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Abstract:This paper presents an efficient ensemble Monte Carlo approach for 

simulating electron transport in silicon-based semiconductors. The proposed 

model incorporates key scattering mechanisms—impurity, acoustic phonon, and 

nonpolar optical phonon interactions—by calculating their respective scattering 

rates, determining the probability of each scattering event, and assigning post-

scattering energies and angles according to appropriate distributions. A three-

valley framework is employed to account for anisotropy and conduction-band 

non-parabolicity, with direction-dependent effective masses and wave vectors, 

ensuring accurate simulation of electron transport under high electric fields. Key 

findings reveal fundamental transport characteristics: drift velocity shows linear 

dependence in weak fields, followed by saturation at higher fields due to 

increased scattering. Temperature increases cause reduced peak velocities and 

longer relaxation times, while higher impurity concentrations gradually decrease 

peak velocity through enhanced Coulombic scattering. Notably, significant 

velocity overshoot occurs at high fields (10-50 kV/cm), where electrons exhibit 

temporary velocity enhancements before stabilization. This arises from electrons 

entering high-energy states where momentum loss exceeds energy loss, with 

overshoot magnitude increasing with field strength. The study identifies a 

threshold field of ~30 kV/cm and validates results against Silvaco software (<5% 

deviation), experimental data, and other numerical methods. The model's novelty 

lies in capturing both steady-state and transient behaviors across varying 

temperatures, with the provided simulation code enhancing reproducibility. This 

framework offers robust analysis for designing high-speed silicon devices. 
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1. INTRODUCTION 

Silicon is the cornerstone of modern electronics, widely utilized in the production 

of semiconductors due to its unique physical and electrical properties [1]. Its 

abundance, excellent thermal stability, and ability to form a stable crystalline 

structure make it an essential material in devices [2-3] such as microchips [4-5], 

photonic crystal-based devices [6-9], and integrated circuits [10-12]. These 

components underpin technologies ranging from telecommunications [13] to 

highly compacted optical circuits [14-16], driving advancements in industries 

globally [17]. 

Understanding electron transport in silicon is fundamental to improving device 

performance. Electron transport is governed by various mechanisms, including 

scattering due to phonons, impurities, and defects within the silicon lattice [18]. 

These processes affect critical properties such as carrier mobility and conductivity 

[19]. Moreover, external factors such as electric fields and temperature variations 

further influence electron dynamics, making accurate modeling indispensable for 

semiconductor design [20]. 

Monte Carlo simulation is known as a powerful method to model and predict 

electron behavior in semiconductors [21]. Unlike deterministic methods, Monte 

Carlo simulations provide a probabilistic approach, capturing the stochastic nature 

of scattering events [22]. This method allows for detailed analysis of electron 

trajectories, offering insights into transport phenomena under different 

operational conditions, such as high electric fields and varying doping levels [23]. 

It has proven particularly effective in identifying non-linear behaviors that impact 

device efficiency [24-25]. 

A study employs Ensemble Monte Carlo simulations to investigate electron 

transport in GaAs quantum wires, revealing that the one-dimensional density of 

states enhances low-field mobility and increases high-field saturation velocity 

through anisotropic effects [26]. A report uses an Ensemble Monte Carlo 

simulator to solve the coupled Boltzmann–Poisson equations for electron 

transport in cubic GaN n+–n–n+ structures under applied voltages from 0.5 to 4 

V. The model includes semiclassical carrier motion along with phonon and 

ionized-impurity scattering. Key transport quantities—such as electron density, 

velocity, kinetic energy, potential, and electric field—are evaluated for different 

lattice temperatures and active-layer lengths [27]. Another study performs 

ensemble Monte Carlo simulations to investigate electron transport in small-

diameter semiconducting zigzag (n,0) carbon nanotubes using a tight-binding 

electronic structure. The simulations include key electron–phonon scattering 

mechanisms involving longitudinal acoustic and optical phonons and evaluate the 
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electron distribution in space and time [28]. A work employs an advanced EMC 

model to simulate electron behavior in InN, utilizing a detailed five-band model 

and a numerically computed impact ionization rate. The results reveal a 

substantially higher peak electron drift velocity than GaN, significant anisotropy 

in the velocity-field characteristic, and a low-field mobility within a specific range 

[29]. The proposed model offers several advantages over the first four studies. 

Unlike the earlier works that focus on specific materials such as GaAs, GaN, 

carbon nanotubes, and InN, this work presents a more general and versatile EMC 

framework for silicon-based semiconductors, incorporating a comprehensive 

three-valley model that captures anisotropy and conduction-band non-

parabolicity more accurately. It also provides a far more detailed analysis of high-

field transport—including clear characterization of velocity saturation, strong 

velocity overshoot, and a defined threshold field—while systematically 

examining the effects of temperature and impurity concentration on transport 

properties, which the previous studies address only partially. Furthermore, it 

demonstrates stronger validation through close agreement with Silvaco 

simulations, experimental data, and other numerical methods, and enhances 

reproducibility by providing its simulation code. Together, these features make 

this work a more complete and broadly applicable transport study compared to 

the previous works. 

The Ensemble Monte Carlo method offers key advantages over the drift–

diffusion (DD) model, particularly for nanoscale and high-field semiconductor 

devices. EMC provides a microscopic, particle-based simulation of individual 

carrier trajectories, allowing non-equilibrium effects such as velocity overshoot, 

ballistic transport, hot-carrier phenomena, and transient behavior to be captured 

with high fidelity, effects that the DD model, which assumes local equilibrium 

and uses averaged mobilities, cannot resolve [30]. Moreover, EMC naturally 

accommodates detailed physics such as full-band structure, anisotropy, 

non-parabolic dispersion, and complex scattering mechanisms while DD often 

relies on empirical parameterization and loses accuracy under extreme conditions 

[31]. Importantly, EMC has been shown to predict device variability more 

accurately; for example, in Si nanowire FETs, Monte Carlo simulations reveal 

ON-current fluctuations from line-edge roughness or metal-gate granularity that 

drift–diffusion models can overestimate by tens of percent [32]. Although 

computationally more demanding, EMC thus provides significantly greater 

predictive power and physical realism compared to the drift–diffusion approach. 

The findings of this study can directly support the design of high-speed 

integrated circuits, and introducing a clear optoelectronic nanostructure as a 
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potential application further strengthens the relevance of the proposed EMC 

model. Given the model's ability to accurately capture electron dynamics under 

high electric fields and varying temperatures, it is well-suited for analyzing carrier 

transport in optoelectronic nanostructures such as silicon-based nanowire 

photodetectors or high-speed silicon modulators. These devices rely on fast 

carrier response and strong field-dependent transport properties, which the 

presented EMC framework can effectively predict and optimize. This study 

presents a new ensemble Monte Carlo model to solve the Boltzmann transport 

equation of electrons in silicon. By simulating scattering mechanisms and 

analyzing the effects of temperature, electric fields, and impurities, the research 

aims to provide an efficient and fundamental model for silicon-based devices. 

This model enables researchers to have a comprehensive understanding of 

transport dynamics. Such insights are pivotal for optimizing the design and 

functionality of semiconductor devices, ensuring greater energy efficiency and 

performance. The result shows the time-dependent response of electron drift 

velocity and energy under various applied electric fields. 

2. THE PROPOSED MONTE CARLO METHOD 

The Monte Carlo method is highly efficient in simulating any phenomenon with 

a random nature. The movement of electrons in a semiconductor is also inherently 

random. Given that the basis of electron transport in all semiconductors is the 

Boltzmann equation, solving this equation and obtaining the distribution function 

(f) becomes important. Because with f, other necessary quantities for studying 

electron transport in semiconductors can be obtained. The Boltzmann equation is 

defined as follows [33]: 

 

𝜕𝑓

𝜕𝑡
+ 𝑉. 𝛻𝑟𝑓 + 𝑘. 𝛻𝑘𝑓 = (

𝜕𝑓

𝜕𝑡
)

𝑐𝑜𝑙𝑙
 (1) 

This equation cannot be solved analytically without making simplifications, but 

using the Monte Carlo method, which is the basis of this paper, the Boltzmann 

equation is solved stochastically over a time interval, and the distribution function 

is calculated accurately. In this method, computer-generated random numbers are 

used to estimate the desired quantities. For example, the relaxation time between 

collisions is obtained from the following relation [33]: 

 

𝑡𝑟 = −
1

𝛤
𝑙𝑛( 𝑟) (2) 



 

 

An Efficient Monte Carlo Model to Simulate the Electron Transport in …  

Journal of Optoelectronical Nanostructures. 2025; 10(4): 64-82                    68 

where r is a random number in the range 0 < r < 1, and Γ is the total scattering 

rate, meaning the relaxation time between collisions. 

Γtotal = Γnon−polar optical

+ Γacoustic

+ Γimpurity 

(3) 

Initially, 50000 superparticles are distributed in the momentum space according 

to the Maxwell-Boltzmann statistics. Due to various scattering mechanisms 

within the material (including non-polar optical phonon scattering, inter-valley 

and intra-valley phonon scattering, acoustic phonon scattering, and impurity), 

their states change. Given the presence of strong electric fields in the calculations 

(greater than 1 kV/cm), the central valley should be considered non-parabolic, and 

its effect on the equation is as follows [23]: 

𝐸𝑘(1 + 𝛼𝐸𝑘) =
ħ2𝑘2

2𝑚∗
 (4) 

where α is the non-parabolicity factor of the valley and m* is the effective mass 

of electrons. Due to the consideration of an elliptical band structure, the band 

structure becomes dependent on the crystal lattice directions, and both the 

effective mass and the wave vector become dependent on these directions. As a 

result, the above relations are modified as follows [23]: 

𝐸𝑘(1 + 𝛼𝐸𝑘) =
ħ

2

2
[
𝑘𝑙

2

𝑚𝑙
∗ +

𝑘𝑡
2

𝑚𝑡
∗] (5) 

where mt*, ml*, kt*, and kl* are the transverse and longitudinal masses, transverse 

and longitudinal wave vectors in the momentum space with an elliptical 

distribution, respectively. 

Since a real crystal does not have a perfectly periodic structure, it is also 

considered the interaction of electrons with these defects. These defects include 

the absence of an atom from its original position or the substitution of an impurity 

atom in the lattice structure. Moreover, lattice vibrations also disturb the periodic 

potential and cause electron scattering. The effect of these defects is introduced 

into calculations as a perturbation potential according to quantum mechanics. The 

band and physical parameters related to Si are given; the bandgap, non-

parabolicity coefficient, mt*/m0, and ml*/m0 are 1.12 eV, 0.5, 0.19, and 0.92, 

respectively [18]. Moreover, the density, dielectric constant, optical phonon 

energy, acoustic velocity, and deformed potential constant are 2329 kg/m3, 11.7, 
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0.063 eV, 9040 m/s, and 9 eV, respectively [18].    

Silicon crystallizes in the diamond structure. Its band structure reveals that the 

conduction band minimum (bandgap) lies along the Δ and X directions in k-space. 

Due to the significant energy difference between these valleys and the lowest 

valley, most simulations consider only the central valley. This is justified by the 

negligible impact of higher valleys on properties such as electron mobility under 

typical operating conditions [18]. However, in specific studies sensitive to 

phenomena like inter-valley electron transfer, it may be necessary to consider all 

valleys. 

In silicon semiconductors, electron scattering is primarily caused by interactions 

with phonons. These scattering events can be categorized into intra-valley and 

inter-valley scattering. In intra-valley scattering, electrons within the same valley 

of the band structure exchange energy with acoustic or optical phonons, leading 

to changes in their energy and momentum. Inter-valley scattering involves the 

transfer of electrons from one valley to another, typically accompanied by the 

absorption or emission of optical phonons. Due to the significant change in 

electron energy, these scattering events are inelastic. Phonon scattering has a 

significant impact on electron mobility and, consequently, on the electrical 

conductivity of the material. 

Intra-valley scattering refers to the scattering of electrons within the central 

valley of the conduction band, primarily due to interactions with acoustic 

phonons. Because the energy of acoustic phonons is much lower than the thermal 

energy, this type of scattering can be approximated as elastic. This approximation 

assumes that the electron energy remains constant during the scattering event, 

simplifying the calculations [23]. Other scattering mechanisms, such as scattering 

by optical phonons, impurities, and other electrons, are typically considered 

inelastic, as electrons gain or lose significant energy during these scattering 

events. 

In a semiconductor crystal, electrons are the primary charge carriers. Their 

movement through the crystal lattice can be disrupted by various factors, such as 

the coulomb force from atomic nuclei, impurity scattering, phonon scattering, 

acoustic phonons, and non-polar optical phonons. From a quantum mechanical 

perspective, these disruptive phenomena are viewed as perturbation potentials. 

These potentials lead to electron scattering, a fundamental process that impacts 

the electronic properties of semiconductors. The scattering rates due to impurities, 

acoustic phonons, and non-polar optical phonons are crucial parameters in 

determining the overall electrical behavior of a semiconductor device. These rates 

are often incorporated into a scattering matrix. Equation (6) in the reference [18] 
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likely provides a specific formula for calculating the impurity scattering rate. 

By understanding these scattering mechanisms and their associated rates, 

scientists and engineers can optimize the design and performance of 

semiconductor devices. 

Wimp(k)

=
2πNIZ

2q4NS(Ek)

ℏεs
2

1

LD
2 (4k2 + LD

2 )
 

(6) 

 

Ns(Ek) =
(2m∗)3/2√Ek

4π2ℏ3
 (7) 

where k, E, ε, and LD represent the momentum, energy of electrons, permittivity 

of material, and Debye length, respectively, while Ns(E) and Z denote the density 

of states for electrons and the impurity charge, respectively. 

To completely define the state of the electron after scattering, the scattering 

probability Wimp(k), and the scattering angles φ and θ should be determined. The 

angle φ, being independent of the collision process, is randomly selected within 

the range 0 to 2π. To determine θ, Wimp(θ)/Wimp(k) is computed, establishing a 

relationship that depends on θ. Given the influence of the Debye length on cosθ, 

Equation (8) is used to calculate θ. 

cos θ = 1 −
2r

1 + (1 − r)(
2k
LD

)2
 

(8) 

where r is a symbol to generate a random number between 0 and 1. The 

scattering rate of acoustic phonons is defined by Equation (9), where Ξd, k′, and 

cL show the deformation potential, the electron wave vector after scattering, and 

the elasticity constant, respectively. In this scattering, it is supposed that the 

collision is elastic, implying that the carrier's energy remains unchanged after the 

collision [18]. 

Waco(k, k′) =
πΞd

2KT

ℏcL

NS(Ek) (9) 

Non-polar optical phonon scattering is defined as an inelastic process, including 

phonon energy compared to the environment's thermal energy. This type of 

scattering appears in two modes: intra-valley and inter-valley. In intervalley 

scattering, the need for a substantial change in momentum restricts the process to 

phonons whose wave vectors lie close to the edges of the Brillouin zone. The 
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phonon energy is slightly more than that at the center of the corresponding 

boundary region. The azimuthal angle φ is determined by producing a random 

number uniformly distributed between 0 and 2π, while the cosθ of the polar angle 

is achieved using a random number uniformly distributed from -1 to +1. 

Equations (10) and (11) describe the scattering rates for intra-valley and inter-

valley non-polar optical phonons, respectively, where D0 represents the 

deformation potential, ω0 denotes the angular frequency at equilibrium, and ℏ ω0 

corresponds to the energy of the optical phonon. The sign ± indicates the two 

possible cases of phonon emission and absorption [18]. 

WNon −POP
intra (k) =

πDo
2

ρωo

(nb +
1

2
∓

1

2
)Ns(Ek

± ℏωo) 

(10) 

WNon −POP
inter (k) =

πDij
2zj

ρωijΩ
(nb(ωij) +

1

2
∓

1

2
)Ns(Ek ± ℏωij

− ΔEji) 
(11) 

where Ω represents the volume of impurity, Dij denotes the inter-valley 

deformation potential. After electrons are scattered, they can transition to other 

valleys, where zj determines the number of valleys. ΔEji denotes the difference in 

the energy between the minimum energy of the two valleys, where the indices j 

and i correspond to the valleys associated with the electron after and before 

scattering, respectively.) 

The number of phonons in the qs state at equilibrium is determined by the Bose-

Einstein distribution, as phonons are treated as bosonic particles. Equation (12) 

provides the expression for the phonon population. Here, nb represents the number 

of similar bosonic particles that oscillate at frequency ωqs with energy ℏωqs. 

nb(ωqs) =
1

exp( ℏωqs/KT) − 1
 (12) 

Figure 1 illustrates the geometry of the simulated device, the electron concentration 

in the valleys, and energy versus wavevector. In semiconductor physics, the 

energy-momentum (E-k) relationship of charge carriers (electrons) is often 

approximated as parabolic. This simplification leads to a constant effective mass, 

making theoretical calculations more straightforward. However, in reality, the 

band structure of many semiconductors deviates from this ideal parabolic shape, 

especially at higher energies. This non-parabolicity has significant implications 

for the electronic and optical properties of semiconductors. In the non-parabolic 
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band, the effective mass increases with increasing energy. This leads to a more 

complex carrier transport behavior, affecting scattering mechanisms. 

3. THE SIMULATION RESULTS 

Based on the proposed EMC model, the results of simulations in silicon 

semiconductors under various electric fields are presented. Figure 2 illustrates the 

electron drift velocity characteristics at a temperature of 300 K and an impurity 

concentration of 2×1017 cm-3 under steady-state conditions. As observed in figure 

2, the electron drift velocity rises with increasing electric field. However, at a 

threshold field of approximately 30 kV/cm, the rate of velocity increase slows 

down, and eventually, the velocity saturates at a value on the order of the thermal 

velocity of electrons in silicon, which is approximately 105 m/s [32]. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. (a) The geometry of the simulated device. The energy band diagram versus the 

wavevector of silicon (b) and electron concentration in the valleys (c) for two 

parabolic and non-parabolic cases 

In weak electric fields, the drift velocity increases linearly with increasing 

electric field, where the slope of this line represents the electron mobility. 
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However, due to increased scattering events within the semiconductor as the 

electric field strength increases, which act as obstacles to electron motion, the 

velocity increase is hindered and eventually saturates. As shown in Figure 2, the 

results obtained from Monte Carlo simulations and Silvaco simulations exhibit 

good agreement. Accordingly, the simple MC model can be considered an 

efficient model to simulate silicon devices. 

Significant attention has been given to electron transport within submicron 

devices due to their potential for high-frequency and high-speed applications. 

When the time it takes for electrons to traverse a device becomes similar to or 

shorter than the time it takes for electrons to reach a stable state (relaxation time), 

electrons injected into the device may not achieve their steady-state velocity 

during their journey through the device. Therefore, it's crucial to understand that 

the velocity-field relationships determined in earlier analyses may not accurately 

describe electron transport within submicron devices. The transient behavior 

observed after electron injection allows the average velocity to exceed the typical 

saturation value. 

 

 

Fig. 2. Steady-state electron drift velocity as a function of applied electric field in Si 

semiconductor at 300 K 

Figure 3 depicts the temporal response of electron drift velocity at three different 

temperatures: 300K, 400K, and 500K, under applied electric fields of 20 kV/cm 

and 50 kV/cm. The figure shows that as temperature increases, the peak of 

electron drift velocity decreases and shifts towards longer times. This behavior in 

the drift velocity curve is attributed to the increased probability of scattering 

events with increasing temperature. 
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Fig. 3. The time-dependent changes of electron drift velocity with temperature 

Figure 4 illustrates the temporal response of electrons for three different 

impurity concentrations: 2×1017 cm-3, 5×1017 cm-3, and 1018 cm-3, under an applied 

electric field of 50 kV/cm. As observed in the figure, the peak velocity decreases 

gradually with increasing impurity concentration. This phenomenon is attributed 

to the fact that as the number of ionized impurity centers increases, electrons 

experience more frequent Coulombic scattering, resulting in an increased 

scattering rate due to ionized impurities and a consequent decrease in carrier 

velocity. 

 

Fig. 4. The time-dependent change in electron drift velocity varies with changes in 

impurity density for a temperature of 300K 

Figure 5 shows the time-dependent response of electron drift velocity and 

energy under various applied electric fields. As observed in figure 5(a), in fields 
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of 10 kV/cm, 20 kV/cm, and 50 kV/cm, peaks of the order of 1.1×105 m/s, 1.6×105 

m/s, and 2.3×105 m/s are observed, respectively. It demonstrates that electron 

velocities display significant temporary increases (overshoots) at high electric 

fields before settling down to their steady-state values. This behavior arises from 

the difference in how quickly electrons lose momentum and energy, which varies 

depending on their energy level. Transient overshoot typically occurs when the 

applied electric field is strong enough to propel electrons into a high-energy range. 

In this high-energy region, electrons lose momentum more quickly than they lose 

energy. However, after a short time, energy loss mechanisms become dominant, 

causing the distribution of electron energies to broaden and the drift velocity to 

decrease. The average energy of electrons in Si increases at first, then it stays 

constant (see figure 5(b)). 

 
(a) 

 

 
(b) 

Fig. 5. The time response of non-equilibrium (a) electron velocity and (b) energy in silicon 

at T=300K 

As the applied electric field increases, the peak drift velocity reaches higher 

values and shifts towards shorter times. This behavior of electron drift velocity is 

due to the complete filling of the central valley by electrons in times less than 0.5 

ps. Therefore, during this time, the probability of inter-valley scattering of 

electrons is lower, and consequently, the factors reducing electron velocity are 

fewer. Over time, electrons gain enough energy to scatter into higher-energy 

valleys. Due to the difference between electron momentum and relaxation time 

for electron transitions between valleys, which is a function of electron energy, in 

high electric fields (10 kV/cm, 20 kV/cm, and 50 kV/cm), it encounters velocity 

overshoot during inter-valley transitions. After a longer time, the electron 

scattering rates reach equilibrium, and the electron drift velocity and energy reach 

a steady state. 
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Figure 6 shows the electron drift velocity and average energy as a function of 

distance (this distance refers to the distance from the cathode to the anode). In 

electric fields below the threshold field, the drift velocity reaches a steady state at 

dimensions of 50 nm. However, for fields above the threshold, a steady state is 

achieved at 100 nm. Consequently, when fabricating devices with lengths larger 

than these values, considering the steady-state drift velocity is sufficient. 

However, for devices with smaller lengths, the non-steady-state behavior of 

electron drift velocity should be taken into account. Electron energy also 

experiences a transmission state along the device (see figure 6(b)). 

 
(a) 

 

 

 
(b) 

Fig. 6. (a) Electron drift velocity and (b) average energy as a function of distance in silicon 

at 300K 

Figure 7 plots the electron transit time in terms of the distance. By this finding, 

one can determine the necessary electric field to achieve the minimum electron 

transit time in devices with a given length. For instance, for a gate length of 0.10 

µm, the minimum electron transit time corresponds to an electric field of 50 

kV/cm. However, if it is desired to apply less power to the device, such as an 

electric field of 20 kV/cm, the transit time for the same gate length increases by 

0.21 pS compared to the previous case, and the device performance decreases. 

Similarly, to design a transistor with a gate length of 0.1 µm and a transit time of 

1 pS, a field on the order of 2 kV/cm should be applied to the device. 
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Fig. 7. The electron transit time in terms of the distance for electric fields from 2 kV/cm 

to 50 kV/cm at 300K 

Figure 8 illustrates the energy in terms of the trajectory for three electrons for an 

electric field of 50 kV/cm at 300K. 

 

Fig. 8. The electron energies in terms of the trajectory for an electric field of 50 kV/cm at 

300K 

For better evaluation, the simulation results of the proposed Monte Carlo 

method are assessed by references [35-38], and also the Silvaco simulation in 

table 1. It can be seen that for different electric fields, the proposed Monte Carlo 

model has a good agreement with other data [35-38] and the commercial software 

Silvaco. The simplicity of the proposed model and its efficiency make it possible 

to use it as a basic and effective model for simulating silicon-based devices. 

Providing a microscopic picture of the movement of electrons in semiconductors 
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can give researchers a very good understanding so that they can better design and 

analyze devices made of silicon. Table 1 presents the percentage deviations of 

both drift velocity and average energy. While the drift velocity deviation remains 

below 5%, the average energy deviation reaches up to 8.4%. 

Table 1. The comparison of the silicon drift velocity and average energy with references 

[35-38]. 

Referenc

e 

Model/Metho

d 

Drift 

Velocit

y  

(×105 

m/s) 

Deviatio

n of Drift 

Velocity 

(%) 

Electric 

Field  

(kV/cm

) 

Averag

e Energy  

(meV) 

Deviatio

n of 

Average 

Energy 

(%) 

[35] 
Experimenta

l 

0.40 5.0 2 39.41 1.8 

0.61 3.3 5 48.76 1.6 

0.80 1.2 10 59.15 0.8 

0.95 0.0 20 99.33 0.3 

1.04 0.0 50 249.09 8.4 

[36] 

Drift and 

Diffusion 

Simulation 

0.77 3.7 10 58.55 0.4 

0.88 2.1 20 98.43 0.1 

0.94 1.9 50 246.61 8.4 

[37] 
Monte Carlo 

Simulation 

0.82 1.2 10 - - 

1.01 2.9 50 - - 

[38] 
Monte Carlo 

Simulation 

0.79 2.5 10 - - 

0.97 2.1 20 - - 

1.05 1.0 50 - - 

Silvaco 
Numerical 

Simulation 

0.40 5 2 40.21 1.3 

0.60 1.7 5 50.06 3.1 

0.82 2.5 10 60.05 1.2 

0.96 1.1 20 100.01 0.9 

1.06 1.9 50 251.10 0.3 

This 

work 

Monte Carlo 

Simulation 

0.40 - 2 39.02 - 

0.60 - 5 49.86 - 

0.81 - 10 59.91 - 

0.95 - 20 100.01 - 

1.04 - 50 250.10 - 

4. CONCLUSION 

This research investigates the electron transport properties in silicon 

semiconductors using a three-valley model and Monte Carlo simulation. The 

studies show a threshold field of approximately 30 kV/cm for this material. 
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Furthermore, the drift velocity in silicon under fields exceeding the threshold 

value reaches a steady state after a prolonged period. Consequently, when 

designing devices operating under such high fields, device dimensions should be 

carefully determined by analyzing the drift velocity versus device length plots and 

identifying the minima in electron transit time versus device length figures. 

Additionally, the drift velocity characteristic exhibits significant sensitivity to 

temperature variations, rendering silicon less suitable for electronic devices 

operating in environments with substantial temperature fluctuations. The findings 

of this research can contribute to the design of high-speed integrated circuits and 

provide valuable insights into the behavior of electrons in silicon under high 

electric fields. Moreover, the developed simulation framework establishes a 

versatile foundation for exploring charge transport in other material systems, such 

as compound semiconductors (e.g., GaAs, GaN), and for investigating quantum 

confinement effects in nanoscale devices. 
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