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According to the plasma dispersion effect of silicon (Si), a silicon-on-insulator (SOI) based variable optical 

attenuator (VOA) with p-i-n lateral diode structure is demonstrated in this paper. A wire rib waveguide with 

sub-micrometer cross section is adopted. The device is only about 2 mm long. The power consumption of the VOA is 

76.3 mW (0.67 V, 113.9 mA), and due to the carrier absorption, the polarization dependent loss (PDL) is 0.1 dB at 

20 dB attenuation. The raise time of the VOA is 34.5 ns, the fall time is 37 ns, and the response time is 71.5 ns. 
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Dense wavelength division multiplexing (DWDM) 

technology through optical fibers is the main solution to 

the current explosive growth of communication. Mono-

lithic photonics integration[1-4] is obviously the trend to 

achieve cost-effective optical devices. For example, the 

monolithic integration of arrayed waveguide grating 

(AWG)[5-7] acting as the wavelength division multiplex-

ing/demultiplexing device and variable optical attenuator 

(VOA)[8-10] acting as the optical power equalization de-

vice are the key devices to realize low-cost wavelength 

division multiplexing (WDM) systems. The fabrication 

process of planar lightwave circuit (PLC) type VOA is 

compatible with the mature silicon (Si) integrated circuit 

(IC) manufacturing process, and makes it possible to 

integrate two kinds of devices (such as lasers[11-13] and 

modulators[14,15]) on a single chip. 

Many types of VOAs have been reported before. The 

thermo-optic VOA[9,10] based on Mach-Zehnder inter-

ferometer (MZI) always has low respond rate, high 

power consumption and high polarization dependent loss 

(PDL) caused by the waveguide birefringence. 

Electrical absorption (EA) type VOAs[16,17] with large 

cross-section (generally a few micrometers) and p-i-n 

structure have an advantage over the thermo-optic VOAs, 

but this kind of VOAs have a large size, and their power 

consumption can be up to several hundred microwatts. 

In this paper, a silicon-on-insulator (SOI) VOA based 

on wire rib waveguide with sub-micrometer cross section 

is reported. The device is only about 2 mm long, and it is 

easy to form a compact VOA array. 

The plasma dispersion effect of Si at wavelength of 

1.55 μm can be depicted by 

Δn=−[8.8×10-22ΔNe+8.5×10-18(ΔNh)
0.8],          (1) 

Δα=8.5×10-18ΔNe+8.5×10-18ΔNh,               (2) 

where ΔNe and ΔNh represent the concentration of elec-

trons and holes, respectively, and Δn and Δα is the in-

crement in the refractive index and absorption coefficient, 

respectively. 

Fig.1 shows the structure diagram of VOA based on 

SOI. As can be seen from Fig.1(a) and (b), phosphorus 

and boron are doped in either side of the waveguide core 

to form a lateral p-i-n structure. When the forward bias is 

applied on the Al pad, the carriers will be injected into 

the i-zone, resulting in the increase of absorption coeffi-

cient (Δα) according to Eq.(2) and the attenuation of 

power of light wave. 

In this design, the refractive indices of Si and SiO2 are 

3.478 and 1.445, respectively. The thicknesses of the 

buried oxide layer and the cap layer are both 1 μm, the 

thickness of top Si is 220 nm, the width of the waveguide 

is 500 nm, and the thickness of the slab is 70 nm to en-

sure the single-mode propagation. The length of P+ and 

N+ zone is 1 mm, and the distance between P+ and N+ 

zone is 3 μm. A spot-size converter (SSC) is used as 

shown in Fig.1(b) to decrease the coupling loss caused 

by the mode-size mismatch between the input/output 

fiber and the VOA input/output waveguides. 
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(a) Cross-sectional view of the VOA 

 

(b) Top view of the VOA 

Fig.1 The structure diagram of VOA based on SOI 

 

For the fabrication of VOA, at first, deep ultra-violet 

lithography (DUVL) was used to form the mask layer for 

the Si etching. Then, the Si core was fabricated by the 

inductively coupled plasma (ICP) etching to a depth of 

70 nm. Then the ion implantations of boron and phos-

phorus with the density of 5.5×1020 cm-3 were done re-

spectively to form P+ and N+ regions. Next, the cladding 

layer was fabricated by plasma-enhanced chemical vapor 

deposition (PECVD), and the contacting hole was fabri-

cated by photolithography and ICP etching. After that, 

aluminum (Al) was deposited by the sputter and lift-off 

technology to form the electrodes. At last, the annealing 

technology was used to activate the carriers. 

Fig.2 shows some partial micrographs and scanning 

electron microscope (SEM) image of the VOA. 

A coupling test platform was used to do the measure-

ments. The light from a broadband amplified spontane-

ous emission (ASE) source was linearized by a polarizer 

and adjusted to the transverse electric (TE) mode or the 

transverse magmatic (TM) mode by a polarization con-

troller. Then the TE or TM mode was input to the VOA, 

and the output light from the VOA was measured by an 

optical power meter and a spectrum analyzer. The direct 

current (DC) source was contacted to the Al pad to do the 

electrical measurements. 

The dependence of attenuation on the injected current 

is shown in Fig.3, which exhibits a linear relationship 

between the attenuation and the injected current, and the 

 

 

(a) The micrograph of the VOA electrodes with magnification of 1 000× 

 

(b) The micrograph of the SSC with magnification of 1 000× 

 

(c) The SEM image of the waveguide 

Fig.2 Some partial micrographs and SEM image of the 

VOA 
 

attenuation can be 0—20 dB. From Fig.3 we can see that 

the VOA becomes more attenuated as the injected current 

increases. The injected currents are 57.2 mA and 

113.9 mA at attenuation of 10 dB and 20 dB, respectively, 

and the power consumption is 76.3 mW (0.67 V, 

113.9 mA) at attenuation of 20 dB. 
 

 

Fig.3 The dependence of attenuation on the injected 

current  
 
As we all know, when there is an absorption occurring, 

the TE mode and the TM mode have a complex effective 

index (Neff), which is expressed as 

Neff=n+ik,                                 (3) 

where n and k are the real part and the imaginary part of 

the effective refractive index, respectively. The relation-

ships between absorption coefficient and the effective 

refractive index imaginary part of the two modes (kTE 

and kTM) are written as 

TE

att

4π
10log exp

k L
TE

λ
⎡ − ⎤⎛ ⎞= ⎢ ⎜ ⎟⎥

⎝ ⎠⎣ ⎦
,               (4) 

TM

att

4π
10log exp

k L
TM

λ
⎡ − ⎤⎛ ⎞= ⎢ ⎜ ⎟⎥

⎝ ⎠⎣ ⎦
,               (5) 

where TEatt and TMatt represent the attenuation of TE and 

TM polarization by carrier absorption, λ is the operation 

wavelength, and L is the length of VOA. The PDL due to 
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free-carrier absorption is given as[18] 

PDL=|TEatt−TMatt|.                          (6) 

Fig.4 shows the dependences of the attenuation for the 

two polarizations (TE mode and TM mode) and 

|TEatt−TMatt| (PDL) on the injected current. We can see 

from Fig.4 that the PDL due to the carrier absorption is 

0.1 dB at 20 dB attenuation.  

 

 

Fig.4 The dependences of the attenuation for the two 

polarizations (TE mode and TM mode) and |TEatt−TMatt| 

on the injected current 

 

For measuring the response time, the anode and the 

cathode of the waveform generator are connected to 

those of the VOA device and the oscilloscope, so that the 

square signal generated by a waveform generator is input 

to the oscilloscope and the VOA. At the same time, the 

output light from the VOA is inputted to a photoelectric 

detector through an output fiber, and the detector is con-

nected with the oscilloscope. 

Fig.5 shows the measured response time of the VOA 

when a 1 MHz square signal is applied. We can see that 

the raise time of the VOA is 34.5 ns, the fall time is 37 ns, 

and the response time is 71.5 ns. 

 

 

Fig.5 The measured response time of the VOA 

In this paper, we develop an SOI VOA based on a 

p-i-n structure with a sub micrometer cross section. The 

VOA has low PDL of 0.1 dB due to free-carrier absorp-

tion. The power consumption of the VOA at 20 dB at-

tenuation is 76.3 mW (0.67 V, 113.9 mA). The raise time 

of the VOA is 34.5 ns, the fall time is 37 ns, and the re-

sponse time is 71.5 ns. The device is only about 2 mm 

long, and it is easy to form a compact VOA array. 
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