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Highly reliable lasers operating at elevated temperatures are attractive for a number of
uncooled applications. The AllnGaAs material system has been reported to be suitable
for such lasers in the past [1,2]. However, well controlled growth of this alloy with
various strained compositions still remains a challenge. This work presents the growth of
both lattice matched and strained AllnGaAs on InP using a state of the art As/P metal
organic chemical vapor phase deposition (MOCVD) planetary reactor. A detailed
investigation combining photoluminescence (PL) and X-ray diffraction (XRD) is
presented to fully understand the bandgap tuning with aluminum composition. The study
is applied to multiple quantum wells (MQOWs) stack for laser diodes emitting at 1550 nm,
for which simulations predict robust electro-optical performance up to 80 °C as
compared to standard layerstacks based on InGaAsP-MQOWs.

Introduction

In integrated photonics, where bandgap versatility is exploited, different material systems
are used for the implementation of modulators, semiconductor optical amplifiers and
lasers. The quaternary semiconductor systems InGaAsP (P-Q) and AllnGaAs (Al-Q) are
of great importance as their bandgap can be tunned to cover several spectral bands highly
relevant for optical communications (e.g. C-band for long-haul telecommunications and
O-band for datacenters). Both materials are widely used commercially, however Al-Q
alloy is of particular interest as it has demonstrated improved performances at higher
temperature operations [1, 2]. The AI-Q alloy has a larger conduction band offset
(AE/AE¢g=0.7) compared to P-Q (AEs/AE¢=0.4) thus resulting in better electron
confinement [3].

A reduction in threshold current density (Jm) for Al-QWs compared to P-QWs lasers
emitting at 1550 nm has been reported in theoretical work. [1] This is observed for both
varying compressive strain (0.0 — 1.5 %) as well as varying operating temperature (30 —
126 °C). Similarly, a buried tunnel junction (BTJ) based on InGaAs/AllnGaAs
superlattice demonstrates a stable single-mode lasing with threshold current < 1.3 mA
and output optical power > 6 mW and operation in a wide temperature range (up to 85
°C) [4]. Another work describes that an Al-Q based electro-absorption modulator (EAM)
with distributed feedback laser diode is suitable as a 10- and 40-Gb/s uncooled light
source. The authors report an extinction ratio of over 9 dB from -25 °C to 100 °C for 10-
Gb/s operation and 8.2 dB from -15 °C to 80 °C for 40-Gb/s operation [2].



The above reports present explicit device-level improvements, however these advantages
of the Al-Q system are not yet incorporated into InP-based photonic integrated circuits
(PICs) [5]. Current commercially available InP based PICs rely on P-Q and are reaching
maturity. The Al-Q system represents the next generation of InP PIC technology suitable
for high-operating temperatures, high integration density of components, and
heterogeneous integration of InP onto different substrates, where increased thermal
resistance is expected to be an issue.
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Fig. 1. Simulated results on Fabry-Perot laser power at different operating temperatures (20 — 80 °C)
for (a) Standard P-based laser and (b) New proposed Al-based laser layerstack design. Thermal roll-off
is only observed for the P-based MQW laser device.

In order to understand the potential performance of laser devices relying on Al-Q
layerstacks, we first carried out simulations of Fabry Perot laser cavities (length = 4.5
mm, waveguide width 2um). In Fig. 1, the electro-optical performance of such laser
devices is compared by measuring the optical output power for different temperatures
(20, 40, 60 and 80 °C). The target MQW layerstack is based on AllnGaAs QW/QBs,
whereas the reference MQW layerstack is based on InGaAsP QW/QBs. The number of
QW/QB remains the same. As it can be observed, a more robust electro-optical
performance (i.e. without thermal roll-off) can be observed for the Fabry Perot laser with
Al-based MQW gain medium, when compared to P-based MQWs stack. Further
performance of the designed lasers is out of the scope of this paper. The work then focuses
on the epitaxial growth of Al-Q bulk on InP substrates. The growth conditions are
carefully monitored to establish both lattice matched and strained Al-Q. The work is
further extended to prepare AI-MQWs stack for laser emission at 1550 nm.

Experiments & Results

The bandgap engineering of Al-Q is mainly achieved by tuning the aluminum content
between Ino.s53Gao47As (0.76 eV) and Ino.s2Alo.4sAs (1.46 eV). A state of the art As/P G10
MOCVD planetary reactor by AIXTRON is used to prepare the samples. This next gen-
reactor has a 12 x 4” susceptor design and has an automated wafer handler for particle
control. Samples of bulk AlxIn(-xy)GayAs sandwiched between InP buffer and a cap with
varying Al-composition (x) are grown on 4” semi-insulating (Fe-doped) InP wafer as
depicted in Fig. 2(a). The group III elements are introduced using trimethylaluminum
(TMALI), trimethylgallium (TMGa) and trimethylindium (TMIn) as precursors, while for
group V elements, hydrides namely arsine and phosphine are used. The growth
temperature is 615 °C for all wafers, thanks to in-situ EpiTT that monitors the real time
surface temperature on the wafer. A standard growth pressure of 600 mbar is used for InP



and increased to 1200 mbar for Al-Q growth. Once the epitaxy conditions were tuned to
grow bulk AllnGaAs at 1550nm, the work was further extended to grow MQWs
layerstacks as shown in Fig. 2(b) usingsimilar growth conditions as mentioned above.
The stack includes several pairs of AllnGaAs quantum wells (QWs) to target 1550 nm
separated by AllnGaAs quantum barriers (QBs).
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Fig. 2. Schematics of layerstack containing (a) bulk AllnGaAs and (b) AllnGaAs/AliInGaAs MQWs;
(c) PL peak wavelength vs solid phase Al-fraction for bulk AllnGaAs, (d) Measured strain €% vs
solid phase In-fraction in AllnGaAs

The optical characterization of all wafers is performed using room temperature
photoluminescence (RT-PL) by exciting with a 532 nm laser with SmW optical power.
The measured PL emission at different Al-compositions is seen in Fig. 2(c) for bulk Al-
Q. The bandgap bowing compared to Vegard’s law has also been observed in literature
[6][7][8] and generally associated with alloy disorder [9] or difference in growth
conditions [10]. The experimental data is in close agreement with the bandgap
interpolation reported in [7]. The lattice mismatch, and QWs properties are measured
using high resolution X-ray diffraction (HR-XRD). The influence of changing In-
composition on strain can be seen in Fig. 2(d). Clearly for lattice matched composition
i.e. In (s) = 0.53 and (Ga + Al) = 0.47, the resulting strain € = 0. For increasing indium
i.e. less gallium the alloy has compressive strain (€ > 0%) while for decreasing indium i.e
more gallium, the alloy has tensile strain (€ < 0%).

The PL and strain dependence on Al- and In-composition respectively is then utilized to
grow a MQW:s stack for laser emitting at 1550 nm. A full wafer map of PL emission (L)
in the left of Fig. 3. shows the average PL emission at 1548 nm with an excellent
uniformity (¢ = 1 nm). The right side shows a PL spectra for a single point on the wafer
emitting at 1549 nm with an appreciable PL intensity of 2.7 V and full-with half-
maximum of 72nm. The wafer is further investigated by HR-XRD measurement. The
standard rocking curve was fitted to deduce the QWs and QBs’ thicknesses, whose
composition and strain were verified to be 4.8% of Al-content and 0.94% compressive
strain in QWs while -0.54% tensile strain in barriers..



Peak Laribda
1551'5 2500 1583.0 nm; 0.938Volt
15543 ol ] ' N f ]
1551.2 230 / ‘\ i
15400 JE R
\
hsase 1ra0) ) ]
1541 6 Aol ,,723
iss V1L A A 1
o i\
1535.2 oo 18034 1575.7
hs20 B | i\ 1
Fosldi S0 0000 | L [ e
D e X 1100 14500 14800 15300 15700 16100 16500 1Es00
11.037)

Wavelength [nm]
InSpec:1000%  Below 00%  Abover 00%

Fig. 3. Left shows full 4" wafer map for PL emission with 5 mm exclusion zone, right - shows the single
point PL spectra at 1549 nm.

Conclusions

This work demonstrates the growth of AllnGaAs alloy both in bulk and MQW design in
4” substrates for their use in the next-generation of integrated photonics platforms. A
detailed understanding for growth conditions is presented combined with a
comprehensive wafer characterization using PL and XRD.
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