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Abstract 

Localization of light to less than a cubic wavelength, h', has important quantum con- 

sequences. The creation of single mode cavities and the modification of spontaneous emis- 

sion are two important examples. A defect formed inside a three-dimensional (3D) 

photonic crystal provides an unique optical environment for light localization. Single 

mode defect cavities were built, for the first time, from an infrared 3D photonic crystal. A 

cavity state with modal volume of less than one h3 was observed. 
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A photonic crystal is the optical analogue of an electronic crystal [l-21. It is an artifi- 

cially engineered periodic structure with its dielectric constant spatially varied according 

to a certain crystal symmetry. Much like electrons in a crystal [3], photonic states inside a 

photonic crystal x e  classified into bands and gaps, frequency ranges over which photons 

are allowed or forbidden to propagate respectively. The bands and gaps provide a funda- 

mentally new mechanism for localizing light to less than a cubic wavelength, h3, which is 

not attainable using conventional optics [4-51. 

A defect cavity may be used to trap light at a point within a three-dimensional (3D) 

photonic crystal. To create a point defect, dielectric function of a 3D crystal must be varied 

in a local region. Two general classes of defects may be made. One, the “vacancy defect”, 

is created by removing a section of the dielectric material that comprises the 3D crystal. 

Another, the “interstitial defect”, is formed by adding extra dielectric materials into the 

crystal. Within such a defect cavity, photonic defect state may appear in the otherwise for- 

bidden photonic band gap regime, leading a strongly localized state [6] .  The strength of 

photonic localization is determined by the size of the band gap, which acts as a highly 

reflecting mirror. To maximize the gap size, dielectric contrast (or equivalently refractive 

index) of the two materials that constitute the 3D structure and filling fraction of the higher 

dielectric material must be carefully chosen [7]. 

A layer-stacking design was used to construct the 3D photonic crystal. The design 

has been extensively studied theoretically and experimentally [7- 101. It consists of layers 

of one-dimensional rods with a stacking sequence that repeats itself every four layers. 

Within each layer the rods are parallel to each other and have a fixed pitch (d). The rod 

also has a fixed width (w) and height (h). The orientation of the rods on alternate layers is 
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rotated 90" between layers. Between every other layer, the rods are shfted relative to each 

other by an amount equal to half the pitch between the rods. For the special case of 

4h/d=1.414, the lattice can be derived from a faced-centered-cubic unit cell with a basis of 

two rods. The structure can also be derived by replacing the <110> chain of atoms in the 

diamond structure with the rods. For our 3D crystal, the maximum gap is achieved by hav- 

ing a index contrast of 3.6:l and filling fraction of 2870. During the fabrication process. 

defect cavities can also -be incorporated into a specific stacking layer. By varying the 

defect size, defect states may also be tuned across the band gap. In our case, vacancy 

defects are studied and their corresponding defect frequencies tuned by varying the length, 

L, of the removed section of the 1D rod. 

> 

To build the 3D crystal and defect cavities, a combination of advanced silicon pro- 

cessing techniques were used. In the first step of the process, a thin film of polysilicon is 

deposited, photopatterned and etched. The next step in the processing involves the use of 

chemical-mechanical-polishing (CMP) to planarize the patterned structure [ 10-1 11. A 

layer of silicon dioxide (SiO,) was deposited in between the lines of polysilicon. The 

wafers are then polished and planarized using CMP. The planarization step is critical since 

it prevents the topography generated in the first level from being replicated in the subse- 

quent level. At this point the entire process is repeated to form a three layer structure. The 

fourth layer is a defect layer, where a series of vacancy defect is created having length L= 

2, 15, and 30 pm. One top of the defect layer, three more layers were built to complete a 

seven layer 3D structure. After completion of the seventh layer, SiO, is removed by selec- 

tive wet etching. 

In Fig- 1 (a), a cross section scanning electron microscopy (SEM) image of the defect 
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cavity is shown. The sample is cleaved right across the middle of the defect cavity for 

imaging purpose. The small missing section at the fourth layer is the defect cavity. A top 

view SEM image of the defect cavity at the fourth layer was shown in Fi,o.l(b). The defect 

is the small vacancy of length L along the 1D rod. The defect’s geometric volume is given 

by AV=L x 2d x 3h, where L=2umm, d=4.3pm and h=1.6um. Given the mid-gap wave- 

length of A-1 lpm, AV is as small as - 0.06h3. For cavities having L=15 and 30 pm, the 

corresponding AV is also. compact: - 0.5, and 1 .O h3 respectively. Additionally, defects are 

placed in an array fashion to maximize the transmission signal. Specifically, they are 

spaced by two rods along y-direction, a spacing distance of 3d=12.9pm (see Fig. l(b). and 

separated by a distance Ax along x-direction. 

To probe the localized stites, both transmission and reflection measurements were 

carried out using a Fourier-transform infrared measurement system. Before measurement, 

the backside of the silicon substrate was polished to a smoothness of better than 0.2 pm to 

avoid significant light scattering. To find the absolute transmittance (T), a transmission 

spectrum taken from a 3D crystal sample was normalized to that from a bare silicon wafer. 

To find the absolute reflectance (R), a reflection spectrum taken from the same 3D crystal 

is normalized to that of a silver mirror. Our reflectance set-up is capable of taking spec- 

trum over an angular span of 8=15O-7O0 measured from the surface normal, i.e. <001> 

direction, and has an accuracy of +5 9%. 

The absolute transmittance of light propagating through a 3D micro-cavity is shown in 

Fig. 2(a). The vacancy defect has a L=2umm, Ax=lOpm, and AV-0.06 h3. The infrared light 

is incident along the stacking direction, <001>, of the 3D crystal and is un-polarized. The 

transmitted signal is collected by a photodetector with its receiving surface oriented along 
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<001> direction. A schematic drawing of the defect cavity (the dark square) and the trans- 

mission configuration is also shown in the inset. The transmittance shows a single trans- 

mission peak, centered at hcavity=12 pm, indicating the existence of a cavity mode within 

. the band gap. This transmitted signal originates from the resonant tunneling of electro- 

magnetic waves through the single-mode cavity state. The peak transmission amplitude is 

-570, or 13 dB, and full-width-half-maximum 0.8pm, or a cavity-Q of 15. The experimen- 

tal data agrees with the result of a transfer matrix calculation 112-131 performed on a simi- 

lar sample structure with L=2pm, Ax=12.9pm [14]. In particular, it yields a 

hC,;,=l1.85prn (indicated as an arrow), a slightly higher peak value of 8% and a cavity-Q 

of 20. The calculation also confirm that the defect cavity is a single mode resonant cavity. 

The arrangement of defect cavities in an array fashon also'allows us to probe wave- 

function extent (localization length E) of a defect state. When distance between adjacent 

defects is compatible to E in the defect layer, near-by defects interact and defect modal fre- 

quency shfts. From the onset of this frequency shift, in-plane wavefunction extent may be 

estimated. This gives an experimental measure of the modal volume, AVmode, associated 

with the defect cavity. 

Transmittance spectra taken from defects arranged with defect spacing Ax=lO, 15 and 

20pm are shown in Fig.3. As expected, the defect frequency remains essentially the same 

for larger spacing samples, Le. Ax=20 and 15pm, and shifts to a longer wavelength of 

h=12 pm for the Ax =10 pm sample. The shift to a longer wavelength is consistent with 

results of simulation, although it has a small uncertainty that comes from the uncertainty 

of the respective band edge positions, which is k0.05 pm. Meanwhile, as Ax is reduced. 

defect density is increased and therefore the observed transmission amplitude is enhanced 

by about a factor of two. From the onset of the frequency shift, in-plane wavefunction 

extent of the defect cavity is estimated to be - 10pm. The wavefunction extent along the 

stacking direction can also be obtained by performing transmittance measurement for 

samples with different number of layers [ 101. By plotting transmittance as a function of 
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layer thickness, E, - 6pm is obtained (151. From the known E// and E,, a cavity modal vol- 

ume of - 0.4 h3 is deduced. This is, to the best of our knowledge, the smallest 3D defect 

cavity ever been made in the infrared wavelength. 

Reflectance measurements are also carried out to study the optical properties of the 

defect. The spectrum was taken from the same sample at a slight tilt angle, 8=15', and the 

measured data shown in Fig.2(b). The reflectance dip occurred at hcaviry= 12 pm, which is 

consistent with the transmittance data. Unexpectedly, the amplitude of the observed dip is 

much more pronounced, -12%. It is about two times larger than the peak transmittance 

signal collected along <001>. This observation suggests that some portion of the light may 

be scattered away from <001> and thus was not detected by the <001> oriented photode- 

tector in the transmission configuration. The situation is quite different for a reflectance 

measurement since all resonant signals, scattered away or not, contribute to reflectance 

dip. A schematic for the scattering picture is shown in the inset of Fig.2(a). To confirm this 

hypothesis, a computer simulation that collect signals from all angles is carried out. The 

> 

result shows that the integrated transmitted signal is indeed about two times larger than the 

<001> forward scattered one. It also indicates that surface scattering is not important and 

the source of scattering is the cavity itself. Such a scattering phenomenon is universal to 

both 2D and 3D photonic band gap micro-cavities [ 161. 

To obtain a directional output for laser or light-emitting-diode applications, a special 

cavity design muit be implemented to suppress the isotropic part of the scattering and thus 

enhance a more directional output coupling. One possible approach is to alter the detail of 

the modal wavefunction symmetry. This may be accomplished by either changing the geo- 

metrical shape of the cavity or through defect-to-defect interaction. 

Reflectance measurements can also be used to verify the 3D nature of a defect cavity. If 

a cavity is truly three-dimensional, its modal frequency should be angular-independent. 

This is due to the fact that a 3D cavity mode is established by the coherent resonance of 

light, reflecting back from all facets of the cavity. A series of reflectance measurement was 
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carried out over an angle 8 =15' - 70' to investigate the angular dependence. Our results 

confirms that cavity frequency is angular independent for all angle tested and the defect 

cavity built from our 3Dphotonic crystal exhibits a 3D character. 

Finally, a theoretical model calculation suggests that the excitation of the cavity mode 

is polarization dependent. The optical mode can only be excited by light polarized along 

the rod direction, i.e. the x-direction as indicated by the arrow in the inset of Fig.4. A sche- 

matic of the defect cavity is also shown in the inset. The defect cavity has a L=30 p m  and 

Ax=50 pm. The data taken with x-polarization, solid dots, shows a single transmission 

peak centered at h=l1.3 pm. The peak is well defined with its transmission amplitude of 

-7.5'31, or 1ldB attenuation, and full-width-half maximum 0.8um, or a cavity-Q of 14. On 

the other hand, the data (open dots) taken with y-polarization shows no transmission peak 

in the gap regime, confirming the polarization-dependent of the cavity mode. The rejection 
* 

ration, defined as the ratio of the transmittance between x- and y-polarization, is -10dB. 

This value is limited by the polarization-independent evanescent leakage of light through 

the 7-layer structure which is about 1%. For a 10-layer defect cavity, rejection ratio is 

expected to be -2OdB. A vacancy defect can thus be used as a narrow band polarization 

seIec tor. 

In summary, single mode defect cavities were built, for the first time, from an infra- 

red 3D photonic crystal. The defect state is polarization sensitive, shows a 3D character, 

and, most importantly, has an ultra-small modal volume of less than one h3. 
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Figure Captions 

Fig. 1 A scanning eIectron microscopy (SEM) image w of the defect cavity. (a) a cross section 

view of the vacancy defect with is at the fourth layer; (b) a top view of the defect cavity 

where L=2pm and a=4.3pm. 

Fig.:! (a) a transmittance spectrum of a 7-layer 3D micro-cavity taken with the infrared 

light propagating along the <001>, or the z-direction, of the sample; the experimental con- 

figuration is shown in the inset. (b) a reflectance spectrum taken from the same sample at a 

slight tilt angle, 8=15'. The schematic drawing in the inset shows the scattering of light by 

the cavity. 

Fig.3 Transmittance spectra taken from defects arranged with three different defect spac- 

ing Ax=20, 15 and 10pm. The defect frequency remains essentially the same for both 

Ax=20 and 15pm and shifts significantly to a longer wavelength for Ax =10pm. 

Fig.4 The transmission spectra taken with x-polarization, shown as solid dots, and y-polar- 

ization, shown as open dots. The transmission peak is observed only for x-polarization. 

confirming the polarization dependence of a cavity mode. 
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