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An enhanced transmission is detected through a single slit of subwavelength width surrounded by
grooves in a gold layer that is added as a postprocess to a standard complementary metal oxide
semiconductor �CMOS� fabricated detector. The enhanced transmission results from constructive
interference of surface waves, which interact with the incident light. The measured enhanced
transmission shows strong qualitative agreement with that predicted by the modal expansion
method. With the decreasing dimensions available in standard CMOS process, such nanostructures
in metals could be used to replace current optical systems or to improve performance by increasing
the signal to noise ratio and/or allowing polarization selection. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3160544�

After the first publication on extraordinary
transmission,1 it was shown by Grupp et al.2 that periodic
indentations on the surface could also enhance transmission.
This indeed is not surprising given the simple interpretation
that constructive interference of surface waves �excited by
the grooves� combine in phase with light impinging directly
on the slit, increasing the overall light transmission.3 Several
papers3–5 have presented experimental and theoretical results
of corrugated structures on glass or membrane samples. The
benefits of high transmission through subwavelength holes
have been shown to offer advantages in applications such as
high speed detectors at visible wavelengths6 and improved
signal to noise ratios �S/N� of detectors at midinfrared
wavelengths.7,8 However, we believe that no work has been
done yet on standard detectors in the visible to increase the
transmission for improved S/N ratio. Here we show that by a
simple postprocessing step on a complementary metal oxide
semiconductor �CMOS� fabricated detector, the detected sig-
nal can be increased by a factor of more than 8 compared to
that of the equivalent detector open surface area. The tar-
geted wavelength for high transmission is 840 nm to target
the application of iris detection, which usually takes place
between 700–900 nm.9 Iris detection would be possible over
a larger distance if the detectors had higher S/N ratios. En-
hanced transmission by metallic nanostructuring can be di-
rectly integrated into CMOS detectors in place of, or in ad-
dition to, an expensive lens or the energy-consuming Peltier
cooler, which are currently used to increase S/N ratios. Inte-
grating planar metallic nanostructures into commercial de-
tectors is made possible due to the reduced sizes available in
CMOS fabrication. In CMOS processing, 90 nm is now stan-
dard.

To investigate the optical properties of the metallic nano-
structures and their implementation on photodetectors, two
sets of samples were fabricated: one on a glass cover slip

�thickness �150 �m� and one on the CMOS-fabricated Vi-
sionSensor �ViSi� detector.10 The results on the glass sub-
strate give a clear comparison between theory and experi-
ment allowing us to verify our design tools. The ViSi
detector has a pixel size of 50�50 �m2 and the active re-
gion is 14�14 �m2. Figure 1�a� shows an optical image of
a portion of the detector array with metallic nanostructures
on the active regions. A representation of the fabricated
nanostructures is shown in Fig. 1�b�. The samples were made
by focused ion beam �FIB�. Each series of samples consist of
a single slit of width wsl=100 nm with 10 grooves. All the
grooves have a width and depth of 100 nm �=hgr=wgr�. It
should be noted that the control of the slit width is reason-
able. The lateral sides of the slit are tilted by 5°. They have a
width of 100 nm at the bottom and 115 nm at the top. The
control of the depth is difficult and a standard deviation of 20
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FIG. 1. �Color online� �a� Optical image of an array of pixels on which
metal nanostructures have been fabricated by FIB. The red box outlines a
pixel �electronics and active area�, which is the smallest unit cell. The green
box outlines the active �light sensitive� area. The lines outside the active
area are for the electronics. �b� Scheme of slit and groove structure. �c� SEM
picture of a slit in Au on an active area of a ViSi pixel. The polarization
directions are indicated. �d� Scheme of the experimental setups for measur-
ing glass cover slip sample �left� and for detector sample �right�.
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nm for the groove depth can be expected with an accuracy of
approximately �15%. The length of the slit and grooves is
10 �m. The period p was varied from 600 to 800 nm in 50
nm steps. The measured Au thickness is 180 nm �=hg�. A low
sample surface roughness is important to reduce plasmon
scattering.11 The root mean square surface roughness of the
Au was measured at 0.7 nm �5.1 nm� on the glass sample
�detector active area� by atomic force microscopy �not
shown�. The larger surface roughness on the commercial de-
tector is due to the roughness of the underlying SiO2 on the
detector active area. The structures are planar in nature mak-
ing them suitable for future integration into the CMOS pro-
cess. A scanning electron microscope image of a structure on
the active region of the vision sensor is shown in Fig. 1�c�.
Slit structures are polarization sensitive, the high transmis-
sion being for TM polarized light. The polarization is defined
in Fig. 1�c�.

The normalization and thus figure of merit is important
when assessing the advantages of emerging science for dif-
ferent technologies. For apertures larger than �� /2�2, the
light transmitted is approximately equal to the incident flux
on the aperture. The light transmitted by much smaller aper-
tures is less than the incident light impinging on them. A
practical figure of merit,11 defined here as eta ���, is then the
light transmitted through an aperture normalized to the inci-
dent flux on it. Eta is then calculated by measuring the light
transmitted through the slit and normalizing it to the light
passing through a larger hole ���� /2�2�, which has been
normalized to the slit area. An ��1 means more light is
getting through the slit than is impinging on it, �=2 means
twice the amount of light impinging on the slit is getting
through. � will vary depending on the collection angle of the
optics, and therefore the theoretical � presented correspond
to the light collected for the numerical aperture of the experi-
mental setups.

The transmission spectra of the slit and groove array are
resonant at the plasmon modes of the corrugated metal sur-
face. There are two factors that combine to produce these
modes: the dielectric function of the metal and the geometry
of the groove array.3,12 A first order optimization of param-
eters for enhanced transmission was calculated using the
modal expansion �ME� method with surface impedance
boundary conditions at all interfaces except those of the lat-
eral walls of both slit and grooves where a perfect metal
�PM� was assumed.12,13 The optimization takes into account
the target wavelength of �=840 nm and the fact that the
structure must be fabricated in a 14�14 �m2 area. The cal-
culations show an eta of 14 is possible if all the light coming
through the slit could be collected �see the inset in Fig. 2�a��.
Figure 2�a� shows the calculated normalized transmission for

different structures which corresponds to the collection angle
of the glass slide. The peaks are due to the constructive in-
terference of the surface plasmons and therefore scale with
periodicity.3

The optical setup �see Fig. 1�d�� to measure the trans-
mission of the glass sample consisted of a TM-filtered white
halogen source, which illuminates the Au side of the sample
with a numerical aperture of smaller than 0.1. The light was
then collected through an objective with a collection angle of
23.6° in the glass substrate. The light was spectrally analyzed
using a spectrometer with a spectral resolution of �1 nm
and detected on a liquid N2-cooled charge-coupled device
detector.

The normalized spectra for TM-polarized light for the
different periods on the glass slide are shown in Fig. 2�b�.
There is good qualitative agreement between the theoretical
and experimental results. The spectral shift of the emission
peak to longer wavelengths with increasing 50 nm periods is
approximately 35 nm for both theory and experiment. More-
over the linewidths of the peaks, which narrow toward
longer wavelengths are also in good quantitative agreement,
with a difference between experiment and theory of �10%.
The theoretical curves are slightly redshifted compared to the
measured data. However the agreement is still very good,
given the fact that the model is an approximation and that
there will be an influence on the resonant wavelength due to
the nonverticality of the sidewall.3 The measured normalized
transmission is reasonable compared to theory at shorter pe-
riods �see Fig. 2�. The � values are slightly smaller in the
experiment compared to the theory. This difference is attrib-
uted to the fact that the FIB may have etched some of the
glass at the bottom of the slit. This increased surface rough-
ness can cause scattering. For larger periods, the peaks do
not increase as expected and the difference between the
theory and experiment increases slightly. This discrepancy is
attributed to the fact that here the resonances are stronger and
thus more strongly affected by fabrication imperfections.

The experimental setup for measuring the detector con-
sisted of TM-polarized incident light from a supercontinuum
white source, which was spectrally filtered to a bandwidth of
�2 nm and focused onto the detector with a numerical ap-
erture smaller than 0.1. The collection angle of the detector is
determined by the size of the active region �14�14 �m2�
and the length l and refractive index of the intermediate layer
�see Fig. 1�d��. The length l=5.5 �m is measured directly
from a cross section of the sample. The collection angle of
the detector is 51.8°.

Calculated �a� and experimentally �b� TM-normalized
spectra for the detector are shown in Fig. 3. The experimen-
tal results on the detector are noisier than on the glass slide
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FIG. 2. TM-normalized transmission of a slit and
groove structure with parameters Ngrooves=10, hSiO2
=5 �m, ws=100 nm, and hg=180 nm. �a� �Inset� The-
oretical calculations from the modal expansion method
showing the normalized transmission ���. �Inset� As-
suming a maximum collection angle �a� eta for the col-
lection of the structures on the glass slide. The maxi-
mum �=5.0 when the collection angle 	=23.6°. �b�
Experimental values on glass cover slip, the maximum
�=3.0 for the collection angle is 	=23.6.
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due to the method of detection of the sensor.13 The general
experimental behavior shows good agreement with that cal-
culated with the ME method, i.e., the redshift of the spec-
trum with increasing period is reproduced, as are the line-
widths. These measurements also show a redshift compared
to theoretical results. The larger � in general for the detector
when compared to the glass is due to the increased collection
angle, 51.8°.

An �, normalized transmission, of greater than eight is
measured. This figure is a lower limit as can be seen in the
inset in Fig. 2�a� and eta of up to 14 should be achievable.
There is a small Fabry–Pérot oscillation imposed on the on
the detector data due to the multiple reflections of the light in
the SiO2 layer between the active region and the surface of
the detector. This oscillation is not seen on the transmission
through the slit in the gold layer as the diffraction from the
slit results in many different angles being detected at the
detector. This is a real effect and therefore does give a true
comparison to the raw data being detected.

The effect of the polarization filtering from the slit ge-
ometry is shown in Fig. 4,14 which show normalized trans-
mission spectra for polarizations between TM and TE. It can
clearly be seen that the structure is strongly polarization de-
pendent �the inset shows extinction ratios of �100�. This is
much less than that predicted for a perfect geometry slit by
the ME theory where a value of 35 000 is computed for
wavelengths of 800 nm. This discrepancy is unsurprising as
the extinction ratio is extremely sensitive to details, such as
length of the slit and polarization mixing, which will occur

due to the nonvertical sidewalls. It should be noted that har-
vesting structures that spectrally filter but that are not polar-
ization selective can be made by making a circularly sym-
metric structure, a typical one is the so called bull’s-eye
structure.15

In conclusion, we have designed and optically character-
ized slit and groove structures, and shown good agreement
with theory, validating our design method. We transferred
this design onto a CMOS detector and have shown an eight
times increased optical transmission. The light transmitted
was polarization dependant with an extinction ratio of 100.
Although Au was used in this study to avoid oxidation ef-
fects, numerical simulations �not shown� give comparable
enhanced transmissions with aluminum which is the standard
metal used in CMOS. This work shows that metallic nano-
structures could offer an integrated CMOS solution to pro-
vide viable alternative or improved functionality, such as
spectral and polarization filtering, increased S/N ration, and
improved speed to commercial devices.
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ported by European Project FP6 PLEAS Project No. 034506.

1T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolff, Nature
�London� 391, 667 �1998�.

2D. E. Grupp, H. J. Lezec, T. Thio, and T. W. Ebbesen, Adv. Mater. �Wein-
heim, Ger.� 11, 860 �1999�.

3F. J. García-Vidal, H. J. Lezec, T. W. Ebbesen, and L. Martín-Moreno,
Phys. Rev. Lett. 90, 213901 �2003�.

4A. Degiron and T. W. Ebbesen, Opt. Express 12, 3694 �2004�.
5O. T. A. Janssen, H. P. Urback, and G. W. ´t Hooft, Phys. Rev. Lett. 99,
043902 �2007�, and reference therein.

6T. Ishi, J. Fujikata, K. Makita, T. Baba, and K. Ohashi, Jpn. J. Appl. Phys.,
Part 2 44, L364 �2005�.

7R. D. R. Bhat, N. C. Panoiu, S. T. J. Brueck, and R. M. Osgood, Jr., Opt.
Express 16, 4588 �2008�.

8Z. Yu, G. Veronis, S. Fan, and M. Brongersma, Appl. Phys. Lett. 89,
151116 �2006�.

9J. Daugman, IEEE Trans. Circuits Syst. Video Technol. 14, 21 �2004�.
10P.-F. Rüedi, P. Heim, F. Kaess, E. Grenet, F. Heitger, P.-Y. Burgi, S. Gyger,

and P. Nussbaum, IEEE J. Solid-State Circuits 38, 2325 �2003�.
11A. Hoffmann, Z. Lenkefi, and Z. Szentirmay, J. Phys.: Condens. Matter

10, 5503 �1998�.
12F. López-Tejeira, F. J. García-Vidal, and L. Martín-Moreno, Phys. Rev. B

72, 161405 �2005�.
13F. de León-Pérez, G. Brucoli, F. J. García-Vidal, and L. Martín-Moreno,

New J. Phys. 10, 105017 �2008�.
14Note integration was over a fixed period of time to a fixed voltage. This

prevents saturation and gives a large dynamical range. However, the
noises scales inversely proportional to signal. This is particularly apparent
on Fig. 4.

15E. Laux, C. Genet, T. Skauli, and T. W. Ebbesen, Nat. Photonics 2, 161
�2008�.

TM
Tr
an
sm

is
si
on

(η
)

Wavelength (nm) Wavelength (nm)

TM
Tr
an
sm

is
si
on

(η
)

(a) (b)

FIG. 3. TM-normalized transmission of slit and groove
structure with parameters Ngrooves=10, hSiO2

=5 �m,
ws=100 nm, and hg=180 nm. �a� Theoretical calcula-
tions from the modal expansion method showing the
normalized transmission ��� for the structures on the
ViSi. The maximum �=10 for a collection angle 	
=51.8°. �b� Experimental values on the ViSi, which
shows an ��8.0 for the collection angle 	=51.8.

FIG. 4. Nonnormalized polarization dependant transmission spectra of a slit
and groove structure on detector. The structure is that which has p
=600 nm. The inset shows the spectrum of the extinction ratio.

011113-3 Dunbar et al. Appl. Phys. Lett. 95, 011113 �2009�

Downloaded 08 Nov 2012 to 77.236.37.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/35570
http://dx.doi.org/10.1038/35570
http://dx.doi.org/10.1002/(SICI)1521-4095(199907)11:10<860::AID-ADMA860>3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-4095(199907)11:10<860::AID-ADMA860>3.0.CO;2-V
http://dx.doi.org/10.1103/PhysRevLett.90.213901
http://dx.doi.org/10.1364/OPEX.12.003694
http://dx.doi.org/10.1103/PhysRevLett.99.043902
http://dx.doi.org/10.1143/JJAP.44.L364
http://dx.doi.org/10.1143/JJAP.44.L364
http://dx.doi.org/10.1364/OE.16.004588
http://dx.doi.org/10.1364/OE.16.004588
http://dx.doi.org/10.1063/1.2360896
http://dx.doi.org/10.1109/TCSVT.2003.818350
http://dx.doi.org/10.1109/JSSC.2003.819169
http://dx.doi.org/10.1088/0953-8984/10/24/025
http://dx.doi.org/10.1103/PhysRevB.72.161405
http://dx.doi.org/10.1088/1367-2630/10/10/105017
http://dx.doi.org/10.1038/nphoton.2008.1

