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Abstract 

A combination of advanced silicon processing techniques were used to create three- 

dimensional (3D) photonic crystals with a 180 nano-meter minimum dimension. The 

resulting 3D crystal displays a strong stop band at optical wavelengths, b1.35- 1.95pm. 

This is the smallest 3D crystal ever achieved with a complete 3D photonic band gap. 
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The ability to confine light in three dimensions (3D) would have important implica- 

tions for quantum optics and quantum-optical devices: the localization of light to a frac- 

tion of a cubic wavelength, and thus the realization of single-mode light-emitting diodes, 

are but a few examples [l-51. Photonic crystals- the optical analogues of electronic crys- 

tals- provide a means of achieving these goals. Combinations of metallic and dielectric 

materials can be used to obtain the required 3D periodic variation in dielectric constant, 

but metallic dissipation will limit its application at optical wavelengths, h [6]. On the other 

hand, 3D photonic crystals fabricated in low-loss gallium arsenide using the "drilling" 

method showed only a weak stop band, that is range of frequencies at which propagation 

of light is forbidden, centered at h-1.3pm [7]. In the past, we have reported on the fabrica- 

tion of silicon 3-D photonic crystal with a large stop band (h=10-14.5 pm) and strong 
4 

attenuation constant (12 dB per unit cell) operating in the infrared [8]. In the work reported 

here we describe the successful realizatibn of asilicon based 3D photonic crystal with a 

stop band between k 1 . 3 5  and 1.95 pm. This is particularly important since it encom- 

passes a good deal of the spectrum of interest in optical communications and demonstrates 

that active structures can now be fabricated down to the band edge of silicon. 

As in our previous work we have used the layer-by-layer design to fabricate our pho- 

tonic crystal due to its relative ease of construction. This structure has been extensively 
* 

described and modeled [9-141. It consists of layers of one-dimensional rods with a stack- 

ing sequence that repeats itself every four layers. Within each layer the rods are parallel to 

each other and have a fixed pitch. The orientation of the rods on alternate layers is rotated 

90" between layers. Between every other layer the rods are shifted relative to each other 

by an amount equal to half the pitch between the rods. The resulting structure has a 
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face-centered-tetragonal (f.c.t.) lattice symmetry of which face-centered-cubic (f.c.c.) is a 

special case. In the work described here the width of the rods was targeted at 0.18 pm, the 

height of the rods 0.22 pm and the pitch of the rods 0.65 pm. The gap size is determined 

by the dielectric contrast of the two different materials that constitute the 3D structure and 

by the filling fraction of the higher dielectric constant material. In our case the structure 

was created almost entirely out of poly silicon with a refractive index of 3.6. There is a 

small, -5% volume fraction of silicon nitride, with refractive index 2.01 remaining after 

the release etch. The index contrast between the polysilicon and the surroundins air was 

therefore -3.6: 1. 

The 3D crystals were formed using a variety of advanced Si MEMS (MicroElectroMe- 

chanical Systems) and IC (Integrated Circuit) processes. 1 5 0 m  single crystalline silicon 

substrates were used throughout this work. Fig. 1 shows the schematic process flow. While 

the combination of processes is novel, the tools and processes employed are in widespread 

use in advanced silicon processing. The minimum feature size was the 0.18 pm width of 

each of the silicon rods. This is considerably smaller than the minimum feature size of 

-0.5 pm achievable using our “I-line” stepper systems. (However, it is not smaller than the 

minimum resolution achievable using state-of-art stepper systems.) In our process, we 

achieved this dimension using fillet processing. This approach relies upon the fact that 
* 

when a thin film of material is deposited over a step and then subjected to anisotropic reac- 

tive ion etching, a thin sliver of material remains along the sides of the step. If the step 

height is several times greater than the thickness of the thin film deposited, then the width 

of the fillet will be identical, or at least proportional to the film thickness. Thin film thick- 

ness can be very tightly controlled and thicknesses on the order of 0.18 pm are commonly 
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used. 

In the first step of the process, Fig.l(a), a thin film of poly silicon is deposited having 

the thickness of the desired final height of the line, 0.22 pm. The poly silicon is then 

capped with a thin film of silicon nitride which acts as a combination etch and CMP 

(Chemical Mechanical Polish) stop. The sacrificial step material is then deposited. A 

plasma enhanced silicon dioxide is used in this step. The layer is then photopatterned, 

Fig.l(b). Since the minimum dimension is attained using the fillet process the minimum 

feature size is now that of the pitch of the array, 0.65 pm. After photo patterning, the oxide 

is anisotropically etched to just above the level of the silicon nitride layre. A 30 second 

wet etch in a room temperature 6:l (Ammonium fluoride: Hydrofluoric acid) mixture is 

then used to isotropically remove -0.1pm of silicon dioxide, Fig.l(c). This was done to 

ensure that the silicon nitride was exposed and to slightly relax the minimum feature 

requirement of the photolithography. The fillet was then formed. Poly silicon was used to 

form the fillet, Fig. l(d). Since the deposition process has excellent step coverage the width 

of the fillet was essentially the same as the thickness of the film deposited. The silicon was 

etch in a high density plasma source system, Fig. l(e). Following fillet formation the sacrif- 

ical oxide is stripped, Fig.l(f). The fillet was then used as a mask for the etch of both the 

underlying silicon nitrideand silicon dioxide layers, Fig. l(g)-(h). Since the height of the 

poly silicon fillet is greater than that of the layer being etched, the fillet itself serves as the 

mask. 

1 

The next critical step in the processing involves the use of chemical mechanical polish- 

ing to maintain planarity throughout the process. The first step was to fill the gaps between 

the lines of poly silicon with a 0.3 pm deposition of silicon dioxide, Fig. l(i). The wafers 
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were then planarized back to the silicon nitride stopping layer using CMP, Fig.l(j). The 

CMP processing is critical since it prevents the topography generated in the first levels 

from being replicated in each subsequent level. At this point the entire process is repeated 

to form the subsequent layers of the structure. After completion of the desired number of 

layers, the silicon dioxide between the polysilicon lines is removed in a concentrated 

HF/water solution with excellent selectivity between poly silicon and silicon dioxide. The 

parts are now ready for testing. 

The transmission properties of the 3 0  crystal was measured using a room temperature 

Fourier-transform infrared measurement system with a spectral range from h=Ipm to 

3pm. Before measurement, the backside of the Si substrate was polished to a smoothness 

of better than 0.2 pm to avoid significant light scattering. The sampling beam size was 2x2 

mm2 and the beam was collimated to within a 10' divergence angle. The light is incident 

4 

along the stacking direction, <001>, of the 3D photonic crystal and was unpolarized. To 

find the absolute transmittance, a reference spectrum from a bare Si wafer was first 

obtained along with the signal spectrum taken from a wafer with a 3-D photonic crystal 

built on it. By ratioing the signal to the reference spectrum, the system's detector response 

was normalized. 

The absolute transmission spectrum of light propagating along the <001> direction of 

the 3D photonic crystal, that is, normal to the substrate, is shown in Fig. 3. The transmit- 

tance is plotted on a logarithmic scale as a function of wavelength from 0.8 to 2.8pm. A 

strong transmittance dip is observed at k1.35 to 1.95pm, providing a convincing evi- 

dence for the existence of a photonic bandgap in the optical wavelengths. The gap extends 

over a spectral range of Ah=0.6 pm; the gap to mid-gap ratio of A?Jk36% is large. The 
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development of the bandgap is also clearly evident as the number of overlayers is 

increased from 3 to 4. The dip at k1 .2pm is layer-independent and attributed to silicon 

band edgeabsorption. A further tilt-angle transmission measurement, similar to the one 

presented in reference 6,was carried out to study the angular dependent of the photonic , 

band gap. The light is incident along the plane spanned by cool> and clO>vectors, Fig.2.. 

At an incident angle 0=60° in free space, Ak0.35pm which is close to the expected mini- 

mum gap of Ak0.34pm. This result is cosistent with theoretical prediction that our 3D 

crystal has a complete photonic band gap. 

For comparison purpose, a transmittance plot taken from an infrared 3D crystal is also 

shown in the bottom panel of Fig3 as open circles. The design of the optical and infrared 
4 

3D crystal is identical, except their respective dimensions are different by a factor of 6.6: 1. 

As a result, the wavelength was scaled, 6.6:l. The vertical axis is also shifted downward 

by lOdB for ease of comparison. Impressively, the details of the transmission spectra for 

both samples are almost identical, despite the -15% layer-to-layer misalignment for the 

optical 3D crystal. This comparison verifies that, indeed, a photonic band gap scales lin- 

early with device dimensions. Further, it shows that the layer-by-layer design is relatively 

insensitive to slight process instabilities and thus relaxes our nano-fabrication require- 

ments. One possible reason for this is that in this approach, defects do not tend to be cumu- 

lative. For example during the photolithographic process the 2nd and 3rd layers are each 

aligned back to the to the first layer. In this way misalignment between the first and second 

layers is not propagated onto the third layer. The fourth layer aligns to the second laye, 

however any misalignment between the second and first layers is again immaterial due to 

the nature of the design. This situation is very much different from that of the parts formed 
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by the "drilling" method [5 ] .  In this case small errors in any of the angles accumulate as 

the hole propagates into the body of the substrate. 

In summary, this demonstration brings the working 3D photonic crystals into a wave- 

length regimes where most optoelectronic devices operates, i.e. 1.3 and 1.5prn. A whole 

variety of very exciting photonic devices, including low loss waveguides sharp bends, 

high-Q resonant cavities and single mode light-emitting-diodes, can now be made from 

3D photonic crystals. 
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Figure Captions 

Fig.1 Schematic of the process flow used to produce a single level. (a) Deposite 1OOnm 

SIN, (first level only) 220nm Si and 50nm SIN; deposite and densify 500nm SiO,; (b) Pat- 

tern and etch the Si02 with 650nm line/space pattern. Etch to within 50nm of the SIN; (c) 

Wet etch the Si02 to remove -90nm; (d) Deposite 180nm poly silicon; (e) Anisotropically 

etch the poly Si to form fillets along the side wall of the oxide; (f) Remove the oxide using 

a wet etch; (g) use the fillets as a mask to wet etch the SIN; (h) use the fillets as a mask to 

transfer the pattern into the poly Si; (i) Fill in the gaps between the lines using SiO2; (j) 

planarize using CMP, stoping on the SIN. Subsequent levels are identical except for the 

absence of the first layer of SIN which is only present at the beginning of the process and 

acts as an etch stop during the first poly silicon layer etch. 

Fig.2 Oblique cross section scanning electron micrograph of a released 4 level structure. 

There are slight variations in the pitch between alternated rod pairs. However, the sum of 

two adjacent pitches is 1.3 microns. There is also a slight foot of poly silicon evident on 

the 4th layer. However, neither of these processing problems appear to have seriously 

degraded the performance of the devices. 

Fig.3 (a) A transmission spectrum for the 3D optical photonic crystal as shown in Fig.?; 

(b) A transmittance plot taken from a 3D infrared 3D crystal. The wavelength axis is 

scaled with a ratio of 6.6: 1. 
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