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ABSTRACT

The temperature-dependent phase noise properties of a monolithic two-section mode-locked semiconductor laser are first investigated. This
is performed on a GaSb-based quantum well laser emitting at ~2 um. Stable mode locking operation with a fundamental repetition frequency
of ~13.3 GHz is achieved on this laser up to 60°C. At a fixed temperature, there is no monotonous dependence of integrated jitter on the
bias condition. For a given gain current or absorber voltage, there exists a corresponding optimal absorber voltage or gain current, respec-
tively, that minimizes the integrated jitter. More important, the phase noise properties improve obviously at elevated temperatures with the
lowest achievable jitter reducing obviously from 3.15 ps at 20 °C to 1.39 ps at 60 °C (100 kHz-1 GHz). We consider that the reason is reduced
amplified spontaneous emission noise at high temperatures. This is confirmed by the extracted peak-to-valley ratio of the involved laser
modes. We believe that this study provides an important insight into the carrier behaviors and noise performance of mode-locked semicon-
ductor lasers, which is meaningful to their applications especially at high temperatures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024064

Monolithic mode-locked semiconductor lasers, taking advantage
of their compactness, easy electrical pump, integration feasibility with
silicon photonic circuits, and capability of easily generating pulse
trains at multi gigahertz repetition rates, have attracted increasing
attention in high-capacity optical communications, high-density opti-
cal storage, optical clocking for electronic circuits, light detection and
ranging (LIDAR), seed light generation, etc.'

The phase noise (PN) properties of such mode-locked lasers
(MLLs) are important parameters that are directly related to the time
resolution, bit error rate, or data transmitting capacity when they are
used for the above applications. Therefore, a thorough phase noise

study is necessary to find out their optimal configuration and working
conditions as well as some guidelines for improving their noise perfor-
mance. There are several papers reporting on this topic. For example,
Thompson et al. investigated the influences of the gain-to-absorber
length ratio on the timing jitter performance on 1.3 um GaAs-based
passively mode-locked quantum dot lasers. The finding is a shorter
absorber which is preferred to obtain lower timing jitter.” Todaro et al.
also carried out a systematic bias-dependent timing jitter study on
1.3 um GaAs-based passively mode-locked quantum dot lasers,
which points out that for a given absorber voltage, there exists an
optimal gain current that minimizes timing jitter.” In addition, the
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bias-dependent radio frequency (RF) linewidths of 1.3 and 1.55 um
mode-locked semiconductor lasers have also been reported.'”"
However, the temperature dependence of the phase noise performance
of such MLLs, especially GaSb-based ones at longer wavelengths has
never been reported and remains unclear, while elevated temperature
is inevitable in many practical applications. It is important to investi-
gate it to meet the requirements for these related applications.

To investigate this issue, a two-section GaSb-based passively
MLL emitting at 2 um is presented in this work. The 2 um wavelength
band is promising for numerous applications in communication, sens-
ing, medicine, and military.””'” Stable mode locking up to 60°C is
achieved on this laser. The bias- and temperature-dependent phase
noise properties of the laser are systematically investigated.

The epi-wafer used for device fabrication was grown on a (100)
n-GasSb substrate by molecular beam epitaxy (MBE). Its active region
consists of a single compressively strained (~1.26%) Ing,GaggSb
quantum well. The detailed laser structure and fabrication process
can be found in our previous work.'® The laser under test in this
study has a total cavity length of ~2.94mm and its ridge width is
~5 pm which provides single lateral mode operation. The total cavity
length includes a gain section (Lg ~ 2.63 mm), an absorber section
(L, ~ 0.30 mm), and a 10 um-wide electrical isolation area between
the two sections. Both facets are as-cleaved. When working in the
stable mode locking regime, the gain section is forward biased (I),
while the absorber section needs to be reverse biased (V,). During
the tests, the two-section laser was placed with the p-side up on a
laser testing stage equipped with a temperature electronic controller
(TEC).

Figure 1 shows the temperature-dependent average light output
power vs injection current (L-I) curves of the tested laser under DC
bias when the absorber is unconnected (V, = 0 V). The output power
was collected from the facet of the gain section. The operation temper-
ature is raised to 80 °C which is limited by the TEC. As the tempera-
ture rises, the turn-on jump becomes more and more distinct, and the
hysteresis loop starts to emerge at 60 °C. This bistability phenomenon
has been observed in some studies,'”*® while others did not observe
it." The origin of it was proved to be related to the intensity-dependent
absorption of the saturable absorber.'”"”
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FIG. 1. Temperature-dependent L-I curves with the absorber unconnected (V, = 0V)
from the tested two-section MLL. The hysteresis loop starts to emerge at 60 °C.
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Stable mode locking was achieved over a wide range of bias con-
ditions on the tested two-section MLL. Figure 2(a) shows a typical RF
spectrum at 20 °C (I; = 190 mA, V, = —1.6 V). It was measured using
a high-speed photo detector (EOT ET-5000F) followed by a 50 GHz
RF spectrum analyzer (Agilent N9030A). The fundamental repetition
frequency is at ~13.3 GHz featured by a very strong RF signal with
more than 70 dB signal to noise ratio. This fundamental repetition fre-
quency is determined by the photon round trip time in the 2.94 mm-
long laser cavity. The inset in Fig. 2(a) shows the corresponding optical
spectrum under this bias condition. This spectrum can be well fitted to
a Gaussian curve (r2 = 0.998). The spectrum centering at ~1958 nm
(~153.2 THz) has a full width at half maximum (FWHM) of ~5.9 nm
(~464GHz), and more than 60 longitudinal modes spaced by
~0.17nm (~13.3GHz) are included. If unchirped Gaussian pulses
which have a time-bandwidth product of ~0.441 are assumed, a mini-
mum pulse width of ~1 ps can be expected. Using the pulse width
estimation method in Ref. 4 gives a similar result.

To characterize the phase noise of MLLs, a single sideband
power spectra density (SSB-PSD) of its phase noise, S,(f), is com-
monly used. S,(f) gives the information of how different noise fre-
quencies (f) contribute to the overall phase noise. It can be calculated
from the RF spectra and is defined as the RF power in a 1 Hz band-
width at different offset frequencies (f) with respect to the RF power
at the carrier frequency (£, the fundamental repetition frequency in
this work).
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FIG. 2. (a) A typical RF spectrum at 20°C (I; = 190mA, V, = —1.6 V) of the
tested two-section MLL. The inset shows the corresponding optical spectrum under
this bias condition. (b) SSB-PN spectrum of the RF signal in (a) in the 100 kHz to
1 GHz range. (c) Va-dependent integrated jitter at l; = 190 mA. (d) lg-dependent
integrated jitter at V; = —1.6 V.
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Once we have S,(f), the integrated timing jitter (o;) can be calcu-
lated and used as a straightforward measure of the phase noise. It can
be expressed using the popular von der Linde method™’

;1
¢ =2 s 0
where f; and f, determine the offset frequency range over which the
power spectral density is integrated. In this work, we use 100 kHz and
1 GHz as the integration borders.

Figure 2(b) shows the SSB-PN spectrum of the RF signal in Fig.
2(a) in the 100 kHz-1 GHz range. The integrated jitter under this bias
condition (I; = 190mA, V, = —1.6 V) is calculated to be ~3.67 ps.
Actually, when applying any I, which is well beyond the lasing thresh-
old (within a reasonable range), there exists a suitable range of V, to
achieve stable mode locking. When V, is less negative than this range,
the mode locking operation will be with a large continuous wave (cw)
component, while when V, exceeds the range, Q-switching instability
will emerge.”' For example, at I, = 190 mA as in Figs. 2(a) and 2(b),
stable mode locking can be achieved with V, ranging from —1V to
—2.2V. The integrated jitter within this V, range is shown in Fig. 2(c).
This variation trend of the integrated jitter is typical for the tested
laser. To be specific, for a given I, there is no monotonous dependence
of the integrated jitter on V. It needs the coordination between I, and
V, to reach the optimal jitter. Likewise, the jitter dependence on I,
when V, = —1.6 V is also shown in Fig. 2(d). This finding also applies
at high temperatures and is similar to that reported in Refs. 9 and 10.

Next, we will be focusing on the more important temperature
dependence of the phase noise properties. Stable mode locking was
achieved up to 60°C, and when temperature rises, it can be main-
tained at a less negative V, (starting from —1, —0.8, and —0.4 V at 20,
40, and 60 °C, respectively). This is mainly attributed to the enhanced
thermal sweep-out of the carriers at elevated temperatures.””*’

Figure 3(a) shows three typical RF spectra at 20, 40, and 60 °C.
According to the figure, the RF signal narrows consistently and signifi-
cantly with temperature, while its power drops gradually. In addition to
the typical spectra, RF spectra corresponding to the lowest jitters at
these three temperatures are also shown in Fig. 3(b), and the same vari-
ation trend is seen. It is known that RF signal narrowing means phase
noise improvement. This is clearly demonstrated in Fig. 3(c) which dis-
plays the SSB-PN spectra corresponding to the spectra in Fig. 3(b)
(minimum integrated jitters at 20, 40, and 60° C, respectively). The inte-
grated jitter reduces from 3.15 ps at 20 °C all the way down to 1.39 ps at
60 °C. The offset frequency to hit the thermal noise floor decreases dra-
matically from 400 MHz at 20°C to 4 MHz at 60°C, and the phase
noise at 60 °C remains being lower before the thermal noise floor.

We consider that this phase noise properties’ improvement is
mainly due to reduced amplified spontaneous emission (ASE) noise at
higher temperatures. Figure 4 shows the optical spectra corresponding
to the lowest jitters at different temperatures [same bias conditions as
those in Fig. 3(b)]. One useful parameter that can be extracted from
the spectra is the peak-to-valley ratio of the involved laser modes. To
show this parameter more clearly, the spectra are displayed in the dB
scale. The peak-to-valley ratio of the laser modes at around the highest
power keeps increasing from ~11.2dB at 20 °C to ~12.6dB at 60 °C,
indicating that the ASE noise power drops at higher temperatures.”*
Another information given by this figure is an obvious wavelength
redshift with temperature which is due to bandgap shrinkage.
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FIG. 3. (a) Three typical RF spectra at 20, 40, and 60 °C of the tested two-section
MLL. (b) RF spectra corresponding to the lowest jitters at these three temperatures.
(c) SSB-PN spectra corresponding to the spectra in (b) (minimum integrated jitters
at 20, 40, and 60 °C, respectively).
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FIG. 4. Optical spectra corresponding to the lowest jitters at different temperatures
of the tested two-section MLL [same bias conditions as those in Fig. 3(b)].
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In addition to the three spectra in Fig. 4, for all the measured
optical spectra, the overall ASE noise reduces noticeably with tempera-
ture. Although this will not cause the jitters at higher temperatures to
be lower under all bias conditions because jitter is also determined by
the mode locking condition, a weakening in the ASE noise power will
anyway be favorable to lower the overall jitter and push the lowest
achievable value further.

Another thing worth mentioning are the corresponding light out-
put powers for the three cases in Fig. 3(c) which are 6.1, 3.5, and 2.3
mW at 20, 40, and 60 °C, respectively. Therefore, a trade-off between
output power and low-noise operation may commonly exist due to
the inevitable power drop as temperature rises.

In conclusion, the bias- and temperature-dependent phase noise
properties (expressed as SSB-PSD and integrated jitter) of a two-
section GaSb-based passively mode-locked laser are systematically
investigated. At a fixed temperature, there is no monotonous depen-
dence of phase noise on the bias condition. It needs the coordination
between the gain current and the absorber voltage to reach the optimal
jitter. More important, the phase noise properties improve obviously
at elevated temperatures with the minimum integrated jitter reducing
obviously from 3.15 ps at 20 °C to 1.39 ps at 60 °C (100 kHz-1 GHz).
We consider that the primary cause is the reduced ASE noise con-
firmed by the extracted peak-to-valley ratio of the involved laser
modes. We believe that this study provides an important insight into
the carrier behaviors and noise performance of mode-locked semicon-
ductor lasers at high temperatures, which is meaningful for them to
better meet the requirements in many practical applications.
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