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Fully Integrated Fluorescence Biosensors On-Chip
Employing Multi-Functional Nanoplasmonic
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Abstract— Integrated optical system-on-chip in silicon operating in the visible range can have a tremendous impact on
enabling new applications in sensing and imaging through the
ultra-miniaturization of complex optical instrumentation. CMOS
technology has allowed an integration of optical detection circuitry for image sensors with massively large number of pixels.
In this paper, we focus on techniques to realize complex opticalfield processing elements inside CMOS by exploiting optical
interaction with sub-wavelength metal nanostructures realized in
the electrical interconnects layers, whose feature sizes are now in
the sub-100-nm range. In particular, we present a fully integrated
fluorescence-based bio-molecular sensor in 65-nm CMOS with
integrated nanoplasmonic waveguide-based filters capable of
more than 50 dB of rejection ratio across a wide range of
incident angles. Co-designed with the integrated photo-detection
circuitry, capacitive TIAs, and correlated double-sampling circuitry, the sensor is capable of detecting 48 zeptomoles of
quantum dots on the surface with 52 fA of photodetector current
with a fluorescence/excitation ratio of nearly −62 dB without any
post-fabrication, external optical filters, lenses, or collimators.
The ability to integrate complex nanoplasmonic metal structures
with unique optical properties in CMOS with no post-processing
creates the opportunity to enable large multiplexed assays on a
single chip and a wide variety of applications, from in vitro to
in vivo.
Index Terms— Biochips, biosensor, CMOS, CMOS imager, fluorescence, metal optics, microarray, nano-optics, nanoplasmonics,
spectroscopy.

I. I NTRODUCTION
NTEGRATED, low-cost, and portable point-of-care diagnostic technology has the potential to bring transformative changes in healthcare. In recent past, there have been
considerable research efforts aiming to exploit the integration
capability of IC technology, especially CMOS, to realize
fully integrated, low-cost, portable, affinity-based bio-sensing
platforms, such as for proteomic or nucleic acid assays [1]–[5].
The detection methodology for an affinity-based biosensor
platform relies on the selective capture of target bio-molecules
by capture probes, and the chemistry is transduced either
label-free using methods such as impedance spectroscopy,
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Fig. 1. Single-chip fluorescence-based biosensor with integrated nanoplasmonic filters in 65-nm CMOS.

dielectric changes, electro-chemical [6]–[8], and Raman scattering or with labels such as magnetic [9]–[13] and fluorescence [14]–[29]. Each label or reporter molecule causes some
change in the electromagnetic (EM) environment in the vicinity of the sensing platform (chip), and the electronic circuitry
is designed to measure such changes with high sensitivity.
While processing low-frequency fields due to magnetic
labels or dielectric labels are well known with ICs [6]–[13],
affinity-based fluorescence sensing is the most adopted as
well as sensitive, specific, and robust sensing modality in
diagnostic and in medical research [14]. However, such fluorescence sensing often requires a multitude of external optical
elements such as lenses, objectives, thin film or dichroic
filters, charge-coupled device or photo-multiplier tube (PMT)
detectors, precision mechanical scanners, all of which make
the system complex, bulky, and expensive. In the absence
of high-performance integrated optical components, miniaturization of a fluorescence sensing system in CMOS
has relied on externally grown optical filters and/or collimators [15], [18], [20], or time-resolved techniques with
synchronized sources [16], [17], [19], [22], [23], which
require very high-speed and moderately high-power driving
circuitry, sub-ns timing accuracy, and low-noise photodetection capability. This can add significant cost, size, and
complexity to the system, preventing many applications where
miniaturization is the key.
In this paper, we discuss the methods by which opticalfield manipulation can be achieved in standard CMOS technology exploiting sub-wavelength interaction of metal-optic
nanostructures with incident optical fields in the visible range.
The underpinning concept behind this work is that in addition
to active device scaling which has allowed integration of nanoscale devices with increasing high performance, simultaneous
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Fig. 2. Sub-wavelength interaction of light and metal nanostructures. (a) SEM cross sections of 22- and 14-nm technology nodes demonstrating lithographic
scaling [30]. Examples of nanoplasmonic structures and functionalities (b) Nano-optic lensing [41], (c) Sub-diffraction imaging [35], and (d) Nano Braggreflector gratings [40]. (e) Sub-100-nm lithographic features in state-of-the-art silicon IC processes which create opportunities for copper-based complex
nanoplasmonic multi-functional optical components [32].

interconnect scaling has led to the possibility of metal nanostructures with lithographic features of 100 nm and below in the
deep sub-wavelength regime at optical frequencies [30]–[32].
Traditionally, these copper-based interconnects have been used
to allow electronic information flow across devices, but they
can simultaneously be exploited to interact with optical fields
inside the chip creating complex, multi-functional optical
elements [29]. We show, for the first time, the ability to
incorporate 3-D-nanoplasmonic structures in standard CMOS
by exploiting the sub-wavelength copper-based electrical
interconnect lithography features for fully integrated optical
SOCs in the visible range. Fig. 1 shows the fluorescencebased CMOS biosensor with integrated nanoplasmonic filters
realized in a 65-nm process, which encompasses the assay
platform, sensor, and read-out circuitry all integrated in a
single chip, eliminating the need for any post-fabrication or
external optical elements, except for an inexpensive excitation source (a continuous-wave diode laser or LED). As a
biosensor, it has the capability of detecting 48 zeptomoles
(48 × 10−21 mol) of quantum-dot (Qdot)-based fluorescence
labels on the chip surface, higher than many current microplate
readers [33]. This paper presents a nanophotonic-electronic
co-design approach toward fully integrated fluorescence
biosensor with on-chip copper-based nanoplasmonic filters.
Nano-plasmonics is the study of interaction of optical fields
with metallic nanostructures [34] and has made tremendous
progress in recent years for its ability to confine, concentrate, guide, and filter light with nano-scale noble metals,
opening up many exciting applications including deep subdiffraction imaging [35], significant fluorescence spectroscopy
signal enhancement [36], sub-wavelength optical wave-guiding
with extreme mode confinement [37], extraordinary optical transmission through sub-wavelength hole arrays [38],
and perfect lensing [39]–[41], as shown in Fig. 2(a)–(d).
The ability to incorporate flat optical components in a
CMOS process through this sub-wavelength metal lithographic
features [Fig. 2(e)] can lead to a new class of complex,
ultra-miniaturized, low-power sensing and imaging systems
manufacturable in a scalable fashion [42]–[46].

This paper is organized as follows. Section II presents
the overview of a fluorescence-based biosensor to allow us
to understand the optical and electronic specifications for
the chip-scale platform. Section III reviews the fundamental
principles of nano-plasmonics and sub-wavelength field confinement in metallic nanostructures in CMOS which is the
principle behind the operation of the integrated optical filters.
Section IV discusses the electronic-nanophotonic co-design
techniques for the chip. Section V presents the sensor architecture, and Section VI discusses the measurement results.
Analysis of limit of detection (LOD) and its dependence on
noise and system parameters is presented in the Appendix.
II. F LUORESCENCE -BASED B IO -A SSAYS :
S YSTEM OVERVIEW
A. Optical Filtering Requirements
In the fluorescence-based affinity sensing, target molecules
are allowed to interact with immobilized capture probes on
a glass substrate and secondary capture molecules with fluorescence labels provide the transduction information into
optically detectable signals (Fig. 3), often in a spatially multiplexed architecture. While the specificity of the assay is related
to the binding affinity, the key toward sensitive detection
is to distinguish a very weak fluorescence signal from the
background excitation light. Once the assay is completed,
a thin film of fluorescence labels of concentration (C) and
of thickness (l) on the surface will absorb a fraction of the
excitation light (Pex ) given by Pabs = Pex (1 − e−αabs Cl ),
where Pabs is the absorbed light and αabs is the molar
extinction coefficient. In this work, Qdots have been chosen as
the preferred labeling agent for their photo-stability, stronger
emission, and higher Stokes shift [47]. Therefore, for the
particular label Qdot 800 [48] with Aqdot = 1.76 nm2 ,
a fractional coverage area of 1.76 × 10−6 by the Qdots needs
to be detected for surface-sensitivities approaching 1dot/μm2
(∼16.6 zeptomoles for a 100 μm × 100 μm sensor). This
implies that out of 107 excitation photons, only four photons
of fluorescence signal will emerge for a quantum efficiency
of 0.25. Detecting the fluorescence signal, therefore, requires
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Fig. 3. Typical fluorescence-based optical biosensing setup requires collimated optics and multi-layer interference-based filters with 50–100 dB of excitation
rejection for sensitive assays. Light is captured by avalanche photodiodes or photo-multiplier tubes and the entire setup is tightly shielded from stray light.

net rejection/extinction ratio on the order of 60 dB. This is
achieved in a traditional fluorescence sensing system with
multiple multi-layer interference-based filters (Fig. 3) or with
back-illumination separating the excitation and fluorescence
paths. Being able to remove the external optical components
and miniaturize complex, multiplexed biosensors into a single
chip can not only reduce cost and system size, but also
potentially enable new applications in vivo and in vitro, from
handheld diagnostic devices for infectious diseases to in vivo
sensing of biochemical markers for real-time monitoring. The
ability to integrate millions of pixels in a single chip indicates
that CMOS is an excellent platform for multiplexed detection.
However, the integrated optical filters inside the chip to detect
the fluorophores on the surface need to satisfy various optical
properties. As shown in Fig. 4, the immobilized fluorescence
tags on the chip surface directly couple light into the chip,
which gets filtered on-chip, and then detected and processed
electronically in the dual-sensing architecture.
B. Chip-Scale Implementation

cost and from the lack of precision lithographical alignment.
In addition, extremely robust optical shielding (greater than
60 dB) must be incorporated to prevent any stray light leakage
which is more readily achievable with monolithic integration of the filters. The lithographic fabrication techniques
in CMOS allow the integration of nanoplasmonic structures
with high aspect ratios which is exploited in this paper
to realize vertical waveguides transporting coupled surfaceplasmon polariton (SPP) modes. While as a proof of concept,
we demonstrate a dual-sensing architecture, this can be scaled
to a large multiplexed array (∼1000 s) for parallel detection of
multiple analytes simultaneously with shared read-out circuitry
and a shared nanoplasmonic filter sheet spread across the chip
surface.

Ever since the discovery of extraordinary optical transmission through sub-wavelength hole arrays [38], numerous
works have been reported on surface-plasmon-based nanostructured metallic thin films that control spectral responses
of optical transmission [39]–[42], [49]– [59]. This includes
nanostructured metallic thin films deposited on image sensors
functioning as red-green-blue (RGB) filters [58], [59]. However, the extinction ratio required for sensitive optical bioassays is the orders of magnitude higher, and therefore needs
to be based on fundamentally different physical principles as
elaborated in the following sections. Unlike collimated light
in [58] and [59], the Qdots on the surface (Fig. 4) act as
optical dipoles oriented at random polarizations and radiating
at random angles of incidence coupling to the chip. This
requires the filter to be very robust to angle and process
variations, neither of which can be achieved by the resonant
plasmonic structures such as those in [58] and [59]. Moreover,
the post-fabrication process for the deposition of metallic thin
films on CMOS sensors suffers from significant additional

Metals interact with EM fields at optical frequencies very
differently than they do at radio frequencies due to the finite
response time of electrons. When an impulse EM wave is
incident on a metal surface, the dynamics of the electron gas
in the metal needs to be considered. For a time-harmonic field,
the relative dielectric constant of metal ε (ω) captures the
dynamics from RF to optical frequencies and can be expressed
in the form of the Drude’s model

III. NANOPLASMONICS : I NTERACTION OF L IGHT
W ITH M ETAL NANOSTRUCTURES
A. Review of Plasmonics

ε(ω) = 1 −

ω2p
ω2 + i γ ω

(1)

where ω p is the bulk plasma frequency of the free electron gas in the metal. For copper, f p (≈2000 THz) falls
in UV region corresponding to λ p ≈ 155 nm. Expressing ε (ω) = ε1 (ω) + i ε2 (ω), we have ε1 (ω) = 1 −
((ω2p )/(ω2 + γ 2 )), ε2 (ω) = ((ω2p γ )/(ω(ω2 + γ 2 ))). At radio
frequencies (ω  γ ), ε (ω) ≈ i ε2 (ω) which leads
to significant absorbing characteristics of metal given by
the well-known absorption coefficient at low frequencies as
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Fig. 4. Chip micrograph of the CMOS-based fluorescence sensor with dual-sensing sites and integrated nanoplasmonic filter. When excited, the Qdots
fluorescence as random dipoles radiating mostly into the chip to be detected and processed differentially with a reference optically shielded diode, while the
nanoplasmonic filter bocks the excitation laser.

√
α(ω) = Im[ω μ0 ε0 ε(ω)] =



ω p 2ω
2γ c2

=



μ0 ωσ0 1
2 .

How-

ever, for much higher frequencies in the near-infrared (NIR)
range (ω  γ ≈ 20 THz for copper), the damping effect
decreases and the dielectric constant can be approximated by
ε(ω) ≈ ε1 (ω) = 1 −

ω2p

.
(2)
ω2
Fig. 5 illustrates the qualitative behavior of materials with
refractive index n = (με/(μ0 ε0 ))1/2 for varying ε and μ.
As shown in Fig. 5, ε (ω) = 0 at ω = ω p and for ω < ω p ,
metals behave as electrical plasma with Re(ε (ω)) < 0 which
is key toward understanding sub-wavelength field confinement
in propagating SPPs.2
B. Confinement of Optical Fields in Nano-Scale:
Surface-Plasmon Polaritons on Copper in CMOS
SPPs are EM waves which arise due to coupling of the
EM field to oscillating electrons in the metal and propagate
at the interface between dielectric (εd ) and metal (εm ) with
exponentially decaying fields in both media. While the modal
analysis of SPP is beyond the scope of this paper, it can be
shown that SPP propagates at the interface of two materials
when the following conditions satisfy, namely, Re(εm ) < 0
and εd > 0 [34] which holds true for the metal–dielectric
interface for frequencies ω < ω p . In addition, the dispersion
relation for the SPP mode can be shown to satisfy

εm εd
(3)
kspp = k0
εm + εd
where kspp and k0 denote the wave vectors of the SPP
mode and free-space air mode, respectively. As the frequency approaches the value where εm (ω) + εd (ω) = 0,
1 This is the region of operation where the skin depth δ is of the known
form δ = (1/α) = (2/(μ0 ωσ0 ))1/2
2 At even higher frequencies extending from NIR to visible, the photon

energy can cause inter-band transition of electrons leading to excess losses
and therefore, a higher imaginary component in ε (ω).

Fig. 5. Behavior of materials with varying ε and μ. Metals lie in the portion
of the plot with Re(ε (ω)) < 0 for ω < ω p and Re(ε (ω)) = 0 at ω = ω p ,
where ω p is the bulk plasmon resonance frequency. ω p for copper lies in the
UV region corresponding to λ p = 155 nm [55].

an SPP mode develops with kspp → ∞ and group velocity v g → 0 for ideal metal. For real metals with losses,
bound SPPs approach a small but finite SPP wavelength
λspp (ω) = (2π/(Re[kspp])) with characteristic propagation
length of δspp(ω) = (1/(Im[kspp])). This frequency-dependent
loss of copper is exploited for robust and non-resonant on-chip
filtering through the vertical propagation of coupled SPP from
the chip surface to the photodetectors.
C. Copper as a Plasmonic Material
Fig. 6 shows both real and imaginary dielectric constant
of copper against frequency and compared with gold, a standard plasmonic material. Fig. 6 indicates that copper can
be exploited in CMOS as a good plasmonic material at
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Dielectric constant (real and imaginary parts) of copper in the visible range [55].

Fig. 7. (a) Propagation of SPPs on the surface of a metal–dielectric interface. (b) Propagation loss for SPP at Cu–SiO2 interface showing nearly 35 dB/μm
difference between 400 and 800 nm. This is the key to the operation of the robust integrated nanoplasmonic filter. Electric field of SPP propagation at Cu–SiO2
interface for (c) 800- and (d) 405-nm wavelengths, respectively, showing the difference in propagation loss over 0.5 μm.

long wavelengths (below NIR frequency), while its much
higher loss at shorter wavelengths (near 500 nm) can also
be exploited as a spectral filtering mechanism for propagating
SPPs [Fig. 7(a)]. Fig. 7(b) shows the analytically calculated
loss of SPP propagation in dB/μm at planar and laterally
infinite Cu–SiO2 interface. The calculation was carried by
imposing the boundary conditions of the interface and the
dielectric constants for copper and SiO2 in these wavelength
regimes. Fig. 7 demonstrates that nearly 70 dB of filtering
ratio is achievable between 400 and 800 nm for a 2-μm
wave travel. This is clearly seen in the analytical calculations in Fig. 7(c) and (d) capturing the exponential field decay
for SPPs at 800 and 400 nm, respectively. This principle
is exploited to enable background suppression with vertical
nanoplasmonic waveguides, as shown in Fig. 4.

IV. CMOS NANOPHOTONIC -E LECTRONIC C O -D ESIGN
A. Nanophotonic Filter Design and Realization in CMOS
The vertically propagating SPP-based waveguide is realized
as a periodic array with sub-wavelength spacing using the lowest five Cu layers (M1 –M5 ) in a bulk 65-nm CMOS process.
The details of the integrated filter are shown in Fig. 8. Several
variants of the filter ranging from the lowest three to five layers
with vertical lengths ranging from 1 to 1.77 μm were fabricated and tested. In order to comply with the foundry Designrule-check (DRC) rules, the widths of the metals and the vias
are kept minimum at 100 nm and spaced at 130 nm. The array
supports coupled SPP modes, and spectral filtering is achieved
non-resonantly by exploiting different losses for different
wavelengths. The finite-difference time-domain (FDTD) EM
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Fig. 8. (a) Cross section of the integrated 3-D nanoplasmonic filter realized
with copper-based bottom five metal layers and four via layers. (b) FDTD
simulations of the filters show extinction ratio of the order 63 dB with
polarization in the y-direction.

simulation of the field in the waveguide array in Fig. 8 shows
that the fluorescence signal near 780 nm is transmitted with
a loss of 7 dB, while the excitation at 405 nm is suppressed by more than 70 dB with a rejection ratio of more
than 63 dB. It will be shown later that the rejection ratio
primarily determines the sensor’s LOD under typical background limited conditions. A detailed modal analysis is beyond
the scope of this paper, but the sub-wavelength spacing of
the design cuts off other cavity modes, except the coupled
SPP modes.
B. Filter Performance, Polarization, and Scaling
The integrated filters can be designed as 1-D or 2-D
waveguide array for single or dual polarization operation,
respectively. As shown in the simulated spectral performance
in Fig. 9(a), the asymmetry of the performance in the two
polarizations is due to compliance with minimal metal-area
DRC rule on each element that leads to an asymmetry in
the design element. Fig. 9(b) illustrates the variation of the
filter performance with spacing and linewidth and shows that
rejection ratio improves with down-scaling in all lateral dimensions. Deep sub-wavelength dimensions ensure the dominance
of coupled SPP modes and stronger suppression of all the
other cavity modes. With increased spacing, partial leakage
of the evanescently coupled TE modes reduces the rejection
ratio. As an example, for 32-nm CMOS process with 65-nm
spacing and 50-nm linewidths, 70–80 dB of filtering ratio can
be achieved. This can almost completely eliminate background
and improve the sensor’s LOD by more than two orders of
magnitude approaching single-molecule level.
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tation from randomly oriented fluorescence dipoles on the
surface of the chip. Fig. 10 illustrates that randomly polarized electric dipoles at the interface between air and SiO2
couple majority of its radiation into the chip, though not at
broadside [61], [62]. Since the filter is not based on interference but propagation loss, its rejection ratio is robust
against angle of incidence, polarization, and process variations. Fig. 11(a) shows the simulated transmission spectrum
for oblique plane-wave incidence ranging from 0° to 40°.
Fig. 11(b) also shows the comparison of simulated transmission spectrum for regular-shaped planar waveguides against
CMOS lithography-compatible waveguides with angular walls.
In addition, the filter performance is simulated for lithographic
variations modeled by the Gaussian distribution of metal
linewidths and spacings [Fig. 12(a)]. In order to capture the
filter performance against stray and scattered laser light, Monte
Carlo simulation using dipole clouds with random orientations,
polarizations, and positions are employed as the input source,
as shown in Fig. 12(b). The filter performance preserves well
in all cases.
D. CMOS Compatibility and Electronic-Circuit
Co-Simulation
To ensure CMOS compatibility and prevent stray light leakage, the nano-optic structures are co-designed with the metal
interconnects for electrical routing. In addition, the accuracy of
EM simulation for nano-optic structures can be compromised
by the lack of exact information of various material properties
such as the exact composite of the Cu interconnects, barrier
diffusion layers, and the surrounding low-K dielectrics. Also,
to reduce computation time, regular and modular structures
can enable segmentation and ease of simulation as unit cells
with periodic boundary conditions. An FDTD-based simulation software is used to analyze the copper-based nano-optic
structures surrounded by a homogenous silicon dioxide. The
results are combined with circuit and system simulations.
V. S ENSOR C IRCUITRY AND A RCHITECTURE
Fig. 13 illustrates the sensor architecture which shows the
sensing modality with a sensing site (Sensor 1) and a control
site (Sensor 2). This allows laser light leakage into the sensors
to appear as common-mode perturbation and to be suppressed
electronically down the chain, achieving a net background
suppression of orders of magnitude higher than what can
be achieved purely optically. Each sensing site comprises of
a differential photodiode with inter-laid fingers to minimize
the differential dark current. The individual dark currents
appear as common mode which are then suppressed electronically through differential circuits. The differential signal is
amplified by a capacitive trans-impedance amplifier (CTIA),
and is processed through a differential correlated doublesampling (CDS) circuit to suppress offsets and low-frequency
correlated noise [66]. The signals are finally acquired by a
12-b data acquisition and digitizer board.

C. Filter Robustness to Angle of Incidence,
Lithography, and Process Variations

A. Common-Mode Dark Current Suppression

As discussed before, in the absence of collimation, the
performance of the filter needs to be evaluated with exci-

In the absence of custom foundry models for the photodiodes, the architecture needs to be robust to dark current
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Fig. 9. (a) Simulated performance of the integrated nanoplasmonic filter for both polarizations. The asymmetry is due to the asymmetry in the dimensions
of a single element where one side is kept at a minimal feature length and the other side kept slightly longer to comply with the minimum area requirement
of a stand-alone metal element. (b) Extinction ratio improves with scaling, reaching toward 70–80 dB of rejection for 65-nm spacing and 50-nm linewidths.
(c) Simulated transmission losses at the fluorescence wavelengths range between 7 and 9 dB and remain similar as we scale toward the 32-nm CMOS process.

Fig. 10. Optical radiation profile of fluorescence labels can be modeled as dipoles at the interface between silicon dioxide and air. The figure shows the
emission profile of z-directed fluorescence dipole and average radiation profile of randomly oriented xy dipoles at the interface between air and dielectric.
The profile demonstrates that most of the emission power gets coupled to the dielectric and on to the integrated filter.

Fig. 11. (a) Simulated performance of the integrated nanoplasmonic filter demonstrating robustness against angle of incidence (b) Spectral responsivity of
the filter with non-planar sidewalls with 10° angle, typical for a CMOS-implemented designs.

which can otherwise overwhelm the photocurrent, and therefore reduce the integration time and sensitivity. As a first
measure shown in Fig. 13, dark current is suppressed with
two photodiodes laid out alternatively covered by integrated
filter and metal shield, respectively. The interdigitated layout
ensures a good matching between the diodes allowing partial
suppression of the common-mode dark current.
B. Photodiodes Structures
Four different photodiode structures (D1 –D4 ) are designed,
fabricated, and measured, as shown in Fig. 14(a)–(d). D1
and D2 utilize p-n junctions at the interface of n-well and

p-substrate with different sizes of n+ contact area to collect
photoelectrons. D3 achieves the same in the depletion well
between p-well and deep n-wells, typically used for triple
well transistors. D4 uses the pn-junction between p-well and
n+ active region inside the isolation deep n-well. The interdigitated layout of the sensing diode along with the shielded
reference diode is shown in Fig. 14(e). The responsivity for
D1 and D3 at 780 nm was measured to be 0.022 A/W,
almost 2–3 times higher than that for D2 and D4 [Fig. 14(f)]3.
3 In calculation of diode responsivity, only the light power impinging on the
sensor diode area (and not the reference diode) is taken into consideration.
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Fig. 12. Simulated performance of the filter against (a) process variations (3σ = 20 nm) for normal incidence and (b) random polarizations of the dipole
clouds on the chip surface. Non-resonant nature of the SPP-based filter is the primary reason for its robustness against fabrication tolerances and orientation
of the excitation dipoles.

Fig. 13. Photo-detection circuitry showing differential sensing and correlated double-sampling architecture and the off-chip interface. The figure also shows
a timing diagram for the control circuits.

This is attributed to the higher optical absorption in the highly
doped active regions and shallow depletion regions of the
photodiodes. This measurement includes effects of all optical
losses, reflections from dielectric interfaces, and moderately
low quantum efficiencies of the diodes realized in a bulk digital
CMOS process. For the rest of this paper, the diode used in
measurement is D3 in Fig. 14.
C. Leakage, Dark Current Suppression and CTIA
In order to sense femto-watt level of fluorescence light
in the absence of accurate photodiode models, effects of
dark and leakage currents need to be carefully considered.
This is illustrated in Fig. 15. If the dark current and the
photodiode reverse-bias current together are of the same
order as the total switch leakage current, they can partially compensate each other. If the leakage current is dominant, a feedback circuity using a buffer can be enabled

through S2 equalizing the drain–source voltages of the PMOS
switch and significantly suppressing the subthreshold leakage through the PMOS switch S1 (Ileak1 ) and the reversebiased diode in the drain n-well junction (Ileak2 ) (Fig.
15). As shown in Fig. 13, this architecture was implemented four times in each sensor for the control switches in
the sensing diode, the reference diode, and the differential
CDS circuit. The
 photo current is integrated in a CTIA,
=
((i ph (t))/(Cfb (1 + (1/A)) + (Cd /A)))dt ≈
as
V
op,TIA

((i ph (t))/Cfb )dt where Cfb = 226 fF is the feedback
capacitance, A is the amplifier gain (≈32.7 dB), and Cd is the
diode capacitance whose effect is significantly reduced [63].
D. Correlated Double-Sampling Architecture
The signal at the output of the CTIA is processed by
differential CDS circuits to suppress offset and correlated
1/f noise. As shown in Fig. 16, the CDS captures the difference
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Fig. 14. (a)–(d) Four different photodiodes (n-well/p-sub, n-well/p-sub with larger active region, p-well/n-well, and n+/p-well) realized in the bulk 65-nm
CMOS process and (e) inter-digitated layout of the sensing diode. (f) Measured responsivity of the diodes.. This includes the effects of all optical losses,
reflections from dielectric interfaces, and quantum efficiency of the diodes.

of the differential signal at two sampling times producing the
output V+1 − V+2 + V−2 − V−1 devoid of offset. All the
capacitors involved in the operation are the same as illustrated
in Fig. 16. During the reset period, switches S3 and S5 are
closed and S6 is open which results in the charge stored at the
OTA’s input node (Q 1 , Q 2 ) to be expressed as

Q 1 = C[(Vreset − V+1 ) + (Vreset − Vref )]
Q 2 = C[(Vreset − V−1 ) + (Vreset − Vref )].

(4)

At time t2 , the offset is sampled with S6 closed and S3 and
S5 opened. Charges Q 1 and Q 2 remain conserved as

Q 1 = C[(V in+ − V+2 ) + (V in+ − Vout− )]
Q 2 = C[(V in− − V−2 ) + (Vin− − Vout+ )].

(5)

As shown in Fig. 16, since (Vout+ − Vout−) =A(Vin+ − Vin−),
we obtain


A
(V out+ − Vout− ) =
(V+1 − V+2 + V−2 − V−1 )
A+2
(6)
≈ V+1 − V+2 + V−2 − V−1 .
Fig. 16 also shows a Monte Carlo simulation of suppression to
offset voltages caused by the process variations and mismatch
of the differential circuits.
E. Analysis of Circuit Noise Contributions
Stochastic processes in the system contributed by circuit
noise, photon shot noise, laser excitation noise, external readout noise, and biological noise can limit achievable LOD.
The total circuit noise processed by CDS primarily consists
of thermal noise and shot noise of the related circuit components, while 1/f noise is largely suppressed. In the following,
we analyze the effect of the circuit noise processes and analyze
the achievable LOD when limited by the noise processes.
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Fig. 15. Leakage current through the PMOS switch can be suppressed by activating the feedback circuitry. Controlling the switch voltage, leakage current
can also be exploited to partially suppress the effect of dark current and the reverse-bias current of the photodiode.

Fig. 16. (a) Correlated double-sampling architecture. (b) Timings of the control signals and measured output voltage of the TIA and the CDS. (c) Reduction
of the offset voltage without and with the CDS shown by Monte Carlo simulations.

1) Photon Shot Noise: The photon shot noise is one of the
dominant noise sources, as expected. When P f , Pl , β, and R f
denote the fluorescence emission, the excitation light power,
filtering ratio, and responsivity, respectively, the output voltage

noise due to the photon shot noise can be represented as


P f + Pβl R f T e
2
Vn,op,ph
=
(7)
2
Cfb
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Noise processes in the architecture.

where T denotes the integration time and e is the electron charge. As shown in Section VI, the signal-to-noise
ratio (SNR) improves with T which is ultimately bounded
by the allowable voltage swing (Vsw) as
T ≤ Tmax = 

Vsw Cfb

.
P f + Pβl R f

(8)

This sets output noise under full swing due to photon shot

noise as Vn,2 ph,op = ((Vsw e)/Cfb ) ≈ 0.84 mV for Vsw ≈
1 V. For P f , (Pl /β) ∼ 10–100 pW, expected T ∼ 100 ms–1 s.
The shot noise power increases proportionately with supply
voltage and integration time, but SNR also improves due to a
quadratic increase of signal power with these parameters. This
sets a tradeoff between supply voltage, power dissipation, and
achievable sensitivity.
2) Reset Switch Noise: The circuit model with the various
noise components is shown in Fig. 17. Rin represents the
resistance of the reset switch which leads to a differential noise
at the CTIA output as
2
Vn,sw,op
(res) =

2K T A2
2K T A
≈
.
Cd + (1 + A)Cfb
Cfb

(9)

2
This results in (Vn,sw,op
)1/2 (res) ≈ 1.2 mV. During the
integration period, when the switch is OFF, the main noise
contributor at the CTIA input is the leakage currents of
the switch transistors (i nsw1 , i nsw2 , ) and the diode dark currents (i ndark1 , i ndark2 ). The voltage noise power sampled at
intervals of the integration time (τ ) after resetting is then the
mean square of the time series Vn,sw,op (t)(int) =Vn,CTIA (t) −
Vn,CTIA (t − τ ). This allows us to evaluate the power spectral density and the power of the noise contributed by
these sources during the integration period which is depen2
dent on the integration time (τ ) as (Vn,sw,op
(i nt))/ f =
2
4q(Isw + Idark )((|1 − e− j ωτ |2 )/(ω2 Cfb )) which gives the total
∞
2
2
(int) = 0 ((Vn,sw,op
)/ f )d f =
noise voltage as Vn,sw,op
2
((2τ q(Isw + Idark ))/(Cfb )). Since Isw , Idark ∼ 10–100 fA,
their shot noise can be neglected for typical τ ∼ 100 ms–1 s.
3) CTIA Noise: The contributing noise currents of the CTIA
are shown in Fig. 17. During the integration period, the switch
transistor is OFF and the noise voltage can be approximated

2
(int) = (4K T /πCd )((Cd + Cfb )/Cfb )2 (gmnron +
as Vn,CTIA,op
gmprop ). As expected the noise increases proportionality with
the trans-conductance, while the signal increases quadratically.
This leads to an expected tradeoff between SNR and power
dissipation. The TIA is designed to consume 6 mW of
2
)1/2 (int) ≈ 0.649 mV
power, which results in (Vn,CTIA,op
during the integration period, while during reset phase
2
(Vn,CTIA,op
)1/2 (res) ≈ 0.653 mV. Taking all these sources into
account, the total rms. noise during fluorescence detection can
2 )1/2 ≈ 1.7 mV.
estimated as (Vn,op
It should also be noted that the effects of circuit
noise are dependent on the sampling scheme. By directly
sampling, the CTIA output with a high-resolution ADC,
and applying a linear regression to determine the slope
of the output and integration time, one can minimize
the effective noise power and improve SNR. As shown
later in the measurement results in Fig. 25, modeling
the output of the CTIA as Vi = α + βti + i , where
ti = i ts are the sampling times and i is the sampled
white noise process of variance σ 2 ; the regression slope
obtained from least-squares estimation satisfies βregression =
β + (( ti i − (1/N) ti
ti2 − (1/N)( ti )2 )).
i )/(
This results in the standard deviation of βregression as
σβ = (12/(N(N − 1)(N + 1)))1/2 σ . The output noise
voltage is then given by




2
Vn,op

= (t N − t1 )σβ ≈

12
σ .
N

(10)

This noise suppression also holds for the quantization
2
)1/2 ) at the data acquisition interface. Therenoise ((Vn,ADC
fore, this illustrates that with linear regression, the total
1/2 can be reduced by a factor of
2 + V2
noise (Vn,op
n,ADC )
(12/N)1/2 using a large number of samples, as long as
the noise samples are uncorrelated. However, in practice, there are residual correlated noise components that
limit the achievable noise reduction, as will be seen
later in measurement results. These arise due to the
1/f noise as well as due to the white noise components when
processed through frequency-dependent transfer functions of
the various circuit elements, as captured in the analysis.
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Fig. 18. Precise removal of the silicon substrate to separate the nano-optic filter embedded in the dielectric and free-space measurement of the spectral
responsivity.

Fig. 19. Measured and simulated transmission spectra of the integrated filters and the emission and excitation spectrum of streptavidin-coated Qdot 800 [47].

VI. M EASUREMENT R ESULT
The fluorescence biosensor and test structures such as the
nanophotonic filters are implemented in a standard 65-nm
LP CMOS process. The process supports ten metal layers
of copper with the lowest five having 100-nm minimum
lithographic linewidth and 130-nm spacing.

A. Nanoplasmonic Filter Characterization
The integrated filters were measured with two different
setups. First, the filter performance was measured directly
with the on-chip photodetectors. This was done by measuring
the response of the bare photodiode test structures (without
the filters) and subsequently measuring the photodiode test
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Fig. 20. (a) Measured output waveforms of the CTIA and CDS. (b) Responsivity of the bare photodetector without any filter at the fluorescence wavelength
of 780 nm.

structures with the filters. To remove the uncertainty due to
the process variations in the two sets of diodes, the optical
filters were also measured with a free-space optical setup. This
was done by removing the back side of the silicon substrate
precisely to isolate the filter test structures embedded in the
dielectric. As shown in Fig. 18, in order to ensure a flat and
uniform back-side surface, the steps include the following:
1) lapping of the substrate to around 50-μm thickness using
Al2 O3 abrasive powder of 3-μm size;
2) fine polishing using SF1 (Alkaline colloidal silica) polishing suspension;
3) reactive ion etching of the remaining Si layer.
The exposure of the embedded M1 layer, after removing the
substrate, is shown in a micrograph in Fig. 18. To verify the
physics of operation of the filter, test structures with varying
numbers of metal layers (3, 4, and 5 denoted by M3 –M5 ,
M2 –M5 , and M1 –M5 ) and with varying thicknesses (1, 1.38,
and 1.77 μm) are fabricated and measured. The measured
transmission spectra in Fig. 19 demonstrate rejection ratios
to be 35, 43, and 50 dB between the excitation wavelength at
405 nm and emission wavelength near 800 nm. The spectral
configuration matches with the fluorescence Qdot of interest,
Qdot 800 (Life Technologies [52]) whose excitation and emission spectra are also shown in Fig. 19. The simulated values
of the nano-optic filter of pure copper embedded in silicon
dioxide are around 37.7, 50.8, and 63.8 dB, respectively. The
difference in the measured against simulated rejection ratio is
often observed in plasmonic structures, primarily because SPP
is a strong surface phenomenon and surface properties can
significantly influence the SPP modes. In a CMOS process,
this could be attributed to a variety of reasons such as
exact composite of the Cu material, the barrier diffusion
layer (TaN/Ta, ALOx, or MnOx), seed layers (AL/ALCu) as
well as capping barrier dielectrics (SiN/SiC/SiCN), the low-K
dielectric material composite, and interference at multiple
dielectric interfaces. Inspite of this, a filtering ratio of 50 dB
is measured with the CMOS nanoplasmonic filters between
the excitation and emission wavelengths for the chosen
fluorophore.4
4 The peaking at 540 nm is likely due to a complex interaction of the
SPP mode and multiple reflections at the various interfaces of the multiple
dielectric stacks in the BEOL.

Fig. 21. Measured noise voltage and spectrum of the diode at reset and
integration operations under dark.

B. Sensor Circuitry Characterization and Measurement
The output waveforms of the differential CTIA and CDS
under normal operation of bare photodiodes (without any integrated filter) are shown in Fig. 20(a). The responsivity of the
photodiode at the emission wavelength of 780 nm measured
by varying the incident power from a 780-nm laser with
continuously variable neutral density optical filters is shown
in Fig. 20(b). In calculating sensor responsivity, the entire light
power incident on the whole sensor area including the shielded
diode is taken into consideration. Multiple measurements at
the output with a high-resolution digitizer also enable us to
evaluate output SNR. As an example for optical power of
12.8 fW, the photocurrent measures 0.142 fA for a measured
SNR > 13 dB with 10-s integration. Under dark condition,
2 )1/2 ≈ 1.31 mV
the total circuit noise is measured to be (Vn,op
2 )1/2 (res) ≈ 0.94 mV, (V 2 )1/2 (int) ≈ 0.91 mV) close
((Vn,op
n,op
2 )1/2 ≈ 1.51 mV. The slightly
to the predicted value of (Vn,op
higher value of the predicted noise is likely due to the overestimation of the intrinsic gains and output resistances of
the stages. The measured distribution of the output signal
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Fig. 22. (a) Measured spectral responsivity of the sensor with the integrated filter. (b) Detection limit and dynamic range of the sensor at the fluorescence
wavelength.

Fig. 23.

Measured performance of the filter with variation in angle of incidence of the excitation laser.

Fig. 24. Measured streptavidin-coated fluorophore detection sensitivity. Optimal LOD for the presented biosensor chip is achieved when the sensitivity is
limited by noise when residual scattering is eliminated by optical packaging.

variations through multiple measurements and the captured
noise spectra is shown in Fig. 21. The noise measured under
excitation with fluorescence signal with full voltage swing is
2 )1/2 ≈ 2.2 mV, slightly higher than the
measured to be (Vn,op
2 )1/2 ≈ 1.71 mV. It can be noted that
predicted value of (Vn,op
in spite of the low quantum efficiencies of the diodes in the
65-nm LP process, femto-watt level light detection is achievable owing to longer integration times made possible with dark
and leakage current suppression techniques. The measured
surface temperature of the chip due to the dc power dissipation
is 3.8 °C above the room temperature which is acceptable for
bio-molecular sensing.
C. Optical and Electronic Performance Characterization
The measured spectral responsivity of the sensor chip
with integrated nanophotonic filter, measured from the CTIA
output, is shown in Fig. 22, demonstrating a filtering ratio

of 51 dB. This includes the spectral dependence of the
photodiode and dielectric interfaces. Due to higher than
expected transmission loss, detection limit of the sensor with
the integrated filter is measured to be 804 fW at 780 nm
[Fig. 22(b)]. The figure also shows that the response is highly
linear and the measured dynamic range exceeds 94 dB. The
filter was also tested for its rejection properties at different angles of incidences. As shown in Fig. 23(a) and (b),
the sensor can reject excitation light up to 70 dB as the angle
of incident varies from 0° to 40° and similar rejection for
higher angles of incidence is expected from its physics of
operation. This eliminates the need for external collimators
and enables light coupled form directly from the fluorescence
dipoles on the chip surface to be detected, while rejecting
the background and the scattered incident light. Furthermore,
the non-resonant nature of the filters allows the use of lowcost sources such as LEDs at 405 nm useful for miniaturized
systems.
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Fig. 25. (a) Effective noise power reduction with regression based estimation at the CTIA output measured with a high resolution ADC. (b) Reduction of
noise rms. voltage with increase in number of samples for regression with one time period. Since the predicted noise analysis assumed uncorrelated noise
samples, the measured reduced noise voltage exceeds the predicted value due to correlated noise components when very large number of densely placed
samples is taken.
TABLE I
C HIP P ERFORMANCE TABLE

D. Biosensor Measurements
The sensitivity of a biosensor is characterized by its surface
sensitivity, i.e., the minimum number and surface density
of bio-molecules/labels it can measure with a given SNR.
The translation of volume sensitivity (molar concentration) to
surface density in a bio-assay is governed by many factors
including geometry of the fluid handling, diffusion mechanisms, surface functionalization, capture efficiency, and the
bio-chemistry protocol. The surface density of detectable fluorophores is characterized with a 0.5 μL drop of streptavidincoated Qdot 800 solution of varying concentration on the
sensor surface.5 As shown in Fig. 24, a nearly linear response
was obtained for surface densities from 1820 dots/μm2 down
to 70 dots/μm2 when measured under dark ambient conditions.
This level of sensitivity corresponds to only 48 zeptomoles of
5 For a bio-assay, the surface is typically functionalized with capture probes
which can be done with μm accuracy over thousands of sensors. This
technology is well-matured and can be done at a low-cost and currently carried
out in commercially available gene chips as well. This allows very accurate
positioning of the quantum dots on the chip surface.

fluorophores. The surface density of the Qdots was verified
with a calibrated curve of volume concentrations and surface
concentrations under a fluorescence microscope. Currently,
without any optical shielding or packaging (Fig. 1), the LOD
is limited by external stray light scattering (from wire bonds,
pads, etc.) which couple to the chip bypassing the filters,
limiting integration time, and achievable sensitivity. This can
be improved with opaque epoxy packaging and improved
on-chip shielding. The achievable LOD for the chip, then
approaches 1 dot/μm2 with the fluorescence signal being
80 dB lower than the excitation light. Table I presents the
summary of chip performance. As shown in Section V-E,
the output noise can be suppressed by directly sampling the
output and applying regression on the sampled data over a
time period [Fig. 25(a)]. The measured reduction of rms. noise
voltage with number of sampled data points (N) used for
regression is shown in Fig. 25(b). As can be seen, the measured
noise reduces with N, but exceeds the predicted analysis
in (10) for very large values of N. This is primarily because the
noise analysis in (10) assumes uncorrelated noise samples. The
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TABLE II
A CHIEVABLE F LUORESCENCE L IMIT OF D ETECTION (FLOD) FOR THE P RESENTED B IOSENSOR C HIP W HEN THE S ENSITIVITY I S L IMITED BY N OISE
W ITH O PTICAL S HIELDING T HAT C AN E LIMINATE THE R ESIDUAL S CATTERED L IGHT. T HE N OISE AND S YSTEM PARAMETERS E NLISTED IN THE
TABLE ARE DEFINED IN THE A PPENDIX

TABLE III
C OMPARISON TABLE W ITH THE S TATE OF THE A RT

reduced noise voltage is ultimately limited by the correlated
noise components when very large number of densely placed
samples is taken. As explained in Section V-E, the residual
correlated noise arises out of 1/f noise and white noise
processed through the frequency-dependent transfer functions
of the various circuit elements. Applying this method, the total
rms. noise is measured to be 0.19 mV for N = 1600, which
further improves the achievable LOD, as shown in Table II.
While the biosensor LOD can be defined as the minimum
surface density of fluorescence labels for a given SNR, this
metric is dependent on the particular fluorescence tag used.
To dissociate the quality of the fluorescence sensor from the

tag, we define fluorescence LOD (FLOD) as the minimal
fluorescence-to-excitation signal (P f /Pl ) for a SNR of 1.
The dependence of this metric on the various system and
noise parameters is derived in the Appendix. With measured
laser stability of ηex ≈ 7.36 × 10−4 , typical biological
uncertainty (ηbio ) of 20%, the achievable FLOD (SNR = 1)
for the presented biosensor with the on-chip filter can reach
toward P f /Pl = −80 dB corresponding to sensor LOD of
1 molecule/μm2 (Fig. 24). In the limit, FLOD is limited by
laser fluctuations (ηex ) when P f /Pl approaches −82 dB even
if all the noise sources are eliminated. Therefore, much larger
enhancement of performance can be achieved by eliminating
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residual background scattering with improved optical packaging and on-chip optical shielding, effectively increasing β.
Table III shows the chip performance with prior work
showing the state-of the-art sensitivity (70 mol/μm2 ) with
no post-processing, collimators, or external synchronization
requirements.
VII. C ONCLUSION
In conclusion, we present, for the first time, copperbased nanoplasmonic components in standard CMOS that
can controllably manipulate optical fields enabling complex
multi-functional optical structures in CMOS. This is achieved
by exploiting interaction of light with sub-wavelength lithographic metal features in modern CMOS processes. In particular, we present a fully integrated CMOS-based fluorescence
biosensor with nano-waveguide array-based filter achieving
more than 50 dB of measured rejection and capable of
detection of 48 zeptomoles of Qdot-based fluorophores on
the surface. The ability to integrate these optical components
also creates the opportunity to enable massively parallelized
sensing sites on a single chip, enabling a great variety of
applications, from in vitro to in vivo.
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As can be seen, SNR increases monotonically with
integration time T and the measured SNR with variation in integration time shows this expected squareroot dependence (Fig. 24). Since T
≤ Tmax =
((Vsw Cfb )/((P f + (Pl /β))R f )). Therefore, FLOD or the minimal fluorescence-to-excitation signal (P f /Pl ) for SNR = 1
can be shown to satisfy
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As can be seen, the sensitivity has a direct tradeoff with
power through the noise components VNcir and VNadc as well
as the supply voltage VSW . The dependence of the circuit
noise on dc power consumption is explained in Section V-E.
Additionally, it can be seen that the minimal detectable signal
is inversely proportional to the filter’s rejection ratio, while the
absolute responsivity or quantum efficiency is not significant
when the sensitivity is limited by background.

A PPENDIX
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In this appendix, we analyze the dependence of the sensor’s FLOD on the various system parameters such as the
filter rejection ratio, filter losses, quantum efficiency, noise
processes, and propose methods to improve the achievable
FLOD. Consider a fluorescence sensing setup with the following parameters: fluorescence light power (P f ), the filtering ratio β, photodiode responsivity at the fluorescence
wavelength (R f ), excitation wavelength (R f /β), integration
time (T ), photo-sensing circuits noise (V Ncir ), and external
ADC read-out noise (VNadc ), average dark current of the photodiode (Id ), normalized standard deviations of laser excitation
power (ηex ), and biological signal (ηbio ).6 Therefore, the SNR
for the biosensor represented in terms of electrons generated
at the photodiode can be expressed as (11), as shown at the
top of this page.
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6η
bio represents percentage fluctuation subject to fluidic handing, chemical
reaction, molecular diffusion and uncertainty in the binding events. As an
example, if NQD is the number of QDots captured in an experiment and
ηbio = ((σ (NQD ))/(μ (NQD ))), then the signal measured from the fluorescence expressed in number of electrons Nsig ∝ NQD , which results in
((σ (Nsig ))/(μ (N sig ))) = ((σ (NQD ))/(μ (N QD ))) = ηbio . This gives us
σ (Nsig ) = ((ηbio P f R f T )/e) as expressed in (11).
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