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Abstract: Ultra-high repetition rate (UHRR) mode-locked laser diodes (MLLD) have shown
promising results for applications based on optical sampling such as asynchronous optical
sampling (ASOPS), optical sampling by repetition-rate tuning (OSBERT), and optical ranging.
Important metrics to consider are the repetition frequency (RF) and the RF linewidth. Here, we
compare two monolithically integrated MLLDs. A quantum dot (QD) MLLD with an RF of
approx. 50.1 GHz and a quantum well (QW) MLLD with an RF of approx. 51.4 GHz. The
tunability of the RF is characterized by sweeping the lasers pump current, temperature, and
saturable absorber (SA) reverse voltage. The QW MLLD has a tuning range of 31 MHz with an
average RF linewidth of 53 kHz, while the QD MLLD has a smaller tuning range of 26 MHz
with a higher average RF linewidth of 172 kHz.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrafast spectroscopy such as optical pump probe and optical sampling enabled scientists to
observe ultrafast phenomena [1]. Many state of the art measurement techniques such as terahertz
time-domain spectroscopy (THz-TDS) and optical ranging are based on optical pump probe
or optical sampling [2–4]. A shared characteristic of the techniques is the use of pulsed light
sources. From the first driving sources, which were dye lasers, researchers have developed a
variety of laser systems, such as titanium-sapphire lasers and ultrafast fiber lasers, which have
enabled breakthroughs for optical sampling based applications like THz-TDS [5–7]. However,
these lasers still make up a large part of system cost and size [8]. To overcome this issue, new,
compact, and inexpensive light sources based on monolithic edge-emitting semiconductor laser
diodes have been investigated for terahertz generation in recent years [9,10]. Even commercially
available laser diodes have been successfully used as light sources for terahertz systems [11].
In previous work, we have shown that compact and modular systems can be realized with such
light sources [12]. As an example for optical ranging, P. Trocha et al. presented ultra-fast optical
ranging with scanning rates of 500 MHz based on a quantum-dash mode-locked lasers [13].

The fundamental principle of all optical sampling and pump probe based measurement
techniques incorporates a variable time delay between the transmitting or receiving arm of
the optical system. Typical examples for the realization of the optical delay are mechanically
controlled optical delay units (ODU) or electronically controlled Mach-Zehnder-modulators.
These methods have the downside of additionally added uncertainties, cost, and complexity.
Rehn et al. have analyzed the the effect of sampling errors caused by ODUs [14]. Other methods
exploit a difference of the repetition frequency (RF) of two mode-locked lasers. This method is
called asynchronous optical sampling (ASOPS) or dual comb spectroscopy (DCS) [3]. A similar
effect can be achieved by tuning the RF of a single mode-locked laser. There exist three different
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methods: (i) optical sampling by repetition frequency modulation (OSREFM) [15], (ii) optical
sampling by cavity tuning (OSCAT) [16], and (iii) optical sampling by electronic repetition-rate
tuning (OSBERT) [17], which has been shown by Bajek et al. achieve megahertz scan rates [18].
For OSBERT, the scanning range is calculated as a function of RF and introduced fiber length
difference [17]:

∆τ =
l · n · f

c
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1
f
−

1
f + ∆f

)︃
, (1)

where, l the fiber length difference, n the refractive index of the fiber, c the speed of light, f the
RF, and ∆f the maximum tuning range of the RF. ASOPS, OSCAT, and OSBERT show, that
without an intentionally introduced optical delay, sampling can be realized. Hence, the RF and
the RF linewidth, i.e. the tunability and stability of the laser, has an impact on the measurement
results comparable to the uncertainties of ODUs [19]. A formula for calculating the introduced
jitter was presented by Kefelian et al. [20]:
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where N = n · l · f /c and ∆ν is the RF linewidth. For this reason, we are investigating two laser
diodes: a two-section buried heterostructure (BH) quantum dot laser diode (QD) and a quantum
well laser diode (QW) processed from the same mask, with a total length of 840 µm including an
absorber with the length of 50 [21,22]. A detailed schematic and explanation of the devices is
provided by Ding et al in [23]. The mode locking is ensured by reverse biasing of the saturable
absorber (SA) section. Both lasers are research grade state of the art MLLDs and have shown
to be promising light sources for future terahertz systems [24]. A study on the group velocity
dispersion can be found in Ref. [23].

The paper is structured as follows. First, we describe the measurement setup. Then we present
and discuss the measurements. We analyze the change in RF of both MLLDs by changing laser
temperature and pump current. For operation points with a narrow RF linewidth, we perform RF
tuning by varying the reverse bias at the MLLDs SA.

2. Experimental setup

The simplified block diagram of the setup is depicted in Fig. 1. A laser controller (LC, Thorlabs
Pro800) is used for setting the pump current and temperature of the laser. In addition, a source
measure unit (SMU, Keysight b2901a) is used to supply the SA with a well-defined bias voltage,
while limiting the absorber current to 30 mA to prevent damage to the laser. An erbium-doped
fiber amplifier (EDFA, Thorlabs EDFA100P) boosts the optical power at the photodiode (PD,
u2t photonics XPDV2020R) to 5 mW which is the highest allowed optical power input. The PD
converts the optical signal into an electrical signal that is measured by an electrical spectrum
analyzer (ESA, Anritsu MS2760A). One percent of the amplified optical power is fed into an
optical spectrum analyzer (OSA, Anritsu MS9740A).

The MLLDs are characterized by sweeping the pump current and temperature. The pump
current is swept from 200 mA to 400 mA in 1 mA step. During a sweep, a fixed temperature is
set between 9 °C and 30 °C which in increased by 0.2 °C steps. The SA voltage is set to 0 V
during the temperature and current sweeps. For each combination of current and temperature, an
electrical spectrum is measured. Later, a sweep of the SA voltage is performed from 0 V to -1.4
V in 2 mV steps, at temperature and pump current combination chosen by RF linewidths obtained
from the previous measurements. The data acquisition is realized as follows. First, a parameter
combination of the pump current and the laser temperature is set. Then, a 20 s pause takes
place to give the laser time to settle to a stable working point. The OSA is set to a measurement
window ranging from 1535 nm to 1585 nm with a resolution of 0.2 nm. A single measurement is
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Fig. 1. Schematic of the experimental setup. Electrical connections are shown in blue and
optical fiber connections in black. Red arrows are indicating the direction of laser light
emission.

triggered after the pause. Next, the electrical spectrum is measured by taking 100 averages. A
window size of 10 MHz and a resolution of 1 kHz is used. To avoid damage and degradation
of the laser modules, we have not covered the entire range of parameter combinations such as
higher temperatures. We have skipped values below 200 mA since the MLLDs become unstable
and the output power is low.

3. Experimental results

3.1. Temperature and pump current tuning

Figure 2 depicts the overall trends of RF tunability over the measured parameter space. Fig. 2(a)
and 2(c) depict the results for the QD and Fig. 2(b) and 2(d) depict the results for the QW laser.
All shown figures are plotted relative to the lowest accruing frequency in the data set. A distinct
difference in their behavior is the confined RF of the QD over the parameter space. The maximum
change in RF is approx. 54 MHz. At pump currents around 300 mA a change in temperature has
a small impact (20 MHz) on the RF. Overall, no clear trend can be seen across temperature and
pump current. In contrast, an increase in RF for higher currents and temperatures can be seen
for the QW laser. A maximum tunability of approx. 108 MHz is achieved. Fig. 2(c) and 2(d)
depict the change in RF with increasing temperature and pump current. The RF increases with
temperature and pump current in case of the QW. The QD has its highest RF values at lower
temperatures and pump currents, following a random, confined trend over the parameter space.
In summary, the QD laser shows a higher temperature invariance while the RF of the QW laser
can be detuned over a larger range.

Figure 3 illustrates the RF stability for each combination of temperature and current. The
RF linewidth is calculated from the electrical spectra as the -3 dB linewidth and is color coded.
To increase the contrast of the colormaps, the color bar is limited to 600 kHz. Overall, the RF
linewidth of the QD, as depicted in Fig. 3(a), shows a mean RF linewidth of 371 kHz with a
standard deviation of 511 kHz over the complete parameter space compared to the QWs a mean
RF linewidth of 153 kHz with a standard deviation of 360 kHz, as shown in Fig. 3(b). The
lowest measured RF linewidths for the QD and QW devices are 17 kHz and 10 kHz, respectively.
Explicitly, the literature shows comparison between QW and QD devices, where QD devices
outperform QW devices [25]. Examples for QW devices with RF linewidths as low as 30 kHz
[26] and RF linewidths as low as 1.6 kHz for QD devices [20] are shown. However, most of
these investigations compare single operation points giving the best and most stable results for
the investigated devices. In this study, we focus on the tuning aspect and show that the average
RF linewidth of the QW device over the investigated parameter range is lower.

The results are in good agreement with MLLD theory as presented by Grillot et al. [27] and
the measurement results shown by Zander et al. [21]. The restricted RF of the QD laser is a
characteristic feature of the high-quality mode locking expected from QD laser diodes. However,
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Fig. 2. Change of RF over pump current with increasing temperature of (a) the QD laser
and (b) the QW. Certain temperatures are highlighted by contrast, indicating the overall
trend. The change of the central RF represented in a colormap over all measured working
points for the QD (c) and the QW (d) laser.

Fig. 3. RF linewidth of (a) the QD laser and (b) the QW laser. The RF linewidth is evaluated
after a wait time 20 s, measured in the electrical spectrum with an averaging of 100. 10
points of operation are marked by crosses and used in 3.2 for investigation on RF tunability
utilizing the SA.
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for application based on OSBERT and ASOPS this feature is not desirable, since it limits the
applicable detection range. On top of that, the QW used in this study is superior in terms of RF
linewidth over a broad parameter space. This illustrates that sweeping statements about QD and
QW structures should be taken with caution. It always depends on the respective application
and the degree of optimization of the active material. With a minimum RF linewidth of 10 kHz,
the results of the QW laser are comparable with state-of-the-art QDash lasers without external
feedback [28]. For further analysis regarding the tunability of the RF by the SA voltage, we
identified 10 operating points with particularly low RF linewidth for both lasers. These 10 points
are marked by crosses in Fig. 3 and are used in the following subsection.

3.2. Saturable absorber tuning

We evaluate the change of RF over the applied SA reverse voltage in steps of 2 mV and measure
the RF linewidth at each point. Fig. 4 illustrates an exemplarily chosen operation point for both
devices. Both, the QD and the QW show a steady and almost linear change in RF starting from 0
V reverse voltage up to a certain voltage. These regions are shaded green for both figures. For
both MLLDs, a current limit of 30 mA was set. The SMU limits the applied voltage as soon as
the compliance current is reached. Hence, depending on the point of operation after a certain
applied reverse voltage, no change in RF is measured. The QD never reaches the compliance
during the experiments. However, a change in RF still stops after a certain applied reverse voltage.
It is noted that the slope of the RF changes is inverse to each other for both devices. The range
of achievable tunability is on average slightly higher for the QW device and highly dependent
on the point of operation. The RF linewidth is very stable for most points of operation for the
QW over the whole tuning range, while the QD shows a very unstable and rapidly changing RF
linewidth, even within the tuning range of linear change of RF.

Fig. 4. (a) RF and RF linewidth of the QD laser with varying SA reverse bias. (b) RF and
RF linewidth of the QW laser with changing SA reverse bias. Region of continuous and
stable tuning is shadowed green.

Comparing the RF linewidths shown in Fig. 4(a) and 4(b) illustrates why the QW is more
advantageous than the QD in this context. The QDs lowest RF linewidth (10 kHz) outperforms
the lowest QW linewidth (17 kHz) at certain values of the applied reverse voltage. However, the
further the reverse bias deviates from these optimized conditions the higher the RF linewidth. But
in the case of the QW, the RF can be detuned over a wide range without significantly changing
the RF linewidth gets. On the other hand, the QD laser generally has a lower dependence on
temperature and injection current on the RF (cf. Fig. 2), especially for 300 mA. This is a major



Research Article Vol. 30, No. 19 / 12 Sep 2022 / Optics Express 34416

advantage of QD lasers which is given by the 0-D structure of the gain material. However, this is
disadvantageous in terms of tunability.

The ten operating points which were previously selected are depicted in Table 1. In terms of
application, the listed results can be used to calculate the scan range and timing jitter from Eqs.
(1) and (2). With the QD 5 operation point at 217 mA and 26 °C, a scan range of 91.89 ps and a
timing jitter of 744.1 fs can be achieved, assuming a 10 m long standard optical fiber. With the
QW 6 point of operation at 281 mA and 10.8 °C, a scan range of 22.197 ps and a timing jitter of
405.2 fs can be achieved with an equal set up.

Table 1. Points of operation for the QW and QD extracted over a linear tunable range

Label Max. ∆f
[MHz]

Mean ∆ν
[kHz]

Std. dev. ∆ν
[kHz]

Label Max. ∆f
[MHz]

Mean ∆ν
[kHz]

Std. dev. ∆ν
[kHz]

QW 0 30.6 58.6 21.9 QD 0 24.6 294.7 290.4

QW 1 31.4 68 21 QD 1 17.7 200.5 230.1

QW 2 26.3 56.3 22.1 QD 2 19.5 312.9 491.8

QW 3 11 55.2 16.1 QD 3 26.3 336.1 255.3

QW 4 26.1 56.7 21.4 QD 4 15.2 263.7 250.8

QW 5 28.8 53 20.4 QD 5 19.7 172.9 128.6

QW 6 22.5 53.7 17.8 QD 6 16.4 193.5 118.6

QW 7 23.1 60 22.5 QD 7 17.1 345 266.8

QW 8 26.6 54.2 21.5 QD 8 16.8 557.9 837.1

QW 9 24.8 61.8 21.2 QD 9 16.4 268.5 359.6

Comparing the experimental results with the theoretical analysis performed by Ejidike et al, we
can make an estimation for the usability of our devices in terms of application and performance
[29]. The QW laser provides comparable jitter to the theoretical analysis, showing its usefulness
for the application discussed. The QD laser has a higher average jitter. Compared to the QD laser,
this means that averaging is required to achieve similar performance. In addition, Fig. 4 shows a
low jitter over the tuning range for the QW laser, while the QD laser has a large fluctuation over
the tuning range. Therefore, in the case of the QD laser, reverse bias dependent jitter results in
inconsistent timing jitter within a time trace.

Figure 5 depicts the evolution of the optical spectra as a function of the SA voltage for Fig. 5(a)
the QD and for 5(b) the QW. The chosen parameters are equal to those represented in Fig. 4. The
change of the geometric central wavelength ∆λ relative to the lowest measured central wavelength
as well as the optical 10 dB bandwidth ∆λ10dB is presented in Fig. 5(c) for the QD and 5(d) for
the QW. The green shaded background indicates the range of linear and stable tuning conditions
as shown in Fig. 4.

Both, the higher tuning range difference as well as the direction of change are equal to the
differences shown in Fig. 5. This indicates that the main cause can be contributed to an overall
change in optical length of the cavity. This can be attributed to joule heating induced cavity
length variations, changes in refractive index which can be caused by the Pockels’ effect [30], or
the quantum-confined Stark effect [31,32]. The different directions of change indicate different
dominant effects within the QW and QD structures.
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Fig. 5. Evolution of the optical spectra as a function of the SA voltage for (a) the QD and
(b) the QW. As well the change of the relative central operation wavelength and optical
10 dB bandwidth over the applied SA voltage for (c) the QD and (d) the QW. The region of
continuous and stable tuning is shaded in green.

4. Conclusion

In this work, we compared two MLLDs, a QD and a QW, from an equal processing node in term
of RF tunability and stability by measuring electrical spectra over a large parameter set. We
show that contrary to previous publications that the QW achieves better performance and stability
compared to its QD counterpart. The achievable tuning range for the QW device is higher and the
RF linewidth is stable over a substantial portion of the observed points of operation. Overall, we
show that the QW device in this study is a superior choice for applications based on RF change
and stability like OSBERT and ASOPS, compared to an equally processed QD. However, due to
the small sample size of two devices further investigation in the tuneability and stability of RF
across different monolithically integrated laser sources should be conducted.
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