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Abstract

Recent developments in lab-on-a-chip applications have increased the need for low-power, small-footprint photodetectors to detect
luminescent reporters used to monitor biological events. Presented is a CMOS photodiode structure that is optimized to detect green light,
the peak emission wavelength of commonly used fluorophores and other luminescent probes. The photodiode geometry uses a lightly
doped striped cathode geometry to maximize the depletion region in areas of highest light absorbance, increasing the sensitivity to green
light. The devices, realized in 15m CMOS technology, have up to a 63% increased signal-to-noise response for green light compared to
blue-enhanced CMOS photodiode structures. These devices also generate an output 4.5 times larger than conventional CMOS detector:
for detecting fluorescent emissions from pM fluorescein solution. The devices are designed to be integrated in total analysis systems
which rely on the detection of fluorecent or phosphorescent reporters, and which are compact, low-power, and low-cost.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction emit green light, whether the probe detects DN&], pH
[17], or cell viability [18], a small, low-cost, low-power
Fluorescent and phosphorescent probes are widely useghotodetector optimized for green light is needed for these
in applications for detecting biological events. Recent de- applications.
velopments in microfabrication and MEMS have generated In this paper, a CMOS photodetector optimized for de-
a need for small, low-cost, and low-power photodetectors tecting green light is presented. The photodiode structure
that are capable of detecting emissions from luminescentuses interdigitated n-well fingers to increase the depletion
reporters in automated processes. Applications includeregion in areas of maximal absorption of green light, thereby
laboratory equipment which automates routine biological increasing the detector’s overall sensitivity and response to
experiments, such as DNA sequencifig-5] and capil- green light. For a silicon device, photons at shorter wave-
lary electrophoresig6,7]; portable hand-held instrumen- lengths are absorbed near the surface (corresponding to blue
tation [8]; and new detectors to sense single cells, such or ultraviolet light), and photons at longer wavelengths are
as life-on-a-chip device]. For all of these applications, absorbed deeper within the substrate (corresponding to red
the characteristics of the luminescent probe must matchlight). Green light is absorbed both near the surface and
the detection capabilities of the photodetector. A review of deeper within the substrate; the new interdigitated n-well
photodetector designs, performance metrics, and matchingstructure places the depletion region within the maximum
of metrics to the detection of biological reporters can be absorption area for green light. An n-well structure used
found in[10]. Photodevices with enhanced response to blue in this photodetector design offers the additional benefit of
light have been developgd1,12] and integrating circuit  an increased depletion region width, because n-well doping
schemes have successfully been applied to the detectioris relatively light. The sensitivity is further enhanced from
of bioluminescenc§l3-15] Since most fluorescent probes the Gaussian doping profile of the n-well, which creates a
near-intrinsic region within the junction (analogous tpia
junction). Experimental results clearly show that the new
* Corresponding author. Tek:1-2065432505; fax:+1-2065433842. CMOS photodetector structure has an increased sensitivity
E-mail address: raytrace@ee.washington.edu (R.A. Yotter). and detection limit for green light.
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The CMOS photodetector can be integrated in a total anal- Photodetectors fabricated with CMOS technology usu-
ysis system that is compact, low-power, and low-cost, while ally have non-uniform doping profiles, which creates poten-
the superior reporter detection capabilities of this photodi- tial barriers within the structure. Pauchard, et al. reported
ode will enable higher sensitivity for the system. This detec- two potential barriers, one arising from a depletion of donor
tor is ideal for use in biological life-on-a-chip applications atoms from the surface of the device, another arising from
that rely on detection of green fluorescent or phosphorescenton-uniform n-well dopind11]. Thus, p+-n-well photodi-
reporters. odes have a dead layer at the surface of the device due to
the pt+ doping. By eliminating g- regions from the device,
there is no potential barrier introduced at the surface of the

2. Theory of operation fingers, which sin turn increases the potential sensitivity of
the device to blue and green light.

Four photodiode structures were fabricated usingthe AMI A small potential barrier may remain due to the
1.5um CMOS process. To determine the best geometry non-uniform doping profile of the n-well region, but this re-
for the detector, the interdigitated photodiode structures aregion only exists at the fingers for the green-enhanced struc-
designed with different finger widtkV and finger spacing  tures. Regions between the fingers do not have any potential
D (Fig. 1). Two of the photodetector structures are designed barrier at all, since the regions consist of p-substrate, which
for enhanced sensitivity to green light by using interdigi- has very uniform doping. Also, the AMI 1i&m process fea-
tated n-well fingers to create the photosensitive depletion tures a 4.m n-well junction depth (compared to a Jufn
region. The geometries for these two structures #ire={ junction depth reported by Pauchard et al.), which extends
6.4um, D = 4.8um) and W = 8um, D = 6.4um). The the sensitive region deeper into the substrate, thereby en-
other two structures are blue-enhanced photodiodes fabri-hancing sensitivity to blue and green light even further.
cated as described if11], with a geometry designed for The equations for the responsivity of the blue-enhanced
operation at 5V reverse bias and minimization of dead areastructures have been derived previoudly], and the equa-
for the AMI 1.5um process. Dead area includes all regions tion is reproduced here for convenience. For a striped pho-
that are not depleted and thus do not generate a significantodiode structure, the responsivity is
photo-induced current in response to light. To minimize

N Xp XB
dpad area for the blue-enhanced p'hotod'|0t'1e structures,. th?e(x) = ) (W [Sf ()X —I—/ e 0% gy
fingers should be as narrow as possible within the constraints v WD o Xp
of the design rules for the fabrication process. The geome- b Xe .
tries for the blue-enhanced photodiodes wéve£ 3.2 um, + wpl1— C)/ e X dy])
D = 32um) and W = 24um, D = 3.2um). Both 0
blue-enhanced structures include a planar n-well/p-substratéHere,q is the charge of an electron,the internal quantum
photodiode deep within the substrate, which increased theirefficiency,h Planck’s constant, the frequency of the pho-
sensitivity to light at longer wavelengths. This geometry ton, T the surface transmission coefficiel, the width of
was the best possible blue-enhanced structure for maxi-the fingersp the distance between fingesthe percentage
mizing sensitivity. All photodiode structures occupied ap- of minority carriers absorbed in the dead layethe absorp-
proximately the same lateral area, and three structures hadion coefficient Xg the potential barrier depth of the n-well,
approximately the same active area. A planar photodiode Xp the dead layer width, andthe percentage of generated
was also fabricated to ensure performance enhancementarriers between stripes that do not reach the anode.
over the most basic CMOS photodetector structure. The responsivity increase for the green-enhanced pho-
todiodes arises from the value effor the two types of
structures. Since there is no+gliffusion layer in the

|E| |§| |§|0|§| |i| |E| <« |E| green-enhanced structure, no dead layer existssaadl.
%D D For the blue-enhanced structuress 1 because of the pres-
ence of the p- diffusion layer. Another difference between
n-well n-well the blue- and green-enhanced photodiode structures is the
n-well penetration depth of the photons. While blue-enhanced
— photodiodes must maximize the active area near the surface
p-type Si W p-type Si of the structure, green-enhanced photodiodes need to maxi-

mize the active area within a region that cannot be depleted
Fig. 1. The cross-sectional geometry of the blue-enhanced structure (left) from either a planar$-n-well diode or a n-well-psubstrate
and the geometry of the green-enhanced structure (right) highlights the diode.

differences between the two structures. The blue-enhanced structure uses Qne calculation of interest is the ratio of responsivities

interdigitated p--diffusion fingers to increase the depletion region area for the blue- and green-enhanced photodiode structures. As-
near the surface of the detector, while the green-enhanced structure uses )

n-well fingers to increase the depletion region slightly deeper within the suming that the wavelength is mOnOChrOmat_'C‘QSS con-
substrate. stant), and the depth of the potential bariXgris the same
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for both structures, the responsivity ratio at one wavelength wherey, is the internal quantum efficiencly,Planck’s con-

can be reduced to

Jite) 1

o >1
R  (sWg+ Dg/Wg + Dp)

where s (<1) is a correction factor that arises from a

stant,P the cumulative effects of reflections, transmissions,
and loss due to absorptionthe wavelength of the photons,

a the absorption coefficient the speed of light, and the
distance into the substrate. The responsivity is then calcu-
lated by measuring the subsequent photogenerated current

non-unity s value for the blue-enhanced structures due to and dividing by the power emitted by the simulated light
the pt+ potential barrier. The responsivity increase using source (in Watts).

this analysis is always greater than unity. This calculation : ( .
assumes that active area is maximized throughout the fullthose outlined above. The model assumed an n-well junction

depth between the fingers & 0). This assumption may

The photodiode structures were equivalent in structure to

depth of 4.Qum, a pt diffusion junction depth of 0.g2m,

not be valid near the surface and deep within the photode-an n-well doping of 18 cm 3, a pt+ diffusion doping con-
tector structure where the doping levels may be lower than centration of 18°cm™3, and a Gaussian doping profile at
predicted, which could decrease the responsivity of the junction interfaces. The absorption coefficient of silicon was

structure to blue and red light.

3. Simulation

the default value for the software package.

The simulated light source scanned through the wave-
lengths of interest at a known intensity, and the absorption
coefficient of silicon is used to calculate the generated pho-
tocurrent. The dark current, or noise, was calculated by sim-

The photodiode structures have been simulated using theulatlng the non-illuminated structure to obtain an estimate

LUMINOUS package in ATLAS Fig. 2). This program es-

of the dark current. The signal-to-noise ratio was then cal-

timated the responsivity and dark current of a photodiode culated by first calculating the total current in response to
structures, and these values were used to calculate the SNRhe impinging light, then dividing by the dark current.
In the LUMINOUS package, the generation of electron-

hole pairs, designated ly, is modeled using the following
formula:
Pi

G = nmoze*o‘Z

The simulation results indicate that the SNR for the
green-enhancedW = 8um, D = 6.4um) structure
in-crease by up to 20% (at wavelength of 500 nm) com-
pared to the blue-enhanced photodetector structures. The
simulated and experimental results differed due to three
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Fig. 2. The performance of the photodiodes was simulated using the LUMINOUS package in ATLAS. The simulated optical intensity was #,mwW cm
and the noise current was extracted from H¥ curves under no-light conditions. Although simulation of the blue-enhanced structure indicated that it
would be more sensitive to blue light, the green-enhanced structure performs better for green, yellow, and red wavelengths.
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effects: (1) the nonlinear absorption spectrum of the silicon ___—
nitride passivation layer are not simulated; and (2) the metal
connections to fingers did not reduce the active area in the “—"—"
simulations.
PHOTODETECTOR
CURRENT IN & INTEGRATED

OUTPUT

+
4. Experimental

Four photodetector structures have been fabricated: two
green-enhanced structures with & 6.4 um, D = 4.8 um)
and W = 8um, D = 6.4pm), and two blue-enhanced Fig. 3. An integrating luminescent circuit was used to amplify the pho-
structures with W = 32um, D = 3-2P«m) and (W — todetector. sig_ne}l. Current‘from ph_otodetector_is collected by the capaci-
24m, D = 32pm). Two CMOS chips were fabricated 15 1,810 resel uag & swich placeq n parlel 0 e capactor
using the MOSIS foundry service. One chip has an intact
silicon nitride passivation layer on top of the photodetec-
tor structures, reducing the efficiency of the photodetector is measured using a Keithley 236 Source Measurement
structures to detect blue light. The silicon nitride passivation Unit.
layer effectively attenuates the intensity of the incident light.  The 1uM fluorescein solution used for testing all four
The second chip uses the GLASS design layer to remove sil-structures is prepared using fluorescein-5-isothiocyanate
icon nitride from the active area of the photodetectors. When (Molecular Probes, Eugene, OR) dissolved in a 0.1 M bi-
regions are highlighted with the GLASS layer in a CMOS carbonate solution. Fluorescein is placed in a fiber optic
layout program, the MOSIS foundry service translates this fluorescence spectroscopy system, which includes a 1cm
information into a physical etch of the passivation nitride CVD-UV cuvette held in a CUV-ALL-UV four-way cu-
layer. This layer is most commonly used to expose the metalvette holder, light is generated from the LS-1 Tungsten
bond pads at the periphery of the chip. The signal-to-noise Halogen Light Source, and components are interconnected
ratio is measured from 300 to 800 nm using a Perkin-Elmer with P-1000-2-UV-Vis fiber optic cables (Ocean Optics,
LS50B Luminescence Spectrometer as the light source, withDunedin, FL). The excitation and emission filters are ob-
excitation slits of either 5 or 10 nm depending on the test. tained from Omega Optical (XF115-2, Omega Optical Inc.,
The chip is mounted so that the light from the Spectrometer Brattleboro, VT). One end of a fiber optic cable is placed
fully illuminates the chip surface, and the electrical response within 1cm of the surface of the CMOS chip, and the

Signal-to-Moise Ratio for Green- and Blue-Enhanced CMOS Photodetectors
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Fig. 4. The experimental results of photodiode signal-to-noise ratio (SNR) demonstrate the improved SNR of the green-enhanced structuees. For thes
results, the silicon nitride layer is still intact, which lowers the possible SNR at shorter wavelengths for all photodiodes. The response dsevergsure

50 nm with a 10 nm optical excitation slit (optical bandwidth). The active area of the blue-enhdficed2(4 .m, D = 3.2um) structure is slightly

larger than other photodetectors, which increases its apparent SNR.
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response of all photodiode structures is measured without5. Results and discussion
changing the alignment between tests. A bioluminescent
Fig. 3[13]

sensing circuit is used to integrate the signal, shown in

w/o nitride
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Fig. 5. The removal of silicon nitride improved the sensitivity of the photodiode structure at short wavelengths (which corresponds to blukelight). T
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Fig. 6. Removal of the silicon nitride layer increased the SNR at shorter wavelengths (blue light). The SNR for the green-enhanced structures was high

over the entire wavelength range compared to the blue-enhanced structure. The performance difference at short wavelengths was smaller, which was
expected based on simulation results. The excitation slit was 5nm with a 10 nm optical excitation slit (optical bandwidth).

a7

The signal-to-noise ratio (SNR) is measured to determine
the efficiency of the photodetector for detecting green light.
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To calculate the signal-to-noise ratio, the dark current of Table 1 ' _ '
the non-illuminated photodiode structure was first measured, Photodiode response touM fluorescein was measured using an inte-
Then the structure was illuminated with light at a specific 9"3ing circuit as described i)

wavelength, and the resulting current was measured. TheCMOS photodiode I (PA) SNR

SNR was calculated by dividing the current response of the green w = 6.4um, D = 4.8um) 0.225 1.10
illuminated structure with the dark current. The SNR is the Green W =8um, D =64 um) 0.175 1.07

more appropriate metric for photodiode structures targetedBlue W = 3.2um, D = 32m) 0.075 1.05

for applications in which the light level is very low, since Blue W=2.4um, D = 3.2um) 0.05 1.02

the SNR indicates the lowest possible detection limit of the The signall was determined by measuring the difference between the
photodiode structure. response in the presence and absence of the fluorescent signal. The optical

Experimental results for photodetectors with an intact train included ex_citati(.)n an_d emi_ssign filters for the_biological reporter.
- . . Because the optical signal intensity is low, the SNR is near threshold for
silicon nitride _Iayer demonstrate that the new phOtO_dl' the detectors. Low optical signal intensity was the result of inefficient
ode structure increases the SNR by 40% for green light coupling between optical elements.
compared to other CMOS photodiode structuregy.( 4).
The green-enhanced structures ware more responsive to
green light than the blue-enhanced photodetector struc-compared to the best blue-enhanced structure is shown in
tures. Because the silicon nitride passivation layer is not Fig. 7 on a logarithmic scale. This clearly illustrates that
removed in this intial design, however, the SNR for blue although green-enhanced structure is only slightly more
light was limited for all structures. Removal of the silicon sensitive to blue light, it outperforms the blue-enhanced
nitride increased the SNR for blue lighEi§. 5). It also structures for green, yellow, and orange light. This struc-
increased the SNR of the structure to green light and redture is more sensitive to light emitted from luminescent
light. probes.

A summary of photodetector performance with the sil-  The detection of fluorescence from a biological reporter
icon nitride removed is shown iifrig. 6. Only the best has also been measured using those photodetector structures
response from a blue-enhanced structure is shown. Forwhose silicon nitride is still intact. The photodetectors are
green light (500 nm), the green-enhanced structiive=£ used to measure the fluorescence fromMfluorescein, and
80wm, D = 6.4um) had a 22% increase compared to the signal is integrated using an integrating circuit similar to
the best-performing blue-enhanced structuie=£ 2.4 um, the gated integrator used by Simpson et al. to measure biolu-
D = 3.2pm), and a 63% increase compared to the other minescenc§l3]. The results (shown ifiable ) demonstrate
blue-enhanced structuré¥( = 3.2pum, D = 3.2um). that the green-enhanced structures could generate a signal
The ratio of the SNR for the green-enhanced structure that is 4.5 times larger than the blue-enhanced photodetector

SNR Difference: Green-Enhanced versus Blue-Enhanced

ASNR

1 1 1 1 1 1 1 1
300 350 400 450 a00 550 BOO0 650 700 74 ao0
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Fig. 7. The SNR difference between top-performing blue- and green-enhanced structures is largest for longer wavelengths, especially wavelengths ¢
which luminescent probes emit. There is an overall improvement in SNR over the entire visible light range, and the performance difference was smalles
for short-wavelength light.
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