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We demonstrate a single polarization, narrow linewidth hybrid laser by using a semiconductor gain chip and a
birefringence silica-on-silicon waveguide Bragg grating. The hybrid laser shows good linewidth and single po-
larization characteristics with the selective polarization mode feedback of high birefringence grating. The
temperature phase modulation on the characteristics of the potentially lasing modes is displayed. In addition, the
performances of different mode power, side mode suppress ratio, spectrum and linewidth during temperature

tuning are characterized. We based on the rate equation method and the chirp factor reduction theory analysis
the variation of laser linewidth with power and lasing wavelength. The best linewidth achieves 4.36 kHz and the
best polarization extinction ratio is 38.6 dB. The output power in fiber is 6.58 mW.

1. Introduction

Narrow linewidth lasers not only play an important role in frontal
science such as for optical clocks and gravitational wave detection
[1-3], but are also widely used in other coherent optical systems
including LiDAR and high precision spectrum detection [4-6]. In a
coherent optical communication system, the receiver is sensitive to the
linewidth, noise, and polarization of the signal, especially in a high order
multilevel modulation system (16-QAM or more). The bit error rate
(BER) of the receiver is directly related to the relative intensity noise
(RIN) and the linewidth of the light source [7-9]. Furthermore, the local
oscillation signal of the system requires a single polarization light
source, but the input light usually uses a polarizer to achieve single
polarization [10].

The linewidth of the laser is directly connected to the photon lifetime
and it is closely related to the effective cavity length of laser. The line-
widths of the distributed feedback (DFB) and the distributed Bragg
reflector lasers are usually at the MHz or several hundred kHz level
[11-13]. The best linewidth can achieve several tens of kHz [14], and
the linewidth is limited by their relatively short cavity. Hence the

common scheme of the narrow linewidth is based on the idea of
extending the cavity length using external cavity. The linewidth of
external Bragg grating or micro ring resonator hybrid laser can be easily
suppressed to the kHz or the sub-kHz level [15-17], and both structures
are the most attractive schemes to realize the narrow linewidth perfor-
mance. Compared to the micro ring resonator, the structure of wave-
guide or fiber Bragg gratings are simpler and much easier to fabricate,
which also means lower cost and simpler fabrication process. Grating
based external cavity can greatly increase the effective cavity length of
laser and suppress the linewidth with injection lock effect [18].

The measurement standard of a single polarization state is the po-
larization extinction ratio (PER), and the polarization stability of the
laser is closely related to the PER. For narrow linewidth lasers operating
in single polarization, most of the lasers with this output performance
are fiber lasers with an active polarization mode control; the PER of
these fiber lasers can achieve approximately 40 dB, and the linewidth is
at the kHz level. The PER of a commercial narrow linewidth semi-
conductor laser is approximately 20 dB. Although a narrow linewidth
semiconductor laser with a PER higher than 30 dB has been reported, its
linewidth performance has not been clarified. Grating based external
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cavity lasers have a remarkable characteristic: mode hopping usually
occurs as the current increases without phase modulation. As the bias
current increases, the index changes due to the heating of gain chips, and
the cavity phase would shift on the Bragg grating peak. The operation of
the laser switches from a single longitudinal mode (SLM) to a multi-
longitudinal mode (MLM) state unless the cavity phase cannot support
SLM state [19-20]. Therefore, it is necessary to introduce phase mod-
ulation to achieve the alignment of the cavity phase and the grating
peak. The common solution is to integrate the phase region on the
grating or place a thermoelectric controller (TEC) on the heat sink of the
gain chip. By adjusting the temperature of the phase region or TEC, a
stable SLM state and a high side mode suppression ratio (SMSR) output
can be achieved [21].

When the reflection of the grating is high enough and the backside of
the gain chip (GC) is also coated with a high reflection (HR) film, it has
the potential to achieve a lower linewidth. Because a higher reflection
means a lower threshold current and stronger optical feedback, this is
constructive to suppress spontaneous emission and enhance the pho-
tonic lifetime. However, there are some different characteristics in mode
stability: more than one narrow mode in the cavity may have the po-
tential to lase because the high reflection on the both sides leading to the
small threshold gain. At the same time, the transmittance of different
regions of the narrow band high reflection grating varies greatly, and the
output power in different modes also varies substantially. Therefore, it is
much more necessary to align the phase cavity with the grating
spectrum.

In this paper, we demonstrate a single polarization narrow linewidth
hybrid laser with a InP based GC and an external silica-on-silicon (SoS)
waveguide Bragg grating (WBG). The output power reaches 6.53 mW,
the best linewidth is 4.35 kHz, the PER of the laser reaches 38.6 dB and
the RIN is lower than —158 dBc/Hz. On the basis of maintaining the kHz
linewidth output and the low noise performance, our laser realizes the
polarization mode stability compared with the active polarization mode-
controlled fiber narrow linewidth laser. Furthermore, the effect of phase
modulation on the output characteristic of a high reflection, narrow-
band Bragg grating coupled to the gain chip is depicted, which shows
some interesting results. The laser output power changes greatly at
constant temperature, because of the sharp transmissivity change in the
high reflection, narrow band WBG. It was also found that the laser can
operate in three different modes in SLM state. Finally, the linewidths of
the three modes of our laser are analyzed with the rate equation method
and the chirp factor reduction theory.

2. Laser structure

The structure of the hybrid laser is shown in Fig. 1(a). It is composed
of a 500 pm compressive strain quantum well GC to provide stronger TE
mode gain and suppress TM mode amplified spontaneous emission. The
gain region is relatively short; thus, the equivalent cavity is short and the
mode competition is reduced. The length of the WBG is 5 mm and its
structure is the same to [23]. The output of the WBG is coupled to a
single channel fiber array. The WBG is a surface etched grating on the
SoS platform, which utilizes the surface grating to enhance the shape
birefringence and the high stress birefringence of the SoS platform itself
to achieve large polarization mode splitting.

As shown in Fig. 1(b), the transmission spectrum of the WBG in
circular polarization is measured by using a super-continuous spectrum
laser light source (SuperK Compact, NKT Photonics, Inc.) and a optical
spectrum analyzer (OSA, AQ6370D, Yokogawa). The wavelength split-
ting between the TE mode and the TM mode is 1.778 nm. In this way, the
position of the TM mode is located at the position with lower gain to
further suppress the TM mode. The back-side of the gain chip is coated
with a high reflection film, which means that both sides of the equiva-
lent laser cavity have high reflectivity. High reflectivity also means less
terminate transmission, leading to relatively low output power. How-
ever, this scheme also enables more equivalent Fabry-Perot modes to be
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Fig. 1. (a) Schematic diagram of the hybrid laser (b) Transmission spectrum of

the WBG in circular polarization. (c) Transmission spectrum under 16 mA. (d)
Transmission spectrum under 22 mA.

lased, even if the equivalent mode is located near the bottom of the
Bragg resonance peak of the grating. Fig. 1(c) and (d) show the trans-
mission spectrum when the laser is under a low bias current. The TM
mode has been suppressed so only the TE mode exists in the spectrum.
The black lines are caused by the minimum power detection of the op-
tical spectrum analyzer. The bias current of Fig. 1 (d) is 16 mA, and the
equivalent cavity modes can be seen in the figure.

3. Numerical analysis

We used the well-known rate equation to numerically analyses the
linewidth of the hybrid laser [22]. The linewidth of the laser operated in
single mode can be expressed as follows:

Ry
Avy :?p(l +(12) (1)

where the Ay, is the Fabry-Perot laser without external optical
feedback,a is the linewidth enhancement factor, and Ry, is the sponta-
neous emission rate which is coupled to the lasing mode as follows:

R, = /i, (Anr+ BN 4+ CN*)N 2

ps» and 1, are the spontaneous emission factor and the spontaneous
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quantum efficiency respectively. A, B and C represent the nonradiative,
radiative and Auger recombination coefficients respectively.P is the
photonic number, which is proportional to the difference between the
injection current I;; and the threshold current I, as follows:

Ly — Iy

=4l - N @

For our hybrid laser, the laser consists of an active region (gain chip)
and a passive region (WBG). It would be convenient to consider this
configuration as an equivalent F-P cavity laser with a complex wave-
length dependent reflector, and its effective reflectivity Ry of it is:

R, + Ry + 2R,Roscos(wr.)
" 1+ R,Rypp + 2R,Ropcos(o1. )

eff (4)

Where R, is the anti-reflection terminates of the GC, 7. = 2nL./c is
the external round-trip delay (n is the refractive index of the WBG, L., is
the length of the passive region), Rors = Co*Ry is the external feedback
coupled to the GC, R, is the power reflectivity of the WBG, which is
defined as follows:

Rg = ‘RWBG‘Z (5)

—iK

pcoth(uLy) — (iAw /v, — ay)

RWBG = (6)

where « is the coupling coefficient of the Bragg grating, v, is the
group velocity of the optical mode, a; is the waveguide attenuation, and
Aw is the laser angular frequency variable. Considering the phase
change 6, induced by the WBG, R is rewritten as follows:

R, + Ry + 2R, Roppcos (07, — O,p)

Rer =
1+ R, R,z + 2R,Ropscos (a)re — H,ef)

)

Thus, the threshold current I, with feedback by the WBG as follows:
In = QVN, (A + BNy + CN,,) ®

where q is the electric charge, V is the active layer volume, B is the
radiative recombination coefficient, A, is the nonradiative recombina-
tion coefficient and C represents the auger recombination process. Ny, is
the well-known carrier density equation at the threshold condition. With
external optical feedback, Ny, is defined as:

1
N = No+5—— 9
Ve&€Tp

Np is the transparency carrier density, I' is the confinement factor, v,
is the group velocity, g represents the differential gain and 7, denotes the
photon lifetime. The feedback by the external filter can greatly
enhancer,, which is defined as follows:

1

T, = 10

Vgiot

ay, is the total loss in the cavity loss composed of the internal cavity
loss a;, and the mirror loss as follows:

1 1
Aot = iy +5—1n an

2L;  RiR.f

By solving the equations above, the theoretical linewidth and noise
can be obtained. The simulated linewidth versus the bias current is
shown in Fig. 2, and the linewidth approaches a minimum value with the
reciprocal of the current in exponential form.

4. Experimental results and discussion
4.1. Constant temperature characteristic

Fig. 3(a) shows the power-current-voltage curves of the hybrid laser,
and the curve of the power versus the current displays periodic
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Fig. 2. The simulated linewidth as a function of current.
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Fig. 3. The PIV curves and the optical spectra versus a current at a constant
temperature.

vibration. The spectra plotted in the jet map also show this periodicity as
seen in Fig. 3(b). The lasing wavelength of the hybrid laser shifts in the
bandwidth of the Bragg grating peak as the gain chip is heating and the
index of the chip changes to ensure that the cavity phase moves with the
current. At a constant temperature, there are three adjacent modes (M1,
M2 and M3 are named according to the order from short wavelength to
long wavelength side) that could lase as shown in Fig. 3(b). There are
three potential lasing modes because the free spectral range of the
equivalent FP cavity is smaller than the bandwidth of the grating.
Therefore, both terminates of the equivalent resonant cavity are high
reflections at the wavelength corresponding to these three modes. The
three modes have low threshold gain and the gain difference between
them is small, leading to all three of them becoming the potential lasing
mode. As the power curve shows, the three modes show some different
characteristics: the mode located on the shorter side of the Bragg grating
peak (M1) corresponds to the area where power decrease with bias
current. In the case of M1 lasing, the wavelength moving to the longer
side of WBG and the transmission decreases with the wavelength on the



X. Luo et al.

shorter side of the Bragg resonance peak. M2 is located on the longer
wavelength side of the WBG, but it is close to the center of the Bragg
resonance peak. Therefore, the transmission is much lower than that of
M3. M3 is the highest output power mode; it is on the far right of the
Bragg resonance peak with high transmission and the highest output
power.

4.2. Characteristics of the three lasing modes

By carefully adjusting the operating temperature of the hybrid laser,
the alignment position between the laser cavity phase and the grating
peak could be controlled, thus the gain difference between the lasing
mode and the non-lasing modes can be adjusted and the lasing wave-
length can be controlled to the ascertain mode. As the Fig. 4 shows, the
lasing modes of the laser are controlled in three modes corresponding in
Fig. 3. Each current point in the figure is adjusted to make the laser
operate in the ascertained SLM state stably, all the current are above the
threshold.

The lasing mode was first modulated to M1, and the features of this
mode such as PIV curves, operating temperature, central wavelength,
and SMSR are measured and are shown in Fig. 4 (a) to (e) respectively. In
the adjustment process, increasing the bias current would cause the
wavelength to move to the longer wavelength side, which is due to the
plasma effect caused by the carrier injection. Therefore, the temperature
tuning is needed to pull the cavity phase back to the best working po-
sition between the grating and the corresponding mode to ensure that
the temperature decreases as the current increases in every single fluc-
tuation period. However, the center of the lasing wavelength in Fig. 4(d)
moves to the shorter wavelength side in every single period. This shows
that the best alignment position between the grating and the mode
changes in the temperature adjustment process. In addition to increasing
the bias current, the work point gradually shifts to the shorter wave-
length side.

At the same time, the SMSR in Fig. 4(e) also shows periodic char-
acteristics with the adjustment of the current and the temperature. The
SMSR decreases, which means that the gain difference between the
other adjacent modes decreases. When the cavity phase cannot afford
the current single mode operation, the tuning temperature should flash
back to the higher temperature to find the best work point.

The output power of M3 is highest, because this mode is lasing at the

Mode 1

Mode 2
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place with the highest transmission of the grating compared to the other
two modes. The highest output power achieves 6.53 mW at 208 mA.

The optical spectra of the corresponding three lasing modes plotted
in the jet-map are shown in Fig. 5. All the points in the figure are
operating in the SLM state, and the kicks in these figures are the points
where the temperature flashes back to the higher temperature. The
spectra on the right side show the operating condition in the optimal
SMSR state of each mode. The corresponding currents for the three
modes are 63 mA, 201 mA and 202 mA and the SMSR values are 50.28
dB, 49.04 dB and 58.05 dB. Moreover, the SMSR of mode M3 is excellent
and the stability of M3 is also the best.

4.3. Polarization characteristics

To characterize the single polarization output characteristics of the
laser, the PER is measured by a self-built PER measured system, which
contains a linear polarization controller (Thorlabs, FBR-LPNIR), a pho-
tonic detector and a fixed bracket. By rotating the polarization controller
in steps of 5° for a cycle and then recording the corresponding power,
the normalized power diagram plotting in polar coordinates is shown in
Fig. 6(a). The measured highest PER is 38.6 dB when the current is 160
mA and the lasing mode is controlled in the longest wavelength side;
Such a high PER value means that the high birefringence WBG polari-
zation mode selection works well. The PER at different currents is shown
in Fig. 6(b), the PER above 160 mA decreases, which might be caused by
power saturation of the gain chip, meaning that the power conversion
efficiency of the TE mode decreases leading to a PER decrease.

4.4. Linewidth and RIN characteristics

We also measure the frequency noise power spectral density (FN-
PSD) in different currents of the mode on the longest wavelength side
and then calculated the linewidth of the laser with the f-separation line
algorithm. This algorithm can be explained as follows: the -separation
line is defined asSs;, = 8fIn2/22, which divides the FN-PSD into two
parts, and f is the frequency. The slow modulation area, which
isSs, > 8fIn2/7%, has a notable influence on the value of linewidth.
However, the fast modulation area, which isSs, < 8fIn2/72, only con-
tributes to the wings of the line shape of the laser [24-26]. By calcu-
lating the area M between FN-PSD and the $-separation line between the

Mode 3
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X. Luo et al.

(@)

0
1556.0
IS
£.1554.0
£
B ] —————
(]
<
& 1550.0
=
1548.0
40 80 120 160 200
Current(mA)

100 120 140 160 180 200
Current(mA)

80 100 120 140 160 180 200
Current(mA)

Optics and Laser Technology 154 (2022) 108340

Power (dBm)

60 E
70k 3
-80F 3

1546 1548 1550 1552 1554 1556 1558
Wavelength (nm)

Outputpower(dBm)

0 T T T T T

-10F —— M2@201 mA 3

Outputpower(dBm)
Power (dBm)

-70E E
80} E

1546 1548 1550 1552 1554 1556 1558
Wavelength (nm)

~~
—
N

0OF T T T T T 3

——M3@210 mA

Outputpower(dBm)
Power (dBm)
A
o

1546 1548 1550 1552 1554 1556 1558
Wavelength (nm)
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isolation lines, the laser linewidth can be obtained by the formula as
follows:

Av = (8MIn2)"? 12)

The dynamic noise of our hybrid laser is measured based on the
phase reconstruction principle. The laser output is injected into a 120-
degree phase difference interferometer [27], and the differential phase
information is measured. A schematic of the measurement system is
shown in Fig. 7. The laser output is connected to a variable optical
attenuator (VOA) to adjust to a suitable power. Then the light is divided
into two parts by the circulator: one part is connected to the photode-
tector as a reference, and the other part is connected to 3 x 3 coupler.
Output ports 1, and 2 of the coupler are reflected back to the coupler by
Faraday mirrors and mutually interfere with a delay fiber. While output
port 3 is empty, the three outputs of the coupler have equal amplitudes
and phase difference of 120°. The output data are collected to an analog
card, and then used polynomial linear fitting to investigate the fre-
quency/phase characteristics that deviate from the linear sweep. Then,
the FN-PSD of the hybrid laser within a specific time is obtained by
demodulating the measured phase information.

Fig. 8 shows the narrowest linewidth of the laser and the bias current
is 155 mA. The blue line is the measured FN-PSD and the grey line is the
p-separation line. The minimum integration linewidth in Fig. 8(a) is
4.36 kHz, the white noise platform is 1140 Hz?/Hz@1MHz and the
corresponding Lorentzian linewidth is approximately 3.58 kHz. The

integration linewidth is slightly higher than Lorentzian linewidth
because the fast modulation areas contribute to the line shape.

The linewidths of the other two modes on the shorter wavelength
side has also been measured, and they are 58.63 kHz and 60.18 kHz.
Compared with M3, these linewidth values are approximately 15 times
larger. The linewidth difference of lasing at various positions of grating
can be analyzed by the chirp reduction factor F =1 + A + B, and the
linewidth of the free-running laser is suppressed by 1/F% with the
feedback of WBG self-injection mode locking [28-30], where:

1 . d
A= aRe{z%InReff(w)} 13)
a . d

The reason for the chirp is that the phase changes with the carrier
concentration, which is caused by spontaneous emission and other fac-
tors. Reducing the chirp can narrow the linewidth. For the external
cavity negative feedback laser, parameter A represents the improvement
of the effective cavity length by the extended cavity, which enhances the
photon lifetime and suppresses the intrinsic linewidth. Parameter B
represents the influence of the negative feedback caused by WBG self-
injection locking. The process of negative feedback is usually as fol-
lows, on the long wavelength side of the grating:

a. Operating wavelength detuning to the short (long) side.
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b. The amplitude corresponding to the effective reflectivity increases
(decreases).

c. The light field reflected by the WBG increases (decreases), and the
photon density in the cavity increases (decreases).

d. The carrier density is reduced (increased) due to spontaneous
emission.

e. As aresult of the carrier plasma effect, the wavelength shifts to the
long (short) side.

After the above process, the lasing wavelength can be stabilized. As a
result, the negative feedback effect stabilizes the frequency and reduces
the phase fluctuation, leading to the suppression of the linewidth and
the RIN.

76c = 2nerL, /c is the delay time of the optical mode propagation in
the gain chip for one loop, and ng is the effective index of GC. The
calculated F and the corresponding results are shown in Fig. 9. The shape
of R, is derived from the superposition of the grating and the equivalent
FP cavity mode. Corresponding to the positions of the three modes
within the grating bandwidth, the value of F is large at every valley
ofR.y, which is close to the position with the highest transmittance of
each cavity mode, meaning that lower optical confinement. The
maximum values of F are 9.04, 9.21 and 43.52 respectively, which
causes an approximately 25-fold linewidth reduction difference. The
reason for the difference from the actual linewidth might be that the
lasing wavelength of M3 is not at the maximum of F, and the actual
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linewidth difference is smaller than expected. One possible reason for
this is that the actual lasing position is not at the position of the
maximum F value of each mode, but the B value changes considerably
with the wavelength r, detuning around the energy gap. That is, the
actual F value of the M3 is smaller than expected.

As shown in Fig. 8(b), the laser linewidth under different currents
(95 mA, 115 mA, 135 mA, 155 mA, 175 mA, 195 mA and 210 mA
corresponding to the period in Fig. 4. The linewidth is decreases
considerably in the initial current range, showing the trend of that is
consistent with the simulation results in Fig. 2. Above 155 mA, the
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linewidth has little difference or even increases slightly. This is because
the power saturation of the gain chip increases the noise characteristic of
the laser, and these phenomena can also be observed in the RIN test..

The RIN of the laser is measured by a photonic detector, an RF
amplifier, and an electric spectrum analyzer, which are used to measure
and analyze the laser frequency signal. Fig. 10 shows the results corre-
sponding to the current in Fig. 7(b). In the range of 95 mA to 155 mA, the
RIN of the laser decreases with the current, and the lowest RIN reaches
—158 dBc/Hz@1MHz. However, the RIN is larger when the current at
the range of 175 mA to 210 mA, where the power saturation occurs, as
shown by the PIV curves in Fig. 3.

4.5. Frequency and long-term output power stability

To further demonstrate the stable mode operation of our laser, we
measured and calculated the Allan deviations of the three modes ac-
cording to the frequency noise power spectrum density as shown in the
Fig. 11(a), all the operation currents are 155 mA and then the lasing
mode is adjusted to the three modes respectively according to the Fig. 4.
The lowest Allan deviation of the M3 reaches 1.531 x 107'% at 1 MHz,
showing excellent transient power stability. The transient stability is due
to the strong negative feedback effect away from the resonant center of
the WBG. However, the Allan deviations of the other two modes are
3.45 x 1071% and 4.951 x 1070 respectively, so M3 is the most stable
mode according to the Allan deviations. Furthermore, the long-term
output power of the three modes has also been measured. The laser
operates in M3, the monitoring time is 1 h and the sampling interval is 1
s. As shown in Fig. 11(b), the measured average power of M3 is 4.623
mW, and the standard deviation of power fluctuation is 0.0065. The
standard deviations of the other two modes are 0.0089 and 0.0082
respectively. Therefore, it can be seen that m3 has more stable long-term
power output stability.

5. Conclusions

To summarize, we demonstrate a hybrid narrow linewidth semi-
conductor laser with single polarization. The narrowest linewidth ach-
ieves 4.36 kHz and the PER achieves 38.4 dB. Based on rate equation of
the hybrid laser, we numerically analyze the linewidth characteristic
and its trend is consistent with the experimental results. The tempera-
ture phase modulation to the three adjacent modes contained in the
bandwidth of the WBG is also demonstrated. The adjustment of the
temperature can align the adjacent cavity mode with the grating, and
the gain between cavity modes can be controlled to lase the determined
mode. Finally, the PER, linewidth and the RIN are also measured at
different currents corresponding to every single current period. The PER
value achieves 38.6 dB, the narrowest linewidth achieves 4.36 kHz and
the lowest RIN is —158 dBc/Hz, which shows excellent single polari-
zation, narrow linewidth and low relative inensity noise performances.
The results also show that the power saturation effect has a considerable
influence on three mode characteristics, and these three performances
are degraded in varying degrees after power saturation.
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