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Abstract: We present a diode laser heterogeneously integrated with tantalum pentoxide waveguides on a
silicon substrate emitting 5 mW continuous-wave power per facet at 1020 nm wavelength with a 14 mA
threshold and a 22 dB side-mode-suppression ratio.
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materials

1. Introduction

Heterogeneous integration of group 111-V based quantum well or quantum dot active regions with passive integrated
photonic circuitry is a necessary step toward making scalable and stand-alone optical systems with low-cost and small
form factors [1]. Such monolithic platforms would enable the generation, amplification, manipulation, and detection
of coherent light signals for custom applications at desired wavelengths. Applications leveraging such a platform are
versatile, ranging from precise measurement, atomic clocks, and sensing to classical or quantum information
processing, and optical interconnects for data centers and telecommunications. Thanks to the telecommunication
applications and the maturity of Si photonic integrated circuitry (PIC), most of the focus on developing heterogeneous
diode lasers has been on wavelengths above the Si bandgap, mainly in the O- and C-bands [2, 3]. Nonetheless, with
increasing interest for applications at wavelengths below the Si bandgap (e.g., quantum information processing,
quantum sensing, atom-photon chips, etc.), it is necessary to replace the Si, or hybrid SiN/Si, Lithium Niobate/Si
platforms with large bandgap materials such as SisN4 or tantalum pentoxide (tantala, Ta2Os).

In this paper, we present the first heterogeneously integrated distributed feedback (DFB) laser with an InGaAs
quantum well active layer bonded directly on a patterned tantala laser cavity. Compared to low-loss stoichiometric
LPCVD-SisN4 previously used in heterogeneous diode lasers at near-infrared wavelengths [4], tantala has a lower
thermo-optic coefficient and lower residual stress while enabling comparable low-loss PICs with high quality-factor
microring resonators at near-infrared wavelengths below the Si bandgap [5, 6].

2. Fabrication

The InGaAs epitaxial layer stack, grown using molecular beam epitaxy (MBE) on a GaAs substrate, contains two
8 nm Ing21Gao.7eAs quantum wells (QWSs) separated by 10 nm GaAs barriers to form the active layers. The p- and n-
doped contact layers are GaAs:Be, and GaAs:Si, and are grown as the top and bottom layers of the epi stack,
respectively, in Fig. 1(a). A relatively thick layer of p-AlosGag.sAs (800 nm) and a graded-index separate confinement
heterostructure (GRINSCH) are grown on top of the QWs to vertically confine the optical mode at the vicinity of
QWs, decreasing the mode overlap with the p-contact layer while increasing the total gain and providing an evanescent
interaction with the underlying tantala PIC.

The DFB grating structure that forms the laser cavity is etched in a 300 nm thick tantala layer that is sputtered on
a thermally oxidized Si wafer with an SiO. bottom cladding thickness of 800 nm. The pattern is first written in a ZEP
520 positive-tone resist using electron beam lithography (EBL) and is subsequently transferred to the tantala film
using an inductively coupled plasma reactive-ion-etcher (ICP-RIE) using CHF3/CF4/Ar chemistry. The etch depth into
the tantala layer is approximately 100 nm, which corresponds to a grating strength of x = 47 cm™. After etching, the
tantala wafer is annealed at 500 °C in a pure dry air ambient for 5 hours to improve the optical quality of the film,
motivated by empirical evidence from [5]. The 76 mm diameter epi-wafer is then directly bonded to the patterned
tantala on Si wafer after depositing a few nanometers of alumina with atomic layer deposition and O plasma activation
of the bonding surfaces. Figure 1(b) shows an image of the bonded I11-V epi-layer to the patterned tantala wafer with
high area yield, after aqueous removal of the GaAs backside wafer with NH4OH/H,0, chemistry.
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Figure 1. Details of direct wafer bonding of 111-V InGaAs active layer to patterned tantala PIC. a) Layers of the 111-V
active layer. b) Bonded wafers after backside removal to remove the GaAs substrate and the sacrificial etch-stop layer. (c)
Cross-sectional scanning electron micrograph with false-color addition to highlight the I11-V and tantala layers. (d) Laser
waveguide transverse-mode electric field profile showing strong overlap with the quantum-well layers.

The laser fabrication process is followed by EBL-pattering (using negative-tone resist) and etching of the laser
mesas using SiCls/Ar chemistry. The laser-mesa etch is stopped after etching a few nanometers into the GaAs:Si n-
contact layer. The n-contact is also patterned and etched to ensure there is no 111-V slab left. After making ohmic
contacts to the n-doped GaAs, using electron-beam evaporated Pd/Ge/Au metal stack, the SiO; top clad is deposited
in an ICP-CVD chamber. Vias are opened in the top-cladding to deposit electron-beam evaporated Ti/Au p-contact
on the p-doped GaAs, followed by probe metallization. The dies including DFB laser bars are diced and polished for
further characterization.

Figure 1(c) represents the false-color cross-sectional scanning electron micrograph of the active layer bonded on
the patterned tantala waveguide layer after the laser mesa etch. The electric field profile of the fundamental transverse
electric mode in a structure similar to Fig. 1(c) with a laser mesa width of wa = 5 pum, tantala width of wi = 500 nm,
and height of hs = 300 nm is shown in Fig. 1(d). About 6% of the optical power is confined within the two quantum
wells.

3. Characterization

The laser devices are characterized by applying continuous current to the laser diode (see Fig. 2 (a)), while the
output power is measured using a wide-area photodetector. The voltage across the laser contacts is also monitored at
different applied current levels to record the diode-type behavior of the laser device. During the optical and electrical
characterization of the devices, the laser chip is mounted on a copper stage, the temperature of which is controlled
using thermo-electric coolers.

The LIV-curve for a DFB laser with an active length of L, =450 um, a laser mesa width of Wmesa = 5 um, at a stage
temperature of 20 °C is shown in Fig. 2(b). The corresponding optical spectrum of the DFB laser at 25 mA and 30
mA driving current is shown in Fig. 2(c) with blue and red curves, respectively. The threshold current in Fig. 2(b) is
14 mA, and the maximum power of 5 mW per facet (with two ideally identical facets) is achieved in a continuous-
wave (CW) single-mode laser at free space wavelength of A = 1020 nm, with a side-mode suppression ratio of 22 dB.
The single-mode operation of the laser indicates the interaction of the tantala PIC with the gain layer in the 111-V
epitaxial stack.
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Figure 2. (a) Cross-section schematic of the heterogeneously integrated laser. The black arrows indicate the laterally
injected current flow from the n-type to the p-type contacts with (b) LIV-curve and (c) the optical spectrum of the
DFB laser at a stage temperature of 20 °C. The active length of the DFB laser is Lacive = 450 um, and the laser mesa
width is Wmesa = 5 um. The optical spectrum of the DFB laser is shown at two different driving currents of 25 mA and
30 mA (resolution bandwidth is 0.05 nm). The side-mode suppression of the single-mode DFB is 22 dB.

4. Conclusion
The first heterogeneous DFB diode laser based on the integration of an InGaAs QW gain layer and patterned
tantala photonic integrated circuitry is demonstrated at a near-infrared wavelength of 1020 nm. The DFB laser features
a low threshold current of 14 mA and maximum output power of 5 mW per facet (with two ideally identical facets) in
a 450 um long DFB laser with a side-mode suppression ratio of 22 dB. The laser fabrication leverages a wafer-scale
integration of a I11-V InGaAs active layer with a passive tantala PIC on a single Si substrate through low-temperature
direct wafer bonding with high area yield.
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