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Abstract—In this paper, a fully functional low light 128 128
contact image sensor for cell detection in biosensing applications is
presented. The imager, fabricated in 0.18 � CMOS technology,
provides low-noise operation by employing both a modified ver-
sion of the active reset (AR) technique and a modified version of
the active column sensor (ACS) readout method. High-sensitivity,
low noise performance of the presented sensor is well-suited for
fluorescence imaging. For this purpose, an emission filter was
fabricated and integrated with the sensor. The filter was fabri-
cated using PDMS and Sudan II Blue dye mix, spin-coated and
deposited in a class 1000 clean room. The designed filter is suitable
for excitation at wavelengths below 340 nm and emission at 450 nm
and above. The fabricated imager architecture and operation are
described, noise analysis is presented and measurements from a
test chip are shown. Experimental results using live neurons from
the pond snail, Lymnaea stagnalis, and fluorescence polystyrene
micro-beads prove the functionality of the fabricated system and
indicate its biocompatibility.

Index Terms—Active column sensor, active reset, biosensor,
CMOS imaging, contact imaging, fluorescence imaging,
lab-on-a-chip (LOAC), low light.

I. INTRODUCTION

C ONTACT imaging, a technique in which the sample of in-
terest is directly placed over the top of a sensor array, of-

fers significant advantages over conventional imaging. Contact
image sensors, compared with conventional imagers, do not re-
quire optical elements, such as lenses between the sample and
sensor array, providing better collection efficiency without op-
tical loss. Although the minimum sample size is limited by the
finite pixel size, they offer a cheaper and more compact solu-
tion. Many papers on contact imagers for biosensing applica-
tions have been published in the literature [1]–[3]. A very good
comparison between contact and conventional imagers was pre-
sented by Ji et al. [4].
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Similarly to conventional optical sensors, contact image sen-
sors for biosensing applications provide two imaging modes:
transmission imaging [5] and fluorescence imaging [6]. In trans-
mission imaging, the surface of the sensor array is irradiated
with a uniform, directional, source of background illumination.
In fluorescence imaging, which is a more powerful tool com-
pared to the transmission imaging, a biological sample is stained
with a fluorescent dye, known as a fluorochrome, in order to en-
hance a structure or process of interest in a biological study. The
difference in the peak value of the excitation and the emission
spectra, known as Stoke’s shift, is the underlying property of
fluorescence imaging which permits the isolation of the emis-
sion light from the excitation light with the use of optical filters.
Therefore, a sharp-transition emission filter is required to atten-
uate the high-intensity background excitation light.

Fluorescence imaging is a selective and quantitative method
that is widely used in areas such as cell analysis, diagnosis,
bioengineering, and pharmaceutical and genomic research
[1], [2], [6], [7]. Usually, bulky and expensive equipment is
employed, such as fluorescence microscopes, that comprises
mainly of orthogonally arranged optical filters, light emitters,
and photodetector devices. Photomultiplier tube (PTM) or a
charge-coupled device (CCD) photodetectors are commonly
used for conversion of photon energy from emitted fluorescent
light into an electrical signal. Many efforts have been made
toward fluorescence detection systems miniaturization to allow
their further utilization in portable lab-on-a-chip (LOAC) de-
vices [1]–[11]. Recently, contact image sensors fabricated in
CMOS technology have been identified as a potential solution
for fluorescence detection systems. The advantages of current
state-of-the-art CMOS imagers over conventional CCD sensors
are the possibility in integration of all functions required for
timing, exposure control, color processing, image enhancement,
image compression and analog-to-digital (ADC) conversion on
the same chip [12]. In addition, CMOS imagers offer significant
advantages in terms of low power, low voltage and flexibility.
Moreover, the integration of thin film filters with CMOS image
sensor has the advantage of system miniaturization and cost
reduction. The main challenges in developing a high sensitivity
fluorescence system are fabrication of a high quality emission
filter and achieving a low noise imager operation.

The goal of producing a filter for fluorescence imaging, to-
wards total system miniaturization, has been pursued by many
groups [13]–[16]. Although optical filters may seem like minor
components of fluorescent systems, they significantly affect its
performance, cost, and size. While a variety of filters have been
presented in the literature, polymeric absorption filters have
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been identified as the simplest and most suitable solution for
low-cost miniature fluorescence systems [14]–[16].

Recently, many groups have reported on low-noise image
sensors for low light detection [7], [17]–[21]. Some of these im-
agers targeted fluorescence applications [7], [20], [21]. Several
authors presented only single-pixel structures, [20], [21], while
others either showed their sensor integrated with a commercial
filter [20] or a commercial imager with the developed filter [15].
Only a few groups could report on a system consisting of a fully
operational sensor array integrated with their emission filter [7].

In this paper, we present a fully operational 128 128 low-
light CMOS image sensor array, integrated with a designed and
fabricated emission filter for fluorescence detection. In our im-
ager, we have modified two existing design techniques, active
reset (AR) technique and active column sensor (ACS) readout
technique, and combined them to achieve low-noise reset and
improved spatial gain fixed pattern noise (FPN). Similarities
in circuit implementation of the AR and the ACS allowed us
to employ a single partitioned pixel amplifier to accommodate
both techniques, thereby simplifying the analog signal path, de-
creasing circuitry requirements, reducing power consumption,
and maintaining a reasonable fill factor. We provide measure-
ments from a test chip, showing that the fabricated imager is
fully operational and can detect 450-nm emission light at rates
below 4 nW/mm .

An emission thin-film filter with cutoff wavelength of 340 nm
was fabricated using PDMS and Sudan II Blue dye mixed, spin-
coated, and deposited on a microscope glass slide. To integrate
the fabricated filter with the imager, the filter was peeled off
from the glass slide, cut to dimensions of the exposed image
sensor surface, and mounted overtop. The designed filter is suit-
able for excitation at wavelengths below 340 nm and emission
at 450 nm and above. To present functionality of the fabricated
system, we show measurement results using live neurons from
the pond snail, Lymnaea stagnalis, and fluorescence polystyrene
microbeads.

This paper is organized as follows. Section II presents design
and operation of the proposed imager and shows noise analysis.
Measurements of the image sensor are described in Section III.
Section IV discusses the emission filter design and fabrication.
Section V presents the sensor packaging for biocompatibility.
Experimental results with live neurons and fluorescence poly-
styrene microbeads along with possible applications are dis-
cussed in Section VI. Section VII concludes the paper.

II. LOW-LIGHT IMAGE SENSOR DESIGN

Many challenges are presented in the design of a CMOS con-
tact sensor array, whereby biological samples are directly cou-
pled to the sensor surface. The main requirements for the con-
tact imager include a high sensitivity in detection, a low noise
floor and a uniform background. A high sensitivity is required
in order to maximize the signal in the presence of noise and to
improve intra-scene contrast under low illumination conditions.
This is achieved by concentrating on the front-end photodetector
design and involves tailoring properties such as conversion gain,
fill factor, and quantum efficiency. A low noise floor is required
in order to extend the lower detection limit of the sensor by en-
hancing the signal-to-noise ratio (SNR) under low-light condi-

tions. Decreasing the pedestal noise level requires targeting the
dominant sources of temporal noise [23], such as reset noise,
which is consistently quoted as a main contributor to the overall
noise in CMOS APS imagers [24], especially under low-light
conditions [25], [26]. A uniform background is required in order
to prevent overwhelming a low-contrast feature of interest by
spatial noise. The spatial noise or FPN refers to variation in
pixel offset and gain across an array under a uniformly illumi-
nated scene, which is constant from frame-to-frame [27]. FPN
is largely due to mismatches in pixel-level and column-level cir-
cuitry. It is also due to variations in photodetector properties. An
offset FPN can be easily suppressed with the use of double-sam-
pling techniques such as correlated double sampling (CDS),
provided offset components in the signal and reset samples are
correlated. Gain FPN, on the other hand, cannot be readily cor-
rected due to its nonlinear nature.

A. Proposed Imager Architecture and Operation

The proposed imager architecture specifically addresses the
aforementioned requirements by implementing two noise sup-
pression schemes: the modified AR technique and the modified
ACS readout technique. Similarities in circuit implementation
of the AR and the ACS techniques allowed us to employ a single
partitioned pixel amplifier to accommodate both techniques,
thereby simplifying the analog signal path, decreasing circuitry
requirements, reducing power consumption, and maintaining a
reasonable fill factor [28]. However, the need for switching of
amplifier polarity to allow implementation of both techniques
using the same amplifier also introduces design challenges.

1) AR Technique: In the original AR technique [29]–[31],
photodiode reset noise is suppressed with the use of a high-gain
column amplifier in negative-feedback configuration to ac-
curately sense and compare fluctuations in reset photodiode
voltage against a reference waveform, while correspondingly
suppressing these fluctuations by controlling the opposing
reset current of the reset transistor used to charge the photo-
diode capacitance. A schematic diagram of the active reset
technique according to [29] is shown in Fig. 1(a), which em-
ploys a column-level differential amplifier that services all
pixels within a column. A gradually increasing waveform is
required to modulate the unidirectional drain current of the
reset transistor [31]. Temporal reset noise suppression is based
off two feedback mechanisms: an amplification of the feedback
capacitance via the Miller effect and a modulation of the reset
transistor drain current from negative feedback [25]. Note that
the AR technique requires only one additional transistor and
feedback line in comparison with the conventional 3T topology.

is required in order to establish the negative feedback
loop during reset.

2) ACS Technique: In the ACS readout technique [22], [32],
pixel gain and offset variations in conventional 3T CMOS APS
are suppressed with the substitution of the source-follower
pixel buffer with a high-gain differential amplifier in unity-gain
configuration. With the original ACS technique, partitioning a
differential pair input transistor and a row-select transistor

at the pixel level, while the remaining bulk of the amplifier
circuitry is implemented at the unconstrained column periphery,
permits a high fill factor, comparable with a conventional 3T
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Fig. 1. Schematic diagram of (a) the AR technique after [29] and (b) the ACS technique after [22].

implementation, to be maintained (i.e., only three pixel-level
transistors are required). The row-select transistor permits the
selective connection of pixel-level amplifier circuitry with the
remaining amplifier circuitry located at the periphery, which
is common to all pixels in a column. Fig. 1(b) shows the
implementation of the active column sensor technique after
[22], implemented with a simple differential amplifier (note
that more advanced, multistage amplifier topologies can also
be implemented). The high open-loop gain of the amplifier
contributes towards the suppression of input-dependent and
process-dependent gain variations, resulting in a low PRNU.
Additionally, with the active column sensor readout technique,
threshold voltage level-shifting and signal swing reduction
(i.e., less-than-unity gain), associated with the source follower
amplifier, is eliminated.

3) Imager Architecture and Operation: The proposed imager
achieves low noise performance by a combined implementation
of the modified AR technique during the reset phase (for the
suppression of temporal noise) and the modified version
of the ACS technique during the readout phase (for the suppres-
sion of spatial gain nonlinearity and offsets). An observation of
the operation and similarities in circuit topology of both tech-
niques, shown in Fig. 1, reveals the following. First, both reset
and readout phases occur at staggered instances in time during
a row access period. Second, both noise-suppression techniques
employ a differential amplifier which is either partly (in ACS)
or completely (in AR) implemented at the column-level with an
input terminal that is either directly (in ACS) or indirectly (i.e.,
via the source-follower buffer, in AR) coupled to the photodiode
node.

The proposed architecture accommodates the implementa-
tion of modified version of both techniques by using a single
partitioned pixel amplifier with a variable topology that can
be configured in two alternate modes of operation: the active
reset mode (ARM) during the reset phase and the unity gain
sampling mode (UGM) during the readout phase. In the ARM
mode, the proposed topology allows the photodiode sense node

to be directly coupled to the negative terminal of the amplifier,
thus permitting a direct comparison with the reference wave-
form. This is unlike conventional column-based AR schemes
that must contend with offset and gain mismatches from the in-
termediary source-follower buffer. In the UGM mode, the value
of the photodiode voltage is readout using a “real” unity gain
amplifier (UGA), compared with a simple source follower in a
standard 3-T APS. However, contradictory to the original ACS
method, in our implementation, both input transistors of the dif-
ferential pair are implemented at the pixel level.

A schematic diagram of the proposed implementation
showing a single pixel and its associated column circuitry
is presented in Fig. 2. The pixel circuitry is composed of a
transmission gate and , a reset transistor , a
differential pair and , and a row-select transistor .
The partitioned pixel amplifier is implemented as a single-stage
folded-cascode amplifier. This amplifier topology was chosen
due to its simplicity and single-pole phase response. The
folded-cascode branch and the differential pair
current source are located at the periphery of the array
and are shared amongst all pixels within a column. A current
mirror is formed by transistors . The polarity of the
amplifier is toggled by switching the orientation of the current
mirror connection from the common gate connection of
and to either the drain of or to the drain of ,
thereby defining which branch serves as the input reference
current to the current mirror and which branch serves as the
amplifier output. Multiplexer defines the polarity of the pixel
amplifier, multiplexer establishes unity gain feedback during
sampling and connects the AR reference voltage to the positive
amplifier terminal during AR, and multiplexer connects the
feedback loop during AR and provides an optional flush signal
to apply a hard reset to the pixel prior to active reset. The
technique of applying a flush reset pulse with column-based
feedback reset is described in [31].

The proposed pixel can be implemented with a minimum of
four transistors, similar to the conventional AR implementation
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Fig. 2. Schematic diagram of the proposed low-noise imager architecture [28].

of Fig. 1(a), where the source-follower transistor behaves as an
input transistor to the differential pair. However, as previously
mentioned, the schematic diagram of Fig. 2 reveals certain dif-
ferences in comparison with the formerly described approach.
First, the -channel feedback pass transistor is replaced with
a transmission gate ( and ) in order to maximize
the reset voltage to approximately a single threshold voltage
(from transistor ) below the supply rail by eliminating the
threshold voltage drop across . Second, both input tran-
sistors to the differential pair are implemented at the pixel level,
representing a more symmetric partitioning of amplifier circuit
and enabling the layout of both complementary transistors in
close proximity. This modification reduces offsets by permitting
the critical matching of the input differential pair. Despite the re-
quirement for additional feedback lines and pixel-level transis-
tors with this approach, provided a relatively advanced CMOS
process is employed, the reduction in fill factor can be consid-
ered to be marginal.

A plot of the control waveforms for the proposed imager
under CDS operation is shown in Fig. 3 for a single row of

Fig. 3. Control waveforms for the schematic diagram of Fig. 2 [28].

pixels. The UGA signal is used to toggle between the unity
gain sampling mode (UGA high) and the AR mode (UGA low).
During the row access of row x, RowSelect is activated. UGA
is kept high to sample the integrated photodiode voltage sample
and hold signal (SHS) high.

Following signal sampling, the signal Flush can be activated
and Pixel lowered to optionally implement flush reset
(demonstrated in [31] to further suppress image lag). During
the active reset mode, Flush and UGA are low and the polarity
of the amplifier is reversed, with the negative terminal now
connected to the photodiode node. A gradually increasing
reference waveform resets the photodiode to a predetermined
level. Immediately afterwards, UGA is raised high, and the
reset voltage is sampled, sample and hold reset (SHR) high,
returning the pixel amplifier to the unity gain sampling mode.
UGA remains high in anticipation for the access of the fol-
lowing row of pixels.

4) Reset Noise Analysis and Amplifier Design Considera-
tions: Referring to the plot of the control waveforms shown in
Fig. 3, during the sharp fall of the reference ramp waveform,

, denoted by , the partitioned amplifier output is
driven rapidly to ground as it attempts to equalize the sensed
photodiode node with the reference waveform. As a result, the
gate of the reset transistor is lowered, and the negative-feed-
back reset voltage is latched onto the photodiode. After a short
period, the signal UGA is raised, concluding the active reset
mode of operation. Note that, during the subsequent sampling
of the reset voltage, the transmission gate remains open to pre-
vent charge injection due to capacitive coupling. At the mo-
ment when the reference voltage is lowered , noise latched
onto the photodiode node is primarily due to the intrinsic noise
of the amplifier and the noise of the reset transistor [29]. The
equivalent small-signal circuit model of the circuit topology of
Fig. 2 is shown in Fig. 4. represents the partitioned ampli-
fier transconductance (i.e., equivalent to the transconductance
of the input differential pair transistors), is the am-
plifier noise, is the amplifier output resistance, is
the input capacitance at the transmission gate, is the
gate–source feedback capacitance, is the photodiode ca-
pacitance, is the reset transistor transconductance,
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Fig. 4. Small-signal equivalent model at � .

is the reset transistor drain source resistance, and is the
noise from the reset transistor.

The reset noise can be determined using superposition: the
noise sources , and are calculated, individually
referred to the sense node, and added together to obtain the
overall noise. From the transfer functions and

, the noise contributions at the sense node can be
summed up as shown by the following equation:

(1)

A calculation of reveals a unity gain relation-
ship which is inherent to the fact that both and rep-
resent the input terminals of the amplifier, hence it is expected
that will accurately track the positive amplifier input during
negative-feedback reset [29]. Therefore, the noise contribution
of the partitioned pixel amplifier at the photodiode sense node
is simply equivalent to the input-referred noise of the amplifier.
This can be calculated by summing the input referred thermal
noise contributions of all transistors in the amplifier circuitry,
as shown by

(2)

A calculation of the noise contribution of the reset transistor
at the photodiode sense node can be summarized as

(3)

where is the open-loop gain of the partitioned pixel amplifier.
The reset noise achieved with the AR technique is obtained by
combining the sense node-referred noise contributions from the
pixel amplifier, given by (2), and the reset transistor, given by
(3).

It can be observed from (3) that an effective increase in the
feedback capacitance during the AR depends on the open-loop
gain of the partitioned pixel amplifier. High amplifier gain is
also important for gain errors reduction in the signal sampling
during the ACS readout, as shown by the following equations:

(4)

(5)

where is referred to as the gain error.
The open-loop gain equation of the implemented partitioned

folded-cascode amplifier is given by the following equation:

(6)

where refers to the amplifier transconductance (equiva-
lently ), refers to the amplifier output resistance,
refers to the transconductance of a transistor, and refers to
the drain–source conductance of a transistor. This gain equa-
tion serves as a design criteria for the sizing of the amplifier
transistors. To increase the open-loop gain of the amplifier,
the input differential pair transistor widths are made as large
as permissible within the pixel boundaries. The partitioned
folded-cascode amplifier is designed with an input differential
tail current of approximately 10 A to reduce resistive drops
across the array and to maintain a low power consumption.

Due to the symmetric partitioning of the circuitry at the drain
of the input differential pair transistors, the long column in-
terconnect lines parasitically load these nodes and shift their
associated poles to lower frequencies, thereby compromising
amplifier stability. To compensate for this shift, the width of
transistors M5 and M6 are increased to boost transconductance
and the interconnect lines are implemented using higher metal
routing layers (metal 4), which have a smaller capacitance-per-
unit area than lower metal layers. Reasonably sized metal–insu-
lator–metal (MIM) sampling capacitors of approximately 400
fF are selected in order to reduce sampling noise during reset
and signal readout [33].

III. MEASUREMENTS OF THE IMAGE SENSOR

A prototype 128 128 image sensor chip was fabricated in
a six-metal, single-poly, mixed signal CMOS 0.18- m process
and operates with a 1.8-V supply. Robust column- and chip-
level switched-capacitor readout amplifiers were designed to
drive the reset and signal voltages off-chip to a high-precision,
16-bit ADC. Two parallel readout chains were opted over a fully
differential readout path in order to permit the acquisition of
solely the pixel reset or integrated signal value. A set of test
pixels with photodiodes replaced with a direct connection to an
IO pad are implemented at the perimeter of the array in order to
permit the probing of the front-end signal chain.

The sensor array is designed with a pixel pitch of 7 m, hence
a sample larger than the pixel pitch can be resolved. The pixel
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Fig. 5. Optical test setup for image sensor characterization.

utilizes an n-well over p-substrate photodiode and achieves a fill
factor of 30%.

Fig. 5 shows the setup to perform tests requiring a highly uni-
form source of illumination, such as in the measurement of con-
version gain, FPN, dark current, QE, and reset noise. The optical
setup is required to subject the image sensor to a variety of illu-
mination conditions such as irradiation with uniform monochro-
matic light, or the projection of an image onto the sensor surface.
Image sensor tests are performed in a dark room on an optical
table with vibration control.

In order to evaluate the suppression of reset noise, two imme-
diately consecutive samples of the pixel reset voltage during the
same frame are obtained. This double-sampling technique for
the measurement of reset noise is briefly described in [23]. The
noise of both consecutive samples is composed of a fully cor-
related reset noise component and an uncorrelated read noise
component, thus permitting the extraction of reset noise by re-
peating these samplings.

One thousand frames of consecutive reset samples from a
single column of 80 pixels are obtained, and the analysis of reset
noise is performed for each pixel. The measured average rms
reset noise voltage is 273 V, which translates to an input-re-
ferred noise of . As a comparison, a reset noise of
was recently reported for the low-noise imager, fabricated in
0.18- m technology [19].

In order to perform spatial noise measurements, a large
sample set of flat-field images is obtained and the mean voltage
of each pixel over time is computed in order to average out
temporal fluctuations. The measured pixel-level FPN is 0.16%
and the column-level FPN is 0.05%. Response linearity of
the analog readout path is measured by probing the front-end
analog signal path of the test pixels with varying voltages and
measuring the corresponding output voltage. The measured
nonlinearity within the defined signal swing is 0.9%.

Fig. 6 plots dark current as a function of pixel reset voltage.
As can been seen, relatively high dark current was measured,
especially at high reset voltages. The presence of dark current
is believed to be due to the use of a relatively “advanced” dig-
ital CMOS process that is not optimized for imager fabrication
[34]. However, since the dark current is reset voltage-depen-
dent, it can be significantly reduced by operating at lower reset

Fig. 6. Measured pixel dark current signal as function of reset voltage.

Fig. 7. Measured SNR as a function of incident light intensity.

voltage values. Under low-light illumination, where the photo-
diode is not discharged significantly, a smaller reset voltage can
be employed.

Fig. 7 depicts measured imager SNR for different illumi-
nation conditions. It is important to note that usually SNR
measurements are performed at wavelengths, where maximum
quantum efficiency (QE) is achieved or at incoherent light. In
our case, we measured the SNR at wavelength of 450 nm, since
the imager is targeted for use with the specific emission filter,
described in Section IV.

A summary of the key image sensor figures of merit is pro-
vided in Table I.

IV. EMISSION FILTER DESIGN AND FABRICATION

Typically, under fluorescence imaging, the ratio of emission
light intensity to excitation intensity is in the range of to

[35], requiring a very high rejection rate of the emission
filter in the range of excitation wavelengths and very sharp be-
havior of the filter’s transmission spectra. From the initial stage
of exciting a sample to the final stage of detecting emission,
the overall efficiency of the fluorescence process is usually very
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TABLE I
IMAGE SENSOR PERFORMANCE FIGURES OF MERIT

low: only a fraction (0.0001%–1%) of the excitation light is
absorbed by the fluorochrome (defined by the dye extinction
coefficient), and only a fraction (1%–100%) of these absorbed
photons will result in the emission of light (defined by the dye
quantum yield).

We have developed an emission filter to be mounted on top
of the fabricated imager for on-chip fluorescence detection. The
filter was fabricated using PDMS Sylgard 184 Silicone Elas-
tomer kit available from Dow Corning. The monomer and hard-
ener were premixed at a ratio of 10:1 volume/volume [v/v].
Sudan II Blue lysochrome dye, available from Sigma-Aldrich
Co., was embedded in an optically clear PDMS to achieve the
required optical transmission. Sudan II Blue powdered dye, was
incorporated into the PDMS with a load of 1200 g mL . Pre-
viously, it has been shown that this is the optimum dye load for
Sudan II [16]. Beyond this concentration, dye aggregation can
occur.

The filter was fabricated in class 1000 clean room using
Brewster Science (CEE) 100CB Photo resist Spinner. The
premixed PDMS and the incorporated dye were placed on top
of an optically clear microscope glass slide and spin-coated for
20 s to achieve a uniform thin layer. Various spin speeds were
tested to attain various filter thicknesses.

It has been previously shown that the contrast of an object
is relatively constant when the object is close to the sensor
surface (up to 100 m away from the imager), but degrades
significantly for large distances (above 100 m) for 48 m
polymer microbeads [4]. Therefore, for filter thicknesses higher
than 100 m, the image contrast would be significantly af-
fected; on the other hand, very thin filters would degrade filter
transmittance.

To test the fabricated filter transmission, a calibrated photo-
diode was used along with a monochromator to vary the wave-
length from 300 to 560 nm. Fig. 8 depicts the 98- m-thick filter
transmission in decibels for various wavelengths. As can be
seen, the filter has a rejection of 26 dB of the excitation light
at 340 nm (i.e., 99.75% of the light blocked, or of
the light transmitted) and 3-dB transmission ( 50%) of the
emission light at 450 nm.

While the filter transmission has yet to be improved (several
groups reported rejection of up to 60 dB [13]), it is impor-

Fig. 8. Transmission spectra of the designed filter.

Fig. 9. Measured imager QE for relevant wavelengths.

Fig. 10. Normalized QE�Transmission for different wavelengths.

tant to point out that characterization of fluorescence system
should take into account quantum efficiency (QE) of the imager
along with the filter transmission properties. Measured imager
QE for relevant wavelengths is shown in Fig. 9. Fig. 10 depicts
a normalized imager QE multiplied by the filter transmission.
All values were normalized to the QE Transmission at 480 nm
and are presented on the logarithmic scale. As can be seen, by
employing the fabricated imager in conjunction with the filter, a
ratio of between system sensitivities at 450 nm (emis-
sion) and 340 nm (excitation) is achieved (i.e. sensitivity at the
excitation wavelength is only 0.028% of the sensitivity at the
emission). Comparing these results to the filter properties alone,
where this ratio is equal to , an improvement of 17 times
is achieved.

The fabricated filter is suitable for a wide range of fluores-
cence applications, where the excitation wavelength is in the
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Fig. 11. Photograph of the packaged image sensor mounted on the PCB test
fixture with a close-up of the chip surface (inset).

near-ultraviolet range (under 340 nm) and emission wavelength
is in the blue range (450 nm and above).

V. SENSOR PACKAGING FOR BIOCOMPATIBILITY

A fundamental requirement of a biosensor array is compati-
bility with the biological environment. This requires minimizing
the impact on cell physiology while equally protecting the pack-
aged device from damage by exposure to the biological environ-
ment. Fig. 11 shows a photograph of the packaged image sensor.
The exposed metal surfaces of the device, which include the
chip bond pads, bond wires, and package traces, require encap-
sulation in order to prevent corrosion, eliminate toxicity to the
biological sample, and avoid electro-chemical effects or shorts
through interactions with the conductive culture medium. The
encapsulation medium must be impervious to water and chemi-
cally resistant to the solutions used for cleaning and steriliza-
tion. A room-temperature vulcanizing (RTV) silicone sealant
was applied in the package cavity surrounding the chip with the
use of a syringe. The main challenge of encapsulation is en-
suring that the sensor surface remains fully exposed in order to
permit the close coupling of cells with the underlying sensors.
The chip surface itself is fairly robust; it is passivated with an
overglass layer composed of silicon nitride and silicon dioxide
during fabrication, which have been shown to be biocompatible
[37]. A glass culture chamber was fabricated by slicing a 1/2-in
glass tube and fire polishing the top surface of the ring to re-
move aberrations. The culture chamber ensures that sufficient
culture medium is supplied to the biological sample to prevent
evaporation during incubation.

VI. SYSTEM MEASUREMENTS AND POSSIBLE APPLICATIONS

Here, we show measurements of the developed contact im-
ager integrated with the emission filter. We present system op-
eration both in transmission and fluorescence modes of opera-
tion and discuss possible applications. To indicate system bio-
compatibility for its further utilization in bio-applications, out-
growth of neurites in live neurons, placed on the top of the
imager, are also shown. Note that all measurements presented
in this section were performed using the same techniques and
setups described in the previous sections.

A. Transmission and Fluorescence Imaging Measurements

As previously discussed, contact imager operating in a trans-
mission mode can be utilized in some applications, including
locating and tracking individual particles of interest, monitoring
movement and even morphology of samples [4].

Fig. 12. Image of the microbeads from (a) the chip micrograph and (b) the
sensor array.

Fig. 13. Optical test setup showing a cross-sectional diagram of the chip
package, glass culture chamber, and mounted filter.

Here, we show the capability of the developed system to suc-
cessfully operate in transmission mode imaging (here, no emis-
sion filter is integrated on the sensor array surface). The exper-
iment was carried out using 45.0- m-diameter polystyrene mi-
crobeads. The beads are contained in a surfactant solution to
prevent clumping and are deposited onto the sensor array with
the use of a 10- L micropipette. Fig. 12 shows a comparison
of the chip micrograph with the contact image acquired by the
sensor array. Note that each bead is visible as a dark circular out-
line with a bright centre. This bright center is due to the optics of
the sphere, causing light to be focused directly below the bead.
Given the diameter of the microbead and the refractive indices
of the bead and the solution, the back focal length is calculated
that is found to be comparable to the height of the inter-metal
dielectric stack above the sensor array.

To perform fluorescence imaging measurements, the emis-
sion filter, described in Section IV, was used. The filter was
peeled off from the glass slide, cut to dimensions of the exposed
image sensor surface, and mounted overtop. Fig. 13 shows a
schematic of the optical setup used for fluorescence imaging
measurements.

To perform the measurements in the fluorescence mode,
2- m-diameter polystyrene microbeads obtained from Duke
Scientific Corporation were used. As 2- m-diameter mi-
crobeads were the largest size available, we distributed these
particles on the top of the filter in a few clusters. The mi-
crobeads have maximum excitation at 365 nm and maximum
emission at 447 nm. The microbeads were excited using UV
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Fig. 14. Fluorescence microbeads were placed on the emission filter in clusters
and exposed to UV light with the maximum at 350 nm. Image of the microbeads
from (a) the chip micrograph and (b) the sensor array after contrast adjustment.

light at 350 nm. Fig. 14(a) shows an image of the fluorescence
microbead clusters as seen under a conventional microscope
(top view of sensor array, using incoherent light source without
employing florescence imaging). Fig. 14(b) depicts the same
scene, as captured by the sensor array after contrast adjustment.
As can be seen, that majority of the existing clusters can be
resolved by the image sensor.

B. Discussion and Future Work

Various fluorescence applications can be employed using
the presented system, where the peak excitation wavelength
is around 340 nm and the emission is at 450 nm and above.
Different UV-excitable fluorescent dyes can be employed for a
wide range of fluorescence assays, such as study of intracellular
processing and cell detection.

To study intracellular processes, monitoring of calcium Ca
levels, using FURA-2 C H N O , which is a Ca indi-
cator, a dye-molecule that binds Ca with four carboxylgroups
can be employed. Other fluorescence calcium-sensitive dyes,
such as Indo 1 and Quin-2, can be also used to measure changes
in Ca levels. It is preferable to use Fura-2, as it is highly suit-
able for digital imaging microscopy, has a large Stokes shift,
and is less susceptible to photo-bleaching than Indo 1 is.1 A
good example of study of intracellular processing is the char-
acterization of synaptic plasticity in neuronal networks, which
would enable us to understand how networks of neurons are
put together during development and regeneration and how they
function in the adult brain. For this application a calcium fluo-
rescence imaging using Fura-2 can be used. Synaptic plasticity,
which is the basis for learning and memory, describes the prop-
erty of neuronal networks to form new connections and modify
existing ones. A more detailed description of this application
can be found in [38]. In addition to fluorescence imaging, trans-
mission imaging can be used to provide an optical map of over-
laying cells to pinpoint or associate intracellular activity with a
particular cell or cluster of cells.

Since the presented measurements were performed using mi-
crobeads, it is very important to ensure that the presented system
is suitable for utilization with living cells. In Section V, we dis-
cussed sensor packaging for biocompatibility. Here, we utilized
live neurons from the pond snail Lymnaea stagnalis to indicate
system biocompatibility. Fig. 15 shows a chip micrograph of the
four cultured neuron cells labeled A-D and a close-up (inset)

1[Online]. Available: www.fura-2.com

Fig. 15. Chip micrograph of the four cultured neuron cells labeled A-D and
(inset) close-up of neuron cell D showing neurite outgrowth.

of neuron cell D, showing neurite outgrowth. The outgrowth of
neurites from the cell bodies is visible—this is indication of the
biocompatibility of the image sensor surface and the encapsu-
lated package. Furthermore, the packaged device was tested for
at least two months, showing no degradation in performance.
In the future, we plan to compare all aspects of normal out-
growth patters of neurons grown on normal growth substrates
(e.g., Poly-L.lysine and Lamanin) with those cultured on image
sensor surface. The neuronal viability will be examined through
electrophysiological techniques (i.e., resting membrane poten-
tial and ion channel properties).

It is important to mention that the proposed system still has
several limitations. One of these limitations is that the electrical
and optical setup of this prototype is still complex, which makes
it difficult to operate the system in a different laboratory at this
stage. Therefore, we have a limitation in performing various
measurements with living cells. Currently, we are working on
a solution that will allow us to simplify the setup and sensor
mobility in the future.

Another limitation is the quality of the fabricated filter, which
has yet to be improved, as discussed in Section IV. Future work
will include this improvement, as well as fabrication of emis-
sion filters suitable for a wider range of applications. In addition,
measurements of the image sensors showed a relatively high
dark current. To achieve better system performance, it is desir-
able that a dedicated CMOS imager fabrication process would
be used, which will reduce the dark current and therefore im-
prove the SNR.

VII. CONCLUSION

This paper provides a description of a fully functional
low-light 128 128 contact image sensor for cell detection
in biosensing applications. The low-light design requirements
are met with the implementation of the modified active reset
technique and the active column sensor readout techniques.
Contact images obtained with a working 128 128 sensor
array attest to the low noise performance and high sensi-
tivity of the presented technique. The adhesion and growth
of neurons on the sensor surface confirms the robustness and
biocompatibility of the packaged sensor chip. To prove imager
compatibility for fluorescence imaging, an emission filter was
fabricated and integrated with the sensor. The designed filter
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is suitable for excitation at wavelengths below 340 nm and
emission at 450 nm and above. Measurement results using and
fluorescence polystyrene microbeads proved the functionality
of the fabricated system.
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