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Abstract. This paper presents a comprehensive investigation of the damped be-
havior of electron drift velocity in GaAs semiconductors with a p-i-n structure using
the ensemble Monte Carlo (EMC) method under the influence of an external electric
field. The simulation results show that, in the absence of an external electric field, the
electron velocity in the device exhibits a damped oscillatory form if and only if the
thickness of the intrinsic semiconductor layer is smaller than a threshold value. Addi-
tionally, when the thickness of the intrinsic semiconductor layer is below this critical
threshold, an increase in the electric field changes the behavior of electron velocity from
under-damped to critically damped and then to over-damped states. In particular, for
the first time, we have plotted the phase diagram of electron velocity in phase space of
the critical external electric field (E.) and the thickness (S) of intrinsic semiconductor
layer.
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diagram of velocity.
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1. INTRODUCTION

The transport dynamics of charge carriers in semiconductors play a crucial
role in determining the performance and efficiency of modern electronic and opto-
electronic devices [1-4]. Understanding these behaviors is essential for optimizing
high-speed semiconductor devices, where carrier dynamics at the nanoscale signifi-
cantly impact device performance [5-7]. In particular, the electron drift velocity in
GaAs semiconductors with a p-i-n structure exhibits complex behaviors under the
influence of an external electric field [8]. It is worth noting that the drift velocity
in this paper refers to the average velocity that charge carriers (electrons or holes)
attain in the device under the influence of both internal and external electric fields.
The ballistic transport phenomenon, through Raman spectroscopy analysis on GaAs
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p-i-n semiconductors with a thickness of several hundred nanometers and at a tem-
perature of 300 K, has shown that the electron velocity can reach high values in a
short time, such as 150 fs [9]. Furthermore, numerous studies of electronic dyna-
mics in nanoscale devices have revealed intriguing phenomena, including velocity
overshoot [9-12], negative differential resistance [13—15], and damped velocity os-
cillations [16-18]. In particular, we focus on the damped oscillatory behavior of
carrier velocity [8, 19]. This phenomenon permits a theoretical framework grounded
in carrier kinetics rather than conventional ballistic kinematics. The Monte Carlo
method, introduced by Metropolis et al. [20], has become a powerful tool for sim-
ulating complex physical systems, including semiconductor devices. This computa-
tional technique employs statistical sampling to model electron transport phenomena,
making it particularly suitable for investigating nanoscale semiconductor structures
where classical approaches may fall short [21].

In this study, by applying the ensemble Monte Carlo (EMC) [22, 23] method to
a sample of GaAs semiconductor with p-i-n structure, we point out the existence of
three common damped behaviors of the electron drift velocity which are so-called the
velocity damping states in these devices: (1) the under-damped state, where the sys-
tem makes several oscillations before reaching equilibrium; (2) the critically damped
state, where the oscillating system reaches equilibrium in the shortest time; and (3)
the over-damped state, where the damping coefficient is so large that the system does
not oscillate and takes a long time to return to equilibrium. Detecting and control-
ling these velocity damping states is crucial because they significantly affect device
performance as well as help identify and control sources of Terahertz oscillations,
which originate from plasmons [24, 25]. We simulate and observe these states in
GaAs diode samples with p-i-n structure, where the external electric field is the pri-
mary impact parameter. By systematically analyzing the transition between under-
damped, critically damped, and over-damped states, we provide a comprehensive
phase diagram in phase space of the electric field and i-layer thickness.

This article is organized as follows. Section 2 presents the theoretical analysis
of the existence of the damping state of the drift velocity in the device based on the
well-known momentum relaxation equation [26, 27]. Section 3 introduces our results
derived from the EMC simulations. We also discuss the velocity behaviors in the
aforementioned diodes and the influence of the external electric field on the velocity
behaviors at temperatures 77 K and 300 K. Finally, the conclusions are provided in
Section 4.

2. THEORETICAL BACKGROUND

In order to investigate the drift velocity of electrons as well as their charac-
teristics in semiconductors, a theoretical model based on the momentum relaxation
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equation in the presence of an external electric field is usually used as [26, 27].
v+ v = qE/m*, €))

where I';,, is the momentum relaxation rate, m* is the effective mass, and ¢ is the
electron charge.

The above equation describes the drift velocity over time, yielding two solu-
tions where dv/dt = 0. One corresponds to the maximum velocity, and the other
is the velocity at equilibrium. However, Eq. (1) is only applicable to single-valley
semiconductors. For multi-valley semiconductors, the equation can be decomposed
into simpler equations for each valley and then combined them together [28, 29]. In
semiconductors with satellite valleys, the effective mass is defined as follows [28]

o ming +ming +minz+...
ni+ng+ns+...
where ny, n2, n3,... and mj, m3, ms,... represent the number of electrons and the
effective masses in the satellite valleys, respectively.

Momentum and energy relaxation theories can explain ballistic transport and
velocity overshoot behaviors under strong external electric fields in nano-structured
devices. In the absence of an external electric field, the drift velocity of the carriers
still exists under the influence of the internal electric field caused by the charges
excited by ultrafast laser pulses with sufficient energy [30, 31]. Optical carriers are
generated in the sample according to Beer’s law [32, 33]. In this context, the electron
velocity varies with time, and Eq. (1) is rewritten accordingly [19]

; 2

v+, —|—w}2,v =0, 3)

in which wj, is the angular frequency.
The damped oscillation frequency has the formula as
FZ
2
- @
As we know, the momentum relaxation rate I';,, depends on the electric field [8,
34], sample thickness, and temperature [9, 19, 35]. And the angular frequency w,
is dependent on the excited carrier concentration n according to the formula w), =
2
%, where ¢, is the static dielectric constant. Therefore, the changes in wj;, and
m*eg
I',,, affect the damping behavior of the velocity. Furthermore, it should be noted that
the plasma oscillation period is defined as T}, = 27 /w,. The relationship between
relaxation time 7 = 1/I";,, and plasma oscillation period T}, provides insight into the
dynamic behavior of the plasma [36]. In particular, the ratio of the relaxation time to
the plasma oscillation period gives an indication of how “collisionless” the plasma is,
in which 7 >> T), signifies a weakly collisional (or collisionless) regime of charged

w=1\/w
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particles allowing sustained oscillations. While 7 < T}, denotes a strongly collisional
regime of charged particles where oscillations of velocity are rapidly damped [36,
37].

3. MODELING AND COMPUTATIONAL DETAILS

Based on the theoretical analysis, we use the EMC simulation method com-
bined with a three-valley I' (m* = 0.068my), L (m* = 0.22mg) and X (m* =
0.58mg) model (m* is the effective electron mass of the conduction band in GaAs)
to investigate the damping states of electron velocity in the p-i-n GaAs diode at tem-
peratures of 77 K and 300 K under the influence of external electric fields, carrier
concentration, and i-layer thickness. The three-valley model (I', L, X)) is applied (in
both the presence and absence of an external electric field) with a spatial resolution
along the [100] direction of 10 A and a time resolution of 0.2 fs. The doping profile
in our p-i-n GaAs diode structure is homogeneous, with symmetrically doped p- and
n-type layers (each 20 nm thick) on both sides, and an intrinsic (i) layer with variable
thickness in the middle. The intrinsic electric field arises from the built-in potential
due to the p-i-n junction. We assume the irradiation of ultrashort light pulses with a
duration of 12 fs and a central photon energy of 1.49 eV. In our simulation program,
the maximum number of simulated carriers is 400,000 superparticles, with each su-
perparticle representing a carrier density on the order of 10'® cm~3. The actual num-
ber of simulated superparticles depends on the excitation carrier concentration and
the physical dimensions of the device. Carriers are injected into and exit the device
only through the contacts. At all other surfaces, carriers are reflected at the device
boundaries. The scattering processes considered in our simulation include phonon
scatterings (acoustic phonon, polar optical phonon, and intervalley optical phonon),
plasmon scatterings, impurity scatterings, and electron-electron scatterings.

We did take holes into account in our calculations; however, due to their large
effective mass, the hole drift velocity is extremely small-typically orders of magni-
tude lower than that of electrons. As a result, their contribution to the relevant quan-
tities is negligible and can be reasonably omitted. In this simulation, electron-hole
recombination was also not considered, under the assumption that electrons, driven
by both the internal and external electric fields, move sufficiently fast such that the
probability of recombination with holes remains very low within the timescale of
interest.

Coulomb interactions between charge carriers (electrons and holes) are gene-
rally classified into two components: short-range and long-range interactions. In the
present study, both types of interactions are taken into account. During the simula-
tion, the Poisson equation is solved to obtain the electrostatic potential distribution
within the device, which corresponds to the long-range Coulomb interaction. The
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time step used in the simulation is set to 0.2 fs, which is significantly smaller than
the plasma oscillation period, ensuring that the influence of plasma oscillations is ac-
curately captured in the results. There exist various approaches for evaluating short-
range interactions. In this work, we employ the following method: the simulation
domain is divided into mesh cells of a size comparable to the Debye wavelength. For
each particle within a cell, we consider its interactions with particles located in the
27 neighboring cells forming a surrounding cube.

In solving the Poisson equation, both Dirichlet and Neumann boundary condi-
tions — pertaining to the values of the potential and its derivatives — are incorporated
into the simulation. The values of the potential and its derivatives at the boundaries
are assigned appropriately, depending on the specific location at which the potential
is evaluated. Due to the technical nature of these details, we refrain from presenting
them here.

4. RESULTS AND DISCUSSION

In Fig. 1, we show the drift velocity of electrons in the p-i-n GaAs diode as
a function of time at temperatures 77 K and 300 K without an external electric
field. The carrier concentration was set to 10'® cm™3. The investigation was car-
ried out with various thicknesses (200 nm, 500 nm, and 1200 nm at temperature 77 K
(Fig. 1a); and 200 nm, 400 nm, and 800 nm at temperature 300 K (Fig. 1b)) of intrin-
sic (1) semiconductor layer. As can be observed from Fig. 1, the plots clearly indicate
the under-damped state of the electron drift velocity, especially for the thicknesses of
200 nm and 500 nm at 77 K (Fig. 1a), and 200 nm and 400 nm at 300 K (Fig. 1b).
And the damped oscillations gradually decrease in amplitude during the velocity re-
laxation process as the device thickness increases. The maximum drift velocity are
4.3 x 107 cm/s, 3.1 x 107 cm/s, and 2.2 x 107 cm/s for the thicknesses of 200 nm,
400 nm, and 800 nm, respectively.

As realized from the simulation results, in the under-damped state, the num-
ber of oscillations before returning to equilibrium depends on the i-layer thickness;
the smaller the thickness, the greater the number of oscillations. When the thickness
exceeds a certain value (referred to as a critical thickness), the velocity begins to tran-
sit to an over-damped state, and this phenomenon is consistent with observations in
many previous studies. Furthermore, we found out that in the absence of the external
electric field, the damped oscillation behavior only exists when the thickness of in-
trinsic semiconductor layer is smaller than the critical thickness. In our simulations,
we obtain the critical thickness about 1 um for the p-i-n GaAs diode at temperature
300 K, as shown in Fig. 2. If the thickness of i-layer exceeds the critical threshold,
the damped oscillation behavior of the electron velocity does not occur; instead, we
observe only the overshoot behavior of the velocity. This is why, in many previous
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(b)

Fig. 1 — Velocity over time with various sample thicknesses of p-i-n GaAs diode at a) 77 K [8] and b)

300 K.
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Fig. 2 — Velocity over time with 1000 nm thickness of i-layer of p-i-n GaAs diode.

studies focusing exclusively on devices with large thicknesses under high external
electric fields, only the over-damped state associated with velocity overshoot beha-
vior was observed.

The existence of critical thickness can be elucidated as follows: As discussed
in relation to Eq. (4), the damped oscillation frequency depends on the thickness of
the sample. Consequently, variations in thickness lead to corresponding changes in
the damped oscillation frequency due to the interplay between collisions of charged
particles and plasma oscillations. If 7 >> T}, the under-damped velocity state is ob-
served; whereas in the opposite case, the velocity exhibits over-damped behavior.
Additionally, the results also indicate that the standard ballistic mechanism of elec-
trons not only exists at 150 fs and then returns to equilibrium as indicated in previous
articles, but also varies with thickness and repeats several times after each period
before reaching equilibrium state.

After determining the critical thickness, we investigate the influence of the ex-
ternal electric field on the damping state. A sample with an intrinsic semiconductor
layer (i) of 400 nm in the p-i-n GaAs diode was chosen to study the velocity behav-
iors. The external electric field was increased in intervals of 20 kV/cm, from O to
400 kV/cm. Here it should be noted that in our simulations, the electric fields reach
up to 400 kV/cm, approaching or exceeding the onset of impact ionization [38]. How-
ever, for the sake of computational simplicity, impact ionization has been neglected
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Fig. 3 — Damping states in p-i-n GaAs device sample at 77 K with a 400 nm i-layer of p-i-n GaAs diode.

in our study. In Fig. 3, we show the drift velocity of electrons as a function of time
at three different external electric fields. The existence of three damping states of
electron drift velocity can be observed in this figure. The electron drift velocity
transitions from the under-damped to a critically damped, and eventually to an over-
damped state. We have determined that the critical electric field value (F.) for the
p-i-n GaAs diode with an i-layer of 400 nm at a temperature of 77 K is approxima-
tely 220 kV/cm. A similar transition occurs at 300 K, but the critical electric field
value decreases with the increasing temperature; particularly, under the same i-layer
thickness and concentration conditions, the critical value for GaAs is approximately
60 kV/cm. These results clearly show that when temperature and carrier concentra-
tion are constant, the damping states of the electron velocity in this device strongly
depend on the external electric field. Here it should be noted that in the absence
of an external electric field, the existence of damping oscillation states of the veloc-
ity is attributed to the spatial distribution of photo-excited electrons and holes. This
distribution leads to the formation of an internal electric field, which induces the os-
cillation of plasmons. Consequently, the oscillation of drift velocity, and thus the
oscillation of the electric field, is observed [13, 39], as displayed in Fig. 4.
Nevertheless, an important parameter that also affects the damping states is the
concentration of photo-excited electrons, which alters the angular frequency accord-
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Fig. 4 — The fluctuation of internal electric field versus time at temperature 300 K with photo-excited
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ing to the formula w, = . Therefore, it is necessary to adjust the electric field

m*eg

to bring the velocity to the critical state when the carrier concentration n changes. To
address this, we analyze the above sample to determine the critical electric field val-
ues for carrier concentrations ranging from 10'7 to 3 x 10'® cm™3. The results of this
investigation are shown in Fig. 5, where the critical electric field is plotted versus the
carrier concentration of the p-i-n GaAs diode at temperatures of 77 K and 300 K. As
can be observed from this figure, temperature changes also affect the critical values
of the electric field.

The results obtained from Figs. 1, 3, and 5 reveal that there are several factors
contributing to the damping of electron velocity such as i-layer thickness (see Fig. 1),
electric field (see Fig. 3), excited carrier concentration and temperature (see Fig. 5).
In order to clearly demonstrate the existence of under-damped and over-damped
states in relation to i-layer thickness and external field, we investigate and derive
the critical values of the electric field at different thicknesses. Figure 6 presents the
phase diagram (E.,.S) for the p-i-n GaAs diode at temperature of 300 K. The critical
curve separates the phase space into two regions: under-damped state (region (I))
and over-damped state (region (II)) of the electron drift velocity. This indicates that
at the specific temperature and carrier concentration conditions, the under-damped
state exists when the i-layer thickness and external electric field are below their crit-
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ical values. If the external electric field is high and the i-layer thickness exceeds the
critical value, the velocity transitions to the over-damped state. In other words, as
the i-layer thickness decreases, a stronger external electric field is required to shift
the velocity from the under-damped to the over-damped state. Our findings reveal
that the external electric field serves as a control parameter that dictates the transi-
tion between different damping states, with the critical values of the field and i-layer
thickness defining the boundary between under-damped and over-damped behavior.

5. CONCLUSION

In this work, we present an investigation of the damped behavior of electron
drift velocity in GaAs semiconductors with a p-i-n structure using the EMC method.
We observed three damping oscillation states of the electron drift velocity in the p-i-n
GaAs diode when changing the external electric field. Under specific temperature,
thickness, and carrier concentration conditions, the electric field serves as a control
parameter to shift the state from under-damped to critically damped and then to over-
damped. We have plotted the phase diagram of electron velocity in phase space of
the critical external electric field and i-layer thickness. The diagram clearly shows
that the critical curve separates the phase space into two regions: region (I), the
under-damped state, and region (II), the over-damped state. Additionally, the results
indicate that when there is no external electric field, the standard ballistic mechanism
of velocity not only exists in the initial short time but also repeats many times after
each period depending on the i-layer thickness. The results of this investigation pro-
vide deeper insights into nano semiconductor devices, highlighting effects that have
been previously overlooked in the field.
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