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ABSTRACT  

We have investigated the feasibility of multimode polysilicon waveguides to demonstrate the suitability of polysilicon as 
a candidate for multilayer photonic applications. Solid Phase Crystallization (SPC) with a maximum temperature of 
1000°C is used to create polysilicon on thermally grown SiO2. We then measure the propagation losses for various 
waveguide widths on both polysilicon and crystalline silicon platforms. We find that as the width increases for 
polysilicon waveguides, the propagation loss decreases similar to crystalline silicon waveguides. The difference in loss 
between the two platforms for a given waveguide width is due to the scattering from the polysilicon grain boundaries, 
which excites higher order modes. Depending on the waveguide width, these modes either propagate as higher order 
modes or are lost as radiation modes. Due to their different propagation constants, the presence of higher order modes is 
confirmed using sub-wavelength grating couplers. At a waveguide width of 10µm, polysilicon and crystalline silicon 
waveguides have propagation losses of 0.56dB/cm and 0.31dB/cm, respectively, indicating there is little bulk absorption 
from the polysilicon. This propagation loss is the lowest for polysilicon demonstrated to date. Modal conversion in 
multimode waveguides by polysilicon grain boundary scattering are investigated using a sub-wavelength grating coupler 
and discussed.   These results vindicate the use of polysilicon waveguides of varying widths in photonic integrated 
circuits.  
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1. INTRODUCTION  
On-chip photonic networks are a promising solution for the interconnect bottleneck in high performance 
microelectronics. Crystalline silicon-on-insulator (SOI) is the most commonly used photonics platform due to its large 
index contrast with silicon dioxide (Δn~2.02), which enables submicron waveguides and small bending radii. In 
addition, SOI exhibits excellent material properties such as low bulk absorption at telecom wavelengths and high 
electronic carrier mobility. While crystalline SOI is the most desirable, photonic devices would be restricted to the 
electronic layer. Furthermore, silicon photonics requires a thick Buried Oxide (BOX) layer (typically a few micrometers) 
for optical isolation from the substrate, but SOI for electronics requires a thin oxide layer ranging from tens to hundreds 
of nanometers to allow thermal flow into the substrate [1]. Although it has been shown that SOI for electronics can also 
be used for photonics [2], it comes generally at the cost of more real estate and adds greater complexity and cost to the 
standard CMOS fabrication process. A multi-layer platform would enable photonic device versatility, as footprint and 
separation issues are mitigated.  

In order to maximize such a platform’s design flexibility, CMOS compatible silicon deposition methods are strongly 
desired. As it is not currently possible to deposit crystalline silicon, alternative materials must be considered. Silicon 
nitride is a low loss material that has been used for multilayer photonic integration [1], but its lower index contrast 
increases device footprint, and it also lacks any mechanism for high-speed modulation, limiting nitride to either passive 
devices or slower devices using the thermo-optic (TO) effect. Hydrogenated amorphous silicon deposited by Plasma-
Enhanced Chemical Vapor Deposition (PECVD) is a low loss material that has been used in multilayer stacks[3], but 
sufficient and stable hydrogenation of the silicon dangling bonds are critical to maintaining its low loss property. Zhu et 
al have demonstrated that the propagation loss for hydrogenated amorphous silicon waveguides starts to increase rapidly 
at temperatures above 300°C [4], and Selvaraja et al have shown that the refractive index change measured from a 
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Mach-Zehnder Interferometer (MZI) starts to occur at 200°C [5]. In addition to thermal stability of hydrogenated 
amorphous silicon, another significant challenge is that the charge mobility is very low due to the amorphous structure of 
the film, thereby limiting its application in high-speed applications.  

Deposition of polycrystalline silicon (polysilicon) is a mature, CMOS compatible process that is easy to deposit on a 
variety of substrates. In addition, it can be easily doped to realize electrically active photonic devices due to its relatively 
high (~100cm2/V-s) [6] electronic carrier mobility. Propagation loss has remained a significant challenge for polysilicon 
waveguides, which is dominated by scattering and absorption at the polycrystalline grain boundaries.  Low loss 
(~6.45dB/cm) single mode polysilicon waveguides, [7, 8] high quality factor ring resonators [9], and high speed electro-
optic modulators [10] formed by Solid Phase Crystallization (SPC) of Low Pressure Chemical Vapor Deposition 
(LPCVD) amorphous silicon have been demonstrated. Compared to direct deposition of LPCVD polysilicon, SPC of 
LPCVD amorphous silicon yields superior film qualities, such as smoother surfaces to reduce interfacial scattering and 
larger grains that result in fewer absorbing and scattering boundaries, further lowering the propagation loss [11].  

To date, photonic polysilicon research has focused on waveguides and devices in the single mode region with 
thicknesses of 200-250nm and widths of 300-500nm, where narrower waveguides result in lower loss due to less 
confinement of light in the polysilicon core, indicating that attenuation is dominated by bulk loss [7]. Indeed, efforts to 
further reduce the overlap of the optical mode with the waveguide cross section have been made by forming polysilicon 
waveguides in the same step as the polysilicon transistor gate for electronics, resulting in core geometries of 120nm X 
350nm and a propagation loss of 6.2 dB/cm at 1550nm [12]. Unfortunately, little work exists for wider, multimode 
polysilicon devices. Liao et al have reported that thicker and wider polysilicon waveguides suffer from higher 
propagation losses due to increased optical confinement [11]. However, for key photonic components such as multimode 
interference couplers (MMI) for beam splitting and arrayed waveguide gratings (AWG) for wavelength division 
multiplexing (WDM), device dimensions can span tens to hundreds of microns in width [13, 14]. Characterizing the loss 
of polysilicon at such widths is necessary to determine if these devices can be formed without prohibitively high losses. 

In this paper, we demonstrate the lowest propagation loss to date of 0.56dB/cm to date in polysilicon waveguides, and 
experimentally confirm modal conversion due to polysilicon grain boundary scattering by examining the far field 
emission of a polysilicon grating coupler. In addition, we also demonstrate the first 1x12 polysilicon MMI with an 
insertion loss of -1.29dB and a uniformity of 1.07dB.  

2. DESIGN AND FABRICATION 
We have used the beam propagation method (BPM) from Rsoft to simulate 10µm wide waveguides for both crystalline 
silicon and polysilicon with grain boundaries, which is shown in Figure 2 (a) and (b), respectively. Figure 2(a) shows the 
10µm wide crystalline silicon waveguide excited by the fundamental mode, which propagates through the waveguide 
undisturbed. In contrast, a polysilicon waveguide is simulated by adding grain boundaries. The grain boundaries scatter 
light into higher order modes that are still guided by the wide waveguide. For narrower waveguides, the grain boundaries 
scatter light into radiative modes, as higher order modes are not guided. Therefore, the number of guided modes in a 
given waveguide geometry determines the propagation loss due to grain boundary scattering. 

In order to investigate the effect of the waveguide width on the propagation loss of polysilicon waveguides, the 
waveguide width is varied by using the structure shown in Figure 2(a). Grating couplers are used for input and output 
coupling. Due to the phase matching condition for grating couplers, the higher order modes excited by polysilicon grain 
boundary scattering will diffract out at different angles due to their different propagation constants. The details of this 
grating coupler will be reported separately. After the grating coupler, we first adiabatically taper all waveguide widths to 
500 nm in order to filter out higher order modes and achieve single mode propagation. The waveguide is then 
adiabatically tapered to the desired waveguide width, which ranges from 400 nm to 10 µm. After 5 mm of propagation, 
all waveguides are then tapered back to the output waveguide width. The same structures are also fabricated on 
crystalline silicon as a reference. By having the exact same structure and fabrication process, our results can only arise 
from the differences between the two materials. 

 

Proc. of SPIE Vol. 8630  863012-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/05/2013 Terms of Use: http://spiedl.org/terms



400 -

300 -

-E- -

...--- 200 -
N -

100 -

0
I 1'1'1'1'1'1'1'1'' I ' I ' I ' I ' I

-8 -6 -4 -2 0 2 4 6 8

X (µm)

400 -

300 -

-E-
...., 200 -
N -

100 -

0 -,1,1,1,1,1,1,1,1ii,i,i,i,i,i,i,i
-8 -6 -4 -2 0 2 4 6 8

X (µm)

 

 

(a) (b)

 
Figure 1-Beam Propagation Method simulation of 10µm waveguide for (a) crystalline silicon and (b) polysilicon 
with grain boundaries.  

 

In addition, we also designed a 1x12 Multimode Interference (MMI) optical beam splitter to further demonstrate large 
multimode polysilicon devices. The length and width of the multimode region are LMMI=563.4 µm and WMMI=60 µm 
respectively. The input and access waveguides are both 2.6 µm wide. To clearly resolve the individual output spots in 
the near field, a fanout design was used to separate the 12 MMI output channels to 30 µm. A schematic of the 1x12 MMI 
can be seen in Figure 2(b).  
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     Figure 2-(a) Schematic of waveguide structure. Not drawn to scale. (b) Schematic of 1x12 polysilicon MMI. 

 

In our experiment, we thermally oxidize a bare silicon wafer to create 2.0µm of SiO2 which acts as the BOX layer and is 
thick enough to prevent optical leakage into the substrate. Afterwards, a 250nm thick layer of amorphous silicon was 
deposited using Low Pressure Chemical Vapor Deposition (LPCVD) at 550°C. From [15], we find that the deposition 
rate should be sufficiently high to minimize the number of nucleation sites, which results in increased grain size. 
Consequently, we use an increased silane gas flow of 150sccm to achieve a deposition rate of 3.3nm/minute. After the 
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amorphous silicon deposition, we briefly dip the wafers in Piranha solution to form a native oxide layer. This thin native 
oxide layer stabilizes the top surface of the amorphous silicon and prevents increased surface roughness during future 
anneal treatments [16]. The wafers are then annealed using a two-step annealing process. The first anneal is a low 
temperature anneal that is done at 600°C N2 for 40 hours, and the purpose of this anneal is for gradual grain nucleation, 
which results in large grains. The second anneal is a 5 hour 1000°C also in N2, and this step is to crystallize the 
individual polysilicon grains. 

In order to estimate our grain size, we use dry oxidation at 900°C for 30 minutes to oxidize the top surface of our 
polysilicon film. Because polysilicon grains will preferentially oxidize along grain boundaries, we can use Buffered 
Oxide Etch (BOE) to remove the oxide and then use Scanning Electron Microscopy (SEM) to visualize our grains. A 
picture of such an SEM image is shown in Figure 3(a), and we estimate the grain sizes to be ~300nm. 

 The waveguides were patterned using electron beam lithography and Reactive Ion Etching (RIE). Afterwards, a 
1µm thick film of SiO2 for top cladding was deposited using PECVD. A cross section view of a single mode polysilicon 
waveguide is shown in Figure 3(b), and a microscope image of the 1x12 MMI is shown in Figure 3(c).  
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Figure 3-(a) Top down SEM image of polysilicon grains after oxidation and BOE, (b) cross sectional SEM of a single 
mode polysilicon waveguide and (c) microscope image of the completed 1x12 MMI.  

3. RESULTS AND ANALYSIS 
Transverse Electric (TE) polarized light at 1550nm was coupled into the input grating coupler using a polarization 
maintaining fiber (PMF) and collected from the output grating by standard single mode fiber (SMF). The propagation 
loss of various waveguide widths for both crystalline and polysilicon are shown below in Figure 4.  
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Figure 4-Propagation loss of various polysilicon and crystalline silicon waveguide widths.. Standard error bars are 
given for each data measurement. 

The propagation loss decreases for both crystalline silicon and polysilicon as the waveguide width increases. At a 
waveguide width of 400nm, the propagation losses of crystalline and polysilicon are virtually the same, but as the 
waveguide width increases, the loss difference between the two also increases. For waveguide widths above 2.5µm, the 
difference in propagation loss between crystalline and polysilicon decreases until they have nearly identical propagation 
losses at 10µm. For crystalline silicon, this behavior is well known and is due to decreasing sidewall interaction of the 
fundamental mode of the waveguide [17]. However, the grain boundaries present in polysilicon cause scattering to either 
radiation modes or higher order modes depending on whether the waveguide width supports the higher modes. This 
scattering into radiation modes causes the additional loss between polysilicon and crystalline waveguides of the same 
width.  

The presence of the higher order modes has been experimentally confirmed using the setup shown in Figure 5 (a) in 
which light at 1550nm is coupled out of the grating coupler and the far field image is observed on the IR CCD 
suspended 5cm above the grating. The higher order modes that are excited by the grain boundaries and can still be 
guided by the waveguide will have different propagation constants, and therefore will be emitted from the grating 
coupler at different angles according to the phase matching condition. The far field image for a crystalline silicon 
waveguide and grating can be seen in Figure 5(a), in which a single peak can be seen, which is due to only the 
fundamental mode of the waveguide being emitted. This can be contrasted with the far field of a polysilicon waveguide 
and grating with identical dimensions to that of crystalline silicon, which is shown in Figure 5(b).  It can clearly be seen 
that there is not a single peak, but instead continuous emission across a multitude of angles, which indicates the presence 
of higher order modes each with their different propagation constants, and hence different emission angles. Such a result 
experimentally demonstrates the existence of mode conversion due to polysilicon grain boundary scattering. 
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Figure 5-(a) Schematic of experimental setup using an IR CCD to examine the far field emission of the grating 
coupler. (b) Far field image of a crystalline waveguide and grating. (c) Far field image of polysilicon waveguide and 
grating identical to that made of crystalline silicon.  

It is important to note that at a 10µm waveguide width, both polysilicon and crystalline silicon waveguides have the 
lowest losses of 0.56dB/cm and 0.31dB/cm, respectively. To our knowledge, this value is the lowest propagation loss for 
a polysilicon waveguide to date. Furthermore, it indicates that there is very little bulk absorption from the polysilicon 
grain boundaries. This behavior of decreasing propagation loss with increasing waveguide width validates the use of 
large polysilicon waveguides in photonic integrated circuits whenever bandwidth-density is affordable [18].  

We fabricated the first polysilicon based 1x12 MMI and experimentally confirmed the functionality of such a 60µm 
wide polysilicon device. As before, TE polarized light at 1550nm was coupled into the 1x12 MMI. Using an IR camera, 
12 output spots are imaged from the MMI fanout, which are shown in Figure 6(a). To characterize the performance of 
this 1x12 MMI, we used standard SMF to collect each of the 12 output intensities from the output grating couplers, 
which is shown in Figure 6(b). The performance of an MMI can be described by output uniformity and insertion loss. 

The uniformity is calculated as ( )minmaxlog10 II , where Imax and Imin are the maximum and minimum output intensities 

of the MMI, respectively. The insertion loss of the MMI is defined as
( )ini II∑− log10

, where Ii is the output 
intensity of the ith output channel, and Iin is the intensity of a straight waveguide with the same dimensions of the MMI 
input waveguide. For our polysilicon 1x12 MMI, we determine a uniformity of 1.07dB and an insertion loss of -1.29dB. 
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This is due to the presence of the multimode region of the MMI, which is 60µm wide and 563.4µm long and has a much 
lower loss compared to the much narrower input waveguide. We have previously demonstrated a 1x12 MMI on 
crystalline silicon with comparable performance [19]. 
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Figure 6-(a) IR image of the 12 output spots from 1x12 MMI fanout. (b) Output intensities of the 1x12 polysilicon 
MMI. 

4. CONCLUSION 
We have investigated the feasibility of multimode polysilicon waveguides to demonstrate the suitability of polysilicon as 
a candidate for multilayer photonic applications. SPC with a maximum temperature of 1000°C is used to create 
polysilicon on thermal SiO2. We then measure the propagation losses for various waveguide widths on both polysilicon 
and crystalline silicon platforms. We find that as the width increases for polysilicon waveguides, the propagation loss 
decreases similarly to crystalline silicon waveguides. The difference in loss between the two platforms for a given 
waveguide width is due to the scattering from the polysilicon grain boundaries, which excites higher order modes. 
Depending on the waveguide width, these modes either propagate as higher order modes or are lost as radiation modes. 
Mode conversion due to grain boundary scattering is experimentally confirmed by observing the far field image of the 
grating coupler, in which the higher order modes are emitted at different angles according to their different propagation 
constants. We also find that at a waveguide width of 10µm, the polysilicon propagation loss of 0.56dB/cm is very close 
to the crystalline silicon propagation loss of 0.31dB/cm, indicating that there is little bulk absorption from the 
polysilicon. This result validates the use of polysilicon waveguides in photonic integrated circuits. We further 
demonstrate this with a 1x12 polysilicon MMI that has a low insertion loss of -1.29dB and a high uniformity of 1.07dB. 
Together, we present the lowest propagation loss for polysilicon waveguides to date of 0.56dB/cm as well as the first 
1x12 polysilicon MMI.  
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