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A metal-semiconductor-metal photodetecting device and 
method of manufacturing a metal-semiconductor-metal pho
todetecting device that includes a p-type silicon substrate 
with an oxide layer disposed on the p-type silicon substrate. 
Schotty junctions are disposed adjacent to the oxide layer on 
the p-type silicon substrate and a plasmonic grating disposed 
on the oxide layer. The plasmonic grating provides wave
length range selectability for the photodetecting device. 
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BRIEF DESCRIPTION OF DRAWINGS FULLY INTEGRATED CMOS-COMPATIBLE 
PHOTODETECTOR WITH COLOR 

SELECTIVITY AND INTRINSIC GAIN 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Certain embodiments of the disclosure will be described 
with reference to the accompanying drawings. However, the 

5 accompanying drawings illustrate only certain aspects or 
implementations of the disclosure by way of example and 
are not meant to limit the scope of the claims. 

FIG. 1 shows a schematic of a metal-semiconductor-metal 
photodetector in accordance with one or more embodiments 

10 of the invention. 

This application is a non-provisional patent application of 
U.S. Provisional Patent Application Ser. No. 61/986,546, 
filed on Apr. 30, 2014, and entitled: "Fully Integrated 
CMOS-Compatible Photodetector with Color Selectivity 
and Intrinsic Gain." Accordingly, this non-provisional patent 
application claims priority to U.S. Provisional Patent Appli
cation Ser. No. 61/986,546 under 35 U.S.C. §119(e). U.S. 
Provisional Patent Application Ser. No. 61/986,546 is 15 

hereby incorporated in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

The invention was made with government support under 
Grant Number N00014-10-l-0989 awarded by the Office of 
Naval Research. The invention was made with government 
support under Grant Number N00244-09- l-0067 awarded 

20 

FIG. 2 shows a flow chart in accordance with one or more 
embodiments of the invention. 

FIGS. 3A and 3B show spectral responses of a MSM 
photodetector in accordance with one or more embodiments 
of the invention. 

FIGS. 4A and 4B are time-averaged electric field 
enhancement plots of the device at maximal absorption 
(FIG. 4A) and minimal absorption (FIG. 4B) in accordance 
with one or more embodiments of the invention. 

FIGS. SA-SC describe current-voltage relationships in 
accordance with one or more embodiments of the invention. 

DETAILED DESCRIPTION 

by the Department of Defense. The government has certain 25 

rights in the invention. 
Specific embodiments will now be described with refer-

ence to the accompanying figures. In the following descrip
tion, numerous details are set forth as examples of the 
invention. It will be understood by those skilled in the art 
that one or more embodiments of the present disclosure may 

BACKGROUND 

30 be practiced without these specific details and that numerous 
variations or modifications may be possible without depart
ing from the scope of the invention. Certain details known 
to those of ordinary skill in the art are omitted to avoid 

Over one billion silicon-based image sensors were pro
duced worldwide in 2013. Typically, imaging sensors use 
p-n or p-i-n junctions to separate and collect photo-excited 
electron-hole pairs. For low-light situations and high-density 
pixels, a single photodiode may produce small amounts of 
photocurrent, limited by the quantum efficiency of light 35 

absorption and requiring extremely low-noise electronics to 
amplify the signal. 

obscuring the description. 
In general, embodiments of the invention relate to a 

photodetector. Embodiments of the invention may include a 
Metal-Semiconductor-Metal (MSM) photodetector which 
may achieve color sensitivity without incorporating multiple 
materials. Embodiments of the invention may amplify the 

Typically, imaging sensors may use pn or p-i-n photo
diodes as photodetectors and perform color selection with 
dielectric or organic dye color filters. For low light or high 
pixel density sensors, photodiodes may require ultralow
noise amplifiers since they do not exhibit photocurrent gain. 
Dielectric filters are typically fabricated off-chip, limiting 
their use with small pixels; organic dye filters degrade under 
exposure to ultraviolet light, limiting their durability. 

SUMMARY 

In one aspect, embodiments of the invention relate to a 
metal-semiconductor-metal photodetecting device that 
includes a p-type silicon substrate with an oxide layer 
disposed on the p-type silicon substrate. Schotty junctions 
are disposed adjacent to the oxide layer on the p-type silicon 
substrate and a plasmonic grating disposed on the oxide 
layer. The plasmonic grating provides wavelength range 
selectability for the photodetecting device. 

In another aspect, embodiments of the invention relate to 
a method of manufacturing a photodetecting device that 
includes reactive ion etching a thermally grown oxide layer 

40 optoelectric signal intrinsically, without the need for ampli
fying circuitry. One or more embodiments of the invention 
may have applications in ultra-high resolution imaging at 
low light intensities and/or at high pixel densities. 

In general, embodiments of the invention provide a fully 
45 integrated, photodetector and color filter that may be fabri

cated entirely (or almost entirely) from aluminum and 
silicon and designed to detect light in selected wavelength 
bands across the visible spectrum. In one or more embodi
ments, the device may produce photocurrent gain while 

50 exploiting the plasmonic color filter for both wavelength 
selectivity and photocurrent enhancement. Embodiments of 
the invention may produce photocurrent gain by carrier 
accumulation, while exploiting the evanescent field of the 
surface plasmon for both wavelength selectivity and photo-

55 current enhancement. 

on a p-type silicon substrate using CF 4 and 0 2 gases and 60 

sonicating the substrate in acetone, followed by rinsing the 
substrate with isopropyl alcohol, and drying with N2 gas. 
The method further includes forming Schottky junctions on 
the substrate and using e-beam lithography to dispose a 
plasmonic grating on the oxide layer. The plasmonic grating 65 

provides wavelength range selectability for the photodetect
ing device. 

In one or more embodiments, the photodetector device 
may exhibit a maximum responsivity of 12.54 A/Wand a 
full-width-half-maximum (FWHM) spectral selectivity of 
approximately 100 nm. Embodiments of the invention may 
improve upon the typical maximum responsivity of p-n 
junction diodes of 1 A/W. One or more embodiments of the 
invention may provide photodetectors that simultaneously 
implement photocurrent gain with an ultra-thin integrated 
color filter. The color filter may also improve upon current 
technology by using a CMOS-compatible metal, which 
allows direct integration with the photo sensor. Embodiments 
of the invention may include a more stable filter, as com-
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For example, in one or more embodiments, a 100 nm 
aluminum layer was deposited at a rate of 0.7 Als at a base 
pressure of 5.0e-7 Torr to form aluminum contacts. The 
aluminum deposition was followed by a gold deposition of 

pared to contemporary filters that may exhibit degradation 
under exposure to UV light or other conditions. Embodi
ments of the invention may provide a fully integrated 
photodetector with immediate applications in low-light 
imaging and pixel-dense imaging sensors. 5 100 nm. The gold layer is used solely for aligriment marks 

in the subsequent lithography step and does not affect the 
electrical properties of the photodetector. The excess metal 
and photoresist may be removed by soaking in acetone at 

Plasmonic gratings may be used in fully integrated, spec
trally sensitive detectors. Plasmonic gratings may be used as 
tunable optical bandpass filters. Plasmonic gratings utilize 
interference effects of surface plasmons, the coherent, 
charge oscillations of conduction band electrons, in a peri- 10 

odic structure to tune the center wavelength of a transmis
sion band. Aluminum is a promising CMOS-compatible 
plasmonic material, possessing outstanding optical proper
ties in the visible and near-UV spectral regions. Aluminum 

15 
color filters shown full color tenability. 

FIG. 1 is a schematic demonstrating a Metal-semicon
ductor-metal (MSM) photodetector in accordance with one 
or more embodiments of the invention. In FIG. 1, the MSM 
photodetector 100 includes a p-type silicon substrate 102 20 

with a thin oxide layer 104. The MSM photodetector 100 
also includes Schottky junctions 106 that are formed using 
a deposited contact 108. The MSM photodetector 100 fur
ther includes a grating 110. In one or more embodiments, the 
grating pitch may be used for selectivity of the wavelength 25 

of detection. In addition, the grating may provide addition 
photocurrent enhancement due to strong local fields of the 
plasmonic structure in accordance with one or more embodi
ments of the invention. Examples disclosed herein are 
demonstrated using aluminum; however, one of ordinary 30 

skill in the art will appreciate that embodiments of the 
invention are not limited to aluminum. Gold, silver, nickel 
and other metals may also be used in accordance with one 
or more embodiments of the invention. 

FIG. 2 shows a flow chart for manufacturing a MSM 35 

photodetector in accordance with one or more embodiments 
of the disclosure. In ST 100, a protecting thermal oxide layer 
of a lightly doped p-type silicon wafer is thinned by reactive 
ion etching. In one or more embodiments of the invention, 
the substrate is a lightly doped (10-30 Q/cm) <100> p-type 40 

silicon wafer. The substrate may be initially protected by a 
thermally grown 100 nm oxide layer. The oxide layer may 
be thinned to 50 nm by reactive ion etching for 100 s using 
CF 4 and 0 2 gases. In one or more embodiments, the etch 
parameters are adjusted to result in an oxide etch rate of -0.5 45 

nm/s. The etch rates and oxide thicknesses may be con
firmed using ellipsometry techniques in accordance with one 
or more embodiments of the invention. After thinning the 
oxide, in ST 102, the samples may be cleaned by sonicating 
in acetone for at least 5 minutes, rinsing in isopropyl alcohol 50 

(IPA), and drying with dry nitrogen gas. 
In ST 104, Schottky junctions are formed on the substrate. 

room temperature for 15 minutes and rinsing in IPA. 
In ST 106, gratings are patterned on the thinned oxide 

layer using electron beam lithography. The e-beam resist 
may be developed for 50 sin a 3:1 solution of IPA.methyl 
isobutyl ketone. Liftoff may be performed by soaking in 
acetone at ambient for 15 minutes and rinsing in IPA. For 
example, gratings measuring 7 µm by 15 µm may be 
fabricated using electron beam lithography. The grating slits 
may be maintained at a constant 100 nm by 5 µm long for 
the photodetectors. In one or more embodiments of the 
invention, the gratings may be a 50 nm thick aluminum 
grating. The color detection window of the photodetector 
may be tuned by increasing or decreasing the pitch distance 
between the slits. For example, a slit pitch of 300 nm may 
be optimal for blue light, 400 nm for green light, and 500 nm 
for red light in accordance with one or more embodiments 
of the invention. 

In one or more embodiments of the invention, the 
Schottky junctions may be extremely sensitive to oxidation 
at the aluminum-silicon interface. This may be remedied by 
limiting or eliminating air exposure to the device when the 
Schottky junctions are formed. Further, although the con
tacts and grating are demonstrated using aluminum, one of 
ordinary skill in the art will appreciate that the metal used in 
embodiments of the invention are not limited to aluminum. 
Gold, silver, and other metals may also be used without 
departing from the scope of the embodiments of the inven
tion. Further, as noted above, the contacts may be fabricated 
using photolithography and the gratings may be fabricated 
using electron beam lithography. However, other techniques 
may be envisioned for assembling the contacts and grating. 

The electric and optoelectronic properties of embodi
ments of the devices have been characterized using a cus
tom-built photocurrent microscope. First, the dark electrical 
properties were obtained by connecting a single photode
tector with two microprobes and measured using a picoam
meter. Then, the aluminum gratings were illuminated at 
near-normal incidence using a broadband white light laser. 
Wavelength selection of the light source was accomplished 
using an acousto-optic tunable filter. The laser was focused 
to a diffraction-limited spot at the center of each plasmonic 
filter. An unpatterned region on the chip was used as a 
reference, for correcting the device response for the wave-
length-dependent power profile of the laser. All measure
ments were performed with the incident light polarized 
transverse to the long slit axis. The gratings yielded no 
significant photocurrent when driven by light polarized 
along the longitudinal axis of the grating lines. 

Embodiments of the photodetector may be modeled using 
2D finite difference time domain simulations. The model 

In one or more embodiments of the invention, the Schottky 
junctions may be aluminum-silicon, measuring approxi
mately 10 µmxl0 µm. The Schottky junctions may be 55 

formed via photolithography in accordance with one or more 
embodiments of the invention. For example, to form the 
Schottky junctions, a photoresist may be spin-coated onto 
the chip and exposed for 5 s. The resist may then be 
developed for 60 s and dry etched for 100 s to open up 
contact areas. In one or more embodiments of the invention, 
the last 5 seconds of etching may be performed in CF 4 gas 
only. The substrate may then be immediately transferred to 

consists of a periodic grating array with theoretical geom-
60 etries close to actual device geometries and literature values 

for all dielectric functions were used. A 10 nm aluminum 

an electron-beam evaporation chamber. In accordance with 
one or more of the embodiments, the overall exposure time 65 

to atmosphere may be kept to a minimum to reduce oxida
tion at the silicon-contact interface. 

oxide layer may be used to account for the surface oxide of 
the aluminum. Periodic boundary conditions may be used to 
simulate an infinite grating array. A linearly polarized plane 
wave light pulse was injected at normal incidence with the 
polarization transverse to the slit. Perfectly matched layers 
(PMLs) at the top and bottom of the simulation space reduce 
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unphysical back-reflections in the simulation space. The 
simulations may be checked for numerical accuracy through 
convergence testing. The absorption is integrated over the 
top 10 µm of silicon in the simulation geometry. 

For example, in one embodiment of a MSM photodetector 5 

composed of a 50 nm thick aluminum grating, a 50 nm oxide 
layer and Al-Si Schottky junctions on a p-type silicon 
substrate, the oxide layer may electrically passivate the 
silicon and act as an optical spacer for the aluminum grating. 
Simulations performed on the example device geometry and 10 

other studies indicate that a spacer thickness between 30 nm 
and 100 nm may optimize the optoelectric response. The 
aluminum grating filters the input light and provides an 
additional photocurrent enhancement due to strong local 
fields in accordance with one or more embodiments of the 15 

invention. 
FIGS. 3A and 3B show spectral responses of a MSM 

photodetector in accordance with one or more embodiments 
of the invention. FIG. 3A shows measured responsivities of 
red 312, green 314, and blue 316 photodetectors in accor- 20 

dance with one or more embodiments of the invention. In 

6 
For example, in accordance with one or more embodi

ments of the invention, maximum responsivity of 12.54 A/W 
for the blue detector, 12.07 A/W for the green detector, and 
11.18 A/W for the red detector may be obtained. A volume 
averaged electric field enhancement of -2.5 may result in a 
photocurrent enhancement of -30%. Without gain, the theo-
retical maximum responsivity would be 1.3 A/W, strongly 
indicating that the photodetector has a built-in photocurrent 
gain mechanism. 

In accordance with one or more embodiments of the 
invention, the MSM photodetector exhibits an active regime 
524, and a linear regime 526. In the active regime 524, 
photogenerated carriers are swept to the junctions. However, 
the Schottky barriers may prevent immediate collection and 
may force the charges to accumulate between the junctions, 
lowering the Schottky barrier and inducing a photocurrent 
gain. In one or more embodiments of the invention, the long 
carrier lifetimes (-100 µs) in lightly doped silicon ensure 
low recombination rates, allowing for large photocurrent 
gains. 

In the linear regime 526, the photodetector may act as a 
photoconductor and a direct measurement of photo generated 
carrier densities without gain. FIG. 5B shows current
voltage curves for a device operated in the linear regime 526 

accordance with one or more embodiments of the invention, 
the red 312, green 314, and blue 316 photodetectors were 
fabricated with grating pitches of 500 nm, 400 nm, and 300 
nm, respectively. The full-width-at-half maximum (FWHM) 25 illuminated by different laser powers in accordance with one 

or more embodiments of the invention. The I-V curves is -90 nm for the blue detector, -100 nm for the green 
detector, and -115 nm for the red detector. FIG. 3B shows 
simulated responsivities calculated using the techniques 
described above. As can be seen from FIG. 3B, the simulated 
responsivities for the red 313, green 315, and blue 317 30 

photodetectors closely match the observed behavior shown 
in FIG. 3A. 

The asymmetric spectral response seen in FIG. 3A arises 
from the interference between incident light and light scat
tered by the photodetector. FIGS. 4A and 4B are time- 35 

averaged electric field enhancement plots of the device at 
maximal absorption (FIG. 4A) and minimal absorption 
(FIG. 4B) in accordance with one or more embodiments of 
the invention. As shown in FIGS. 4A and 4B, for light with 
frequencies below the interference resonance, constructive 40 

interference occurs (FIG. 4A) and the photodetector prefer
entially absorbs light. Conversely, light above the resonance 
frequency destructively interferes and the detector preferen
tially reflects light (FIG. 4B). During constructive interfer
ence, the high field enhancements of the plasmonic filter 45 

increase the in-coupling cross-section, resulting in addi
tional photocurrent enhancement. In accordance with one or 
more embodiments of the invention, by varying the oxide 
thickness, the interference resonance may be tuned near the 
plasmonic grating resonance, simultaneously improving the 50 

spectral selectivity and photo current output. 

demonstrated in FIG. 5B show linear responses in the 
+/-100 mV range before becoming more exponential. FIG. 
SC demonstrates the change in conductance as a function of 
laser power in accordance with one or more embodiments of 
the invention. In one or more embodiments, the device 
shows a linear dependence of the device conductance on the 
incident power. The slope of the change in the conductance 
gives a measure of the quantum efficiency by the relation: 

where ti.a is the change in conductance, q is the electric 
charge, µn and µP are the electron and hole mobilities, 
respectively, <I> is the photon flux, and ri is the quantum 
efficiency. The mobilities (1500 cm2/(Vs) for electrons, 500 
cm2/(Vs) for holes) were estimated from the chip resistivity 
(16 Q/cm) and literature values for known doping concen
trations. The calculated quantum efficiency, 5.8%, corre
sponds to a photocurrent responsivity of 26.2 mA/W in 
accordance with one or more embodiments of the invention. 
The photodetector in the active regime exhibits a respon-
sivity of 7 .67 A/W, suggesting that the combined photocur
rent enhancement and charge accumulation results in an 
intrinsic gain >290. 

One metric for photodetectors is the minimum detectable 
signal. In accordance with one or more embodiments of the 
invention, a linear fit of the unilluminated small signal IV 
curve results in a shunt resistance of 5.96 GQ and a leakage 
current of 2.05 nA. The Johnson noise spectral density may 
be estimated from (4k6TB/R) 112 to be 1.64 fA Hz- 112

. In 
these embodiments, the shot noise limit is determined from 
(2qidB)112 to be 0.24 fA Hz- 112

, here k6 is Boltzmann's 
constant, T is the temperature, B is the noise bandwidth, R 
is the dark resistance, q is the electron charge, and Id is the 

In one or more embodiments of the invention, the pho
todetector may be characterized in a linear, small-signal 
regime, where the device conductance gives the charge 
carrier densities without gain. FIG. SA shows representative 55 

current-voltage (I-V) curves for a dark 520 and illuminated 
522 MSM photodetector in accordance with one or more 
embodiments of the invention. The device was illuminated 
on-resonance at 560 nm with 600 n W incident power. The 
extracted barrier height of 0.3 7 V and ideality factor of 1.12 
agree with reported values of aluminum-silicon Schottky 
junctions. The asymmetry in the I-V curves is due to 
different amounts of oxidation at the aluminum-silicon inter
faces, resulting in slightly different barrier heights for each 
Schottky junction. The photodetector produces 4.6 µA of 
photocurrent at 3 V bias, corresponding to a responsivity of 
7.67 A/W. 

60 dark current. The noise currents summed in quadrature gives 
a noise-equivalent power (NEP) of 1.66 fW Hz-112

, in 
agreement with other silicon detectors. 

Embodiments of the invention may exhibit equal or better 
performance than previously reported plasmonic color fil-

65 ters. In one or more embodiments, the FWHM spectral 
selectivity may be less than 120 nm for all colors, whereas 
many known filters may have a FWHM>200 nm. Embodi-
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ments of the invention may have two orders of magnitude 
better responsivity than typical ultra-fast, telecommunica
tions MSM photodetectors, due to the enhanced absorption 
and photocurrent gain. However, the photocurrent gain may 
limit the operating speed. A bandwidth estimate using transit 5 

time calculations gives: 

nµV,h 
B=--

2L2 10 

where B is the bandwidth, L is the distance between the 
junctions, µ is the mobility, and V,h is the threshold voltage. 
For example, if V,h is 0.36 V, Lis 20 µm and µ may be 
estimated to be 500 cm2/(Vs), resulting in a 3-dB bandwidth 15 

of 6.9 GHz. For comparison, silicon photoconductors may 
have substantially higher responsivities (> 105 A/W), but 
much slower speeds (-KHz-MHz). Phototransistors may 
also exhibit photocurrent gain (> 100) but at slower speeds 
(<10 MHz). Silicon nanowires and quantum dot detectors 20 

have shown high photocurrent gain (> 100) but at slower 
speeds (-KHz). Graphene-based detectors with high speed 
(> 1 GHz), and low noise have been demonstrated, but suffer 
from low responsivities ( <150 mA/W). Other 2-dimensional 
materials like MoS2 have shown high responsivities (>500) 25 

but at extremely low speeds (<0.1 Hz). 
Embodiments of the invention may provide a high-per

formance MSM photodetector that utilizes charge accumu
lation for photocurrent gain and an integrated plasmonic 
filter for spectral selectivity. Embodiments of the invention 30 

may utilize near-field and thin-film interference effects to 
enhance the absorption and for a narrowband spectral 
response. Embodiments of the invention may advanta
geously provide for the motivation of the design and inte
gration of Al plasmonic color filters in future CMOS- 35 

compatible imaging systems and photodetectors. 
Embodiments of the invention may utilize a charge trapping 
technique that may translate to broad impacts on the design 
and fabrication of color displays and novel imaging sensors. 

While the invention has been described above with 40 

respect to a limited number of embodiments, those skilled in 
the art, having the benefit of this disclosure, will appreciate 

8 
that other embodiments can be devised which do not depart 
from the scope of the invention as disclosed herein. Accord
ingly, the scope of the invention should be limited only by 
the attached claims. 

What is claimed is: 
1. A metal-semiconductor-metal photodetecting device, 

comprising: 
a p-type silicon substrate; 
an oxide layer disposed on the p-type silicon substrate; 
Schottky junctions disposed adjacent to the oxide layer on 

the p-type silicon substrate; and 
a plasmonic grating disposed on the oxide layer, 
wherein the plasmonic grating provides wavelength range 

selectability for the photodetecting device, 
wherein the plasmonic grating comprises: 

a film, and 
a plurality of perforations through the film. 

2. The device of claim 1, wherein the oxide layer is -50 
nm thick. 

3. The device of claim 1, wherein the plasmonic grating 
is -50 nm thick. 

4. The device of claim 1, wherein the Schottky junctions 
are formed using photolithography. 

5. The device of claim 1, wherein the Schottky junctions 
are comprised of Aluminum. 

6. The device of claim 1, wherein the plasmonic grating 
is formed by e-beam lithography. 

7. The device of claim 1, wherein the plasmonic grating 
is comprised of Aluminum. 

8. The device of claim 1, wherein a full width half 
maximum (FWHM) of a responsivity of the photodetecting 
device is less than 120 nm. 

9. The device of claim 1, wherein the plasmonic grating 
is comprised of Aluminum. 

10. The device of claim 1, wherein the device has a 
responsivity of at least 7.67 A/W. 

11. The device of claim 1, wherein the plasmonic grating 
provides photocurrent enhancement. 

* * * * * 


