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ABSTRACT 

Silicon photonics has traditionally focused on near infrared wavelengths, with tremendous progress seen over the past 

decade. However, more recently, research has extended into mid infrared wavelengths of 2 µm and beyond. Optical 

modulators are a key component for silicon photonics interconnects at both the conventional communication wavelengths 

of 1.3 µm and 1.55 µm, and the emerging mid-infrared wavelengths. The mid-infrared wavelength range is particularly 

interesting for a number of applications, including sensing, healthcare and communications. The absorption band of 

conventional germanium photodetectors only extends to approximately 1.55 µm, so alternative methods of photodetection 

are required for the mid-infrared wavelengths. One possible CMOS compatible solution is a silicon defect detector. Here, 

we present our recent results in these areas. Modulation at the wavelength of 2 µm has been theoretically investigated, and 

photodetection above 25 Gb/s has been practically demonstrated. 
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1. INTRODUCTION  

Silicon photonics has been extensively researched over the last several decades because it provides a route to the realisation 

of low cost photonic integrated circuits through fabrication that is synonymous with CMOS electronic fabrication i.e. high 

volume and high yield. The majority of research focusses on the near infrared (NIR) wavelengths of 1.33 µm and 1.55 µm. 

Key components of a silicon photonics interconnect are modulators and photodetectors, and tremendous progress has been 

made in the realisation of these high performance devices. Successful demonstrations have been made of modulators that 

are based upon the plasma dispersion effect1, as well as hybrid approaches involving the incorporation of other materials 

such as III-V compounds2, SiGe3, graphene4, or organic materials5. On the component level, a large amount of research is 

ongoing worldwide to achieve increased levels of performance in different metrics such as speed, power consumption, 

modulation depth, footprint, wavelength independence, temperature insensitivity, and optical loss. Photodetection has 

typically been achieved at NIR wavelengths in germanium6-9, with high performance waveguide integrated devices now 

considered a mature process. 

However, the mid-infrared (MIR) domain (2-20 μm) is becoming increasingly popular10-15 due to many interesting 

applications in sensing, healthcare and communications. 

The wavelength of 2 μm is of particular interest to the communications industry because of the ability to exploit the 

amplification capabilities of the direct diode-pumped monolithic thulium-doped fiber amplifier (TDFA)16 and the low-loss 

and low latency potential of transmission systems based on hollow core photonic band gap fibers (HC-PBGF)17. HC-

PBGFs, with a minimum loss observed around 2 μm, offer a radical solution to increase transmission capacity per fiber, 

decrease fiber loss and nonlinearity, and reduce signal latency when compared to the state-of-the-art in the traditional18 

communication bands. 
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2. OPTICAL MODULATION AT 2 µm 

The plasma dispersion effect is a well-known effect which relates changes in electron and hole concentrations to changes 

in refractive index, n, and optical absorption, α. It is the most commonly used modulation mechanism in silicon, due to the 

lack of a Pockels effect in the centro-symmetric silicon crystal. In 2011, Nedeljkovic et al.19 published refined expressions 

linking refractive index and optical absorption to free carrier densities for wavelengths spanning from the NIR, to deep 

into the MIR.  The expressions at λ = 1.55 µm are shown below: 

 

(@ λ = 1.55 µm) -∆n = 5.40x10-22.∆Ne
1.011 + 1.53x10-18.∆Nh

0.838 

(@ λ = 1.55 µm) ∆α = 8.88x10-22.∆Ne
1.167 + 5.84x10-20.∆Nh

1.109 

 

Where ∆Ne and ∆Nh are the changes in free electron and hole concentrations, respectively. Additionally, the expressions 

at λ = 2 µm are: 

 

(@ λ = 2 µm) -∆n = 1.91x10-21.∆Ne
0.992

 + 2.28x10-18.∆Nh
0.841 

(@ λ = 2 µm) ∆α = 3.22x10-20.∆Ne
1.149 + 6.21x10-20.∆Nh

1.119 

 

It can be seen from these expressions that both the refractive index change and the absorption coefficient change are more 

efficient at λ = 2 µm when compared to λ = 1.55 µm. This is perhaps better depicted graphically, as shown in Figure 1: 

 

 
 

Figure 1. Plasma dispersion effect as a function of wavelength for a range of free carrier concentrations, using data from 

ref.19, a) Change in electron concentration effect on refractive index, b) Change in hole concentration effect on refractive 

index, c) Change in electron concentration effect on absorption coefficient, d) Change in hole concentration effect on 

absorption coefficient. 

 



 

 
 

 

 

 

It is evident from the graphs in Figure 1 that the desirable increase in refractive index change at λ = 2 µm is also 

accompanied with an undesirable (in the case of carrier depletion modulators) increase in absorption. It is also evident that 

the hole free carrier density has a stronger effect on both the refractive index and absorption coefficient than the electron 

free carrier density at λ = 2 µm. 

 

Using the 220 nm silicon-on-insulator (SOI) platform, a Mach-Zehnder based carrier depletion modulator has been 

designed with the phase shifter cross section shown in Figure 2. The position of the p-n junction offset has been varied, as 

well as the high doping separation, with the simulated optical loss and Lπ plotted in Figure 3. 

 

 
 

Figure 2. Cross-section schematic of λ = 2 µm carrier depletion modulator. 

 

A combination of electrical simulations using Silvaco and optical simulations using a MATLAB based mode solver was 

used to analyse the phase shifter response. The free carrier distribution under zero bias and reverse bias was first simulated 

using the electrical device model built in Silvaco. This distribution is converted into a change in refractive index and 

absorption coefficient using the Nedeljkovic equations19 and input into a MATLAB based mode solver considering both 

the free carrier effects, and the baseline material refractive index. The performance of the device is evaluated through the 

effective refractive index and loss of each optical mode. 

From the graphs shown in Figure 3 it is evident that the high doping separation should be at least 1.2 µm in order to avoid 

introducing excessive optical loss due to optical mode leakage into the highly doped regions. The phase shifter length 

required in order to achieve a pi phase shift is reduced to approximately 4 mm under a reverse bias of 6 V, compared with 

a length of 17 mm under a reverse bias of 2 V. This is due to the increase in the depletion region width as the reverse bias 

increases, resulting in a greater change in refractive index. 



 

 
 

 

 

 

 
 

Figure 3. Simulated DC phase shifter performance of λ = 1.95 µm carrier depletion modulator at zero volts and various 

reverse biases, a) optical loss as a function of highly doped region separation, b) pi phase shift length as a function of highly 

doped region separation, c) optical loss as a function of p-n junction offset position relative to the centre of the waveguide, 

d) pi phase shift length as a function of p-n junction offset position relative to the centre of the waveguide. 

 

3. OPTICAL DETECTION AT 2 µm 

Optical detection at MIR wavelengths is complicated by the fact the germanium absorption band does not extend beyond 

approximately 1.6 µm. Therefore, alternative method of photodetection are required. A potential mechanism is defect 

induced trap-assisted absorption. Such defect detectors can be formed in silicon, and therefore avoid the complication of 

epitaxial growth of another material. Here, a defect detector is formed in the 220 nm SOI platform. First, waveguides are 

etched, and highly doped regions are subsequently formed by ion implantation in order to form a p-i-n junction across the 

waveguide. The highly doped regions can be formed simultaneously with the modulator highly doped regions if fully 

integrated circuits are desired. Next, a silicon dioxide cladding is added, vias etched and metal contacts formed. The only 

additional processing steps required from a typical modulator process is a final top cladding etch in order to open 

implantation windows, and a final ion implantation to introduce defects into the waveguide. A boron implant at an energy 

of 60 keV and a dose of 1x1013.cm-2 is used here. The device cross section is shown in Figure 4. The device length is 1 

mm, the waveguide width is 1 µm, and the doping separation is 1.6 µm. 

 



 

 
 

 

 

 

 

Figure 4. SEM images of λ = 2 µm defect detectors, a) Entire device showing implantation window into the waveguide, b) 

focused ion beam cross section of the device. Reprinted by permission from Springer Customer Service Centre GmbH from 

ref20 [COPYRIGHT] (2015). 

 

The characterisation setup is described in Figure 5. Light from a 2 µm tunable laser is amplified by a custom built thulium 

doped fibre amplifier (TDFA). A commercial 10 GHz lithium niobate modulator provides a modulated optical signal to 

the device. Coupling to the chip is achieved with the butt coupling method via a tapered fibre. The detector output signal 

is measured using a digital communication analyser (DCA).  

 

 

Figure 5. Characterisation setup for λ = 2 µm photodetectors. 

 

The device is operated in avalanche mode in order to improve its responsivity, which is measured to be 0.3 ± 0.02 A/W at 

a reverse bias of 30 V. The dark current is less than 1 µA, even at this high reverse bias. Figure 6a shows the device DC 

performance under both dark and illuminated conditions at a wavelength of 2.02 µm as a function of reverse bias. Figure 

6b shows the DC performance as a function of wavelength under both 10 V and 25 V reverse bias. 



 

 
 

 

 

 

 

Figure 6. DC characteristics of λ = 2 µm defect detector, a) as a function of reverse bias, b) as a function of wavelength. 

Reprinted by permission from Springer Customer Service Centre GmbH from ref20 [COPYRIGHT] (2015). 

 

The device is also characterised at high speed. The eye diagrams are shown in Figure 7, showing high speed operation at 

28 Gbit/s at a reverse bias of 27 V. 

 

 

Figure 7. Eye diagrams of λ = 2 µm defect detector at a wavelength of λ = 1.96 µm, a) 20 Gbit/s at 20 V reverse bias, b) 20 

Gbit/s at 27 V reverse bias, and c) 28 Gbit/s at 27 V reverse bias. The vertical scale is 6.7 mV per division. Reprinted by 

permission from Springer Customer Service Centre GmbH from ref20 [COPYRIGHT] (2015). 

 

4. CONCLUSION 

An all silicon approach has been taken to optical modulation and photodetection at the MIR wavelength of 2 µm. This 

approach avoids the complexity of introducing new materials to the SOI platform and therefore greatly simplifies 

fabrication of devices at this wavelength, consequently also reducing cost. The wavelength of 2 µm is of particular interest 

because of the potential of both the TDFA and low loss HC-PBF’s. 
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