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ABSTRACT   

In this paper, we present the results of the design and fabrication of a 12 channel nano-membrane-based optical phased 
array that allows for large angle beam steering operating at wavelength=1.55µm. Our device is fabricated on silicon-on-
insulator using standard CMOS process. By implementing unequally spaced waveguide array elements, we can relax the 
half-wavelength spacing requirement for large angle beam steering, thereby avoiding the optical coupling between 
adjacent waveguides and reducing the side-lobe-level of the array radiation pattern.  1D beam steering of tranverse-
electric polarized single mode light is designed to be achieved thermo-optically through the use of thin film metal phase 
shifters.  
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1. INTRODUCTION  
Phased-array antennas are expected to be effectively utilized in modern radar and communication systems. These 
systems cover frequencies commonly used for military imaging, such as ground penetrating radar, through-wall imaging, 
security, and medical imaging [1]. Phased-array antennas offer many advantages including mechanical-free steering, 
increased scan flexibility in two dimensions, precise elemental phase and amplitude control, and the potential for large 
peak and average power. Recently, optically controlled phased-array antennas have become much more attractive due to 
their simplicity by substituting a number of microwave components for simple optics, as well as their high speed, 
compact and lightweight size, and ease of integration with other state-of-the-art instruments in optical communication. 
Various kinds of research on the optical control of array antennas have been encouraged by various organizations [2]–
[5], such as photonic radio-frequency (RF) phase shifters [6]–[11], and several optical beam forming architectures 
proposed by other research groups [12]–[23].  
 
There are two main approaches to optically controlled phased-array antennas. True time delay (TTD) systems [12]–[16] 
provide large bandwidth but usually require long free-space sections that imply inevitable diffraction and loss issues. 
Phase control systems [17] exploit the parallelism of free-space and so are normally more compact, which can be a 
promising feature for optical integrated circuits in the future. A variety of OPA devices based on phase control have 
been experimentally demonstrated. Micro-electroptical systems (MEOS) are the first generation concept due to their 
similarity to MEMS. However, the sizes of MEOS devices are the main concern. An optical fiber array arranges the 
optical fibers in two dimensions and shrinks the size to a certain extent, but cannot satisfy the strict requirement for 
highly compact integrated optical circuits.  In order to miniaturize and mechanically stabilize, OPA on optical 
waveguides has been found to be effective [24], [25]. An optical waveguide array can greatly reduce the size of the 
optical processing part, optical alignment difficulties, and optical insertion losses. 
 
In this paper we present a highly integrated beam steering system based on an OPA on silicon-on-insulator (SOI). The 
active size of this device is only about 1 mm. We achieved good results for both the near field and far field imaging. The 
line shape of the far field signal can be further used in optical beam scanning. 
 

Optoelectronic Interconnects and Component Integration IX, edited by Alexei L. Glebov, Ray T. Chen,
Proc. of SPIE Vol. 7607, 760713 · © 2010 SPIE · CCC code: 0277-786X/10/$18 · doi: 10.1117/12.843833

Proc. of SPIE Vol. 7607  760713-1

Downloaded from SPIE Digital Library on 04 Apr 2010 to 128.83.63.21. Terms of Use:  http://spiedl.org/terms



 

 

2. DEVICE DESIGN AND OPERATION 
Our device consists of two layers; the first layer contains the passive optical circuit and the second layer is composed of 
the thermo-optic active phase shifters. These two layers are separated by an oxide cladding layer to prevent loss that 
would occur from the penetration of the evanescent electromagnetic tail into the metal phase shifter, as shown in Figure 
1(a). Figure 1(b) shows the optical circuit which consists of the multi-mode interference (MMI) splitter, the s-bend 
waveguides, and the unequally spaced OPA itself.  We have simulated the performance of such an OPA fabricated on 
SOI wafer theoretically [29]. This OPA is fed by a MMI coupler that splits the input signal instead of the free space 
propagation section used in conventional arrayed waveguide gratings.  
 

 
Figure 1 (a) Layout of full device and (b) optical circuit layout and components 

 
2.1 Design and Optimization of MMI 

Multi-mode interference  couplers are widely used in photonic integrated circuits (PICs) as power splitters, optical 
switches, and for other signal routing processes [29].  This is due to the significant advantages that MMI couplers 
provide through their compact size, low loss, stable splitting ratio, low crosstalk, and imbalance, large optical bandwidth, 
insensitivity to polarization, ease of production, and good fabrication tolerances [28]. As one of the largest uses of MMI 
couplers is for power splitters, the power distribution at the output ports has been thoroughly investigated. However, 
very little is understood about the phase profile at the MMI output, but this knowledge is important in beam steering 
applications because it determines the amount of active phase shift required. We have derived an analytical closed loop 
expression for the phase shift at each of the output ports for a 1-by-N MMI coupler [30]. Here we briefly introduce our 
findings for the sake of completeness.  
 
MMI couplers operate based on the phenomenon of self-imaging in multi-mode waveguides, whereby an input field 
profile is reproduced in single or multiple images at periodic intervals along the propagation direction of the guide [30]. 
From figure 1, the multimode waveguide consists of a core with refractive index nc and width W, and has N output ports. 
The multimode section can support a maximum of N+1 modes. For each mode p, the dispersion relation is given as  
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where, βp is the propagation constant of the the pth mode, λ0 is a free-space wavelength. κyp is the lateral wavenumber of 
the pth mode, given as κyp = (p+1)π/We, where We is the effective width for mode m including the penetration depth due 
to the Goose-Hahnchen shift [2]. The propagation constant βp can be approximated as 
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where, Lπ=π/(β0-β1)≈4ncWe
2/3λ0.  Furthermore, each mode accumulates phase according to its own propagation constant, 

and  the field profile at z=L can be written as 
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At L =3rLπ with r =1, 2, ..., all the exponential terms in the previous equation become in-phase with one another and a 
single image of the input field profile is formed. Generally, an N-fold image of the input field profile is formed at L 
=3Lπ/N. However, by using a symmetric input fed to the center of the multi-mode waveguide, a 4X reduction in the 
required length of the coupler can be achieved, so that L =3rLπ/4N [28]. 
 
For 1-by-N couplers, ideally the ouput power is to be divided equally among the output ports, and thus the field 
amplitude should be 1/√ . However, the approximation for the propagation constant βp becomes inaccurate in reality, 
especially for the higher order modes in low-refractive-index contrast waveguides. This results in an error in the 
accumulated phase shift of each mode. These modal phase errors are the main cause of non-uniformity in the ouput field 
amplitudes and output intensity. These errors are more pronounced in low-refractive index contrast waveguides, such as 
a MMI made of the polymer ZPU12-RI which has a low refractive index contrast [28], and can be seen in Figure 2(b). 
To avoid this error, we use silicon as our core material, which can provide good confinement for the electric field at 
λ=1.55µm. 
 

 
Figure 2 (a) Schematic of a 1-by-N symmetric MMI coupler for even N. (b) Output phase profile of a 6 port MMI coupler comparing 

the analytical closed form formula, a Si/SiO2 simulation, and a low index polymer ZPU12-RI MMI.  

 
2.2 Design and Optimization of Unequally Spaced OPA 

Optical phased arrays are simply arrays of single-mode waveguides operating at the designated wavelength. Beam 
steering can be achieved by modulating the phase shift of each waveguide element in the array. To achieve wide steering 
angles in a uniform array, the waveguide spacing must be reduced to half the wavelength but this result in optical 
coupling between adjacent waveguides which causes far field pattern distortion. This has the effect of increasing the side 
lobe level and thus reducing the power and steering efficiency [29]. A solution is to use an unequally spaced OPA that 
can relax this half-wavelength requirement.  We have previously proposed a design methodology that provides both 
large angle steering while minimizing the side lobe level caused by optical cross-talk [31].  
 
Our non-uniform array is realized by placing sub-arrays of equally spaced arrays next to each other, as can be seen in 
Figure 3(b). Our design methodology is as follows and uses the following definitions: 

• N=total number of array elements 

(b)
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• M=number of sub-arrays 
• si=spacing in sub-array i, for i=1,2,3… 
• si=qis0 

o s0=λ/2 
o qi is the smallest integer such that the gcd(qi,qj)=1 where i≠j  

It is important to note that s0 must be less than λ/2 so that sub-array grating lobes will not overlap. With this design 
methodology, the main lobes of each sub-array add up constructively, while there is no overlap between the grating 
lobes of each sub-array [29]. Our implementation of this design is an array with N=12 elements, which is comprised of 
M=3 subgroups each with 4 equally spaced elements. The array spacing is as follows: 

• λ=1.6µm and s0=0.8µm 
• q1=4, q2=5, q3=7, and s1=3.2µm, s2=4µm, s3=5.6µm. 

 

 
Figure 3-Equally spaced array (a) and unequally spaced array composed of equally spaced sub-arrays (b). 

 
2.3 Phase Shifting 

We desire to have an output beam that comes out straight, that is, at 0˚ steering, without any active phase shifting. To 
achieve this, it is necessary to equalize the phase of each output port by equalizing the optical path length with the use of 
additional s-bends. These s-bend segments serve the dual purposes of converting the equally spaced MMI output to the 
unequally spaced OPA, while at the same time passively equalizing the phase shifts at each of the MMI output ports.  
 
Active phase shifting is achieved via the use of thermo-optic metal heaters that will utilize silicon’s strong thermo-optic 
coefficient to modulate the refractive index and thereby the accumulated phase at the output of each array element. Our 
heater is essentially a metal wire whose temperature can be adjusted by changing the current through it. The heater is 
placed above the waveguide and is separated from the waveguide by a sufficiently thick oxide cladding layer to prevent 
optical absorption loss from the conductive metal. 

In our design we have opted to make the heaters independently controllable; that is, we have (N+1) electrodes to provide 
for 12 heaters along with a common ground. This provides us the significant advantage of being able to reset after each 
2π phase shift. Had we opted to simplify this electrical design by having only two electrodes, there would be no reset and 
thus the phase shift required at the end of the array would be impractical to achieve.  
 
We have chosen the length of the heater region to be 800 µm and determined the necessary temperature change in the 
waveguide according to the equation below. 
     ∆ · Δ ·      (4)  
Where Δφ is the desired phase shift of 2π, λ is the wavelength of light (1550nm), dn/dT is the thermo-optic coefficient of 
silicon (1.86E-4), ΔT is the temperature change in the waveguide, and LH is the length of the heater. Thus, we need to 
raise the temperature of the silicon waveguide by 10.4 degrees.  
 
Figure 4 shows the schematic layer structure of the heater, along with a transient simulation of the response time to 
achieve the 2π phase shift. 

(b)
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Figure 4-Schematic of thermo-optic heater structure (a), along with cross section view (b). Transient simulation showing the response 

time to raise the silicon waveguide to reach the temperature for 2π phase shift (c). 

 

3. DEVICE FABRICATION 
Our device is implemented on silicon on insulator (SOI) for a variety of reasons. Silicon CMOS process technology is 
mature and can be easily adopted here. Also, silicon has a large thermo-optic coefficient that provides for ease of 
fabrication while still demonstrating large-angle beam steering with acceptable speed. Furthermore, we can utilize the 
large refractive index difference between silicon and silicon dioxide to minimize the modal phase errors and hence the 
non-uniformity in the output intensity, while at the same time achieving good modal confinement.  
 
The unequally spaced optical phased array with thermo-optic metal heaters were fabricated on  SOI from SOITEC with 
3 µm buried oxide layer (BOX) and 260 nm top silicon layer. The optical circuit was patterned using a JEOL JBX600 
electron beam lithography system, as shown in Figure 5. The pattern was inverted by using a titanium liftoff step, and 
subsequently transferred to the top silicon layer via reactive ion etching (RIE) and piranha cleaning. Afterwards, a 1 µm 
film of plasma-enhanced chemical vapor deposition (PECVD) silicon dioxide was deposited for the top cladding using 
the Plasmatherm 790 system. The refractive index was found to be nPECVD=1.46. Afterwards, thermo-optic heaters were 
formed on top of the oxide cladding using photolithography and subsequent deposition and liftoff of a 150nm Cr/Au 
film, as shown in Figure 6(a).  
 

 
Figure 5-Optical scope picture of optical circuit showing (a) the MMI output and tapered waveguides, (b) the input waveguide to the 

MMI coupler, (c) the unequally spaced OPA output, (d) the s-bend regions and (e) VSEM image of OPA output. 
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After the device was completed, the device was cleaved to provide optical input and output and mounted on a chip 
carrier that was then wire-bonded to provide electrical connections for the thermo-optic phase shifters. Our chip carrier 
was fabricated on copper printed circuit board (PCB) that was patterned to provide an interface between our power 
generator and metal heaters, seen in Figure 6(b).  
 

 
Figure 6-(a) Optical scope picture of the completed device showing the metal heater over the waveguides after the MMI output. (b) -

Photograph of a cleaved sample mounted onto a chip carrier and attached to the power generator. 

 

4. RESULTS AND ANALYSIS 
The performance of our OPA was measured using the experimental setup shown in Fig.7. 
 

 
Figure 7-(a) Optical Test Setup and (b) mode profile of input ridge waveguide. 

 
In the optical source part, a tunable polarized semiconductor laser operating at a wavelength range from 1520-1620nm 
was used as the input light source. The input signal from the infrared laser was amplified by a polarization maintaining 
EDFA working in the C+L band. A filter combined polarizer was used to provide TE polarization for the input signal. A 
polarization analyzer was also used to confirm the polarization state in the whole system. We used a visible and infrared 
light dual imaging system to monitor the photon transmission in the whole OPA system. The monitor system was set 
directly above the OPA device. It included a high magnification rate objective lens 100X as well as a broad band CCD 
camera sensitive to light with wavelength 400nm-2µm. 
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For the optical connection to the OPA devices, the fiber was aligned to the input waveguide of OPA device precisely via 
a six-axis automated aligner to achieve a precision in movement of 50nm. For the near field image detection, a 
polarization maintaining fiber (PMF) and single mode fiber (SMF) have been connected to the input and output facets, 
respectively. Both input and output fibers are non-imaging lensed fibers with a mode field diameter of 2.5 micron, to 
make the mode field of the input fiber coincide well with that of the rib waveguide. The signal from each output channel 
was collected by the output SMF, and then was fed to an InGaAs photodetector, where the optical signal was transferred 
to an electrical signal before being sent to the power meter. Finally, we connected the power meter to the PC by a signal 
acquisition system, which feeds back to the auto aligner to control the position of the input and output fibers to maintain 
optimal coupling. 
 
During our experiments, we adjusted the input fiber in three dimensions precisely and use the dual imaging CCD system 
to monitor the coupling. Because our OPA devices were fabricated on SOI wafer and thus provides for good light 
confinement in the silicon core, we were able to observe the light transmission in the rib waveguides and OPA from the 
TV screen at the best coupling position. Figure 8 shows the coupling process observed from the monitor system. With an 
illuminator, visible light imaging helped us to locate the working area in OPA. Infrared light imaging detection gave the 
exact signal information. Figure 8(a) is the 12 output channels under visible light, and Figure 8(b) is the corresponding 
infrared image. 12 bright spots caused by the light scattering into the vertical dimension were clearly seen from the 
screen. 

 
Figure 8 Top down microscope image of the 12 output channels using (a) visible light and (b) infrared light when light is coupled into 

the device.  

 
After verifying the coupling position, we aligned the output SMF to the output side of the OPA device. Since the output 
channel of the OPA is only 500nm in width, the coupling position between the waveguide and fibers needed to be 
adjusted accurately. We kept the input fiber fix at the best coupling position, and scanned the output fiber in a 
rectangular region with a size of 70 x 5 μm2, which was large enough to cover the OPA near-field output region. The 
optical signal collected by the SMF was transmitted to the power meter and fed to the data acquisition system in PC. 
This data is stored as a 2D matrix, with each entry representing the optical power intensity at the corresponding spatial 
location.  The scanning results are shown in Figure 9(a) which is in agreement with the simulated intensity distribution 
in Figure 9(b). The results are also tabulated and compared to the device structure in Table I. The dual monitor system 
and the fiber collection system confirmed each other successfully. 
 

 
Figure 9 Experimental output intensity of each of the 12 output channels as scanned by lensed fiber at output (a) and simulated output 

intensity distribution (b).  

(b)(a)
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5. CONCLUSION 
In conclusion, we present the design and fabrication of a highly integrated beam steering system. Using the designed 
MMI and unequally spaced OPA, we are able to achieve both the near-field and far-field images, which are in good 
agreement with our theoretical analysis. The beam steering system we provided in this paper has good potential 
utilization in optical communication and detection. Using nanomembrane transfer and stacking techniques, one can 
achieve large angle beam steering in two dimensions.   
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