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A tunable external cavity diode laser (ECDL) with high side-mode suppression ratio (SMSR) is demonstrated. The
ECDL is operated at both strong and weak feedback steady states with single longitudinal mode. Compared with
the strong feedback mode, the SMSR of the weak feedback mode is significantly enhanced by rotating the grating
along the axis of the incident beam, which changes the polarization orientation versus the grating grooves. The

highest SMSR of the weak feedback mode is 54 dB at the injection current of 300 mA. The tunable range of the

ECDL with weak feedback mode reaches 130.9 nm.
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1. INTRODUCTION

Optical feedback from an external cavity has significant influ-
ence on the characteristics of laser diodes in terms of stability,
relative intensity noise, linewidth, tunability, and so on [1-3].
According to the experiments and calculations, there are five
feedback regimes depending on the optical feedback intensity
[4-6]. At the low feedback level of optical power without anti-
reflection (AR) coating, the linewidth is dependent on the
phase of the feedback and the cavity length. Laser diodes with
AR coating achieve a high feedback level, and the external cav-
ity diode laser (ECDL) can operate on a single longitudinal
mode for all phases of the feedback. In general, the optical feed-
back in the ECDL configuration is used to optimize laser per-
formance measures such as frequency stability, linewidth, and
signal-to-noise ratio [7,8]. Optical feedback from a long exter-
nal cavity formed by a fiber is applied to suppress the high-
frequency noise and narrow the Lorentzian linewidth [9].
Modulation bandwidth enhancement of the semiconductor
laser is demonstrated by controlling feedback light intensity
and phase property [10].

In recent years, many different configurations of ECDL
with single output mode have been demonstrated [11-13].
Among the ECDL systems, Littrow configuration is the most
common for its characteristics of simplicity, compactness, high
efficiency, and broad tunable range [14—18]. For the grating-
coupled external cavity system, the polarization mismatch
between the grating lines and polarization direction of the
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incident beam has a significant influence on the optical feed-
back. Ding er al. compare the performance of Littrow ECDL
systems with grating lines perpendicular and parallel to the
p-n junction, and the parallel condition shows good perfor-
mance [19]. Chi er al. achieve two output states by using a
half-wave plate to switch the polarized direction of the laser
beam in the Littrow ECDL configuration, where the output
beam with weak feedback mode shows a higher power and
the output beam with strong feedback mode shows a wider
tuning range [20]. They only take into account conditions
in which the grating lines were perpendicular and parallel to
the polarization direction of the laser beam, and only a multi-
mode optical spectrum is observed in the weak optical feed-
back mode.

In this paper, a tunable ECDL with high SMSR in the
Littrow configuration is demonstrated. The ECDL is operated
at both strong and weak feedback steady states with single
longitudinal mode. The strong feedback mode is achieved
when the polarization direction of the beam is perpendicular
to the groove direction of the grating. Compared with the
strong feedback mode, the SMSR of the weak feedback mode
is significantly enhanced by the mismatch between the polar-
ized direction of the incident beam and the groove direction
of the grating. The highest SMSR of the weak feedback mode
is 54 dB at an injection current of 300 mA, and the tunable
range is 130.9 nm. The highest SMSR of the strong feedback
mode is only 47 dB.
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Fig. 1. (a) Experimental setup of the Littrow external-cavity diode system. (b) The optical spectra of the SAF gain chip are measured with an

injection current of 100 and 300 mA at 20°C.

2. EXPERIMENTAL SETUP

Figure 1(a) shows a schematic diagram of the ECDL. The
length of the external cavity is about 80 mm. A commercial
single angled facet (SAF) gain chip (Thorlabs, SAF1126H heat-
sink assembly) sensitive to the transverse electric (TE) mode is
used in the Littrow external cavity geometry [21]. The optical
spectra of the SAF gain chip are measured with an injection
current of 100 and 300 mA at 20°C, as shown in Fig. 1(b).
The reflectivity of the angled facet (R;) is less than 0.01%,
and the reflectivity of the other facet (R;) is about 10%.
The beam from the rear facet is collimated by an aspherical
lens of 2.97 mm focal length and a numerical aperture of 0.6
(Thorlabs, 355660-C). The collimated beam is incident on
a diffraction grating with a groove density of 600 lines/mm
(Thorlabs, GR13-0616) for wavelength selection and optical
feedback, and the first-order diffractive beam from the grating
is fed back into the gain chip. The output beam is measured
from front facet of the gain chip with a constant temperature
of 20°C. Two stable external cavity feedback states are realized
in the Littrow system, and the switching between the weak and
strong feedback is realized by rotating the grating along the axis
of the incident beam and first-order diffraction beam of the
grating element.

3. RESULTS AND DISCUSSION

Figure 2 is the schematic diagram of the grating rotation.
Figure 2(a) corresponds to the strong feedback mode with the
maximum diffraction efficiency. The polarized direction of
the incident beam is perpendicular to the groove direction.
When adjusting the grating along the axis of the incident beam,
the polarized direction of the incident beam is in an intermedi-
ate state between the perpendicular state and parallel state, as
shown in Fig. 2(b). Figure 2(b) corresponds to the weak feed-
back mode. When the polarized direction of the incident beam
is parallel to the groove direction, as shown in Fig. 2(c), the
diffraction efficiency is the minimum. As shown in Fig. 2(d),
the diffraction efficiency varies with different wavelengths with
different polarization conditions. The change of the diffrac-
tion efficiency results in the change of feedback intensity.
Variable feedback steady states can be achieved in the Littrow

configuration by grating rotation along the axis, where grating
equation is the essential condition.

The tunability of ECDL systems with weak and strong
optical feedback is characterized by measuring the optical spec-
trum of the output beam at different operating wavelengths.
The spectrum was measured by an optical spectrum analyzer
(OSA, YOKOGAWA, AQ6370D) with a resolution of 0.02 nm.
The measured spectra of the ECDL with weak and strong optical
feedback at an injection current of 100 mA are shown in Fig, 3.
The tunable ECDL spectra for both states are obtained by ad-
justing the grating along the groove direction. The tunable spec-
tra of the weak feedback mode, from 1511.9 to 1579.4 nm, are
shown in Fig. 3(a). The highest SMSR reaches 48 dB in the
central part due to the high active-region gain. Figure 3(b) shows
the tunable spectra of the strong feedback mode, from 1500.1 to
1584.1 nm. The highest SMSR is 42 dB. Figures 3(c) and 3(d)
are the optical spectra of weak and strong optical feedback, re-
spectively, at the wavelength of 1560 nm. The SMSR of the two
feedback modes are 48 and 40 dB, respectively. Figure 4 shows
the SMSR of the weak and strong feedback mode with different
wavelengths at the current of 100 mA. The ECDL with weak
optical feedback can achieve a much higher SMSR. In Fig. 3(d),
a gradual mount centered at 1506 nm is observed in the strong
feedback mode, which greatly reduces the SMSR. In the weak
feedback mode, the gradual mount is thoroughly eliminated.
This may be due to the mismatch between the polarized direc-
tion of the incident beam and the groove direction of the grating,
The observed spectral linewidths of the weak and strong feed-
back modes are 0.06 and 0.07 nm by the OSA (defined as
FWHM), respectively, which is narrower than the free spectral
range of the Fabry—Perot (FP) laser cavity (0.3 nm), indicating
that the laser system operates in a single longitudinal FP mode.
Limited by the OSA, the true linewidth should be much nar-
rower than the observed one.

Figure 5 is the optical spectra of the ECDL system with two
optical feedback modes at an injection current of 300 mA.
Figure 5(a) shows the spectra of the ECDL from 1455.4 to
1586.3 nm for the weak feedback mode. When the injection
current is increased from 100 to 300 mA, the tunable range is
increased from 67.5 to 130.9 nm. For the strong feedback
mode, the spectra of the ECDL from 1440.6 to 1595.5 nm

are shown in Fig. 5(b). The tunable range increases from
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84 to 154.9 nm when the current is increased from 100
to 300 mA. According to Fig. 6, the SMSR of the weak feed-
back mode is much higher. The highest SMSR of the weak
and strong feedback modes are 54 and 47 dB, respectively.
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Fig. 3. Optical spectra of the output beam from the ECDL system with (a) weak optical feedback and (b) strong optical feedback at 20°C. (c) and

Figures 5(c) and 5(d) are the optical spectra of weak and strong

optical feedback, respectively, at the wavelength of 1560 nm.

The SMSR of the two feedback modes are 52 and 46 dB,

respectively.
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(d) are the optical spectra of the weak and strong optical feedback, respectively, at the wavelength of 1560 nm. The injection current is 100 mA.
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Figure 7 is the threshold current of the two feedback modes
as a function of the tuning wavelength. The minimum thresh-
old currents of the ECDL system under the strong and weak
feedback modes are 50 and 84 mA, respectively. The enhanced
optical feedback can effectively decrease the threshold current
in the entire tuning range. For the ECDL configuration, the
absolute intensity of the optical feedback is difficult to measure.
However, it can be estimated from the threshold current ratio
of the two feedback modes. We assume a linear relationship
between the threshold current and the total optical loss [23]:

Iy ~2al -1n Ry - In[Ry + (1 - R,)X], (1)

where L is the cavity length of the laser, # is the effective ab-
sorption, Ry and R, are the reflectivity of front and rear facets,
and X is the feedback efficiency. For the ECDL system,
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is given by
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where /4, and 7y, are the thresholds of the ECDLs with the
strong and weak feedback modes. According to the formula, we
are able to estimate that the ratio of X and X, is about 5.2
at 1560 nm. In this way, we can determine that the feedback
efficiency of the weak mode is 19% of the strong mode.
The output power of both feedback modes at different
wavelengths is measured by a power meter (Thorlabs, S146C)
with an injection current of 300 mA, as shown in Fig. 8. The
insets are the output power as a function of the injection cur-
rent at the wavelength of 1550 nm for both feedback modes.
For the weak feedback mode, as shown in Fig. 8(a), the
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Fig. 5. Optical spectra of the output beam from the ECDL system with (a) weak optical feedback and (b) strong optical feedback at 20°C. (c) and
(d) are the optical spectra of the weak and strong optical feedback, respectively, at the wavelength of 1560 nm. The injection current is 300 mA.
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maximum output power is 5.5 mW at 1560 nm. Figure 8(b)
shows that the maximum output power of the strong feedback
mode is 49.2 mW at 1560 nm. In our experiment, the incident
beam can be decomposed into x components perpendicular to
the grating grooves and y components parallel to the grating
grooves, as shown in Fig. 8(c). The gain chip used in the experi-
ment is sensitive to the polarization, which means it can supply
optical gain to the TE mode of the feedback beam and almost
cannot supply optical gain to the transverse magnetic (TM)
mode of the feedback beam. In the weak feedback mode,
the polarized direction of the incident beam is non-orthogonal
to the groove direction of the grating due to the grating rota-
tion. As shown in Fig. 8(c), the feedback intensity along the
y axis decreases obviously and the feedback intensity along
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the x axis decreases a little, which leads to the drop of optical
power of the composed feedback beam. The polarized direction
of the feedback beam also rotates, which leads to effective feed-
back optical power with TE mode matched to the gain chip
decreasing further. As a result, the output power of the weak
feedback mode decreases significantly.

4. CONCLUSION

In conclusion, based on a Littrow configuration, a tunable
ECDL with weak and strong feedback steady states is achieved.
The optical spectrum of the weak feedback mode shows en-
hanced SMSR by rotating the grating along the axis of the in-
cident and first-order diffraction beams of the grating. This
may be due to the mismatch between the polarized direction
of the incident beam and the groove direction of the grating.
When the injection current is 100 and 300 mA, the highest
SMSR of the weak feedback mode is 48 and 54 dB, respec-
tively. In contrast, the highest SMSR of the strong feedback
mode is only 42 and 47 dB, respectively. This means only the
weak feedback mode can achieve SMSR above 50 dB. The
tunable range of the ECDL system under the weak feedback
mode reaches 130.9 nm. We believe that the weak feed-
back mode may benefit some specific applications, such as op-
tical sensing, coherent optical communication, and coherent
LiDAR, where clean and pure single-frequency optical spec-
trum with high SMSR is needed. In the future, spectral line-
width will be investigated precisely, and a gain chip which is
non-sensitive to the polarization will be used in the experiment
in order to improve the output power level.
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(c) Change in the polarized direction of the feedback light for the weak feedback mode.
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