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Abstract: Microwave signal generation from the saturable absorber of a monolithic quantum
dot passively mode-locked laser is presented. We observe a differential efficiency of 33%
that measures the optical-to-RF power conversion. An optimum extraction efficiency of the
saturable absorber of about 86% is also found. To assess the stability of the device, the
mode-locking operation regime of the quantum dot device is analyzed and compared to
the quantum well system. Our findings confirm that quantum dot mode-locked lasers are
suitable candidates for the optical generation of RF signals in a compact and efficient
semiconductor device.

Index Terms: Mode-locked lasers, multifrequency antennas, reconfigurable architectures,
semiconductor lasers.

1. Introduction
Due to the global interest in higher frequency bandwidths, producing compact RF signal sources on
a chip is a key research topic for applications such as the wireless communication field, software-
defined radio, radar, and satellite communication systems. Monolithic passively mode-locked lasers
(MLLs) are promising candidates for microwave generation [1]�[3] because of their compact size,
low power consumption, direct electrical pumping, and high electrical-to-optical-to-electrical (E/O/E)
conversion efficiency. Several unique advantages of quantum dot (QD) materials, such as their
ultrabroad bandwidth, feedback resistance, ultrafast gain dynamics, and easily saturated gain and
absorption, make them an ideal choice for monolithic semiconductor MLLs [4]�[7]. These char-
acteristics give QDMLLs the advantage of pulse stability over a wider power range than their quantum
well (QW) counterparts. Previous semiconductor active regions such as QWs could produce the same
optical gain and absorption functions, but frequently required separate optimization of the optical
materials in the MLL cavity. The QDMLL can easily use the same epitaxial layer structure in both the
absorber and gain sections [8]�[10].

Conventionally, optical generation of microwave signals can be achieved by using two different
laser sources applied to a photodetector or a photomixer made from low-temperature-grown GaAs
[11]. The beat signal with a required frequency equivalent to the spacing of the two wavelengths is
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extracted from the output of the photodetector. This approach is called optical heterodyning or
photomixing. The advantage of this technique is the wide tunability of the output frequency from near
DC to the terahertz range. However, the drawback is the relatively low conversion efficiency and
frequency stability issue. Several groups have contributed toward improving the conversion efficiency
and maintaining high stability in heterodyned systems [12]�[16]. In this previous research, optical
injection locking or an optical phase-locked loop was implemented to reduce the phase noise and
maintain high stability [12], [13]. However, in this case, a high-quality microwave reference signal is
also required. Thus, it is hard to apply this technique to a wireless communication system in which no
reference signal is available for the local oscillator. To avoid using a reference signal, the beat signal at
the output of a photodetector is generated by a single laser source that has either a single wavelength
with dual longitudinal modes [14], [15] or two wavelengths operating in single longitudinal mode for
each wavelength [16].

In this work, we combine the optical pulse generation of a passive MLL with the high-speed
characteristics of the QD saturable absorber (SA) to produce a microwave signal directly from the
same laser diode. From the RF point of view, the SA behaves as a p-i-n photodetector. When an
optical pulse train passes through the SA, an electrical pulse is directly generated at the same
repetition rate as the optical pulses using only DC bias. This compact RF signal generator can then
be integrated with a reconfigurable antenna that accesses the various frequencies available from
the pulsed source. Fig. 1 shows an example of this hybrid integration, which has been described
elsewhere [2].

Here, we focus on the characterization and conversion efficiency of the RF signal generation
through the SA of a passive QDMLL. The antenna design and integration strategy will be discussed
in another publication. This paper is organized as follows. Section 2 is devoted to the laser structure
and the RF generation mechanism. The experimental setup and RF signal characterization are
presented in Section 3. In Section 4, the derivation of equations related to the conversion efficiency
of the QDMLL�s optical output into electrical pulse is described. The experimental and calculated
results are discussed in Section 5, and the key findings and future work are summarized in
Section 6.

2. Device Structure and RF Generation Mechanism
The laser epitaxial structure of this device is a multistack BDots-in-a-WELL[ (DWELL) structure that
is composed of an optimized six-layer QD active region grown by solid-source molecular beam
epitaxy on a (001) GaAs substrate [17]. The p- and n-type AlGaAs cladding layers have 20% Al
content, and graded interfaces are used between the clads and the GaAs waveguide layer

Fig. 1. Integration of the QDMLL with a reconfigurable bowtie antenna. First, high-frequency electrical
pulse signals are generated from the saturable absorber of the QDMLL. These signals are next routed
by a bias tee and a coplanar waveguide to a reconfigurable bowtie antenna. This integrated unit can
then be used as a cellular block in more complex arrays that are controlled, for example, by field-
programmable gate arrays.
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surrounding the DWELL structure. The 3.5-�m-wide optical ridge-waveguide devices are fabricated
following standard dry-etch, planarization, and metallization processing. In this work, the two-
section QD passive MLLs are made with a total cavity length of 4.1 mm and a SA length of 0.8 mm.
A highly reflective (HR) coating ðR1 � 95%Þ is applied to the mirror facet next to the SA and the
other facet is cleaved ðR2 � 32%Þ. Fig. 2 shows a schematic diagram of a two-section passive MLL.

Typically, the electrical pulse train can be generated using a low-temperature (LT) metal-
semiconductor-metal (MSM) detector that converts the optically generated pulse from MLL to an RF
output signal [18]. However, an alternative approach that we favor for optically generating the RF
frequencies is to bypass the LT-MSM detector entirely and use the transient photocurrent produced
in the SA of the passive QDMLL as the microwave signal source [2]. This device layout is simpler
and has the potential to convert the ultrafast optical signal to electrical pulses more efficiently. As a
picosecond optical pulse goes into the SA, the leading edge of the optical pulse is absorbed and
creates free carriers. The resulting electrons and holes are swept to the metal contacts as the
photocurrent due to the built-in electrical field. This process has the potential to be very fast since
absorbers composed of QDs have demonstrated subpicosecond recovery times [4], [8]. Most likely
the speed of the electrical impulse from the absorber section will be limited by electrical parasitics
that can be reduced by decreasing the bonding pad capacitance or the length of the absorber itself.
Normally, decreasing the length of the absorber would diminish the optical-to-electrical conversion
efficiency as in any waveguide-based photodetector. However, in the passive MLL geometry, the
ability to apply HR coatings to both mirror facets is a significant advantage for realizing
simultaneous high speed and high efficiency. In our first example presented here, only one laser
mirror is HR coated for simplicity.

3. QDMLL Device Characterization
This section describes the basic output characteristics of the QDMLL and the operating parameters
of the devices that are necessary for evaluating the DC to RF differential efficiency as shown in
Section 4. Fig. 3 shows the total loss data as a function of the emission wavelength using an
improved segmented contact method [19]. From Fig. 3, the internal loss of the optical waveguide is
found to be 2 cm�1. Fig. 4 is the light-current (LI) curve of the laser for various absorber biases of
the 4.1-mm device. The maximum slope efficiency is 0.27 W/A with 0 V applied to the absorber. The
inset of Fig. 4 demonstrates the single-section laser diode case for comparison. To realize this
layout, the anodes of the gain and absorber section were tied together through wire bonding and
then pumped uniformly. The differential quantum efficiency of the laser diode can be determined
through this layout. The optical spectrum under 200-mA DC bias on the gain section and 0 V
applied to the absorber is shown in Fig. 5. The peak lasing wavelength is at 1.21 �m and the mode-
locked 3-dB spectral bandwidth is about 2.8 nm with a typical pulse width on the order of 10 ps and
an RMS timing jitter of 1�2 ps calculated from the offset range of 30 kHz to 30 MHz [20]. Under the
condition of complete mode locking, which was confirmed by optical pulse measurement from a

Fig. 2. Schematic diagram of the two-section passive MLL (side view).
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Fig. 4. LI curve of the laser for various absorber biases from 0 V to �2 V. The inset shows a single-section
uniformly pumped case.

Fig. 3. Room-temperature total loss spectra of the QDMLL device as measured by the multisection
technique.

Fig. 5. Optical spectrum of the QDMLL device under 2000-mA DC bias on the gain section and 0 V
applied to the absorber.
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