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Abstract: Electro-absorption and electro-optic characteristics of InAs/InP quantum-dash
active region-based waveguide, emitting at ~1600 nm is investigated. Two major peaks
were observed in the change of absorption spectrum with a maximum value of 7070 cm™~"
at a bias voltage of -8V with an excellent uniform extinction ratio of ~15 dB across the wave-
length range of operation (1460—1620 nm). The effect of temperature on electro-absorption
(EA) measurement suggests a strong influence resulting in merging of two major change of
absorption spectrum peaks with higher temperature. Furthermore, electro-optic measure-
ments indicate a change in refractive index and its efficiency values of ~2.9 x 10~* and
~0.5 x 10~* V-1, respectively, hence exhibiting a low chirping factor of 0.9 and 1.5 at bias
voltages of —2 V and —4 V, respectively. As a quasi-three-dimensionally confined structure
possessing both quantum well- and quantum dot-like features, the quantum dash waveguide
showed superior electro-absorption and electro-optic properties compared to quantum dots
and close to that of quantum wells, while attaining low chirp and broad wavelength range
of operation. This paves a way for potential realization of quantum dash-based EA and
electro-optic modulator for future optical access networks, particularly operating in wide C-
to L-band region.

Index Terms: Quantum-dash, quantum-dot, electro-absorption, electro-optic, modulators.
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1. Introduction

In the recent years, self-assembled quantum dot (QDot) optical devices have piqued the interest
of research and development owing to their three-dimensional quantum confinement that results in
discretized zero-dimensional density of states and energy levels. This in turn, enables low threshold
current densities, high optical powers, high efficiencies and differential gains to be realized in
addition to temperature-insensitivity in optical sources and amplifiers. Consequently, most attention
and effort in this field has been focused in employing these novel structures as optical sources,
particularly mode-locked lasers, and optical amplifiers in optical fiber telecommunication systems
[1]. Nevertheless, a very limited amount of work has been carried out in employing QDot-based
structures as external modulators in the form of electro-absorption (EA) modulators (EAM) or
electro-optic (EO) modulators (EOM) [2], which have been employed extensively in quantum-well
(QWell) structures [3-6].

EAM and EOM are devices that are realized by exploiting the nonlinearity of optical materials as
compact and efficient external modulators in telecommunication systems, in addition to enabling all-
optical integration, laser-amplifier-modulator in particular [7]. QWell structures are characterized by
a strong quantum confined stark effect (QCSE) near the exciton edge of absorption, which in turn,
results in a built-in birefringence, high EA extinction ratios (ERs), in addition to high EO coefficients
and Kerr effects, thus making them highly preferred quantum confined nanostructures for EAMs and
EOMSs [14]. On the other hand, at first glance QDot structures should show similar excellent EO
and EA characteristics due to the enhanced stark effect and steep edge of absorption in addition
to the high degree of optical non-linearities compared to bulk materials [8]. However, in reality, they
are back-drawn by the decoupled nature between the gain and reservoir which is very beneficial
to mode-locked lasers and optical amplifiers. Nonetheless, this hinders the performance of the
structure as a modulator since the depletion of the carriers necessitates scattering out the large
energy spacing carriers prior to the depletion of the carrier density, and also reduces the excitonic
effects and results in their absence in the absorption spectra. [15]. Indeed, different reports in
literature show that QDot structures are inferior EAMs and EOMs in terms of EO coefficients and
EA extinction ratios. On the other hand, QDots offer an extra advantage of broad range of operation
wavelength due to their inhomogeneous growth nature, compared to QWell devices where these
effects are limited to narrow spectral ranges around the bandgap energies.

Table 1 summarizes different reports on QDot- and QWell-based waveguides as EAMs and
EOMs alongside their respective EO or EA characteristics. Indisputably, QWell structures have
shown superior EA characteristics over the QDots counterpart. For instance, a 17 dB (10 dB) ER
was achieved over a multiple-QWell InGaAsP/InP structure emitting around 1540 nm while biased
at =3 V (-2 V) [3] ([4]). Subsequently, an ER of 12 dB was achieved at a mere bias voltage of
—1.2 V over the same structure, thus showing effective exploitation of the enhanced QCSE from
QWell structures [5]. Conversely, low ERs of 2.1 and 3.5 dB were reported on InAs and InGaAs
QDot structures, respectively, in [7] and [8], emitting around 1300 nm even when biased at high
reverse bias voltage of —10 V in the former case. Recently, an improved performance from an
InAs (InGaAs) QDot waveguide was reported in [2] ([9]) exhibiting an ER of 10 dB (10.5 dB) at
1300 nm when biased at —8 V. Moreover, in order to improve the device characteristics, a thin GaP
tensile strain compensation layer between the different QDot layers was incorporated [10], with the
demonstration of the best ER of 13 dB at — 8 V, to the authors’ knowledge, over the QDot platform.
However, this was only possible to be achieved at the cost of ten QDot layers.

In terms of the EO characteristics, a similar outline can be observed from Table 1 between
QWell and QDot devices. For instance, a change in the refractive index (An) as high as 1.5 x
10~2 was reported over a InGaAsP/InP three-step QWell structure emitting around 1500 nm with
a corresponding efficiency An/AV of 2.8 x 10~* V~' [6]. On the other hand, the InAs/GaAs QDot
structure in [11] ([12]) showed a An value of 1.3 x 10~* (2.0 x 10~%) around ~1500 nm with
corresponding An/AV of 0.33 x 10~* V~'. Moreover, from a modified InGaAs QDot structure
(stacks of QDots connected by quantum wires), An = 0.8 x 10~* was demonstrated at 1500 nm
with An/AV = 0.1 x 1074 V-1 [13].
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TABLE 1

Summary of the Reported EO and EA Characteristics on QDot and QWell Waveguides in Literature,
Compared to the QDash Waveguide Investigated in This Work

Quantum Material

structure system A (nm) ER @ Va (dB) An An/av™ (VY Ref.

InAs/GaAs 1300 10 @-8V - - 2]

InAs/InGaAs 1300 2.1 @-10V - - (7]

InGaAs/GaAs 1300 3.5 @-10V - - (8]

QDot InGaAs/GaAs 1300 10.5 @-8V - - [9]
InAs/GaAs 1300 13 @-8V - - [10]

InAs/GaAs 1500 - 1.3x10™ 0.33x10™ [11]

InAs/GaAs 1500 - 2x10* [12)

InGaAs/GaAs 1500 - 0.8x10™ 0.1x10™ [13]

QDash InAs/InP 1600 15 @-8V 2.9x10" 0.5x10™ LS
Work

InGaAsP/InP 1540 10 @-2V - - 3]

awell InGaAsP/InP 1550 17 @-3V - - (4]

InGaAsP/InP 1550 12 @-1.2V - - (5]

InGaAsP/InP 1500 - 1.5x107 2.8x10™ (6]

*V 5 is the applied reverse voltage to bias the waveguide.
**An/AVis the rate of refractive index change per Volt.

Recently, a new class of quantum confined nanostructures, namely quantum dash (QDash),
which has quasi-three-dimensional confinement features, has emerged as a strong contender for
C- and L-band optical communications [16]. These InAs/InP QDash structures possess niche
characteristics in between QWell and QDot counterparts, besides exhibiting wide wavelength
emission tunability [17] and broadband wavelength characteristics owing to their inhomogeneous
growth process. In fact, several reports on employing QDash active region in lasers and amplifiers
encompassing 1500 to 1700 nm have affirmed QDot- and quantum wire (QWire)-like performance
characteristics [18]. In particular, broadband lasing emission from this nanostructure is very ap-
pealing in optical communications, specifically in the mid and far L-band (~1600—-1625 nm) region
that is under consideration for future optical networks. Hence, in this work, we comprehensively
investigated both EA and EO characteristics of an InAs/InP QDash structure emitting at ~1600
nm, and showing superior properties over QDot counterpart, in terms of 15 dB ER at —8V, An
with its corresponding efficiency An/AV of 0.5 x 10~*. In other words, QDashes combine benefits
of low chirp of QDots while at the same time demonstrate much better extinction ratio close to
QWells. Acquiring these features, in addition to wide wavelength operation (~1460-1615 nm)
covering S-, C- and L-band makes InAs/InP QDash based EAM or EOM devices highly attractive
and promising unified modulators in future optical networks that are considering extending the
optical communication window beyond C-band to the adjacent bands. To the best of our knowledge,
this is the first demonstration of InAs/InP QDash waveguide EA and EO characteristics as well
as the proposal of employing QDash modulator devices for wide wavelength operation in optical
communications unlike QWell counterparts that are typically narrow wavelength band devices.

2. Experimental Setup

The investigation in this work is carried out over a bare 3 x 500 xm? L-band quantum dash-in-a-well
ridge-waveguide (QD-WG). The self-organized InAs/InP QDash device chirped barrier thickness
structure was grown by molecular beam epitaxy on a (100) oriented S-doped n-type InP substrate.
Fig. 1(a) illustrates the epitaxy structure of the QD-WG whose active region is consisted of
four 5-ML thick InAs dash layers each embedded within 7.6 nm thick compressively strained
Ing.64Gap.16Alg.oAs QWells. Each stack is topped by a tensile-strained Ing 50Gag.32Alg.18As top
barrier layer. The structure was chirped by varying the thickness of each top barrier layer, viz.
10,10,15, and 20 nm, in order to increase the inhomogeneity of the structure and achieve a broader
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(a)

Fig. 1. (a) Epitaxy structure of the QD-WG structure and the corresponding (b) TEM micrographs
along [011] and [011] directions. (c) AFM image of the QDashes revealing the in-plane size dispersion.
(d) Block diagram of the experimental setup utilized for electro-absorption and electro-optics character-
ization of the QD-WG.

gain profile. This is a result to the fact that the barrier layer thickness plays a vital role in determining
the size, height in particular, of the grown subsequent dashes, and hence their corresponding
ground state (GS) transition energies. In general, thinner barrier layer thickness results in grown
dashes of larger average-height, which in turn are associated with smaller GS transition energies
(i.e., shorter wavelengths), and vice versa [19]. In order to facilitate discussion in the subsequent
section, different QDash stacks are designated here according to their sizes as: large dash (LD)
group corresponding to the overgrown dashes of the two 10-nm barriers, in addition to medium
dash (MD) and small dash (SD) ensembles of the 15- and 20-nm barriers, respectively. It is to
be noted that due to the high possibility of coupling between the top two QDash stacks (10 nm
barrier thickness) in addition to their overlapped density of states (DoS) [20], a collective single LD
group is considered [21]. Fig. 1(b) shows cross-sectional transmission electron microscopic (TEM)
micrographs of the QD-WG’s active region along [011] and 011 directions wherein the QDashes
(bright structures) in asymmetric QWell is evident. The TEM images reflect an estimated QDash
average length and width of ~100 and ~18 nm, respectively, while the average dash-height is
~3.0 £ 0.5, ~2.7 +£ 0.5 and ~2.5 + 0.5 nm for the LD, MD, and SD ensembles [18]. On the other
hand, Fig. 1(c) depicts an atomic force microscopic (AFM) image of the QDashes exhibiting highly
inhomogeneous sizes composed of a mixture between quantum wire-like and QDot-like features.
The density of the QDashes is estimated as ~5 x 10" cm~2 with a coverage of ~70%.

The experimental setup employed to investigate the EA and EO characteristics of the QD-WG
is shown in Fig. 1(d). The bare QD-WG with as-cleaved facets was mounted over a custom-made
brass base with a thermoelectric cooler (TEC) assembly. The single facet output power of the QD-
WG was butt coupled into a lensed SMF (~5% or —13 dB coupling efficiency) via a manual 3-axis
translation stage passing into port 2 of an optical circulator (OC). Moreover, a tunable laser (TL)
was passed into port 1 of the OC through an optical isolator (Ol). The OC injects the emission of the
TL into the cavity of the QD-WG through one butt-coupled facet. Thereafter, after travelling through
the whole cavity of the QD-WG, the emission reflects off the other facet and travels back to be
ejected out into the coupled SMF. In the meantime, a reverse-bias DC voltage was exerted across
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Fig. 2. (a) The measured change in absorption under different applied reverse bias voltages in addition
to the measured photocurrent (dashed line) at a bias voltage of —8 V as functions of wavelength at a
fixed temperature of 15 °C, (b) The measured change in absorption, and (c) photocurrent under a fixed
bias voltage of —8 V for different temperatures. The inset of (b) shows a qualitative transition energy
band diagram of the InAs/InP QDash waveguide active region along with the Gaussian distributed DoS.

the QD-WG via a DC source-meter (Keithley 2400) to induce an electric field perpendicular to the
quantum dash layers of the structure altering its overall absorption (and transmission) coefficients.
Furthermore, the DC source-meter was utilized additionally to measure the collected photocurrent
that results from photon absorption in the structure. At each applied reverse bias voltage, the entire
transmitted emission through the QD-WG from port 2 to port 3 of the OC was split via a 2:98%
optical coupler (CP) into an optical spectrum analyzer (OSA) with a 60-pm resolution and an optical
power meter, respectively.

3. Measurements Results and Discussion

We firstly started by analyzing the EA of the QD-WG at a fixed temperature. Thereafter, the temper-
ature effects on the EA characteristics are investigated. Finally, we explore the EO characteristics
of the devices as a potential EOM.

3.1 Electro-absorption characteristics

To obtain the EA characteristics of the device, the TL was swept between 1460—1630 nm covering
the whole S-, C-, and L-bands. Meanwhile, the electro-transmission measurements were carried
out under different applied reverse-bias voltages across the QD-WG where the transmitted power
was measured at each point to obtain the transmission spectrum profile of the structure. Thereafter,
the spectrum of the change in absorption (A«) with respect to the transmission at zero bias voltage

was derived according to [22]:
1 R/

where dis the total thickness of the active region, R, is the transmitted optical power under a given
reverse bias voltage, and R, refers to the optical power at zero bias voltage. The absorption changes
induced by the applied external field take place for photon energies near the transition energy of
quantum dashes within the space charge region of the p—i—n junction. As such, Fig. 2(a) shows the
obtained A« spectrum for reverse bias voltages of —2, —4, and —8 V under a fixed temperature of
15 °C. At first glance, two major peaks appear in the Aa spectrum around ~1545, and ~1590 nm.
In addition, very minor peaks are observed around ~1460, ~1500 nm, which are ascribed to the SD
group and the fringe dashes at the extreme tails of the SD and MD dash size distributions. These
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two major peaks at short (long) wavelengths are attributed to the dominant absorption from the
average size QDashes of MD (LD) ensembles corresponding to mean larger (smaller) GS transition
energies with most available DoS (larger active volume compared to SD group). Nevertheless, with
higher applied voltages, the absorption peaks witnessed a slight redshift in addition to a broadening
effect indicating that the applied field results in shifting the photons to lower energies. In particular,
the major two peaks of MD and LD ensembles at —2V shifted from 1543 and 1587 nm, to 1548
and 1598 nm, respectively, as the applied reverse bias voltage was increased to —8 V, while A«x
increased from ~2320 cm~' to ~7070 cm~' between the two voltage points for the 1543-nm peak.

Moreover, the dashed curve in Fig. 2(a) depicts the measured photocurrent for the —8 V case
as a function of wavelength wherein four distinct humps can be observed corroborating well with
the wavelengths of the peaks of the Aa spectrum since maximum absorption takes place at
these peaks resulting in a surge in the collected photocurrent represented by these humps. In our
previous work [21], only two peaks were shown for this structure’s absorption spectrum, measured
by from segment-contact method, which at a first glance seemed to be not in compliance with our
measurements here. Nevertheless, after close inspection, we attributed that junction heating due to
direct current operation played a significant role in changing the absorption profile. To ascertain this,
we obtained the A« spectra under a fixed bias voltage of —8 V at different temperatures, namely
15, 25, and 35 °C, which are plotted in Fig. 2(b). Indeed, increasing the temperature resulted in
red-shifting the first major peak (i.e., of MD group) while blue-shifting the second one (i.e., of LD
ensemble). Interestingly, this indicates the eventual gradual merging between these peaks into a
single peak around ~1580-1585 nm. Moreover, an overall reduction in A« is observed throughout
the whole spectrum. This evolution is depicted in Fig. 2(b)—(c) by the dashed arrows. This suggests
that the higher junction temperature assists in increasing the absorption of the zero-bias reference
case (ap) resulting in shrinking Ao with applied voltage. To further affirm this observation, Fig. 2(c)
shows the corresponding measured photocurrents whose humps also witnessed identical blue-
and red-shifting action when the temperature is increased from 15 to 35 °C. More importantly,
increasing the temperature showed higher photocurrent levels indicating that the —8 V absorption
spectrum (ay) is high though Ao becomes smaller since oy has also increased with elevated
junction temperature.

This could be qualitatively explained by referring to the transition band energy diagram of
the QDash waveguide active region illustrated in the inset of Fig. 2(b) and the corresponding
Gaussian inhomogeneously distributed QDash transition energies states of respective ensembles
due to self-assembled growth process. Elevated temperature assists in a more uniform distribution
of carriers across the QDash active region via various carrier movement mechanisms (carrier
leakage/spillover, direct as well as phonon assisted tunneling, etc.) [23, 24], which is highly possible
in an inhomogeneous system, thus enabling more QDashes of MD and LD groups to participate
in the absorption process. In other words, in-plane coupling (i.e., within a QDash group) as well
as coupling across the MD and LD groups are promoted at higher temperatures, thanks to the
junction temperature rise. In this scenario, the relatively larger (smaller) QDashes of MD (LD) group,
exhibiting comparatively shorter (higher) GS transition energy, with highly overlapping Gaussian
distributed DoS, could compete and possibly dominate the absorption process with the availability
of more carriers to participate. This results in red (blue) shifting of the absorption peaks. On the
other hand, the absorption of fringe smaller (larger) QDashes, corresponding to higher (shorter)
transition energies of the MD (LD) group, may saturate or fade with increasing temperature due to
fewer Gaussian distributed DoS (i.e., at its tail) and availability of carriers. Hence, these processes
assist in red (blue) shifting the MD (LD) group absorption peaks with increasing temperature and
finally couple into a single peak indicating highly coupled MD and LD ensembles. It is to be noted
that temperature dependent QDash transition energy shrinkage (i.e., red shifting of absorption
peak) would also affect both of these major absorption peaks, however, Fig. 2(b) indicates that the
qualitative model discussed above ultimately dominates. Furthermore, it is noteworthy to mention
here that uniform carrier distribution among the Qdashes could also possibly explain the exhibited
broadened absorption peaks as well as their reduced A« values as the carriers are now more
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Fig. 8. (a) The obtained extinction ratio at different wavelengths under applied voltages of —2, —4,
and —8 V. The left inset shows the measured spectrum of the TL tuned at ~1510 nm after being
transmitted through the QD-WG while being biased with different voltages. The right inset depicts the
extinction ratio for the same wavelength for the different applied voltages. (b) The FP resonance shift
exhibited as the reverse bias voltage is changed from 0 to —4 V. (c) The extracted change in refractive
index and chirp factor as functions of the applied reverse voltage.

spread across different size Qdashes of the ensembles rather than being concentrated in certain
Qdashes, which was the case at lower temperatures.

To further demonstrate the potential of utilizing this structure as an EAM, the ER was obtained for
applied reverse voltages of —2, —4, and —8 V, and are shown in Fig. 3(a) for different wavelengths
across the whole window of investigation. This was carried out by measuring the lasing spectra
of the transmitted emission of the TL through the QD-WG’s cavity under different applied reverse
bias voltages. For instance, the left inset of Fig. 3(a) shows the transmitted emission spectra when
the TL was tuned to ~1510 nm at 15 °C under applied reverse bias voltages of —2, —4, and -8 V
alongside the unbiased case (0 V). A maximum ER of ~15 dB was obtained under an applied
voltage of —8 V with respect to the unbiased case while the —2 and —4 V cases showed ERs
of ~3.5 and ~7.5 dB, respectively. The right inset of Fig. 3(a) depicts the ER at ~1510 nm as a
function of the applied reverse bias voltage and electric field and exhibiting a near-linear relation.
Furthermore, Fig. 3(a) shows a very minimal variation (+0.5 dB) in the measured ERs through-
out the whole window of investigation (~1460—-1615 nm) demonstrating the potential broadband
wavelength operation, besides exhibiting robustness and flexibility of employing this structure in
EA modulation with uniform performance independently of the wavelength.

When compared to previous reports in literature, as summarized in Table 1, the QD-WG under
investigation shows better results than QDot structures. For instance, The InGaAs/GaAs QDot de-
vice that was reported [9] showed the best ER 10.5 dB at 1300 nm when biased at —8 V compared
to the ~15 dB ratio, which is obtained from QD-WD at the same applied voltage. Nevertheless,
QWell structures have shown superior EA characteristics when compared to the QDash structure
under test here. For instance, a 17-dB ER was achieved over a multiple-QWell InGaAsP/InP
structure emitting around 1540 nm while biased at —3 V [3]. This can be explained by the weaker
confinement of QDash structures, and the corresponding localization of the wavefunction, which
results in a greater shift in the edge of absorption under applied electric fields compared to QDots,
yet still lower than QWells. QDots typically are associated with much lower overlap/confinement
factors (I') compared to QWell structures due to their higher degree of quantum confinement,
which in turn, limits the effective absorption ( aes = T'@) since larger portions of the light travels
and transmits outside of the active region’s boundaries. More significantly, QDots have been shown
to exhibit a much weaker (linear) dependence of the QCSE edge-of-absorption shift on the applied
electric field when compared to the quadratic relationship in the case of QWells [1, 25]. QDashes
on the other hand, possess higher I' compared to QDots, yet lower than QWells, due to their
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weaker quantum-confinement lying between QDots and QWells. For instance, the multiple-layer
QDot structure in [11] showed a very low I' = 0.01 whearas the QD-WG has I' = 0.03. Higher
" values of QDash structures allow more absorption to take place as the light beam propagates
through the waveguide of larger active region volume compared to QDot counterparts, with the
application of electric field. Moreover, the probability of photon assisted tunneling also increases in
the QDash case, thus assisting in an increased absorption [23, 24, 26]. This explains why adding
the ten QDot layers in [10] improved the EA performance as it increased I', and ultimately the
absorption of the structure, in addition to increasing the probability of photon assisted tunneling
and absorption instances to take place. In addition, having multiple layers increases the aggregate
dependence of the QCSE on the applied electric field [25]. Hence, the QDash structure under test
here shows a great potential as an EAM, thanks to the superior EA characteristics to QDots. In
other words, QDash as an EAM could provide high ERs similar to that of QWell structures while,
simultaneously, providing the broad wavelength range of operation feature of QDots.

3.2 Electro-optic characteristics

Next, EO measurements were also conducted on the same structure to explore its properties in EO
modulation. To that end, the voltage-dependent shift of the Fabry-Perot (FP) resonances exhibited
by the structure under different bias voltages was measured and is depicted in Fig. 3(b). This
measurement was performed by finely sweeping the emission of the TL (30-pm step size) over
a 1.68-nm window near ~1505 nm, while measuring the detected power at each step. Fig. 3(b)
shows a FP blue shift of 68 pm and 131 pm at a reverse bias voltage of —2 V and —4, respectively,
compared to the 0 V bias case. Thereafter, the well-known FP transmission equation was used to
extract the refractive index (n) of the QD-WG, given by [27]:

(1—R)?eot

(1 — Re~et)? + 4Re—wlsin? (21Lt)

POUIZB'

(2)

where P, and P, are the output and input powers through the cavity, respectively, R is the mirror
reflectivity of the laser cavity, «; is the loss coefficient of the structure, L is the cavity length, and A
is the wavelength. It is worth mentioning here that double the cavity length was used here for L in
order to account for the round trip of the injected and reflected beam. As such, n was solved for in
(2) under each applied reverse bias voltage, and thereafter Anwas calculated with reference to the
0 V bias case. The obtained An value is shown in Fig. 3(c) as a function of both the applied reverse
bias voltage and corresponding electric field. A maximum refractive index change of An = 2.9 x
10~* was obtained at 4 V (11.1 kV/cm) with a An/AV = ~0.5 x 10~* V~'. This value is higher than
QDot structures operating at the same wavelength window and operating conditions of —4 V, which
showed a An = 1.3 x 10~* around ~1500 nm with a An/AV of 0.33 x 10~* V~'. On the other
hand, QWell based structures have again shown higher An values and An/AV rates compared to
the QDash structure. For example, a An as high as 1.5 x 102 was reported over an InGaAsP/InP
three-step QWell structure emitting around 1500 nm with a An/AV of 2.8 x 1074V~ [6].

Another important parameter for an EOM is the chirp factor An/Ak = 4z An/)AA« that is ex-
pected to be low as it ensures high contrast ratios in EOMs (for instance Mach—Zehnder modulators
(MZM) [6]) thereby enabling high-data rate communication. Hence, An/Ak for the QDash structure
was also extracted from the measured An and A« values and is shown in Fig. 3(c). This value
is found to be 0.9 and 1.5 at —2 V and —4 V, respectively, which complies with the low chirp
factors of QWell structures such as the ~1.1 chirp factor that was reported over the QWell-based
EAM integrated with a distributed feedback (DFB) laser in [28]. Hence, this analysis suggests that
the QDash structure’s EO characteristics again remain in between QDots and QWells in terms
of performance. This comprehensive investigation of EA and EO characteristics of QDash further
affirms the quasi-zero-dimensional DoS feature with performance in between QDot and QWire
nanostructures that we have proposed before [18].
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4. Conclusion

We investigated both the EA and EO characteristics of a chirped multi-stack broadband InAs/InP
QDash structure. The EA characteristics initially showed two major peaks of change in the absorp-
tion coefficient around 1545, and 1590 nm. However, with increased temperature, the longest two
peaks started to gradually shift and merge into a single peak around 1580 nm. The device has
shown great EA characteristics in the form of a high extinction ratio of (~15 dB) at a drive voltage
of —8 V consistently across a broad wavelength range (1460-1620 nm). We also analyzed the
EO characteristics of the structure; In terms of the change of refractive index and its efficiency,
the device demonstrated An = 2.9 x 107% at —4 V (11.1 kV/cm) with a An/AV = ~0.5 x
10~* V~'. In other words, the QD-WG combines advantages showed by QWell (excellent EO and
EA characteristics) and QDot (ultra-broad range of operation) structures. Furthermore, the device
also showed a low chirping factor of 0.9 and 1.5 at —2 V and —4 V, respectively. These results show
the potential of utilizing the structure as both an EAM and an EOM with excellent performance in
unified next generation passive optical network (NG-PON) infrastructures.
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