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Abstract: We demonstrate holmium-doped DFB lasers monolithically integrated on silicon.
Single mode lasing at wavelength from 2.02 to 2.10 um with 15 mW maximum output power are

reported. This work extends silicon-photonic microsystems beyond 2 pm. © 2018 The Author(s)
OCIS codes: (130.3120) Integrated optical devices; (140.0140) Lasers and laser optics; (230.5750) Resonators.

Wavelengths in the region of >2.0 pum have multiple atmospheric transmission windows, strong water absorption,
and highly efficient mid-infrared (IR) frequency conversions. Hence, laser sources at these wavelengths enable a
wide range of applications in the fields of medicine, LIDAR systems, remote sensing, trace-gas detection, and mid-
IR wavelength generation [1, 2]. Thulium doped waveguide lasers operate most efficiently around 1.9 pum [3-5],
while their efficiency at longer wavelengths is significantly reduced because of the diminishing emission cross-
section of thulium doped gain media. In contrast, holmium doped lasers have an emission spectrum spanning from
1.95 to 2.15 um, allowing for signal generation in this longer wavelength range [6-8] with a potential to be in-band-
pumped using mature thulium laser technology [7].

In this paper, we demonstrate a holmium-doped distributed feedback (DFB) laser fabricated on a wafer-scale
silicon photonics platform. We achieve single-mode lasing at wavelength longer than 2.02 pum with a side-mode
suppression ratio of larger than 50 dB. The maximum on-chip lasing power is 15 mW with a slope efficiency of
2.3%. In addition, lasing wavelength control within the gain bandwidth of Al,O3:Ho®** film is demonstrated by
changing the gain film thickness. This is, to the best of our knowledge, the first holmium-doped integrated laser
demonstrated on a complementary metal-oxide-semiconductor (CMOS)-compatible silicon photonics platform.

A wavelength-insensitive waveguide design [9] is used as gain waveguide of laser, which consists of five SisNa4
bars buried under SiO, with a layer of Al,O3:Ho®* deposited on top, as shown in Fig. 1(a). The width and separation
of the SisN4 bars are optimized to provide high mode confinements within the Al,Os:Ho®* film. The refractive
indices of the materials at 2 um are listed in Fig. 1(b). The TE field intensities of the fundamental mode at both the
pump and signal wavelengths are shown in Fig. 1(c). A perspective view of the DFB laser is illustrated in Fig. 1(d).
The lateral gap between grating and gain waveguide is designed to be 450 nm, and the grating width is chosen to be
260 nm to provide enough feedback at the designed laser wavelength. The total length of the cavity is 2 cm. The nest
of the guided mode is calculated to be1.552 at 2100 nm. Therefore, the corresponding grating period (a) can be
calculated using A/2nef. The transmission response of the DFB cavity is calculated by using transfer matrix method
[10], as shown in Fig. 1(e). The lasers were fabricated in a state-of-the-art CMOS foundry. Al,O3:Ho®* thin film is
deposited at the top as a back-end-of-line process [11]. An SEM image of the SisN4 layer is shown in Fig. 1(f).
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Figure 1. (a) Cross-sectional view of the laser waveguide. (b) Refractive indices of the waveguide materials. (c) Transverse-electric (TE) field intensities for the
fundamental mode at both the pump and signal wavelengths. (d) A 3D illustration of the DFB laser (not to scale). () Transmission spectrum of the designed DFB
cavity at 2100 nm. (f) An SEM image of the Si3N, pattem (top view).
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Figure 2. (a) Ho* ion energy level diagram. (b) The characterization setup. (c)(d) The output spectra of the DFB lasers at 2051 nm and 2101 nm. (¢)(f) DFB laser

output power with respect to on-chip pump power and absorbed pump power (near lasing threshold). (g) Lasing wavelength control by changing the gain film
thickness. (h) Comparison of lasing wavelength from simulation and experiment.

The Ho® ion energy diagram is shown in Fig. 2 (a). Pumping of the “I7 level can be addressed by 1.12 pm laser
diodes [8] or ytterbium fiber lasers [12]. Alternatively, the 517 level can be accessed by thulium lasers with a higher
quantum efficiency. The characterization setup of the lasers is shown in Fig. 2(b). Two DFB lasers are designed with
grating periods of 659 nm and 677 nm, corresponding to wavelengths around 2051 nm and 2101 nm, respectively.
The measured lasing spectra of the DFB designs are shown in Fig. 2(c) and (d). The maximum on-chip output power
was measured to be 15 mW, as shown in Fig. 2(e). The output power was measured from a single side of the laser
with the fiber-to-chip coupling loss excluded. We obtained a slope efficiency of 2% and a lasing threshold of
130 mW. The lasing power near the threshold with respect to absorbed pump power is shown in Fig. 2(f),
demonstrating a lasing threshold of 50mW and a slope efficiency of 2.3% with respect to the absorbed pump power.
Furthermore, based on the same grating designs, by changing the gain film thickness from 1.14 pm to 0.91 um
through reducing the sputtering time in a new deposition run, we achieved lasing wavelength shifts from 2050.2 nm
to 2022.7 nm and 2101.4 nm to 2072.6 nm, respectively, as shown in Fig. 2(g). Besides, the comparisons of lasing
wavelengths between simulation and experiment are shown in Fig. 2(h), demonstrating an agreement within 1 nm.
The difference may be caused by the thermal shift of the device [13], or the Al,Os film thickness non-uniformity
along the DFB cavity [14, 15].

In summary, we have demonstrated holmium doped DFB lasers monolithically integrated on a silicon chip. Single-mode
lasers with wavelengths at 2051 nm and 2101 nm are obtained. By changing the gain film thickness, the lasing wavelength can
be shifted. With 1950 nm pumping, a laser output power of 15 m\W was measured with a slope efficiency of 2.3%.
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