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Abstract

:

The self-injection-locked diode laser can significantly reduce the linewidth down to a sub-100 kHz level but requires optical filtering that is much narrower than the laser cavity linewidth. Such optical filtering is usually sophisticated and beyond the capability of the normal dielectric coating approach. Here we develop a 0.16 nm narrowband dielectric coating using a Fabry–Perot dielectric filter (HFFPF) for the narrow linewidth self-injection-locked laser demonstration using a cost-effective Fabry–Perot laser diode. Single-longitude-mode output is achieved, with beat linewidth down to ~66 kHz and a high side mode suppression ratio over 60 dB. This setup of self-injection-locked laser is cost-effective for mass production and thus is suitable for various applications such as laser ranging, LIDAR, optical communication, and holographic.
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Narrow-linewidth lasers with a sub-100 kHz linewidth play an important role in laser ranging [1], LIDAR [2], optical communication [3,4,5,6,7,8,9] and holographic applications [10]. Such narrow-linewidth lasers can be achieved by the self-injection locking of a diode laser to a narrowband filter [11,12,13,14,15,16], where the laser light is directed through the filter and fed back to the laser cavity. This narrowband filtering is normally achieved using diffraction grating [17], volume Bragg grating [18], or a high-Q resonator [19]. In comparison to the above filtering methods, dielectric filtering is more widely used for other optical applications [20] for its low cost in mass production and compact size. However, it is difficult to fabricate a dielectric filter with a bandwidth lower than 1 nm, which is comparable to or broader than the cold cavity bandwidth of a diode laser [21]. Therefore, the application is limited for the narrow-linewidth laser realization using the dielectric filters.



In this paper, we demonstrate a compact narrow-linewidth diode laser that is self-injection-locked to a dielectric-coated high-finesse Fabry–Pérot dielectric filter (HFFPF) with a beat linewidth of ~66 kHz. This HFFPF features in a narrow full-width half-maximum (FWHM) bandwidth of 0.16 nm and a large free spectrum range (FSR) of 11.2 nm. Taking advantage of the HFFPF, a single-longitudinal-mode lasering is achieved, with a high side-mode suppression ratio of over 60 dB. The key innovation is that besides the two high-reflection layers, the resonance cavity layer is also fabricated through the ion-assisted deposition method in the HFFPF; hence, the high reflectivity and thin resonance cavity thickness are achieved at the same time. In a single batch of coating, we fabricated a large number of HFFPFs that can be used for ~23,000 narrow-linewidth lasers, demonstrating its extraordinary mass production capability. Our result shows a new approach for narrow-linewidth laser fabrication with a low requirement for the laser diode (LD), thus reducing the system cost and enabling mass-production capability, which would push forward its practical application in the relevant fields.



For Fabry–Pérot laser diodes (FP-LD), the FSR is normally in the order of sub-nanometer, which is smaller than the semiconductor gain bandwidth. A free-running FP-LD is thus usually lasing in multi-longitudinal modes. Here, we choose to use a Fabry–Pérot (FP) cavity for the self-injection locking of an FP-LD, not only to narrow the laser linewidth but also to achieve single-longitudinal-mode lasing.



In an FP cavity [22], the transmission bandwidth   Δ ν   is calculated by   Δ  ν c  = Δ  ν  F S R   / F  , where the F is the finesse of the FP cavity and the FSR   Δ  ν  F S R     is related to the cavity thickness t, by


  Δ  ν  F S R   =  c  2  n g  t    



(1)




where ng is the group refractive index of the resonance cavity layer, and c is the light speed. It is beneficial to have a large FSR and a small bandwidth for the self-injection locking laser based on the FP cavity for achieving a single-longitudinal-mode lasing and a narrow linewidth, respectively. We developed a dielectric coating method, which can realize the large FSR through a thin resonance cavity layer and the small bandwidth through a pair of high-reflection coatings on both sides of the resonance cavity layer.



In the experiment, we use the ion-assisted deposition (IAD) [23] method to fabricate the FP cavity, where a thickness accuracy of ~1 nm can be achieved with precise control of the deposition time. As shown in Figure 1a, high-refractive films using eight-layer pairs of Ta2O5 and SiO2 are first deposited on the 8-inch BK7 glass circular substrate, with an effective thickness of 1/4 λ for each layer. Then ~12 μm Ta2O5 is deposited on the refractive film as the resonance cavity layer; hence, the theoretical FSR is ~11.8 nm. Finally, more eight-layer pairs of Ta2O5 and SiO2 with the same reflectivity are deposited on the cavity layer as the second reflective layer. For the 97%-reflectivity layer, the corresponding finesse is ~103.1; hence, the theoretical full-width half-maximum (FWHM) bandwidth is   ∆ ν   = 0.114 nm. In our fabrication, 10 pieces of 8-inch HFFPF are coated in the same batch, and 3 mm × 3 mm square blocks of HFFPF are sufficient for the self-injection locking experiment. Therefore, ~23,000 narrow-linewidth lasers can be made from a single batch of coating, which is beneficial for mass production (In this estimation, we considered the edge effect for coating and only used the central area with a diameter of 197 mm in each wafer for HFFPF fabrication).



Then, we measure the transmission spectrum of the HFFPF using a tunable external cavity diode laser (DL PRO, TOPTICA Photonics AG, Munich, Germany) with a linewidth of 10 kHz. The measurement setup is shown in Figure 1c, where the fiber-coupled laser beam is directed to a 50:50 fiber coupler for the separation into two output ports. One port is connected to a wavelength meter (WS Ultimate, High Finesse GmbH, Tübingen, Germany) for the precise monitoring of the laser wavelength during the tuning. The laser beam in the other port is used for the HFFPF transmission measurement, which is collimated into free space by an aspherical lens and further split by a 50:50 cubic beam splitter. The transmitting beam is focused onto the HFFPF and then detected by a photodetector (PD). The reflecting beam is detected by another PD for the intensity normalization against the laser power fluctuation during the scanning process, with a wavelength sweeping from 772.5 nm to 785.5 nm. The measured HFFPF transmission is plotted in Figure 1b, and the FSR is measured to be 11.2 nm. There is a small deviation between this value and the theoretical one. It is because to achieve resonance at 785 nm, the actual resonance cavity thickness must be slightly larger than 12 μm. The transmission peak is further zoomed-in in the inset of Figure 1b, where its FWHM bandwidth is fitted to be 0.164 nm. Compared to the theoretical value, the experimental bandwidth is broadened because the actual reflectivity, due to fabrication deviation, is slightly lower than 97%.



For the laser source in the self-injection, we use a low-cost FP-LD with a TO-can package working at around 785 nm. With a 102.6 mA driven current supplied by a commercial constant-current laser driver module, it has an output power of 49.8 mW. Then we build the self-injection locking setup, as schematically shown in Figure 2. The LD output is first collimated by an aspherical lens, with the beam waist on a 90%-transmissivity partially reflecting mirror, which is used to generate feedback for the self-injection locking. The HFFPF is inset between the aspherical lens and the mirror as a narrowband filter for the laser feedback. It is tilted slightly to optimize the longitudinal mode matching between the HFFPF and the LD cavity and to avoid unwanted feedback from the direct reflection from the HFFPF surface. Another aspherical lens is used to couple laser output into a single-mode fiber. In this laser, the distance between the LD and the partial-reflection mirror is 5 cm; hence, the FSR for this external cavity is ~0.0062 nm. However, due to the low reflectivity, the finesse F’ of the cavity is only ~1.1. So, the HFFPF is necessary for this cavity for frequency filtering to achieve a single-longitude-mode output for the self-injection locking laser.



Then we characterize the output spectrum of the self-injection-locked laser. For comparison, we first measure the free-running spectrum of the LD using an optical spectrum analyzer (OSA, AQ6374, YOKOGAWA, Tokyo, Japan), and the result is shown in Figure 3a. The spectrum of the LD before the self-injection locking has several peaks between 784 nm and 786 nm, which shows a multi-longitudinal-mode output. After that, the output spectrum of the self-injection-locked laser is measured. Unlike the multi-longitudinal-mode spectrum in the free-running case, the spectrum presents a clean Lorentz-type single-longitudinal-mode spectrum peaking at 783.4 nm, as shown in Figure 3b. The side modes are compressed well over a large range from 770 nm to 800 nm, with a side-mode suppression ratio of over 60 dB. The wavelength difference between the first side-mode peak and the center one is 11.1 nm, which is consistent with the FSR of the HFFPF. The same spectrum is plotted in logarithmic scale in Figure 3c, and its linewidth is limited by the OSA resolution of about 0.05 nm.



Then, the laser linewidth is measured more accurately using the optical heterodyne measurement [24]. Two self-injection-locked lasers are built for this measurement, with the setup shown in Figure 4a. Two pieces of HFFPF from the same batch are used for these two lasers, and the laser outputs are mixed using a 50:50 fiber coupler for the heterodyne measurement. The OSA is used for a coarse match of the laser frequencies by monitoring the spectrum of one output port. By tuning the LD temperature of one laser, we overlap the spectra of the two laser outputs within the 0.05 nm resolution limit of the OSA. Then we can see the beating signal from the photocurrent of a photodetector linking to the other output port using a real-time spectrum analyzer (RTSA, RSA306B, Tektronix). By setting the beating frequency at around 4.195 GHz, we plot the beating signal in Figure 4b, which shows a sharp RF peak. The inset is a zoom-in of the beating spectrum, and the FWHM bandwidth of the peak is fit to be about 66 kHz. Assuming the two self-injection-locked lasers have the same linewidth, the linewidth of a single laser can be estimated to be 46.7 kHz.



In conclusion, we develop an IAD coating method to demonstrate a high finesse Fabry–Pérot filter with a bandwidth down to 0.16 nm, and a sub-100 kHz narrow-linewidth laser is built using an HFFPF. A high side-mode suppression ratio of 60 dB is measured using only a low-cost FP laser diode. This method greatly simplifies the narrowband filtering in the self-injection-locked laser fabrication and is thus beneficial for mass production. Here, the laser linewidth is limited by the current HFFPF finesse at 70, which may be further increased using reflecting layers with higher reflectivity, where even narrower laser linewidth can be expected. Meanwhile, the current setup size is limited by the TO-can packaged laser diode. By using a non-packaged laser diode chip, the HFFPF can be placed on the chip facet directly without the lenses for beam shaping, and a much more compact setup can be expected for practical applications.
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Figure 1. (a) Structure of the HFFPF. The dark blue layer is the glass substrate, and the two yellow layers are high-reflection films, while the blue layer is the resonance cavity formed by 12-μm Ta2O5. The inset shows the structure of the high-reflection film, which is formed with eight-layer pairs of Ta2O5 and SiO2, with a designed reflectivity of 97%. The Ta2O5 and the SiO2 layers are marked in blue and pink, respectively. (b) The measured transmission spectrum of HFFPF. (c) The setup diagram for the transmission spectrum measurement. L: aspherical lens; BS: beam splitter; PD: photodetector. 
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Figure 2. Setup of the self-injection-locked laser using the HFFPF. LD: laser diode; L: aspherical lens; HFFPF: High finesses Fabry–Pérot filter; M: 90 %-transmissivity partial-reflection mirror; SMF: single mode fiber. 
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Figure 3. (a) The free-running spectrum of the laser diode. (b) The spectrum of the self-injection-locked laser diode. (c) The spectrum in the logarithmic scale. 
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Figure 4. (a) Setup for the heterodyne measurement. OSA: optical spectrum analyzer; PD: photodetector; RTSA: real-time spectrum analyzer. (b) Beating signal measured in optical heterodyne measurement. The black dots are measured data, and the red curve is its Lorentz fitting. In the zoom-in figure, f0 = 4.197 GHz. 
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