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Modeling and Optimization of Plasmonic Detectors
for Beyond-CMOS Plasmonic Majority Logic Gates

Samantha Lubaba Noor, Member, IEEE, Kristof Dens, Patrick Reynaert, Francky Catthoor, Fellow, IEEE,
Dennis Lin, Pol Van Dorpe, and Azad Naeemi, Senior Member, IEEE

Abstract—In this work, we report the modeling and design of
a high-speed Ge-based plasmonic detector coupled with a Metal-
Insulator-Metal (MIM) plasmonic majority gate. The detector
is designed to distinguish between multiple output levels of
the integrated majority gate. Through numerical analyses we
predict the proposed plasmonic detector has an intrinsic band-
width beyond 220G H >z at an applied bias of only 100mV. An
asymmetric Metal-Semiconductor-Metal (MSM) configuration of
the plasmonic detector ensures a dark current of a few nA
which results in high sensitivity. The high electric field generated
by the electrode asymmetry enables effective separation of the
photogenerated carriers resulting in high photocurrent even at
few mVs of applied bias. The low capacitance of less than 1fF
arising from the small detector dimensions results in a high RC-
limited bandwidth. Moreover, the narrow plasmonic Ge slot of
the photodetector provides a short drift path and fast transit time
for carriers. Unlike previously reported plasmonic detectors that
use noble metals as electrodes, our proposed detector employs Al
and Cu to meet CMOS compatibility requirements and thus can
be a potential candidate for high-speed computational systems in
industry-level applications. Additionally, the findings presented in
the paper will be helpful for the future realization of an integrated
plasmonic system.

Index Terms—Integrated optics, majority logic devices, plas-
mons, photodetectors.

I. INTRODUCTION

PTICAL computing has attracted a great deal of interest

as electronic integrated circuits rapidly approach fun-
damental scaling limits, and interconnect delay and thermal
management in CMOS circuits have become issues of major
concern [1], [2], [3], [4]. However, light cannot be confined
beyond the diffraction limit of \g/2n where )\ is free space
wavelength of light and n is the material refractive index.
Hence, the required size of the conventional photonic devices
and circuits is on the order of \g. Due to size mismatch, on-
chip integration of optical components and nm-sized electronic
components has become a challenging issue. Surface Plasmon
Polariton (SPP), which is an electromagnetic wave propagating
at a metal-dielectric interface combines the strong localization
of electrons, thanks to its subwavelength confinement, with
the fast propagation of photons. Because of these major
advantages, plasmonic logic devices and circuits have become
subjects of extensive studies [5], [6], [7], [8], [9].
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A plasmonic logic gate can operate at the THz frequency
range. However, it lacks gain and the signal level decays as
more stages are added. Hence, converting plasmonic signals
to electrical signals will be an essential part of any plasmonic
circuit. The operation bandwidth of the detector and its sen-
sitivity will determine the overall circuit throughput as well
as the number of cascadable plasmonic logic stages for a
given input power budget. In recent years, there has been a
surge of research on plasmonic detectors addressing various
aspects such as responsivity, quantum efficiency, speed, and
footprint. A plasmonic Ge waveguide detector with an active
area of 0.16um x 10um operating at A = 1310nm has been
demonstrated to have 100G H z of bandwidth [10]. However,
a high voltage of 7.5V is used to achieve this bandwidth and
the associated dark current is relatively high (Ij4,x = 2uA).
Another work has presented a Ge detector based on long
range dielectric loaded surface plasmon polariton (LRDLSPP)
with a bandwidth of 150G Hz at a bias voltage of 4V [11].
Additionally, plasmonic detectors based on graphene have
been demonstrated to have a bandwidth greater than 110G H z
at applied biases of 1V [12] and 1.6V [13]. These plasmonic
detectors and a number of other reported detectors [14],
[15], [16] use the noble metal Au as electrode which is not
compatible with CMOS fabrication processes.

All these previous works mainly focus on the detector alone
and do not consider the interaction between the logic gate and
the detector and associated design trade-offs. In a plasmonic
majority gate, information is encoded in both phase and am-
plitude. However, direct detection of the phase of a plasmonic
signal with a frequency of hundreds of THz is very challenging
if not impossible. An additional reference signal can be used to
convert phase information to signal amplitude [17]. With this
approach, various input combinations result in different output
levels. Hence, the plasmonic detector needs to distinguish
between these levels rather than choosing between signal and
no signal as all previous works have studied. In this work, we
study a Ge-based asymmetric MSM plasmonic detector which
is optimized for detecting the output levels of a plasmonic
MIM majority gate. The MSM configuration is used because
of its simple fabrication process and compatibility with the
preamplifier circuits [18]. The monolithic integration of MSM
detectors with Field Effect Transistors (FET) is simple because
the electrodes of the MSM photodetector and the gate fingers
of a FET can be defined with the same photolithographic
step and then deposited with the same metallization [19]. An
MSM detector also offers much lower capacitance per unit
area compared to p-i-n photodiode and as a result, can operate
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Fig. 1. (a) Spatial average of the transverse component of the electric field
at the output of Al-SiO2-Al majority gate for four out of eight possible
input combinations. The other four combinations are repetitive, and hence
redundant. (b) Comparison of figures of merit for propagation and confinement
of the MIM waveguide for different metals.

at a higher bandwidth. Ge is chosen as the active material
of the detector because of its large absorption coefficient at
communication wavelengths, low cost, and compatibility with
CMOS fabrication processes.

Our proposed plasmonic detector is predicted to attain a
bandwidth above 220GHz at only 100mV of applied bias.
The detector’s active region footprint is only 0.9um x 2um.
Additionally, the dark current is predicted to be as low as
2nA. Moreover, we used Cu and Al as electrode metals which
are CMOS process compatible. The proposed high-speed
plasmonic detector can be used in high-end server system
applications where high speed, small area and streaming data
are the most important criteria.

II. MIM PLASMONIC LOGIC GATE

The 3-input majority gate, proposed by Dutta et al. [17], is
based on plasmonic slot waveguides with a SiO2 slot sand-
wiched between two Ag surfaces. We are going to summarize
the structure and logic operation of the majority gate using
Al as the metal layer and Ao = 1310nm as the wavelength
of operation. The identical SPP modes at the two individual
Al-Si02 interfaces are coupled and generate a gap-SPP mode
in the SiO2 slot with effective index, n.fy = 1.594 + 70.018.

The gate consists of three regions: input, combiner, and out-
put. Plasmon waves from the three input waveguides traverse
the same path length and interfere at the combiner region.
The phase of the three signals have to be controlled before
the combiner section. Input region is 200nm long, while the
length of the combiner region depends on the bending angle
(35°) of the bent waveguides. To provide reasonable on-chip
packing density and cross-talk noise, a 360nm pitch (center-
center distance) is maintained between the input waveguides
[17]. Moreover, the output waveguide is made wider (W,; =
120nm) compared to the input waveguides (W;, = 60nm) to
match the waveguide impedance and to improve transmission.

For the logic operation, the phase of the plasmonic wave is
considered as the computational state variable. For instance,
phase 7 and O represent logic 0 and logic 1 respectively. At the
combiner output, both amplitude and phase of the field contain

the signal information. For example, input combinations 000
and 111 produce the same amplitude at the combiner output
but maintain a 7 phase difference. A reference signal is added
to convert the phase information into signal intensity which
circumvents the challenging task of THz phase-detection of
the SPP waves. One can get different output field amplitudes
to distinguish among the four possible cases: strong majority
1 (111), weak majority 1 (011/101/110), strong majority O
(000), and weak majority 0 (001/010/100) as shown in Fig. 1a.
Including the reference waveguide, the logic gate footprint is
1.57pm x 1.2pum, which is much smaller than other proposed
plasmonic logic gates [20], [21].

Two important parameters for plasmonic-based devices are
propagation length (L,) and confinement (6). L, is the
characteristic length after which the intensity of field decreases
to 1/e of its initial value due to loss, and ¢ is a measure of
field confinement in the transverse direction inside the metal.
The two figures of merit for the MIM plasmonic waveguide
for confinement and propagation respectively can be described
as [17]:

FOMyop = Lo

)\SPP

Ao
5 b
Here, Ay, is the SPP wavelength which is smaller than the
free space wavelength, \g.

The performance of different metals used in the MIM
waveguide with SiO2 core is summarized in terms of
FOMp,op and FOM_ oy in Fig. 1b. The majority of works
on plasmonic devices are based on Au or Ag due to their low
loss at optical frequencies. However, these noble metals are
not compatible with standard silicon manufacturing processes
as they act as contaminants [22]. Besides, Drude-damping in
the noble metals increases greatly due to imperfections such
as roughness and grain boundary scattering [23]. Recently,
Al has become a promising substitute for the noble metals
in plasmonic structures [24], [25], [26]. It is low-cost, mass-
producible, and most importantly, compatible with standard
CMOS process. Al provides better confinement, while its
FOM,,o, value is comparable to Au or Ag, as shown in
Fig. 1b. For these reasons, in this work, we use Al for the
MIM structure instead of Ag which was used in the previously
proposed plasmonic majority gate [17].

FOMepny = (1)

III. PLASMONIC DETECTOR STRUCTURE

An MSM plasmonic detector with Ge as absorbing semi-
conductor and Al and Cu as lateral claddings is designed and
coupled with the MIM logic gate in butt-coupling configura-
tion as shown in Fig. 2a. Plasmons from the MIM waveguide
are evanescently coupled to the MSM waveguide and absorbed
while propagating in the Ge core, thereby generating electron-
hole pairs. These photogenerated carriers are separated by the
applied electric field and drift towards the metallic claddings,
generating photocurrent. Coupling efficiency is determined by
reflection from the coupling interface and transmission in the
MSM waveguide.

The detector consists of two back-to-back Schottky diodes,
formed by the metal and semiconductor interfaces. Thick-
ness (t) of the active region of the detector is 100nm to
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Fig. 2. (a) MSM plasmonic detector integrated to MIM plasmonic logic gate.
Inset shows the materials used in the coupled structure (b) Band diagram of
an MSM photodetector. ¢, and ¢, represent SBH for electron, e and hole,
h respectively at the electrodes.

ensure dimension compatibility with the logic gate, while
length (L) and width (W) are optimized in a later section.
Optimization of these values depends on coupling efficiency
with the MIM waveguide, plasmon absorption in Ge, and the
transient performance of the device. Although MSM detectors
are not intentionally doped conventionally, Ge films show p-
type behavior due to structural imperfections [10], [27]. To
mimic this, a uniform p-doping with N, = 5 x 10'¢em=3 is
considered for the Ge layer.

One issue with Ge-based MSM detectors is that they suffer
from high dark current due to carrier injection over small
Schottky barrier that results from Fermi level pinning at the
metal-Ge junction [28]. Using amorphous Ge [29], insertion
of higher bandgap interlayer of doped a-Si:H or TiO2 between
Ge and metal [30], dopant segregation process [31], and using
asymmetric electrode metal contacts [32], [33] can increase
the SBH. In this work, we have applied the concept of
asymmetrical metal electrodes proposed in earlier works [32],
[33] to reduce the dark current of the plasmonic detector.

Fig. 2b shows a generalized band diagram of an MSM
photodetector. When same metal is used for both electrodes, an
increase in the barrier height for electrons in the cathode (¢;,1)
reduces the barrier height for holes in the anode (¢p2) since,
®n1 + ¢p2 = E4. By using two different metals for electrodes,
barrier height can be tailored independently as ¢,,1 +¢p2 > Ey
[34]. We have chosen Al and Cu for the detector electrodes.
Although Cu is known to be lossy, it has been demonstrated
that it is possible to fabricate truly nanoscale ultra-low-loss
copper plasmonic components [35] and unlike Au and Ag, an
industry standard process can be used.

IV. SIMULATION METHOD

The MIM-MSM structure is simulated using Lumerical’s
commercially available ‘DEVICE Multiphysics Simulation
Suite’. The 3D Finite Difference Time Domain (FDTD)
method is used to solve Maxwell’s equations and calculate
the electric and magnetic fields on a spatio-temporal grid.
The classical Maxwell’s equations are sufficient for our struc-
ture since plasmons can be accurately described by classical
Maxwell’s equations when the feature size of a structure is
not less than 10nm [36]. An absorbing boundary condition
based on perfectly matched layers (PML) is used in the FDTD
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Fig. 3. Absorbed power variation in Ge with (a) varying width and length of
the MSM detector (b) varying operating wavelength for W = 90nm, L =
Sum.

solver. The refractive indices of Al and Cu in our simulations
are obtained from Palik’s Handbook of optical constants [37].

A standard mode source injects the fundamental guided
mode in the form of Gaussian pulse into the input MIM
waveguide. From electric field distribution (E) and permittivity
data (¢) inside the Ge layer, the absorption profile (P,;s) and
optical generation rate (G) are calculated under the assumption
that each absorbed photon excites an electron-hole pair:

Pabs 0.5|E|2Im(e)

C=Fn = A @)

The photogeneration rate data from FDTD solver is imported
as input for the ‘Device Charge Transport® solver of Lumerical
to perform the electrical simulations. The 3D optical gener-
ation rate from FDTD solver is averaged along the length
since the detector is relatively uniform along its length. This
allows 2D electrical simulation reducing the simulation time
significantly. Default workfunction values for the metals have
been used with ¢, = 4.65eV and ¢p4; = 4.28eV. Scattering
dependent mobility model, field dependent mobility model,
doping dependent Shockley-Read-Hall (SRH) recombination
model, and surface recombination models are incorporated
during simulation.

V. RESULTS
A. Power Absorption in Ge

An important metric for plasmonic circuits is the fraction of
the plasmons that are lost in the waveguides or not absorbed
by the detector. To study the loss in the majority gate, a
2um x 1lum frequency domain power monitor in the FDTD
simulation tool is used, with the three inputs set to logic 1. We
found that 35% of the total input power is transmitted through
the MSM waveguide and delivered to the detector. This signifi-
cant loss is due to the inherent losses in metals, bending losses
in the plasmonic MIM waveguides, and coupling loss between
the MIM and MSM waveguides. The absorption of plasmons
inside the Ge film depends on the detector dimensions and
operating wavelength.

The absorbed power in the Ge layer normalized to the
majority gate input power for 111 input is shown in Fig. 3(a).
From electric field and index data, absorbed power at each 3-
D point is calculated and integration is performed over the
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Fig. 4. I-V characteristics for different input logic levels and dark condition for (a) Al-Ge-Al symmetric MSM detector (b) Al-Ge-Cu asymmetric MSM
detector. For the Al-Ge-Cu detector, on-state current variation is shown for (c) different input power levels (d) different detector dimensions, and (e) different

operating wavelengths. W = 90nm, L = 5um.

volume of the Ge layer. The values are normalized to the
overall input power of the majority gate. For W = 90nm,
there is a sharp increase in absorption from L = 100nm to
1pm and little change for L > 2pm which indicates that
most plasmons are absorbed within the first 1um. Absorption
is also a strong function of the Ge slot width. Due to
mode mismatch, there is reflection when the MIM and MSM
waveguides are coupled. When the slot widths in the detector
and output MIM waveguide are same (W = 120nm), there is
considerable reflection resulting in less absorption compared
to the W = 90nm case, even though it provides a larger area
for plasmon absorption. For W = 60nm, absorption is much
smaller because of higher reflection from the MIM-MSM
waveguide coupling interface as well as increased absorption
in the metal since more power is squeezed out of the narrow
Ge core.

Fig. 3b shows absorption in Ge versus free space wavelength
of the input signal at the MIM logic gate. Maximum absorption
occurs at A = 1200nm. For 1100nm < A < 1450nm,
absorption is within 90% of the maximum value. For sim-
ulation, we are considering the wavelengths of 1310nm and
1550nm which are global standards for optical communication
systems. Moreover, it is evident from Fig. 3b that absorption
at A = 1550nm is significantly smaller than absorption at
A = 1310nm.

B. Steady State Analysis

The integrated MIM-MSM structure is simulated in the ‘De-
vice Charge Transport’ solver of Lumerical to evaluate steady
state operation. In the case of an asymmetric MSM detector,
the lower workfunction metal (Al) is used as the anode, where

the positive bias is applied (forward bias condition). This helps
to get the same level of semiconductor depletion and internal
electric field at a lower bias voltage compared to the symmetric
case and enables low voltage operation.

Fig. 4 shows steady state performance of the detector for
dark as well as various input logic conditions. An overall input
power (P;,) of 0.3mW is assumed unless otherwise specified.
For the Al-Ge-Al symmetric MSM detector, at V' = 0.1V, the
dark current (I4,,) is only 1.2 times smaller than the lowest
logic current, Ipgo as shown in Fig. 4a. The high value of
Ijqrr in a symmetric MSM detector can become an issue for
detecting the weakest signal, Ipg9. However, in the asymmetric
case shown in Fig. 4b, I, becomes 3 orders of magnitude
smaller than I and the logic levels are more distinguishable
at forward bias. At reverse bias, 44,1 increases rapidly due
to small SBH for carriers at the electrodes (¢p1, dn2). For
this reason, we are particularly interested in the forward bias
region. Moreover, when V' = 0V, photocurrent is high due to
the built-in potential resulting from the electrode asymmetry.

Fig. 4c shows that as the input power level decreases, there
is a linear drop in the detector current. Next, we study the
impact of various detector dimensions. The trends for the
impact of the detector length and width on current are similar
to those for absorption, which were shown in Fig. 3a. It is
seen in Fig. 4d that W = 90nm and L = 5um result in
a higher photocurrent compared to L = 0.5um due to more
absorption in Ge. In addition, when L is fixed at 5um, current
decreases as W is changed from 90nm to 60nm due to the
increase in coupling reflection and metal absorption. Fig. 4e
compares the detector output for the two different wavelengths
mostly used in optical communications. For the same input



power level, at V=0.1V, Iyoo(A = 1310nm) is almost an
order of magnitude larger than Ipgo(A = 1550nm). Although
FOM_ons and FOM,p,,, degrade at A = 1310nm as shown
in Fig. 1b, due to higher current level, A = 1310nm is chosen
as the wavelength of operation for the coupled MIM-MSM
configuration.

C. Transient Analysis

In the previous section we analyzed the static performance
of the detector, this section will focus on the dynamic behavior
of the plasmonic detector. Due to subwavelength confinement
of SPP, the width of the active region of the proposed detector
is less than 100nm which ensures short transit times for the
photogenerated carriers in Ge. In addition, due to the asym-
metry in the electrode workfunctions, a strong internal electric
field exists in the plasmonic Ge slot region even without
any applied voltage. The transit-time-limited bandwidth can
be estimated from the carrier saturation velocity (vsq:) and
electrode spacing (W) as [38],

o 0~45vsat

fe= v 3)

Assuming a carrier saturation velocity of 6 x 105cms~1 in Ge,
a transit-time-limited bandwidth of 300G H z can be achieved
for W = 90nm.

To investigate the RC-limited bandwidth of the device, the
detector capacitance is calculated next. A variable frequency
small signal is superimposed on a fixed bias and applied to
the detector. The admittance is calculated and capacitance is
extracted using,

1 —1
Y (w) = (R,,d +— de> (4)

where 7, is the series resistance of the detector equivalent
circuit. For the detector with W = 90nm and L = 5um, the
calculated value of capacitance including contact capacitance
is, Cpq = 0.9fF ~ 1fF. This small value of capacitance
arises from the small dimensions of the plasmonic detector.
Less than 1ps is needed to charge up the capacitor to a
voltage of 5mV even when the weakest majority logic signal
(000) is present. Moreover, a metallic waveguide has a small
resistance and metallic lateral claddings of the detector can
be used as low resistive contacts [10]. This leads to an RC-
limited bandwidth of few THz if a 5082 purely resistive load
is connected to the detector. Hence, the intrinsic bandwidth of
a device like this would be transit-time-limited (~ 300G H z).
To confirm these results, we also investigated the dynamic
behavior of the plasmonic detector by running transient sim-
ulations and performing a Fourier transform of the impulse
current response. The high-field mobility model is especially
important for transient analysis to avoid overestimation of the
bandwidth. Fig. 5a shows the normalized frequency response
of the detector with W = 90nm and four different bias
voltages. We can see that the bandwidth is 220GHz at
100m V', which is close to the estimated value of 300G H z. As
the applied positive voltage is increased, it aids the downward
band tilting at the anode which results in a stronger electric
field inside the Ge slot and therefore a higher bandwidth.
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Fig. 5. Detector intrinsic bandwidth for (a) varying applied voltage with
W = 90nm (b) varying detector width with V' = 100mV. L = 5um.

When a negative voltage (V = —30mV) is applied, it causes
the band to move upward at the anode end which decreases
the device bandwidth.

The transient behavior is also simulated for different detec-
tor widths. As the width of the active region decreases, the
carrier drift path gets smaller resulting in shorter transit time
and higher bandwidth as shown in Fig. 5b. It is possible to
get very high bandwidth by using a very narrow active region.
However, as the Ge width is reduced, more energy enters
into the metallic layer and absorption in the metal dominates.
Although W < 60nm provides an intrinsic bandwidth of over
250G H z, considering the metal absorption issue, W = 90nm
is the selected optimized width which offers a good balance
between current and bandwidth. Moreover, for W = 90nm,
although L = bHum is used in simulations, the detector
length can be decreased to L = 2um with negligible change
in the absorbed power and hence current as shown in Fig.
3a. Additionally, since the detector is transit-time-limited,
bandwidth is not affected as well. So, L = 2um is the selected
optimized length of the detector. Detector bandwidth is also a
function of Ge doping level, increasing in value when a lower
doping level is used.

D. Design Considerations for the Detector’s Load Circuit

The weak current signal generated by the detector needs to
be amplified using a transimpedance amplifier (TIA). A large
TIA resistor improves the transimpedance gain but degrades
the overall RC-limited bandwidth of the detector. The input
capacitance of the amplifier is also an important factor that
can be larger than the intrinsic capacitance of the detector
depending on the size of transistors and the technology node.
In this section, we quantify the impact of the TIA resistance
and capacitance on bandwidth and overall performance and
determine the maximum load capacitance for a target band-
width. This will allow to dimension the full system once also
the CMOS circuit design stage is worked out in more detail.
We believe that independent of the specific direction of circuit
optimization, the analysis below remains valid and useful.

Fig. 6a shows the equivalent circuit of the detector with
TIA and a capacitive load (Cr). The shunt resistance, R, can
be calculated from the slope of the I-V curve at V = 0V
and it is 60M (2 for the proposed detector. As TIA resistance
and load capacitance increase, RC bandwidth decreases below
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220G H z and the detector changes from transit-time-limited to
RC-limited as shown in Fig. 6b. For calculating the bandwidth,
we assumed a detector series resistance, R,q = 50€2. So, if
we want to take advantage of the high intrinsic bandwidth of
the detector, Rrr4 and Cp, need to be designed accordingly.
For example, if Rp;4 = 502 is used, we need to ensure the
capacitive load associated with the CMOS circuit is less than
15fF to reach an overall bandwidth of 220G H z.

The voltage swing required at the TIA output depends
mainly on noise and offset of the comparator which restores
the sampler output signal to digital voltage levels. The input
referred noise of state-of-the-art comparators is around 1mV
root mean square (rms) [39], so a few mV’s of signal swing are
required to have a large signal-to-noise ratio (SNR) ensuring
a low bit-error-rate. Since, Iygq is the lowest current level, the
voltage corresponding to [ypo needs to be above the noise
level. Fig. 6¢c shows how Rpra affects the output voltage
(V,) swing when 000 logic is applied at the majority gate
input. Fig. 6d shows the overall input power requirement for
getting V, = 5mV at 100GH z when 100mV bias voltage is
applied to the detector. As Rpy4 is increased, V, increases
and less input power is required to have the same level of
output. Increasing Rpra also decreases the RC bandwidth
resulting in attenuation of voltage at high frequency. For
this reason, required input power decreases very little when
Rpra > 5009 is used. Moreover, as C, increases, the input
power requirement increases as shown in Fig. 6d.

It is important to highlight that the proposed 220G H z
bandwidth of the detector is higher than the experimentally
observed bandwidth of a plasmonic Ge detector [10]. However,
as shown in Fig. 4a of Ref. [10], measured frequency response
was flat up to 100G H z. Higher frequency measurements were
not done due to instrumental limitations as losses in the cable,

connectors, and probe result in low SNR values. Moreover, the
fabricated detector had symmetric metal electrode and wider
active region compared to our proposed detector. Therefore,
the proposed detector attains higher electric field, and hence
improved speed performance for the same applied bias com-
pared to the fabricated detector. Moreover, the prediction of the
220G H z bandwidth of a Ge-based plasmonic detector with a
narrower waveguide is in agreement with similar simulations
of Fig. S2(b) in Ref. [10].

The majority gate structure under consideration can imple-
ment all Boolean functionality also. Additionally, the MIM
waveguide structure with some extension can realize the so-
called threshold logic and can then be used as a building
block for counters and multipliers, which we discussed in
another work [40]. However, the logic structure cannot operate
alone and the optical output needs to be converted to the
electrical domain for data interpretation. This work highlights
guidelines regarding the co-optimization of the logic gate-
detector structure, design considerations of the receiver circuit,
and trade-off between speed and gain performance of the
detector. This information is critical to know before fabricating
a fully functional device demonstrator. While the exact value
of the bandwidth might turn out to be lower or higher than
220G H z in reality, we believe the general trends and trade-
offs are going to be valid and of interest to researchers working
on beyond-CMOS plasmonic circuits.

E. Noise in the Detector

Noise in the detector is an essential parameter for consid-
eration. For a photodetector, Noise Equivalent Power (NEP)
is a metric to quantify the minimum detectable signal power
[41]: .

NEP = Py, 42
s Iph

&)



Where 4, is the noise current, P;, q is the detector’s input
power, and I, is the photocurrent. In a photodetector, two
types of noise mainly affect the detection performance: shot
noise due to generation of carriers in dark condition and
thermal noise due to the random motion of carriers. Total noise
of the detector is [41],

AK 5T
i2 = <2q1dm+ B )B (6)
RZD

Here, Ij4.1 is the dark current, Kp is Boltzmann constant,
and B is detector’s bandwidth. Using the values of [,,; and
I, at V. = 100mV, calculated Rp from section V (D), the
calculated noise current and NEP of the proposed detector
are 35fAHz~/2? and 0.12pW Hz~/2, respectively. For ref-
erence, NEP value of a commercially available high-speed
InGaAs p-i-n photodetector (UPD-15-IR2-FC, ALPHALAS
GmbH) with a bandwidth > 25GHz is 1fWHz"'/2. For
the bandwidth of 220G Hz, the NEP value of the proposed
device refers to a noise power level of 56.2nW. As discussed
in section V' (A), 35% of the input power is transmitted to the
MSM detector; so noise imposes a limit of 0.16uWW on the
total input power of the majority gate.

In addition to the noise of the detector itself, the CMOS load
circuit introduces noise. For instance, input-referred noise cur-
rent of a TIA is inversely proportional to v/ Rrj4. Therefore, a
large TIA resistor will be needed for good noise performance
which reduces the overall bandwidth of the detector. So, there
is a trade-off between noise performance and overall detection
speed while choosing the value of Rry4.

VI. CONCLUSION

In this work, we have studied a plasmonic Ge MSM detector
which is designed to detect the outputs of a coupled MIM
plasmonic majority gate. The detector has a narrow active
region of W = 90nm and suppressed dark current of a few nA
with a photocurrent to dark current ratio of Ipnoto/Idark > 103
at forward bias. The high internal electric field helps in fast
transit of the photogenerated carriers leading to an intrinsic
bandwidth of more than 220G H z. In addition, the proposed
detector can operate at a low bias voltage of 100mV or
less. We also considered the load circuit of the detector and
analyzed how a transimpedance amplifier with a capacitive
load affects the output voltage swing as well as overall
bandwidth of the device.

APPENDIX
PROPOSED FABRICATION METHOD OF THE DETECTOR

To understand the feasibility of the proposed device, here we
discuss a possible technology and steps that can be followed
to fabricate the asymmetric MSM structure.

At first, SiO2 will be grown on Si substrate by high-
temperature oxidation, which opens a Si seeding window in
the oxide. Amorphous Ge with a thickness of 100nm will
be deposited using low-pressure CVD. The deposited Ge
will be patterned and aligned subsequently to the Si seeding
window. To encapsulate the deposited Ge, a thin layer of low-
temperature SiO2 will be deposited. Rapid thermal annealing

will then be used to melt the Ge. Crystalline Ge will start
growing from the Si/Ge interface, and this will propagate
laterally through the Ge liquid on top of SiO2. After etching
the oxide, Focused Ion Beam milling process will be used
to fabricate the active area of the detector. The same process
has been used in [42] to deposit crystalline Ge on SiO2. The
process can be visualized from Fig. 3 of Ref. [42].

Once the Ge active area is fabricated, asymmetric metals can
be deposited using different technologies. The e-beam evapo-
ration, patterning, and lift-off process can be used for metal
electrode deposition, as demonstrated in [10]. However, for the
asymmetric MSM structure, we will need two sequential lift-
off processes: one for Al and one for Cu. Moreover, we can
use the directional deposition technique for two metals, which
has been demonstrated for fabricating a Si-based asymmetric
MSM photodetector with an electrode spacing of only 75nm
[15]. The process can be visualized from Fig. S2 of Ref. [15].
In this case, an oxide layer grown on Ge acts as a hard mask
for metal evaporation. Metal evaporation will take place from
both sides of Ge at a grazing incidence to the plane of the
chip. The metals will be deposited on the oxide hard mask
also. Metal lift-off followed by oxide etching will create the
final MSM structure with different metal electrodes.
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