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The ultrafast transport processes of electrons and holes excited by femtosecond laser pulses are essential
for a better understanding of carrier dynamics in semiconductors. Transient optical techniques are commonly
used to investigate the carrier excitation and transport in these materials. Recently, ultrafast scanning electron
microscopy has been employed to elucidate the ballistic dynamics of such hot carriers near a p-n junction. We
provide here a model not only to explain the previously reported superfast expansion of electron-hole clouds but
also to predict plasma wave behavior at high laser fluences. In addition to a bipolar junction, we also investigate
the well structure of a p-n-p junction sandwiched by insulating layers. By confining hot carriers inside junctions,
these carriers begin to oscillate as a result of Coulomb interactions among carriers and with the intrinsic field at
the depletion zone, leading to the occurrence of terahertz-scale plasma waves for potential applications as pulsed
terahertz light sources.
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I. INTRODUCTION

With the development of information technology, fast
processing speed at greater efficiencies is required for
high-performance electronic devices with great speeds. The
ultrafast dynamics of the charge carriers of materials play
a crucial role in these critical properties. The time scale of
charge carrier dynamics covers a wide range from nanosec-
onds to femtoseconds, which makes their detection very
difficult. The development of ultrashort pulse laser technology
has provided researchers with powerful tools to investigate
the ultrafast carrier dynamics of materials so that applications
could be made. Ultrafast spectroscopy techniques, includ-
ing time-resolved photoluminescence [1–4] spectroscopy and
transient absorption [5–9] spectroscopy, make it possible to
measure charge carrier dynamics at a high time resolution.
However, ultrafast spectroscopy indirectly infers carrier dy-
namics by observing changes in the optical properties of
materials. Pump-probe microscopy has become an effective
method for characterizing charge carrier dynamics [10–16].
However, due to the diffraction limit of light in these optical
methods, challenges still remain for observing ultrafast carrier
dynamics at a much higher spatial and temporal resolution. In
recent years, ultrafast scanning electron microscopy (USEM)
has been developed to provide direct visualization of carrier
processes with high precision, which combines the femtosec-
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ond temporal resolution of ultrafast lasers with the nanometer
spatial resolution of scanning electron microscopy [17–21].

Although it is possible to use USEM to observe the
ultrafast carrier dynamics of materials, better physical under-
standing and theoretical modeling still remain a challenge.
For example, the Monte Carlo method, used to explain car-
rier dynamics measurements from ultrafast spectroscopy [22],
is an empirical approach with multiple parameters and is
not universally applicable. The other method using the first-
principles approach does not require fitting parameters and
has higher accuracy. However, this approach is used to model
ultrafast carrier dynamics of a very small ensemble of par-
ticles at very short time scales [23,24]. Nevertheless, it is
still a challenging task to use the first-principles approach to
simulate the charge carrier dynamics from femtoseconds to
nanoseconds for an ensemble of microns in size. The purpose
of this paper is to provide model simulations for visualizing a
micron-sized electron-hole cloud to evolve after a femtosec-
ond laser excitation of semiconductor junctions.

In our previous work [18], we used four-dimensional scan-
ning electron microscopy to investigate ultrafast charge carrier
dynamics in semiconductors with a nanometer spatial resolu-
tion and femtosecond temporal resolution. In that study, we
and the coauthors investigated ultrafast charge separation of
the photo-induced electrons and holes near a p-n junction. We
observed the formation of two oppositely charged domains
rapidly expanding away from the irradiated area at a speed
much faster than simple carrier diffusion. To account for such
behavior, we proposed a ballistic mechanism and a simpli-
fied model to qualitatively explain the charge separation and
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transport of carriers. In that model, we focused primarily on
the rectification effects due to the ballistic motion of the hot
carriers in the presence of the internal electric field inside the
depletion zone near the junction. However, in that simplified
model, we did not consider the Coulomb interactions among
the carriers because such interactions are insignificant at a
low laser fluence as used in the experiment. In this paper,
we construct a more realistic theoretical model to include the
Coulomb interactions among the charged carriers so that we
can more precisely account for scenarios when the carrier den-
sity is sufficiently large at a high laser excitation. In addition,
instead of assuming previously a vertical potential wall inside
the junction depletion zone, we consider here a more realistic
electrical potential in the depletion zone where photoexcited
electrons and holes can be accelerated or decelerated. Now
with this more realistic model, we could investigate carrier
dynamics in a bipolar semiconducting junction as well as a
p-n-p triode sandwiched by insulating layers and the resultant
interesting plasma wave phenomena.

A femtosecond laser with photon energy greater than the
semiconductor bandgap has been commonly used to excite
electrons from the valence band to the conduction band, leav-
ing holes in the valence band. These charge carriers, in the
presence of an external voltage bias, can form a transient
current to induce terahertz electromagnetic (EM) radiation
[25]. Similar processes can also occur on the surface of semi-
conductors due to differences in the photo-induced charge
density between the surface and the bulk [26–28]. It would
be interesting to know what will happen if one takes advantage
of the internal electric field of the depletion zone between
the p- and n-type regions. Our calculations in this paper
show that electron-hole plasma waves could occur in a p-n or
p-n-p junction. Such plasma wave phenomena become more
prominent at a high laser fluence as the Coulomb interac-
tions become stronger at a higher carrier density. Moreover,
such plasma oscillations are more effective for a p-n-p triode
junction sandwiched by two insulating layers due to carrier
confinement within the boundaries. The frequencies of the
plasma cloud oscillations are found to be in the terahertz
range, indicating potential applications as a terahertz light
source.

II. MODEL AND SIMULATION METHOD

According to our previous work [18], to explain the very
fast expansion of an electron-hole cloud after femtosecond
laser excitation, we considered a ballistic model to describe
the charge separation and hot carrier transport. Although such
a model is sufficient for a qualitative explanation for the ob-
served carrier dynamics at low fluence, it could not account
for plasma wave behavior at larger fluence when the carrier
density becomes higher. The main goal of this paper is to
address such an issue and also to improve the modeling of
the depletion zone potential well by replacing the vertical
barrier by a more realistic physical model. In the improved
model calculations, we consider a Newtonian ballistic motion
for the hot electrons and holes in a force field consisting of
intercarrier Coulomb interactions and depletion zone potential
wells.

FIG. 1. Schematic diagram of photo-induced plasma waves near
various types of semiconductor junctions. (a) Schematic diagram of
the experimental setup of an ultrafast scanning electron microscope
(USEM). The green domain represents the electron-hole cloud ex-
citation on the surface near the p-n junction. A secondary electron
(SE) detector measures the surface charge distribution. (b) and (c)
Transport behavior of electrons (solid red spheres) and holes (hollow
blue spheres) after photoexcitation on a bipolar p-n junction. (d) and
(e) Movement of the excited carriers near the quantum-well junction
composed of a p-n-p junction sandwiched by two insulating layers.

The schematic of the experimental setup for plasma wave
excitation is shown in Fig. 1(a). The semiconductor junc-
tion contains a phosphorus-doped n-type silicon layer at a
dopant concentration 1.0 × 1014 cm−3 and a boron-doped p-
type silicon layer at a concentration of 1.0 × 1019 cm−3. At
these dopant concentrations, the calculated electric potential
of the depletion zone in the bipolar junction is estimated
to be 0.77 V. Given femtosecond laser pulses (515 nm) are
irradiated upon the surface of the semiconductor junction with
a root mean square of 20 μm for the laser spot size. For
simplicity, we assume that the p- and n-type silicon layers
have the same amount of light absorption, resulting in an
equal number of photo-induced electron-hole pairs in the p-
and n-type regions. The carrier densities of the p-type (ρe,h

p )
and n-type (ρe,h

n ) obey a Gaussian spatial distribution at t = 0
because the intensity profile of the laser beam has a Gaussian
shape. We also assume that the photo-induced hot carriers are
at thermal equilibrium initially right after laser excitation. The
initial velocities of the electron ( fe) and hole ( fh) follow the
Maxwell-Boltzmann velocity distribution. Figures 1(b) and
1(d) represent the electron transport process on each side of
the junction. Figures 1(c) and 1(e) represent the motion of
holes that are positively charged. Taking the p type as an
example, if the initial moving direction of the electron is from
the n- to the p-type region, electrons will be bounced back

045309-2



ULTRAFAST DYNAMICS OF PHOTOINDUCED TERAHERTZ … PHYSICAL REVIEW B 104, 045309 (2021)

due to the influence of the junction barrier. For the triode
sandwiched by two insulating layers, electrons and holes are
confined within the region between the outside layers because
these carriers cannot tunnel through the large barrier.

In model simulations, we consider the ballistic motion of
the hot carriers in the presence of the depletion zone poten-
tial and the Coulomb forces between charges. Interparticle
Coulomb forces and the electric field inside the depletion
zone play an important role in the push-and-pull mechanism
to cause oscillations of the photo-induced electron and hole
clouds, which manifest themselves as charge density waves,
or called plasma waves.

The initial normalized probability densities of electrons
and holes in the p- and n-type regions are given by the fol-
lowing Gaussian spatial distributions:

ρ
p
e,h(x, y) = 1

2

1

2πσ 2
exp

(
−x2 + y2

2σ 2

)
η(−x), (1)

ρn
e,h(x, y) = 1

2

1

2πσ 2
exp

(
−x2 + y2

2σ 2

)
η(x), (2)

where η is the Heaviside step function, and σ is the laser
spot size. We employed the finite element method to numer-
ically calculate the time evolution of hot carriers according
to ballistic Newtonian mechanics with a grid length of
1 μm. According to the Maxwell-Boltzmann distribution, the
velocities of the electrons and holes are given by

fe(vx, vy) = me
∗

2πKBT
exp

(
−vx

2 + vy
2

2KBT
m∗

e

)
, (3)

fh(vx, vy) = mh
∗

2πKBT
exp

(
−vx

2 + vy
2

2KBT
m∗

h

)
, (4)

where KB is the Boltzmann constant, T is the temperature of
the carriers, and vx and vy are the velocities of the carriers
in the x and y directions, respectively. The effective mass of
electrons and holes in silicon is provided by me

∗ = 0.26me

and mh
∗ = 0.386me, respectively. The initial temperature of

the carrier is estimated and assumed to be ∼104 K. The av-
erage thermal velocities of electrons and holes are provided
by

Ve =
√

KBT

me
∗ , (5)

Vh =
√

KBT

mh
∗ . (6)

In the above simulations, we consider the carrier dynam-
ics in two dimensions (2D) on the junction surface. At low
fluence, when the carrier density is low, and the Coulomb in-
teraction between the electron and hole clouds is insignificant,
the trajectory calculation for each carrier is independent of
others, and therefore, the computation time is not too time
consuming. However, if one includes the Coulomb forces
among carriers in the high fluence regime, the trajectory of
each carrier becomes dependent on the position of all other
carriers, and therefore, the computation time increases by
several orders of magnitude; thus, the simulation task moves
beyond the capability of a common laboratory workstation.

As a consequence, we can only simulate the one-dimensional
(1D) case. For the 1D case, the probability densities of elec-
trons and holes are given by

ρe,h(x) = 1√
2πσ

exp

(
− x2

2σ 2

)
. (7)

The velocity distributions of the electrons and holes are
given by

fe(v) = 1√
2πVe

exp

(
− v2

2Ve
2

)
, (8)

fh(v) = 1√
2πVh

exp

(
− v2

2Vh
2

)
. (9)

After photoexcitation, the motion of hot electrons and
holes is subject to the forces inside the depletion zone, the
intercarrier Coulomb forces and the frictional damping forces.
The accelerations of the kth electron and the kth hole, a(xe,k )
and a(xe,k ), respectively, consist of accelerations from three
types of forces:

a(xe,k ) = FD(xe,k )

me
∗ + aC (xe,k ) − ve,k

τ
, (10)

a(xh,k ) = FD(xh,k )

mh
∗ + aC (xh,k ) − vh,k

τ
, (11)

where xe,k and xh,k represent their respective positions. The
first term on the right represents the acceleration due to the
depletion zone force, the second terms aC (xe,k ) and aC (xh,k )
are the accelerations of the kth electron and the kth hole
caused by intercarrier Coulomb forces, and the third terms are
due to friction, where ve,k and vh,k are the velocities of the
kth electron and the kth hole. The parameter τ is the frictional
time constant. Based on preliminary experiments, this value
is on the order of a few hundred picoseconds, and in our
simulations, 1000 ps was used to more clearly illustrate the
underdamped behavior. For the depletion zone force field [29],
the distribution of the built-up electric field in the depletion
zone and electric field force is provided by

E (x) =
{− eNa

εs
(x − xp) xp � x � 0

eNd
εs

(xn − x) 0 � x � xn
, (12)

FD(xe,k ) = qeE (xe,k ), (13)

FD(xh,k ) = qhE (xh,k ), (14)

where E (x) is the electric field strength inside the space charge
region, FD is the depletion zone force, εs is the dielectric
constant of silicon, Na and Nd are the p- and n-type doping
concentrations, respectively, and xp and xn are the boundaries
of the space charge layer in the p and n regions, respec-
tively. Because electrons and holes have opposite charges,
qe = −qh = −1.6 × 10−19C. The accelerations for the carri-
ers due to interparticle Coulomb interaction in the second term
to the right of Eqs. (10) and (11) are based on Coulomb’s
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law:

aC (xe,k ) = F e
C (xe,k ) + F h

C (xe,k )

me
∗

=
∑w

i=1 kc
qeN0qeRe(xi )

(xe,k−xi )2 �x + ∑w
i=1 kc

qeN0qhRh (xi )
(xe,k−xi )2 �x

me
∗

= kcN0qe
2

me
∗

w∑
i=1

Re(xi ) − Rh(xi )

(xe,k − xi )2 �x

= kcN0qe
2

me
∗

w∑
i=1

R(xi )

(xe,k − xi )2 �x (xe,k �= xi ), (15)

where F e
C (xe,k ) and F h

C (xe,k ) represent the Coulomb force
between the kth electron and all other electrons and holes,
respectively. The parameter kc is the Coulomb constant. In
our finite element method to numerically calculate the carrier
trajectories, the spatial discretization is divided into w grid
nodes with equal grid length �x = 0.6 μm. The xi represents
the spatial position of the grid node. The Re(xi ) and Rh(xi )
represent the charge density distribution of electrons and holes
in space, respectively. So R(xi ) = Re(xi ) − Rh(xi ) represents
the difference between the electron and hole charge densities.
Here, N0 is the initial number of hot electrons and holes in
the system. Here, we define K as kcN0qe

2/me
∗ in Eq. (15),

which is proportional to the number of hot carriers N0 and the
Coulomb constant kc, and

N0 = Kme
∗

kcqe
2
. (16)

For examples, K = 20, 40, 60, 80, 100, and 120 correspond
to an initial number of carriers N0= 2.06 × 104, 4.11 × 104,
6.17 × 104, 8.22 × 104, 1.03 × 105, and 1.23 × 105 in the
1D case, respectively. For the 2D case, the initial number
of carriers is 4.23 × 108, 1.69 × 109, 3.80 × 109, 6.76 × 109,
1.06 × 1010, and 1.52 × 1010 accordingly. This parameter
plays an important role in controlling plasma wave behavior.

A similar analysis can be provided for the accelerations of
holes caused by Coulomb forces. Therefore, one has

aC (xh,k ) = F e
C (xh,k ) + F h

C (xh,k )

mh
∗

= −kcN0qe
2

mh
∗

w∑
i=1

R(xi )

(xh,k − xi )2 �x (xh,k �= xi ), (17)

where F e
C (xh,k ) and F h

C (xh,k ) are the Coulomb forces between
the kth hole and all other electrons and holes, respectively.
According to Eqs. (15)–(17), we have

aC (xe,k ) = K
w∑

i=1

R(xi )

(xe,k − xi )2 �x (xe,k �= xi ), (18)

aC (xh,k ) = −K
w∑

i=1

R(xi )

(xh,k − xi )2 �x
me

∗

mh
∗ (xh,k �= xi ). (19)

To avoid the singularity in Eqs. (18) and (19), δ = 0.1�x2

or 0.036μ m2 is introduced into the denominator. Equations
(18) and (19) are further modified to

aC (xe,k ) = K
w∑

i=1

R(xi )(xe,k − xi )

[(xe,k − xi )2 + δ]
3/2 �x (xe,k �= xi ), (20)

aC (xh,k ) = −K
w∑

i=1

R(xi )(xh,k − xi )[
(xh,k − xi )2 + δ

]3/2 �x
me

∗

mh
∗ (xh,k �= xi ).

(21)

The function R(xi; t ) represents the difference between the
electron and hole charge densities in space and time by inte-
grating over the range of velocities for the distribution of net
time-dependent charge carrier density:

R(xi; t ) = Re(xi; t ) − Rh(xi; t ), (22)

Re(xi; t ) =
∑

k

fe[ve,k (t = 0)]�vρe[xe,k (t = 0)]�x

× 1√
2πε

exp

{
− [xi − xe,k (t )]2

2ε2

}
, (23)

Rh(xi; t ) =
∑

k

fh[vh,k (t = 0)]�vρh[xh,k (t = 0)]�x

× 1√
2πε

exp

{
− [xi − xh,k (t )]2

2ε2

}
, (24)

where ε is set at 2.5 times of the grid length �x. Here, we
assume for simplicity that each carrier density packet has a
Gaussian distribution at each grid pixel in our finite element
numerical approach.

The position and the velocity of the kth electron and hole
can be calculated according to the Newtonian mechanics:

dxe,k

dt
= ve,k,

dve,k

dt
= a(xe,k ), (25)

dxh,k

dt
= vh,k,

dvh,k

dt
= a(xh,k ), (26)

where the accelerations a(xe,k ) and a(xh,k ) were given in
Eqs. (10) and (11). Equations (25) and (26) can be solved by
the Rouge-Kutta method for each time step to obtain xe,k (t ),
xh,k (t ), ve,k (t ), and vh,k (t ). Because the charge density dis-
tribution of carriers R(xi; t ) evolves in time as each carrier
changes its position, these carrier density distributions need
to be updated for each time step, which can be calculated by
Eqs. (22)–(24). In our simulations, a time step of 50 fs was
used to calculate the carrier trajectories at each time step and
the evolution of the density maps.

III. RESULTS

Figure 2 shows the spatiotemporal evolution of the color-
coded carrier density obtained by two different models on the
x − y plane at t = 20 ps. In Figs. 2(a)–2(d), taking the p-type
region as an example, electrons originating from the p-type
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FIG. 2. Comparison of the carrier density maps at 20 ps after
laser excitation based on simplified vs more realistic theoretical mod-
els. (a)–(d) Density distribution of electrons (red) and holes (blue)
calculated by the simplified analytical model assuming a depletion
zone with a straight vertical potential drop and assuming the kinetic
energy of the electrons or holes is insufficient to climb over the po-
tential wall (∼1.12 eV). (e)–(h) Distributions of the carriers obtained
by a more realistic model with an actual physical potential curve in
the depletion zone and a more realistic Maxwell-Boltzmann velocity
distribution of the carriers at high temperatures. Shown in (a) and (e)
are the electron density maps for the initial electrons excited within
the p-type region, whereas (b) and (f) show the hole density maps
initially excited in the p-type region. Conversely, shown in (a) and
(e) are the density maps for initial electrons excited within the n-type
region, whereas (b) and (f) show the hole density maps initially
excited in the n-type region. The effective mass and the mobility for
electrons and holes are different.

FIG. 3. Plasma waves in different multilayer semiconducting
thin film junctions. Net charge density images reveal the plasma
waves originating in the subplots (a)–(c) for a bipolar p-n junction
and the subplots (d)–(f) for a p-n-p junction sandwiched by insulat-
ing layers. In the bipolar semiconductor, the net charge distribution
for net electrons (red) and holes (blue) are present in the n- and p-
type semiconductor regions, respectively. Quantum well-structured
semiconductors possess superior performance in confining the move-
ment of electrons and holes. The K value is directly proportional to
the initial photoexcited number of electrons and holes in the semi-
conductor film structures. The parameter K is related to the Coulomb
constant and the carrier density.

region will reach the n-type region. Conversely, according to
the simplified model, the holes originating from the p-type
region cannot climb over the barrier wall to reach the n-type
region due to the vertical potential drop in the depletion
zone. In Figs. 2(e) and 2(f), according to the more realistic
model, electrons originating from the p-type region can be
accelerated to reach the n-type region. Unlike the simplified
analytical model, a small amount of highly energetic holes
from the p-type semiconductor can reach the n-type region.

The above models, however, do not consider the Coulomb
interactions among carriers. When the carrier density gener-
ated by a femtosecond laser excitation is sufficiently large, the
Coulomb interactions must be included as done in our more
realistic model. Figure 3 shows that the plasma wave phe-
nomenon appears in the semiconductor junctions under the
action of the inherent electric field in the depletion zone. The
x-axis represents time, and the y-axis represents the distance
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FIG. 4. Relevant parameters of plasma waves in two different semiconductor junctions. Shown are the corresponding calculated results for
the (a) period, (b) frequency, (c) wavelength, and (d) wave front velocity. As the value of carrier density related parameter K increases, the
frequency and wave front velocity of the plasma waves generated in the two types of semiconductors increase while the period decreases. The
frequencies for these two types of plasma waves are in the subterahertz range, namely, between 0.18 and 0.37 THz.

from the center of the junction. The parameter K at 20, 40, 60,
80, 100, and 120 corresponds to an initial carrier number of
2.06 × 104, 4.11 × 104, 6.17 × 104, 8.22 × 104, 1.03 × 105,
and 1.23 × 105 in the 1D case, respectively. For the 2D
case, the initial number of carriers is 4.23 × 108, 1.69 × 109,
3.80 × 109, 6.76 × 109, 1.06 × 1010, and 1.52 × 1010 accord-
ingly. The apparent echo phenomenon is observed in the
structure of the p-n-p junction sandwiched by an insulating
layer. The insulator layers play an excellent role in confining
the plasma wave propagation within the p-n-p layers. In two
different semiconductor junctions, peaks and troughs formed
during the propagation of plasma waves are evident. When the
K value or the laser intensity increases, propagation speed and
oscillation prominence of the plasma wave also increase.

Figure 4 shows the dependencies of the period, frequency,
wavelength, and propagation speed of the wave front of
plasma waves on the parameter K (related to the carrier den-
sity). The calculated plasma wave frequency appears to be in
the terahertz range, indicating that the EM radiation from such
plasma oscillations also lies in the terahertz range.

IV. DISCUSSION

The purpose of this paper is to investigate the carrier dy-
namics in semiconductor junctions upon femtosecond laser
excitation. In our previous experimental work using USEM
to investigate carrier dynamics in a p-n junction, we observed

a very fast appearance and ballistic expansion of the bright
and dark SEM image domains on each side of the depletion
zone, representing superfast transport of the hot electrons and
holes. Here, we present a more realistic model to first explain
such phenomena in a bipolar junction. Moreover, we predict
the occurrence of plasma waves at high fluences. Owing to an
increased density of photo-induced electrons and holes, the
Coulomb interactions between the electron and hole clouds
become so strong that they can result in charge density os-
cillations, thereby manifesting themselves as plasma waves.
In this paper, we first utilized a simple model to describe
the excitation of hot charged carriers and to simulate their
ultrafast transport processes across a p-n junction. Second,
we extended and generalized this model to include the deple-
tion zone potential curve and also the Coulomb interactions
between the electron and hole clouds. Our analysis indicates
that, at an increased carrier density with a high laser fluence,
plasma oscillations can occur. We elucidate the plasma wave
generation due to the rectification action by the intrinsic elec-
tric field in the depletion zone. On the one hand, the electric
field causes the electron cloud to separate from the hole cloud,
while on the other hand, the Coulomb attraction causes these
two oppositely charged clouds to move toward each other.
Such a push-and-pull action results in plasma oscillations near
the junctions.

According to this paper, the photo-induced electron-hole
cloud would expand rapidly, and because of the ratification
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mechanism of the depletion zone at the p-n junction, hot
electrons and holes would move differently to induce charge
separation or rectification. At low laser fluence, bright and
dark spots on either side of the junction in the USEM image
were observed experimentally and reported by us and other
coauthors. However, at a much higher fluence, we predict the
appearance of plasma waves showing bright and dark fringes
in the USEM image. Such plasma wave phenomena would
become more prominent if we could increase the doping
concentration of the p-n junction (well above 1019 cm−3) or
the fluence (well above 20 mJ/cm2) so that the Coulomb
attraction between the electron and hole clouds becomes more
significant as the rise of plasma waves relies on the push-
and-pull mechanism of two counterforces. As also predicted
by this paper, such plasma wave phenomena would be more
prominent if we could prepare a triode sandwiched by two in-
sulating outlayers to confine the charge transport. Such USEM
experiments would be quite interesting but challenging.

This paper is a purely theoretical work, presenting a more
elaborated and realistic model as an extension of a simplified
model used in our previous USEM work. The experimental
conditions and basic simulation parameters used are similar in
both works except that we consider here a p-n-p junction and a
quantum well structure instead of a simple diode, and we also
consider a high fluence regime. The maximum laser fluence
used in the previous Science work [18] is 1.28 mJ/cm2, the
estimated number of carriers is 109, and the dopant con-
centrations for the p- and n-type semiconductors are 9.4 ×
1018 cm−3 and 1.4 × 1014 cm−3, respectively. At such a low
fluence, no plasma wave phenomena were observed. There-
fore, one may need to increase the laser fluence or use samples
with much higher impurity dopants for the p- and n-type semi-
conductors. We could not conduct any USEM experiments
to observe the predicted plasma wave behavior at high laser
fluence. The purpose of this paper is to arouse the interest
among the USEM experimental teams to conduct such or
other experiments.

Research on the ultrafast transport behavior of hot charge
carriers could be extended in several directions. First, the
photoexcitation of plasma waves in multilayer semiconduct-
ing junctions can be performed in future experiments. One
could systematically simulate and analyze the plasma waves
generated by various multilayer semiconductors, such as p-n
and p-n-p junctions. The spatial extent of the plasma waves
can be controlled by introducing two external insulating
layers, and consequently, the intensity and duration of the
plasma waves can be enhanced. Second, a terahertz detec-
tor could be used to measure the frequency and intensity

of EM radiation. Finally, the above semiconductor junctions
are analyzed systematically to elucidate the key controlling
factors of the frequency, wavelength, and power of such
devices. We could use semiconductor films with a multilayer
or multiquantum well structure to achieve a better design of
a pulsed terahertz EM wave source based on photo-induced
electron-hole plasma oscillations.

V. CONCLUSIONS

In summary, we investigated ultrafast photo-induced
charge carrier dynamics in silicon junction structures. To ana-
lyze such dynamics, we employed a more realistic theoretical
model that included Coulomb interactions among charged
carriers and an actual depletion zone force field. These inter-
actions played an important role when the carrier density was
significantly high under strong laser excitation. The simula-
tion results provided a qualitative explanation for the ultrafast
charge separation and subsequent ballistic motion of electrons
and holes across the p-n junction as reported in our previous
experimental study [18]. Our simulations in this report here
illustrated the underlying push-and-pull mechanism for the
generation of plasma oscillations and wave propagation. Due
to the shutdown of Zewail’s lab after his unfortunate death,
we could not resume the USEM experiments to test our pre-
dictions presented here. We hope such experiments could be
conducted elsewhere by other groups. The wave frequency
and velocity were found to increase with the carrier density,
which was proportional to the laser fluence. Because these
frequencies were in the terahertz range, such photo-induced
electron-hole excitation and oscillation techniques in semi-
conductor junction structures could be potentially utilized as
a means to generate pulsed terahertz EM radiation. Although
terahertz radiation could also be generated in metals and
semiconductors, our method using semiconductor junctions
could provide better carrier confinement to enhance carrier
density oscillations and also to affect the oscillatory behavior
by applying an external direct current (DC) bias. The effects
of a DC bias on the plasma wave behavior will be published
elsewhere. Therefore, terahertz radiation generation by our
method could be more flexibly controlled and effectively en-
hanced.
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