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Abstract
We present and compare theoretical and experimental results on the electro-optical performance of extended cavity diode 
lasers (ECDLs) that employ two ridge waveguide designs for the single-transverse mode GaAs laser diode chip. One facet 
of the laser diode chips serves as a partially reflective output coupler for the laser cavity. The other facet constitutes an 
intra-cavity interface which introduces spurious optical feedback to the laser diode chip. The waveguide designs differ with 
respect to the suppression of this spurious feedback. The first design employs a straight ridge waveguide intersecting both 
facets at normal incidence. The intra-cavity facet is anti-reflection coated and features a residual intensity reflectivity of the 
order 10−4 . The second design employs a bent ridge waveguide intersecting the anti-reflection-coated intra-cavity facet at 
an appropriate angle. This provides an additional suppression of the spurious intensity reflection to a value estimated to be 
less than 10−6 . We compare the electro-optical performance of both designs theoretically and experimentally. The utiliza-
tion of a bent waveguide results in an improved spectral stability and purity, specifically a higher side mode suppression 
and a small intrinsic spectral linewidth over the whole investigated current range, of the external cavity diode laser without 
sacrificing other parameters such as the output power. The external cavity diode lasers under study exhibit no degradation 
of the measured frequency noise power spectra and intrinsic linewidths even if there is a drop of the side mode suppression 
ratio provided that it is not reduced to a very small value. Thus, the usage of a more readily accessible straight waveguide 
chip in an ECDL could be sufficient if only a limited tuning range and a particularly compact assembly are needed. For 
spectroscopic applications requiring a small intrinsic spectral linewidth over a large frequency range a bent waveguide chip 
could be the better choice.

1  Introduction

Owing to their availability over a broad spectral range, their 
tunability, and their ability to provide excellent spectral sta-
bility, diode lasers are best suited for precision spectroscopy 
applications involving cold atom-based quantum sensors, 

e.g., optical atomic clocks or matter-wave interferometers. 
Furthermore, diode lasers provide compactness, robust-
ness, and energy efficiency which are important aspects 
for the operation of spectroscopy setups in the field or in 
space [1–4]. However, the spectral linewidth of monolithic, 
single longitudinal mode diode lasers such as distributed 
feedback (DFB) diode lasers or distributed Bragg reflector 
(DBR) lasers is usually limited to few 100 kHz (full width at 
half maximum) [5–7]. For cold atom-based applications the 
laser linewidth often has to be smaller than 100 kHz. Since 
extended cavity diode lasers (ECDLs) [8, 9] typically meet 
this requirement, they have become the workhorse for preci-
sion quantum optics experiments and devices [10].

However, the coexistence of multiple temporally stable 
modes is predicted for ECDLs by theory and is also observed 
experimentally [11, 12]. In case of strongly competing 
modes, especially in the vicinity of a mode-hop, ECDLs no 
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longer feature single longitudinal mode emission and thus a 
small spectral linewidth.

Approaches to improve the stability of single longitudi-
nal mode operation are based on reducing the reflectivity of 
the external (frequency selective) reflector, on decreasing 
the residual reflectivity of the intra-cavity laser diode chip 
facet, or on reducing the optical cavity length of the laser; 
see Refs. [11, 12].

The latter reduces the form factor and increases the mode-
hop-free tuning range. However, the intrinsic linewidth 
scales with the inverse of the effective cavity length squared, 
such that the linewidth of the ECDL increases significantly 
with the reduction of the cavity length [13, 14]. Similarly, 
a reduction of the reflectivity of the external reflector has a 
negative impact on the linewidth of the ECDL [13].

In this paper, we theoretically and experimentally inves-
tigate the influence of parasitic Fabry–Pérot modes, oscil-
lating between the facets of the laser diode chip, on the 
spectral stability of ECDLs. We determine and compare the 
dependence of the emission wavelength, of the side mode 
suppression ratio (SMSR), and of the frequency noise power 
spectrum on the injection current for two ECDLs that feature 
different levels of suppression of these parasitic Fabry–Pérot 
modes.

The first ECDL (ECDL-1) utilizes a laser diode chip 
(Chip-1) with a straight ridge waveguide (RW) that inter-
sects both facets at normal incidence; see Fig. 1b. Its front 
facet is partially reflective so as to act as the resonator output 
coupler. The rear facet constitutes an intra-cavity interface. 
This facet is anti-reflection-coated (AR) to reduce its para-
sitic reflectivity. The second ECDL (ECDL-2) is based on 
a laser diode chip (Chip-2) with a bent waveguide geom-
etry; see Fig. 1c. Here, as in ECDL-1, the RW intersects the 

front (output) facet at normal incidence; however, the rear 
(intra-cavity) facet is intersected at a specific incidence angle 
[15–18]. This reduces the residual intensity reflectivity of 
the rear facet of Chip-2 by more than two orders of magni-
tude with respect to the corresponding reflectivity of Chip-1.

Although the effect of an external feedback on diode 
lasers has been studied extensively in the past (see e.g., 
[19, 20]), ECDLs as investigated here are distinguished by 
the fact that the solitary lasers (i.e., without external feed-
back) have an extremely high threshold so that they do not 
work in continuous-wave mode. In Ref. [21] the side mode 
suppression ratios (SMSRs) of different types of lasers 
including ECDLs were estimated based on an analysis of 
the steady-state round-trip conditions for every mode. The 
derived expression for the SMSR does not account for the 
non-linear mode interactions taking place above threshold 
and are thus not able to predict the behavior of ECDLs in 
dependence on the injection current. The simulations here 
are based on a time-depended traveling wave model coupled 
with a rate equation for the carrier density with the results 
being analyzed using an expansion into the longitudinal 
modes. We study a special configuration, namely an ECDL 
with a volume-holographic grating (VHBG) rather than 
the more common Littrow or Littman–Metcalf designs or 
filter-based ECDLs, as implemented in our micro-integrated 
ECDL modules [23].

The paper is organized as follows: The ECDL setup and 
the laser diode chips are described in Sect. 2. In Sect. 3, 
calculations of the expected spectral performance based 
on a traveling wave model are presented for both ECDLs. 
The experimental results for the two different ECDLs are 
described in Sect. 4. Finally, the conclusion is given in 
Sect. 5.

2 � ECDL concepts

The laser concept is depicted in Fig. 1a. Both ECDLs consist 
of a laser diode chip, an intra-cavity lens, and a VHBG. The 
optical resonator of the ECDLs is formed between the front 
facet of the laser diode chip and the effective mirror plane of 
the VHBG. To reduce parasitic compound cavity effects, all 
optical interfaces within the ECDL resonator are AR coated.

The light emitted from the rear facet of the laser 
diode chip is imaged into the VHBG (OptiGrate) with an 
f = 2.0 mm aspheric lens (Lightpath 352150-C, R < 0.5% 
at both surfaces acc. to specification). The physical length of 
the various ECDL sections are lVHBG = 6.7 mm, l1 ≈ 1.2 mm, 
l2 ≈ 21.6 mm, lL = 2.0 mm and lLD = 2.0 mm; see Fig. 1a. For 
this configuration, the free spectral range (FSR) of the laser 
resonator corresponds to approximately 4 GHz.

The VHBG features a Bragg wavelength of 1064.1 nm, 
an FWHM bandwidth of 20  GHz, and a resonant 

(a)

(b) (c)

Fig. 1   a Schematic of the ECDL concept. b Schematic of laser diode 
chip (Chip-1) with the RW intersecting both facets at normal inci-
dence. c Schematic of laser diode chip (Chip-2) with the RW inter-
secting front (output) facet and rear (intra-cavity) facets at normal 
incidence and at a specific, non-zero incidence angle, respectively
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diffraction efficiency of 70 %. To reduce parasitic feedback 
from the facets, both facets are AR coated ( R < 0.1% ) 
and tilted by 2.3° from normal to the resonant beam. All 
specifications are given according to manufacturer. We use 
the same VHBG for all measurements.

The ECDLs are nominally identical except for the 
geometry of the RWs chosen for the lateral optical con-
finement in the lLD = 2.0 mm− long laser diode chips. The 
RW of Chip-1 of ECDL-1 intersects both facets at right 
angle (incidence angle � = 0◦ ). Chip-2 of ECDL-2 features 
a 1.0 mm-long, straight part intersecting the front facet at 
normal incidence � = 0◦ , and of a lbend = 1.0− mm long 
bent part intersecting the rear facet at an incidence angle 
of � = 3◦ ; see Fig. 1c. The lateral displacement x(z) of 
the RW in the bent section is described by the following 
expression

with z = [lLD − lbend, lLD] denoting the position within the 
bent section and z = 0 indicating the position of the front 
facet; see Fig. 1a. A comparison between different wave-
guide bends have been given in [22]. In general, a bend 
induces two types of optical losses: first, coupling loss 
between the straight and bent waveguides if the curvature 
of the bend at the joint is nonvanishing; second, bending loss 
due to the excitation of radiation modes along the bend. The 
geometry of the bend according to Eq. (1) gives a compro-
mise between both low coupling and low bending losses if 
the length of the bend is sufficiently long (depending on the 
ridge width and height).

The laser diode chips have been fabricated at Ferdi-
nand-Braun-Institut. To reduce the impact of manufactur-
ing tolerances onto the laser performance, both chips were 
taken from the same wafer, and front and rear facets are 
partially reflective and AR coated, respectively, together 
in the same processing runs.

The intensity reflectivity of the front facets has been 
calculated from the thicknesses and refractive indices of 
the epitaxial layers and the dielectric layers deposited on 
the facet, taking into account the RW structure, using the 
mode matching tool FIMMPROP from Photon Design [24] 
to RF = 29% . The calculated reflectivities of the rear facets 
are RR = 5 × 10−4 for Chip-1 and RR < 10−6 for Chip-2. 
The experimentally determined values of the reflectivities 
(see Sect. 4) agree quite well with the theoretical values.

The epitaxial layer design was optimized for operation 
at 1070 nm. The chips feature an InGaAs double quantum 
well active region with GaAsP barrier and spacers embed-
ded non-centric into AlGaAs based confinement and clad-
ding layers. The large total thickness of the confinement 
layers of 4.8 μ m results in a far field angle of only 15◦ (full 

(1)x(z) = −2lbend
tan(�)

�

{
sin

[
�(z − lLD)

2lbend

]
+ 1

}
,

width at half maximum) which facilitates the beam form-
ing [25]. The width of the ridge of the RW is 5 μm . The 
difference of the effective refractive indices between the 
ridge and the etched trench is 3 × 10−3.

3 � Numerical simulations of the ECDLs

Figure 1 depicts the conceptual model of the ECDL, the 
laser dynamics of which are analyzed in detail in this sec-
tion. For the numerical simulations of the laser dynamics 
of ECDL-1 and ECDL-2 the traveling wave model is used 
[27]. According to this model, the slowly varying complex 
amplitudes E+

(z, t) and E−

(z, t) of the counter-propagating 
optical fields within each part of the ECDL are governed by 
the partial differential equations

Here, �t and �z denote the partial derivatives with respect to 
time t and longitudinal coordinate z, respectively, ng is the 
group index ( = 3.66 in the laser diode, 1 in air, 1.6 in the 
lens, 1.49 in the VHBG), c0 the speed of light in vacuum, 
� = 1.8 cm−1 the field coupling coefficient in the VHBG and 
F±

sp
 the stochastic spontaneous emission term in the diode 

laser chip. The relative propagation factor � in Eq. (2) is 
given by

with the loss coefficient � ( = 2 cm−1 in the laser chip, 0 
within the VHBG and provides 0.7 field intensity transmis-
sion in the gap between the VHBG and the laser diode (to 
account for the mode coupling efficiency) and the Henry-
factor �H . Self-heating effects in the laser diode are modeled 
by a linear dependence of the effective index on the injection 
current �T (I) = 2�ng�

−2
0
�I with � = 1.88 nmA−1 [28]. The 

nonlinear term ∝ I2 due to Joule heating is neglected for 
simplicity because it would not alter the principal theoretical 
findings. The function g(N) = �g�(N − Ntr) and the operator 
� define the carrier-density dependence and the dispersion, 
respectively, of the modal gain in the laser chip [27]. The 
optical confinement factor � = 0.008 was calculated from 
the solution of the optical waveguide equation. Differential 
gain g� = 1500 × 10−18 cm2 and transparency carrier den-
sity Ntr = 1.4 × 1018 cm−3 as well as �H = 1.2 were obtained 
from a microscopic model for the double quantum well 
active region [26]. Outside the laser chip we set � = g� = 0 . 
The evolution of the carrier density N(t) with time within the 
laser chip is given by a simple carrier rate equation. Here, 
we assume a spatially uniform carrier density. As has been 
shown in [11], the neglect of the variation of the carrier 

(2)
ng

c0
�tE

±

=

[
∓�z − i�(N, I)

]
E±

− i�E∓

+ F±

sp
.

(3)� = −i
�(z)

2
+ �T (z, I) +

(i − �H)g(z,N) − i�(z)

2
,



	 M. Krüger et al.

1 3

66  Page 4 of 12

density due to longitudinal spatial hole burning preserves 
not only the basic lasing state characteristic (output field 
intensity, gain in the laser chip, lasing wavelength) at some 
selected set of parameters, but also the positions of the state 
transitions when tuning model parameters. More information 
on the model and parameters can be found in [11, 12, 29].

Finally, we assume that there is no reflection at the fac-
ets of the VHBG, whereas at the facets of the diode laser 
chip the complex fields amplitudes satisfy the following 
reflection/transmission conditions:

where lLD denotes the length of the diode laser chip, and 
l−
LD

 and l+
LD

 denote the same rear facet position inside and 
outside the diode laser, respectively; refer to Fig. 1. rF and rR 
denote the complex field reflectivity coefficients for the front 
and rear facets of the diode laser chip, and tR =

√
1 − �rR�2 

describes the field transmission coefficient at the rear facet.
The model parameters are the same for both ECDLs 

except of the field reflectivity coefficient rR of the rear 
facet. Whereas for ECDL-1 we account for parasitic reflec-
tion at the rear chip facet, RR =

||rR||
2
= 5 × 10−4 , we set 

rR = 0 for ECDL-2.
Figure 2 shows the electro-optical characteristics simu-

lated for ECDL-1 as a function of the injection current that 
is swept from smaller to larger values. The thick red curve 
in Fig. 2a represents the time-averaged output power, PF , 
of ECDL-1 transmitted through the front facet of Chip-1. 
At low injection current settings, ECDL-1 occupies sta-
ble stationary states. As the current is increased, unsta-
ble operation regimes appear. These are indicated by the 
thin black and blue curves which show the maximum 
and minimum instantaneous output power, respectively: 
within instability regions marked with U, regular periodic 
undamped oscillations are observed. The scenario how 
these oscillations are generated and vanish are typical for 
super-critical and sub-critical, respectively, Hopf bifurca-
tions (bullets D).

Figure 2b shows the time-averaged value of the carrier 
density.

The behavior of the carrier density differs for currents 
between 30 and 110 mA and higher currents where unsta-
ble regimes appear. For lower currents,the carrier density 
first decreases and then increases within each region. For 
higher currents, the carrier density within each stability 
region first changes with injection current in an oscillatory 
manner, performing between a half and a full period, and 
grows monotonically finally. This non-monotonic behavior 
will be briefly explained below in this section.

(4)

E+

(0, t) = −r∗
F
E−

(0, t),

E−

(l−
LD
, t) = rRE

+

(l−
LD
, t) + tRE

−

(l+
LD
, t),

E+

(l+
LD
, t) = −r∗

R
E−

(l+
LD
, t) + tRE

+

(l−
LD
, t),

To analyze the dependence of the optical spectrum on 
injection current, we calculate the Fourier transform of the 
time-trace of the emitted complex field (FT-spectrum) as 
well as the point spectrum (PS) of the spectral or eigenvalue 
problem obtained after substituting E(z, t) = �(N, z)ei�(N)t 
into the field Eqs. (2)–(4) for an instantaneous carrier den-
sity N corresponding to the last time moment of simulations 
for a given injection current. The PS consists of the complex 
frequencies �k serving as the eigenvalues where k is the 
index of an optical mode. The real part Re�k corresponds to 
the optical frequency of the mode k relative to the reference 
frequency. In what follows we plot the results in depend-
ence of the relative wavelength �� = −�2

0
∕(2�c0)Re�, 

Fig. 2   Electro-optical characteristics simulated for ECDL-1 
( r

R
=

√
0.0005 ) as a function of the injection current. Panel a: 

Time-averaged mean B, maximal A and minimal C emission power. 
Hopf bifurcations D are marked with black bullets. Panel b: Time-
averaged mean carrier density. Panel c: Side mode suppression ratio, 
as obtained from the Fourier transform [FT]-spectrum. The oscil-
lations are numerical artefacts due to the discrete nature of the FT 
Panel d: Wavelengths of the main peaks of the FT-spectrum (bullets) 
and modes of the point-spectrum [PS] (thin lines). Big black bul-
lets show the strongest optical mode. The smaller bullets represent 
the side modes suppressed by less than 10, 20, 30, 40, and 50 dBc, 
respectively. Panel e: Damping of the most important PS modes con-
tributing to the dynamics
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where �0 = 1064 nm is the reference wavelength. The imag-
inary parts of the complex frequencies give the damping 
( Im𝛺 > 0 ) or growth ( Im𝛺 < 0 ) of the optical modes; see 
Refs. [12] and [30] for more details.

The instability regions in Fig. 2a are correlated with 
regions of small side mode suppression ratio (SMSR); see 
Fig. 2c. The SMSR is defined as the ratio between the opti-
cal power at the front facet associated with the strongest 
and the second strongest component of the FT spectrum. 
The bullets in panel d of Fig. 2 show the wavelengths of 
several peaks of the FT-spectrum. Here, the size and the 
color of the bullets represent different levels of side mode 
suppression. Whereas the full black dots correspond to the 
strongest mode, the red, green, blue, violet and beige bullets 
show the side modes suppressed by less than 10, 20, 30, 40 
and 50 dB, respectively. The thin curves in the same panel 
indicate the wavelengths of the optical modes calculated as 
the PS of the related spectral problem constructed for the last 
instantaneous value of the carrier density, N(t). This repre-
sentation provides additional information on the position 
of the damped modes which, however, can be excited at the 
bifurcation points either during unstable laser operation or 
by some external perturbations of control parameters. Devia-
tions between the PS and FT spectra at the wings of the 
stop-band of the VHBG (relative wavelengths ≈ ±0.06 nm) 
indicate that four-wave mixing is the origin of the side peaks 
of the FT spectra.

Finally, panel e of Fig. 2 shows another representation of 
the PS. The thick lines on the zero damping line, Im� = 0 , 
indicate temporally stable lasing of ECDL-1. For small 
injection current settings, the mode closest to the center of 
the VHBG stop-band (relative wavelength �� = 0 ) is the 
mode with the smallest threshold gain. With increasing 
injection current, the redshift of all modes implies a gen-
eral but non-monotonic increase of the threshold gain of the 
dominant mode (see panel b) and simultaneously a general 
reduction of the threshold gains corresponding to the blue-
detuned neighboring side modes once these modes approach 
the center of the stop-band. Eventually, the two blue-detuned 
modes closest to the dominant mode exhibit negative damp-
ing, Im𝛺 < 0 ; see Fig. 2e at ILD ≈ 72 mA and ILD ≈ 78 mA. 
Hence, for an instantaneous carrier density these modes can 
be easily excited, grow, and can determine another possibly 
temporally stable state with lower carrier density.

The existence of exponentially growing states can be 
explained by the non-linearity of the whole model includ-
ing the carrier rate equations. The lasing mode with a sub-
optimal threshold does not permit the transition of the field 
power to the neighboring modes and, therefore, has a non-
vanishing basin of attraction in the phase space and can 
remain stable. However, once the wavelength of the strong-
est mode is shifted too far from the center of the stop-band 
of the VHBG, the threshold of this mode becomes too large 

and the corresponding state looses its stability. Then, as the 
injection current is increased further, after some interme-
diate unstable mode interaction regimes, one of the lower 
threshold modes becomes the lasing mode. It is interest-
ing to note that at larger injection currents the transition 
to the adjacent blue-detuned mode rather than to the mode 
with the smallest threshold is preferred. We argue this mode 
preference by a better overlap of the adjacent mode pro-
files (see also Ref. [30]) which is important when exciting 
neighboring modes. Following the dependence of the mean 
carrier densities on the injection current shown in Fig. 2b, 
the (negative) damping of neighboring modes after the state 
transition changes in an oscillatory manner and remains 
close to zero. The following bifurcation that leads to the 
pulsing regime with a significant involvement of three and 
more modes occurs when the damping of the two closest 
blue-detuned neighboring side modes become equal and a 
third blue-side neighboring mode features negative damp-
ing, see for example for ILD = 115 mA in panel e of Fig. 2. 
For more details on the coexistence of several stable steady 
states in ECDLs determined by different modes at the red 
stop-band side of the VHBG see Ref. [12].

Figure 3 shows the corresponding characteristics for 
ECDL-2. In contrast to ECDL-1, this laser features a stable 
power–current dependence without any instability regions, 
see Fig. 3a, as well as a large SMSR, see Fig. 3c. Inspection 
of the small regions corresponding to the state transition 
in panel d of Fig. 3 shows a nearly complete suppression 
of the modes which are not directly involved in this transi-
tion: red large bullets corresponding to less than 10 dBc side 
mode suppression are absent in the FT spectrum. The occur-
rence of FT side peaks in this panel is rather due to a four-
wave mixing processes than to excitation of PS side modes 
through nonlinear mode interaction. The strictly monotonic 
injection-current dependence of the mean carrier density in 
Fig. 3b and the main mode damping in Fig. 3e within each 
stability region also differ from the related changes shown in 
Fig. 2. We note that once a single mode with Im� = 0 deter-
mines a temporally stable state, damping of other significant 
modes changes almost linearly with the change of the injec-
tion current. After the damping factors of the two closest 
blue-detuned neighboring side modes have turned negative, 
the state transition occurs shortly before or just after these 
damping factors become equal. The short injection current 
intervals of comparable negative damping factors as well as 
the rather different slopes of the damping–current charac-
teristics can be the reason that only one of these modes is 
significantly involved in the state transition.

For better understanding of the mode analysis discussed 
above, the correlation between the mode-specific threshold 
carrier density and the wavelength of different PS modes of 
ECDL-1 and ECDL-2 are calculated and represented in Fig. 4. 
In Ref. [12] we have discussed a convenient way to relate the 
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mode-specific threshold carrier density N and relative lasing 
wavelength �� (proportional to Re� ) to the field phase shift 
� and the attenuation exhibited by the field upon propaga-
tion through the external part of the cavity via the round-trip 
condition [12, 31]

where D(�,N) and reff(�) denote frequency dependent 
responses of the laser diode and the VHBG,

(5)
|rR| + De−i(�R−2�T lLD)

1 + |rR|De−i(�R−2�T lLD)
ei(�R−�)

= −�e−2i��g reff,

D(𝛺,N) =
e
2i
[
𝛽LD(𝛺,N)+

𝛺ng

c0

]
lLD

r∗
F

,

reff(𝛺) =

−i𝜅
i𝛺ng

c0
+ 𝛾 cot(lVHBG 𝛾)

, 𝛾 =

(
𝛺2

n2
g

c2
0

− 𝜅2

)1∕2

,

and �g and � ( = 0.7 in our case) are the field propagation time 
in the gap between the diode and the VHBG and the part 
of the nonscattered field intensity during this propagation, 
respectively. 𝛽LD(𝛺,N) is a frequency-domain analog of the 
laser diode propagation factor � given in (3) after excluding 
the contribution of the thermal detuning �T.

In the case when the damping factor of a certain PS mode 
is Im� = 0 , this mode defines a steady state of the ECDL.

It can be shown that a nonvanishing complex field 
reflectivity rR = |rR|ei�R strongly affects the wavelength 
of the PS modes and, therefore, the characteristics of the 
stationary states. The Eq. (5) for ECDL-1 with Im� = 0 , 
Re� = −2�c0��∕�

2
0
 , �rR� =

√
0.0005 , and different values 

of the roundtrip phase � in the external cavity are solved for 
ten different phases �R = {0, 0.1,… , 0.9} ⋅ 2� . The result 
is shown in Fig. 4. The empty bullets represent the (stable 
or unstable) steady states for fixed � = 0 . Once tuning the 
phase factor � , these steady states move along the curves and 
replace the adjacent states at � = 2� or � = −2� . Similar 
single axially symmetric thin curve and empty bullets in 
the insert of Fig. 4 represent the steady states in ECDL-2 
with rR = 0 . It is obvious that non-vanishing rR not only 
implies an asymmetry of the location of the steady states in 
the �� − N plane, but also introduces a sensitive dependence 
of the thresholds of the individual modes on the phase of the 
rear facet �R.

Tuning of the injection current ILD in the calculations 
above has not changed �R , but modified the factor �T (ILD) 
in the laser chip instead. As a consequence of the left hand 

Fig. 3   Simulated characteristics of ECDL-2. The meaning of all pan-
els and the values of all parameters except of r

R
= 0 are the same as 

in Fig. 2

Fig. 4   Steady states in mode wavelength ��—carrier density N plane. 
Thin curves: shift of these states with a change of the field phase fac-
tor � in the air gap part of the ECDL for several fixed values of �

R
 . 

Empty bullets: corresponding steady state positions at � = 0 . Thick 
blue and red curves: simulated stable steady states for ECDL-1 with 
�rR� =

√
0.0005 , �

R
= 0 or �

R
= � , respectively. Solid and medium 

thick shaded curve segments represent simulations with an increased 
and decreased injection current. Insert shows a similar representa-
tion of ECDL-2 with rR = 0 . All other parameters are the same as in 
Figs. 2 and 3



Improving the spectral performance of extended cavity diode lasers using angled-facet laser…

1 3

Page 7 of 12  66

side (lhs) of (5), a change of the thermal detuning �T (ILD) in 
the mode calculations is equivalent to the simultaneous tun-
ing of the effective reflectivity phase, �R,eff = �R − 2�T lLD , 
and the field phase, �eff = � − 2�T lLD . The presence of such 
a dual phase tuning is represented by thick curve segments 
in Fig. 4, which show wavelengths and carrier densities of 
all stable stationary states obtained during our simulations 
with decreased (thick solid) and increased (thinner shaded) 
injection currents. Whereas the blue curves represent the 
case of �R = 0 already discussed in Fig. 2, the red curves 
correspond to the reflectivity phase �R = � . In both cases, 
the steady states along these calculated curves are charac-
terized by oscillatory changes of carrier densities already 
noticed when discussing Fig. 2b.

Thermal detuning imposed continuous change of the 
steady states along these curves correspond to the simul-
taneous change of the effective interface reflectivity phase 
�R,eff (represented by different thin curves) and the effective 
field tuning factor �eff (represented by the relative location 
between two adjacent empty bullets on the corresponding 
thin curve).

It becomes obvious from this diagram that the reduction 
of the reflectivity factor |rR| reduces the separation between 
the thin (fixed �R ) curves, reduces the amplitude of the 
carrier density oscillations, and, consequently, makes the 
performance of the ECDL much more predictable and less 
dependent on the reflectivity phase. In the case of vanishing 
reflectivity, rR = 0 , the lhs of (5) reads as D(�,N)ei(2�T lLD−�) . 
The resulting equivalence of the thermal detuning and the 
phase tuning factor is also confirmed by the overlap of the 
simulated stable steady state locations (thick black seg-
ments) with the analytically found thin curve in the insert 
of Fig. 4.

4 � Electro‑optical characterization

To determine the residual reflectivity of the rear facet of 
Chip-1 and Chip-2, both diode laser chips were operated as 
solitary devices (no feedback from external elements), and 
the optical power retrieved from the front facet, PF , and from 
the rear facet, PR , was determined as a function of the injec-
tion current ILD . The ratio PF∕PR plotted in Fig. 5 exhibits a 
strong dependence on the current.

In an unsaturated amplifier, the power ratio is given by 
[32]

where g is the modal gain and � is the modal loss. At small 
currents, (g − 𝛼)lLD ≪ 0 holds and the power ratio is there-
fore simply given by the ratio of the transmission coefficients 

(6)
PF

PR

=

1 − RF

1 − RR

⋅
1 + RRe

(g−�)lLD

1 + RFe
(g−�)lLD

,

at the facets, PF∕PR = (1 − RF)∕(1 − RR) ≈ (1 − RF) , as 
RR ≪ 1 . Well below transparency the power transmitted 
through the facets is solely due to (amplified) spontaneous 
emission created in a volume that is located right behind 
the corresponding facet and the amount of power impinging 
onto the facet is hence, for symmetry reasons, the same at 
the front and rear facets.

Evaluating the data for ILD → 0 we find a front facet trans-
mission of 1 − RF = 73% and 1 − RF = 81% for Chip-1 and 
Chip-2, corresponding to intensity reflectivities of RF = 27% 
and RF = 19% , respectively. Whereas the first value is close 
to the calculated theoretical value (29 %), the second one is 
much smaller. As both chips have been taken from the same 
wafer and the front facets were coated in the same coating 
run, we expect the front facets of both chips to feature the 
same reflectivity. We attribute the difference to measurement 
inaccuracy.

For higher currents when the chips are operated above 
transparency, the exponentials in (6) cannot be neglected 
because the gain g increases with current. The reflectivity at 
the front facet starts to affect the power output at the rear facet 
and vice versa. The power ratio decreases monotonically until 
the laser threshold is reached where the ratio PF∕PR is inde-
pendent of the injection current (and output power) and can be 
described by the Eq. [32]

Chip-1 reaches threshold at ILD ≈ 120mA so that it is pos-
sible to determine RR = 6.9 ⋅ 10−4 from (7) using PF∕PR 
at ILD = 250mA . This value is near the calculated one 

(7)
PF

PR

=

1 − RF

1 − RR

√
RR

RF

.

Fig. 5   Comparison of the ratio between the optical power retrieved 
from the front and rear facet, P

F
∕P

R
 , for Chip-1 and Chip-2, both 

operated as solitary diode lasers
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( 5 ⋅ 10−4 ). Chip-2 does not reach threshold within the acces-
sible current range which indicates a much lower rear-facet 
reflectivity than Chip-1 as intended.

For the characterization of the electro-optical per-
formance, the ECDL setup is temperature stabilized to 
(25.0 ± 0.5) ◦C , and the injection current of the laser diode 
chip is swept up from 30 mA (below laser threshold) to 
225 mA. We determine the output power and the SMSR 
simultaneously for each setting of the injection current.

Due to the small spectral spacing of the ECDL modes 
( ≈ 0.016 nm or 4.2GHz, ) it is impossible to resolve them 
using an optical spectra analyzer. To determine the SMSR 
with high resolution (e.g., 3 MHz at 3 dBc, 200 MHz at 
50 dBc) we heterodyne therefore the ECDL with a DFB 
laser (linewidth ≈1  MHz full-width-at-half-maximum 
(FWHM) at 10 ms time scale), detect the corresponding 
beat note signal with a fast photodetector (New Focus 
model 1434, 25 GHz bandwidth), and analyze the power 

or radio-frequency (RF) spectrum with an electrical sig-
nal analyzer (ESA, Rohde & Schwarz model FSW 26) in 
spectrum analyzer mode at a resolution bandwidth setting 
of 3 MHz. In panels a) of Figs. 6 and 7 , the depend-
ence of the optical power PF on the injection current is 
depicted. Panels b and c show color maps of the RF spec-
tra and the SMSR, respectively. Both RF spectrum maps 
are normalized individually to their corresponding peak 
power. To derive values for the SMSR for each injection 
current setting, we consider the corresponding RF spectra 
individually. We determine the SMSR for the two modes 
adjacent to the strongest mode and calculate the average, 
i.e., SMSR = (P

+1 + P
−1)∕(2 ⋅ P0) , where P0 corresponds 

to the power of the strongest mode and P
−1 and P

+1 to the 
power of the adjacent side modes located one FSR below 
and above the strongest mode, respectively. The dynamic 
range of each measurement is limited by the noise floor of 
the corresponding RF spectrum. It is determined individu-
ally for each injection current setting by the ratio between 
the RF power of the strongest mode and the expected peak 
RF power of the noise, which is derived from a statistical 

Fig. 6   Experimental results of the electro-optical characterization 
of ECDL-1. a Power–current characteristics. b Color map of the RF 
spectra, derived from the beat note measurement with a DFB laser. 
All individual RF spectra are commonly normalized to the peak RF 
power of the map. c Side mode suppression ratio (see text)

Fig. 7   Experimental results of the electro-optical characterization of 
ECDL-2. The meaning of all panels is the same as in Fig 6
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analysis of the spectrum taken at ILD = 30mA , i.e., below 
laser threshold. This approach is valid as all settings of the 
ESA are the same for a given spectrum map and the noise 
floor is determined by detector and ESA noise rather than 
laser noise. The dynamic range typically corresponds to 
values between 50 dBc and 60 dBc.

Both ECDLs feature similar electro-optical performance. 
According to Figs. 6a and 7a the laser threshold corresponds 
to about 35 mA and 38 mA for ECDL-1 and ECDL-2, 
respectively. Further, both ECDLs show several steps in the 
power–current characteristics. These are correlated to longi-
tudinal mode hops either by one or two longitudinal modes; 
see the RF spectrum maps in Figs. 6b and 7b. Between mode 
hops the optical frequency tunes continuously with the injec-
tion current for about 5 GHz.

Sweeping up the injection current of both ECDLs from 
threshold, we find current settings at which the SMSR drops 
abruptly, within a few mA, to values between 10 dBc and 
20 dBc; see Figs.  6c and 7c. As the injection current is 
swept up further, the SMSR returns to values larger than the 
dynamic range, again abruptly. The SMSR may be reduced 
on the verge of a mode hop as well as between two mode 
hops; see Fig. 6c.

Both ECDLs, however, differ significantly with respect 
to the smallest injection current, at which the SMSR drops 
to to values less than 50 dB. Whereas for ECDL-1 the 
SMSR drops significantly already at an injection current of 
110 mA, ECDL-2 has to be operated at an injection cur-
rent of 190 mA to show the same reduction. Further, the 
current range for which the SMSR is reduced, is signifi-
cantly smaller for ECDL-2 than for ECDL-1. We conclude 
that ECDL-2 is less prone to non-linear interaction of and 
competition between longitudinal modes than ECDL-1, and 
attribute this to the fact that parasitic feedback at the rear 
facet is significantly smaller for ECDL-2 than for ECDL-1.

We next compare the experimental results for ECDL-1 
and ECDL-2 to the corresponding simulation results pre-
sented in Sect. 3 (see Figs. 2, 3). As detailed below, we find 
that experimental and theoretical results are in qualitative 
agreement. Simulations predict a laser threshold of 34 mA 
for both ECDLs, which is in qualitative agreement with the 
experimental findings (35 mA for ECDL-1 and 38 mA for 
ECDL-2).

The simulations further predict mode hops typically 
every 40– 50 mA for both ECDLs. Whereas for ECDL-2 
the experimental result shows mode hops about every 
50–60 mA, close to the experiment, the experimental result 
for ECDL-1 exhibits a hop to the second next mode after a 
double current period of 80 mA . Such double-mode hops 
can be also observed in the simulation; see ECDL-2 at a 
current of 240 mA and [12]. A better agreement could be 
gained by an adjustment of the thermal detuning �T and its 
current dependence.

For both ECDLs, simulation predicts an abrupt reduction 
of the SMSR to very small values which is in agreement 
with the experimental findings. For ECDL-1, the simulation 
further indicates that strong reduction of the SMSR should 
occur in the vicinity of a mode hop as well as in between two 
mode hops; see Fig. 2d at 110 mA. This, again, is in agree-
ment with the experimental findings. However, for ECDL-2, 
simulation predicts a reduction of the SMSR to only occur 
in the vicinity of mode hops, while the experiment shows 
a reduction of the SMSR only in between the mode hops. 
This discrepancy is attributed to the fact that the simulation 
for ECDL-2 uses RR = 0, while the true reflectivity is non-
zero, i.e., the simulation describes the limiting case of the 
absence of parasitic feedback from the rear facet while in 
the experiment parasitic feedback is small but nevertheless 
present. It should finally be pointed out that both, simulation 
and experiment, show the current regions of reduced SMSR 
to be significantly larger for ECDL-1 than for ECDL-2.

In summary, theoretical and experimental findings are in 
qualitative agreement and show that ECDL-2 is less prone 
to non-linear interaction of and competition between longi-
tudinal modes than ECDL-1.

Finally, the influence of the ridge waveguide geometry on 
the frequency noise spectrum and on the intrinsic (Lorentz-
ian) linewidth of the ECDLs is discussed. To determine the 
frequency noise spectrum, a self-delayed heterodyne (SDH) 
interferometer with a delay time of 10 μs is used to create 
an RF beat note signal. The in-phase and quadrature (I and 
Q) components of this signal are recorded with the ESA 
for a record length of 100 ms at 100 MS/s with an I / Q 
signal analysis bandwidth of 80 MHz. The record is split 
into a number of short sub-records, and the instantaneous 
phase is determined individually for each sub-record. Next, 
frequency noise spectra are derived and corrected for the 
transfer function of the heterodyne interferometer, again 
individually for each sub-record. Finally, the noise spectra 
of all sub-records corresponding to the same record are aver-
aged. For Fourier frequencies below (above) 1 MHz , sub-
records with a length of 1 ms ( 10 μs ) are generated. This 
approach has been described in detail by Schiemangk et al.; 
see Ref. [33].

To investigate the frequency stability of the free-running 
ECDLs, the injection current is swept up from below thresh-
old in steps of �ILD = 2.5mA. Figure 8a shows the cor-
responding output power PF as a function of the injection 
current. For each of the injection current settings, a self-
delayed heterodyne beat note measurement is carried out. 
The intrinsic (Lorentzian) linewidth follows from the sin-
gle-sided, double-sideband frequency noise power spectral 
density (FNPSD) Sf (�) at sufficiently large Fourier frequen-
cies, where it is white, according to �f = �∕2 ⋅ ⟨Sf (�)⟩� ; 
see Refs. [33–35] and Fig. 9 for an example. Here, the white 
noise level is determined by averaging Sf (�) between 5 and 
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10 MHz. The intrinsic linewidth is plotted in Fig. 8b for both 
ECDLs as a function of the injection current.

We first recognize that the intrinsic linewidths of both 
ECDLs are similar provided they are operated in a stable 
regime. However, whereas for ECDL-2 the linewidth basi-
cally drops monotonically with increasing injection current, 
it shows some modulation for ECDL-1, which is attrib-
uted to the interaction of the modes due to their coupling 
through reflection at the rear facet. Further, according to 
Fig. 8a, ECDL-1 and ECDL-2 feature mode hops between 
ILD = 117.5 and ILD = 120.0mA, and between ILD = 112.5 
and ILD = 115.0mA, respectively. No degradation of the 
intrinsic frequency stability is observed in the vicinity of 
either of the mode hops. The same applies to the second 
mode hop of ECDL-2 between ILD = 167.5 and ILD = 170.0

mA. However, it does not apply to the second mode hop 
of ECDL-1 between ILD = 187.5 and ILD = 190.0mA. 
Here, the intrinsic linewidth is increased by a factor of 25 
as compared to the linewidth expected for stable operation. 
The comparison between panels a and b of Fig. 8 suggests 
that the intrinsic frequency stability is degraded whenever 
the differential slope dPF∕dILD drops significantly, e.g., 
for ECDL-1 between ILD = 170.0 mA and ILD = 190.0 and 
above ILD = 217.5mA. With reference to Fig.6a, b, we rec-
ognize that a significant reduction of the differential slope 
is accompanied by the presence of strong side modes. We 
finally point out that no degradation of the intrinsic fre-
quency stability is observed for ECDL-2. Again, as already 
concluded above, this suggests that ECDL-2 is less prone to 
non-linear interaction of and competition between its longi-
tudinal modes than ECDL-1.

Finally, Fig. 9 shows the FNPSD of the beat note signal 
for three of the measurements analyzed in Fig. 8. Graphs a 
(red line) and b (blue line) describe the spectra for ECDL-1 
and ECDL-2 at injection current settings of ILD = 77.5 mA 
and ILD = 85.0 mA, respectively, at which both lasers pro-
vide the same output power of PF = 17.3mW. Please note 
that the peaks in the spectra located at integer multiples 
of 100 kHz are measurement artifacts [33]. Comparison 
to Figs. 6,  7, and 8 shows that at these operating points 
no mode hops are in close vicinity and that the SMSR is 
expected to be large. We find that both spectra are identical 
within the measurement accuracy and conclude that tilting 
the waveguide at the rear facet neither improves nor reduces 
the frequency noise, provided the SMSR is large.

Graph c in Fig.  9 (black line) shows the FNPSD of 
ECDL-1 operated at ILD = 180mA, where the SMSR is 
small; see Fig. 6. Here, the white noise floor corresponds to 
4.2 ×103 Hz 2

∕ Hz . However, at Fourier frequencies below 
20 kHz, at which the FNPSD exceeds the white noise level, 
it is very similar for all three measurements. This suggests 
that excess frequency noise caused by non-linear mode 
interaction and mode competition only affects the intrinsic 

Fig. 8   Analysis of frequency instability. a Output power P
F
 of both 

ECDLs and b corresponding intrinsic (Lorentzian) linewidth �f  as a 
function of the injection current. Optical power and frequency noise 
data were recorded simultaneously

Fig. 9   Single-sided, double-sideband frequency noise power 
spectral density of the beat note signal derived for a ECDL-1 @ 
I
LD

= 77.5 mA (red) b ECDL-2 @ I
LD

= 85 mA (blue), both with 
P
F
= 17.3 mW. c ECDL-1 @ I

LD
= 180 mA with P

F
= 56.0 mW 

(black)
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linewidth. From this, we conclude that thermal effects which 
could arise from instabilities and feature typical time scales 
on the order of 1–10 � s are not relevant.

5 � Conclusions

In this paper, the influence of parasitic feedback from the 
intra-cavity facet of a ridge waveguide diode laser chip oper-
ated in an ECDL configuration was studied. To this end, 
two ECDLs operating at 1064 nm were realized, which 
only differed with respect to the diode laser chips. ECDL-1 
employed a diode laser chip with a straight ridge waveguide 
intersecting both facets at right angle. ECDL-2 employed a 
diode laser chip with a bent ridge waveguide which intersects 
the intra-cavity facet at an incidence angle of 3 degrees. Both 
diode laser chips were taken from the same wafer and feature 
thus the same InGaAs/GaAsP-AlGaAs double quantum well 
and fundamental lateral mode ridge waveguide design. Both 
chips were anti-reflection/partially reflective-coated in the 
same coating run.

The electro-optical performance of the ECDLs was inves-
tigated both theoretically and experimentally. A traveling 
wave model coupled with a rate equation for the carrier 
density was used to describe the dynamic behavior of the 
ECDLs and to predict the dependence of the optical power, 
averaged carrier density, wavelength, and the side mode sup-
pression ratio in dependence on the injection current. An 
analysis of the results using an expansion of the computed 
field into the longitudinal modes has been performed for a 
better understanding of the different (stable and unstable) 
regimes of operation. The appearance of several undamped 
modes having nearly the same negative damping factors are 
the reason of instabilities (largely reduced for a vanishing 
intra-cavity reflectivity of the chip facet) and mode hops. 
The presence of a dual-phase tuning (namely, the tuning 
of the internal phase of the chip and the external phase of 
the cavity) results in an oscillatory behavior of the carrier 
density and the optical power. Simulations revealed that 
for the device under study the intra-cavity reflectivity must 
be less than 10−5 to eliminate instabilities and oscillations 
largely. This low reflectivity can be only achieved by tilting 
the waveguide at the facet of the chip.

In the experiments the output power, the main mode 
wavelength, the SMSR and the frequency noise power spec-
trum as well as the intrinsic linewidth were determined as 
a function of the injection current. Experiments and theory 
were found to agree qualitatively. Both, the simulation and 
the experiment, show side modes re-appearing as the injec-
tion current is swept up from threshold, with SMSR as small 
as 10–20 dBc. Reduction of the SMSR was found to be more 
pronounced for ECDL-1 than for ECDL-2, which is in line 
with the theoretical predictions and is attributed to the fact 

that in ECDL-2 the non-linear interaction of the longitudinal 
modes through parasitic reflection at the intra-cavity chip 
facet is strongly reduced in comparison to ECDL-1.

Frequency noise power spectra were determined for both 
lasers experimentally. In the stable operating regimes the 
two lasers were found to feature similar frequency noise 
power spectra and intrinsic linewidths. Strong reduction 
of the SMSR was found experimentally to coincide with 
operating regimes for which the slope efficiency is strongly 
reduced. In these regimes the white noise levels of the fre-
quency noise spectra, and hence the intrinsic linewidths, 
were increased drastically, by a factor of 30. However, the 
instabilities were found to not affect the frequency noise at 
small Fourier frequencies (less than 10 kHz) which indicates 
that thermal effects do not mediate the instabilities.

Surprisingly, both ECDLs exhibit no degradation of 
the measured frequency noise power spectra and intrinsic 
linewidths even if there is a drop of the SMSR provided that 
it is not reduced to a very small value below 10 dB. This 
enables a stable operation of ECDL-1 over a wider range of 
currents than expected from theory. Nevertheless, its intrin-
sic linewidth is deteriorated at certain current ranges due to 
the appearance of side modes. In contrast, ECDL-2 utiliz-
ing a bent-waveguide chip exhibits a low intrinsic linewidth 
over the whole current range investigated. Thus, if one is 
interested only in a particular working point, and if this 
working point can be shifted to a current range (for exam-
ple, by tuning the current and/or the temperature) where the 
laser operates stable, a straight-waveguide chip is fine. On 
the other hand, if a large tuning range is required, e.g., for 
spectroscopy, a bent-waveguide chip is beneficial. Note that 
in this case the beam axis is not colinear with the chip axis 
which could be disadvantageous if a particularly compact 
assembly is needed.
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