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Silicon photonic crystal waveguides have enabled a range of technologies, yet their fabrication continues to present
challenges. Here, we report on a post-processing method that allows us to tune the operational wavelength of slowlight photonic crystal waveguides in concert with optical characterization, offsetting the effects of hole-radii and
slab thickness variations. Our method consist of wet chemical surface oxidation, followed by oxide stripping.
Theoretical modelling shows that the changes in optical behavior were predictable, and hence controlled tuning
can be achieved by changing the number of processing cycles, where each cycle removes approximately 0.25 nm
from all exposed surfaces, producing a blueshift of 1.60.1 nm in operating wavelength. © 2015 Optical Society of
America
OCIS codes: (230.5298) Photonic crystals; (130.5296) Photonic crystal waveguides; (220.4241) Nanostructure
fabrication.
http://dx.doi.org/10.1364/OL.40.001952

Two-dimensional photonic crystals (PC) take advantage
of their photonic band gap and the engineering of defect
modes within it to form low-loss nanophotonic components [1–10]. These components include optical resonators with large quality factors and sub-wavelength cubed
modal volumes [6,11], high confinement slow-light waveguides [12], and precise control over dispersion [13–15].
Significant efforts [16–18] have gone into the development of fabrication processes that faithfully reproduce
the PC designs. Particular attention has gone into refinements of the e-beam lithography processes [19] and
plasma etching [17] stages, to limit both the offsets and
random variations of hole size, shape, and position, as
well as sidewall roughness. Despite such efforts, certain
deviations are inevitable in fabricated samples, such as
variation in substrate thickness [20] and run-to-run differences during fabrication, leading to systematic holeradii deviations, that result in a shift of the operating
wavelength [21]. These variations necessitate a broad
range of lithography doses, hole sizes, and lattice constants to be written on each sample to ensure that even
a single device can be optically characterized at the intended wavelengths. Obtaining a device at the correct
operation wavelength is particularly important for slowlight PC waveguides because dispersion engineering to
increase the slow-down factor of a waveguide will consequently decrease the bandwidth over which slow-light
can be observed [14].
This work investigates the use of inexpensive wet etching steps as a post-processing technique to tune the
operating wavelength of slow-light PC waveguides in a
silicon substrate. Similar post-processing approaches
have been applied to devices made with III–V semiconductor substrates [22] as well as in silicon PC nanocavities [23]. Our work demonstrates that this approach can
predictably blue shift the inherently narrow bandwidth of
silicon slow-light PC waveguides to a desired operating
wavelength. Tuning to the desired operating wavelength
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through optical characterization and post-processing significantly reduces the necessary size of parameter
sweeps, shortening expensive write times, accelerating
device development, such as delay lines or four wave
mixing waveguides for optical signal processing, and
most importantly increasing the yield of devices with
slow-light waveguides per process run.
The post-processing method used for controlled removal of Si layers from the surfaces of the PC device provides a consistent reduction of the slab thickness and
enlargement of air-holes. Both these modifications contribute to a blue shift of the slow-light region. The process
is based on previous work by Song et al. [23] on PC nanocavities. As a first step, the outer layer of Si is oxidized,
resulting in the formation of thin SiO2 layer that is subsequently removed by a selective wet etching.
Oxidation is performed by immersion in a solution of 1
part 30% Hydrogen peroxide (H2 O2 ) and 8 parts water
(20°C) for 60 s, then rinsed in deionized water (20°C)
for 60 s and dried by N2 . To selectively etch the oxidized
surface of the device, i.e., the SiO2 , the device is placed in
dilute hydrofluoric acid (1% HF, 20°C) for 180 s then
rinsed in deionized water and dried with N2 as before.
Figure 1 shows a schematic of a single post-processing
H2 O2 -HF cycle. Repetition of the whole cycle removes
additional Si layers and results in further blue shift of
the slow-light region.
To experimentally test this approach, we fabricated
slow-light PC waveguides in Si, based on a W1 dispersion
engineered waveguide with a lattice constant (a) of
416 nm, a typical air hole radius of 123.6 nm (0.297a),
and shifting of the nearest and next-nearest hole rows
to the line defect waveguide along the direction of the
line defect by −40 nm (−0.096a) and 8 nm (0.019a), respectively. The PC waveguides were fabricated on a
SOITEC silicon-on-insulator wafer comprising a 210-nmthick Si layer on 2 μm of silica. The pattern was exposed
on ZEP520A electron beam resist using a 30-keV RAITH
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Fig. 1. Schematic of the post-processing steps on a PC waveguide. Oxidation is performed using H2 O2 , followed by a water
rinse. To etch the oxidized layer, diluted HF was used followed
by a second water rinse.

electron beam writer and subsequently was transferred
into the silicon layer using electron cyclotron resonance
(ECR) etching with a fluorine-based chemistry. Freestanding PC waveguides were created by removing the
buried silica beneath the photonic crystal using HF.
Subsequently, for post-processing, the device undergoes
the post-processing cycle outlined in Fig. 1. This process
results in removal of silicon from all of the device surfaces, hence resulting in a reduction of slab thickness as
well as increment of hole radii.
We characterize this change in hole-radii by inspecting
approximately 250 holes with a scanning electron microscope (SEM) before and after 7 post-processing cycles.
Figure 2 shows exemplary SEM images of the PC air
holes before post-processing and after 7 cycles of the
process along with statistical hole-radii analysis. This
analysis confirms the removal of silicon due to our
H2 O2 -HF process as the average hole-radius increases
from 102 to 110 nm after 7 H2 O2 -HF cycles. This increase
is significantly larger than the variation of radii for each
set of SEM images (the standard deviation of radii is
3.00 nm and 1.56 nm for 0 and 7 cycles, respectively). The
reduction in the standard deviation after 7 cycles suggest
an improvement in the uniformity of the air holes.
Group index measurements for these devices were
performed experimentally via Fourier transform spectral
interferometry. A schematic of the characterisation setup is shown in Fig. 3(a), which consists of a Mach–
Zehnder interferometer with the slow-light PC in one
arm. The transmitted light is resolved using an optical
spectrum analyzer (OSA) [24]. Figure 3(b) shows group
index measurements for the same PC waveguide device
after 0, 2, 5, and 7 H2 O2 -HF cycles. Each cycle blue shifts
the operating wavelength by 1.6  0.1 nm, except for the
first cycle, which results in a more pronounced shift. The
first cycle also removes residues from resists, any native
oxide that has grown during storage of the wafer, and
other impurities, hence leading to a larger shift of 4.9 
0.2 nm. The group index spectrum after 7 cycles shows
some increase in noise as the grating couplers used to
couple light from optical fibre into the waveguides

Fig. 2. (a) Scanning electron microscope (SEM) images of PC
holes before and after 7 post-processing cycles. Both images
were taken at 50-k magnification. (b) A comparison of hole radii
from such images suggests an increased hole-radius after wet
chemical etching, which is supported by statistical analysis
across multiple such images.

showed a reduction in transmission power as they were
blue-shifted by post-processing. Such a reduction in
transmission could be resolved by selecting the starting
grating coupler design to target the intended operating
wavelength, as they have a bandwidth of at least 35 nm
[25]. It is also evident from Fig. 3 that post-processing
cycles increase the slope of the dispersion curve. To
understand this further, modelling of the characterized
PC waveguides was carried out using the MIT plane wave
band solver MPB [26].
The photonic bandgap simulations for each case were
performed in 3 dimensions using MPB. For the initial, ‘As
etched’ case, the hole radius was set to 123.6 nm and the
slab thickness to 210 nm, consistent with the design of
the fabricated device. The dashed line overlapping the
‘As etched’ experimental curve in Fig. 3 shows that the
theoretical and experimental data match, without any
free parameters. To model the device response after 2
cycles of post-processing, the hole radius was increased
by 1.5 nm, and the slab thickness was reduced by 3 nm.
For all subsequent cases, the hole radius was increased
by 0.25 nm, and the slab thickness was reduced by 0.5 nm
per cycle. Again, no free fitting parameters were required
to match the simulated group index curves to the measured results shown in Fig. 3. The simulations accurately
reproduce both the shift in the operating wavelength and
changes in the shape of the group index curves, suggesting that, except for the first cycle, each H2 O2 -HF
cycle removed on average 0.25 nm from all exposed surfaces of the silicon PC. Given that the lattice constant of
crystalline silicon is 0.54 nm and the nearest neighbor
separation between silicon atoms is 0.23 nm [27], this
suggests that, on average, a monolayer of silicon is being
removed per cycle.
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Fig. 3. Experimental confirmation of operational wavelength shift. (a) Schematic of characterization set-up. (b) Comparison of
theoretical (dashed lines) and experimental (solid lines) group index curves for a slow-light photonic crystal waveguide after 0, 2, 5,
and 7 H2 O2 -HF cycles. The slab thickness and hole-radius were varied correspondingly, starting from the as-fabricated design, to
obtain the theoretical curves for 2, 5, and 7 cycles, while all other parameters were held constant. This confirms that this process can
be used to tune the operating wavelength as per requirement by varying the number of cycles.

We demonstrate that a simple wet chemical process
consisting of controlled oxidation and subsequent oxide
removal can be used to stepwise tune the operating
wavelength of slow-light PC waveguides after device
fabrication and initial optical characterization. Repeat
cycles of this post-processing procedure can be used to
achieve precise control of the final operating wavelength
of PC waveguides since each cycle blue shifts the operating wavelength by 1.6  0.1 nm, excluding the first
cycle. Such a blue shift is consistent with the removal
of silicon during the chemical etching, and our theoretical modelling confirms this behavior. The excellent
agreement between theoretical and experimental data indicates that it is possible to predetermine the number of
processing cycles required to shift a device to the desired
wavelength. In principle, cycles could be repeated until
the suspended structure collapses. Of course, as with
dose sweeps, shifting of the operational bandwidth by
this post-processing will slightly change the performance
of the device. However, because the silicon removal
process is uniform across all surfaces, this change is utterly predictable and can be incorporated into the design
so that device operation is not compromised while shifting the operational bandwidth. This simple method reduces the impact of variations in the slab thickness
or systematic deviations of the hole-radius during fabrication, hence increasing the yield of slow-light PC waveguide fabrication. Initial evidence shows an improvement
in the hole uniformity, suggesting that further investigation may be able to quantify the influence of different
disorder sources (e.g., surface roughness versus hole size
disorder) on propagation loss in slow-light PC waveguides [28–33].
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