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Abstract
Periodic arrays of metallic structures are commonly placed on top of two-dimensional (2D) materials to enhance the local 
electric field and light absorption, particularly for light detection and generation. However, such enhancement often leads 
to substantial increases in local temperature under high-power optical excitations. This study explores the feasibility of 
devising a novel phototransistor with moderate field enhancement yet superior thermal management. Our approach involves 
strategically placing metal nanoparticles beneath the 2D material and atop silicon pillars. Heat is efficiently transferred to the 
substrate, mitigating thermal accumulation by leveraging the high thermal conductivity of both metals and silicon. Through 
multi-physics numerical modeling, our analysis reveals that the proposed design has higher quantum efficiency under high-
power excitations than plain and plasmonic phototransistors decorated with metal nanoparticles atop.

Keywords 2D materials · Phototransistors · Quantum efficiency · Thermal management

1 Introduction

Over the past two decades, interest in two-dimensional (2D) 
materials has grown exponentially due to their unique elec-
trical, optical, and mechanical properties [1–3], rendering 
them suitable candidates for a variety of photonic and opto-
electronic applications [4–16]. A specific group of materi-
als known as transition metal dichalcogenides (TMDs) has 
emerged as the preferred choice for photosensitive appli-
cations, primarily due to their bandgaps falling within the 
visible to near-infrared portion of the electromagnetic spec-
trum [3–6, 10–13, 15, 17, 18]. Experimental techniques have 
been developed to efficiently fabricate these atomically thin 
structures on silicon, metallic, and glass substrates [19–21]. 

Notably, TMDs exhibit a direct bandgap when obtained in 
monolayer forms. While this direct bandgap nature enables 
moderate photodetection by facilitating a higher generation 
of electron–hole pairs, it compromises their optical absorp-
tion characteristics compared to their bulk counterparts.

Researchers have been exploring different ways of 
enhancing the absorption of light by these atom-thick 
materials, for example, by creating Van der Waals hetero-
structures [22], playing with their chemical formulations 
[23], and placing plasmonic resonators [10, 11, 14, 17, 
24–26] in the vicinity of these 2D materials similar to 
the plasmonic solar cells [27–30]. For example, Yu et al. 
introduced a method to enhance photocurrent generation 
in vertical heterostructures of layered materials such as 
graphene and MoS2 [22]. Lin et al. demonstrated plas-
monic enhancement of photocurrent in MoS2 field-effect 
transistors decorated with gold nanoparticles [24]. Butun 
and colleagues demonstrated enhanced light emission 
from monolayer MoS2 using plasmonic silver nanodisk 
arrays, resulting in up to a 12-fold increase in photolu-
minescence [17]. Bang et al. achieved a high-gain MoS2 
photodetector by utilizing the surface plasmon of an Ag 
nanowire network [25]. Wu et al. designed a “gap-mode” 
plasmon-enhanced monolayer MoS2 fluorescent emitter 
and photodetector, overcoming the limited light absorption 
of 2D materials and achieving significant enhancements in 
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photoluminescence intensity and photocurrent [26]. Lan et 
al. demonstrated gate-tunable plasmonic phototransistors 
integrated with monolayer MoS2 , achieving ultrahigh pho-
toresponsivity and a significant enhancement in photocur-
rent compared to pristine devices [14]. Recently, Koepfli 
et al. experimentally verified 500-gigahertz bandwidth in 
a graphene-based photodetector, in which they incorpo-
rated a metamaterial to enhance the light absorption and 
engineered the contact design to maximize carrier extrac-
tion [16].

In these studies, the researchers generally support their 
experimental findings with some numerical results gener-
ated using the finite-difference time-domain (FDTD) method 
[10, 14, 16, 17, 26, 31] or the coupled-dipole approximation 
[32, 33] assuming a constant room temperature of operation. 
However, in regular plasmonic phototransistors, where metal 
nanoparticle arrays are fabricated over 2D materials, the 
temperature inside the 2D material might change dramati-
cally with increasing optical power, leading to a significant 
drop in the quantum efficiency of the device. In extreme 
excitation cases, the heat can also cause permanent damage 
to the device [34].

We previously developed a drift-diffusion model and 
validated it against experimental results to conduct detailed 
analyses of two-dimensional (2D) material-based phototran-
sistors [35]. This model assumed a constant operating tem-
perature. In this work, we first extend this model to incor-
porate local temperature changes arising from Joule heating. 
After validating the accuracy of this extended model against 
experimental results found in the literature, we numerically 
investigate the performance of 2D material-based phototran-
sistors decorated with metal nanoparticles. Our results dem-
onstrate that enhancing the local electric field through plas-
monic resonances under weak optical excitations leads to 
increased quantum efficiency. However, as the optical power 
increases, this field enhancement causes a significant rise 
in local temperature, ultimately resulting in a substantial 
drop in the phototransistor’s quantum efficiency. To miti-
gate this issue and provide a more efficient heat dissipation 
mechanism, we propose an alternative design: placing metal 
nanoparticles beneath the 2D material and supporting them 
with silicon nanopillars. The underlying principle is that 
while the metal nanoparticles continue to enhance the local 
electric field, the heat generated around them is effectively 
collected by the silicon nanopillars and transferred to the 
silicon substrate, preventing excessive temperature rises. For 
a proof-of-concept demonstration, we selected monolayer 
molybdenum disulfide (MoS2 ) as our material of choice, 
leveraging our extensive experimental [3, 10, 11, 36] and 
numerical [3, 35, 37] experience with this material. Our 
numerical results indicate that the proposed design exhibits 
weaker heat buildup and, consequently, a less pronounced 
reduction in quantum efficiency than traditional plasmonic 

phototransistors. Therefore, it demonstrates a more stable 
performance profile, making it a more suitable choice for 
high-power applications.

The outline of this paper is as follows. We begin by 
describing the details of our temperature-dependent numer-
ical model, which incorporates the drift-diffusion equa-
tions with temperature effects and accounts for Joule heat-
ing within monolayer MoS2 . We investigate the impact of 
assuming a constant temperature versus the proposed tem-
perature-dependent model on quantum efficiency. Further-
more, we validate the accuracy of the model by comparing 
its predictions with experimental data obtained from plain 
MoS2 phototransistors. We then explore the role of plas-
monic nanoparticles in enhancing the quantum efficiency of 
2D material-based phototransistors. Specifically, we exam-
ine the performance variations of designs with nanoparticles 
placed on top and underneath the MoS2 layer as a function of 
incident power. After briefly discussing the practical impli-
cations of plasmonic nanoparticle integration, we conclude 
by summarizing the key findings.

2  Temperature‑dependent numerical model 
and its validation

Figure 1a, c, and d illustrates the 2D material-based pho-
totransistors investigated in this work. The first design does 
not have nanoparticles (NPs). Figure 1b depicts the equiva-
lent circuit model of this reference phototransistor. In the 
second design, NPs are positioned directly on top of the 2D 
material. In the third design, NPs are placed beneath the 2D 
material, with a small gap separating the top surface of the 
NPs from the 2D material. A possible fabrication procedure 
is illustrated in Fig. 2. The process can begin with resist 
coating, where a thin layer of resist is applied to the substrate 
to serve as the patterning medium for electron beam lithog-
raphy (E-beam lithography). Next, E-beam lithography can 
be performed to expose specific regions of the resist, modi-
fying its solubility and enabling selective removal during 
the development process. Development might then be car-
ried out to dissolve the exposed resist regions, revealing the 
underlying substrate in the desired pattern. Once the pattern 
is defined, the exposed areas of the underlying layer can be 
etched away, transferring the resist pattern onto the substrate. 
Following this, a thin layer of metal can be deposited onto 
the structured surface to form the plasmonic components of 
the device. The pattern can then be finalized through a lift-
off process, in which the remaining resist is removed, leav-
ing behind well-defined metal structures. An RCA cleaning 
step might be performed to eliminate any residual contami-
nants. Subsequent processing can include silicon etching to 
create silicon nanopillars for a more efficient heat dissipa-
tion. Afterward, an oxide layer (SiO2 ) can be grown to serve 
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as an insulating or protective layer, enhancing device func-
tionality. Once these fabrication steps are complete, MoS2 
can be deposited or transferred using various techniques, 
either in-house or through a commercial facility, depending 
on available resources and specific requirements.

For all designs, we assume a monolayer MoS2 with a 
thickness of 0.65 nm. Metal contacts are assumed to be made 
of gold (Au). The SiO2 layer thickness is 94 nm for the refer-
ence design (used for model validation) and 270 nm for the 
plasmonic phototransistors. Both thicknesses are suitable for 
providing high contrast between the 2D material-covered 
and bare substrates [37]. The substrate is silicon (Si) with a 2 
� m thickness. Vd and Vg represent the bias (drain-to-source) 
and back-gate voltages. The phototransistor is illuminated 
normally from above with an incident electric field given 

by Einc = ŷE0e
−jkz , where E0 is the electric field intensity, 

k = 2�∕� , and � is the wavelength of the optical excitation. 
To analyze the performance of these phototransistors, we 
adopt the one-dimensional drift-diffusion model proposed in 
[35]. The model is built on the current continuity equations 
and the Poisson equation [27, 38]:

(1)

�(n − N+
D
)

�t
=

∇ ⋅ Jn

q
+ G − R(n, p),

�(p − N−
A
)

�t
= −

∇ ⋅ Jp

q
+ G − R(n, p),

∇ ⋅ E =
q

�
(n − p + N−

A
− N+

D
),

Fig. 1  a Schematic view of a plain monolayer MoS
2
 phototransistor 

with metal contacts on both sides and b the equivalent circuit model, 
where Vd and Vg are the applied bias and gate voltages. Schematic 
views of the plasmonic MoS

2
 phototransistors with gold nanoparticles 

(c) on top and (d) underneath the MoS
2
 layer. For the latter, the nan-

oparticles are placed on top of silicon nanopillars for more efficient 
heat dissipation

Fig. 2  One possible fabrication process for plasmonic phototransistors with metal nanoparticles positioned beneath the 2D material
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where n is the electron density, p is the hole density, t is 
time, q is electron’s charge, G is generation rate, R is recom-
bination rate, � is the permittivity of MoS2 , and N+

D
 and N−

A
 

are the ionized donor and acceptor densities. Jn and Jp are 
electron and hole current densities, respectively, determined 
by drift-diffusion equations,

where Dn = kBT�n∕q and Dp = kBT�p∕q are the diffusion 
coefficients of electron and hole, respectively. kB is the 
Boltzmann constant, and T is the temperature. �n and �p are 
e lectron and hole  mobil i t ies  computed with 
�n,p = 2qℏ3Cs∕3kBTm

2
n,p
E2
1n,1p

 , where Cs is the stretching 
modulus, and E1n and E1p are the deformation potential for 
electrons and holes [39]. vn(E) and vp(E) are electron and 
hole drift velocities, respectively, which are evaluated using 
t h e  fa m o u s  C a u g h ey – T h o m a s  m o d e l  [ 2 ] , 
vn,p = �0|E|∕(1 + �0|E|∕vn,p,sat) , where �0 is the low-field 
mobility and |E| is the magnitude of electric field, which can 
be computed with numerically, for example, using the trans-
fer-matrix method [37] for plain phototransistors and with a 
finite elements or finite-differences-based numerical solver 
as it is done in this work.

The G term in Eq. (1) is the electron–hole generation rate 
of monolayer MoS2 and determined using the expression: 
G = P0�∕AEph , where P0 is the factor corresponding to the 
incident laser power, � is the absorption coefficient of MoS2 
that is derived from the complex electrical permittivity [3], 
A is the surface area illuminated by the laser, and Eph is pho-
ton’s energy. Actual incident power in watts can be calculated 
by using P = Eph × NP∕A , where NP is the total number of 
incident photons during the excitation, which is obtained by 
integrating the generation rate over the excitation time.

The R(n, p) term in Eq. (1) is the overall recombination 
rate, which includes the Shockley–Read–Hall recombination, 
Auger recombination, and radiative recombination [40]. We 
calculate the total recombination using the following formula:

where ni is the intrinsic carrier concentration, �p and �n are 
hole and electron lifetimes, respectively, Cn and Cp are the 
Auger recombination rates of electrons and holes respec-
tively, and Br is the radiative recombination rate. To account 
for the applied gate voltage, we assume the MoS2 monolayer 
is intrinsically n-doped due to surface traps with a doping 
density of Ntraps . When the gate voltage ( Vg ) exceeds a 
threshold value ( Vth ), the doping density is determined using 
the expression ns = �ox(Vg − Vth)∕tox , where the threshold 

(2)
Jn = qnvn(E) + qDn∇n

Jp = qpvp(E) − qDp∇p

(3)
R(n, p) = (np − n2

i
)×

[
1

(n + ni)�p + (p + ni)�n
+ Cnn + Cpp + Br

]

voltage is given by Vth = Ntrapstox∕�ox . Here, tox represents 
the oxide layer thickness, and �ox is the permittivity of the 
oxide layer.

We adopt the simple temperature model discussed in [41] 
to evaluate the temperature increase inside the MoS2 film 
due to Joule heating. Under steady-state condition, the tem-
perature change because of Joule heating can be computed 
with −∇ ⋅ �T∇T = J ⋅ E . We can deduce an approximation 
from this equation to estimate the temperature increase 
inside the MoS2 layer with the following expression,

where J = Jn + Jp is the total current density, L is the length 
of the phototransistor, and �T is the thermal conductivity of 
monolayer MoS2 , which is approximated by using a simple 
model, �T (T) = 1370e−0.0315T + 156e−0.0048T . This formula 
provides a good approximation of the thermal conductivity 
for monolayer MoS2 determined with first principle calcula-
tions [42]. The rest of the material parameters are summa-
rized in Table 1. Refractive indices of the other materials 
used in this work, which are Si, SiO2 , and Au, can be found 
in [43, 44], and [45], respectively.

Before evaluating its accuracy, we first investigate the 
expected discrepancy between this temperature-dependent 
model and our previous model [35], which assumed a con-
stant operating temperature. A 1 � m by 1 � m monolayer 
MoS2 is placed on a 94-nm-thick SiO2 layer atop a Si sub-
strate. We assume a trap density, Ntraps = 1010 cm−2 , for all 
cases presented here. Figure 3a illustrates the reflectance 
from this structure as a function of incident wavelength 
and the intensity of the electric field at the center of the 
MoS2 film. Consistent with experimental findings [3], the 
reflectance is strong at shorter wavelengths, diminishes with 
increasing � , and exhibits oscillations around the red region 
of the spectrum. Notably, the peak in electric field intensity 
occurs at a wavelength distinct from the wavelength of mini-
mum reflectance. This behavior is attributed to the refractive 
indices and thicknesses of the substrate layers, as detailed 
in [35]. Figure 3b presents the quantum efficiency of this 
phototransistor for � = 575 nm, Vd = 0.5 V, and Vg = 10 V. 
The solid and dashed curves represent the numerical results 
obtained using our previous fixed-temperature model [35] 
(assuming T = 300 K) and the proposed temperature-
dependent model, respectively, where the local temperature 
is calculated using Eq. (4). As expected, the models exhibit 
negligible differences at very low optical powers. However, 
the new temperature-dependent model predicts a more sig-
nificant decrease in quantum efficiency with increasing inci-
dent power.

To validate the accuracy of this temperature-dependent 
numerical model, we compare its predictions to experi-
mental measurements on a bare MoS2 phototransistor 

(4)∇T ≈ |J ⋅ E|∕�TL
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studied in [12]. The MoS2 film has dimensions of 5 � m 
in width and 4 � m in length. First, we set the excitation 
wavelength to 532 nm and the incident power to 15 mW/�
m2 . We then calculate the output current ( Id ) as a func-
tion of the drain-to-source voltage ( Vd ) for a gate volt-
age of Vg = 25 V. Figure 4a demonstrates a good agree-
ment between our numerical results and the experimental 
data presented in [12]. Next, we compute the temperature 
increase at the center of the MoS2 film as a function of 
incident power for Vd = 4 V and Vg = 25 V. Figure 4b again 
reveals strong agreement between our numerical results 
and the experimental findings reported in [12].

3  Excito‑plasmonic phototransistors

Next, we examine the performance of the phototransis-
tors depicted in Fig. 1c and d. We refer to these devices 
as excito-plasmonic phototransistors because they lever-
age the interaction between excitons (electron–hole pairs 
within the semiconductor film) and plasmons (collective 
oscillations of electrons within or on the surface of the 
metal NPs) to enhance light detection capabilities. This 
coupled interaction is expected to amplify the photocur-
rent generated by light exposure [14].

Table 1  Material parameters of 
MoS

2
 used in our calculations. 

m
0
 is the electron mass

Parameter name Symbol Value

Energy bandgap [46] Eg 1.95 − 5.9 × 10−4T2∕(T + 430) 
eV

Electron’s effective mass [47] mn 0.35m0

Hole’s effective mass [47] mp 0.50m0

Electron affinity [7] �
i

4.27 eV
Radiative recombination coefficient [8] Br 10−7 cm3∕s

Auger coefficient [8] Cn,Cp 10−24 cm6∕s

Density of states in conduction band [48] NC 3.76 × 1011 cm−2

Density of states in valence band [48] NV 5.76 × 1011 cm−2

Hole saturation velocity [49] vp,sat 1 × 107 cm∕s

Electron saturation velocity [49] vn,sat 4.2 × 106 cm∕s

Electron lifetime [9] �n 1 × 10−9 s

Stretching modulus [39] C
s

138.2 N/m
Deformation potential for electrons [39] E1n 11.02 eV
Deformation potential for holes [39] E1p 5.05 eV
Hole lifetime [9] �p 1 × 10−8 s

Mass density [50] � 5060 kg/m3

Specific heat [51] c
v

255104 J/kgK
Thermal conductivity [52] � 23.2 W/mK

Fig. 3  a The blue solid curve is the reflectance from a MoS
2
-coated 

SiO
2
/Si substrate as a function of wavelength, and the dashed red 

curve is the electric field intensity at the center of the MoS
2
 film. b 

Quantum efficiency of this phototransistor as a function of incident 
power calculated assuming a constant temperature of operation (solid 
curve) and temperature-dependent model (dashed curve)
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We first consider a scenario where a gold nanoparticle 
array is positioned atop a MoS2 layer, which is itself depos-
ited on a 270-nm-thick SiO2 layer on a Si substrate, as illus-
trated in Fig. 1c. The MoS2 film dimensions are 5 � m by 4 
� m, with Vg = 25V  , and Vd = 10 V. The cylindrical Au NPs 
have a diameter of 75 nm and a height of 65 nm, arranged 
with an inter-particle spacing of 200 nm in the lateral direc-
tions. The blue solid curves in Fig. 5a–c depict the local 

enhancement ratio for the y-component of the electric field 
intensity for three distinct excitation wavelengths: 475 nm, 
550 nm, and 625 nm, respectively. Here, the local enhance-
ment ratio is defined as the ratio of the y-component of the 
electric field intensity at the center of the MoS2 layer (i.e., at 
z = 0.325 nm) with and without the presence of NPs. In all 
cases, we observe significant field enhancement near the NP 
edges, highlighted by red-shaded regions. Figure 5d presents 

Fig. 4  a Output current vs. drain-to-source voltage for a 5�m × 4�m monolayer MoS
2
-coated SiO

2
/Si substrate for Vg = 25 V, � = 532 nm, and 

P = 15 mW/�m2 . b Temperature increase inside the monolayer MoS
2
 vs. incident power for Vd = 4 V, Vg = 25 V, and � = 532 nm

Fig. 5  Electric field intensity inside the monolayer MoS
2
 with the 

nanoparticles on top (solid curves) and underneath (dashed curves) of 
the MoS

2
 layer for (a) � = 475 nm, (b) � = 550 nm, and (c) � = 625 

nm. The red-shaded regions correspond to the location of NPs. (d) 
Electric field intensity averaged along the MoS

2
 layer as a function 

of �
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the enhancement ratio averaged across the entire MoS2 film 
as a function of the incident wavelength. We then repeat 
these calculations for the excito-plasmonic phototransistor 
depicted in Fig. 1d. In this configuration, the metal NPs are 
positioned beneath the MoS2 layer and on top of 200 nm 
tall Si nanopillars with a diameter of 75 nm. Since the SiO2 
layer is 270 nm thick, a 5 nm gap exists between the Au 
NPs and the bottom surface of the MoS2 film. This design 
is motivated by silicon’s significantly higher thermal con-
ductivity than SiO2 . We anticipate that the heat generated 
by the enhanced local electric field can be more effectively 
transferred to the silicon substrate due to the high thermal 
conductivity of both gold and silicon. The dashed red curves 
in Fig. 5 illustrate the local and averaged enhancement ratios 
for this configuration. Two key observations emerge from 
Fig. 5a–c as follows. First, the field enhancement is most 
pronounced directly on top of the Au NPs, rather than near 
their edges. This suggests that the Au NPs function more 
like reflectors in this arrangement. Second, the average 
field enhancement is weaker compared to the design with 
Au NPs positioned on top of the MoS2 layer. This is unsur-
prising, as the Au NPs are not in direct contact with the 
MoS2 film in this proposed design. In Fig. 5d, we plot the 
electric field enhancement ratios averaged along the MoS2 
layer as a function of � . Based on these average enhance-
ment ratios, we expect a comparable level of improvement 
in quantum efficiency (relative to the bare phototransistor) 
at � = 475 nm for both designs. At longer wavelengths, the 
excito-plasmonic phototransistor with NPs positioned on top 
should exhibit a higher quantum efficiency than the design 
with NPs positioned underneath, particularly at low excita-
tion powers. At wavelengths close to 450 nm, we observe 
that the design with NPs underneath has a stronger average 
field enhancement, despite the results presented in Fig. 5a–c. 
This observation highlights a fundamental challenge in 
plasmonic structure design for field enhancement, where 
the apparent inconsistency stems from competing mecha-
nisms between top and bottom nanoparticle (NP) place-
ment. While NPs on top generate strong near-field enhance-
ment via localized surface plasmon resonance (LSPR) at 
their edges, they simultaneously act as efficient scatterers, 
reflecting more incident energy than the bare MoS2-coated 
substrate. In contrast, NPs positioned underneath the MoS2 
layer exhibit two counteracting effects: Their LSPR-induced 
enhancement is weakened due to reduced light coupling and 
lack of direct contact with MoS2 , yet they simultaneously 
function as nanoscale mirrors that reflect incident light 
back into the MoS2 layer, thereby increasing the local opti-
cal density. Notably, at shorter wavelengths below 475 nm 
(particularly around 450 nm), this interplay leads to mar-
ginally stronger average field enhancement for subsurface 
NPs compared to surface-positioned ones. These competing 
processes—plasmonic enhancement versus scattering and 

reflection losses—underscore the delicate balance required 
when engineering plasmonic-photonic hybrid systems for 
optimal performance.

The central question we aim to address next is: “How 
does the quantum efficiency change with increasing optical 
excitation strength?” However, before we try to answer this 
question, let us share some numerical results obtained with 
a commercial software package, Lumerical Heat. We place 
a heat source � above the phototransistors and determine 
the steady-state temperature inside the MoS2 layer for heat 
flux values ranging from 0.1 � W to 0.1 mW, corresponding 
to 50 �W∕�m2 – 50 mW∕�m2 of incident optical powers. 
Figure 6a shows the local temperature at the center of the 
MoS2 film for the phototransistors with and without NPs. As 
expected, the plain phototransistor experiences the weakest 
heating, and the phototransistor with NPs on top experiences 
the most substantial heating. In all cases, we observe that 
the induced temperature in monolayer MoS2 has almost a 
linear relationship with absorbed power, where the func-
tion’s slope is approximately equal to the thermal bound-
ary conductance (TBC), G = 20 MWm−2K−1 , similar to the 
results provided [53]. In Fig. 6 b–d, we plot the temperature 
distributions over the MoS2 layer for the plain and plasmonic 
phototransistors for Pinc = 50 mW∕�m2 . As expected, under 
this very strong excitation, the temperature inside the MoS2 
layer reaches around 530 K for the phototransistor with NPs 
on top. However, for the proposed design, the maximum 
temperature is around 380 K for the same optical excitation.

Figure 7a–c presents the quantum efficiency ( Qeff ) of 
MoS2 phototransistors as a function of incident power 
( Pinc ) for three wavelengths: 475 nm, 550 nm, and 625 
nm. The blue dashed, red dotted, and yellow solid curves 
correspond to the phototransistors without NPs, with NPs 
on top of the MoS2 layer, and with NPs underneath it, 
respectively. For � = 475 nm, Fig. 7a, the quantum effi-
ciency decreases with increasing incident power for all 
configurations. The configuration with NPs on top exhib-
its the highest Qeff at weak optical excitations, indicating 
enhanced light absorption due to plasmonic effects. How-
ever, this enhancement comes at the cost of increased local 
heating with increasing incident power, as evidenced by 
the steep rise in Tmax in Fig. 6a for this design. When NPs 
are placed beneath the MoS2 layer and on top of the silicon 
pillars, the quantum efficiency is lower but still surpasses 
that of the configuration without NPs. This configuration 
facilitates better heat dissipation due to the high thermal 
conductivity of the underlying silicon pillars, resulting in 
significantly lower temperatures than the phototransistor 
with NPs on top. For � = 550 nm, shown in Fig. 7b, the 
trends are similar. While the quantum efficiency improve-
ment due to NPs on top is substantial at low incident 
power, this configuration suffers from excessive local heat-
ing. In fact, its performance deteriorates to below that of 
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the plain phototransistor for optical excitations exceeding 
38 mW∕�m2 . In contrast, the design with NPs underneath 
maintains a balance between moderate quantum efficiency 
enhancement and effective heat dissipation. For � = 625 
nm, Fig. 7c, the quantum efficiency is lower across all 
configurations compared to that at � = 550 nm, reflecting 

reduced red light absorption by the monolayer MoS2 . The 
configuration with NPs on top still achieves the highest 
Qeff under weak optical excitation, but the decline in effi-
ciency with increasing Pinc is more pronounced, again due 
to thermal effects. The configuration with NPs underneath 
provides a more stable performance, with limited heating 

Fig. 6  a Maximum temperature as a function of input optical power 
for the phototransistors without NPs (blue dashed curve), with NPs 
on top (red dotted curve) and NPs underneath (yellow solid curve). 

Heat profiles of (b) bare MoS
2
 transistors and plasmonic phototran-

sistors with NPs (c) on top and (d) underneath the MoS
2
 layer for 

Pinc = 50 mW∕�m2

Fig. 7  Quantum efficiency of MoS
2
 phototransistors without NPs (dotted curves), NPs on top (dashed curves), and NPs beneath (solid curves) 

the monolayer MoS
2
 layer as a function of incident power for (a) � = 475 nm, (b) � = 550 nm, and (c) � = 625 nm
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and consistent quantum efficiency enhancement over the 
nanoparticle-free design.

These results demonstrate that enhancing the local elec-
tric field with plasmonic resonances effectively increases 
light absorption by the 2D material, boosting photocurrent 
under weak or moderate optical excitations. However, under 
strong optical excitations, the field enhancement can lead to 
significant temperature increases, ultimately diminishing the 
device’s efficiency in converting absorbed photons to electri-
cal currents. The low thermal conductivity of SiO2 hinders 
efficient heat dissipation. To mitigate this issue, placing 
metal NPs beneath the 2D material and on top of silicon 
nanopillars (or employing a thin SiO2 layer and directly fab-
ricating metal NPs on top of the silicon layer) can provide a 
more effective heat dissipation mechanism. This approach 
may result in weaker plasmonic resonances but offers more 
stable and quantumly efficient performance (compared to 
designs with NPs on top) across a broader range of optical 
excitations. This design trade-off underscores the importance 
of optimizing nanoparticle placement not only for optical 
performance but also for thermal management. Consider-
ing the very low quantum efficiency of 2D material-based 
photodetectors, even a small improvement in quantum effi-
ciency, from 4% to 6%, is crucial, particularly for applica-
tions demanding low phase noise and high bandwidth [35].

Before concluding, we note that this study does not 
account for the tunneling effect. In the proposed design, 
where there is no direct physical contact between the nano-
particles and the semiconductor film, the metal nanoparti-
cles influence the system primarily through their electric 
fields. This effect has already been incorporated into our 
calculations, which evaluate the local electric field within 
the semiconductor film. However, if the separation between 
the nanoparticles and the semiconductor film is sufficiently 
small, charge carriers from the semiconductor may tunnel 
into the nanoparticles, potentially enhancing recombination. 
At this stage, we have not included this tunneling effect in 
our analysis. Future experimental studies will help determine 
whether this phenomenon warrants further consideration.

4  Conclusion

In summary, we have developed a temperature-dependent 
drift-diffusion model to accurately predict the performance 
of 2D material-based phototransistors under varying-power 
optical excitations. Our model accounts for Joule heating 
and its impact on device characteristics. We then investi-
gated the performance of plasmonic phototransistors, where 
metal nanoparticles are strategically placed to enhance light 
absorption. While these structures demonstrate significant 
quantum efficiency improvements under weak optical exci-
tations, they suffer from substantial temperature increases 

due to Joule heating, leading to a decline in performance at 
higher powers. To address this, we propose a novel design 
where metal nanoparticles are placed beneath the 2D mate-
rial and supported by silicon nanopillars. This configuration 
enables more efficient heat dissipation, leading to more sta-
ble and consistent quantum efficiency enhancement across 
a wider range of optical powers. Our findings highlight the 
critical importance of considering thermal management 
alongside optical field enhancement in the design of high-
performance 2D material-based photodetectors for demand-
ing applications.
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