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Abstract—We present a new electroabsorption modulated laser
based on a lumped configuration, identical epitaxial layer scheme,
and a new low-permittivity planarization method. The design of
the device is intended to offer a high modulation frequency using
a simple and cheap fabrication process. A thick-film of HSQ spinon coating was used to planarize the device and enable a low
capacitance contact to the p-side. A 6-µm-thick planarized HSQ
layer was fabricated and used to implement the electrode to the
electroabsorption modulator.
Index Terms—Electroabsorption modulator, electroabsorption
modulated laser, identical epitaxial layer, side-wall grating, lowpermittivity material, thick-film HSQ planarization

I. I NTRODUCTION
An electroabsorption modulated laser (EML) comprises a
distributed feedback (DFB) laser and electroabsorption modulator (EAM), integrated monolithically into the same chip.
Such sources are attractive because of their compact size, low
drive voltage, stable operation and capability to provide highfrequency modulation [1], [2]. EMLs are becoming widely
used in long-haul optical communication systems, but the
technologies of wavelength division multiplexing (WDM) and
high data rates per channel are now required in local area
networks (LANs) such as passive optical networks (PONs)
supporting 40 Gb/s [3]. There is therefore substantial interest
in developing low-cost EMLs and WDM laser arrays to support higher data capacity in LANs [4], [5]. The operation of the
EAM is based on the quantum confined stark effect (QCSE)
and, in the so-called identical epitaxial layer (IEL) scheme, a
common multi-quantum well (MQW) structure is used by both
the laser and the EAM [1], [6]. This provides a fast, simple,
cost-effective and regrowth-free route to fabrication [1], [7].
The material used in this work is a p-i-n structure grown
using the AlGaInAs/InP material system, which was designed
for C-band operation (wavelength range 1530-1565 nm). The
high characteristic temperature of AlGaInAs MQW lasers
provides a solution for uncooled EML operation [1], [6]. This
is due to the larger conduction band offset in this material
system (∆Ec = 0.72∆Eg) compared to that of the more
conventional InGaAsP/InP system (∆Ec = 0.4∆Eg) [6], [8],
[9].
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Integrating an EAM monolithically using the IEL scheme
restricts design flexibility in terms of material compositions
and thicknesses. The EAM is conventionally implemented using a lumped element – the so-called lumped electroabsorption
modulator (LEAM). Although the design provides simple and
low-cost fabrication, it results in a high electrode capacitance,
which in turn limits the maximum modulation frequency. The
capacitance is directly proportional to the area of the lumped
element, which is usually configured with either a circular or
rectangular pad. The minimum pad area is constrained by the
diameter of the bond wire; generally, a pad size of double that
of the bond wire diameter is required.
The capacitance can be reduced by using a low-permittivitymaterial as the insulator for the bond pad which can also provide the necessary planarization. Conventional planarization
methods such as those based on BCB (benzocyclobutene) or
polyimide materials are difficult to apply or are incompatible
with some photonic integration steps [10]. Another option,
Hydrogen Silsesquioxane (HSQ) planarization is commonly
used in standard integrated circuits for multilevel metal interconnects [11]. Its chemical similarity to SiO2 has led to
it being identified as a material for low-k applications [12].
Based on the spin-on coating technique, film thicknesses up
to 800 nm in a single spin can be achieved. Thicker dielectricfilms of up to 10 µm can be planarized using the method
explained in [10], [13].
Here, an EML device is designed and fabricated based on
the IEL scheme and thick HSQ planarization using low-cost
and simple fabrication steps. The design allows the bond-pad
capacitance to be minimized to achieve the highest possible
modulation frequency.
II. D ESIGN AND D EVICE S TRUCTURE
A schematic of the device is shown in Fig. 1, where both
the DFB and EAM have a single common ridge waveguide
of 2.0 µm width and are separated electrically by a 40µm-long isolation section. The Bragg grating for the DFB
laser is implemented with a side-wall grating (SWG), as this
approach is simple and flexible and the lasers are capable of
delivering powers > 10 dBm [6], [14], [15]. The coupling
coefficient κ of the grating is evaluated based on a set of
simulations and analytic calculations. Figure 2 shows the
simulated κ value as a function of the recess depth. Based

Fig. 1. Schematic of the EML device.

on this curve, the grating was designed with a 0.4 µm depth,
which provides κ equal to 79 cm−1 . The required length
of the DFB cavity was determined by considering the κL
factor using the power reflectivity relation R = tanh2 (κL)
[16]. The curve, plotted in Fig. 3, indicates a length of 400
µm corresponds to κL = 3.2 and this was adopted for the
design. However, it is found experimentally that the reactive
ion etching (RIE) lag effect in dry-etching can reduce κ
substantially [17], therefore lasers with 500-µm- and 600-µmlong cavities were also fabricated. A first-order Bragg grating
was used, with a quarter-wavelength-shift placed at the centre
of the DFB cavity to ensure single-mode lasing (Fig. 6(a)).
In order to ensure reliable laser operation, the DFB ridge was
shallow-etched. This avoids non-radiative recombination at the
sidewalls and minimizes overlap between the optical mode
and the side-wall edges, which would result in high scattering
losses.

Fig. 3. Optical power reflectivity as a function of DFB cavity length for a
ridge waveguide designed with a 0.4 µm recess depth.

Fig. 4. AlGaInAs/InP epi-layer structure.

Fig. 2. Coupling coefficient κ as a function of the recess depth for a
waveguide with 1.91 µm shallow-etch depth and 2 µm width.

In order to minimize the capacitance, the waveguide in the
EAM section is deep-etched. This constrains the junction area
of the EAM to be the same as that of the waveguide. The
active region of the material, shown in Fig. 4, consists of
five AlGaInAs quantum-wells (QWs) that are separated by
six AlGaInAs quantum-barriers (QBs). This waveguide core
is further sandwiched by upper and lower layers of graded
index (GRIN) to form a separate confinement heterostructure

with a total active region thickness of 0.21 µm. Accordingly,
2-µm-wide EAMs will have an intrinsic-capacitance of 1.12
pf-µm−1 . EAM lengths of 130 µm, 150 µm, and 170 µm were
fabricated.
The electrode of the EAM is designed with a circular pad
of 60 µm diameter integrated on a thick low-permittivity
insulator. The HSQ planarization method explained in [10],
is used to fabricate the insulating layer. This approach is for
the first time applied here to reduce the bond-pad capacitance
in this type of photonic integration. The overall capacitance of
the EAM was calculated as a function of the HSQ thickness
and the –3 dB cut-off frequency was estimated for a 50 Ω
impedance driver. Figures 5(a) and 5(b) show calculations for
the EAM capacitance and modulation frequency respectively.
The results indicate that increasing the thickness of the HSQ
film from 1 µm to 6 µm can increase the modulation frequency
by a factor of 1.6.
III. FABRICATION
The common ridge waveguide of the EML was first dryetched to define a 1.91-µm-high ridge waveguide. The Alcontaining cladding layer above the active region (Fig. 4) was

Fig. 5. (a) Total capacitance produced by the EAM as a function of the planarized HSQ thickness, and (b) the estimated modulation frequency calculated as
a function of the planarized HSQ thickness.

used as a dry-etch stop-layer by adding O2 to the dry-etch
gas mixture. In the EAM section, an additional etching stage
was used to realize a deep-etched ridge. Figure 6(a) shows
the shallow-etched DFB SWG, and Fig. 6(b) shows the deepetched EAM ridge waveguide.

Fig. 7. Sample surface after HSQ planarization.
Fig. 6. SEM images for the (a) DFB grating achieved with shallow etch, and
(b) the integrated EAM ridge with deep etch.

The isolation section between the DFB laser and the EAM
was realized by dry-etching the sample to a depth of 0.24 µm
to remove the uppermost GaInAs, 1.4Q, and 1.2Q layers. An
HSQ planarized film of 6 µm thickness was achieved with five
stages of spin-on coatings. After spinning each layer of HSQ,
40 nm of SiO2 was deposited using plasma-enhanced chemical
vapor deposition (PECVD). Figure 7 shows the sample surface
after finishing the HSQ planarization; the figure identifies the
DFB laser, isolation section, EAM, and the planarized area.
Furthermore, a cross-section of the planarized HSQ is shown
in Fig. 8, which indicates the film thickness, distribution, and
the position of the HSQ film with respect to the EAM ridge
wall.
The p-contacts to the DFB and the EAM were implemented
by depositing 30 nm of Ti followed by 33 nm of Pt and
240 nm of Au. The substrate was then thinned manually
to leave a device thickness of 120 µm. The n-contact was
created by depositing successive layers of Au/Ge/Au/Ni/Au
with thicknesses of 14/14/14/11/240 nm respectively. Finally,
the sample was annealed at 380 ◦ C for 60 seconds using rapid
thermal annealing (RTA). The final device is shown in Fig. 9.

Fig. 8. Cross-section SEM image for the planarized HSQ film.

IV. C ONCLUSION
In conclusion, an EML device has been designed and
fabricated based on a combination of the IEL scheme, SWG
ridge waveguide, lumped electrode, and a novel planarization technique. By using regrowth-free fabrication processes
to reduce the cost of manufacturing, the device should be
commercially viable in mass deployment applications such
as PONs. A WDM array of the devices can be integrated

Fig. 9. Final result of the device fabrication.

monolithically with precise wavelength spacing to increase the
data capacity. A new planarization method, based on HSQ
spin-on coating, has been used for the first time to integrate
the bond-pad. The method was implemented using a simple
process with no need for high-temperature annealing or etchback processing and can be used for film thicknesses up to 10
µm. Simulations show this is a promising route for reducing
the bond-pad capacitance and can increase EML modulation
speeds to ∼ 20 GHz using a lumped electrode.
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