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ABSTRACT

This work presents a numerical investigation into the performance metrics of photodetectors made from monolayer
MoSs, a two-dimensional material with unique optoelectronic properties. The study introduces a one-dimensional
drift-diffusion framework and wave propagation in layered media analysis. Results demonstrate a peak quantum
efficiency at 561 nm, influenced by the substrate. The precision of the model validates its utility for characterizing
MoS, photodetectors, emphasizing the importance of background inclusion in calculations. The efficiency of the
computation makes the model suitable for in-depth device analyses and device design via numerical optimization.
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1. INTRODUCTION

A specific class of materials called transition metal dichalcogenides (TMDs), which contains one atom of tran-
sition metal and two chalcogen atoms, can be obtained as mono or a few layers.'® Monolayer TMDs have
attracted researchers’ attention during the last two decades for various optoelectronic applications®® due to
their unique optical and electronic properties.” ' So far, the most commonly studied monolayer TMD has been
the molybdenum disulfide (MoSs).'?8 14 When bulk MoS; is transformed into its monolayer counterpart, it
becomes a direct-bandgap material, which means its valence band maximum and conduction band minimum have
the same crystal momentum. Because of the direct bandgap, a photon can directly generate an electron-hole
pair and hence monolayer MoS, can be used in photodetection applications.%: 1416

The ability of MoSs-based phototransistors to convert optical excitations into electrical currents depends on
numerous factors, including the quality, dimensions, doping, and defect levels of the two-dimensional (2D) mate-
rial;"? the materials and thicknesses of the substrate;'! the type, shape, and placement of the metal contacts;'”
ambient temperature; wavelength and strength of the optical excitation;>* and applied voltages.” Given the
multitude of these variables, numerical methods can offer more precise designs for application-specific phototran-
sistors compared to approximate analytical formulas. Ueda et al., for instance, analyzed the carrier distributions
in a monolayer tungsten diselenide (WSes) transistor covered with an ionic liquid by solving the drift-diffusion
equations in two dimensions, marking the first known study on ion-gated transistor devices made from 2D ma-
terials.'® Similarly, Chen et al. developed a numerical method combining the drift-diffusion transport equations
with a 2D Poisson equation to simulate a 2D device structure.'® Both studies produced results consistent with
experimental data in the literature.

In this work, we propose a simplified one-dimensional (1D) numerical solution that is capable of solving the
drift-diffusion model to determine the performance metrics of 2D material-based photodetectors. Here, we have
chosen monolayer MoS, as the photosensitive layer to characterize the device but the theory is valid for other
phototransistors made from thin TMD films. We have sequentially calculated the output current, quantum
efficiency, phase noise, and bandwidth of the device. We validate our numerical results with the experimental
results found in the literature.
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2. DEVICE STRUCTURE

Figure 1 shows the structure of the characterized device. It consists of a 0.65 nm thin MoS, monolayer on top of a
270 nm SiO4 coated p-doped silicon substrate. There are two gold (Au) contacts at both sides of the monolayer,
which connect the 2D material to the external circuit, as shown in Fig. 1(b). A bias voltage (V;) is applied
between the drain and source contacts. Another voltage is applied from the bottom of the device called the gate
voltage (V4). It is considered that the device is normally illuminated from the top. The device considered in this
work is 1 pum long and 1 pum wide for all our simulations except the evaluation of radio frequency (RF) output
power.
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Figure 1. Schematic diagram of the monolayer MoS2 based photodetector.

3. NUMERICAL MODEL

To determine the current transport behavior of the device, we use the drift-diffusion model.% %9 We solve the
current continuity equations self-consistently with Poisson’s equation which are given as follows:
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where, ¢ is the charge of electron, G is optical generation rate of the MoSs layer, R is the recombination rate, €
is the permittivity of MoSy, and NB’ and N, are the ionized donor and acceptor impurity concentrations. J,
and J, are current densities for electrons and holes, which are determined with the drift-diffusion equations,
Jy = qnvy(E) + ¢D,Vn and J, = qpv,(E) — ¢D,Vp, where, D, = kgTu,/q and D, = kgTp,/q are the
electron and hole’s diffusion coefficients respectively. v, (E) and v,(E) are electric-field dependent electron and
hole drift velocities respectively. The generation rate (G) of the MoSs layer is determined from the relation
G = Pya/AE,;, where Py is the factor corresponding to incident laser power, « is the absorption coefficient
of MoS, that is derived from the complex electrical permittivity, A is the illuminated surface area of the 2D
material layer, and Epy is the energy of incident photons.

To incorporate the applied gate voltage, we have considered the MoSs monolayer as intrinsically n-doped
due to surface traps with a doping density of Niraps, Where Niraps is set equal to 1010 em—2. If Vg is more
significant than a threshold value, i.e., if V; > V;p, then we calculate the doping density with the following
expression: ng = eox (Vg — Vin)/tox, where Vi, = Niapstox/€ox, tox is the thickness of the oxide layer, and eo is
the permittivity of the oxide layer. The resistance, Ryoaq is calculated using Rroaq = v/ps X Rsn, Where Ry, is
the sheet resistance of the MoSy monolayer, Rg, = 1/qnu,(T)A, and p; is the interfacial resistance between the
contact and the MoS,, with T being the temperature and p,, is the electron low-field mobility. We calculate the
interfacial resistance using an empirical formula (p; = 1/[(T'—100)/107]*) derived from the experimental data.?
Since we require the material properties of monolayer MoSs to solve for the current continuity and Poisson’s



equations, we have gathered these material parameters from the literature. Table 1 lists material parameters
used in this work. Moreover, we have utilized a hybrid Drude-Lorentz-Gaussian model to accurately determine
the permittivity of monolayer MoSs as described in detail in Ref. 8.

Table 1. Material parameters of MoS2 at T' = 300K used in our simulations. myo is the electron mass.

Parameter Name Symbol | Value

Energy bandgap® E, 1.87 eV
Electron’s effective mass'® my 0.35mo

Hole’s effective mass'® mi, 0.50mo

Electron :aufﬁnity21 Xi 4.27 eV
Radiative recombination coefficient'? B: 1077 cm? /s
Auger coefficient'? Ch, Cp 1072 cm®/s
Density of states in conduction band?? | N¢ 3.76 x 10 cm™2
Density of states in valence band*? Ny 5.76 x 10 cm ™2
Hole saturation velocity13 Up,sat 1 x 107 cm/s
Electron saturation velocity13 Un,sat 4.2 x 10° cm/s
Electron lifetime'® Tn 1x107%s

Hole lifetime'® Tp 1x107%s

This model has three unknown parameters: electron density n, hole density p, and the electrical potential,
¢. We use Newton’s method to determine these three unknowns from three sets of equations. We solve for this
model in two steps. Initially, we find the steady-state output current by using some initial guess for p, n, and
¢. Then, we use the steady-state solution as an initial guess to find the dynamic output current in the time
domain. The MoSs monolayer is first divided into uniform mesh points, and the second-order finite differences
are used to discretize the parameters. We have used the implicit Euler method to obtain the solution in the
time domain. Additionally, we consider our device a multilayered structure and assume that the incident wave
is a plane wave. By solving for simple plane wave propagation in a layered medium, we find the local electric
field inside the monolayer MoS,. This electric field is used in our drift-diffusion solver to calculate the quantum
efficiency of the device accurately. The solver is implemented in MATLAB. Each of the simulations takes less
than two minutes on a desktop computer.

4. RESULTS AND DISCUSSION

We investigate the output current characteristics of the device as follows. First, we gradually increase the bias
voltage (Vy), keeping the gate voltage (V;) constant at 10 V. The illumination wavelength is set at 561 nm. It
is shown in Fig. 2 (a) that output current increases and becomes saturated. When the illumination intensity
is high, the output current gets saturated for a larger V3. This is because, under low-intensity illumination,
the carriers generated due to doping cause the current flow, and the current is saturated when these carriers
reach their saturation velocities. However, in addition to doping at higher intensity, we have photogenerated
carriers that enhance the output current and shift the saturation. In Fig. 2 (b), we keep Vj constant at 0.5 V and
gradually increase V,. When V| is increased, the carrier density in MoSs monolayer is also increased, resulting in
higher output current, which also saturates at some threshold value. Nevertheless, higher illumination intensity
enables photogenerated electron-hole pairs to increase the output current further, as observed from different
colored lines in Fig. 2 (b).

We next analyze the quantum efficiency (Qef) of the device. Qe is defined as the ratio between the number
of electrons to the number of incident photons. Since we have obtained the output current in the time domain,
its numerical integration over excitation time gives us the number of photogenerated electrons. We calculate the
number of photons using the illumination intensity and the generation rate of monolayer MoSs. Calculated Qg
as a function of illumination wavelength is shown in the left y-axis of Fig. 3(a). It is observed that the Qg
gradually increases with wavelength, reaches its peak around 561 nm, then decreases with further increase in
wavelength. The experimental results” are denoted by the red dots aligned with the right y-axis. It is important
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Figure 2. Output current as a function of a) bias voltage when V, = 0.5 V and b) gate voltage when V4 = 10 V at
different illumination intensities and A = 561 nm.

to note that the scales of the experiment are different from our calculations because they measured internal
quantum efficiency, which only considers the photons absorbed by the monolayer MoS,. Nevertheless, we can
observe from Fig. 3 (a) that our numerically calculated Q.g shows a similar trend as the experiments. This trend
is mainly controlled by the intensity of the electric field experienced by the MoS,. Hence, taking substrate into
account by following a wave propagation in layered media formalism is essential.®'! We have also analyzed Qg
as a function of the input power. It is observed from Fig. 3 (b) that Qeg is reduced with increased normalized
power because the output current does not increase with incident power linearly.
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Figure 3. a) Numerically calculated quantum efficiency as a function of wavelength (left y-axis) at P = 0.2 W and
experimentally obtained internal quantum efficiency (right y-axis). b) Calculated quantum efficiency as a function of
normalized incident illumination power at V4 = 0.2 V, Vy, = 10 V, and A = 561 nm.

We have numerically calculated the phase noise of the monolayer MoSs-based phototransistor by following
the method described in Ref. 23. Figures 4 (a) and (b) illustrate the phase noise as a function of wavelength
and incident power, respectively. It is observed that the phase noise increases with wavelength and decreases
with incident power. This is because phase noise depends on the output power. Since at higher wavelengths, the
output current is reduced due to the lower absorption coefficient of monolayer MoSs; phase noise is increased.
Similarly, the output current increases with incident illumination, as shown in Fig. 2. Therefore, it reduces the
phase noise. One crucial fact is that the wavelength of minimum phase noise in the visible spectrum (~ 430 nm)
is different from the wavelength of maximum Qg (~ 561 nm).

Finally, we analyze the device’s RF output power and bandwidth.'® We modulate the generation rate of
the MoSs monolayer by using the following expression: Gi, = G[1 + msin (27 fimedt)], where m represents the
modulation depth and fioq is the modulation frequency. Using this expression, we find the output current
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Figure 4. Calculated phase noise as a function of a) illumination wavelength at P = 0.2 uW and b) normalized incident
illumination power at A = 561 nm. For both (a) and (b), V4 = 0.2 V, V, = 10 V, and A = 561 nm are set.

at various modulation frequencies. The output current is then used to calculate the RF output power using
Prp = 12,; X RLoad- The frequency change for which the power is reduced by 3 dB gives us the overall bandwidth
of the device. We have calculated the RF output power and bandwidth for two types of dimensions: 1 pym X
1 pm and 40 pm x 40 pm. The numerical results are shown in Fig. 5. The numerically calculated bandwidth
of the device in Fig. 5 (a) is approximately 1.16 GHz, which is slightly lower than the one reported in Ref. 14.
Meanwhile, the 40 ym x 40 pm has a bandwidth of approximately 41.43 MHz.
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Figure 5. RF output power and total bandwidth of the device as a function of modulation frequency at A = 561 nm, V,
=0.2V,and V; =10 V.

5. CONCLUSION

We have demonstrated a numerical solution for characterizing 2D material-based photodetectors. Different
performance metrics have been analyzed for monolayer MoSy as the semiconducting channel using a 1D drift-
diffusion model and a layered media approach. Alignment with experimental results found in the literature
ensures the accuracy of the modeling technique. This solver enables us to compute the characteristics of this
specific class of devices before going into fabrication, enhancing the process’s efficiency.
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