
APL Photonics 5, 046104 (2020); https://doi.org/10.1063/1.5140215 5, 046104

© 2020 Author(s).

A single sensor based multispectral
imaging camera using a narrow spectral
band color mosaic integrated on the
monochrome CMOS image sensor
Cite as: APL Photonics 5, 046104 (2020); https://doi.org/10.1063/1.5140215
Submitted: 25 November 2019 . Accepted: 30 March 2020 . Published Online: 14 April 2020

Xin He , Yajing Liu , Kumar Ganesan, Arman Ahnood , Paul Beckett , Fatima Eftekhari, Dan

Smith, Md Hemayet Uddin , Efstratios Skafidas , Ampalavanapillai Nirmalathas, and Ranjith

Rajasekharan Unnithan 

ARTICLES YOU MAY BE INTERESTED IN

Backside passivation for improving the noise performance in CMOS image sensor
AIP Advances 10, 045229 (2020); https://doi.org/10.1063/5.0006700

Photodetectors based on solution-processable semiconductors: Recent advances and
perspectives
Applied Physics Reviews 7, 011315 (2020); https://doi.org/10.1063/1.5144840

Virtual optofluidic time-stretch quantitative phase imaging
APL Photonics 5, 046103 (2020); https://doi.org/10.1063/1.5134125

https://images.scitation.org/redirect.spark?MID=176720&plid=1134386&setID=418012&channelID=0&CID=377186&banID=519869890&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=bd9d32e761bd26bafaefcdb39633c884bd22130a&location=
https://doi.org/10.1063/1.5140215
https://doi.org/10.1063/1.5140215
https://aip.scitation.org/author/He%2C+Xin
http://orcid.org/0000-0002-5843-0332
https://aip.scitation.org/author/Liu%2C+Yajing
http://orcid.org/0000-0003-0210-9387
https://aip.scitation.org/author/Ganesan%2C+Kumar
https://aip.scitation.org/author/Ahnood%2C+Arman
http://orcid.org/0000-0002-0253-7579
https://aip.scitation.org/author/Beckett%2C+Paul
http://orcid.org/0000-0001-8401-5477
https://aip.scitation.org/author/Eftekhari%2C+Fatima
https://aip.scitation.org/author/Smith%2C+Dan
https://aip.scitation.org/author/Smith%2C+Dan
https://aip.scitation.org/author/Uddin%2C+Md+Hemayet
http://orcid.org/0000-0003-3618-9653
https://aip.scitation.org/author/Skafidas%2C+Efstratios
http://orcid.org/0000-0003-4263-9972
https://aip.scitation.org/author/Nirmalathas%2C+Ampalavanapillai
https://aip.scitation.org/author/Unnithan%2C+Ranjith+Rajasekharan
https://aip.scitation.org/author/Unnithan%2C+Ranjith+Rajasekharan
http://orcid.org/0000-0002-1710-002X
https://doi.org/10.1063/1.5140215
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5140215
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5140215&domain=aip.scitation.org&date_stamp=2020-04-14
https://aip.scitation.org/doi/10.1063/5.0006700
https://doi.org/10.1063/5.0006700
https://aip.scitation.org/doi/10.1063/1.5144840
https://aip.scitation.org/doi/10.1063/1.5144840
https://doi.org/10.1063/1.5144840
https://aip.scitation.org/doi/10.1063/1.5134125
https://doi.org/10.1063/1.5134125


APL Photonics ARTICLE scitation.org/journal/app

A single sensor based multispectral imaging
camera using a narrow spectral band color
mosaic integrated on the monochrome CMOS
image sensor

Cite as: APL Photon. 5, 046104 (2020); doi: 10.1063/1.5140215
Submitted: 25 November 2019 • Accepted: 30 March 2020 •
Published Online: 14 April 2020

Xin He,1 Yajing Liu,1 Kumar Ganesan,2 Arman Ahnood,3 Paul Beckett,3 Fatima Eftekhari,4
Dan Smith,4 Md Hemayet Uddin,4 Efstratios Skafidas,1 Ampalavanapillai Nirmalathas,1
and Ranjith Rajasekharan Unnithan1,a)

AFFILIATIONS
1Department of Electrical and Electronic Engineering, The University of Melbourne, Melbourne, VIC 3010, Australia
2School of Physics, University of Melbourne, Melbourne, VIC 3010, Australia
3School of Engineering, RMIT University, Melbourne, VIC 3000, Australia
4Melbourne Centre for Nanofabrication, Australian National Fabrication Facility, Clayton, VIC 3168, Australia

a)Author to whom correspondence should be addressed: r.ranjith@unimelb.edu.au

ABSTRACT
A multispectral image camera captures image data within specific wavelength ranges in narrow wavelength bands across the electromagnetic
spectrum. Images from a multispectral camera can extract a additional information that the human eye or a normal camera fails to capture
and thus may have important applications in precision agriculture, forestry, medicine, and object identification. Conventional multispectral
cameras are made up of multiple image sensors each fitted with a narrow passband wavelength filter and optics, which makes them heavy,
bulky, power hungry, and very expensive. The multiple optics also create an image co-registration problem. Here, we demonstrate a single
sensor based three band multispectral camera using a narrow spectral band red–green–blue color mosaic in a Bayer pattern integrated on a
monochrome CMOS sensor. The narrow band color mosaic is made of a hybrid combination of plasmonic color filters and a heterostructured
dielectric multilayer. The demonstrated camera technology has reduced cost, weight, size, and power by almost n times (where n is the number
of bands) compared to a conventional multispectral camera.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5140215., s

INTRODUCTION

In a conventional CMOS based image sensor, color imag-
ing relies on the integration of filters on top of the photodetec-
tor array.1–5 These filters typically cover the three primary col-
ors (bands), red–green–blue (RGB), predominately in a Bayer pat-
tern.6–9 As the human eye is more sensitive to green light than
either red or blue, the widely used Bayer filter mosaic is formed
from alternating rows of red–green and green–blue filters with twice
as many green as red or blue filters. Three different materials are
used for producing the primary colors with wide spectral bands

(spectral width of around 90–100 nm) for all wavelengths.6,9 Mul-
tispectral cameras extend this concept to capture images with mul-
tiple color bands and with narrow passbands (i.e., narrow spectral
widths).10–12 Images from a multispectral camera can extract signifi-
cant amount of additional information that the human eye or a nor-
mal camera fails to capture and thus have important applications in
precision agriculture, forestry, medicine, object identifications, and
classifications.10–15 Conventional multispectral cameras are made
up of multiple CMOS sensors each externally fitted with a narrow
passband wavelength filter. For example, three bands would require
three image sensors with associated electronics, three narrow
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bandpass filters, and three optics. Depending on the application, the
spectral width measured at the FWHM (Full Width at Half Maxi-
mum) of a multispectral imaging camera varies between 10 nm and
90 nm.10–12 Figure 1S and Table 1S (see the supplementary mate-
rial) show a comparison between a conventional multispectral cam-
era with six bands and a single sensor based multispectral camera.
The need for multiple sensors for each band results in a number
of problems. First, it means that multispectral cameras tend to be
bulky and power hungry, which in turn limits their wider deploy-
ment in portable applications, such as drone-based precision agri-
culture, or for handheld and portable uses, such as wound moni-
toring, vein detection, and skin screening.13–15 It also greatly com-
plicates the task of optical alignment, which ensures that precisely
the same scene is captured across all bands. Furthermore, image co-
registration problems will emerge from a slight mismatch between
images in each band, which will require complex image processing
to correct.16,17 The above problems can be eliminated if a multispec-
tral camera is developed using one single image sensor. This has
prompted research in developing single sensor based multispectral
cameras.18,19

Conventional pigments and dye-based filters are not suitable
for making narrow band filter mosaic because their spectral widths
tend to be too large (90–180 nm) and hence prevent the use of a nor-
mal color camera for multispectral imaging applications.11,20 Fur-
thermore, these pigments also tend to be sensitive to UV radiation,
degrade at high temperatures, and are not particularly environmen-
tally friendly.

Conventional technology for making a single narrow band-
pass filter requires deposition of several layers of different dielec-
tric materials (for example, 40 layers21) with precise thickness.
Here, making each narrow color band requires different thick-
ness combinations for these 40 layers. For example, three narrow
color bands require three different filters with each color band
repeated thousands of times to form a filter mosaic on a CMOS
sensor using the conventional technology for getting an image.
This will require thousands of steps for laying down thin films
of precise thickness for each band separately with multiple com-
plex masking and alignment processes with a large failure rate
that significantly increases manufacturing costs and complexity.20

As a result, it is extremely difficult to develop a low cost color
mosaic with narrow passbands integrated onto the pixels of a CMOS
chip.

Advancement in nanofabrication has enabled fabrication of
novel nanophotonic devices including color filters.6,22–26 Plasmonic
color filters with different geometries have proven their ability to
tune the wavelength from the UV to NIR range.26–48 Furthermore,
plasmonic filters are shown to be suitable for developing one single
narrow band filter in the visible wavelengths46,47 and short wave-
length infrared (SWIR).48 In these filters, spectral FWHM values of
30 nm (visible) and 80 nm (SWIR) were achieved in selected wave-
lengths. 1D metal grating filters have been explored with an aim to
reduce the spectral width of plasmonic color filters. Here, the plas-
mons are excited through an interface between the metal and the
dielectric.32,46–48 A spectral width of 64 nm was demonstrated using
a 1D metal grating filter made of a silver nanoslit array fabricated
on a glass substrate.48 In addition, a 1D metal grating filter based
on the Al nanoslit integrated onto a thick Al2O3 buffer layer has
been demonstrated with spectral widths of 20 nm.32 However, it

has been proved both theoretically and experimentally33,49 that 1D
metal grating filters are polarization dependent and can produce col-
ors only under transverse magnetic (TM) illumination. 2D metal
grating filters and dielectric guided mode resonance (GMR) filters
are reported to bypass the polarization effects.25,50–52 A hexagonal
hole array inserted in a metal–dielectric–metal multilayer has been
reported to slightly reduce the spectral width.20 Overall, it appears
that most of the narrow-band spectral filters reported are unsuited
for use in multispectral image sensors for a range of reasons, includ-
ing the inability to achieve a narrow spectral width over a wide range
of wavelengths, fabrication complexity to achieve narrow multi-
band filter mosaic, polarization sensitivity, and the requirement for
TM illumination in the case of 1D metal grating filters.

Here, we demonstrate a single sensor-based multispectral cam-
era using a hybrid narrow spectral band RGB color mosaic fabricated
on a quartz substrate and then integrated on a monochrome CMOS
image sensor. The presented filter mosaic can be easily tuned to
any wavelength and requires only one processing stage to derive
multiple bands. The filter mosaic consists of a hybrid combination
of a double sandwich of silicon nitride–silica–silicon nitride layers
(heterostructured dielectric multilayer) covered by a hole array pat-
terned in CMOS compatible aluminum (the plasmonic filter). The
heterostructured dielectric multilayer is a common base layer for
all the bands, and the thickness values were optimized to reduce
the spectral width in a given wavelength range of interest. A sin-
gle layer of the plasmonic filter is used for wavelength tuning. The
mosaic on quartz is then integrated onto a monochrome CMOS
image chip (Sony) using a flip-chip bonder resulting in a 3 × 3 cm2

size, three-bands single-sensor based multispectral image camera.
The performance of the camera is first demonstrated using a stan-
dard Macbeth chart. It is then fitted onto a lightweight DJI Phan-
tom 3 drone to demonstrate its imaging capabilities in the field and
for making handheld sensors. Because only a single camera chip is
required, weight, power, and complexity can be reduced by a factor
of n, where n is the number of bands, compared to the conventional
approach using multiple cameras.

RESULTS
Design and optimization of the hybrid color mosaic

The RGB hybrid filter mosaic was designed and optimized
by 3D simulation within the finite element based COMSOL
Multiphysics® package. Each filter geometry was investigated sep-
arately using a 10 nm wavelength step size. Figure 1(a) shows the
3D simulation model of the color mosaic with six layers. The basic
unit cell for this simulation encompassed the diamond shaped pat-
tern of holes highlighted in red in the top of Fig. 1(a). The simulation
model [Fig. 1(a)] consists of a 150 nm thick layer of aluminum pat-
terned with a hexagonal arrangement of holes (the plasmonic filter:
one layer) over repeating layers of Si3N4–SiO2–Si3N4 (heterostruc-
tured dielectric multilayer: five layers), deposited on a semi-infinite
glass substrate (n = 1.5). A 200 nm layer of Spin-On-Glass (SOG)
was assumed to cover the aluminum layer for index matching and to
avoid any shorting with metallic pads on the CMOS chip while inte-
gration. Finally, a perfectly matched layer (PML) was used at the top
and bottom of the model to avoid the effects of the reflected light in
the transmittance spectrum, and periodic boundary conditions were
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FIG. 1. (a) 3D simulation model of the hybrid filter in the color mosaic. The hybrid filters consist of six layers made of double Si3N4 (230 nm)–SiO2 (350 nm)–Si3N4 (230 nm)
sandwich layers that form a common base multilayer structure (heterostructured dielectric multilayer: five layers) and a 150 nm thick aluminum perforated with the hexagonal
arrangement of holes (plasmonic layer: 1 layer). (b) Numerically simulated transmission spectra of the blue plasmonic layer and blue hybrid filter showing the reduction in
spectral width. The wavelength is swept from 400 nm to 900 nm. The spectral width at full width at half maximum (FWHM) of the hybrid blue filter is reduced to 17 nm from
70 nm produced by the plasmonic aluminum layer. The inset image shows the normalized electric field at the peak wavelength of 440 nm. (c) The spectral width (FWHM) of
the hybrid green filter is reduced to 30 nm from 95 nm produced by the plasmonic layer. The inset shows the normalized electric field at the peak wavelength of 530 nm. (d)
The spectral width (FWHM) of the hybrid red filter is reduced to 35 nm from 160 nm produced by the plasmonic layer. The inset shows the normalized electric field at the
peak wavelength of 625 nm. (e) CIE chromaticity chart of simulated blue, green, and red hybrid color filters in the mosaic.

applied to the four sides to allow a large area to be simulated without
costing excessive memory and time.

The pitch and hole diameters were varied to obtain the peak
transmission at 440 nm, 530 nm, and 625 nm29 using the plas-
monic layer. The objective was then to determine and validate the
wavelength at which the maximum transmittance occurs for these
filters. Light was excited from the aluminum side (top side) using
port boundary conditions, and S-parameters were used to find the
transmittance (|S21|2) of the filters. As in Ref. 53, refractive index

values of 1.42 and 1.5 were used for the SOG layer and quartz sub-
strate, respectively. Filmetrics was used to experimentally determine
a refractive index for SiO2 of 1.45 and around 1.9 for Si3N4 and then
was used in the simulations. As shown in Figs. 1(b)–1(d), the plas-
monic layer has produced the required transmission peak (color) but
with large spectral width of 70 nm, 95 nm, and 160 nm for blue,
green, and red, respectively.

The plasmonic layer was then combined with a heterostruc-
tured dielectric multilayer with five layers made of double Si3N4
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(230 nm)–SiO2 (350 nm)–Si3N4 (230 nm) sandwich layers to form
the hybrid filter with optimized thickness values to reduce the spec-
tral width. The heterostructured dielectric multilayer with constant
thickness values forms a common base layer for all RGB bands in
the filter mosaic. In the hybrid filter, one single plasmonic layer has
removed most of the spectral contents on either side of the peak
transmission wavelength in a given range of wavelengths. This has
significantly reduced the requirement of large number of layers in
the multilayer to produce narrow bands. Figures 1(b)–1(d) show the
simulated spectra of the red, green, and blue filters in the mosaic
from 400 nm to 900 nm along with the electric field distributions
at peak wavelengths. Here, the thickness of the Si3N4–SiO2–Si3N4
base layer and the plasmonic layer (Al) is kept constant, and the
pitch (period) and diameter of the holes in the 150 nm aluminum
plasmonic layer are varied to tune the red, green, and blue filters.
The optimized hybrid filter mosaic parameters are given in the sup-
plementary material (Table 2S). The FWHM of the hybrid red filter
was reduced to 35 nm from this simulated spectrum. For the green
and blue filters, the FWHM was reduced to 30 nm and 17 nm,
respectively. Furthermore, this topology has considerably reduced
the fabrication complexity as the thickness of the layers can be kept
constant when fabricating the narrow band mosaic, and wavelength
tuning can achieved by varying the pitch of the holes in the top
single nanoscale thick plasmonic layer. The resonance peak shift
with respect to different angles of incidence [0○–80○ field of view
(FOV)] was estimated for the hybrid filter (green hybrid filter was

taken as an example), as shown in the supplementary material
(Fig. 2S). The resonance peak position remains almost constant irre-
spective of the angle of incidence with a slight decrease in the trans-
mission intensity. This FOV is in the acceptable limit with suitable
optics attached to the multispectral camera.

MATERIALS AND METHODS
Fabrication of the hybrid color mosaic

The hybrid filter mosaic was fabricated on a 4-in. quartz wafer.
The fabrication process is shown in Fig. 2. First, the wafer was
cleaned using acetone and IPA (isopropyl alcohol) with ultrasonic
agitation followed by 2 min of plasma pre-cleaning. The wafer was
then deposited with a-Si3N4 and a-SiO2 by plasma enhanced CVD
(Oxford Instruments PLASMALAB 100 PECVD). The circular 4-
in. wafer was diced into 2 × 2 cm2 pieces, and the center pieces
were selected for further fabrication due to their uniformity of Si3N4
and SiO2 film thicknesses. The measured refractive index of Si3N4
and SiO2 developed by PECVD were 1.9 and 1.45, respectively. The
deposition rates were optimized and are approximately 23 nm/min
(10% tolerance) and 70 nm/min with the composition shown in
Table 3S of the supplementary material.

The thickness of Si3N4 was optimized to be 230 nm and that
of SiO2 to be 350 nm. Starting with Si3N4, a total of five layers of

FIG. 2. Fabrication process for our proposed narrow band filters mosaic with a common base.
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Si3N4 and SiO2 were deposited on the quartz wafer. After fabricat-
ing the multilayer structure, a 150 nm thick aluminum layer was
deposited on the top of the structure using an E-beam evaporator
(Intlvac Nanochrome II) at a constant rate of 0.2 Å/s. An ellipsome-
ter was used to measure the refractive index of the aluminum and the
result showed that it fits Rakić’s experiment.54 These data were sub-
sequently used in the simulation model. A metallic nanohole array
comprising varying pitch and hole diameters was fabricated on the
aluminum film using the EBL lithography process and deep reac-
tive ion etching process using the optimized values from simulations
(Table 2S). A thin ZEP 520A resist was spin coated on the device
at 1500 rpm for 1.5 min, followed by 5 min baking at 180 ○C. The
pattern was exposed by EBL (Vistec EBPG5000plusES) with 1.5 nA
current and 400 μm aperture for 4 h. The sample was then developed
in n-Amyl acetate for a minute followed by a rinse with IPA and DI
water. The exposed pattern was etched by deep reactive-ion etching
(DRIE Oxford Instruments PLASMALAB100 ICP380) at 40 ○C with
a forward power of 1000 W and 20 SCCM Cl2 under a 2 mT chamber

pressure for 40 s to form the holes. The ZEP resist was then removed
by DRIE at 40 ○C with a forward power of 1000 W and 50 SCCM
O2. Finally, the Spin-On-Glass53 was spin coated on the top surface
at 4000 rpm for 20 s, followed by baking on a hotplate at 210 ○C for
10 min.

DISCUSSION
Spectrum measurement and discussion

The fabricated hybrid color filter on the quartz substrate was
cut into 2 × 2 mm2 squares using a dicing saw. The dicing step is car-
ried out using the G1A flange blade and is optimized with hairline
alignment. This alignment can adjust the cut on the substrate to the
center of the hairline to precisely dice the edge with minimal edge
damage. Hence, the dicing has not affected optical performances
of the sensor. Figure 3(a) shows optical images of the RGB filter

FIG. 3. Integration of the hybrid narrow spectral band mosaic on the image sensor. (a) Image of the color mosaic under the optical microscope in transmission mode with
magnification ×40. (b) SEM image of a section of the hybrid mosaic from the top view. One narrow band RGBG unit size is 11.2 × 11.2 μm2. (c) Experimental transmission
spectra of the narrow spectral band red, blue, and green (RGB) color filters from the color mosaic. The spectral widths (FWHM) of RGB are 45 nm, 60 nm, and 60 nm,
respectively. (d) The color mosaic integrated on SONY ICX618 sensor pixels using a flip-chip bonder for alignment (size 3 × 3 cm2). (e) The single sensor based multispectral
camera. The mosaic integrated image sensor fitted with housing and optics with an f number 1.4 for multispectral imaging. (f) CIE chromaticity chart of the hybrid narrow
band blue, green, and red color filters in the color mosaic from experimental spectra.
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mosaic in transmission mode under an optical microscope (Olym-
pus BX53M) with 40× magnification. The SEM image of a section
of the hybrid filter mosaic from the top view is shown in Fig. 3(b).
One unit size of the hybrid RGBG mosaic is 11.2 × 11.2 μm2. The
spectra of the hybrid RGB filters were measured using a CRAIC
spectrometer (Apollo RamanTM microspectrometer) and CytoViva
hyperspectral imaging in the transmission mode. Figure 3(c) shows
the RGB spectrum from 400 nm to 900 nm. The spectral sensi-
tivity (responsivity) of most commercial image sensors working in
the visible and near-IR is different with respect to wavelengths (see
Fig. 3S of the supplementary material). Hence, the experimentally
measured spectra of the RBG was multiplied with responsivity vs
wavelength for the image sensor to get the actual spectra, as shown
in Fig. 3S(b). Figure 3(f) shows the CIE chromaticity chart overlaid
with the transmission data, demonstrating that the RGB filter val-
ues are falling in the appropriate part of the color space. There is a
small shift of green toward yellow due to a minor secondary peak
in the green transmission spectrum. However, this small shift in the
green coordinate is still falling around the achromatic point and is
within acceptable limits. The experimental transmission efficiency of
RGB filters in the mosaic is around 10%. The low transmission effi-
ciency is compensated by making each filter band of size 11.2 μm,
covering 2 × 2 pixels (one pixel size: 5.6 μm) to increase the
light absorption by using the photodetectors and hence to increase
the signal content. Furthermore, compensation can be achieved by
increasing the exposure time of the image sensor in low light con-
ditions while capturing the images. The FWHM of the red filter
in the mosaic has the best performance with a width of around
45 nm, while the blue and green filters exhibit FWHM values of
60 nm and 60 nm, respectively. The measured FWHM values are
slightly wider than the results obtained from computer simulations
for two primary reasons. First, variations in the deposition rate of
Si3N4 and the fact that the SiO2 growth using PECVD has larger
tolerances than in the E-beam evaporator. While a high tempera-
ture (250 ○C) during the deposition of Si3N4 and SiO2 results in a
good quality of dielectric, it restricts the available methods for veri-
fying the exact deposition thickness to the Filmetrics software sensor
system in the PECVD, which is less accurate than AFM. Second, as
shown in the SEM image of Fig. 3(b), the pitch and the hole shape in
the plasmonic layer can vary due to fabrication tolerances (such as
minor under cut in holes and nanoscale thickness variations) from
the ideal (simulated) case. The crosstalk among pixels is reduced by
mounting the filter mosaic upside down to minimize the effect of
substrate thickness. This prevents the off normal incident light of
one pixel entering the neighboring pixels. Furthermore, cross talk
reduction was achieved by making each filter band of size 11.2 μm,
covering 2 × 2 pixels (one pixel size: 5.6 μm) to increase the light
absorption by the photodetectors and hence to increase the signal
content.

Integration of the hybrid color mosaic onto a CMOS
image sensor

The narrow band filter mosaic was then integrated onto a
CMOS chip using a flip-chip bonder (Fig. 4S) for accurate align-
ment, as shown in Fig. 3(d). The top of the filter mosaic was coated
with SOG to match the refractive index (thus increasing the trans-
mission) and also to reduce the spectral width as well as preventing

shorting the sensor while integration (the hybrid filter was integrated
on the image sensor upside down to avoid crosstalk). The image sen-
sor used was SONY ICX618 with a pixel size of 5.6 μm and a resolu-
tion of 0.3 megapixels (640 × 480). The image sensor protective glass
was removed for the filter integration (Fig. 5S). To compensate for
the low transmission of filters and also to increase the light absorp-
tion in photodetectors (pixels), each filter in the mosaic covered a
2 × 2 block of photodetectors in the CMOS image sensor, result-
ing in 160 × 120 pixels per band. For the integration, the PMMA
based homemade adhesive (the PMMA powder was diluted in a
small amount of anisole, followed by staying in the 100 class clean-
ing room for two weeks for making the adhesive) is used between
the filter mosaic and the image sensor while performing the integra-
tion using the flip-chip bonder. Here, we first spin coat a thin layer
of PMMA on the top of the image sensor and then integrate the filter
on it after aligning with the flip-chip bonder (see Fig. 4S of the sup-
plementary material). The performance of the color filter was also
verified by integrating on another image sensor MT9P031 (Fig. 5S).

The optics used for the camera has an f number 1.4 with f
= 6 mm (f -focal length), and the developed single sensor based mul-
tispectral camera is shown in Fig. 3(e). The camera was characterized
using a 24-patch Macbeth color checker as an object [Fig. 4(g)]. 8-bit
multispectral raw object data were captured by using the camera and
then transmitted to a laptop for image processing using MATLAB,
as shown in Fig. 4(a). Figure 4(f) shows a plot of the signals from
the pixels across the transect indicated by the red dashed line across
the Macbeth chart in Fig. 4(a). The red dotted line spans across the
gray patches on the Macbeth color checker and shows that the pixel
intensity variations are captured in the raw image. A demosaicing
algorithm was used to extract red, blue, and green channels from
the multispectral raw data of the Macbeth chart [Fig. 4(b)]. The red,
green, and blue channels were recombined to get a color image, as
shown in Fig. 4(c). Due to the initial uncertainty of the RGB color
balance, color correction and white balancing were required. Fig-
ures 4(d) and 4(e) show images after color correction and white
balancing, respectively.

Figure 4 demonstrates that each band can be retrieved from the
8-bit multispectral raw image data. Another requirement of the mul-
tispectral image camera is the extraction of each narrow band and
then overlay for different spectral band combinations [red–green
(RG), green–blue (GB), etc.]. Figure 5 shows that the recovered
Macbeth chart from Fig. 4(e) can be used to recover different mul-
tispectral band combinations, such as RG, RB, and GB [Fig. 5(b)],
which is desirable in many applications for finding NDVI (nor-
malized differential vegetation index) for precision agriculture to
find plant diseases,9,10 finding required information in a band for
object identification and also in finding emissions in a narrow band
for biomedical applications. Figure 5(c) shows the CIE chart of the
recovered Macbeth chart. The chart demonstrates that the recovered
color values are falling in the appropriate part of the color space in
comparison to a standard CIE chart of the Macbeth chart (see Fig. 6S
of the supplementary material).

The single sensor based multispectral camera was mounted on
a DJI Phantom 3 for testing the sensor performance from a real
aerial platform in an outdoor environment (an outer urban park),
as shown in Figs. 6(a) and 6(b). The sensor was mounted without
gimbal, as shown in Fig. 6(a). Figure 6(c) shows the raw multispec-
tral images of the Macbeth color chart on the ground captured from
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FIG. 4. Image reconstruction process from the single sensor based multispectral camera: (a) 8-bit multispectral raw data of the 24-patch Macbeth chart captured by using the
multispectral camera. (b) Three narrow wavelength channels (RGB) extracted from the raw image. (c) The three channels are recombined to get a RGB color image. (d) The
color image after color correction and (e) white balance. (f) The plot shows signals from pixel numbers along the red dotted line in the raw image. (g) Original image of the
24-patch Macbeth color chart.

FIG. 5. Demonstration of image overlay of different bands. (a) Recovered Macbeth chart from the single sensor based multispectral camera from Fig. 4. (b) RG, GB, and RB
combinations of Macbeth color checker. (c) CIE chart for the recovered 24-patch Macbeth colors.
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FIG. 6. Demonstration of multispectral
imaging of the camera using a drone
platform. (a) The single sensor based
multispectral camera mounted on a DJI
Phantom drone without using any gim-
bal. (b) Image capturing using the cam-
era. (c) 8-bit raw image captured from
15 m by using the single sensor based
camera showing the clarity of different
patterns on the ground. (d) The plot
shows signals from pixel numbers along
the red dotted line in the raw image of
crossing (blue line) and Macbeth chart
(red line). (e) 8-bit raw multispectral
image of the healthy grass and dry grass
captured by using the camera. (f) R, G,
and B bands are recovered from the raw
multispectral image to get RB vegeta-
tion index (RBVI). RBVI images show the
area of the high dense green grass (red
color in the image) compared to the dry
grass (blue color).

a 15 m height above the ground, and the other patches are calibra-
tion images. Figure 6(d) shows pixel intensity values across a line
over the white and black crossing and the Macbeth chart images
captured by using the single sensor based multispectral camera. The
pixel intensity variations with respect to positions are consistent
with color intensity variations in the Macbeth chart and black and
color variations without any white balance. From the intensity vari-
ations, it was demonstrated that the image clarity was well within
acceptable limits. Furthermore, the suitability of the raw multispec-
tral image for making handheld sensors for precision agriculture
was demonstrated by creating a red–blue vegetation index (RBVI),
(R − B) × 255/(R+B). An area with the green grass and dry grass
was captured by holding the drone mounted camera 1.5 m above
the ground, and the recorded multispectral raw image is shown

in Fig. 6(e). R, G, and B individual bands were recovered from
the raw multispectral image to get RBVI, as shown in Fig. 6(f).
The RBVI image shows that the area of high dense green grass
(red color in the image) is compared to the dry grass (blue color),
which demonstrates the capability of the sensor platform in real
applications.

In conclusion, the paper demonstrated a single sensor based
narrow band multispectral imaging using a hybrid RGB color
mosaic integrated onto a CMOS sensor. The color mosaic was
designed in such a way that multiple bands can be fabricated on a
quartz wafer in a single run and offers easy tuning of colors, in con-
trast to conventional techniques that demand several independent
runs with complex alignment processes. The hybrid filter mosaic
was made of a heterostructured dielectric multilayer structure
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consisting of a Si3N4–SiO2–Si3N4 sandwich as a common base layer
for the filter mosaic to reduce the spectral width followed by a metal
layer made of the aluminum film perforated with holes on the base
structure as a plasmonic layer. The color tuning is achieved by vary-
ing the pitch of holes and hence can be fabricated in a single run
with no complex alignment required for the different bands. The
thickness values required for the base and the plasmonic layers were
optimized to obtain narrow spectral widths. The spectral widths of
the RGB mosaic are 60 nm, 60 nm, and 45 nm for the red, green,
and blue, respectively. The mosaic is then integrated onto a Sony
sensor using a flip-chip bonder for better alignment accuracy with
a thin layer of PMMA for adhesion and refractive index match-
ing. The single sensor based narrow multispectral imaging capability
was demonstrated using a Macbeth color chart followed by retriev-
ing individual bands using demosaicing techniques and their com-
bination to retrieve the Macbeth chart after color correction and
white balancing. The sensor was then fitted onto a lightweight DJI
Phantom 3 drone to demonstrate its imaging capabilities in a field
using the RB vegetation index. Because only a single sensor chip
was used for the camera, it required only around one-third of the
weight and power of a conventional multispectral camera. In gen-
eral, weight, power, and complexity were reduced by a factor of n
times (where n is the number of bands) compared to a conventional
multispectral camera using multiple sensors, electronics, and optics.
The demonstrated sensor will have applications in drone-based
imaging for precision agriculture, developing portable low-cost sen-
sors for wound healing, blood vein detection, mining, and forensic
applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed discussion on the
fabrication and characterization of the single sensor based multi-
spectral camera.

AUTHOR’S CONTRIBUTIONS

X.H. and R.R.U. conceived the idea. X.H. carried out the theo-
retical design and performed the numerical simulations. X.H. fab-
ricated the mosaic filter and performed the optical measurement
with the help of F.E., D.S., and H.U.. X.H. and Y.L. performed
the integration of the mosaic filter with the image sensor with the
help of K.G., A.A., R.R.U., and X.H. Y.L. and P.B. processed the
image data and analyzed the results. X.H. and R.R.U. wrote the
paper. Y.L. and P.B. contributed to writing the paper. R.R.U. super-
vised and directed the project with the help of co-supervisors H.U.
and A.N. All authors discussed the results and commented on this
manuscript.

ACKNOWLEDGMENTS
This work was performed, in part, at the Melbourne Centre for

Nanofabrication (MCN) and the RMIT Micro Nano Research Facil-
ity (MNRF) in the Victorian Node of the Australian National Fab-
rication Facility (ANFF). The authors acknowledge the help from
Mr. Bryce Widdicombe for drone tests. The authors acknowledge
the financial support from the Australia Research Council under

Discovery Project No. DP170100363. This work was performed,
in part, at the Materials Characterisation and Fabrication Platform
(MCFP) at the University of Melbourne and the Victorian Node of
the Australian National Fabrication Facility (ANFF).

The authors declare that they have no conflict of interest.

REFERENCES
1M. Miyata, M. Nakajima, and T. Hashimoto, “High-sensitivity color imaging
using pixel-scale color splitters based on dielectric metasurfaces,” ACS Photonics
6(6), 1442–1450 (2019).
2S. Goossens, G. Navickaite, C. Monasterio, S. Gupta, J. J. Piqueras, R. Pérez,
G. Burwell, I. Nikitskiy, T. Lasanta, T. Galán, E. Puma, A. Centeno,
A. Pesquera, A. Zurutuza, G. Konstantatos, and F. Koppens, “Broadband image
sensor array based on graphene–CMOS integration,” Nat. Photonics 11, 366–371
(2017).
3J. Tang, Q. Cao, G. Tulevski, K. A. Jenkins, L. Nela, D. B. Farmer, and S.-J. Han,
“Flexible CMOS integrated circuits based on carbon nanotubes with sub-10 ns
stage delays,” Nat. Electron. 1, 191–196 (2018).
4M. Bariya, H. Y. Y. Nyein, and A. Javey, “Wearable sweat sensors,” Nat. Electron.
1, 160–171 (2018).
5T. Sugie, T. Akamatsu, T. Nishitsuji, R. Hirayama, N. Masuda, H. Nakayama,
Y. Ichihashi, A. Shiraki, M. Oikawa, N. Takada, Y. Endo, T. Kakue, T. Shi-
mobaba, and T. Ito, “High-performance parallel computing for next-generation
holographic imaging,” Nat. Electron. 1, 254–259 (2018).
6R. Rajasekharan, E. Balaur, A. Minovich, S. Collins, T. D. James, A. Djalalian-
Assl, K. Ganesan, S. Tomljenovic-Hanic, S. Kandasamy, E. Skafidas, D. N. Neshev,
P. Mulvaney, A. Roberts, and S. Prawer, “Filling schemes at submicron scale:
Development of submicron sized plasmonic colour filters,” Sci. Rep. 4, 6435
(2014).
7Z.-B. Fan, H.-Y. Qiu, H.-L. Zhang, X.-N. Pang, L.-D. Zhou, L. Liu, H. Ren, Q.-H.
Wang, and J.-W. Dong, “A broadband achromatic metalens array for integral
imaging in the visible,” Light: Sci. Appl. 8, 67 (2019).
8J. Zhang, M. ElKabbash, R. Wei, S. C. Singh, B. Lam, and C. Guo, “Plasmonic
metasurfaces with 42.3% transmission efficiency in the visible,” Light: Sci. Appl. 8,
53 (2019).
9S. Ortega, H. Fabelo, D. K. Iakovidis, A. Koulaouzidis, and G. M. Callico,
“Use of hyperspectral/multispectral imaging in gastroenterology. Shedding some–
different–light into the dark,” J. Clin. Med. 8, 36 (2019).
10V. Lebourgeois, A. Bégué, S. Labbé, B. Mallavan, L. Prévot, and B. Roux, “Com-
mercial digital cameras Be used as multispectral sensors? A crop monitoring test,”
Sensors 8, 7300–7322 (2008).
11H. Park and K. B. Crozier, “Multispectral imaging with vertical silicon
nanowires,” Sci. Rep. 3, 2460 (2013).
12L. Duempelmann, B. Gallinet, and L. Novotny, “Multispectral imaging with
tunable plasmonic filters,” ACS Photonics 4(2), 236–241 (2017).
13C.-T. Pan, M. D. Francisco, C.-K. Yen, S.-Y. Wang, and Y.-L. Shiue, “Vein pat-
tern locating technology for cannulation: A review of the low-cost vein finder
prototypes utilizing near infrared (NIR) light to improve peripheral subcutaneous
vein selection for phlebotomy,” Sensors 19, 3573 (2019).
14X. Ai, Z. Wang, H. Cheong, Y. Wang, R. Zhang, J. Lin, Y. Zheng, M. Gao,
and B. Xing, “Multispectral optoacoustic imaging of dynamic redox correla-
tion and pathophysiological progression utilizing upconversion nanoprobes,” Nat.
Commun. 10, 1087 (2019).
15Y. Chang, Y. Hu, Z. Chen, and D. Xing, “Co-impulse multispectral photoa-
coustic microscopy and optical coherence tomography system using a single
supercontinuum laser,” Opt. Lett. 44, 4459–4462 (2019).
16X. Zhao, J. Zhang, C. Yang, H. Song, Y. Shi, X. Zhou, D. Zhang, and G. Zhang,
“Registration for optical multimodal remote sensing images based on FAST
detection, window selection, and histogram specification,” Remote Sens. 10, 663
(2018).
17T. Skauli, “An upper-bound metric for characterizing spectral and spatial
coregistration errors in spectral imaging,” Opt. Express 20, 918–933 (2012).
18See https://www.imec-int.com/en/hyperspectral-imaging for IMEC.

APL Photon. 5, 046104 (2020); doi: 10.1063/1.5140215 5, 046104-9

© Author(s) 2020

https://scitation.org/journal/app
https://doi.org/10.1063/1.5140215#suppl
https://doi.org/10.1021/acsphotonics.9b00042
https://doi.org/10.1038/nphoton.2017.75
https://doi.org/10.1038/s41928-018-0038-8
https://doi.org/10.1038/s41928-018-0043-y
https://doi.org/10.1038/s41928-018-0057-5
https://doi.org/10.1038/srep06435
https://doi.org/10.1038/s41377-019-0178-2
https://doi.org/10.1038/s41377-019-0164-8
https://doi.org/10.3390/jcm8010036
https://doi.org/10.3390/s8117300
https://doi.org/10.1038/srep02460
https://doi.org/10.1021/acsphotonics.6b01003
https://doi.org/10.3390/s19163573
https://doi.org/10.1038/s41467-019-09001-7
https://doi.org/10.1038/s41467-019-09001-7
https://doi.org/10.1364/OL.44.004459
https://doi.org/10.3390/rs10050663
https://doi.org/10.1364/OE.20.000918
https://www.imec-int.com/en/hyperspectral-imaging


APL Photonics ARTICLE scitation.org/journal/app

19See https://www.spectraldevices.com/ for Spectral Device.
20X. He, N. O’Keefe, D. Sun, Y. Liu, H. Uddin, A. Nirmalathas, and R. R.
Unnithan, “Plasmonic narrow bandpass filters based on metal-dielectric-metal
for multispectral imaging,” in CLEO Pacific Rim Conference 2018, OSA Technical
Digest (Optical Society of America, 2018), paper Th4E.5.
21M. Scalora, M. J. Bloemer, A. S. Pethel, J. P. Dowling, C. M. Bowden, and A. S.
Manka, “Transparent, metallo-dielectric, one-dimensional, photonic band-gap
structures,” J. Appl. Phys. 83(5), 2377–2383 (1998).
22R. Rajasekharan, H. Butt, Q. Dai, T. D. Wilkinson, and G. A. J. Ama-
ratunga, “Can nanotubes make a lens array?,” Adv. Mater. 24(23), OP170–OP173
(2012).
23H. Butt, Q. Dai, R. Rajasekharan, T. D. Wilkinson, and G. A. J. Amaratunga,
“Enhanced reflection from arrays of silicon based inverted nanocones,” Appl.
Phys. Lett. 99(13), 133105 (2011).
24R. Rajasekharan, Q. Dai, and T. D. Wilkinson, “Electro-optic characteristics of a
transparent nanophotonic device based on carbon nanotubes and liquid crystals,”
Appl. Opt. 49(11), 2099–2104 (2010).
25A. Motogaito, M. Kito, H. Miyake, and K. Hiramatsu, “Fabrication and opti-
cal characterization of a 2D metal periodic grating structure for cold filter
application,” Proc. SPIE 9668, 96681Q (2015).
26X. He, N. O’Keefe, Y. Liu, D. Sun, H. Uddin, A. Nirmalathas, and R. R.
Unnithan, “Transmission enhancement in coaxial hole array based plasmonic
color filter for image sensor applications,” IEEE Photonics J. 10, 1–9 (2018).
27M. J. Uddin, T. Khaleque, and R. Magnusson, “Guided-mode resonant
polarization-controlled tunable color filters,” Opt. Express 22, 12307–12315
(2014).
28R. Rajasekharan Unnithan, M. Sun, X. He, E. Balaur, A. Minovich, D. Neshev,
E. Skafidas, and A. Roberts, “Plasmonic colour filters based on coaxial holes in
aluminium,” Materials 10, 383 (2017).
29S. P. Burgos, S. Yokogawa, and H. A. Atwater, “Color imaging via nearest neigh-
bor hole coupling in plasmonic color filters integrated onto a complementary
metal-oxide semiconductor image sensor,” Nano Lett. 7, 10038–10047 (2013).
30X. Duan, S. Kamin, and N. Liu, “Dynamic plasmonic colour display,” Nat.
Commun. 8, 14606 (2017).
31J. Sautter, I. Staude, M. Decker, E. Rusak, D. N. Neshev, I. Brener, and Y. S.
Kivshar, “Active tuning of all-dielectric metasurfaces,” ACS Nano 9(4), 4308–4315
(2015).
32D. B. Mazulquim, K. J. Lee, J. W. Yoon, L. V. Muniz, B.-H. V. Borges, L. G. Neto,
and R. Magnusson, “Efficient band-pass color filters enabled by resonant modes
and plasmons near the Rayleigh anomaly,” Opt. Express 22, 30843–30851 (2014).
33B. Zeng, Y. Gao, and F. J. Bartoli, “Ultrathin nanostructured metals for highly
transmissive plasmonic subtractive color filters,” Sci. Rep. 3, 2840 (2013).
34S. Yokogawa, S. P. Burgos, and H. A. Atwater, “Plasmonic color filters for CMOS
image sensor applications,” Nano Lett. 12, 4349–4354 (2012).
35Y.-T. Yoon, C.-H. Park, and S.-S. Lee, “Highly efficient color filter incorpo-
rating a thin metal–dielectric resonant structure,” Appl. Phys. Express 5, 022501
(2012).

36D. Inoue, A. Miura, T. Nomura, H. Fujikawa, K. Sato, N. Ikeda, D. Tsuya,
Y. Sugimoto, and Y. Koide, “Polarization independent visible color filter com-
prising an aluminum film with surface-plasmon enhanced transmission through
a subwavelength array of holes,” Appl. Phys. Lett. 98, 093113 (2011).
37G. Si, Y. Zhao, H. Liu, S. Teo, M. Zhang, T. J. Huang, A. J. Danner, and J. Teng,
“Annular aperture array based color filter,” Appl. Phys. Lett. 99, 033105 (2011).
38L. B. Sun, X. L. Hu, B. Zeng, L. S. Wang, S. M. Yang, R. Z. Tai, H. J. Fecht,
D. X. Zhang, and J. Z. Jiang, “Effect of relative nanohole position on colour purity
of ultrathin plasmonic substractive colour filters,” Nanotechnology 26, 305204
(2015).
39H.-S. Lee, Y.-T. Yoon, S.-s. Lee, S.-H. Kim, and K.-D. Lee, “Color filter based on
a subwavelength patterned metal grating,” Opt. Express 15, 15457–15463 (2007).
40Q. Chen, D. Chitnis, K. Walls, T. D. Drysdale, S. Collins, and D. R. S. Cumming,
“CMOS photodetectors integrated with plasmonic color filters,” IEEE Photonics
Technol. Lett. 24, 197–199 (2012).
41B. Y. Zheng, Y. Wang, P. Nordlander, and N. J. Halas, “Color-selective and
CMOS-compatible photodetection based on aluminum plasmonics,” Adv. Mater.
26, 6318–6323 (2014).
42T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolff, “Extraor-
dinary optical transmission through sub-wavelength hole arrays,” Nature 391,
667–669 (1998).
43H. A. Beth, “Theory of diffraction by small holes,” Phys. Rev. 66, 163–182
(1944).
44C. Genet and T. W. Ebbesen, “Light in tiny holes,” Nature 445, 39–46 (2007).
45M. Ye, L. Sun, X. Hu, B. Shi, B. Zeng, L. Wang, J. Zhao, S. Yang, R. Tai, H.-J.
Fecht, J.-Z. Jiang, and D.-X. Zhang, “Angle-insensitive plasmonic color filters with
randomly distributed silver nanodisks,” Opt. Lett. 40, 4979–4982 (2015).
46D. Fleischman, K. T. Fountaine, C. R. Bukowsky, G. Tagliabue, L. A. Sweat-
lock, and H. A. Atwater, “High spectral resolution plasmonic color filters with
subwavelength dimensions,” ACS Photonics 6, 332–338 (2019).
47D. Fleischman, L. A. Sweatlock, H. Murakami, and H. Atwater, “Hyper-selective
plasmonic color filters,” Opt. Express 25, 27386–27395 (2017).
48Y. Liang, S. Zhang, X. Cao, Y. Lu, and T. Xu, “Free-standing plasmonic metal-
dielectric-metal bandpass filter with high transmission efficiency,” Sci. Rep. 7,
4357 (2017).
49S. A. Maier, in Plasmonics: Fundamentals and Applications (Springer, 2007),
Chap. 2.
50S. Babu and J.-B. Lee, “Axially-anisotropic hierarchical grating 2D guided-mode
resonance strain-sensor,” Sensors 19, 5223 (2019).
51W.-K. Kuo and C.-J. Hsu, “Two-dimensional grating guided-mode resonance
tunable filter,” Opt. Express 25, 29642–29649 (2017).
52Z. Ren, Y. Sun, S. Zhang, K. Zhang, Z. Lin, and S. Wang, “2D non-polarising
transmission filters based on GMR for optical communications,” Micro Nano Lett.
13(11), 1621–1626 (2018).
53See http://desertsilicon.com/spin-on-glass/ for Desert Spin-On Glass.
54A. D. Rakić, “Algorithm for the determination of intrinsic optical constants of
metal films: Application to aluminum,” Appl. Opt. 34, 4755–4767 (1995).

APL Photon. 5, 046104 (2020); doi: 10.1063/1.5140215 5, 046104-10

© Author(s) 2020

https://scitation.org/journal/app
https://www.spectraldevices.com/
https://doi.org/10.1063/1.366996
https://doi.org/10.1002/adma.201200296
https://doi.org/10.1063/1.3633119
https://doi.org/10.1063/1.3633119
https://doi.org/10.1364/AO.49.002099
https://doi.org/10.1117/12.2201116
https://doi.org/10.1109/JPHOT.2018.2855684
https://doi.org/10.1364/OE.22.012307
https://doi.org/10.3390/ma10040383
https://doi.org/10.1021/nn403991d
https://doi.org/10.1038/ncomms14606
https://doi.org/10.1038/ncomms14606
https://doi.org/10.1021/acsnano.5b00723
https://doi.org/10.1364/OE.22.030843
https://doi.org/10.1038/srep02840
https://doi.org/10.1021/nl302110z
https://doi.org/10.1143/apex.5.022501
https://doi.org/10.1063/1.3560467
https://doi.org/10.1063/1.3608147
https://doi.org/10.1088/0957-4484/26/30/305204
https://doi.org/10.1364/OE.15.015457
https://doi.org/10.1109/LPT.2011.2176333
https://doi.org/10.1109/LPT.2011.2176333
https://doi.org/10.1002/adma.201401168
https://doi.org/10.1038/35570
https://doi.org/10.1103/PhysRev.66.163
https://doi.org/10.1038/nature05350
https://doi.org/10.1364/OL.40.004979
https://doi.org/10.1021/acsphotonics.8b01634
https://doi.org/10.1364/OE.25.027386
https://doi.org/10.1038/s41598-017-04540-9
https://doi.org/10.3390/s19235223
https://doi.org/10.1364/OE.25.029642
https://doi.org/10.1049/mnl.2018.5115
http://desertsilicon.com/spin-on-glass/
https://doi.org/10.1364/AO.34.004755

