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Abstract: we experimentally investigate the effects of slow light modes 
within a one dimensional photonic crystal resonator. We show that the slow 
light mode leads to significant increase in the quality factor of the resonator. 
We provide a theoretical analysis explaining our experimental results. We 
also include the effect of disorder to simulate the fabrication imperfection. 
Further results regarding the properties of the one dimensional photonic 
crystal are discussed. 
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1. Introduction  

Slow light, the expression associated with low group velocity of light, has become an 
important field of research during the last few years primarily due to technological advances 
that made it possible to realize on chip slow light devices. Several candidate technologies 
have been demonstrated for producing slow light on chip, for example, stimulated Raman 
scattering1 and different types of resonators2.  A significant research effort is directed into 
slow light in photonic crystals (PhCs). PhCs designed to operate in the near infra-red 
wavelength regime have become accessible to researchers and engineers mostly thanks to 
semiconductors processing techniques and are now widely used3-5.  
Most PhC waveguides structures give rise to guided modes within the crystal’s band-gap 
region, i.e., a wavelength region where light waves cannot propagate, by generating defect 
modes within the band-gap6,7. The periodic nature of the PhC leads to enhanced dispersion of 
the optical mode especially at the band-edge8-10 wavelength region. 

It has been argued in Ref. 11 that if a slow-light medium is embedded within an optical 
resonator, the low group velocity will result an increased quality factor. Additional simulative 
backing of the latter argument is given in Ref. 12. In this paper we experimentally 
demonstrate the increase in quality factor due to slow light modes within optical resonators as 
well as investigate other properties of the “slow light resonator” such as variations in Free-
Spectral-Range (FSR), and losses. For these measurements, we use one-dimensional PhC 
waveguides sandwiched between a strip silicon waveguide. This configuration allows the 
realization of dispersive medium with slow light modes as well as a Fabry-Perot resonator, 
where the reflective mirrors are generated by the large mode mismatch between the PhC and 
the strip waveguides. 

2. Theory and simulations 

2.1 Device description and analysis 

The device investigated in this paper consists of a PhC waveguide located inside a rectangular 
strip waveguide (see Fig. 1). The mode mismatch between the PhC and the strip waveguides 
can effectively be described as a partial mirror13. Thus, the investigated device operates as a 
Fabry-Perot (FP) resonator. 

 
Fig. 1.  Illustration of the investigated device – a 1D PhC waveguide. 

The group velocity of the PhC waveguide mode can be tuned by adjusting the holes’ diameter 
and the period. In order to obtain low group velocity we need to: a) have sufficiently large 
holes that will create strong dispersion, b) tune the PhC period to locate the band-edge within 
our wavelength of operation12,14. In Fig. 2 we present a calculated band diagram of a PhC of 
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the type shown in Fig. 1. The calculation is done numerically using plane-wave-expansion 
(see Ref. 12 for details). The band-edge region and the light line are shown by arrows. Kz 
stands for the wave-vector along the direction of propagation – z. 

 
Fig. 2.  Band diagram of a 1D PhC waveguide of the type presented in Fig. 1. 

By choosing the device’s period appropriately so that the band-edge is located within the 
wavelength of operation we ensure that the spectral response of the investigated device 
contains a band-gap region followed by transmission peaks whose spectral density decreases 
as the wavelength moves away from the band-edge8,9. To verify this assumption, we 
performed a finite-differences-time-domain (FDTD) simulation of light propagating through 
the device (see Fig. 3). Obtaining transmission peaks close to the band-edge requires 
sufficiently long resonator12. We thus chose a resonator containing 60 periods. The period, a, 
was chosen to be 0.36μm to locate the band-edge around 1.5μm wavelength. To reduce the 
required numeric effort we performed 2D simulations. Although the 2D simulations results 
are sometimes not sufficient for quantitative purposes, they usually provide very good 
qualitative approximation. We used the effective index approach15 and set the strip 
waveguide’s refractive index to be 2.5 and the cladding’s index 1. These numbers fit our 
Silicon-On-Insulator (SOI) configuration for in-plane polarization and device thickness of 
240nm. 
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Fig. 3.  FDTD simulation of transmission through a 60 periods long PhC waveguide (360nm 
period). 
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Fig. 3 shows that the expected spectral response is obtained. From this Fig. we can extract 
the group index of the PhC mode, the strip-PhC waveguide interface reflectivity9, and the 
quality factor of the resonator for each transmission peak, by using the following procedure. 
At first we define the visibility parameter as: 
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where Imax and Imin are the intensities at the transmission maxima and minima, respectively. 
The intensity reflectivity is then given by9: 
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The group index can be evaluated using the distances between maxima, i.e.9: 
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where λ0 represents the maxima wavelengths, Δλ is the wavelength distance between adjacent 
maxima and L is the resonator’s length. 

The quality factor of the resonator for each transmission peak is extracted using16: 
 

 0Q=
λ
δλ

 (4) 

 
where δλ is the Full-Width-Half-Maximum (FWHM) of the resonance peak. Figure 4 presents 
the obtained group index and the reflection. As expected9 an increase in both group index and 
reflection is obtained as the wavelength approaches the band-edge.  

 
Fig. 4.  (a) Reflection and (b) group index of the 1D PhC waveguide as extracted from the 
simulation results presented in Fig. 3. 

From Fig. 3 it is clear that the quality factor increases towards the band-edge. Yet the goal of 
this paper is to show that the low group velocity increases the quality factor. Unfortunately, 
the group index is not the only factor that may lead to the quality factor increase. The increase 
in reflection (because of higher mode mismatch) can also lead to quality factor increase. Thus, 
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we need to separate the contribution of reflection increase and group index increase to the 
quality factor increase. In order to do so we have calculated the expected quality factor based 
on the extracted reflection (Qreflection) assuming constant refractive index in the wavelength 
region around the resonances. We compared the latter with the actual quality factor (Qtotal) 
using (4) to find out the contribution of group velocity to the quality factor. 

Qreflection was calculated using FP formulation, i.e., the transmission of a FP resonator is 
given by: 
 

 ( ) max
2

22
1 sin

F

T
T

F
υ

πυ
π υ

=
⎛ ⎞⎛ ⎞ ⎟⎜⎟⎜ ⎟+ ⎜⎟⎜ ⎟⎟⎜ ⎜ ⎟⎜⎝ ⎠ ⎝ ⎠

 (5) 

where ( )1F R Rπ= −  is the finesse, ( )2F effc L nυ = ⋅  is the FSR, L  is the 

resonator’s length and υ  is the field’s frequency. The resonance frequencies are given by -

res FNυ υ= . The corresponding frequencies where the transmission drops half maximum 

are given by 
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Thus, the wavelength FWHM is given by: 
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where resλ is the resonance wavelength. The quality factor is then calculated using (4). Note 

that for the calculation we assumed ( )   2.3effn λ =  for all wavelength range. 

The results are presented in Fig. 5 and confirm our hypothesis. In Fig. 5(a) we see that 
Qtotal is larger than Qreflection at the whole wavelength range. Moreover, in Fig. 5(b) we see that 
Qtotal increases faster than Qreflection as the wavelength of operation approaches the band-edge. 
Thus, it is clear that slow light plays an important role in increasing the quality factor. 
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Fig. 5.  The quality factor analysis of disorder free, simulated PhC waveguide’s transmission 
spectra. (a) absolute value of quality factors. (b) quality factor ratio. 

2.2 Disorder analysis 

So far we have discussed ideal periodic structures. However, in fabricated devices structural 
imperfections are inevitable. These imperfections might lead to some deviation from the 
response expected by the “perfect” simulations, i.e., a simulation free of structural 
imperfections. To estimate this effect we now present a computer simulation of an imperfect 
1D PhC structure. During fabrication we noticed two main effective fabrication imperfections 
in our devices. First, the PhC holes radii are not precisely equal. In fact, the radii can be 

approximated using a normally distributed random variable with an average value, avgr , and a 

standard deviation, radσ . Second, there is sidewall surface roughness that occurs as a result 

of the nanofabrication of the waveguides. This phenomenon can also be described using a 
random variable. In this case we use a different formalism. We take a random function, 

( )h z , to describe the perturbation caused by the roughness. Then we define the correlation 

function between ( )h z  and its shifted version, i.e., ( )h z u+ . This correlation is given by: 

 ( ) ( ) ( )G u h z h z u dz
∞

−∞

= ⋅ +∫  (8) 

 

We next define two parameters. The RMS deviation - ( )0rough Gσ = , and the correlation 

length - D  that is defined using the following expression: 

 ( )
2
roughG D
e

σ
=  (9) 

We use roughσ and D  to define the surface roughness. The dislocation of the holes with 

respect to the center of the waveguide is of the order of the sidewall roughness so we ignore 
this effect. Also, slight deformation of the circle is neglected here since we found this disorder 
mechanism to have a negligible influence on the transmission spectra. 
       In Fig. 6 the refraction index distributions of 28 periods of the “perfect” (disorder free) 
device and the simulated disordered device are presented. The disordered parameters are 
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5rad nmσ = , 7rough nmσ = , and 5D nm= . 

 
Fig. 6.  Index of refraction distribution. a - distribution of the “perfect” structure. b - distribution 
of the disordered structure. The color-bar represents the refraction index. 

       We have numerically created 14 different disordered refractive index distributions based 
on the above parameters and used them for our simulations. In Fig. 7, the transmission 
spectrum of one such disordered resonator is presented. The general spectral response is 
similar to the “perfect” case (Fig 3); however, some deviations do exist. The graphs in Fig. 8., 
show the reflection, group index and quality factor ratio extracted from 14 graphs of the type 
presented in Fig. 7, that correspond to the disordered distributions mentioned above. Each 
graph presents 14 series of points (one for each disordered structure) that differ in symbol 
shape and color. The continuous line represents a polynomial fit of the points’ series (trend-
line) and the dashed line represents the simulation results of the perfect structure, for 
comparison. Although the results obtained for the disordered structure differ from the results 
of the “perfect” structure, the general trend is maintained. The differences will be discussed in 
section 4. 
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Fig. 7. FDTD simulation of transmission spectrum through a 60 periods long PhC waveguide 
(360nm period) where disorder effects were added. 
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Fig. 8. (a) Reflection, (b) group index and c - quality factor enhancement extracted from the 
simulations of 14 disordered 1D PhC FP resonators’. Symbols represent the values extracted 
and the continuous line is the trend line calculated by a polynomial fit. Dashed line corresponds 
to the simulation results of the disorder-free device. 

3. Fabrication and experimental results 

We have fabricated and tested several 1-D PhC waveguides. We used Electron-Beam 
Lithography (EBL) to define the nanostructures followed by Reactive-Ion Etching (RIE) to 
transfer the patterns into the SOI substrate. The latter was composed of a 240nm thick top 
silicon layer, a 3μm thick oxide layer and a 600μm thick silicon handle layer. After etching, 
the structure was coated with 5μm thick SU8 polymer to form a top cladding layer. The 
refractive index of the SU8 layer was approximately 1.56. 

Figure 9 depicts the fabrication result of a 1-D PhC waveguide made of air holes within a 
strip silicon waveguide. It also shows the measured transmission spectrum of the device. The 
PhC waveguide was 60 periods long, where each period length was approximately 360nm. 
The band-gap region is clearly observed at wavelengths below 1507nm. As expected the FSR 
of the FP oscillations increases as the wavelength moves away from the band-edge. 
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Fig. 9.  A scanning-electron-microscope (SEM) picture of the fabricated 1D PhC and the 
corresponding measured transmission spectrum. 

We fabricated and measured four 1-D PhC devices similar to the above and evaluated the 
group index, reflection and quality factor. The dimensions of all four devices were 
approximately as presented in Fig. 9. 

 
Fig. 10.  (a) Reflection, (b) group index and (c) quality factor enhancement extracted from the 
experiment results of four SOI 1D PhC FP resonators’. Symbols represent the values extracted 
and the continuous line is the trend line calculated by a polynomial fit.  Dashed line corresponds 
to the simulation results of the disorder free device. The x-axis shows wavelength difference 
with respect to the band-edge wavelength. 
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The parameters (reflection, group index and quality factor ratio) extracted from the 
experimental results are presented in Fig. 10, in the same fashion as presented in the 
disordered structures simulations. The x-axis shows normalized wavelength, defined as the 
wavelength distance from the band-edge. As expected, the experimental results show an 
increase of the quality factor ratio when approaching the band-edge. The increase in the group 
index is also clearly observed from the results. An increase of the reflection is also measured; 
however, the qualitative behavior slightly differs from that expected by the simulations (will 
be discussed in section 4). Finally, Fig. 11 shows the measured total quality factor for the four 
1-D PhC devices. As expected, the quality factor increases significantly as towards the band 
edge.  

 
Fig. 11.  Quality factor of four 1D PhC FPs extracted from the transmission spectrum 
measurements. Each FP device is represented with different marker type and color in the graph. 

4. Discussion 

The main purpose of this work was to experimentally demonstrate the hypothesis that slow 
light modes result an increase in the quality factor of optical resonators. Fig. 10 and Fig. 11 
clearly prove this hypothesis. From Fig. 11 we see that the absolute value of the quality factor 
increases for all the measured devices  as the wavelength approaches the band-edge (i.e., as 
the group index increases – also shown in the graphs). We also notice that the quality factor 
ratio increases as well towards the band-edge (Fig. 10), i.e., the increase of the quality factor 
cannot be fully attributed to increase in reflection of the PhC. We also notice that even further 
away from the band-edge the group index is about 5 and the quality factor ratio is about 2. 
Thus we conclude that even in that wavelength range the quality factor is larger than that 
expected only based on reflection values. 

In addition, one can see that there is a good qualitative agreement between the 
experimental results and the disordered simulations. The trends are very similar and absolute 
values are also in reasonable agreement. A possible explanation for absolute deviations 
between the experimental result and the numerical simulations can be attributed to the fact 
that we used 2-D simulations, thus, absolute values are not expected to match exactly. Both 
disordered simulations and experimental results have some differences with respect to the 
“perfect” simulation. By observing the reflection graphs (Fig. 8 and Fig. 10), we notice that 
the reflection in both the disordered and experimental cases is essentially lower than that 
expected by the “perfect simulation. This can be explained by the fact that by extracting the 
reflection from the transmission graphs we actually extract the reflection multiplied by a 
factor smaller than 1 that represents losses in the resonator. These losses occur mainly due to 
fabrication imperfection. In addition, we specifically observe that as wavelength approaches 
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the band-edge, the reflection obtained for the “perfect” simulation increases more rapidly 
compared with both the reflection calculated by the disordered simulation and the reflection 
extracted from the experimental measurements.  For the experimental results we can even 
observe a slight decrease as the wavelength approaches the band edge.  Again, we attribute 
this discrepancy to loss increase. Indeed, we expect the losses to increase towards the band-
edge due to the reduced group velocity. Note that in spite of this increase in losses inside the 
resonator the quality factor still increases at the band-edge, i.e., the effect of Q-factor 
enhancement due to slow light is dominant over Q-factor reduction due to increased loss. 

Other deviations occur in the group index and quality factor ratio. Surprisingly, the 
experimental results are “better” than those expected by the “perfect” simulation, i.e. both the 
group index and the quality factor ratio are higher in practice compared to the predicted 
results. A possible reason for the latter is that the 2-D simulations fail to accurately quantify 
the performance of the 3-D structure. . A more comprehensive study of that issue is beyond 
the scope of this work and thus left for future research. 

5. Conclusions 

We have presented theoretical and experimental analysis of embedding slow light medium in 
optical resonators. The slow light medium was realized by using PhC structures. We showed 
that the quality factor of the resonator increases towards the band-edge of the PhC. We 
differentiated between the two sources for quality factor increase: the low group velocity and 
the increase in reflection. We were able to prove that the slow light actually increases the 
quality factor of an optical resonator. The experimental measurements agree qualitatively with 
our simulation results. Nevertheless, quantitative discrepancies do exist. Some of these 
discrepancies can be explained by fabrication imperfections and by using 2-D rather than 3-D 
FDTD simulations. Further research is needed to better understand that various sources for 
these discrepancies. 
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