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ABSTRACT

We present passive mode locking of a GaSb-based monolithic diode laser emitting at 2.2lm with a fundamental repetition rate around
9.57GHz. A pulse width of �2.4 ps is reconstructed by shifted wave intermode beat Fourier transform spectroscopy-measurements, yielding
a time-bandwidth product of 1.8. Mode-locking is observed for a range of reverse bias voltages from 1.3 to 3.3 V and driving currents from
110 to 300mA. The continuous wave output power is �17.5 mW with the absorber segment left floating and �4.5 mW at a reverse bias of
3.1 V in the mode-locked regime. The full-width-half-maximum of the radio frequency signal is measured for all operation conditions, with
a minimum of 8.4 kHz.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134520

In the past few decades, research on monolithic mode-locked
semiconductor lasers was mainly focused on the GaAs and InP mate-
rial system and thus was limited to the 0.63–1.6lm spectral range.
Recently, the development of mode-locked lasers in the GaSb material
system with emission wavelengths around 2lm was reported.1,2 This
wavelength region is interesting for eye-safe light detection, ranging
(LIDAR), advanced telecommunication, molecular spectroscopy, and
high resolution gas sensing.3,4 The highly periodic and defined fre-
quency comb opens the possibility for single shot, broadband, and
highly selective on-chip sensing in the mid-infrared region.5

Previously, only mode-locked solid-state lasers, fiber lasers, and semi-
conductor disk lasers covered this wavelength regime.6–8 Compared
to these laser sources, monolithic semiconductor diode lasers have a
much smaller footprint and can be driven electrically. Due to their
low power consumption and the possibility for on-chip sensing, they
are especially suited for battery driven applications.9,10

Despite the reported characterization efforts of monolithic 2lm
GaSb-based mode-locked lasers1,11,12 and their modal gain characteris-
tic,2 the pulse width and a complete picture of their mode-locking
operation conditions are still unknown. These fundamental parame-
ters give insight into the pulse formation, stability, and mode-locking
mechanisms of ultrafast lasers and are essential for their development

and use in various applications. In this Letter, we demonstrate the fab-
rication process and detailed characterization of a monolithic two-
section GaSb-based semiconductor diode laser emitting at 2.2lm
including measurements of the pulse width and the operation condi-
tions for mode-locking.

The laser structure was grown on a 2-in. n-doped GaSb substrate
by molecular beam epitaxy. The active region consists of two �10nm
thick GaInAsSb quantum wells separated by a 25nm thick
Al0.2Ga0.8AsSb barrier. A 325nm thick Al0.2Ga0.8AsSb waveguide layer
surrounds the active core on both sides. The lower and upper cladding
layers consist of n-Al0.5Ga0.5AsSb with thicknesses of 1750nm and
1450nm, respectively. The epi stack is finalized by a highly p-doped,
100nm thick GaSb layer. This structure and similar ones are well under-
stood and mainly utilized for distributed-feedback GaSb lasers. More
detailed descriptions of the epitaxy were reported previously.13–15.

The wafer was processed into �4.2lm wide ridge waveguide
Fabry-P�erot lasers to ensure fundamental lateral mode operation. The
ridge was defined by electron beam lithography and etched �1.2lm
deep by a chlorine/argon plasma based reactive ion etch process. The
passivation consisted of an �300nm thick layer of Si3N4 and SiO2.
For electrical contacting, the passivation on top of the ridges was
removed using a CHF3 plasma based reactive ion etching process and
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subsequently an �400nm thick Ti-Pt-Au-top metallization was
deposited. For improved heat dissipation, the laser ridge was covered
by a 5.2lm thick layer of electroplated gold. In order to electrically
separate the saturable absorber section from the laser section, an
�20lm wide and �1lm deep separation trench was etched into the
upper cladding. The sample was thinned to 150lm before the deposi-
tion of the bottom contact. Subsequently, it was cleaved into 4mm
long cavities with an �400lm long saturable absorber on one side.
The back facet of the device was coated with a high reflective metal
mirror, and the front facet was passivated with an �30nm thick
Al2O3 layer. For characterization, the laser bar was cleaved into single
chips of�400lmwidth and soldered onto a heat spreader with AuSn.
The heat spreader was then soldered to a submount and the submount
to a thermoelectric cooler on a TO66-housing. A negative temperature
coefficient (NTC) resistor was added to the heat spreader for tempera-
ture control. The laser, the saturable absorber section, and the NTC
were then wire bonded to the TO66 pins to ensure the stability of the
operation conditions and easy handling.

The etched trench resulted in an �1.1 kX resistance between the
two sections, which is smaller than in typical GaAs- or InP-based16

devices, but comparable to other GaSb-based mode-locked lasers.2

The saturable absorber takes up �10% of the complete cavity length,
similar to other GaSb-based mode locked lasers reported until now.
To operate the laser in the mode-locking regime, the gain section was
driven with a forward current up to 300mA and the absorber section
reverse biased up to a voltage of 3.3V.

The P-I-V characteristic at room temperature (20 �C) is shown
in Fig. 1. The reverse bias applied to the saturable absorber was varied
from 0 to 3.3V in steps of 0.1V. If no bias is applied to the absorber,
the output power characteristic has a slope of 0.09W/A and a maxi-
mum output power of 17.5 mW is achieved for a driving current of
300mA. The maximum output power in the mode-locked regime at a
reverse bias of 3.1V is �4.5 mW at an injection current of 300mA
with a slope efficiency of 0.03W/A. The threshold current is increasing
consistently from 90mA when the absorber section is left floating to

233mA at a reverse bias of 3V. At reverse bias voltages of 3.4V and
above, the balance between the additional losses from the saturable
absorber and the net-gain is distorted and no mode-locking operation
was observed. At high reverse bias voltages, a turn-on jump at the las-
ing threshold occurred, which is often detected for devices with an
unpumped section or a saturable absorber.17

The circulating laser pulse generates a periodic current in the
absorber segment, which causes microwave emission from the contact
lead at the cavity round trip frequency. This signal can be picked up
by an antenna. Figure 2 shows the unamplified microwave signal
recorded by capacitive coupling into a high frequency antenna con-
nected to a radio frequency (RF) spectrum analyzer. The smallest mea-
sured full-width-half-maximum (FWHM) is 8.4 kHz with an �40 dB
signal to noise ratio, recorded at a driving current of 260mA and a
reverse bias voltage of 3.1V. This indicates very efficient mode-locking
at these operation conditions. The peak frequency is �9.574GHz,
corresponding to the cavity round trip frequency of a 4mm long cavity
and a calculated group refractive index of ng � 3.92. Figure 3 shows
under which operation conditions a radio frequency (RF) signal was
observed, together with the corresponding FWHM. At 0V reverse
bias, a very thin and weak beatnote appeared, which we correspond to
a frequency modulated regime, where a frequency comb is present but
no pulses are formed. But substantial timing jitter and no response to
injection locking prevented a clear measurement. Mode-locking is
obtained for a reverse bias range of 1.3–3.3 V and forward currents
from 110 to 300mA. At low reverse bias voltages from 1.3 to 2.1 V
with forward currents of 110–190mA and again at higher reverse bias
voltages from 2.9 to 3.3 V with higher currents of 220–300mA, the
FWHM becomes significantly smaller, reaching values below 10 kHz.
We assume that at these operation conditions, the net-gain, saturable
absorber recovery time, and dispersion are at an optimum for mode
locking and thus generate small and stable pulses However, at a
FWHM from 10 to 40 kHz, the mode-locking mechanism is still effi-
cient and sufficient for most applications.2 The largest measured

FIG. 1. P-I-V curve for the absorber left floating, 0 V, 1 V, 2 V, and 3 V reverse bias
voltages at 20 �C. At 3 V, the typical turn-on jump for an unpumped facet becomes
visible.

FIG. 2. RF-spectrum with the fundamental peak at 9.574 GHz, a FWHM of 8.4 kHz,
and an �40 dB signal to noise ratio at a driving current of 260mA and a reverse
bias voltage of 3.1 V.
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beatnote linewidth was �108 kHz at a reverse bias of 2.5V and a
driving current of 250mA. The linewidth in this regime is comparable
to the one of quantum cascade lasers operating in the high phase-
noise regime.18

The spectra presented in Fig. 4 are measured at a reverse bias
voltage of 3.1V and driving currents of 250 mA, 275 mA, and 300mA.
The FWHM values are �11.29 nm, 12.36nm, and 12.07nm, respec-
tively. The single Gaussian-shaped lope is shifted toward higher wave-
lengths at 250mA, and this shift becomes smaller with higher currents
and nearly vanishes at 300mA. The number of modes present in the
FWHM is�70 for 250mA,�77 for 275mA, and�75 for 300mA.

The high repetition rate and low average power make established
nonlinear pulse characterization challenging.19 Instead, we used
“shifted wave interference Fourier transform spectroscopy” (SWIFTS),
a linear phase-sensitive autocorrelation technique.20 SWIFTS mea-
sures the amplitudes and phases of adjacent laser modes using a
Fourier Transform infrared spectrometer and a fast photodetector, in
this case an interband cascade laser used as a detector (ICD).21 This
information then enables the reconstruction of the waveform emitted
by the laser, as well as the characterization of a possible chirp of the
pulses. Pulse reconstruction without a nonlinear crystal is possible,
because SWIFTS measures the phase and amplitude from the beatnote
and is therefore an AC phase measurement technique.22 Recent
experiments showed that SWIFTS is able to retrieve the same pulse
width as conventional intensity autocorrelation in a nonlinear crys-
tal.23 To provide a stable reference for SWIFTS and to stabilize the
mode-locked operation from optical feedback, we injected a weak RF
signal at the beatnote frequency into the absorber section. Other

FIG. 3. False-color image of the beatnote linewidth indicating the regimes of mode-
locked operation and the respective FWHM of the RF-signal. The narrowest FWHM
was found at low reverse bias voltages and near the threshold as well as at high
reverse bias voltages and high currents.

FIG. 4. Spectrum in black, SWIFTS-
spectrum in red, geometric average of the
intensity spectrum in blue dots, phase in
orange, and reconstructed time-signal in
blue of the laser at a reverse bias voltage
of 3.1 V and driving currents of 250 mA,
275 mA, and 300 mA for (a)–(c), respec-
tively. High currents introduce chirp, visible
as nonlinearity in the spectral phase and
change of GDD, which is effectively short-
ening the pulse width.
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experiments showed that electrical injection locking using a weak RF
signal leaves the optical frequency comb unchanged.24,25

The SWIFTS measurement of the laser using a reverse bias volt-
age of 3.1V and driving currents of 250 mA, 275 mA, and 300mA are
displayed in Figs. 4(a)–4(c), respectively. The intensity spectra mea-
sured using a deuterated triglycine sulfate detector consist of a single
Gaussian-shaped lobe spanning over 25 nm. The intensity spectrum
measured with the ICD additionally shows a periodic modulation,
which is caused by an etalon formed due to the coupling of the light
into the ridge waveguide of the ICD. However, the modulation does
not hinder the capability of SWIFTS to reconstruct the temporal inten-
sity and instantaneous frequency of the mode-locked laser. The
SWIFTS spectrum is plotted in red, and the geometric average of the
intensity spectrum peaks is shown as blue dots. The close agreement
of them proves that all modes of the spectrum are mutually phase-
locked, resulting in the formation of a frequency comb. The aforemen-
tioned modulation is also visible in the intermodal difference phases,
which is expected for an etalon. Despite that, a slight decrease in the
phases as a function of wavelength is visible at the three measured
driving currents, corresponding to a linear chirp of the pulse. At
275mA and at 300mA, some fraction of the intermodal difference
phase displays a nonlinear chirp. This effect also influences the group
delay dispersion (GDD), deduced from the slope of the intermodal dif-
ference phases. A possible reason could be that the absorber is not sat-
urated at 250mA, and the increasing current then completely
saturates the absorber and introduces a phase change, which can lead
to shorter pulses.26 The reconstructed time-signal shows fundamental
mode-locking with a pulse distance of �100 ps together with some
weak satellite pulses, which are a consequence of the aforementioned
etalon effect due to the coupling into the detector. At 250mA, the
more or less symmetric pulse shape has a FWHM of �5.3 ps with a
spectral width of 11.29 nm, a GDD of �1.09 ps2, and a time-
bandwidth product of �3.71. At 275mA, the asymmetric pulse has a
decreased width of �3.6 ps, while the GDD is �2.19 ps2 and the spec-
tral width increases to 12.36 nm, resulting in a time-bandwidth prod-
uct of 2.76. The shorter pulse is presumably an implication from the
nonlinear part of the intermodal difference phase. The same effect is
even more strongly present at 300mA, with a GDD of �1.20 ps2. The
pulse shape resembles a steeply rising edge of the pulse, while the trail-
ing edge declines smoother, presumably formed by the typical slow
saturable absorber interplay of the absorber and net-gain. The peak
power enhancement factor at 300mA is over 80, the measured
FWHMpulse width is�2.4 ps, with the corresponding 12.07 nm spec-
tral width, and the time-bandwidth product is calculated to be �1.8,
which means that the pulse is nearly transform-limited. This illustrates
the great potential of GaSb-based passive mode-locked lasers as com-
pact pulse sources.

In conclusion, stable passive mode-locking is achieved in a
4mm long GaSb-based monolithic laser emitting at a wavelength
of 2.2 lm. The mounted and coated laser emits output powers of
17.5 mW and 4.5 mW in cw and mode-locked operation, respec-
tively. The fundamental RF-signal at �9.6 GHz has a FWHM of
�8.4 kHz. At a reverse bias of 3.1 V and 300mA, the spectrum has
a FWHM of 12.07 nm and contains �75 modes with a mode-
spacing of 0.16 nm. The complete bias- and current-dependent
operation conditions and their influence on the mode-locking

mechanism are investigated, exploring possible operation points
for very stable and efficient mode-locking. SWIFTS-measure-
ments and the reconstructed time-signal show a pulse width of
�2.4 ps and a pulse distance of �100 ps. With the 12.07 nm broad
spectrum, the time-bandwidth product is �1.8. This work gives
insight into the pulse formation, stability, and mode-locking
mechanisms of ultrafast, monolithic GaSb-based lasers and deliv-
ers essential information for their development and use in various
applications.
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