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Abstract—This study explores the relative intensity noise char-
acteristics of quantum-dot vertical-cavity surface-emitting lasers
(QD VCSELSs). The resonance frequency and eye diagram are pre-
sented. The linewidth enhancement factor (« factor) of QD VC-
SEL is also investigated experimentally. The values of o factor
were measured to be between 0.48 and 0.60. Moreover, a photonic
RF phase shifter is examined using the QD VCSEL. A phase shifter
with a total phase shift of 2 was demonstrated. These investiga-
tions and demonstrations will be useful in the field of QD VCSEL.

Index Terms—Linewidth enhancement factor, quantum dot
(QD), relative intensity noise (RIN), vertical-cavity surface-
emitting laser (VCSEL).

I. INTRODUCTION

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
V are highly promising for optical communication appli-
cations. Among the merits of VCSELSs include their circular
output beam, low power consumption, and low manufacturing
cost. VCSELSs fabricated on GaAs substrates have been expected
to be high-performance and cost-effective light sources [1], [2].
Semiconductor lasers whose active regions contain quantum
dots (QDs) have been demonstrated to have excellent character-
istics, such as low threshold currents, low chirp, high differential
gain, and insensitivity to temperature [3], [4]. QDs can be used
to fabricate 0.98-pum GaAs-based VCSELs [5], [6]. However,
the relative intensity noise (RIN) characteristics of QD VCSELs
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have not been reported upon. The RIN peaks of a semiconductor
laser are at the resonance frequencies of the small-signal mod-
ulation response of the laser [7]. The resonance frequency de-
termines the modulation bandwidth of the semiconductor laser.

The linewidth enhancement factor, also known as the « fac-
tor, is an important parameter of semiconductor lasers. The «
factor characterizes the chirp and linewidth broadening, which
are detrimental to high-speed performance. The analysis of
different material demonstrates that the a factor is generally
smaller in quantum wells than in bulk, and it is even fur-
ther reduced in strained materials, quantum wires, and QDs.
Recently, the linewidth enhancement factor of quantum-well
VCSEL with buried tunnel junction has been proposed [8]. The
minimum value of linewidth enhancement factor is about 3.8 at
low output power. Moreover, the linewidth enhancement factor
of QD Fabry—Perot laser has also been reported. The linewidth
enhancement factor of about 0.1 has been demonstrated [9].
Recently, significant progress has been made in the develop-
ment of 1.3-ym QD VCSELs [10]. However, the linewidth en-
hancement factor of QD VCSEL has not yet been studied. In
this paper, instead of measuring the below-threshold-amplified
spontaneous emission spectra to determine the material differ-
ential refractive index versus differential gain as in conven-
tional Hakki—Paoli method, the linewidth enhancement factor
of 1.3-um QD VCSEL was determined by the injection locking
method [11].

Interest in the application of photonic technology to RF phase
shifters for phased array antennas has been increasing recently.
The advantage of the photonic RF phase shifter is its immunity
to electromagnetic interference, excellent isolation, and its po-
tential lightweight and small size [ 12]. Phase shifters and optical
delay devices based on semiconductor lasers have become very
attractive because of their inherent compactness, direct elec-
trical controllability, and low power consumption [13], [14].
This paper presents a photonic RF phase shifter using the
1.3-um QD VCSEL. A full 27 phase shift is achieved. The
phase change is adjusted by controlling wavelength detuning
(AX = Aprobe — Avesgr), the difference between the wave-
length of the probe signal and the lasing wavelength of QD
VCSEL. The QD VCSEL can reduce the size and cost of an RF
phase shifter used in microwave photonic systems.

The rest of this paper is organized as follows.
Section II investigates the 0.98-pm QD VCSEL. Section III
explores the linewidth enhancement factor of 1.3-um QD VC-
SEL. Section IV examines the photonic RF phase shifter that is

1077-260X/$25.00 © 2009 IEEE
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Fig. 1. (a) Schematic diagram of InGaAs submonolayer QD VCSEL.
(b) TO-Can packaged QD VCSEL.

based on 1.3-pm QD VCSEL. Finally, Section V summarizes
the research results.

I 0.98-um QD VCSEL

Fig. 1(a) schematically depicts the 0.98-um QD VCSEL. The
structure is grown on an nt-GaAs (1 0 0) substrate by molec-
ular beam epitaxy (MBE). The bottom distributed Bragg reflec-
tor (DBR) comprises a 33-pair n-doped GaAs—Alj 9Gay 1 As.
The undoped 1A cavity contains three InGaAs submono-
layer QD layers, separated by GaAs barrier layers. Each of
the InGaAs QD layers is formed by the alternate deposi-
tion of InAs and GaAs. The top DBR has a 20-pair p-doped
GaAs—Alj 9Gag 1 As. The structure of the device, including
the thicknesses and compositions of the layers, are designed
for a resonance wavelength of 0.98 um. The wafer is pro-
cessed to form a VCSEL structure. The fabrication method
has been described elsewhere [5]. The submonolayer QD
VCSEL is hermetically sealed using a standard transistor outline
(TO)-Can laser package with a built-in lens. The QD VCSEL
TO-Can package and the single-mode fiber are assembled by
laser welding, as displayed in Fig. 1(b). Modulation experi-
ments on our present QD VCSEL are performed at 2.5 and
3.2 Gb/s with a nonreturn-to-zero pseudorandom binary se-
quence (pattern length 23! — 1). The eye diagrams are wide
open over a wide range of temperatures (—45 °C-20 °C), as
displayed in Fig. 2. The extinction ratios are over 11 dB. Fig. 3
presents the RIN spectra. The RIN spectra are measured at var-
ious bias currents using an electrical spectrum analyzer. The

3.2 Gb/s

2.5 Gb/s

Time (100 ps / div.) Time (100 ps / div.)
Fig. 2. Eye diagrams under 2.5- and 3.2-Gb/s modulation (20 °C, —30 °C,
and —45 °C).

inset in Fig. 3 plots the relationship between resonance fre-
quency and driving current of the QD VCSEL. The maximum
resonance frequency of the QD VCSEL is 5.85 GHz.

In this paper, we study the RIN peaks and eye diagram of
0.98-um QD VCSEL at a wide range of temperatures (—45 °C—
20 °C). The RIN peaks are the resonance frequencies of 0.98-pm
QD VCSEL. The resonance frequency is approximated pro-
portional to the square root of the injected current relative to
threshold before saturation takes place. The previous investi-
gation [15] revealed the lasing emissions of QD VCSELSs via
the ground-state transition at low temperature, while via the ex-
cited state transition at room temperature. At the lowest ambient
temperature of —45 °C, the resonance frequency was observed
to increase without saturation. The ground state lasing emission
may contribute to the reduced damping in relaxation at low tem-
perature under high current injection and is more resistant to the
thermal effect as compared to that from excited state transition.

The frequency response of 1.3-pm QD VCSEL has been re-
ported [10]. The RIN peaks of 1.3-um QD VCSEL are around
1-2 GHz. The resonance frequency determines the intrinsic
modulation bandwidth of QD VCSEL. The maximum modula-
tion bandwidth for communication systems depends on the total
frequency response of 0.98-um TO-Can packaged QD VCSEL,
including the intrinsic response of QD VCSEL (determined by
the resonance frequency) and the response of laser package (de-
termined by the TO-Can package). The maximum resonance
frequency of the 0.98-um QD VCSEL is 5.85 GHz. Therefore,
the 0.98-um QD VCSEL with high-speed package could be
used for the over 5.85 Gb/s communication systems.

III. LINEWIDTH ENHANCEMENT FACTOR
OF 1.3-um QD VCSEL

The linewidth enhancement factor is measured using an
injection locking approach [11]. Fig. 4 schematically de-
picts the InAs/InGaAs QD VCSEL. A QD VCSEL struc-
ture was grown on a GaAs substrate by MBE. The epitax-
ial structure was as follows (from bottom to top)—n'-GaAs
buffer, 33.5-pair n*-Aly 9Gagy.; As/n™-GaAs (Si-doped) DBR,
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Fig. 3. RIN spectra at (a) 20 °C, (b) —30 °C, and (c) —45 °C.

undoped active region, p-Aly9gGag p2As oxidation layer,
22-pair p*-Aly 9Gag 1 As/p™-GaAs DBR (carbon-doped), and
p*"-GaAs (carbon-doped) contact layer. The graded-index sepa-
rate confinement heterostructure (GRINSCH) active region pri-
marily comprised five groups of QDs active region, embed-
ded between two linearly graded Al, Ga;_, As (x = 0— 0.9 and
x = 0.9-0) confinement layers. The thickness of the cavity ac-
tive region was 3A. Each group of QDs comprised three QD
layers around the antinode of a standing wave. The wafer was
then processed into a VCSEL structure.

Fig. 5 presents the light—current characteristics of the QD
VCSEL. The threshold current is approximately 1.1 mA (I, =
1.1mA). The QD VCSEL is hermetically sealed using a TO-Can

GaAs/AlyoGay1As (22-pairs),

AlpgsGag2As layer
InAs/InGaAs (QDs) ——[2 &

GaAs/AlyyGay1As
(33-pairs)

GaAs substrate

Fig. 4. Schematic diagram of InAs/InGaAs QD VCSEL.
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Fig. 5. Light—current characteristics of QD VCSEL.
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Fig. 6.  Output spectrum of QD VCSEL.

package. The TO-Can packaged QD VCSEL and the single-
mode fiber are assembled by laser welding. Fig. 6 displays the
output spectrum of the QD VCSEL. The lasing wavelength of
the QD VCSEL is around 1279 nm at room temperature. The
spiky spectrum to the left of the peak wavelength shows lasing
in multiple transverse modes, which is the case for index-guided
oxide-confined VCSELSs without optimized oxide aperture [16].
Selective modal loss by surface-relief technique or implantation
before oxidation was reported to achieve fundamental-mode op-
eration with high side-mode suppression ratio (SMSR). Fig. 7
displays the experimental setup for measuring the linewidth en-
hancement factor. The VCSEL is employed as the slave laser,
and a 1.3-um tunable laser is used as the master laser. The op-
tical power is varied using a variable optical attenuator (VA)
at the output of the tunable laser. Fig. 10 plots the relationship
between the driving current of QD VCSEL and the linewidth
enhancement factor. The linewidth enhancement factor of QD
VCSEL is varied from 0.48 to 0.60. Fig. 8 plots the light—
current characteristics of a commercial quantum well (QW)
VCSEL (InAlGaAs/InP QWs). The threshold current is about



PENG et al.: DYNAMIC CHARACTERISTICS AND LINEWIDTH ENHANCEMENT FACTOR OF QUANTUM-DOT VCSEL 847

C
Tunable | VA Coupler Wavelength
Laser Q Meter
Temperature
controller  |"****** Optical Spectrum
: Analyzer
------------ -
Fig. 7. Experimental setup for measuring the linewidth enhancement factor

(VA: variable optical attenuator; PC: polarization controller; C: optical circula-
tor; OA: optical amplifier).
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2.6 mA (I;, = 2.6 mA). Fig. 9 displays the output spectrum of
the QW VCSEL. The lasing wavelength of the QW VCSEL is
about 1327 nm at room temperature. Fig. 10 plots the linewidth
enhancement factor at various driving currents of the QW
VCSEL. The linewidth enhancement factor of the QW VC-
SEL varies from 4.34 to 4.84 with the driving current of the QW
VCSEL.
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Fig. 11. Experimental setup for measuring the RF phase shift in the QD

VCSEL (Mod: electrooptic modulator; PC: polarization controller; VA: vari-
able optical attenuator; C: optical circulator; OC: optical coupler; OSA: optical
spectrum analyzer; RFA: RF amplifier; PD: photodetector).

IV. RF PHASE SHIFTER USING 1.3-um QD VCSEL

Fig. 11 presents the experimental setup for measuring the
RF phase shift in the QD VCSEL. A probe signal is generated
using a tunable laser and then modulated using an electrooptical
modulator. The electrooptical modulator is modulated using a
network analyzer. The signal power is controlled using a VA
at the output of the electrooptical modulator. The polarization
of the probe signal is adjusted using a polarization controller.
The probe signal is coupled into the QD VCSEL by using an
optical circulator. Next, the output signal from port 3 of the
circulator is split into two paths, which are sent to an optical
spectrum analyzer and a photodetector, respectively. Finally, the
amplitude and phase changes are measured using the network
analyzer.

In the experiment, the power of the input probe signal is
held constant as the wavelength of probe signal is varied. The
power of the probe signal is —14 dBm, and the QD VCSEL is
biased at 2.125 I;j,. Varying the power of the probe signal in the
cavity of QD VCSEL will vary the available gain. The amplitude
and phase change response indicates the locked amplitude and
phase change, calibrated with reference to the unlocked values.
Fig. 12 plots the amplitude and phase change response of the QD
VCSEL at various wavelength detunings. Increasing wavelength
detuning increases the frequency of the phase shift. A phase
change of 27 is observed. The phase change can be tuned by
adjusting wavelength detuning AA.
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Fig. 12.  Amplitude and phase change response of the QD VCSEL at various
wavelength detunings.

V. CONCLUSION

This study describes the RIN characteristics of a QD VCSEL.
The intrinsic resonance frequency and eye diagram of the QD
VCSEL are presented. The linewidth enhancement factor of the
QD VCSEL is also investigated. The « factor was measured to
be 0.48-0.60. The linewidth enhancement factor of commercial
QW VCSEL was also examined. A photonic RF phase shifter
that is based on the QD VCSEL was demonstrated. A photonic
RF phase shifter with a total phase shift of 27 was demonstrated.
The relationship between the amplitude change response and the
wavelength detuning was examined. The QD VCSEL has the
potential to reduce the size and cost of the RF phase shifters
used in a phased array antenna. Results of this study are useful
in the field of QD VCSEL.
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