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Abstract— In recent years, we have presented results on the 

development of erasable gratings in silicon to facilitate wafer scale 

testing of photonics circuits via ion implantation of germanium. 

Similar technology can be employed to control the operating 

wavelength of ring resonators, which is very sensitive to 

fabrication imperfections. Ion implantation into silicon causes 

radiation damage resulting in a refractive index increase, and can 

therefore form the basis of multiple optical devices. In this paper 

we discuss design, modelling and fabrication of ring resonators 

and their subsequent trimming using ion implantation of 

germanium into silicon, followed by either rapid thermal 

annealing or localized laser annealing. The results confirm the 

ability permanently tune the position of the resonant wavelength 

to any point inside the free spectral range of the ring resonator, 

thus greatly reducing the amount of power required for active 

tuning of these devices.  

 

Index Terms—Ion implantation, laser annealing, optical 

interconnects, rapid thermal annealing, ring resonators, silicon 

photonics, trimming.  

I. INTRODUCTION 

Silicon photonics, pioneered as a material platform for thirty 

years, is at present one of the most buoyant technologies in the 

world, and is particularly regarded as a low cost solution for 

short reach interconnects for applications in the information and 

communication sectors, environmental engineering, and 

healthcare [1]-[10]. The technology is able to make use of the 

large silicon manufacturing infrastructure already in existence 

for the microelectronics industry, positioning itself at the 

threshold many the mass markets.  

The ring resonator represents one of the basic building blocks 

of many photonic circuits. It is widely used for both active and 

passive devices, and has been used in particular for the 

development of a number of applications such as lasing, 

filtering, modulation and sensing, aiming to provide devices 

that offer compactness and low power consumption. However, 

it is very challenging to achieve precise control of positioning 

and stability of the resonant wavelength peak of a micro-ring 

resonator due to its high sensitivity to fabrication errors and 

environmental changes. A heater or thermoelectric cooler is 
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typically used to trim and actively control the position of the 

resonant wavelength peak. However, this requires additional 

power consumption and control complexity which are some of 

the key obstacles to development of viable commercial 

optoelectronic products. Standard configurations in which 

deposited oxide (~1 µm) separates the waveguide and a metal 

heater revealed tuning efficiencies between 42 mW/FSR and 

100 mW/FSR (FSR - free spectral range) [5]. Conversely, 

thermal isolation of the resonant structure from the silicon 

substrate may be used to obtain an order of magnitude 

improvement in tuning efficiency (2.4 - 4.9 mW/FSR) [5], 

while introduction of transparent graphene nanoheaters 

suggests promising prospects for further improvements in 

heating efficiency (~0.48 nm/mW) together with the device 

footprint [6]. The fabrication process and silicon-on-insulator 

(SOI) wafer thickness variations induce similar or perhaps even 

larger resonant wavelength shift than environmental changes, 

thus requiring high power consumption to rectify the operating 

wavelength error. Therefore, post-fabrication trimming of the 

ring resonator has been investigated by researchers worldwide. 

For example, electron beam induced compaction and strain to 

the oxide cladding have been proposed as methods to trim the 

resonant wavelength peak of silicon ring resonators [8]. 

However, in this case the refractive index variation of the oxide 

is quite small, which limits the tuning range (resonant 

wavelength red shift of up to 4.9 nm was observed). 

Additionally, it is an expensive and comparatively slow 

process. Electron beam bleaching of a polymer cladding was 

also proposed for more effective trimming [9] but it lacks 

universal CMOS compatibility, and is a similarly slow process. 

 Ion implantation into silicon causes radiation damage. If a 

sufficient dose is implanted, complete amorphisation can be 

realised in the implanted part of the device. Amorphous silicon 

has a refractive index that is significantly different (higher) than 

that of crystalline silicon (by approximately 10-1 refractive 

index units), and can therefore form the basis of multiple optical 

devices. In previous work by Ackert et al. [10], silicon ion 

implantation was used for tuning the resonant wavelength of 

racetrack ring resonators up to ~3 nm. However, high optical 

loss, poor extinction ratio and low Q-factor were reported. In 
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this paper, we have implemented germanium ion implantation 

based refractive index change in a selection of integrated 

photonic devices, focusing on resonant structures, although 

application to any optical device is possible. Germanium ions 

have been chosen in order to achieve a good amorphisation 

profile at a relatively low implantation dose (~1015 ions/cm2) 

thus reducing the processing time and costs. Furthermore, if 

compared to common doping ion species, Germanium is a 

CMOS compatible material and the implantation process can be 

carried out at room temperature without self-annealing of the 

amorphous material during the implantation phase [1]. This 

reversible refractive index change can be selectively removed 

by selective local annealing to tune the operating wavelength of 

the device. As discussed earlier, the total power consumption 

required for active tuning of the resonant wavelength peak 

position consists of two parts: the power required to compensate 

for the resonant wavelength shift caused by fabrication process 

and the power required to compensate for the temperature 

dependent wavelength shift caused by environmental changes. 

We believe that most photonic chips with ring resonators will 

have a designed working temperature, which will be controlled 

by an external thermal system. Using Ge-ion implantation 

approach, we can trim the operating wavelength to a target 

wavelength at the designed working temperature, in order to 

reduce the power consumption required for thermal tuning. In 

this paper, we discuss this approach in the context of active 

device trimming. 

II. DESIGN AND FABRICATION 

Any resonant wavelength shift in a ring resonator depends on 

the mode effective index and the optical path length at the 

wavelength of interest [3]. The mode effective index at a given 

temperature depends on the material refractive index, 

waveguide dimensions, and operating wavelength. We have 

used Lumerical software [11] for simulation analysis. Standard 

SOI rib waveguides with 220 nm crystalline silicon height (100 

nm silicon slab layer) and a 2 μm buried oxide layer have been 

used. For all 500 nm wide silicon waveguides, we have 

designed and fabricated ring resonators with R=10 µm radius, 

an edge-to-edge waveguide spacing of Gap=120 nm and 

different implantation arc lengths θ = (2°, 6°, 10°, 14°, 18°, 22°) 

(Fig. 1). Un-implanted ring resonators with the same 

dimensions were also fabricated for reference. 

The layout of the Ge implanted section is shown in Fig. 1b. 

The arc length of the ion implanted section is denoted by angle 

θ. The width of ion implanted region, located in the center of 

silicon rib waveguide, was equal to 400 nm. A short taper, with 

a tip width of 120 nm, was formed at both ends of the ion 

implanted region (θtap=5°), in order to reduce both reflection 

of light between the silicon and Ge ion implanted regions of the 

waveguide, and potential resonance inside the ion implanted 

waveguide section. Rib waveguides and ring resonators were 

fabricated by electron beam lithography and inductively 

coupled plasma etching. After resist removal, a 20 nm thick 

PECVD oxide was deposited as a protective layer. Next, an 

electron beam resist layer was deposited as a mask layer for Ge 

ion implantation. An ion energy and fluence of 130 KeV and 

1×1015 ions/cm2 were used, respectively. According to our 

previously results [1], [2], this will provide 80% lattice disorder  

 
 

 
 

Fig. 1: (a) A schematic of a ring resonator with a section of amorphous 

silicon created by germanium ion implantation. (b) A detailed layout 

of the germanium ion implanted waveguide section.  
 

 
 

Fig. 2: An optical microscope image of the fabricated ring resonator 

with a partially ion implanted Ge waveguide section. 

 

 
Fig. 3: Simulation results of implanted devices showing a transmission 

spectrum of an un-implanted and Ge ion implanted ring resonator 

(θ=6o).  
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in silicon with a refractive index change of 0.5. The refractive 

index profile was measured using ellipsometry on a bulk 

implanted substrate, at 6 different angles of incidence as 

described in detail in Ref. [1]. It is found to be 3.96 (at 1550 nm) 

after Ge-ion implantation, and this value was used in our 

simulation analysis. The germanium ion concentration, 

implanted into silicon, was negligible to the concentration of 

silicon ions in the same volume (up to 0.3% at its peak value). 

An optical microscope image of a fabricated ring resonator is 

shown in Fig. 2. Simulation results, showing the transmission 

spectrum of an un-implanted and Ge ion implanted ring 

resonator (θ=6o), are presented in Fig. 3. As it can be seen, the 

resonant wavelength shifts to longer wavelengths due to greater 

mode interaction with the amorphous silicon. 

III. EXPERIMENTAL RESULTS 

A tunable laser with a wavelength range from 1520 to 

1620 nm was used to characterize the fabricated devices. To 

accurately measure the output signal, we used a sample stage 

with a Peltier element to keep the temperature constant during 

measurements (20 oC). Shallow etched (70 nm) gratings 

optimized for TE polarization were used at the input/output of 

the waveguide to provide efficient coupling of light from/to the 

single-mode optical fibers used for testing. The results 

presented in this paper are for wavelengths around λ~1550 nm. 

However, similar results have been obtained at other 

wavelengths.  

Fig. 4a shows a typical transmission spectrum comparing the 

performance of an un-implanted ring resonator and Ge ion 

implanted ring resonators with various implantation lengths. 

The resonant wavelength peak of an un-implanted ring 

resonator revealed resonant wavelengths at around 1561 nm 

and 1571 nm. The results showed good agreement with 

simulation analysis (Fig. 3). A difference within 2 nm in the 

target wavelength peak position before (~1559 nm simulated, 

~1561 nm measured) and after (~1565 nm simulated, ~1566 nm 

measured, θ=6o) Ge-ion implantation can be associated to 

fabrication process and SOI wafer thickness variations. A clear 

trend of the resonant wavelength shift was observed for 

implanted resonators. The resonant wavelength shifts to longer 

wavelengths as implantation length is increased due to greater 

mode interaction with the amorphous silicon. Measured ring 

resonators exhibited an extinction ratio of over 20 dB in all 

cases and a similar spectral shape. It is worth mentioning that 

the measured devices were very close to each other on the same 

chip thus keeping the SOI wafer thickness variations and 

fabrication difference between each device to a minimum. 

Additionally, an electron beam lithography tool, used for device 

fabrication, provided very high accuracy lithography and 

therefore small device width variations. However, we were 

unable to establish a precise theoretical relationship between 

the implantation length and the resonant wavelength shift, 

because the data were collected from different ring resonators, 

although at the same location on the wafer. The resonant 

wavelengths will be greatly affected by the fabrication process. 

A wavelength shift of ~0.6 nm per micron of implanted 

waveguide can be estimated. Devices carrying the same design 

parameters (and implantation length) may have up to 3 nm 

difference in the resonant wavelength according to our 

measurement, even if they are located next to each other on the 

same chip of the wafer. This also proves high sensitivity of 

these devices to fabrication process and wafer properties and 

hence a need for post-fabrication trimming. With our proposed 

technique, these resonators can still be trimmed to the desired 

resonant wavelength. The results also showed that ion 

implanted waveguide sections only induced a very small 

amount of loss (<0.2 dB), which didn’t degrade the overall 

performance of ring resonators significantly.  

 

 
Fig. 4: Transmission spectra of fabricated ring resonators. (a) As 

implantation length increases resonant wavelength peak shifts to 

longer wavelengths (un-annealed samples). (b) As annealing 

temperatures increases the resonant wavelength peak shifts to shorter 

wavelengths (θ=18o).  

 

A. Rapid thermal annealing (RTA) 

The refractive index of implanted silicon is about 3.96, which 

could be gradually reduced to 3.47 by cycles of rapid thermal 

annealing (RTA) due to re-crystallisation of the implanted 

silicon [1]. It can be additionally controlled by adjusting the 

annealing time, thus shifting the resonant wavelength to a 

chosen target position. Therefore, a one minute RTA was 

carried out to partially anneal the implanted silicon regions at 

different temperatures, in order to characterize the trimming 
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process. It was found that an annealing temperature below 

250°C caused essentially no change in the position of the 

resonant wavelength. However, at higher temperatures a clear 

blue shift was observed. Fig. 4b shows the comparison of the 

transmission spectrum between an un-implanted ring resonator 

and the implanted ring resonator (θ=18o) at different annealing 

temperatures of 425, 450, 475, and 500 oC, respectively. The 

FWHM of those spectra are 1.67 nm (Reference), 1.64 nm (425 

°C), 1.58 nm (450 °C), 1.49 nm (475 °C) and 1.45 nm (500 °C) 

which corresponded to a Q-factor of 940, 957, 990, 1049 and 

1076. It can be seen that the Q factor increased as annealing 

temperature was increased, showing a reduction of the round-

trip loss of the ring cavity by applying the thermal annealing 

technique. Measured results revealed a material absorption loss 

of 0.03 dB/µm. Propagation losses of Ge-ion implanted 

waveguides were ~32 dB/mm before annealing. The origin of 

the loss is the amorphisation of the crystal, not the germanium 

concentration. This result is in a good agreement with measured 

Q-factor of our resonators. After performing partial annealing 

of ion implanted section, we measured waveguide propagation 

losses of less than 10 dB/mm, and for fully annealed 

waveguides we didn’t obtain any significant difference in 

propagation losses compared to a standard unimplanted rib 

waveguide, demonstrating that the germanium is not the origin 

of the loss, and that, in fact, the dose is very low at 0.3%. The 

highest quality factor of our rings was in the range of 1000-1500 

after annealing which is in a good agreement with the Q factor 

of unimplanted ring resonator (~1400). The low-quality factors 

of our ring resonators are associated with the presence of a 

drop-port in our initial design. The germanium ion 

concentration, implanted into silicon, was negligible compared 

to the concentration of silicon ions in the same volume (up to 

0.3% at its peak value as previously stated) and had a negligible 

effect on the Q-factor.  

Fig. 5 shows the resonant wavelength shift for various 

implantation lengths and annealing temperatures of 425, 450, 

475, and 500 oC, respectively. The effective length of the ion 

implanted waveguide region was calculated to include ion 

implanted tapers on both ends of the ion implanted region of the 

waveguide. A linear relationship between the resonant 

wavelength shift and implantation length was observed in all 

cases as expected. The shift was very low at low annealing 

temperatures and it increased at higher temperatures due to 

change in refractive index of the implanted region. It can be 

seen that an implantation length of 6 μm would provide a 

resonant wavelength shift of 10 nm, which corresponds to the 

free spectral range of the fabricated ring resonators. Therefore, 

we need to make one additional lithographic mask during 

device fabrication to perform Ge-ion implantation to obtain this 

implantation length and then use our annealing technique to 

trim the operating wavelength. For practical applications, the 

trimming of individual rings can also be done by localized laser 

annealing which is explored in the next section of this paper. 

Trimming stability experiments of implanted ring resonators 

were also performed (Fig. 6). The samples were left in an oven 

at 220oC for one day (24 hours) and then a further week. The 

resonator wavelength shift followed the same trend as before, 

the wavelength shift increased for longer implantation lengths, 

however the maximum resonance shift was small (0.38 nm 

during a period of 8 days at 220oC). 

 

 
Fig. 5: Changes in resonant wavelength shift as a function of 

implantation length at different annealing temperatures. 

 

 
Fig. 6: Trimming stability of implanted ring resonators. Changes in 

resonant wavelength as a function of implantation length, whilst held 

at an elevated temperature of 220 oC during a period of up to 8 days. 

 

B. Localised laser annealing 

The laser annealing setup shown in Fig. 7 is similar to the 

one described in Ref. [12] and was designed to deliver 488 nm 

continuous wave Argon ion laser power to the amorphous  

silicon in a controlled and precise manner (Fig. 7). Continuous 

wave lasers have been shown to produce larger silicon crystal 

grain sizes with fewer defects than those obtained by pulsed 

sources, resulting in a qualitative improvement in 

recrystallization of amorphous silicon, thus obtaining higher 

material quality [13]. This is attributed to the lower cooling rate 

after laser irradiation from continuous wave sources. The output 

power was adjusted using a half wave plate and a polarization 

cube splitter. The laser beam was focused on the sample top 

surface using a 10x microscope objective, producing a 4.7 µm 

diameter spot. The sample was scanned under the laser beam 

using a set of linear micro-precision linear stages while a 

pellicle beam splitter and a CCD camera were used for imaging 

and control. Using the correct combination of laser power and 

scanning speed, sufficient thermal energy was transferred to the 
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amorphous Silicon material to partially re-crystallize the Si 

material, thus modifying its optical properties.  

 
Fig. 7: Experimental laser annealing setup (PBS - polarization beam 

splitter; BS - pellicle beam splitter; MO - microscope objective). 

 

Fig. 8 shows the resonant wavelength shift before and after 

localized laser annealing for an implantation arc length of 

θ=18o and a laser power of approximately 90 mW. Similar to 

our previous results (Fig. 4a), the resonant wavelength peak of 

an un-implanted ring resonator revealed resonant wavelengths 

at around 1563.5 nm and 1573.5 nm, respectively. Small 

variations in the target wavelength peak of around ~2.8 nm can 

be associated to the SOI wafer thickness variations and 

fabrication errors. Once again this confirmed the high 

sensitivity of these devices to any imperfections, and hence the 

need for trimming. In fact, the variation of 2.8~nm in target 

operating wavelength is comparable to the resonant wavelength 

shift caused by environmental changes. It corresponds to a 

temperature change of ∆T=28-47 K assuming a typical 

temperature dependent resonant wavelength shift between 60 

and 100 pm/K, respectively [3]. As it can be seen from Figure 8, 

a clear blue shift of around 7 nm was observed. This 

corresponds to several milliwatts of power required to actively 

tune these devices. 

 
Fig. 8: Transmission spectra of fabricated ring resonators before and 

after laser annealing (θ=18o). 

 

We performed a series of experiments by varying the laser 

power to monitor the resonant wavelength shift of fabricated 

ring resonators. Fig. 9 shows changes in resonant wavelength 

shift per implanted length as a function of laser power used for 

localized annealing. A laser power between 60–95 mW is 

sufficient to provide positioning of the resonant wavelength 

peak at any place inside the free spectral range of the ring 

resonator for a given implantation length. As it can be seen from 

Figure 9, the resonant wavelength shift is very sensitive 

between 80-85 mW and will require precise control in order to 

achieve the desired resonance shift.  

Table I shows a comparison between our technique and the 

state of the art results obtained from the literature. As it can be 

seen, Ge-ion implantation followed by localised laser annealing 

is a relatively fast process (processing time ~0.5h/wafer) 

allowing a high throughput which is very important for 

industrial applications. It is several times faster than electron 

beam methods and an order of magnitude cheaper. The process 

is CMOS compatible and demonstrates the ability to 

permanently adjust the resonant wavelength peak position to a 

target wavelength within any position across the free-spectral 

range of the fabricated ring resonator. 

 
Fig. 9: Changes in resonant wavelength shift per implanted length as a 

function of laser power used for localized annealing. 

 

Table I: Comparison with the current state of the art of trimming of 

ring resonators. 

Parameter/Reference Ref. [8] Ref. [9] This paper 

CMOS compatibility Yes No Yes 

Throughput 

(hours/wafer) 

Low  

(>8) 

Low  

(>8) 

High 

(<0.5) 

Costs (GBP/wafer) 
High 

(~10,000) 

 

High 

(~10,000) 
 

Low   

(<1,000) 

Trimming range (nm) 4.91 2 10 

 

IV. CONCLUSION 

We performed simulation and experimental analysis on 

trimming the position of the resonant wavelength peak of 

silicon ring resonators due to a resonant wavelength shift 

caused by fabrication process. Partial rapid thermal annealing 
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and localized laser annealing of the ion implanted section 

revealed the ability to permanently adjust the resonant 

wavelength peak position to a target wavelength, and therefore 

reduce the relatively high power consumption (typically tens of 

milliwatts) required to precisely control the operating 

wavelength. The RTA process gives us much more information 

about the required temperature vs annealing process than the 

local laser annealing, but local annealing is required for 

practical applications so that the remainder of the optical circuit 

is not affected. The process is CMOS compatible and can be 

transferred to other platforms and systems such as multilayer 

photonics and programmable photonic circuits.  
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