Post-fabrication Phase Trimming of Mach-Zehnder Interferometers by Laser Annealing of Germanium Implanted Waveguides 
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We demonstrate a novel high-accuracy post-fabrication trimming technique to fine-tune the phase of integrated Mach-Zehnder Interferometers (MZIs), enabling permanent correction of typical fabrication based phase errors. The effective index change of the optical mode is 0.19 in our measurement, which is approximately an order of magnitude improvement compared to previous work with similar excess optical loss. Our measurement results suggest that a phase accuracy of 0.078 rad was achievable with active feedback control. © 2017 SIOM
OCIS codes: 130.3120 Integrated optics devices, 250.5300 Photonic integrated circuits.

INTRODUCTION
Silicon photonics is a promising technology for monolithic integration of photonic devices and advanced microelectronic circuits in a single chip. It has attracted great interest from both the academic community and industry. A huge amount of resources and effort have been put into silicon photonics research in the last decade. 
The Mach-Zehnder Interferometer (MZI) is one of the key components for silicon photonics circuits. It is widely used for modulation [1, 2], switching [3], filtering and sensing applications [4]. For most applications, the MZI needs to be working at a particular operating point to achieve optimum performance, where the phase difference between the two arms needs to be fixed. As an example, a symmetrical MZI modulator typically needs to be operated at the quadrature point for the best modulation efficiency [5]. However, this cannot be achieved with current fabrication technologies, because of the large phase error between the two MZI arms caused by variations of the fabrication process and wafer properties. Active thermal or electrical tuning is normally required during the operation of MZI, which consumes substantial additional power and increases the control complexity [5].
Post-fabrication trimming of the optical phase in a waveguide was investigated previously by several groups, primarily for tuning the resonance of ring resonators. Electron beam (E-beam) induced compaction and strain to the oxide cladding have been proposed to trim the peak resonance of silicon ring resonators [6]. However, the change of the effective index for optical mode is quite small (around 0.01), which limits the tuning range. E-beam bleaching of a polymer cladding was also proposed for more effective trimming [7]. In addition, ultraviolet (UV) [8] or visible light [9] were also used to tune the silicon micro-ring resonators with PMMA or chalcogenide glass claddings, respectively. However these methods lack universal CMOS compatibility. Surface amorphization and ablation of silicon waveguides with femtosecond laser was also demonstrated to trim the refractive index [10]. However, it’s a rather destructive method with very limited accuracy.
In previous work by Ackert et al. [11], they attempted to apply boron and silicon ion implantation in the silicon waveguide, and subsequently trim the refractive index by thermal annealing process. An effective index change of only 0.02 was achieved, which, however also induced a 30 dB/mm excess optical loss. In previous work we have achieved a much higher optical refractive index change [12] with germanium ion implantation at a higher dose, and the excess loss was kept at the same level. However, the whole implanted section was annealed altogether at the same time in the previous work. By adjusting the annealing temperature or laser power, the accuracy and repeatability of the phase trimming process was not satisfactory. There is a threshold effect during the annealing process and the relationship between the refractive index change and either the annealing temperature or the laser power are not linear.
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Fig. 1. Schematic illustration of MZI with Ge implanted waveguide in both arms and the localised annealing process using a scanning laser.
Therefore, in this paper, we propose a novel technique for high-accuracy post-fabrication phase trimming of silicon waveguides, in this case, within a MZI. A section of Ge implanted silicon waveguide was introduced to each MZI arm. Ge implantation in silicon breaks the chemical bonds and creates amorphous silicon, which has a much higher index than crystalline silicon. The lattice damage density and therefore the refractive index of the implanted region can then be reduced by localized laser annealing. In order to precisely trim the optical phase in the MZI arm, we use a scanning laser to sequentially anneal sections of the implanted waveguide. The optical phase is then controlled accurately by the length of the implanted waveguide that is annealed in each step by the scanning laser. This technique can also be applied to accurately trim the resonance wavelength of ring resonators.

DEVICE DeSIGN AND lASER ANNEALING
The device design is illustrated in Fig.1. It was fabricated using SOI wafers with a 220 nm top silicon layer and 2 m buried oxide. All the waveguides for the MZI arms are 500nm wide with 100 nm slab. 2×2 multimode interference (MMI) couplers are used as the optical splitter and combiner of the MZI. The MMI coupler is 44.8 m long and 6 m wide. A short taper (20 m in length) is used to connect the waveguide with the MMI coupler to enhance optical transmission. The devices were formed by a 120nm dry etch process. Grating couplers were used for light coupling between the devices and optical fibres. Only the TE mode was coupled to the waveguides for characterization. The devices are measured at a wavelength around 1560nm.
[image: Fig2]
Fig. 2. An optical microscope image of the Ge implanted waveguides on both arms of the MZI.
One Ge implanted waveguide section was introduced into each of the MZI arms as shown in Fig.1. A longer one (7 m long) was used for controlling the phase by partial laser annealing. A shorter one (2 m long) was used to balance the Si/amorphous Si transition loss at the interfaces of both arms. According to our calculation, there is about 1% loss at the interface. After fabrication of the grating couplers and waveguide devices, a 20nm thick PECVD oxide was deposited as a protective layer. Then an e-beam resist layer was deposited as a mask layer for the Ge implantation. According to our previous results [13], over 80% lattice disorder in silicon would give a refractive index change of 0.5. Ge implantation was carried out with an energy of 130 KeV and a dose of 1 × 1015 ions/cm2. The implanted depth is approximately 140nm into the silicon layer. 
For the ion implantation process, we have been limited to use ion species that are CMOS compatible. Furthermore, lighter ion species, such hydrogen and oxygen, would not be sufficient to induce enough defects in order to create amorphous silicon. We also want to avoid those ion species that may induce additional free carriers after laser annealing, such as boron. Therefore, Ge ions were used for our project.
The laser annealing setup is shown in Fig. 3. It was designed to deliver 488 nm continuous wave (CW) radiation, emitted by an Argon ion laser, to the surface of the silicon chip in a controlled and precise manner. A half wave plate and a polarization cube splitter were used to adjust the laser power. The laser beam was focused onto the chip surface using a microscope objective lens. 10× and 20× objective lenses were used, which produced a spot size of 4.7 µm and 2.5 µm respectively. The sample was scanned under the laser beam using a set of linear micro-precision stages while a pellicle beam splitter and a CCD camera were used for imaging and control. The scanning speed was 10 m/s. With successive scans, we gradually increased the annealing length L, which ideally corresponds to the length of the implanted waveguide that is annealed.
Continuous wave laser based annealing has been shown to produce larger silicon crystal grain sizes with fewer defects than those obtained by pulsed laser source systems, resulting in a qualitative improvement in the recrystallization of the amorphous silicon for enhanced material quality [14]. It is concluded to be a result of the lower cooling rate after laser irradiation from continuous wave sources. Therefore, a CW laser was used for annealing in this work. The power was set to be constant at 100 mW with the 10× objective lens, and 45 mW with the 20× objective lens. This power is chosen because it provides sufficient power density to anneal the Ge implanted silicon material whilst avoiding damaging the waveguide devices.
[image: laser setup]
Fig. 3. Experimental setup for laser annealing (PBS - polarization beam splitter; BS - pellicle beam splitter; MO - microscope objective).

EXPERIMENTAL measruement RESULTS
Four MZI sample devices (I, II, III, and IV) were tested with the above mentioned setup. MZI devices I and II were annealed with the 10× objective lens used in the setup. The results are shown in Fig. 4a (MZI I) and Fig. 4b (MZI II). For both MZI devices, we gradually increased the laser annealed length of the implanted waveguide to change the phase difference between the two arms. The position of the laser spot was aligned visually each time after optical measurement. A square shape as shown in Fig. 2 was used as the alignment mark. We started to record the data (optical transmission) from each port of the MZIs after a first laser scan at position 0 (L = 0). The position 0 is defined as the laser spot just touching the end of the implanted region at the right-hand side during scanning as shown in Fig. 1 (laser scanning path I). Then the annealed length of the implanted waveguide L was set at 0.5, 1, 2, 3, 4 m sequentially. Therefore we can tune the phase difference between the two arms of the MZIs.
As shown in Fig. 4, the phase difference between the two arms (characterized by the optical transmission of port 1 and 2 of MZIs) was successfully tuned by changing the position of the scanning laser. The quadrature point is achieved at L = 2 m for MZI I, and L = 3 m for MZI II. We could only achieve an accuracy of approximately 0.5 m for positioning the laser spot manually, by aligning the laser spot to the alignment mark visually on the screen. 
[bookmark: _GoBack]In order to improve the accuracy for positioning the laser spot on the chip surface, we used a 20× objective lens in our setup for annealing the MZI devices III and IV. Similar to the testing steps mentioned above, we gradually increased the laser annealed length of the implanted waveguides to change the phase difference between the two arms. The laser spot was smaller and the laser power was reduced to 45mW in order to maintain a similar power density on the chip surface. More importantly, the image we obtained from the objective lens was two times bigger. Therefore, after the optical measurement, it enabled us to position the laser spot more accurately in reference to the alignment mark and the implanted waveguides. We started to record the data (optical transmission) from each port of the MZIs after a first laser scan at position 0 (L = 0). The position 0 is again defined as the laser spot just touching the end of implanted region at the right-hand side during scanning as shown in Fig. 1. The laser spot was moved closer to the implanted waveguides because of its smaller diameter. Then the annealed length of the implanted waveguide L was increased in steps of 1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 m sequentially. 
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Fig. 4. Measured results (normalized optical transmissions) of the output ports of the (a) MZI device I and (b) MZI device II, while changing the annealing length of the implanted waveguide. Calculated results were also fitted and plotted correspondingly. 10× objective lens was used to anneal these samples.
The results are shown in Fig. 5a (MZI III) and Fig. 5b (MZI IV). The phase difference of the two arms (characterized by the optical transmission of port 1 and 2 of MZIs) was successfully tuned by changing the position of the scanning laser, with a higher accuracy compared to the previous experimental setup. The quadrature point was achieved at L = 3 m for both MZI III and IV. In our measurements, no index change was observed when laser annealing process was done over the same position of the implanted waveguide for a second time.
The optical power T1 and T2 at the two output ports of the MZIs can be estimated by the equations:
	(eq.1.1)
 	(eq.1.2)
the  is the overall optical power at the output, and is the phase deference at the output end of the MZI arms, which can be calculated by the follow equation:
	(eq.2)
where, is the initial phase difference between the two arms after the first laser annealing scan at position 0 (L = 0) was performed. C is a coefficient showing how much phase difference can be changed per m of implanted waveguide that is annealed.
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Fig. 5. Measured results (normalized optical transmissions) of the output ports of the (a) MZI device III and (b) MZI device IV, while changing the annealing length of the implanted waveguide. Calculated results were also fitted and plotted correspondingly. 20× objective lens was used to achieve a better position accuracy for laser annealing.
According to our fitted data as shown in Fig.4 and 5, the  = 4.6, 3.85, 3.8, 4.0 rad for MZI devices I, II, III, and IV, respectively. Those devices are from chips diced from a single wafer. Therefore, the variations of the fabrication process and wafer properties are kept to a minimum. Yet we still can observe some difference in the initial phase difference between the two arms reinforcing the need for a technique such as this. The coefficient C = 0.78 rad/m is obtained for all the measured results. The effective index change of the fundamental TE mode can then be calculated by ( = 1.56 m):
	(eq.3)
An order of improvement in terms of effective index change was achieved with our post-fabrication trimming technique, as compared to previous results. This result is also consistent with our theoretical prediction. The refractive index of the silicon was increased to 3.96 after Ge ion implantation, and then reduced significantly by the laser annealing process [13, 15]. The effective index of the optical mode was therefore changed accordingly.
The excess optical loss of the implanted waveguide is mainly associated with the defect concentration in the Si crystal lattice [16, 17]. It is possible to reduce the excess loss by decreasing the defect density, or reducing the overlap between the defects and the optical mode. However, these methods will also reduce the change of effective mode index during laser annealing.
The inaccuracy of phase trimming in our measurement has mainly come from the error in manual re-positioning of the laser spot after each optical measurement. The laser position is adjusted by hand based on the optical image on a screen before every scan. Better performance can be achieved using objective lens with higher multiplication for the experimental setup. Besides, more precise trimming is possible with active feedback control, with the optical power of the port monitored whilst carrying out the laser annealing. Currently, a commercial motor system can typically achieve 100 nm resolution for positioning, which corresponds to an accuracy of 0.078 rad in phase. With this technique, we can fine-tune each device individually to maximize the performance.

cONCLUSION
We have demonstrated a practical and accurate post-fabrication trimming technique for silicon integrated MZI devices. Sections of Ge implanted silicon waveguide were introduced into both arms of a MZI. The Ge implantation into silicon creates amorphous silicon, which has a much higher refractive index than that of crystalline silicon. The refractive index of the amorphous silicon can be reduced by partial annealing with a scanning laser. The optical phase difference between both arms of a MZI can then be precisely controlled by the length of the implanted waveguide that is annealed by the scanning laser. The effective index change of the optical mode is 0.19 in our measurement, which is approximately an order of magnitude improvement compared to previous work [6, 11]. A phase accuracy of 0.078 rad is achievable with active feedback control.
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