface-emitting lasers (VECSELs).
Tunable external-cavity diode lasers (tunable lasers) usually use a diffraction grating as
the wavelength-selective element in the external resonator. They are also called gratingstabilized diode lasers.
The common Littrow configuration (see Fig. 20a) contains a collimating lens and a diffraction
grating as the end mirror. The first-order diffracted beam provides optical feedback to the
laser diode chip, which has an anti-reflection coating on the right-hand side. The emission
wavelength can be tuned by rotating the diffraction grating. A disadvantage is that this also
changes the direction of the output beam, which is inconvenient for many applications.

Fig. 20 Tunable external-cavity diode lasers in Littrow and Littman–Metcalf
configuration.

In the Littman–Metcalf configuration ([33], Fig. 20b), the grating orientation is fixed, and an
additional mirror is used to reflect the first-order beam back to the laser diode. The
wavelength can be tuned by rotating that mirror. This configuration offers a fixed direction of
the output beam, and also tends to exhibit a smaller linewidth, as the wavelength selectivity
is stronger. (The wavelength-dependent diffraction occurs twice instead of once per
resonator round trip.) A disadvantage is that the zero-order reflection of the beam reflected
by the tuning mirror is lost, so that the output power is lower than that for a Littrow laser.
Note that the mechanical stability of external cavity lasers, however, is a critical point since
the mirror (grating) is not integrated on the wafer. Consequently, lasers with external mirrors
(gratings) are expensive devices.
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3. Diode Lasers with the all-epitaxial design
Recently concepts of Tilted Cavity Laser (TCL, [5, 50, 51, 52]) and Tilted Wave Laser (TWL,
[6]) were proposed. The concept of wavelength stabilization in edge–emitting lasers, which is
achieved exclusively through epitaxial design is discussed in [5]. The idea based on the
existence of the leaky tilted modes originating in planar waveguides with thin cladding layers.
The basic principles of the concept are described in the part 2. Tilted wave laser (TWL)
concept. The light of these modes is propagating at the leakage angle outside the
waveguide and is being reflected back, for example, by a Bragg multilayer structure, which is
designed to provide a maximum reflectivity at this tilt angle (TCL construction). Once the
average refractive indices of the sections are different, the law of refraction makes the
related resonance wavelengths to match only at fixed angle(s) and, thus, wavelength(s).
As it was already mentioned above, in the case of TCL, the wavelength stabilization is based
on the narrow stopband of the resonance multilayer reflector. The intersection of the cavity
and the reflector in the angle space results in a narrow spectral range, where the leakage
loss is small [51, 52]. The light, which is not at the minimum loss wavelength is absorbed or
scattered in the substrate and cannot contribute to lasing.
In the second approach – TWL – [6], no leakage loss selectivity is necessary and the
wavelength stabilization is realized through phase matching, which occurs only in case of
lasing or at least stimulated emission in the device. All the leaky light is reflected in this
approach back to the cavity by a single (or multiple) reflection from the underlying layer
(layers). Coherent leaky light, passing through multiple reflections accumulates a phase
difference and interferes with the light, which is propagating in the planar leaky waveguide.
In case the interference is constructive, the phase matching condition is fulfilled and
wavelength stabilization is taking place. The easiest approach to realize such a device is to
use the back reflection of the leakage emission from the polished substrate backside
towards the active zone of the leaky waveguide.
On-wafer etching may enable on-chip DFB-class multi-wavelength arrays. The TWL
approach thus provides an opportunity to reduce costs of the device in comparison with TCL
due to a simpler, thinner and much more robust layer architecture.
One more advantage of the TWL concept is the fact that the vertically-integrated electrooptical modulator (EOM) concept could be easily applied to such a laser. The all-epitaxial
coupled cavity edge-emitting EOM TWL will operate in such a way that only one cavity will
serve as an exit cavity (the EOM cavity). The second cavity (the TWL cavity) will operate in a
high-order vertical mode with an effective mode angle beyond the angle of the total internal
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reflection at the facet surface. EO modulation of the coupling strength between the two
cavities will modulate the output power.
Thus, combination of the wavelength stabilization and EO modulation approach provides a
key synergetic advantage and enables a new generation of ultrahigh-speed edge-emitters.
A schematic approach of possible integration of the TWL laser and EO modulator is
presented in Fig. 21. The mode tilt angle is chosen to be beyond the angle of the total
internal reflection. Thus, no light can come out of the waveguide. For light outcoupling an
additional narrow waveguide is epitaxially integrated into the structure, to enable a small
fraction of the light to undergo a diffraction outcoupling through this layer (Fig. 16). The
coupling strength between the thin waveguide and the TWL section is controlled by the EOmodulator media, which is introduced either directly into the narrow coupled waveguide, or
adjusted in its vicinity. Now the coupling efficiency can be tuned and the EO-modulated TWL
can be realized.

Fig. 21 Tilted wave laser with the light outcoupling through the EO-modulated
waveguide layer.

The EOM TWL devices will be targeting 1300 nm wavelength to address applications in
medium range LAN and access networks (RoF, PON).

III. Comparison
The Tilted Wave Laser (TWL) concept bridges the gap, being comparable in cost to
VCSELs. On one side it provides the performance characteristic of DFB devices. On the
other side it can be easily integrated vertically with the EO modulator section and, thus,
operate at ultrahigh speeds. There are two key features, which enable the functionality of the
EOM TWL:
1) Single wavelength operation and wavelength stabilization
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The all epitaxial TWL design enables single-wavelength-stabilized operation, which is a must
both for proper single mode single wavelength DFB-class operation, needed for coupling to
single mode fiber and avoiding wavelength dispersion effects, and also a prerequisite for
intensity modulation using the electro-optical effect.
The key advantage of the proposed concept is all epitaxial design, which significantly
reduces production costs. In all other single-wavelength-stabilized approaches complicated
processing or complicated external cavity construction are required.
2) Possibility of vertical Integration
Applying the concept of high-order “tilted” mode gives an opportunity to couple vertically the
two key sections of the device: the TWL section, providing wavelength-stabilized lasing and
operating at a mode angle beyond the angle of the total internal reflection at the facet, and
the light output section, which enables light outcoupling through a facet, where the coupling
efficiency of this section is electro-optically controlled through the refractive index
modulation.
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