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We demonstrate lensfree on-chip sensing within a microfluidic channel using plasmonic
nanoapertures that are illuminated by a partially coherent quasimonochromatic source. In this
approach, lensfree diffraction patterns of metallic nanoapertures located at the bottom of a
microfluidic channel are recorded using an optoelectronic sensor-array. These lensfree diffraction
patterns can then be rapidly processed, using phase recovery techniques, to back propagate the
optical fields to an arbitrary depth, creating digitally focused complex transmission patterns. Cross
correlation of these patterns enables lensfree on-chip sensing of the local refractive index
surrounding the near-field of the plasmonic nanoapertures. Based on this principle, we
experimentally demonstrate lensfree sensing of refractive index changes as small as ~2 X 1073, This
on-chip sensing approach could be quite useful for development of label-free microarray
technologies by multiplexing thousands of plasmonic structures on the same microfluidic chip,
which can significantly increase the throughput of sensing. © 2010 American Institute of Physics.

[doi:10.1063/1.3521390]

Metallic apertures support surface plasmon waves that
are localized to the near-field of the aperture structure. Physi-
cal properties of these plasmonic waves, by their nature, are
rather sensitive to the local refractive index of the medium
surrounding the aperture region. As the size of the metallic
aperture goes subwavelength, direct transmission of light
through the aperture becomes extremely inefficient and the
transmission behavior of these apertures starts to be domi-
nated by plasmonic effects, exhibiting strong sensitivity to
the refractive index of the surrounding medium as well as to
the wavelength, polarization, and the angle of the illumina-
tion light.l’2 Nanoscale features of these metallic apertures
also help coupling of free space radiation into surface plas-
mon waves, which can then also couple out to propagating
transmission waves, enabling far-field sensing of the near-
field effects occurring at the aperture region. These unique
properties of plasmonic nanostructures have alreadg been
utilized to create various optical sensor architectures. -8

To provide a complementary effort, here we introduce an
alternative technique to use metallic nanoapertures as optical
sensing elements on a chip. In our approach, different than
the prior art, lensfree diffraction patterns of plasmonic
nanoaperture arrays located on a microfluidic chip are uti-
lized for sensing. For this purpose, we use spatially incoher-
ent quasimonochromatic illumination, which picks up partial
spatial coherence during its propagation that is sufficiently
large to coherently illuminate each nanostructured aperture
region (e.g., 14X 14 um?, see Fig. 1). Under this illumina-
tion condition, the coherent diffraction pattern of each
nanoaperture region can be sampled using an optoelectronic
sensor array such as a complementary metal-oxide-
semiconductor (CMOS) chip. This lensfree pattern can then
be digitally processed to rapidly retrieve the missing phase of
the optical diffraction, enabling back-propagation of the
fields to an arbitrary depth below the nano-aperture plane.g’lo
If the plasmonic apertures are designed appropriately, these

“Electronic mail: ozcan@ucla.edu. URL: http://innovate.ee.ucla.edu/.

0003-6951/2010/97(22)/221107/3/$30.00

97, 221107-1

lensfree diffraction patterns reconfigure their transmission
behavior in response to the local refractive index surround-
ing the near-field of the apertures. Therefore by performing
cross correlation among these reconstructed diffraction pat-
terns, lensfree on-chip sensing of minute local refractive in-
dex changes would be feasible.

A major advantage of this lensfree on-chip sensing plat-
form over existing approaches is that it has significantly in-
creased throughput since the entire active area of the opto-
electronic detector (e.g., a CMOS chip) can now be utilized
with unit magnification (see Fig. 1). This makes it feasible to
multiplex literally thousands of plasmonic aperture arrays on
a standard CMOS chip with an active detector area of, e.g.,
>20-100 mm?, which could especially create important op-

FIG. 1. (Color online) Lensfree on-chip sensing setup. A plasmonic nanoap-
erture array, as shown in the SEM image on the top right corner, is illumi-
nated with a quasimonochromatic source (e.g., 550 nm center wavelength
with ~20 nm bandwidth) located ~10-30 cm away from its surface. The
lensfree transmission pattern of this plasmonic structure is sampled by a
CMOS chip placed at z~1 mm away from the aperture plane. The yellow
surface indicates the detector active area (~6X4 mm?). The plasmonic
nanoaperture array shown above is composed of uniformly spaced slits each
with a length of ~6 wum where the slit width varied (from left to right)
between ~80 and ~200 nm in discrete steps of ~20 nm. The physical gap
between two neighboring slits is kept constant at ~200 nm.
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portunities for designing label-free DNA or protein micro-
arrays. Furthermore, lensfree on-chip architecture of this
platform also makes it rather compact and light-weight
which are important features for practical implementations of
the same platform for point-of-care and field use, aiming,
e.g., various global health challenges including water quality
screening and diagnosis of infectious diseases. It is particu-
larly important to note the compatibility of this on-chip plas-
monic sensing approach with the recently demonstrated lens-
free telemedicine microsc:opeslo’11 such that a complete
solution (involving both lensfree microscopy and on-chip
sensing) can be put together within the same field-portable
telemedicine unit. This could potentially create better oppor-
tunities for health-care delivery in resource poor settings.

To implement the above discussed lensfree on-chip sens-
ing architecture, we chose to work with a plasmonic aperture
array design'2 that is composed of varying widths of rectan-
gular subwavelength apertures/slits spanning an area of
~14X 14 um? as illustrated in Fig. 1. A similar nanoaper-
ture array has been previously utilized to design planar
lenses by exploiting the linear relationship between the width
of the subwavelength slit and the phase of the transmitted
optical field." In our on-chip sensing implementation, how-
ever, the function of this array of subwavelength slits with
varying widths was to introduce different diffraction patterns
as a function of the local refractive index. This plasmonic
structure (see Fig. 1) was fabricated using focused ion-beam
milling (NOVA 600) on borosilicate cover slips (150 um
thick) that were coated with ~200 nm gold layer using elec-
tron beam metal deposition (CHA Mark40, UCLA Nanolab).
The prepared chip was then used as the bottom substrate of a
custom designed microfluidic device as illustrated in Fig. 1.
The liquid samples having different refractive indices were
flushed into the microfluidic chamber to interact with the
near-field of the nanoapertures by means of an automated
syringe pump. Lensfree diffraction patterns corresponding to
each refractive index value were continuously captured on a
chip at a frame rate of ~2-3 fps using a CMOS image
sensor while the liquid was flowing through the microfluidic
channel (see Fig. 1). The illumination was achieved using a
monochromator at 550 nm with a spectral bandwidth of
~20 nm, which indicates that a standard light-emitting di-
ode could also be used in terms of both spatial and temporal
coherence properties. We have also used an inexpensive plas-
tic polarizer in front of the illumination source to create a
linear polarization that is orthogonal to the slit direction. This
ensured that the transmitted fields from the plasmonic
nanoapertures contained only a single polarization compo-
nent, which is important for phase recovery steps, as will be
outlined later on. This was also confirmed through finite-
difference time-domain (FDTD) simulations.

To experimentally validate the sensitivity of this lensfree
platform, we used salt-water with well-controlled concentra-
tions such that the exact value of the liquid refractive index
could be extracted from a look-up table.'® Figures 2(a)-2(c)
top-left images illustrate the lensfree diffraction patterns of
our nanoaperture array (sampled at z=1100 um as shown in
Fig. 1) for three different refractive index values, n=1.333
[corresponding to de-ionized (DI) water], n+3 X 1073, and
n+5X 1073, respectively. To better quantify the numerical
differences among these lensfree diffraction patterns and re-
late them to refractive index changes (An) within the micro-
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FIG. 2. (Color online) Cross correlation coefficients are calculated between
the first lensfree transmission pattern and the subsequent patterns for (a) the
detector plane (z=1100 um) and (b) z=1 wm reconstruction plane, as il-
lustrated with the blue dotted lines. The same plots also show the running
averages of these cross correlation coefficients over ~50 frames as shown
with the black solid lines in (a) and (b). The intensities of the lensfree
transmission patterns used in (a) and (b) are normalized to the instantaneous
illumination intensity, which is also detected using the same CMOS chip
through a large aperture. The initial refractive index of these sensing experi-
ments (n) is 1.333 corresponding to DI water. Top row: (a)—(c) illustrate the
raw lensfree diffraction patterns of the nanoaperture array at three different
refractive indices within the microfluidic channel (n, n+3 X 1073, and n+5
X 1073, respectively), where all the lensfree transmission patterns extend
over a width of >50 um. Top row (d)—(f) illustrate the reconstructed trans-
mission patterns of the same nanoaperture array at z=~1 wm plane, right
underneath the aperture region.

channel, we calculated 2D cross correlation coefficients be-
tween the first lensfree pattern (corresponding to DI water)
and the rest of the acquired diffraction images. Figure 2(a)
left-bottom plot illustrates the results of this cross correlation
calculations with a dotted blue curve for ~2000 consecutive
lensfree diffraction patterns, which were captured while the
refractive index within the microchannel was changed ac-
cording to the following discrete steps: (1)n=1.333,(2)n
+3X1073,(3)n+5% 107, (4)n+3x1073, (5n=1.333.
The solid black curve in the same Fig. 2(a) also illus-
trates a running average of the cross correlation coefficients
for a window size of ~50 frames. As illustrated in these
results, by recording the lensfree diffraction patterns of this
plasmonic aperture array on a compact chip we can faithfully
track refractive changes as small as An=2X 1073, To further
validate our results, we have also performed FDTD simula-
tions of the same plasmonic structure, the results of which
are summarized in Fig. 3. According to these FDTD simula-
tions, the far-field lensfree diffraction patterns of our nanoap-
erture array closely match our experimental results presented
in Figs. 2(a)-2(c). Furthermore, the same FDTD results also
indicate that, as desired, the response of the 2D cross corre-
lation coefficient of these lensfree diffraction patterns is lin-
ear over a large refractive index range spanning 1.33—1.35.
While these experimental and FDTD simulation results
both demonstrate the useful sensitivity of the proposed lens-
free on-chip sensing scheme, there is still room for further
improvement that can be implemented by utilizing more ad-
vanced digital processing of these diffraction patterns. In par-
ticular, due to its lensfree operation, the sampled transmis-
sion patterns of the plasmonic aperture array spread over a
large area on the sensor chip. While this has no negative
consequences for a low number of spots on the same chip, it
would create significant limitations as one aims to increase
the density and hence the throughput of sensing. In other
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FIG. 3. (Color online) Based on FDTD simulation results, the cross corre-
lation coefficients among lensfree transmission patterns of the same nanoap-
erture array shown in Figs. 1 and 2 are calculated as a function of the
refractive index within the microchannel. These calculations were per-
formed for both z=~1 mm (solid line) and z=~1 wm (dashed line)
planes. False color insets depict the 2D transmission patterns for three dif-
ferent refractive index values (1.33, 1.34, and 1.35, respectively), where the
upper (lower) ones are calculated at z=~1 um (z=~1 mm).

words, as more and more independent plasmonic spots are
placed on the same chip (e.g., toward a label-free DNA or
protein microarray design), their lensfree diffraction patterns
will overlap with each other at the detector, which would
degrade the sensitivity of the lensfree sensing platform.

To mitigate this challenge and increase the density of the
sensing spots on the same microfluidic chip, we have used an
iterative phase recovery techniquegfll to reconstruct the com-
plex wave corresponding to the transmission pattern of each
nanoaperture array. In this numerical approach, we treat the
detected lensless pattern as the intensity of a complex optical
wave whose phase was lost during the image acquisition. To
recover this lost phase, we start with an arbitrary phase dis-
tribution at the detector plane and back propagate this com-
plex wave to the plasmonic aperture plane.lo Since the physi-
cal boundaries of the aperture region (e.g., ~14 X 14 um? in
Fig. 1) is known a priori, we can enforce this size informa-
tion as a spatial filter for the complex fields at the aperture
plane and forward propagate the filtered fields back to the
detector plane, where the optical phase will now change to a
2D function. By replacing the intensity at the detector plane
with the measured one, and keeping the updated phase dis-
tribution, we can start the next iteration to better estimate the
phase of the diffracted field after each cycle. This iterative
approach rapidly converges to a unique solution after typi-
cally 10-15 iterations which take <1 s using a standard
graphics processing unit.'

To illustrate its performance, in Figs. 2(d)-2(f) we dem-
onstrate the iterative reconstruction results of the field inten-
sity at the plasmonic aperture plane using the raw lensfree
diffraction patterns shown in Figs. 2(a)-2(c). If we now cal-
culate the 2D cross correlation coefficients among these re-
constructed patterns, we can get an updated sensing curve as
illustrated in Fig. 2(b), bottom-right plot. Once again, similar
to Fig. 2(a), we can faithfully track refractive changes as
small as An=2X 1073, this time using the reconstructed op-
tical intensity patterns at the aperture plane. The major ad-
vantage of this phase recovery based approach is that it
would enable multiplexing more densely packed plasmonic
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spots such that the overall throughout of on-chip sensing can
be significantly increased without affecting the sensitivity of
the platform. We have also conducted FDTD simulations to
calculate the field patterns close to the aperture plane, the
results of which are summarized in Fig. 3, nicely matching to
our experimental results shown in Fig. 2.

It is rather important to emphasize that the above dis-
cussed iterative phase recovery approach works even if the
diffraction patterns of neighboring plasmonic spots overlap
at the detector plane, see e.g., Figs. 2(d)-2(f), where the
transmission patterns of the top and bottom aperture arrays
are resolved from each other, which normally were entirely
overlapping at the detector plane as shown in Figs. 2(a)-2(c).
In addition to this, as the sensing field of view increases to
cover the entire detector active area (e.g., >20 mm?), the
requirements for spatial and temporal coherence of illumina-
tion would not change, which is quite important for scaling
this platform to extreme throughputs without changing the
illumination conditions. In this sense, the operation prin-
ciples of this phase recovery approach is quite similar (al-
though not identical) to recently demonstrated partially co-
herent lensfree holographic telemedicine microscopes,lo’ll
where the lensfree cell holograms over a large field of view
cannot coherently interfere with each other due to the limited
spatial coherence diameter at the detector plane. The exact
value of the spatial coherence diameter in our lensfree plat-
form can be precisely be tuned by controlling the aperture
size of the source or by controlling the propagation distance
between the source and the plasmonic aperture planes.

We should finally note that fabrication imperfections of
the plasmonic nanostructures in our design do not constitute
a fundamental challenge in our lensfree on-chip sensing ap-
proach, since we are effectively measuring the cross correla-
tion variations of the lensfree diffraction patterns of the plas-
monic apertures as function of the local refractive index.
This differential correlation measurement makes our scheme
robust to potential fabrication imperfections, which is espe-
cially important for wide field of view implementations of
this platform for increased throughput in sensing.
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