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Photosensors have become important building blocks in modern optoelectronics, yet their 

performance often hits a ceiling when conventional designs are employed. This work explores how 

plasmonic effects can push these boundaries further. We present a detailed computational study of 

silver/gallium-doped zinc tin oxide thin-film transistor photosensors using finite element analysis in 

COMSOL Multiphysics. A three-dimensional model measuring 420 nm × 300 nm × 135 nm was 

developed, featuring a bottom-gate design with a 20 nm silver electrode, a 60 nm silicon dioxide 

insulator, and a dual-layer semiconductor channel. Simulation results demonstrate remarkable field 

enhancement exceeding 12× at the plasmon resonance wavelength of 380 nm, with a penetration 

depth of approximately 50 nm. The transfer characteristics indicate a threshold voltage of −0.8 V, a 

field-effect mobility of 18.5 cm²/V·s, and a subthreshold swing of 285 mV/decade. Broadband 

photoresponsivity enhancement is observed across the UV–visible spectrum (350–550 nm). 
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1. Introduction 

Light detection lies at the heart of countless technologies 
relied upon daily. From smartphone cameras to medical 
imaging systems, photosensors serve as the eyes of 
electronic devices. However, as applications demand ever-
higher sensitivity and faster response times, researchers 
face persistent challenges: how can we capture more 
photons without making devices larger or more expensive? 

Plasmonics offers a compelling answer to this question. 
When light strikes a metal surface, it can excite collective 
oscillations of electrons. These oscillations, known as 
surface plasmon polaritons, act like tiny antennas that 
concentrate electromagnetic energy into remarkably small 
volumes [1, 2]. The phenomenon resembles how a 

magnifying glass focuses sunlight, except plasmonics 
operates at the nanoscale with far greater intensity [3]. This 
energy concentration opens doors to enhanced light 
absorption in nearby semiconductors [4,5]. 

Among semiconductor materials, amorphous oxide 
semiconductors have emerged as particularly promising 
candidates for thin-film transistors [6, 7]. These materials 
offer impressive electron mobility while remaining 
compatible with low-temperature fabrication processes. 
Zinc tin oxide stands out within this family due to its use of 
earth-abundant elements [8]. Gallium doping enhances 
device stability and carrier transport properties [9, 10]. 

Silver is an excellent plasmonic material for visible-light 
applications. Its optical properties enable strong plasmon 
resonances across the visible spectrum [11, 12]. The Drude–
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Lorentz model provides a solid framework for describing 
the interaction of silver with light [13]. Combining silver 
electrodes with gallium-doped zinc tin oxide thus 
represents a promising hybrid architecture worthy of 
careful investigation. 

Computational tools have revolutionized the study of 
such complex systems. COMSOL Multiphysics enables 
researchers to simulate coupled electromagnetic and 
semiconductor physics with high accuracy [14, 15]. Rather 
than relying solely on expensive fabrication trials, design 
variations can be explored virtually before committing 
resources to physical experiments. 

This paper presents a computational investigation of 
plasmonic enhancement in these hybrid photosensors. A 
detailed three-dimensional model was constructed, 
electromagnetic field distributions were analyzed, spectral 
responses were examined, and key performance 
parameters were extracted. The goal is to understand how 
plasmonic effects can transform ordinary photosensors into 
high-performance devices. 

This study on plasmonic improvement of photodetectors 
is differentiated from previous research in three particular 
aspects. Many prior simulations of plasmonic 
photodetectors address the optical problem in isolation or 
simplify it to two dimensions, whereas the fully three-
dimensional geometry utilized here accurately represents 
the lateral confinement of the field at the source and drain 
edges, an effect that is inherently three-dimensional and 
cannot be replicated by two-dimensional cross-sections. 
Secondly, prior investigations into plasmon-enhanced 
detectors have predominantly focused on crystalline silicon, 
organic materials, or perovskite absorbers; the integration 
of a gallium-doped zinc tin oxide channel within a functional 
thin-film transistor architecture, where identical silver 
electrodes serve concurrently as both the plasmonic 
antenna and the source and drain contacts, has not been 
previously explored through computational methods. 
Thirdly, and most significantly, the optical and electrical 
physics are addressed within a unified linked COMSOL 
model, wherein the field enhancement derived from the 
Drude response of silver is immediately transformed into a 
local optical generation rate that informs the drift–diffusion 
transport solution. The primary methodological 
contribution of this study is the direct optical-to-electrical 
coupling, as opposed to the juxtaposition of two 
independent models, which enables the expression of 
plasmonic gain in device-level metrics such as the on/off 
ratio and field-effect mobility. 

2. Theoretical Framework 

2.1. Physics of Surface Plasmons 

Surface plasmons arise from a coupling between light 
and matter. When electromagnetic waves encounter a 
metal–dielectric boundary, they can couple with free 
electrons at the interface [16]. The result is a hybrid 
excitation that propagates along the surface while decaying 
exponentially away from it. This behavior follows directly 
from Maxwell's equations in the frequency domain [17]: 

𝛻 × (𝜇𝑟
−1 𝛻 ×  𝐸)  − 𝑘0

2 𝜀𝑟 𝐸 =  0 (1) 

Here, E represents the electric field vector, k₀ denotes 
the free-space wavevector, and εᵣ is the relative 
permittivity. The dispersion relation for surface plasmons 
takes the form [18]: 

𝑘𝑆𝑃𝑃  =  (
𝜔

𝑐
) √

𝜀𝑚 𝜀𝑑

(𝜀𝑚  +  𝜀𝑑)
 (2) 

This Equation reveals that surface plasmons exist only 
when the metal permittivity is negative and larger in 
magnitude than the dielectric permittivity. Noble metals 
satisfy these conditions across visible wavelengths [19]. 
The electromagnetic field decays exponentially 
perpendicular to the interface, creating an evanescent 
wave that penetrates tens of nanometers into adjacent 
materials [20]. 

2.2. Optical Properties of Silver 

Silver's optical response follows the Drude model [13]. 
Free electrons in the metal respond to incoming light like a 
driven harmonic oscillator, yielding a permittivity of the 
form: 

𝜀(𝜔)  =  𝜀∞  −  
𝜔𝑝

2

(𝜔2  +  𝑖𝛾𝜔)
 (3) 

The plasma frequency ωₚ equals 1.39 × 10¹⁶ rad/s for 
silver, while the damping coefficient γ measures 3.23 × 10¹³ 
s⁻¹ [21]. These parameters determine the location and 
sharpness of plasmon resonances, and the model captures 
experimental observations well across the visible 
spectrum. 

2.3. Charge Transport in the Semiconductor 

Electron flow through the zinc tin oxide channel obeys 
drift–diffusion physics [22]. The continuity equation 
captures carrier behavior: 

𝜕𝑛

𝜕𝑡
 =  (

1

𝑞
)  𝛻 · 𝐽𝑛  +  𝐺 −  𝑅 (4) 

Light absorption creates electron–hole pairs at a rate 
proportional to the local field intensity squared. This 
connection between optical and electrical domains forms 
the bridge linking plasmonic enhancement to improved 
photosensor performance [23, 24]. Stronger fields generate 
more carriers, and more carriers translate to larger 
photocurrents. 

3. Simulation Methodology 

3.1. Device Geometry and Structure 

The photosensor model was constructed in COMSOL 
Multiphysics version 6.1, adopting a bottom-gate 
configuration as illustrated in Figure 1. The device occupies 
a volume measuring 420 nm along the x-axis, 300 nm along 
y, and 135 nm in height. Building from the substrate 
upward, a 20 nm silver gate electrode is placed at the base. 
A 60 nm silicon dioxide layer provides electrical isolation 
between gate and channel. 

The semiconductor channel employs a dual-layer 
design. The lower portion consists of 20 nm gallium-doped 
zinc tin oxide with moderate doping at 5×10¹⁶ cm⁻³. Above 
this sits a 35 nm layer with heavier doping reaching 2×10¹⁷ 
cm⁻³. This graded doping profile optimizes both interface 
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quality and carrier transport. Silver electrodes act as the 
source and drain in the transistor, forming a 280 nm long 
channel between them [25]. 

 
Fig. 1. A 3D geometry of the photosensor showing electric charge 
distribution under applied voltage, simulated using COMSOL 
Multiphysics. Colors range from blue to red to indicate variations in 
electric charge level throughout the sensor. Device dimensions: 420 
nm × 300 nm × 135 nm. 
 

3.2. Material Parameters 

      Table 1 summarizes the material properties used in the 
simulation. Silver parameters are based on well-
characterized experimental data [25, 26]. The 
semiconductor has a bandgap of 3.5 eV and an electron 
affinity of 4.4 eV [27]. Carrier mobility is 25 cm²/V·s, 
matching values reported for high-quality gallium-doped 
zinc tin oxide films [27]. The dielectric constant of SiO₂ is 
taken as 3.9 [28]. 
      Alongside these optical constants, the electrical model 
necessitates the semiconductor electron affinity (4.4 eV) 
and the metal work functions that establish the barriers for 
the source, drain, and gate contacts; these values were 
sourced from the same references as the relevant band 
parameters [9] and from standard tabulated values for 
silver. The Drude parameters for silver, as presented in 
Table 1, include the plasma frequency ωₚ = 1.39 × 10¹⁶ 
rad/s and the damping coefficient γ = 3.23 × 10¹³ s⁻¹, which 
are included directly into Eq. (3) and verified against 
existing silver permittivity data within the 300–600 nm 
spectrum prior to application [21]. The two ZTO:Ga sub-
layers were designated donor concentrations of 5 × 10¹⁶ 
cm⁻³ (lower, 20 nm) and 2 × 10¹⁷ cm⁻³ (upper, 35 nm). 

3.3. Governing Equations and Optical–Electrical 
Coupling 

      The simulation integrates two physics interfaces within 
COMSOL Multiphysics. The optical response is calculated 
using the Electromagnetic Waves, Frequency Domain 
interface of the Wave Optics module, which resolves the 
vector wave equation shown in Eq. (1). The electrical 
response is calculated using the semiconductor interface, 
which resolves Poisson's equation in conjunction with the 
electron and hole drift-diffusion continuity equations as 
delineated in Eq. (4). 
      The two interfaces are connected by a unidirectional 
(sequential) connection. In the initial phase of the 
investigation, a frequency-domain analysis at each 

illumination wavelength produces the spatial distribution 
of the electric field E(r) over the device. The time-averaged 
optical power wasted in the semiconductor, Q(r) = ½ ω ε₀ 
Im(εᵣ) |E(r)|², is then assessed at each mesh point. 
Assuming a unity quantum yield for above-bandgap 
photons, the wasted power is transformed into an optical 
generation rate G(r) = Q(r)/(ħω), which measures the 
number of electron-hole pairs generated per unit volume 
per unit time. In the second phase of the investigation, G(r) 
is included as an extra generation term in the 
semiconductor continuity equation, and a stationary 
solution yields the carrier distributions, terminal currents, 
and transfer characteristics. The carrier densities do not 
significantly alter the refractive index of the oxide at the 
specified illumination intensities, making this 
unidirectional connection from the optical to the electrical 
domain adequate and eliminating the need for a more 
costly completely bidirectional system. 
      The optical wavelength domain research, followed by 
the electrical stationary investigation, was conducted 
repeatedly throughout the 300–600 nm range to get the 
spectrum response and across gate and drain voltage 
sweeps to determine the electrical properties. 

3.4. Boundary Conditions 

      Unique sets of boundary constraints are imposed on the 
optical and electrical issues. The electromagnetic solution 
considers the 420 nm × 300 nm lateral cell as the unit cell 
of a periodic array. Floquet periodic conditions are applied 
to the four vertical side walls to ensure that the modelled 
domain accurately depicts an extended device devoid of 
spurious edge reflections. A port border on the upper 
surface emits a linearly polarized plane wave at normal 
incidence, with the electric field aligned in the channel (x) 
direction, while concurrently absorbing the reflected wave 
to facilitate the direct extraction of the reflection 
coefficient. A precisely aligned layer, supported by a 
scattering boundary condition, concludes the domain 
under the substrate to absorb any transmitted field. The 
silver portions are regarded as dispersive media with 
permittivity described by the Drude model in Eq. (3), whilst 
all other areas are assigned the frequency-independent 
dielectric constants specified in Table 1. 
      For the electrical solution, the source contact is held at 
ground (0 V) and the drain contact is biased at Vᵈ, both 
represented as metal–semiconductor contacts with a 
Schottky barrier height of φʙ ≈ −0.14 eV consistent with the 
silver/ZTO:Ga work-function difference. The gate voltage 
Vᵍ is applied to the buried silver electrode, which is 
separated from the channel by the 60 nm SiO₂ layer treated 
as an ideal insulator through a thin-insulator gate 
condition. All remaining external surfaces are assigned 
zero-charge and zero-current (electrically insulating) 
conditions. Carrier densities are initialized to their 
thermal-equilibrium values, and the dual-layer donor 
profile is specified through analytic doping distributions. 

3.5. Mesh Generation 

      Accurate simulation of plasmonic structures requires 
careful mesh quality control. Electromagnetic fields vary 
rapidly near metal–semiconductor interfaces, 
necessitating fine spatial resolution in these regions. 
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Adaptive mesh refinement was employed, allowing 
elements as small as 2 nm at critical boundaries while 
permitting coarser discretization in bulk regions. Figure 2 
displays the resulting mesh configuration. The total 
element count reaches approximately 185,000 tetrahedral 
elements, balancing computational cost against accuracy 
requirements. 

3.6. Mesh Convergence Study 

      A mesh convergence investigation was conducted 
before the production runs to verify that the given findings 
are independent of spatial discretization. The minimal 
element size at the silver–semiconductor interfaces was 
systematically decreased while two typical metrics were 
observed: the peak near-field enhancement factor at 380 
nm and the on-state drain current at Vᵍ = 5 V. The findings 
are contained in Table 2. Enhancing the mesh beyond 
around 185,000 tetrahedral elements altered both 
observed values by less than 2%, so validating the 
convergence of the solution. This mesh density was thus 
used for all subsequent simulations as a balance between 
precision and computational expense. 
 

4. Results and Discussion 

4.1. Electric Potential Distribution 

      Applying bias voltages of 3 V to the gate and 1 V to the 
drain produces the potential distribution shown in Figure 
3. The source remains grounded. Potential drops smoothly 
across the silicon dioxide insulator before reaching the 
channel region. Within the 280 nm channel, the lateral field 
drives current flow from source to drain. The steepest 
gradients appear near the drain electrode, consistent with 
pinch-off behavior expected in saturation mode operation 
[29]. 

4.2. Plasmonic Field Enhancement 

      Fig. 4 reveals the field enhancement pattern at the 
localized surface plasmon resonance wavelength of 380 
nm. Intense hotspots appear at the electrode edges, where 
fields amplify by factors exceeding twelve compared to 
incident illumination. This lightning-rod effect arises from 
charge accumulation at sharp metallic features [30]. 
      The enhanced fields penetrate into the semiconductor 
channel following an exponential decay with a 
characteristic length of approximately 50 nm. This depth 
exceeds the total thickness of both zinc tin oxide layers, 
ensuring that plasmonic effects benefit the entire active 
area [31]. The agreement between simulation results and 
theoretical predictions validates the computational 
approach. 
  

 
Fig. 2. Finite element mesh configuration. (a) Cross-sectional view showing layer arrangement with dimensions. (b) Three-dimensional tetrahedral 
mesh generated by COMSOL with adaptive refinement at interfaces. 

 
Fig. 3. Electric potential distribution under operating bias. (a) Two-dimensional cross-section with color-coded potential values. (b) Vertical potential 

profiles at selected lateral positions. 
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Fig. 4. Electromagnetic field enhancement at plasmon resonance. (a) Spatial distribution showing hotspots at electrode edges. (b) Field intensity decay 

into the semiconductor following exponential decay with 50 nm characteristic length. (c) Spectral dependence of enhancement factor. 

4.3. Spectral Characteristics 

      Fig. 5 illustrates the wavelength-dependent optical 
response of the device. According to the Drude model, as 
the frequency of light increases, the permittivity of silver 
transitions from positive to negative values. At 380 nm, 
conditions align perfectly for plasmon excitation. 
Absorption enhancement peaks at this wavelength, 
exceeding a tenfold improvement across a bandwidth 
spanning roughly 350 to 420 nm. 
      The reflection coefficient dips sharply at resonance, 
indicating efficient coupling between incident light and 
surface plasmons [32]. A quality factor near 12.5 
represents a favorable compromise between peak 
enhancement and useful operational bandwidth [33]. This 
breadth of response makes the device suitable for 
broadband applications rather than being limited to a 
narrow wavelength band. 

4.4. Electrical Characteristics 

      Fig. 6 presents the simulated DC transfer characteristics. 
The Id–Vg curves exhibit typical n-type enhancement-mode 
behavior with clear on/off switching. The threshold voltage 
Vth = −0.8 V was extracted using linear extrapolation, while 
field-effect mobility μFE = 18.5 cm²/V·s was obtained from 
transconductance analysis. The subthreshold swing SS = 
285 mV/decade and Ion/Ioff ratio of 3.2 × 10⁶ confirm 
excellent switching performance [34, 35]. The complete set 
of extracted device parameters is summarized in Table 3. 
      The output characteristics (Id–Vd) presented in Figure 7 
exhibit clear linear and saturation regions for gate voltages 
from 1 to 5 V. Good current saturation is observed at Vd > 
Vg − Vth, confirming proper transistor operation. The 
maximum drain current of 8.7 μA at Vg = 5 V demonstrates 

sufficient driving current for photosensor applications [36, 
37]. 

4.5. Carrier Concentration Distribution 

      Fig. 8 displays the electron concentration distribution in 
the ZTO:Ga channel under gate bias. At Vg = 3 V, strong 
accumulation forms at the SiO₂/ZTO:Ga interface with peak 
concentration exceeding 10¹⁸ cm⁻³, as expected for 
accumulation-mode oxide TFT operation [38,39]. The dual-
layer doping profile (5×10¹⁶ cm⁻³ in the lower layer 2×10¹⁷ 
cm⁻³ in the upper layer) optimizes the interface quality and 
carrier transport characteristics. 

4.6. Discussion of Enhancement Mechanisms 

      The simulation results reveal that several physical 
mechanisms contribute to plasmonic photosensor 
performance enhancement. The primary mechanism is 
near-field enhancement: electromagnetic fields near the 
silver electrode edges are amplified, leading to increased 
optical-to-electrical conversion. The 12× field 
enhancement translates to approximately 144× local 
absorption enhancement; however, when spatially 
averaged over the device volume, the effective 
enhancement is approximately 15× due to spatial 
localization [40, 41]. 
      Secondary contributions arise from hot electrons 
crossing the Ag/ZTO:Ga interface, facilitated by the 
relatively low Schottky barrier height (φB ≈ −0.14 eV) [42, 
43]. These hot carriers further supplement the 
photocurrent generation, particularly at photon energies 
below the ZTO:Ga bandgap, thereby extending the device's 
spectral response. 
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Fig. 5. Wavelength-dependent optical properties. (a) Silver permittivity from Drude formulation. (b) Absorption enhancement spectrum centered at 
380 nm. (c) Reflection coefficient showing resonant dip. (d) Optical generation rate enhancement. 

 

 Fig. 6. Transfer characteristics (Id–Vg) at Vd = 1 V. (a) Logarithmic scale showing subthreshold region and Ion/Ioff ratio. (b) Linear scale with √Id 
for threshold voltage extraction. 

 

Fig. 7. Output characteristics (Id–Vd) at Vg = 1, 2, 3, 4, 5 V showing linear and saturation regions. Saturation points are marked with solid circles. 
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Fig. 8. Electron concentration distribution. (a) 2D map at Vg = 3 V showing accumulation layer formation. (b) Concentration profiles across the 
interface at various gate voltages demonstrating channel modulation. 
 

Table 1. Material parameters applied in the computational model. 

Parameter Value Source 

Plasma frequency of Ag 1.39 × 10¹⁶ rad/s [25,26] 

Damping coefficient of Ag 3.23 × 10¹³ s⁻¹ [25,26] 

Bandgap of ZTO:Ga 3.5 eV [27] 

Electron mobility ZTO:Ga 25 cm²/V·s [27] 

Dielectric constant ZTO:Ga 18 [27] 

Dielectric constant SiO₂ 3.9 [28] 
 

Table 2. Mesh convergence study showing the dependence of the peak field enhancement and on-state drain current on mesh density. 

Tetrahedral elements 
Min. element size at interfaces 

(nm) 
Peak field enhancement 

(×) 
On-state drain current 

(μA) 

≈ 60,000 8 10.9 8.1 

≈ 120,000 4 11.8 8.5 

≈ 185,000 (adopted) 2 12.3 8.7 

≈ 260,000 1 12.4 8.7 

 
 

Table 3. Extracted device parameters from COMSOL simulation. 

Parameter Value 

Threshold voltage (Vₜʰ) −0.8 V 

Field-effect mobility (μFE) 18.5 cm²/V·s 

Subthreshold swing (SS) 285 mV/decade 

On/Off current ratio 3.2 × 10⁶ 

Peak field enhancement 12.3× 
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5. Conclusions 

This study demonstrates that plasmonic effects can 

significantly improve photosensor performance. A 3D finite 

element model (420 nm × 300 nm × 135 nm) was 

developed in COMSOL Multiphysics, accurately 

representing the key physical processes in silver/gallium-

doped zinc tin oxide devices. The Drude model successfully 

describes the optical response of silver, while drift–

diffusion equations capture charge transport in the 

semiconductor. The ZTO:Ga channel employs a dual-layer 

doping configuration with concentrations of 5×10¹⁶ and 

2×10¹⁷ cm⁻³. 

Five key results emerge from this study: (i) a peak field 

enhancement of 12.3× is achieved at the localized surface 

plasmon resonance wavelength of 380 nm; (ii) the 

penetration depth of 50 nm spans the entire 55 nm 

semiconductor layer, ensuring uniform enhancement; (iii) 

the threshold voltage is −0.8 V and the field-effect mobility 

is 18.5 cm²/V·s; (iv) the device exhibits a subthreshold 

swing of 285 mV/decade and an Ion/Ioff ratio of 3.2 × 10⁶; 

and (v) broadband photoresponsivity enhancement is 

observed across the 350–550 nm range. The optimized 

layer thicknesses (20 nm Ag gate, 60 nm SiO₂, 20 nm + 35 

nm ZTO:Ga) and channel length of 280 nm provide 

actionable guidelines for experimental realization of 

plasmonic photosensors. 

Combining plasmonic enhancement with oxide 

semiconductor technology creates promising avenues for 

advanced photodetection. The simulation framework 

developed here offers a foundation for ongoing 

optimization and could be extended to more complex 

designs including nanostructured electrodes and 

alternative plasmonic materials. 
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