
CMOS Field-Modulated Color Sensor
Derek Ho, Glenn Gulak, and Roman Genov

Department of Electrical and Computer Engineering
University of Toronto

Abstract— A digital photosensor for multi-color imag-
ing is presented. By modulating the electric field applied
to the photo sensing region, the sensor reports light inten-
sity at discrete wavelengths. It utilizes standard CMOS
technology, integrating a spectrally-sensitive photodiode
and a current-to-frequency analog-to-digital converter
on the same die. A 0.35µm prototype demonstrates
intensity measurement of 540nm (green) and 640nm (red)
illumination with an optical sensitivity of 1µW/cm2/level
and consumes 0.3mW from a 3.3V supply.

I. INTRODUCTION

Multi-color fluorescence imaging has become a pop-
ular way to discriminate between multiple proteins, or-
ganelles, or functions in a single or multi-cell organism
[1]. This imaging technique is invaluable to many
areas of the life sciences, in particular, to cancer
research [2]. Multi-color fluorescence imaging utilizes
biomarkers that absorb light and emit at longer and
deterministic wavelengths, typically between 500nm
to 700nm. Therefore, unlike other spectroscopic tech-
niques, such as Raman spectroscopy, where continuous
fine spectral resolution is required, fluorescent imaging
requires spectral differentiation among several discrete
wavelengths.

Conventionally, color separation has been achieved
by using a set of optical bandpass filters to select
different parts of the emission spectrum, as depicted in
Fig. 1(a). The optics involved is bulky and expensive,
and the mechanical swapping of filters prevents paral-
lelization of this process. Methods based on diffraction
grating (the splitting of light) [3] and Fabry-Perot
etalon (tuned resonance cavity) [4] generally offer
high spectral resolution, but require micromachining
and post-processing such as wafer polishing and wafer
bonding. Eliminating the need for sophisticated optics
and post-processing is the ultimate remedy to high
design complexity and fabrication cost.

Techniques that solely rely on integrated circuit
process technology have been developed, most notably
buried junction technology [5] (which the Foveon sen-
sor is based on), as depicted in Fig. 1(b). Since light ab-
sorption in a semiconductor varies across wavelengths
in such a way that light of a longer wavelength can
penetrate deeper, a photocurrent measured at a deeper
depth consists of stronger long-wavelength compo-
nents. By sensing at several depths, color information
can be inferred. Although the buried junction approach

N>3

GREEN FILTER

RED FILTER

LIGHT

(a) (b) (c)

+

LIGHT LIGHT

n

p

n

p

n

p

n

VGATE

Fig. 1: Evolution of spectral imaging approaches. (a) Class-
ical method of mechanically switching between optical fil-
ters. (b) Buried triple p-n-junction embedding diodes at three
fixed depths. (c) Photo sensing region depth modulation
enabling light collection at multiple electronically-tunable
depths [6].

achieves high spatial density and is suitable for photo-
graphic applications requiring only three colors (e.g.,
red, green, and blue), there is a limit to the number
of diodes that can be implemented, for example three
for a dual-well process. This renders it unsuitable for
applications that require sensing at many wavelengths.

To overcome this limitation, a spectrally-sensitive
photodiode (SPD) that can sense more than three colors
has been reported [6], [7]. A biased poly-silicon gate
modulates the photo sensing region depth to effectively
achieve an equivalent of many buried diodes (N>3),
as depicted in Fig. 1(c). The most recently reported
prototype is fabricated in a 5µm custom process [7].

In this paper, we present experimental results from
a field-modulated color sensor (FCS) inspired by [6],
[7] but prototyped in a standard digital 0.35µm CMOS
technology, with on-chip analog-to-digital conversion,
and digital readout circuits. This improves detection
accuracy, minimizes power, and eliminates off-chip
components. The FCS is scalable to an arrayed im-
plementation, enabling color imaging.

II. CUSTOM-CMOS FIELD-MODULATED COLOR
SENSORS

When a semiconductor is illuminated, photons are
absorbed and electron-hole pairs are generated. When
an electric field is present, the photo-induced electrons
can be collected to form a current [8]. The resulting
photocurrent is given by

I =
φqSλ

hc
(1− e−αω) (1)
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Fig. 2: Spectrally-sensitive photodiode (SPD) inspired by [6],
modified for a p-type substrate.

where φ is the radiation intensity, q is the elementary
charge, S is the area of the sensor, λ is the wavelength,
h is Planck’s constant, c is the speed of light in
vacuum, α is the absorption coefficient, and ω is the
absorption depth.

To sense colored light, the SPD inspired by [6],
[7] depicted in Fig. 2, applies a voltage VGATE to
a poly-silicon gate to modulate the depth of the photo
sensing region beneath the gate, which corresponds to
modulating ω. The poly-silicon gate attenuates light
(e.g., at 600nm by approximately 50% [9]), which can
be improved by optimizing the gate material [10]. Only
photo-induced electrons generated at a depth shallower
than ω are collected to form a photocurrent. Thus,
controlling ω via the gate voltage enables spectral
sensitively.

When two different wavelengths are incident si-
multaneously, the currents generated at the absorption
depths of ω1 and ω2 are expressed respectively as

I1 =
φ1qSλ1

hc
(1−e−α1ω1)+

φ2qSλ2

hc
(1−e−α2ω1) (2)

I2 =
φ1qSλ1

hc
(1−e−α1ω2)+

φ2qSλ2

hc
(1−e−α2ω2) (3)

where φ1 and φ2 are the intensities with wavelengths
λ1 and λ2, respectively, and absorption coefficients α1

and α2, respectively. The absorption depths ω1 and
ω2 are modulated by the gate voltage of the SPD.
Both illumination intensities (φ1, φ2) can be found
by solving these simultaneous equations, involving
two measurements of the currents (I1, I2) over two
different depths (ω1, ω2).

III. STANDARD-CMOS FIELD-MODULATED
COLOR SENSORS

In order to explore the utility of the field-modulated
color sensor in [6], [7] in a standard CMOS technology,
an investigation has been conducted by us using a
0.35µm process prototype with a SPD structure de-
picted in Fig. 2. As CMOS technology scales, the SPD
photo response may deviate from the above physical
model. Equations (2) and (3) take the form of (4)
and (5), respectively

I1 = k11φ1 + k12φ2 (4)
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Fig. 3: FCS implementation. (a) FCS circuit with current-to-
frequency ADC. (b) Voltage transients under illumination.
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Fig. 4: The voltage comparator.

I2 = k21φ1 + k22φ2 (5)

where the k-parameters describe the transfer function
of the SPD and can be obtained empirically. This
model can be extended to a finite set of N wavelengths.
To determine the intensity of an input spectrum to a
resolution of N distinct wavelengths, N measurements
are required across N detection depths. Equations (4)
and (5) thus extend to the N -equation matrix
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(6)

To construct a N × N k-matrix model in (6) of a
SPD empirically, it is illuminated by light of known
intensities at N wavelengths and the corresponding
currents are measured. The model is then used to com-
pute unknown light intensities at the same wavelengths
based on measured currents I by solving the system
of equations (6) for φ.
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Fig. 5: Experimental results. (a) Measured photo response of the FCS normalized at VGATE = 2V. (b) Measured photo
responses of the FCS across gate voltages and illumination. (c) Measured intensity at discrete red (640nm) levels across
green (540nm) levels. (d) Measured vs. input intensity at 640nm. (e) Measured intensity at discrete green levels across red
levels. (f) Measured vs. input intensity at 540nm.
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Fig. 6: Chip micrograph of the field-modulated color sensor.

IV. VLSI IMPLEMENTATION

The overall FCS circuit is depicted in Fig. 3(a). The
FCS converts the photocurrent generated by the SPD to
a 16-bit digital output, which is then fed into a recon-
struction software that solves for the input spectrum
φ in (6). The FCS is implemented using a current-
to-frequency ADC architecture [4] that measures the
light intensity by counting the number of resets during
the integration time. It is insensitive to supply voltage
scaling as it removes the voltage headroom constraint
by representing light intensity in the temporal domain.
In the beginning of each integration period, the counter

is cleared and the photodiode output VPD is precharged
to the reset voltage VRST = 0V. The n-well is biased at
the voltage VWELL = 2.4V. The photocurrent causes
VPD to rise, charging the integration capacitor CINT ,
whose value can be optimized for the illumination
dynamic range. When VPD reaches the comparator ref-
erence voltage VREF = 1.5V, the comparator changes
state, causing the reset transistor MRST to turn on,
resetting VPD to VRST . After reset, the comparator
output toggles back to the original state. The resultant
pulse train, as depicted in Fig. 3(b), has a pulse
frequency proportional to incident light intensity.

Fig. 4 depicts the comparator schematic. It is a two-
stage design with PMOS input transistors to mini-
mize the flicker noise. The first stage employs cross-
coupling to increase the output resistance of the load
transistors M1 through M4. The second stage provides
an additional gain. The first stage and the second stage
consume 18µA and 10µA, respectively.

V. MEASUREMENT RESULTS

Fig. 6 depicts the micrograph of the prototype im-
plemented in a 0.35µm standard CMOS technology.
It has been tested in light intensity measurements
at the red (640nm) and green (540nm) wavelengths.
Two current-controlled light-emitting diodes (LEDs)
provide input illumination. The photo response of the



TABLE I: EXPERIMENTAL CHARACTERISTICS

Technology 0.35µm CMOS

Supply Voltage 3.3V

Power Consumption 0.3mW

Pixel Size 50µm x 50µm

Core Area 0.5mm×0.5mm

Integration Capacitance 1pF

Counter Size 16-bit

Optical Sensitivity 1µW/cm2/level

Dark Current 0.25 count/sec

Max. Pulse Frequency 10MHz

fabricated SPD is first characterized to determine the
optimal gate voltages for field modulation. Fig. 5(a)
depicts the measured photo response of the FCS across
gate voltages for red and green light. For VGATE from
2V to 5.2V, the change in the photocurrent due to
red illumination is 6.6% less than that due to green
illumination. The FCS spectral selectivity is based on
this difference and is most prominent between the
VGATE of 2V to 3.3V. For FCS operation within the
nominal supply voltage, VGATE of 2V and 3.3V are
chosen for two modulation settings.

In order to build an empirical model for the FCS
to measure the intensity at two known wavelengths
λ1=540nm and λ2=640nm, the SPD is characterized by
simultaneously shining different combinations of input
intensities at λ1 and λ2. For each input combination,
the photocurrent is measured using the chosen discrete
gate voltages. Fig. 5(b) depicts the measured SPD
response for the gate voltages of 2V and 3.3V. It is
worth noting that (4) and (5) require only one red
and one green known light intensity to determine all
four k-parameters. But it has been found that modeling
accuracy can be improved by simultaneously utilizing
multiple combinations of red and green light intensities
to solve for the average k-parameters. Therefore, each
of the two planes is utilized to find the average k-
parameters in equations (4) and (5), respectively.

Fig. 5(c) depicts measured intensities for an illu-
mination that simultaneously contain light power at
640nm and 540nm, computed using equations (4)
and (5). It shows the intensity for discrete red input
levels across different green inputs. Measurement of
an input at a particular wavelength should ideally be
insensitive to a change in the light intensity at the other
input wavelengths and therefore the plot should ideally
be a family of horizontal lines. Fig. 5(d) is plotted as
an alternative for visualizing the data of Fig. 5(c) with
respect to the intensity of red light. It depicts measured
red intensity, with each data point containing a sweep
across different green intensities. The error bars depict
one standard deviation away from the mean value.

Fig. 5(e) and (f) are similar to Fig. 5(c) and (d),

respectively, but for the green wavelength. A low
green intensity of 285µW/cm2 have also been utilized
in the tests but has yielded wide variation between
measurements. The generally larger error observed in
the green measurements may be due to several effects.
At the depth where green light is present, red light
is also present. But the converse is not true to the
same extent. Due to this physical property, sensing at
longer wavelengths may in general be more accurate.
Also, as measured by an optical power meter, the
green LED exhibits less linearity in respect to the input
current than the red LED, especially in the extremes of
the range utilized in the tests. Nonetheless, Figs. 5(c)
through (f) demonstrate intensity measurements that
validate color sensitivity of the FCS at two wavelengths
100nm apart. A summary of the experimental charac-
teristics is provided in Table I.

VI. CONCLUSION

We have demonstrated a digital color sensor that
senses wavelengths 100nm apart implemented solely
using structures available in a standard CMOS tech-
nology. A color-sensitive photodiode and a current-
to-frequency ADC have been fabricated on the same
CMOS die. High level of integration, reduced power
consumption, and simplified optics are features that en-
able ubiquitous low-cost multi-color fluorescent imag-
ing.
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