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ABSTRACT: Plasmonic enhanced Schottky photodetectors operating on the basis of the internal photoemission process are
becoming an alternative for the more conventional photodetectors based on interband transitions for light detection in the
infrared. This is because such detectors typically consist of silicon and CMOS compatible metals, thus, allowing low cost and
large scale fabrication. Most of the reports so far were focused on measuring the responsivity of the device. Here, we provide a
detailed analysis for the optimization of internal photoemission based devices in terms of figure of merits such as signal-to-noise
ratio (SNR) and noise equivalent power (NEP). Following the analysis, we experimentally demonstrate the operation of
pyramidally shaped, silicon-based, internal photoemission detectors in the mid-infrared. The measured devices are capable of
photodetection at wavelengths up to ∼2.5 μm. This paves the way for the use of plasmonic enhanced silicon photodetectors for a
broad range of applications including mid-IR circuitry and biochemical sensing.
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Conventionally, detection of light in the visible spectral
band is achieved using silicon-based photodetector. The

use of CMOS compatible materials and fabrication processes
allows to achieve low cost, high yield and large pixel count
charge coupled device (CCD) and CMOS-based imagers. Yet,
while silicon is the preferred material of choice from these
aspects, its interband absorption becomes negligible at
wavelengths above ∼1.1 μm as the photon energy becomes
lower compared with the bandgap of silicon. As such, most of
the high quality photodetectors beyond this wavelength are
implemented by the use of other materials and concepts.1,2 For
example, telecom-based photodetectors are typically imple-
mented with InGaAs material platform,2 having a spectral
response that can be extended even beyond 2 μm wavelength.3

The photodetection in other spectral regions, for example, 3−5
μm, is commonly based on InSb,4−6 whereas in the 8−12 μm
regime, the common choice is to use the bolometric approach
and HgCdTe (MCT).5−7

While these approaches are well-established, such material
platforms lack the compatibility with silicon fabrication
processes. Therefore, there is a long lasting effort to extend
the use of CMOS compatible photodetectors toward longer
wavelengths using different materials.8,9 This effort has been
flourishing recently, with the latest achievements in plasmonic
enhanced photodetectors based on the internal photoemission
(IPE) processes.10−19 With such an approach, detection of light
around 1.3 and 1.5 μm has been achieved, albeit with
responsivity significantly lower than the commercial InGaAs-
based photodetectors. This is primarily because of the
momentum mismatch of electron wave functions in the silicon
and the metal. Indeed, it is well-known that the responsivity of
IPE-based photodetectors goes down with the increase in the
photon wavelength.19−21 Furthermore, while most of the
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reports so far are typically geared toward measuring the device
responsivity, other important figures of merits such as signal-to-
noise ratio (SNR) and noise equivalent power (NEP) are
typically ignored.
Hereby, we discuss the optimization of IPE-based photo-

detectors in terms SNR and NEP. Specifically, we analyze the
various noise sources and provide a route toward the
optimization of the Schottky barrier for the desired wavelength
of operation, depending on the specific operation conditions
(e.g., the shunt resistance). Following, we experimentally
demonstrate the photodetection of light at wavelengths up to
∼2.5 μm by the use of the IPE process in a silicon plasmonic
photodetector. The approach is based on achieving plasmonic
enhanced IPE in pyramid-like structures acting as an antenna
having a large collection cross section of light owing to its
relatively large pyramid base and focus it down to the nanoscale
apex of the pyramid. This structure already proved itself as a
useful solution for the near-infrared (IR) regime.15 By doing so,
the signal is enhanced while the noise is maintained at a low
level owing to the small dimensions of the active Schottky
junction area. As such, the signal-to-noise ratio (SNR), which is
a major limiting factor at these wavelengths is greatly enhanced.
The combination of strong light confinement, together with an
optimal choice of the Schottky barrier allows achieving mid-IR
detection using CMOS compatible materials.
Optimization of Schottky Barrier. We start by discussing

the optimization of the Schottky barrier with respect to the
desired wavelength of operation. Our figure of merit to be
optimized is the signal-to-noise ratio (SNR) defined as

=
i
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where isignal and inoise are the signal and noise currents,
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where Pin is the optical power, e is the electron charge, h is
Planck constant, ν is the optical frequency, and η is the
quantum efficiency (QE). Using the Fowler model,20

η = ν ϕ
ν
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h
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, where C is a constant and ϕB is the Schottky

barrier.
There are several noise mechanisms to be considered in our

system:22

1. Background noise: the background noise can be
calculated according to 2e(QBηe)Δν, where QB is the
number of background photons in the spectral
bandwidth and Δν is the bandwidth of photodetection.

2. Johnson noise: the Johnson noise can be calculated

according to νΔkT
R

4

L
, where k is the Boltzmann’s constant,

T is the temperature, and RL is the load resistance.
3. Shot noise of the optical signal: the shot noise is

calculated according to 2eIΔ̅ν, where I ̅ is the average
photodetector current. The average photodetector

current can be found by η̅ = ν
I e P

h
in and, thus, the shot

noise of the optical signal is given by νΔη
ν

e2 P
h

2 in .

4. Shot noise of the dark current to which we refer as
simply the dark current noise is calculated according to
2eidΔν, where id is the dark current of the detector.

Next, we provide a quantitative estimate for each of the noise
mechanisms, with the goal of estimating which of the noise
mechanisms is relevant to our discussion. As a benchmark, we
assume a photodiode area of 1 cm2, bandwidth of 1 Hz, a solid
angle of 2π, and room temperature operation. In addition, we
assume ϕB = 0.5 and η = 10−4 (typical values for this type of
photodetector in the mid-IR21) .
We begin by estimating the background noise. To do so, one

first needs to find the number of background photons, which
can be estimated from blackbody radiation considerations.
Thus, the number of background photons is given by
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where we assumed an optical filter that is fully transparent
between 2−2.5 μm and fully opaque elsewhere. The noise

current power resulted from these photons is given by inoise
2 =

2eiBΔν = 2e(QBηe) = 1.609 × 10−29 [A2].
Now, we estimate the Johnson noise. Taking the load

resistance to be 50Ω, the Johnson noise current power is

= × − A3.31 10 [ ]kT
R

4 22 2B

L
. For a larger load, this noise source

could easily be reduced, albeit at the expense of operating at
low frequencies.
Next, we would calculate the shot noise of the optical signal.

It is given by η = ×
ν

−e A2 5.8 10 [ ]P
h

2 26 2 . Here, we have

assumed a reasonable laser power of 1 mW.
Finally, we calculate the shot noise of the dark current. The

dark current of our Schottky diode is given by23
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where S is the detector area, A* is the effective Richardson
constant, and Va is the applied voltage. Under reversed bias (the
common way of operation), the dark current is

= * − ϕ( )i SA T exp
e
KTd

2 B . Assuming a realistic value of

* =
·

⎡⎣ ⎤⎦A 132 A
cm K2 2 , the noise that is generated due to dark

current power is inoise
2 = 2eidΔν = 1.167 × 10−20 [A2].

From the above scenario, it appears that the dominant noise
mechanism in IPE-based photodetectors is shot noise due to
dark current. This should not be surprising, as it is well-known
that the leakage current of Schottky diode is large in
comparison to PN and PIN diodes because, unlike them, the
Schottky diode is a majority carrier device. We now calculate
what is the optimal Schottky barrier for achieving the highest
SNR. Considering the shot noise due to dark current as the
major noise source, the SNR can be approximated by
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We now take the derivative of the SNR with respect to ϕB and
compared it to zero in order to find the optimal Schottky
barrier.

ϕ

ϕ ν

=

= −h
kT
e

d(SNR)
d

0

4
B

Boptimum (5)

This is a general result that allows the optimization of IPE-
based photodetectors. The result holds for ideal diodes,
assuming the dark current to be the dominant noise factor.
In Figure 1 we plot the SNR of an IPE-based Schottky

photodetector as a function of the Schottky barrier, ϕB, for the
mid-IR wavelength of 2.15 μm, where all the above-mentioned
noise mechanisms are included. Indeed, it can be seen that the
highest SNR follows eq 5. For larger barrier values, the SNR is
decreased because of the rapid drop in the signal (due to the
rapid decrease in IPE efficiency), while for lower barrier values,
the SNR is decreased because of the exponential increase in
dark current. As can be seen, the optimum is relatively broad,
and a decent SNR can be obtained even if the barrier height
deviates slightly from the optimal value. Furthermore, one
could observe that the decrease in SNR is moderate for barrier
values which are lower than the optimum, whereas for values
higher than the optimum, a rapid decrease in SNR is expected
due to the rapid decrease in quantum efficiency. Thus, it might
be a good practice to aim for having Schottky barriers, which
are slightly lower than the optimum value.
We note that the result of Figure 1 was calculated based on

the assumption that the noise of the dark current is larger than
the photonic shot noise. This assumption holds as long as the
photon current is smaller than the diode leakage current (i.e.,

≪η
ν

e iP
h d
in ).

The above discussion is based on the assumption of an ideal
Schottky diode. We now extend the discussion by considering a
nonideal Schottky diode. In practice, a realistic Schottky diode
can be modeled as an ideal diode with a shunt resistor in
parallel (Rp) and a resistor in series (Rs), see Figure 2. The

shunt resistance stems mostly from microscopic metal particles
on the surface,24 while the series resistor is originated from the
finite conductivity between the Ohmic contact and the diode
area.23 For a typical diode the shunt resistor is few orders of
magnitude higher than the series resistance (Rp ≫ Rs).
Typically, in reverse bias, the shunt current is about 2 orders
of magnitude higher than the ideal leakage current of the
diode.24 As a result, the dark current is determined mostly by
the shunt resistance.
Considering this scenario, the SNR of such a detector is now

given by
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where Gp is the shunt conductivity and Vr is the applied reverse
bias. Here, we have also included the photonic shot noise and
thus the equation holds for a large parameter space, including
cases where the detector area is small and the optical power is
relatively large. For such a case, the optical shot noise is
dominant.
Based on the equation above, we plot in Figure 3 the SNR

against the Schottky barrier and the shunt resistance. To be
compatible with the experimental results, which will be
presented in the next section, we have chosen a small diode
area of 0.785 μm2 and a relatively low level of laser power (30
μW). For high shunt resistance, the dominant noise is
originated from the leakage current of the diode. In such a
case, the SNR is relatively high and two regimes can be easily
observed, the low barrier regime, where the SNR is limited by a
large leakage current, and the high barrier regime, where the
SNR is limited by the rapid decrease in the IPE efficiency. As
we reduce the shunt resistance, the shunt current becomes
dominant, leading to a decrease in SNR. Furthermore, it also
pulls the optimal SNR toward lower values of Schottky barrier.
This is because up to some value, the reduction in Schottky
barrier improves the IPE efficiency, while the noise barely
increases as it is still dominant by the shunt current. Only when
reducing the barrier beyond the point where the leakage
current dominates the shunt current, one can observe a
decrease in SNR.

Experimental Measurement of Mid-IR Schottky
Photodetector. Following the above discussion, we now
experimentally tackle the challenging task of mid-IR detection
using uncooled IPE-based Schottky photodetector. Assuming
an ideal diode, the Schottky barrier should be as close as
possible to the optimal value of 0.475 eV to have the highest
SNR at 2.15 μm. Furthermore, the SNR can be improved by
adding optical structures which collect the signal from a large

Figure 1. Calculated SNR as a function of the Schottky barrier (blue
curve) for an input power of 30 μW and wavelength of 2.15 μm. All
the above-mentioned noise mechanisms are included. The vertical

green line is located at ϕ ν= −h kT
eB

4 , denoting the peak of the SNR.

Figure 2. Equivalent circuit of a realistic Schottky diode. The Rp is the
shunt resistance and Rs is the series resistance.
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area and confine it to a smaller detector area. By doing so, one
maintains high signal level, while reducing the noise. To cope
with this goal, we have adopted the concept of pyramidally
shaped silicon pillars, following the configuration which is
described in details in ref 15.
Our photodetector is realized using a standard fabrication

technique of anisotropic chemical wet etching in which
pyramidally shaped devices are created in silicon by KOH
etching. Implementation of this standard microelectronic
fabrication technique provides the ability to fabricate silicon
plasmonic photodetectors with a nanoscale pyramid apex and
small active area without a need for “nanoscale” fabrication
tools such as focused ion beam (FIB) or electron beam
(Ebeam) lithography. The silicon pyramid acts as an efficient
antenna, collecting the light from a large area and concentrating
it into a small active pixel area, thus, providing high responsivity
and in parallel low noise. A schematic drawing of our device is
depicted in Figure 4. One should note that the silicon pyramids
were passivated by a thick layer of SU8−3010 photoresist,
which did cover the tip apex. The Schottky metal (aluminum)
exists only in the tip apex.15 This way, the dark current is
minimized, allowing to obtain better SNR, which is particularly
important for mid-IR operation.
Following the fabrication of the device, we have illuminated

the structure with mid-IR light (tunable laser in the range of 2−

2.5 μm, IPG Photonics) from the backside of the silicon wafer.
Taking advantage of the high transparency of silicon in the mid-
IR wavelength range, light is propagating through the wafer
without noticeable absorption toward the bottom of the
pyramid and is being guided effectively to the apex of the
pyramid, where the active of the diode are located. Owing to its
high refractive index of about 3.3, silicon offers high collection
efficiency, preventing the light from escaping out of the
pyramid as it is guided toward the apex, by supporting total
internal reflection over a wide range of angles. The concept of
operation is shown schematically in Figure 4. The effective
diode area is 0.78 μm2

Next, we performed electrical measurements at dark and
under light illumination at various wavelengths ranging from
∼2 to ∼2.5 μm. The goal is to extract the Schottky barrier of
the device, observe the SNR as a function of the incident
wavelength of light and compare the measured results to the
model presented earlier in the text.
The I−V curves measured under illumination at various mid-

IR wavelengths are present in Figure 5. By observing the
obtained results, one can notice photodetection, even at the
long wavelength of ∼2.5 μm. Considering the previously
reported results in the near IR, such a device can essentially
operate as a broad band detector, in the range of ∼1.1−2.5 μm.

Figure 3. (a) SNR (log scale) calculation for a nonideal diode at the wavelength of 2.15 μm. Two regions can be observed: (1) high Rp (Rp > 100
MΩ), where the noise is dominated by the leakage current and the result converges toward that presented in Figure 1; and (2) low Rp, where the
SNR is decreases and the optimum barrier tends toward lower values. The optimum barrier value as a function of the shunt resistance is denoted by
the dashed blue line. In order to be compatible with experimental results to be presented in the next section, the Schottky diode area was chosen to
be 0.78 μm2. (b) Maximal SNR (log scale) vs shunt resistance.

Figure 4. (a) Schematic drawing of the pyramidally shaped detection configuration. Light is incident from the backside of the silicon wafer and
propagates toward the lower base of the pyramid, where it is guided toward its nanoscale apex. The active area of the photodetector is defined
around the apex by adding the Schottky contact. (b) SEM micrograph showing a typical fabricated device. Scale bar is 1 μm. (c) Illustration of the
internal photoemission process: photons (black arrow) are absorbed by the metal and excite hot electors (red). If the electron energy is higher than
the Schottky barrier, it might be transported to the silicon and contribute to the photocurrent.
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Based on a set of measured I−V curves, we have extracted
the responsivity of the device at each wavelength (Figure 6a).
Next, the Schottky barrier was found to be ϕB = 0.48 eV
according to the Fowler model by plotting ν ν ϕ∝ −Rh h B

23

(Figure 6b) and finding the intersection of νRh with the y
axis.
While responsivity and noise are important measures, one

may ask what is the minimal optical power level that can be
detected at a given electrical bandwidth. To cope with this
question, we plot (Figure 7) the noise equivalent power (NEP,
i.e the minimal power which can be detected in our system) as
a function of wavelength. The experimental NEP values (green
markers) were extracted from the measured responsivity (R[A/

W]) and the measured dark current according to =NEP
ei

R

2 d .

For comparison, we also plot (solid blue line) the calculated
NEP, derived using the shunt resistance as a single fitting
parameter. The calculation is based on eq 6, with SNR = 1, ϕB
= 0.48 eV and Fowler constant of C = 0.0029. These last two
values are extracted from the measurements (Figure 6). Best fit

was found for a shunt resistance of about 10 MΩ. As can be
seen, the experimental results match very nicely to the
previously discussed model (eq 6), assigning the SNR to be
1. The obtained results indicate that our device is capable of
detecting optical signals in the nW regime. By controlling the
Schottky barrier and by increasing the shunt resistance it should

be possible to achieve NEP of × − ⎡⎣ ⎤⎦3.14 10 W10
Hz

at the

wavelength of 2.15 μm. This NEP is obtained for the optimal

Schottky barrier ϕ ν= −h kT
eB

4 with high shunt resistance (Rp

> 6.1 × 1013 Ω). It should be mentioned that, while such NEP
values are perhaps too high for night vision applications, they
should be more than sufficient for laser driven applications.

■ CONCLUSIONS
In this work we have analyzed noise mechanisms of an IPE-
based photodetector consisting of a Schottky contact between
silicon and metal and demonstrated its capability of detecting
light in the mid-infrared spectral band. Assuming an ideal diode,
operating under realistic working conditions, the shot noise of
the dark current was estimated to be the major noise
mechanism. For such a scenario, we show that the optimal
Schottky barrier in terms of maximizing the signal-to-noise ratio

Figure 5. I−V measurements of an internal photoemission photo-
detector under different wavelengths of excitation. The inset shows a
zoom-in on the region of 0 V bias, which clearly indicates the lateral
shift as a result of the photogenerated current.

Figure 6. (a) Measured responsivity of the IPE-based device as a function of wavelength. The responsivity was found by extracting the current from
several consecutive I−V measurements performed under different optical power levels at a reverse bias of 0.8 V. (b) Applying the Fowler model to
extract the Schottky barrier. The Barrier is found to be 0.48 eV.

Figure 7. Measured (green) and calculated (solid blue line) NEP as a
function of wavelength. Shunt resistance of 10 MΩ was assumed for
the calculations.
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(SNR) is given by ϕ ν= −h kT
eB

4 . This is a general result

which is valid for an ideal photodetector based on IPE, as long
as the dark current is the major noise factor. We also extend the
model further to accommodate for nonideal diode, in which the
shunt resistor is high and the noise is determined by shunt
current. We show that for such a case the SNR is reduced and
the Schottky barrier for optimal SNR should be lower. It should
be noted that flicker noise was not included in the model
because it was not observed experimentally in our system, even
for frequencies as low as 1 Hz.
Following the presented model, we have fabricated and

experimentally characterized an IPE-based Schottky detector in
the mid-IR. The device was constructed in the form silicon
pyramids, where the apex of the pyramid was covered by
aluminum, creating a silicon-based Schottky photodetector with
a Schottky barrier of 0.48 eV. Our measurements indicate that
the photodetector has a wide spectral response, up to 2.48 μm
at room temperature. The experimental results are compared
against the model, showing good agreement. Specifically, noise

equivalent power (NEP), are in the range of − ⎡⎣ ⎤⎦10 W8
Hz

and

even below.
Based on the model and the experimental results, we now

provide guidelines for optimizing an IPE-based Schottky
photodetector. Briefly, the Shunt resistance should be as high
as possible, while the Schottky barrier needs to be optimized for
the specific wavelength of operation. This choice of parameters,
together with approaches for enhancing the IPE efficiency, such
as roughness engineering and high localization of the
electromagnetic mode, are instrumental for achieving high
quality photodetectors, in particular, for the mid-IR, where the
SNR is inherently low.
Finally, while the model was applied here for the mid-IR

spectral regime, it can be easily applied to other spectral bands
as well. Furthermore, our device can be integrated with other
photodetectors, for example, using wafer bonding techniques or
by the realization of our detector in the backside of a visible
band silicon photodetector. Such an approach will allow
efficient photodetection of multiple spectral bands (e.g., visible
and IR). The demonstration of such an integrated approach
remains for future work.
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