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A B S T R A C T

Silicon PN junctions remain central to optoelectronic technologies due to their maturity and CMOS compatibility. We report the fabrication and comprehensive 
optoelectronic characterization of a silicon PN-junction photodiode demonstrating stable operation over a wide temperature range. The device exhibits excellent 
diode behavior, with a rectification ratio exceeding four orders of magnitude, an ideality factor close to unity above 0.3 V, and a series resistance below 100 Ω. Under 
white-light illumination, the photodiode shows a linear photocurrent response over broad optical power and temperature ranges, achieving an average responsivity 
of 0.3 A W− 1. We implement a machine learning framework based on an Artificial Neural Network to perform global parameter estimation, demonstrating its 
effectiveness in generalizing across diverse experimental datasets. Moreover, we propose a comprehensive analytical model, validated by Atlas–Silvaco simulations, 
that successfully captures charge transport and photogeneration mechanisms. This integrated approach, combining experimental measurements, machine learning, 
numerical simulations and analytical modelling, provides a robust performance benchmark and deeper insights for optimizing silicon-based optoelectronic devices.

1. Introduction

Silicon PN junction photodetectors, widely referred to as photodi
odes, are foundational optoelectronic devices that convert incident 
photons into measurable electrical signals via the internal photoelectric 
effect: photons absorbed in the depletion region generate electron–hole 
pairs, which are separated by the built-in electric field, while carriers 
generated in the neutral regions can also contribute to the photocurrent 
if their diffusion length is sufficient to reach the depletion region, 
making the total photocurrent dependent on both the electric field and 
carrier lifetime. An external electric field under reverse-bias conditions 
can enhance photocharge separation and may additionally give rise to 
charge multiplication [1]. The intrinsic simplicity and effectiveness of 
this mechanism have made PN junctions a cornerstone of modern pho
todetection technologies.

The physical structure of a typical silicon photodiode consists of a P- 
type region diffused or implanted into an N-type silicon substrate (or 
vice-versa) to form a PN junction, creating a depletion region where 

photogenerated carriers are separated [2]. When the junction is 
reverse-biased, the depletion width increases, which reduces junction 
capacitance and improves high-frequency response, an essential feature 
for fast photodetection applications [3]. This widening of the depletion 
region also enhances quantum efficiency, as it increases the volume in 
which electron–hole pairs can be effectively collected [3]. Advanced 
device architectures carefully engineer doping profiles and junction 
depths to optimize charge collection and minimize capacitance, further 
improving performance in optoelectronic systems [2].

Despite the indirect bandgap, Silicon's popularity in photodetection 
stems from its mature fabrication processes, mechanical robustness, 
affordability and their electronic properties [4]. These advantages 
enable monolithic integration of photodetectors with complex electronic 
circuitry, minimizing fabrication costs and physical footprint in 
large-scale applications such as imaging sensors, medical diagnostics, 
and optical communication systems [4]. The spectral response of silicon 
photodiodes spans from approximately 400 nm to 1100 nm, with peak 
responsivity around 850–900 nm [5]. Quantum efficiencies exceeding 
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90% have been achieved in optimized PIN photodiodes, in which the 
intrinsic (I) layer expands the depletion region and enhances the effi
ciency of photocharge collection [3].

Although silicon exhibits a sharp drop in absorption beyond 900 nm, 
multiple strategies have emerged to extend its operational range into the 
near-infrared (NIR). These include surface texturing (black silicon) [6], 
plasmonic enhancement using metallic nanoparticles [7], and integra
tion with quantum dots [8,9] or 2D materials [10,11]. Nanostructuring, 
in particular, improves light trapping by increasing the optical path 
length within the silicon, enhancing efficiency by up to 15% [7]. Hybrid 
heterojunction architectures combining silicon with functional semi
conducting materials have also been widely investigated to enhance 
spectral sensitivity and interfacial charge separation, particularly in 
hybrid organic–inorganic and composite systems [12–15].

Operationally, silicon photodiodes can be used in either photovoltaic 
(zero bias) or photoconductive (reverse bias) modes. While the photo
voltaic mode offers low noise and is ideal for energy harvesting, the 
photoconductive mode provides higher sensitivity, wider dynamic range 
and faster response times at the cost of increased dark current [8]. Dark 
current, caused by thermally generated carriers, can be minimized 
through passivation, cooling, and doping techniques, with 
state-of-the-art devices achieving values below 1 nA/cm2 at room tem
perature [16].

To enhance sensitivity and detect extremely low light levels, silicon 
avalanche photodiodes (APDs) have been developed. These devices 
exploit internal carrier multiplication, offering gain-bandwidth products 
exceeding 300 GHz [17]. Recent hybrid silicon–InGaAs photodiodes 
extend detection beyond the 1100 nm cutoff of pure silicon while 
retaining its manufacturing advantages [18].

Due to their versatility, high efficiency, and low cost, silicon PN 
junction photodetectors have become indispensable in a wide array of 
applications including LiDAR, biosensing, autonomous vehicles, fiber- 
optic communication, and IoT devices [19]. As emerging technologies 
demand faster and more sensitive detection systems, ongoing research 
continues to optimize silicon-based photodetectors by pushing the 
boundaries of responsivity, bandwidth, and spectral range [5,7].

In this study, we present the fabrication and optoelectronic charac
terization of a silicon PN-junction photodiode over a broad temperature 
range. The device exhibits strong diode behavior, with an ideality factor 
close to unity for biases above 0.3 V, a rectification ratio exceeding four 
orders of magnitude, and a series resistance below 100 Ω cm2. As a 
photodetector, it demonstrates highly linear operation and stable 
responsivity across a wide range of optical powers and temperatures, 
achieving a wavelength-averaged responsivity of up to 0.3 A/W and 
detectivity of 1.4 × 108 Jones under white light illumination.

We show that the device current–voltage (I-V) behavior is well 
reproduced by a model incorporating two parallel diodes, a shunt 
resistance, and two series resistances. To complement traditional 
parameter extraction techniques, we also implement a machine learning 
framework based on a deep Multi-Layer Perceptron (MLP) architecture; 
this approach enables a robust global estimation of the diode's physical 
parameters, demonstrating superior versatility and generalizability 
compared to conventional analytical models.

Moreover, we derive a general analytical expression for the photo
current and validate the model through comparison with Atlas–Silvaco 
simulations and experimental data, demonstrating good agreement.

Overall, we provide a comprehensive characterization of the Si 
photodevice's performance and offer deeper insight into the physical 
mechanisms governing its electrical and optoelectronic behavior. The 
originality of this work lies in the integrated use of experimental mea
surements, Silvaco-based simulations, both phenomenological and 
analytical modeling and a Machine Learning approach. The consistency 
among these approaches validates both the device performance and the 
predictive capability of our models. This integrated methodology pro
vides unique insights into the behavior of silicon PN-junction 

photodiodes and highlights their potential for optimizing high- 
performance photodetector designs.

2. Experimental part

a. Device fabrication

The fabrication process for this silicon PN (Fig. 1) junction photo
detector begins with a p-type substrate, which is then implanted with 
phosphorus ions to create an n-type layer and form a PN junction after 
rapid thermal annealing. This active area is isolated by a 10 × 10 mm2 

mesa structure, created via reactive ion etching. For electrical contact, a 
top electrode is evaporated, consisting of a 20 nm titanium layer fol
lowed by a 200 nm aluminum layer. This electrode is shaped like an “E" 
to allow light penetration (see Fig. 1(a)). The final device, with its 
distinct mesa and top contact, is used to convert incident light into an 
electrical signal. A 3D schematic of the device with the “E” shaped 
contact is shown in Fig. 1(b). 

b. Current–Voltage Characteristics as a Function of Temperature

Electrical measurements were carried out in a Lake Shore probe 
station under controlled temperature and at ambient pressure, using a 
Keithley 4200 semiconductor characterization system. Temperature of 
the device was controlled via the metallic chuck supporting the sample 
in the probe station, with precise regulation provided by a PID 
controller. The illumination system was made of an array of white LEDs 
producing a light of intensity P = 1.75 mW/cm2 on the device. The 
spectral emission range of the white LED comprises a prominent blue 
peak, around 450-470 nm, combined with a broad, yellowish-green to 
red hump between 500 and 700 nm.

The I-V characteristics of the fabricated diode are presented in Fig. 2
(a). A careful observation reveals the coexistence of multiple conduction 
mechanisms, which result in non-ideal diode behavior over certain re
gions. The forward bias region shows different regimes: gen
eration–recombination current, diffusion current, and an ohmic regime 
dominated by series resistance [20,21].

At low forward bias, corresponding to region (a) in Fig. 2(a), the 
current follows an exponential law approximately proportional to 

exp
(

qV
2kT

)

, resulting in an ideality factor close to 2 [22]. The slope of the 

I-V curve suggests the dominance of recombination-mediated transport 
[23]. In this regime generation and recombination are governed by the 
Shockley–Read–Hall (SRH) mechanism that involves defect states or 
traps within the depletion region of the junction. At moderate forward 
bias (region (b)), the diffusion current becomes the main transport 
mechanism. In this regime, the injected minority carriers, holes in the 
n-region and electrons in the p-region, diffuse into the quasi-neutral 
regions, resulting in an exponential dependence of the current on 
voltage, proportional to exp(qV /kT). Here, the I-V characteristic ap
proaches the ideal Shockley behavior, with an ideality factor close to 
unity, indicating minority-carrier transport limited by concentration 
gradients, as will be explained later [24].

Finally, at sufficiently high forward currents, the exponential in
crease becomes limited by the series resistance. In this regime, the 
applied bias is partially dropped across parasitic resistive paths, 
including bulk resistivity of the neutral regions, contact and wire re
sistances, resulting in a quasi-linear dependence of current on voltage, as 
indicated in the high-bias portion of Fig. 2(a) [22,25].

To describe the I-V characteristics of the diode within the thermionic 
emission framework, it is standard practice to employ the equivalent 
circuit shown in Fig. 2(b), which incorporates a series resistance (Rs) and 
a parallel shunt resistance (Rp) [26–28].

While Rs limits the forward current at high bias, Rp accounts for 
leakage currents, primarily influencing the reverse-bias regime. Within 
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Fig. 1. (a) Optical picture of the fabricated device with the E-shaped Al/Ti contact. (b) 3D schematic of the PN Silicon photodetector (not to scale). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. (a) Experimental dark I-V curve (300 K) highlighting conduction regimes (recombination, diffusion, high-injection, and series resistance). (b) Equivalent 
circuit model, incorporating series (Rs) and shunt (Rp) resistances, corresponding to Eq. (1). (c) Fitting of the I-V characteristics using the series and parallel re
sistances model; inset shows the Cheung method for extracting Rs and ideality factor n. (d) Equivalent circuit of the double-diode model with shunt and series 
resistances. (e) Fitting of the I-V characteristics using the double-diode model. (f) Temperature dependence of dark I-V curves (300–349 K), showing the intensi
fication of the series resistance effect. (g) Extracted Rs and n parameters vs. temperature based on the model of Eq. (1). (h) Arrhenius plot of the reverse saturation 
current, yielding an activation energy Ea ≈ 0.5 eV consistent with thermal generation.
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this model, the I-V behavior is expressed as: 

I =
Rp

Rs + Rp

{

Is

[

exp
(

q(V − IRs)

nkT

)

− 1
]

+
V
Rp

}

(1) 

The series resistance and the ideality factor, n, can be extracted from 
the I-V characteristics by employing a differential analysis method, 
commonly referred to as the Cheung method [29,30]. For high Rp, such 
that Rp

Rs+Rp
→1 and V

Rp
→0 , differentiating the voltage with respect to the 

logarithm of the current in Eq. (1), the following linear relationship is 
established [31]: 

dV
d(lnI)

=
nkT
q

+ RsI (2) 

Thus, when dV/d(lnI) is plotted against I, the result is a straight line 
whose slope gives Rs and whose y-intercept allows for an accurate 
determination of n, as shown in the inset of Fig. 2(c).

This analysis yields an effective ideality factor n ≈ 1.25 and Rs ≈

80 Ω. This ideality factor is intermediate between the ideal diffusion 
limit and pure defect recombination in the space charge region, indic
ative of mixed recombination processes. The inclusion of a shunt resis
tance Rp ≈ 3.8 MΩ introduces an additional voltage-dependent leakage 
path. With these parameters, the forward characteristic is fitted as 
shown in Fig. 2(c). However, this model fails to capture the different 
conduction mechanisms [32,33], particularly in region (b) of Fig. 2(a). 
To account for the distinct mechanisms of ideal diffusion and recombi
nation, a double-diode model, comprising a parallel combination of an 
ideal diode (n = 1) and a non-ideal diode (n = 2), is adopted (see Fig. S1
in the Supporting Information). In this configuration, the parallel com
bination of the resistor and diode in Fig. 2(b) is replaced by a parallel 
network of the two diodes and a resistance, all connected in series with 
the series resistance Rs extracted from the Cheung analysis. This modi
fication significantly improves the fit; indeed, both the reverse region 
and the forward region at higher voltages (V > 0.3 V) are well 
reproduced.

Nevertheless, the interval 0.05 V < V < 0.3 V is not accurately 
fitted by this model. To resolve this issue, a resistance is included in 
series with the non-ideal diode (see Fig. 2(d)). The additional resistance 
introduced in series with the non-ideal (n = 2) diode is attributed to 
interface transport mechanisms, mainly trap-assisted current channels 
and spatially inhomogeneous recombination paths, which become 
particularly relevant in the 0.05–0.3 V bias range and cannot be 
captured by a single global series resistance. Fig. 2(e) confirms that the 
proposed model accurately reproduces the full I-V curve.

The investigation into temperature dependence (from 300 to 350 K) 
reveals a crucial shift in device performance starting above 320 K. At 
elevated temperatures, the overall series resistance effect intensifies, 
because of the metallic behavior of the contacts and electrodes; more
over, the temperature dependence of carrier mobility in semiconductors, 
which typically decreases as temperature rises due to increased phonon 
scattering, can further increase the series resistance [34]. The enhanced 
effect of Rs manifests as a pronounced flattening or saturation of the 
forward current at higher operating temperatures (as shown in the black 
box in Fig. 2(f)). The performance degradation observed above 320 K 
suggests that further improvements could be achieved through 
enhanced surface passivation to suppress SRH recombination, optimi
zation of contact materials to reduce thermally induced resistive losses, 
and defect-density reduction via post-fabrication annealing treatments 
[35].

Parameter extraction at various temperatures, carried out with the 
simplified model of Eq. (1) and presented in Fig. 2(g), confirms this 
trend: Rs systematically increases with temperature, while the ideality 
factor rises from 1.25 at 300 K to about 1.67 at 350 K. The latter in
dicates that recombination processes progressively dominate over 
diffusion at higher temperatures, suggesting a shift in the balance be
tween transport mechanisms at moderate-to-high forward bias [34,36].

The thermal activation of the reverse saturation current (I0) was also 
analyzed. An Arrhenius representation of ln

(
I0 /T3/2) versus 1/kT, 

shown in Fig. 2(h), yields an activation energy of approximately 0.5 eV. 
This value is close to half of the silicon bandgap (Eg/2 ≈ 0.56), providing 
strong evidence that the reverse current is governed by thermal gener
ation within the depletion region. The generation current scales with the 

intrinsic carrier concentration ni, which follows ni∝T
3
2 exp

(
− Eg /2kT

)

[37]. This mechanism dominates the reverse leakage current at room 
temperature, exceeding the contribution of the diffusion component, 
which instead follows an exp

(
− Eg /kT

)
dependence. The extracted 

activation energy, therefore, confirms that mid-gap recombination 
centers play the leading role in defining the leakage current in the 
studied device.

Fig. 3 summarizes the optoelectronic characterization of the fabri
cated PN junction under optical excitation. Current–voltage curves 
measured under illumination at different optical power densities show 
that the photocurrent Iph = Ilight − Idark increases linearly with the inci
dent power, following Iph∝Pα with α ≈ 1.00 ± 0.01. This behavior con
firms that the device operates within the linear regime of photocarrier 
generation and collection, without evidence of trap filling, space-charge 
limitations, or gain mechanisms. As a consequence, the responsivity 

R =
Iph

Pinc
(3) 

remains essentially constant across the explored power range, indicating 
stable external quantum efficiency. In Eq. (3) , Iph is the photocurrent, 
Pinc the incident power over the effective area of the device. Similar 
linear photocurrent response and responsivity values have been re
ported in silicon and III–V photodiodes operating in the low-to-moderate 
injection regime [38].

The built-in potential of the p-n junction facilitates the separation of 
optically excited charge carriers. When no external voltage is applied, 
the resulting potential difference across the device constitutes the 
fundamental mechanism of the photovoltaic effect. The schematic band- 
diagrams of the PN junction in the dark and under light are reported in 
Fig. S2 of the Supplementary Information. The short-circuit current Isc 
exhibits a linear dependence on the optical power, while the open- 
circuit voltage Voc shows a logarithmic scaling with incident power, as 
expected from the diode equation under illumination. In particular, with 
the following formula [39]: 

Voc =
nkT
q

ln
Iph

I0
(4) 

the slope of Voc versus ln(P), an effective optical ideality factor was 
extracted, which was found to be larger than the value obtained from 
dark current–voltage analysis, i.e. n ≈ 3. This discrepancy is consistent 
with previous observations in photovoltaic and photodetector devices, 
where the ideality factor under illumination exceeds the dark value due 
to additional recombination channels, particularly Shockley–Read–Hall 
recombination through defect states in the depletion region [40–42]. 
These trap-assisted recombination processes contribute more signifi
cantly under illumination and shift the balance between diffusion and 
recombination currents, thereby increasing the apparent ideality factor 
[43].

Temperature-dependent measurements of the photocurrent as a 
function of optical power, performed between 300 and 350 K, show that 
the linear relation Iph persists across the entire temperature range, with 
no measurable deviation from unity in the power exponent. Conse
quently, the responsivity remains temperature-independent, confirming 
that the charge collection efficiency and junction electric field are not 
strongly affected by thermal variations within this interval. In contrast, 
the dark current increases significantly with temperature due to ther
mally activated carrier generation in the depletion region, in agreement 
with the extracted activation energy of approximately Eg/2. As a direct 
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consequence, the specific detectivity decreases with increasing tem
perature, since 

D* = R⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅

A
2eIdark

√

(5) 

in the shot-noise limited regime. This trend is well established in pho
todiodes and photodetectors, where thermal generation dominates the 
noise current at elevated temperatures [44].

Overall, the optoelectronic characterization confirms that the fabri
cated silicon PN photodiode operates with high linearity and stable 
responsivity across a wide range of optical powers and temperatures. 
The performance is ultimately limited at elevated temperatures by 
thermally activated leakage currents, which reduce the detectivity 
despite the invariance of the responsivity.

The responsivity of a photodetector strongly depends on the incident 
light wavelength. Under white light, silicon absorbs only part of the 
spectrum efficiently, reducing the average measured responsivity 
compared with its peak. Optimized Si PIN photodiodes can reach 

~0.4–0.6 A/W at specific wavelengths, slightly higher than the ~0.3 A/ 
W measured under white illumination.

The responsivity reported here represents a spectral average 
weighted by both the emission profile of the LED source and the intrinsic 
wavelength-dependent absorption of silicon. The spectral region 
considered does not include silicon's peak responsivity, which typically 
occurs in the 850–900 nm range. Therefore, the quoted value corre
sponds to the visible band and may appear lower than the maximum 
responsivity measured under near-infrared illumination.

Under broad-spectrum illumination, the room temperature detec
tivity D* ∼ 1.4 × 108 Jones, decreases with increasing temperature due 
to enhanced noise [45]. A comparative analysis between the perfor
mance of our device and state-of-the-art detectivity values for p-n 
junctions is provided in Table S1 of the Supplementary Information. As 
summarized in that Table, the specific detectivity (D*) of our silicon PN 
photodetector (~3.7 × 108 Jones) is comparable to reported PN devices 
(e.g., Refs. [46,47]) while remaining lower than most optimized PIN 
photodiodes (>1011–1012 Jones) [48–50].

Fig. 3. (a) I-V curves under various incident optical powers (P). (b) Linear dependence of photocurrent on power (exponent α ≈ 1.00); inset confirms constant 
responsivity (R) vs. power. (c) Short-circuit current (Isc) vs. optical power. (d) Open-circuit voltage (Voc) vs. log(P), showing logarithmic scaling. (e) Photocurrent vs. 
power at different temperatures, confirming the linear relation persists. (f) Responsivity (R) remains temperature-independent, while detectivity (D*) decreases due 
to increased dark current.
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3. Machine learning approach to the diode characterization

To complement the conventional extraction techniques, a machine 
learning framework based on an Artificial Neural Network (ANN) was 
developed to perform global parameter estimation over the entire 
experimental temperature range. The electrical behavior was charac
terized by training a deep Multi-Layer Perceptron (MLP) architecture to 
map the non-linear relationship between the I-V characteristics and the 
physical parameters. The computational workflow was implemented in 
Python using the Scikit-learn library, utilizing three hidden layers with 
256, 256, and 128 neurons, respectively (see Fig. 4(a)). The network was 
trained on a dataset of 104 I-V curves generated from the generalized 
diode equation (Eq. (1)), incorporating parasitic series and shunt resis
tance components. The training set was constructed by randomly 
varying the parameters within physically consistent ranges: ideality 
factor n from 1 to 2.5, saturation current I0 from 10− 11 to 10− 5 A, series 
resistance Rs from 30 to 1000 Ω, and shunt resistance Rp from 105 to 108 

Ω. Experimental data were preprocessed using a base-10 logarithmic 
transformation of the absolute current followed by Z-score normaliza
tion to maintain high sensitivity across multiple orders of magnitude. 
The optimized model employed the Adam solver and the Rectified 
Linear Unit (ReLU) activation function, achieving convergence with a 
tolerance of 10− 8.

The I-V characteristic at ambient temperature, processed via the 
Machine Learning (ML) framework, demonstrates excellent agreement 
with the experimental data, as illustrated in Fig. 4(b). The extracted 
parameters are n = 1.68, Rs ≈ 70 Ω and Rp ≈ 5.2 MΩ. The calculated 
ideality factor indicates a conduction mechanism governed by a com
bination of an ideal (n = 1) and a non-ideal (n ≈ 2) diode behaviors. 
Notably, the ML-derived ideality factor is slightly higher than the value 
obtained through Cheung's method. This discrepancy is attributed to the 

localized nature of the Cheung analysis, which relies on a linear fit of the 
auxiliary function dV

d(lnI). When the fitting interval is restricted or localized 
within the high-current regime, the Cheung method tends to overlook 
the global curvature, thereby underestimating the true ideality factor. 
Conversely, the ML approach accounts for the Shockley-Read-Hall 
(SRH) transport component. By extracting the saturation current from 
the temperature-dependent I-V curves (see Fig. S3 in the Supplementary 
Information), the resulting Arrhenius plot in Fig. 4(c) yields an activa
tion energy of approximately 0.52 eV, which is in consistent agreement 
with experimental observations.

The primary advantage of the Machine Learning approach over 
traditional equivalent circuit modeling lies in its inherent versatility; it is 
applicable to the I-V characteristics of any electronic device, regardless 
of the underlying physical architecture [51], and it enables predictive 
performance evaluation during the design phase, thereby reducing 
development time and costs [52].

Unlike analytical models, which are constrained by the specific pa
rameters and assumptions implemented within the model's equations, 
the ML framework provides a solution that effectively generalizes across 
diverse experimental datasets without requiring prior physical 
derivations.

4. Atlas-Silvaco simulation and analytical modeling of PN 
photodetectors

a. Simulation by Atlas-Silvaco

In this section, we compare the experimental I-V characteristics at 
room temperature with those obtained through an Atlas-Silvaco simu
lation and the analytical model that we detail in next session.

Fig. 5(a) illustrates the simulated structure of the studied PN 

Fig. 4. (a) Schematic representation of the Artificial Neural Network (ANN) architecture employed for the numerical calculations. (b) Comparison between the 
experimental I-V characteristics of the PN junction and the curves reconstructed via Machine Learning (ML); the extracted parameters, including the ideality factor n, 
series resistance Rs, and shunt resistance Rp, are indicated. (c) Arrhenius plot derived from the ML-extracted saturation currents, yielding an activation energy (Ea

ML) 
of approximately 0.53 eV.
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photodetector in Atlas-Silvaco, showing a cross-sectional view of the 
device. Fig. 5(b) details the doping profile of the structure under study, 
with the n-type region in red and the p-type region in purple. The black 
horizontal line within the silicon marks the PN junction, the key inter
face for light-to-current conversion. The top and bottom layers, labeled 
“Electrodes," represent the Ti/Al metal contacts. The silicon PN photo
diode was simulated with a set of appropriate physical models in Atlas- 
Silvaco device simulator to accurately capture carrier transport and 
recombination mechanisms. The Shockley–Read–Hall (SRH) model was 
enabled to account for trap-assisted recombination, while the field- 
dependent mobility model (FLDMOB) was used to describe carrier 
mobility degradation under high electric fields. The CONS-RH model 
was included to ensure a consistent formulation of recombination pro
cesses across different bias conditions. Device equations were solved 
using a combined Newton–Gummel iterative scheme to enhance nu
merical stability, with carrier trapping handled through the TRAP op
tion. Convergence robustness was further improved by setting an 
iteration limit of 40 and a maximum of 20 trap iterations. As shown in 
the following, this configuration provides a reliable computational 
framework for analyzing the electro-optical behavior of the silicon p–n 

photodetector. 

b. Analytical modeling

Following the insight gained through the simulation, an analytical 
model is proposed to obtain the I–V characteristics of silicon PN 
photodetector. The model is derived from the continuity equations 
combined with the drift–diffusion transport equations with the electrical 
potential obtained from the Poisson's equation self-consistently solved 
using the Newton–Gummel iterative method. As in the simulation, the 
model incorporates the Shockley–Read–Hall recombination and the 
field-dependent mobility. The model here proposed is general and not 
device-specific, as it relies solely on fundamental principles and applies 
to any PN junction diode.

For the sake of brevity, we present here only the final analytical 
expression of the current versus voltage, under illumination. A detailed 
derivation, including all intermediate steps and underlying assumptions, 
is provided in the Supplementary Information and is schematized in 
Fig. S4.

According to the proposed model, the I–V expression of the current in 

Fig. 5. (a) Cross section of the simulated Si PN-photodiode. (b) Doping profile of the simulated Si PN-photodiode.

M. Khaouani et al.                                                                                                                                                                                                                              Physica B: Condensed Matter 730 (2026) 418479 

7 



the photodetector is the following: 

I(V) = Idark(V) − Iphoto(V) (6) 

I(V)=qA
(

e
qV
nkT − 1

)(
n2

i Dp

NDLp
coth

(
tn − xn

Lp

)

+
n2

i Dn

NALn
coth

(
tp − xp

Ln

))

− A

⎡

⎢
⎢
⎢
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qΦe− αtn
ηα
(

α − 1
Lp

)

(

α2 − 1
L2

p

) e
− (tn − xn)

Lp +qΦe− αtp
ηα
(

α − 1
Ln

)

(

α2 − 1
L2

n

) e
− (tp − xp)

Ln

⎤

⎥
⎥
⎥
⎦

−
qAηΦ

α
(
1 − e− αW)

In Eq. (6), A is the junction area, ni the intrinsic Silicon carrier con
centration, NA and ND the doping densities of the p- and n-regions, 
respectively, Dp/ Dn and Lp/ Ln are the hole/electron diffusion co
efficients and lengths in the n- and p-regions, respectively, Φ is the 
incident photon flux, α is the absorption coefficient, η the quantum 
effeicieny, and xn/ xp with xn + xp = W the extensions of the depletion 
layer in the n- and p-side. 

c. Comparison of Analytical and Numerical Simulation Results with 
Experimental Measurements

In this section, the experimental I–V characteristics of the device are 
compared with results obtained from numerical simulations performed 
using the Atlas-Silvaco simulator and with predictions from the 
analytical model described in Eq. (6). The analytical model was devel
oped in close conjunction with Silvaco TCAD simulations. The governing 
physical equations solved in Silvaco were used as a reference to ensure 
consistency with established device physics. TCAD results guided the 
formulation of the analytical expressions, which were then validated 
against Silvaco simulations over the operating range of interest. This 
hybrid approach enables accurate physics-based modeling while main
taining analytical simplicity.

The objective is to validate both the simulation framework and the 
analytical approach, demonstrating that they accurately capture the 
underlying physical mechanisms governing device operation.

Fig. 6(a) compares the experimental room-temperature dark I–V 
characteristics of the PN photodetector with those obtained from nu
merical simulations using the Atlas-Silvaco tool and from the analytical 
model. Under reverse bias, all three curves (experimental, analytical, 
and Atlas-Silvaco) show good agreement and exhibit a low dark current. 
In forward bias, both the simulation and the analytical model closely 
match the experimental data in the low-bias diffusion regime, with a 
slight underestimation at higher biases where the current becomes 
limited by the series resistance. Notably, the Silvaco simulation provides 
the closest agreement with the experimental data over the entire voltage 
range, thereby validating the physical mechanisms selected for 

modeling the device behavior.
Fig. 6(b) shows the same I-V curves under illumination. In reverse 

bias, all three curves, i.e., experimental, analytical, and Atlas-Silvaco, 
converge to a high and stable photocurrent, confirming the device's 
light sensitivity. The satisfactory agreement with the experimental data 
proves that both simulation and the analytical model capture the 
essential physical phenomena underlying the behavior of the photo
diode under illumination, thus constituting a reliable tool for predicting 
the device's quantitative behavior.

5. Conclusions

In summary, we have demonstrated the fabrication and compre
hensive optoelectronic characterization of a silicon PN-junction photo
diode operating across a broad temperature range. The device exhibits 
robust diode behavior, reflected in a rectification ratio exceeding four 
orders of magnitude, an ideality factor close to 1 over a wide bias range, 
and a series resistance below 100 Ω. The entire current–voltage behavior 
of the diode is accurately reproduced by a phenomenological model 
incorporating two diodes with ideality factors of 1 and 2, along with 
shunt and series resistances. A key highlight of this work is the imple
mentation of a machine learning framework based on an Artificial 
Neural Network, which successfully performed global parameter esti
mation and accurately reconstructed the I-V characteristics. This data- 
driven approach provided an independent validation of the physical 
parameters and demonstrated superior versatility in generalizing across 
diverse experimental conditions without the constraints of traditional 
analytical assumptions. As a photodetector, the device maintains a 
highly linear response and stable responsivity up to 0.3 A/W. We also 
established a general analytical expression for the photocurrent, vali
dated by Atlas-Silvaco simulations. Collectively, this integrated meth
odology, combining experimental measurements, machine learning, and 
numerical simulations provides a powerful toolset for the precise 
assessment and predictive optimization of high-performance silicon- 
based optoelectronic devices.
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