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How various deviations in perfect photonic crystals, which may arise during fabrication, can affect 
the size of photo& band gaps is investigated theoretically. The emphasis is on determining the 
effects of misalignment of basic structural elements and overall surface roughness, because of their 
general fabrication relevance. As an example, calculations on a newly proposed three-dimensional 
photo& crystal are performed. It is shown that the size of the gap is tolerant to significant amounts 
of deviation from the perfect structure. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Photonic band-gap (PBG) materials have emerged as a 
potentially new class of materials for the fabrication of op- 
toelectronic devices.‘,’ By suppressing all modes within the 
frequency gap, PBG materials can greatly affect the radiative 
dynamics within the structure and lead to significant changes 
in the properties of optical devices. One limiting factor for 
the use of these materials has been associated with their fab- 
rication. Small deviations may arise during the fabrication 
process and affect the properties of PBG materials. The ef- 
fects of uniform deviations arising from a systematic change 
of structural elements have been considered in several 
structures.3-8 In this paper, we choose to study disorder most 
likely to arise during fabrication, such as surface roughness 
and misalignment of the dielectric components. We are inter- 
ested in their effects on the most fundamental property of 
photonic crystals: the size of the gap. 

For concreteness, we focus on a three-dimensional PBG 
crystal proposed recently as a viable structure for fabrication 
at micron and submicron length scales.’ The perfect crystal 
structure is shown in Fig. 1. It is essentially a layered struc- 
ture, typical of most 3D photonic crystals at these length 
scales.‘-* One possible fabrication process of this structure is 
illustrated in Fig. 2 and described briefly below. It is pre- 
sented here to help readers grasp the relationship between the 
basic structural elements. A detailed discussion of this fabri- 
cation process can be found elsewhere.8 

The structure is fabricated by first depositing a layer of 
dielectric material of thickness h onto a substrate and by 
etching long parallel grooves into the layer along the x-axis. 
The grooves are separated by a distance a and have a depth d 
and width w. The grooves are then backfilled with a second 
dielectric material, and another layer of the first material is 
grown on the surface, as shown in Fig. 2(a). Long grooves 
are then etched into this top layer, translated by a distance 
a/2 with respect to those in the first layer. After backfilling 
the grooves with the second dielectric, the entire process is 
repeated several times such that the structure repeats itself 
every other layer, as shown in Fig. 2(b). Once this process is 
completed, the second dielectric material, if properly chosen, 
can be removed from the structure with selective etching, as 
shown in Fig. 2(c). An array of long cylindrical holes is then 
etched into the top surface of the structure, at normal inci- 

dence. The holes are separated by a distance b and the x-axis 
and a along the y-axis. The center of each hole is aligned in 
the structure as shown in Fig. 2(d). In the case of a perfect 
structure, the complete gap can be as large as 23% using 
materials such as Si or GaAs. The maximum gap is reached 
when h=0.35a, b=0.71a, d=0.51a, and w=0.36a.* 

The size of the gap will most likely be reduced by any 
structural deviation from the perfect crystal. But it is of prac- 
tical relevance to analyze the consequences of disorder aris- 
ing naturally in the fabrication process at micron and submi- 
cron length scales. Such disorder includes overall surface 
roughness and misalignment of the basic elements. Since the 
structure described above is essentially a layered structure, 
its fabrication is carried out in stages. While the position of 
the basic elements and their shape and dimension can be 
controlled to high accuracy at each stage, keeping the unifor- 
mity between stages is more challenging. We therefore 
choose to study the following fabrication-related disorders: 

(i) variations of layer thickness, 
(ii) variation of groove depth, 
(iii) misalignment of grooves between layers, 
(iv) inaccuracy in fabricating air columns, 
(v) overall surface roughness. 
The actual size of the disorder will depend on the preci- 

sion of the lithographic technique used in the fabrication 
process, and the relative size of the disorder to the minimum 
feature size of the photo& crystal will depend on the mid- 
gap frequency for which the photonic crystal is designed. 
The higher the frequency, the larger the ratio of disorder to 
minimum feature size for a given technique. A photo& crys- 
tal designed for 1.55 pm light will have a minimum feature 
size of about 0.1 pm. With state-of-the-art x-ray lithographic 
techniques, feature sizes as low as 0.07 w can be obtained 
with a precision between 10% and 20%.‘-” To be conserva- 
tive, we have chosen to consider variations of the different 
features by as much as 57%. 

II. COMPUTATIONAL METHOD 

To model the various disordered structures, we use the 
supercell approximation. In this method, a structure contain- 
ing a specific type of disorder is placed in a large supercell, 
which is then repeated periodically in position space. Using 
Bloch’s theorem, Maxwell’s equations are expanded in a 
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FIG. 1. Perfect three-dimensional photo& crystal fabricatable at submicron 
length scales. The gray part corresponds to a high index material with the 
edges shown in black. The rest of the structure is filled with air. 

plane-wave basis and transformed into a matrix eigenvalue 
problem, which is solved by standard numerical techniques. 
The details of our computational methods are presented 
elsewhere.12 In this paper, we use a supercell that contains 
four layers and eight cylindrical holes, and apply a basis 
containing 64’ plane waves which is also equal to the num- 
ber of real space grid points. We have also tested a smaller 
supercell and obtained similar results. In any case, the super- 
cell gives a reasonable approximation to the actual photonic 
crystal, which typically need only be fabricated with ten lay- 
ers or SO.~ The results of our calculations are presented 
below. 

III. RESULTS 

A. Variation of layer thickness 

In the perfect structure, each layer has a thickness 
h = 0.35a. However, since each layer is grown at a different 
time, the layers mdy end up having different thicknesses. We 
simulate this effect by computing the size of the gap in struc- 
tures with layers of different thicknesses using the supercell 
illustrated in Fig. 3. The thickness of each layer is chosen 
randomly to fluctuate by as much as 20% from that of the 
perfect structure. We present here results for two different 
random sets of parameters: 

B. Variation of groove depth 

(a) h,=0.30~; h2=0.42a, h,=0.30a, h,=0.3&2, 
(b) h,=0.28a, h2=0.35u, h3=0.42u, h,=0.35u. 
In case (a), the gap is only reduced from 23% down to 

In the ideal case, the depth of the grooves is 0.5 1 a. 
However, in analogy to thickness variation, the depth of the 
grooves may also end up having a different value at each 
step of the fabrication process. We model these changes by 
using the supercell shown in Fig. 4. Each layer has grooves 
of the same depth, while different layers have grooves of 
different depths. The depth of the grooves is chosen ran- 
domly to be at most 10% greater or smaller than the one in 
the perfect structure. Two cases are examined here: 

21%, while in case (b), it is reduced to 14%. A close exami- (a) dl=0.56u, d,=0.46u, d,=0.46u, d,=0.56a, 
nation of the two structures reveals that in case (a), the thin- (b) dl=0.56u, d,=0.46u, d3=0.56a, d,=0.46a. 
nest horizontal dielectric vein between two grooves has a In case (a), the gap is reduced from 23% to 22%, while 
thickness hi+ hi, 1 -d of 0.17~~ as opposed to 0.19~ for in case (b), it is reduced to 14%. The thinnest horizontal 
the perfect structure. This corresponds to a reduction of the dielectric vein in case (a) has a thickness 2h - (d,+ di+2)/2 
dielectric vein by 11%. In case (b), however, the thinnest of O.l9u, which remains unchanged from that of the perfect 
vein is reduced by 37% to 0.12~. Reducing the thickness of structure. In case (b), however, it is reduced by 26% to 
this horizontal dielectric vein has the effect of weakening the 0.14a. In analogy to the effects of thickness variation, these 
connectivity of the structure, which is important in opening a 
photonic band gap.2 

results imply that the size of the photonic band gap is sensi- 
tive to the connectivity of the structure. 

[al 

[dl 

FIG. 2. Generic growth process of the photonic crystal shown in Fig. l(a)- 
(c): Cross sectional view in the yz-plane, showing different stages of 
growth. (d): Plan view in the q-plane, showing the position of the air holes. 
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FIG. 3. Cross-sectional view in the yz-plane of a structure with layers of 
different thicknesses. The structure repeats itself every four layers. 

C. Misalignment of grooves between layers 

We recall that the structure is made by stacking up layers 
and by etching a series of grooves within each layer. The 
grooves are translated by a distance u/2 with respect to those 
in adjacent layers. We are interested in determining the ef- 
fects of breaking this perfect translational symmetry. We 
model such disorder by performing computations in the 
structure shown in Fig. 5. The grooves in the second layer 
are translated with respect to those- in the first layer by a 
distance I,, the ones in the third layer with respect to those 
of the second layer by 12, and so on. By choosing 
1, = 1, = 1s = I, = 0.5~) the perfect crystal is reproduced. The 
minimum feature, which corresponds to the thinnest vertical 
vein between grooves in neighboring layers, will be signifi- 
cantly affected by any misalignment of the grooves. For ex- 

FIG. 4. Cross-sectional view in the yz-plane of a structure with grooves of 
different depths. The grooves in each given layer have the same depth, but 
the grooves have different depths in different layers. The structure repeats 
itself every four layers. 

FIG. 5. Cross-sectional view in the yz-plane of a structure with misaligned 
grooves. The structure repeats itself every four layers. 

ample, a misalignment of 16% reduces the minimum feature 
by more than 57%. In the specific case where I, = 0.53a, 
L2=0.52u, 13=0.53u, and 1,=0.54u (maximum misalign- 
ment of 8%), the gap drops to 18.5%, while a structure with 
ll=0.56a, L2=0.54a, ls=O.S6a, and 14=0.58a (maxi- 
mum misalignment of 16%) yields a gap of 9.4%. The sen- 
sitivity of the gap to the relative position of the grooves is 
related again to the connectivity of the dielectric network.’ In 
the perfect structure, the minimum feature has a size of 
0.14~. In the case where the largest misalignment is 16%, 
the connectivity of the lattice is weakened since the width of 
the thinnest vein drops by 57% to 0.06a. Clearly, great care 
needs to be taken in this part of the fabrication process. Nev- 
ertheless, it is comforting to see that the gap remains respect- 
ably large even with such a significant misalignment. 

D. Variations in size and misalignment of air columns 

Since all the air columns should be etched at the same 
time, we first consider the effects of changing the radius of 
the air columns uniformly. We recall that the size of the gap 
is largest when the radius of the air columns is r= 0.24a. 
The gap remains larger than 20% for any uniform change of 
the radius throughout the structure from 0.2 la to 0.26a. 
Next we consider the effects of misaligning the m&k. In the 
perfect structure, the center of each column should be placed 
at the midpoint between nearest neighbor grooves. However, 
during fabrication, the mask may not be perfectly aligned 
with the wafer. Any misplacement of the mask along the 
x-axis will have no effect on the overall features of the pho- 
tonic crystal. Hence we may investigate only the effects of 
misplacement along the y-axis. In addition to the misplace 
ment of the mask, the perfect lattice of air holes may also be 
broken. We model these deviations by setting up a supercell 
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FIG. 6. Plan view in the xy-plane of a structure with misaligned air col- 
umns. 

with misplaced air columns. One specific pattern is shown in 
Fig. 6. In this pattern, some columns are moved along the 
y-axis while others are left unchanged. The displacement of 
the columns is characterized by the parameter a ’ , as shown 
in Fig. 6. The case of the perfect structure corresponds to 
a’==~. If we let a’=O.9Oa, the gap drops from 23% to 
20%. 

E. Overall surface roughness 

Surface roughness might occur during the growing and 
etching processes. To address this problem we add a random 
fluctuation to the surface of every basic dielectric element in 
the supercell. The average of the disorder is 10% of the 
dimension of the element and the largest disorder is 20%. 
The supercell is shown in Fig. 7. The gap for this particular 
structure is computed to be 19.6%. This basic insensitivity of 
the photon& band gap to surface roughness arises simply 
because the mode wavelengths in the vicinity of the gap are 
much larger than the length scale of the surface disorder. 

Finally, since all the types of disorder discussed above 
may all occur in one structure during the fabrication process, 
it is interesting to study how their combined presence would 
influence the size of the gap. For each type of disorder we 
choose a fluctuation of the same magnitude as discussed ear- 
lier, including a misalignment of grooves of 8%, and the 
parameters of case (a) for both the layer thickness and the 
groove depth variation. The resulting structure retains a gap 

r 
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FIG. 7. -Three-dimensional photonic crystal structure with overall surface 
disorder. The disorder is introduced on the interface between the high-index 
material and air, in the perfect structure shown in Fig. 1. 

of 13.3%. Thus, in general, the photonic band gap appears to 
be fairly robust in spite of significant surface roughness and 
element misalignment. As we have shown, the most impor- 
tant effects will arise from deviations that systematically 
weaken the connectivity of the structure. 
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