TRAVELLING-WAVE ANALYSIS OF EXTENDED CAVITY DIODE LASERS
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We report results of numerical simulations of the dynamic properties of single-
transverse mode diode lasers subject to an external optical feedback provided by a
volume holographic Bragg grating. We use the traveling-wave model for the simu-
lation and analysis of the nonlinear dynamics of the considered devices. We show that
the numerical results obtained for a sample device are in a good agreement with the
experiment. We investigate the influence of relevant device parameters, such as front
and rear facet reflectivities and intra-cavity transmission losses on the laser behaviour.
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1. INTRODUCTION

In the last decade, semiconductor lasers with an external cavity have received
considerable attention for application in quantum sensing and coherent optical com-
munication [1-5]. These applications need lasers having a very small spectral
linewidth that can be achieved only by a spectrally filtered feedback. Volume holo-
graphic Bragg gratings (VHBGs) providing the wavelength selective feedback are
most suitable to realize narrow-linewidth, compact and robust external cavity diode
lasers (ECDLs). These laser modules were shown to be very reliable for quantum
sensing experiments on sounding rockets [6,7].

Semiconductor lasers under the influence of delayed optical feedback from an
external cavity have been investigated extensively during the past two decades. Stud-
ies in the literature include the analysis of continuous wave operation, periodic and
quasi-periodic pulsations, low frequency fluctuations, and coherent collapse [8]. The
simplest method for modeling a semiconductor laser with weak optical feedback is
given by the Lang-Kobayashi model [9]. Despite its simplicity, this model gives a
reasonable qualitative agreement with experiments and, therefore, provides a good
understanding of nonlinear dynamics in many devices. It has successfully been used
to get a deep understanding of the stabilization or destabilization of the continuous
wave states by different configurations of external feedback [10, 11].
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However, the Lang-Kobayshi model fails for devices with strong feedback such
as the ECDL presented in [6]. Therefore, in [12] a traveling-wave model was used
for a numerical simulation of the nonlinear dynamics of an ECDL emitting at 780 nm
similarly to the one presented in [6]. Based on this model, a detailed analysis of the
optical modes was performed and a good qualitative agreement with the experiments
was found. Based on the travelling-wave model [12], the electro-optical performance
of two different designs of the gain chips (straight and bent ridge waveguides) em-
ployed in an ECDL emitting at 1064 nm was compared theoretically and experimen-
tally in [13].

In this paper, we numerically investigate the impact of the reflectivity of the
front facet of the gain chip and the intra-cavity transmission losses on the dynamical
behavior of an ECDL emitting a 871 nm. Narrow linewidth emission at this wave-
length is particularly important for the excitation of the 2.5, /2 —2 D4 /2 transition of a
single 1"'Y'b* ion optical clock [14].

The paper is structured as follows. In Sec. 2 we describe the laser setup and
the traveling wave model. Section 3 presents the results and discussions. Finally,
conclusions are given in Sec. 4.

2. LASER MODEL AND EQUATIONS

Figure 1 shows the schematic structure of the micro-integrated ECDL stud-
ied in this paper. It consists of a ridge-waveguide (RW) gain chip, an air gap,
and a several millimeter long external VHBG. The diode laser chips are based
on GaAs/AlGaAs, have an InGaAsP double quantum well as active region and a
fundamental-lateral-mode ridge waveguide design. The rear facet of the RW chip
and the facets of the VHBG are AR-coated. We mention that the resonator is formed
between the front facet (FF) of the gain chip and the VHBG.

P RE < Lynes N
R=30% R=0%

L

Ly

L

Fig. 1 — A sketch of the setup of an ECDL with external feedback from a VHBG. Front facet
reflectivity is Ry = 0.3. Rear facet reflectivity is Ry = 0.
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To model the properties of the ECDL shown in Fig. 1 we use the traveling
wave equations

PO EE = [F0, —iB(N, )] E¥ — ik ET+ F )

governing the dynamics of the slowly varying complex amplitudes E*(z,t) and
E~(z,t) of the counter-propagating optical fields. Here cg is the speed of light in
vacuum, stg is the stochastic contribution of spontaneous emission in the gain sec-
tion, ng is the group index (different within different parts of the device), and « is the
field coupling coefficient, non-vanishing only in the VHBG. The propagation factor
[ is given by

B=00—i% +ko[fr(I) +in(N)]+i 2292, )

where g is the detuning from the reference propagation constant, « includes internal
losses, ko = 27/ Ao, where )\ is the free-space wavelength. Within the gain chip,
the propagation factor 3 contains the functions 17 (1), ny(N), g(N), and the linear
operator D that is used together with the induced polarization functions P*(z,t) to
model the dispersion of the material gain by a Lorentzian approximation [15],

DE*=g(E*- P*%), 0,P*=7(E*— P*)+iwP*, 3)

where g, w, and 27 are the amplitude, the relative central frequency, and the full width
at the half maximum of this Lorentzian, respectively. The function np(I) describes
the dependence of the refractive index on the heating induced by the injection current
I116],

ﬁT(I) = CTI. (4)
The functions g(N) and 7y (N) are given by

g(N) = FQINtrln( )nN(N)Zﬁo-i-%O]VM, &)

where T is the confinement factor, ¢’ is the prefactor governing the dependence of
the gain on the carrier density, g is the refractive index offset, and ayy is a prefactor
governing the dependence of the index on the carrier density. For carrier densities
varying only within a small range not too far from Ny, these two nonlinear functions
can be efficiently replaced by linear ones:

g(N) =T¢ (N —Ny), finy(N) =i+ g 6)

O
The evolution of the carrier density N (z,t) in the gain section is modeled by a rate
equation given in the form
I

SORY, (B [g(N) - D] E¥)., @
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Fig. 2 — Output power versus injection current characteristics. Black symbols - measurement. Red
symbols - simulation. Device parameters: transmission coefficient T" = 0.85, rear facet reflectivity
R, = 0, front facet reflectivity R r= 0.3.

where A, B, C are carrier recombination parameters. The effective width of the ridge
of the RW of the gain chip is W =9 ym. The ECDLs operates at A\g = 0.87 um. The
lengths of the sections are Ly = 2 mm, Ly = 7 mm, and Lygpg = 5.7 mm. Other
parameters are ¢z = 1.5-10° A~'m™!, Ny, = 2.2-10** m™3, ¢/ = 1100-10~2! m?,
A=025-108s71, B=1.0-10" m3s~!, C =2-107* mSs~1, ny = 3.9. Values
of the varying parameters are given in the captions of the figures of the paper. For
more details on the model and a description of the parameters see [12] and [13].

3. RESULTS AND DISCUSSIONS

In what follows we use the model described by the equations (1)-(7) to study
the electro-optical properties of the ECDL shown in Fig. 1. Figure 2 shows the
measured and simulated mean output power collected at the front facet of the ECDL
versus the injection current. Both in measurement and simulation a threshold current
of 50 mA, a similar slope, and mode jumps, visible as kinks in the characteristics,
are obtained. Figure 2 reveals an overall good agreement between the experimental
and simulated characteristics.

Next we consider what is predicted to happen if the transmission coefficient
T describing coupling losses in the air gap section is decreased from 0.85 to 0.5.
The results of the calculated output power against injection current are shown in
Fig. 3a). For T' = 0.85 the ECDL exhibits, as mentioned earlier, a threshold current
of 50 mA (see black line in Fig. 3). If the transmission coefficient decreases to
T = 0.7, the threshold current increases to 57 mA and the slope efficiency decreases,
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Fig. 3 — Calculated light output power versus injection current for different values of a) transmission
coefficient (Ry = 0.3, Ry = 0) and b) front facet reflectivity (R, = 0,7 = 0.85).

as shown by the red line in Fig. 3. On the other hand, for 7' = 0.7 the mode jumps
are more periodic and stable. A further decrease to 7" = 0.5 is accompanied by a
further increase of the threshold current to 72 mA and a further decrease of the slope
efficiency.

We discuss the influence of front facet reflectivity on the output characteristics
further. Figure 3b) shows the output power versus injection current for two values of
the front facet reflectivity. When the front facet reflectivity is reduced from Ry = 0.3
to Ry = 0.1 both threshold current and slope increase, because of larger outcoupling
loss and outcoupled power, respectively. The mode jumps occur at similar currents
for both devices.

Let us now consider the dynamic behaviour of the ECDL. A bifurcation dia-
gram is a very useful tool when analyzing laser dynamics. Here the injection current
is considered to be the main parameter of bifurcation. In Fig. 4a) continuous wave
(CW) operation and several instabilities (regions U) are observed as the injection
current increases above threshold. For a given value of the injection current the aver-
age power and the values of the local maximum and minimum of power are shown.
At an injection current of 110 mA a Hopf bifurcation appears and the laser devel-
ops an oscillatory behavior. As the injection current rises further, the amplitude of
oscillations first increases, then decreases and finally disappear in another Hopf bi-
furcation. A similar scenario is shown for larger injection currents. The insert in Fig.
4a) shows a time trace of the output power for 200 mA injection current. One can see
quasi-periodic oscillations. It can be stated that for this set of parameters (1" = 0.85,
R, =0, Ry = 0.3) the laser exhibits a complex behavior.

The instability regions in Fig. 4a) are correlated with regions of a small side
mode suppression ratio (see panel b) of Fig. 4) defined as the ratio between the
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Fig. 4 — Electro-optical characteristics of the ECDL for T' = 0.85, R = 0, Ry = 0.3. a) Averaged
mean (red), maximal (black), and minimal (green) output power. CW - continuous wave operation. U
- unstable regions. H - Hopf bifurcations. b) Side mode suppression ratio (SMSR) obtained from the

optical spectra. c) Wavelengths of the main peaks of the optical spectra (bullets) and modes of the

point spectrum (thin lines). Big black bullets show the strongest optical mode. The smaller red, green,
blue, violet, and beige bullets represent the side modes suppressed by less than 10, 20, 30, 40, and 50
dB, respectively. Insert in a) shows the time trace of the output power for an injection current of
200 mA.

optical power at the front facet associated with the strongest and the second strongest
component of the optical spectrum (obtained by a Fourier transformation of time
trace of the outcoupled optical field). The bullets in panel c¢) of Fig. 4 show the peak
wavelengths of the optical spectrum. 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
indicate the wavelengths of the optical modes calculated from the point spectrum
of the related spectral problem of (1) constructed for the last instantaneous value of
the carrier density [13]. The wavelengths determined from the peaks of the optical
spectrum lie mostly on or nearby these lines.

In order to achieve a controllable stable single mode operation, one needs to
improve the mode selection, which, for example, can be achieved by introducing a
stronger damping in the cavity. i.e. a reduction of the transmission coefficient that
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is analyzed in what follows. Figure 5 shows characteristics similar as in Fig. 4 for
transmission coefficients 7' = 0.7 (left) and 1" = 0.5 (right). The reduction of 7" leads
to enhanced stability in the power-current characteristics, see panel a) of Fig. 5,
which is also confirmed by a large SMSR, see panel b). One can see in panel c) of
Fig. 5 anearly complete suppression of the modes that are not directly involved in the
state transition where the other color bullets are almost absent in the FT spectrum.
However, the decrease of the transmission coefficient 1" results not only in a more
stable laser operation, but is also accompanied by a reduction of the output power.
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Fig. 5 — Same as Fig. 4 for different values of transmission coefficient 7" = 0.7 (left) and 7" = 0.5
(right). Other parameters: R, =0, Ry = 0.3.

In all figures above, R, = 0 was assumed. In what follows, we consider the
influence of a non-vanishing rear facet reflectivity R, on the laser output characteris-
tics. Figure 6 shows the results of a simulation for a rear facet reflectivity R, = 0.1,
T'=0.85, Ry = 0.3. As the injection current increases a series of instabilities appears
in the power-current characteristics (see Fig. 6a), including many jumps between CW
and unstable states. This unstable behaviour is also confirmed by the strongly vary-
ing SMSR shown in panel b) and the large number of colored bullets in panel c)
indicating the existence of many competing modes. Thus, to achieve stable opera-
tion one needs to reduce as much as possible the reflectivity of the rear facet of the
laser chip. We believe that the work presented in this paper provides a good basis for
future studies to improve the experimental characteristics of ECDL devices.
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Fig. 6 — Same as Fig. 4 for R, =0.1.
4. SUMMARY

We have carried out theoretical investigations on the electro-optical perfor-
mance and dynamic stability of an ECDL operating at \g = 0.87um. 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, wavelength, and side mode suppression ratio in dependence on the injection
current. A good agreement was obtained between measurement and simulation of
the dependence of output power on the injection current for a sample device. It has
been shown that to achieve a controllable stable single mode operation, one needs
to reduce the transmission coefficient. However, the reduction of transmission coef-

ficient leads to a lower output power. Finally, most stable operation is obtained for
vanishing rear facet reflectivity.
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