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ABSTRACT

We performed numerical simulation and fabrication of a compact and sensitive high-resolution spectrometer, by
superimposing controlled disorder on a photonic crystal. This simultaneously creates an in-plane speckle and
suppresses out-of-plane scattering. We perform two- dimensional and three- dimensional numerical simulations
to demonstrate reduced out-of-plane scattering and enhanced throughput in such disorder-enhanced photonic
crystal structures compared to completely disorder structures without any compromise on resolution.
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1. INTRODUCTION

Optical Spectrometers are a highly important instrument to be used for a wide range of applications such as
chemical and biological sensing,1 environmental monitoring,2 optical communication3 or light source characteri-
zation. Traditional bench top grating-based spectrometers are typically designed by using bulky dispersive optics,
large detector arrays and long optical path lengths. Such spectrometers can achieve high resolution and band-
width but with high cost and bulky design. Miniaturization of the spectrometers down to sub-millimeter scale
could enable low-cost spectroscopy for wide range of application, including lab-on-a-chip functionality, in-situ or
in-vitro characterization system. In recent time various schemes such as Echelle grating,4,5 arrayed waveguide
grating6,7 and microelectro mechanical systems (MEMS) technology combined with fourier transform infrared
spectroscopy has been used to realize compact on-chip spectrometers.8–10 To reduce the size of a spectrometer,
one needs to increase the effective path length while maintaining a small footprint. Recently, disordered scat-
tering based spectrometer have emerged to enable broadband optical operation.11–13 Their working principle is
based on the use of multiple scattering of light in a random structure to create a wavelength sensitive speckle
patterns. Generated speckle patterns are stored in a calibrated transmission matrix. This transmission matrix
contain spectral-to-spatial mapping of the spectrometer. After calibration any of the input spectrum can be
reconstructed by measuring its intensity pattern at the output and its inverse multiplication with the transmis-
sion matrix. However, current disorder-based speckle spectrometers have prohibitively high optical losses - the
majority of light is scattered out-of-plane, and never reaches the detection region,13 resulting in poor efficiency
and signal to noise ratios. To overcome this issue, we propose to superimpose controlled disorder on a pho-
tonic crystal to enhanced the wavelength separation region that creates an in-plane speckle and simultaneously
suppresses out-of-plane scattering,14–16 leading to compact and sensitive high-resolution spectrometers.

2. NUMERICAL SIMULATION OF DISORDER SPECTROMETER

Fig.1(a) shows the geometry of the disorder spectrometer. We choose semicircular disk of diameter = 50 µm as a
scattering region. Scattering region consists of randomly distributed arrays of identical air holes of diameter 150
nm. Air holes cover 15 % of the total scattering area. To reduce the loss due to back scattering from the base of
the semicircle, we placed a photonic crystal layer having a band gap in the spectral region of interest. A defect
line was created in the middle of photonic crystal layer to inject the input signal into the scattering region. We
choose four scattering configurations: uniform random distribution, periodic distribution with a lattice constant
of 300 nm and periodic disorder configurations with ± 15 nm and ± 45 nm deviation from a lattice point.
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Figure 1. (a) Schematic of the disorder spectrometer layout considered for 2D numerical simulations (b) Numerical
2D FDTD (Lumerical) simulation of the TE polarized light intensity diffusing through controlled disorder medium at
wavelength(λ) =1500 nm. (c) Transmission martix calibrated near IR wavelength from 1500 nm to 1520 nm for periodic
disorder configuration with a deviation of± 45 nm in a lattice period of 300 nm. (d) Correlation function for each scattering
configuration. (d) Table showing HWHM for each of the four scattering configuration. (e) Integrated throughput for all
four configuration as a function of wavelength. Top red plot is the reference throughput for the case when there is no
scattering element in semicircular region.

Incoming light injected via waveguide defect after multiple scattering reaches 30 readouts waveguides each with
a base width of 1 µm. We record wavelength-dependent intensity distribution for a NIR wavelength range of
1500-1520 nm at a step size of 0.25 nm in each case in a matrix called transmission matrix. Fig.1(c) shows
Transmission matrix for the case of periodic disorder with a deviation of ± 45 nm from lattice point. To measure
the spectral resolution of the different scattering configurations. We calculate the half-width-half-maximum
(HWHM) of the correlation function(fig.1(d)) for all four configurations .Table in fig.1(c) compare HWHM of
the all four scattering configuration. We also measure the throughput for all the configuration by integrating the
intensity collected across each detector waveguide. For all periodic and periodic disorder configuration we found
more throughput compare to complete disorder configuration. with almost comparable spectral resolution.
2D numerical simulations confirm that periodic disorder configuration provides more throughput compare to
complete disorder configuration with almost comparable resolution.

To confirm further, we also performed 3D numerical FDTD (Lumerical) simulations to calculate out-of-plane
scattering. We use same disorder configurations as used in experiment with identical FF of 15 %. To reduce
numerical simulation time we choose a smaller semicircle of radius 10 µm. Fig.2(a) and 2(b) shows in-plane
and out-of-plane intensity distribution respectively at a wavelength(λ)= 1500 nm. Fig. 2(c) compare integrated
out-of-plane scattering for TE polarized light in wavelength(λ) range 1500-1520 nm. For almost identical spectral
resolution, combination of disorder and periodicity enhance throughput by 30 % compared to complete disorder
configuration for the same scatterer density.
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Figure 2. (a) Numerical 3D FDTD (Lumerical) simulation of the TE polarized light intensity diffusing through controlled
disorder medium at wavelength(λ) =1500 nm. (b) Simulated out-of-plane scattered light intensity collected at a distance
of 500 nm above the top surface at wavelength(λ)= 1500 nm. (C) Comparison of out-of- plane scattered light integrated
over sample surface for a wavelength(λ) range of 1500-1520 nm.

3. DEVICE FABRICATION AND CHARACTERIZATION

We fabricate two different disorder configurations on a Silicon on Insulator (SOI) wafer using electron beam
lithography. For the first case, scatterers (air holes, Diameter= 150 nm) are distributed as a disordered periodic
lattice of period 300 nm with a position disorder of ± 45 nm for each lattice point in the x-y plane. For the second
case, scatterers are distributed randomly (Uniform probability distribution). The scatterer are distributed in a
semi-circular area of radius 25 µm, occupying in total 15 % of the semi-circular area in both cases. A photonic
crystal (PhC) layer with a complete bandgap in the wavelength region of interest (1500-1525 nm) is fabricated
at the base to avoid light loss due to back reflection.

Figure 3. (a) Scanning electron microscope image of the fabricated device on a Silicon on Insulator (SOI) wafer using
electron beam lithography. Scatterers (air holes, Diameter= 150 nm) are distributed as a disordered aperiodic lattice
in a semicircular area of radius 25 µm, occupying in total 15 % of the total surface area. A Photonic crystal mirror is
fabricated at the base to avoid light loss due to back reflection. A semicircular groove in the outer region of the scattering
area is used to collect light for detection. (b) Experimental image of the speckle pattern generated by CW laser light at
= 1520 nm. Out of plane scattered light at the edge of semicircle is used for detection.(C) Normalized spectral correlation
function plotted for a wavelength range of 1500-1510 nm, complete random: HWHM= 0.70 nm, periodic disorder: HWHM
= 0.80 nm.

A defect waveguide in the centre of the PhC allows the incoming light to couple into the spectrometer.
A semi-circular air groove in the outer region of the scattering area is used to collect light for detection. A
continuous tunable laser (TS-100, EXFO) is used to characterize the fabricated devices. Laser light was coupled
to the input waveguide by fiber coupling and light scattered from the outer semicircle air groove is imaged using
an InGaAs camera (Raptor, Owl 640 II). Image of the out-of-plane scattered light recorded at λ= 1500 nm for
the periodic disorder configuration is shown in fig.3(b). The intensity distributed across the outer circumference
is divided into 125 equal sections each acting as independent detector. The intensity distribution was recorded
across the 10 nm bandwidth from 1500-1510 nm with a step size of 0.25 nm and is stored in a transmission matrix
which later can be used to identify the input wavelength.13 To determine the resolution of the spectrometer a
spectral correlation function for each detector is calculated. A direct comparison of the normalized correlation
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function for the two different disorder configurations is shown in fig.3(c). For complete disorder configuration,
half-width at half-maxima (HWHM) of the correlation function is δλ = 0.70 nm which is slightly lower compare
to half-width at half-maxima δλ = 0.80 nm of periodic disorder configuration.

4. CONCLUSION

We have designed, simulated and fabricated a disorder enhanced photonic-crystal based compact spectrometer
to achieve high sensitivity and resolution. With combination of experiment and numerical simulation we shows
that for almost identical spectral resolutions, out-of-plane scattering is reduced by 30 % for a disorder enhanced-
periodic crystal structure compared to complete random structure for the same scatterer density, paving the way
towards high throughput and high-signal to noise ration integrated spectrometers.
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