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Oscillations of photogenerated electron-hole plasma in freestanding terahertz emitters are studied using the hydrodynamic
analysis and Monte Carlo simulations. The pronounced plasma oscillations are obtained in an n-GaAs emitter in which the oscilla-
tions are initiated by the surface electric field. The plasma oscillations are also found in an #-InAs emitter in which the oscillations

are induced by the photo-Dember effect.
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1. Introduction

Instabilities of charge carriers in semiconductors may
arise as a result of several physical phenomena [m].
The plasma instability of electrons may develop when
the electron momentum distribution becomes in-
verted in high electric fields [E]. The plasma instabil-
ity may be also excited in the appropriately designed
semiconductor structures in which the quasiballistic
transport conditions are realized [E]. The experimen-
tal observation of plasma instabilities in semiconduc-
tors in high electric fields is difficult. The main dif-
ficulties are associated with the damping of plasma
oscillations by the intense phonon and impurity scat-
tering. On the other hand, the frequency of electron-
hole plasma oscillations in semiconductors lies in
the THz frequency range. Therefore, along with other
methods of generation of THz radiation - selective
thermal stimulation [H, E] and photomixing [E, ﬁ],
the excitation of plasma oscillations is very attractive
for THz technology.

The plasma oscillations in semiconductors may
develop when the electron-hole pairs are generated
by the femtosecond optical pulse. The optically gen-
erated electrons and holes are accelerated in opposite
directions by the built-in electric field. The separated

carriers induce the restoring electric field which at-
tracts the electrons and holes. As a result, the oscil-
lations of electron-hole plasma originate. The rapid
progress in THz technology over the past two decades
[ | offered an opportunity for a direct observa-
tion of the optically generated electron-hole plasma
oscillations from the time-resolved measurements of
THz emission. However, the temporal waveforms of
THz radiation observed in most experimental stud-
ies evidence the onset of a single current surge and
do not indicate the development of plasma oscilla-
tions []. Several attempts have been made to
detect the oscillations of electron-hole plasma gen-
erated by the femtosecond optical pulse. The two
non-pronounced periods of plasma oscillations were
observed in the p-i-n structure from electro-absorp-
tion measurements [] and in n-GaAs from time-re-
solved measurements of THz radiation [@], Similar
results were obtained from reflectivity measurements
in GaAs Schottky diodes [].

In this work, the excitation of plasma oscillations
of photogenerated carriers by the surface electric field
in homogeneously doped n-GaAs is investigated. It is
shown that plasma oscillations can be also excited by
the photo-Dember effect in n-InAs. The dynamics of
the oscillations of photogenerated carriers is analyzed
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using the hydrodynamic model and ensemble Monte
Carlo (EMC) simulations.

2. Models of GaAs and InAs emitters

The semiclassical motion of extrinsic and photogen-
erated carriers in freestanding THz emitters is simu-
lated by the EMC method. The spatio-temporal vari-
ation of electric field is obtained from the solution of
the Poisson equation which is self-consistently cou-
pled with the instant space charge distribution of elec-
trons, holes, and ionized impurities. The simulations
are performed in a one-dimensional real space and
in a three-dimensional momentum space. The one-
dimensional real space approach is a good approxi-
mation as long as the size of the laser beam is signifi-
cantly larger than the absorption depth. The details of
the applied EMC method as well as the simulation of
the photogeneration are given elsewhere [@].

The models of the conduction band structure of
GaAs and InAs consisting of nonparabolic I', L, and X
valleys are considered in the simulations. For the va-
lence band, heavy, light, and split-off nonparabolic
subbands are taken into account. The band structure
and material parameters for GaAs and InAs are taken
the same as in [@] and [@], respectively. The electron
scattering mechanisms considered in the simulations
include polar optical, inelastic deformation acoustic,
intervalley, and ionized impurity scattering, as well
as electron-electron and electron-hole interactions.
The interaction of holes with polar optical phonons,
deformation optical and acoustic phonons is consid-
ered for intrasubband and intersubband scattering of
holes taking into account the overlap between p-like
wave functions of the valence band. The ionized im-
purity scattering as well as the hole-hole and hole-
electron interactions are also taken into account.
The calculations are carried out for lattice tempera-
ture of 300 K.

The thickness of the simulated n-GaAs and n-InAs
structures is 1000 nm. The doping densities in #n-GaAs
and n-InAs structures are 10" cm~ and 2 x 10" cm™,
respectively. The electron-hole pairs are excited with
the Gaussian optical pulse. The full width at half
maximum of the optical pulse is set to 10 fs in EMC
simulations. The central photon energy is 1.55 eV. At
this photon energy, the light absorption coefficients
« in GaAs and InAs are 1.25 x 10* cm! [@] and
7.0 x 10* cm™! [@], respectively.

3. Oscillations induced by the surface field

The equilibrium profile of the conduction and valence
bands in n-GaAs (see Fig. ) is determined by the sur-

face Fermi level F_ which is pinned at the middle of
the energy band-gap, i. e. 0.71 eV below the con-
duction band edge [E]. The surface Fermi level and
the doping density control the built-in electric field,
the strength of which is 41 kV/cm at the surface of
n-GaAs doped to 10' cm™. The built-in electric field
accelerates the photogenerated electrons and holes
and initiates plasma oscillations which are damped
by the phonon and impurity scattering. The inten-
sity and spectrum of the resulting THz radiation are
determined by the temporal derivative of the elec-
tric dipole moment of the THz emitter. The tempo-
ral derivative of the electric dipole moment is given
by the total photocurrent which is obtained by inte-
grating the electron and hole current densities over
the thickness of the simulated structure.

Fig. 1. Equilibrium potential profile (conduction and
valence band edges) in n-GaAs doped to 10' cm™.
The Fermi level is shown by the dashed line.

The hydrodynamic model of the photogenerated
plasma in p-i-n structures with a uniform built-in
electric field is developed in [@]. The hydrodynamic
model of [@] can be generalized to treat the position-
dependent surface electric field problem. The solution
of Eq. (4) of [@] multiplied by the space charge den-
sity of photoexcited carriers gives the position- and
time-dependent photocurrent density j(z, t) of elec-
trons and holes as

ez E(Z)nexc exp(—az)

J(z,t)=
[wlz3 _yz /4]1/2
x exp(—pt/2) x sinf(w) — y*/4)%1], (1)
where
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W, = [e’n, _exp(-az) / kkm*]"? 2)

is the position-dependent plasma frequency of
photocarriers, e is the elementary charge, E(z) is
the position-dependent built-in electric field, n__is
the density of photogenerated electron-hole pairs
at the surface, y is the momentum relaxation rate of
electrons and holes, m* is the reduced effective mass
of electrons and holes, « is the dielectric permittivity,
and « is the static dielectric constant.

The built-in electric field extends to a distance
of L = 250 nm from the surface of n-GaAs doped to
10" cm™ (see Fig. m). Hence, the inequality aL «1 is
satisfied for n-GaAs doped to 10'* cm™, and Eq. (1)
may be simplified by replacing exp(-az) with unity.
Then we obtain

_ ezE(z)vexc exp(—yt/2)

e = T

X sin[(cu;0 -2 /4", ©
where

W, = le’n, [ ki m*]'? (4)

is the plasma frequency at the surface. Integration of
Eq. (3) over z yields the total photocurrent (temporal
derivative of the electric dipole moment)

e(Fb — P;)nexc exp(—yt/2)

J(Zﬂt): [wZO _y2/4]1/2
p

< sinf(wd — 7 14) 1], ®)

where F, is the Fermi energy in the bulk. The Fermi
energy in the bulk is 0.097 eV below the conduction
band edge of #n-GaAs doped to 10'° cm™.

Equation (5) shows that the near-coherent oscil-
lations of photogenerated electron-hole plasma are
excited when the condition aL «1 is satisfied. This
conclusion is confirmed by the results of rigorous
EMC simulations. The comparison of the results
given by Eq. (5) with the results of EMC simulations
is shown in Fig. Q The momentum relaxation rate
y =7 x 10" s7! is taken in Eq. (5). The results shown
in Fig. @ evidence that the dynamics of photoexcited
electron-hole plasma is well described by the hydro-
dynamic model. The obtained from EMC simulations
frequency of plasma oscillations increases as the den-
sity of photocarriers rises, in agreement with Eqs. (4)

and (5). The Fourier analysis of the transient pho-
tocurrent gives the central frequency of oscillations
f=22THzwhenn_ =5x10"cm™and f=4.7 THz
whenn__=2.5x10"cm>,

20 (b)

10

-10

Fig. 2. Total photocurrent in n-GaAs as obtained from
EMC simulations (solid curves) and calculated from
Eq. (5) (dashed curves). The optical pulse is centered at
t = 0.5 ps. The results are obtained for the generation
densities of 5 x 10'* cm™ (a) and 2.5 x 10" cm™ (b).

The obtained from EMC simulations tempo-
ral evolution of the potential profile is shown in
Fig. E The dynamics of the potential profile sup-
ports the picture of damped plasma oscillations.
By t = 0.4 ps, the potential profile is in equilibrium.
The peak of the optical pulse intensity is at the time
moment ¢ = 0.5 ps. The created electrons and holes
are accelerated in opposite directions. Due to the spa-
tial separation of electrons and holes, the electric
field is screened. Then, due to the quasiballistic mo-
tion of carriers, the electric field changes its sign. By
t = 0.75 ps, the electric field reaches its maximum
negative value. By t = 1 ps, the electric field reaches
its maximum positive value during the second pe-
riod of oscillations. The coherent motion of carriers
is dephased by the phonon, impurity and intercarrier
scattering. As a result, by t = 2 ps, the quasi-equilib-
rium carrier distribution is established. The motion
of electrons and holes is completely dephased, and
the built-in electric field is fully screened by the space
charge of photogenerated carriers.



283

A. Reklaitis / Lith. ]. Phys. 55, 280-286 (2015)

0.6
0.4

0.2

-0.2

-04

Fig. 3. Snapshots of the potential profile in #n-GaAs
doped to 10" cm™ at the time moments shown in
the figure. The results are obtained from EMC simula-
tions. The optical pulse is centered at t = 0.5 ps. The gen-
eration density is 5 x 10'¢ cm™.

The equilibrium state of the emitter after optical
pulse is recovered by means of carrier recombina-
tion. Several conditions are identified in [@] which
have to be fulfilled for the experimental observa-
tion of the pronounced oscillations of electron-hole
plasma excited by short optical pulses. The results
of present simulations indicate that there is an addi-
tional constraint for this purpose. The simulated re-
sponse of the n-GaAs emitter to the series of optical
pulses shows that the pronounced plasma oscillations
are excited only by the first optical pulse if the time
interval between pulses is too short for the complete
recombination of photogenerated carriers. The sub-
sequent optical pulses do not excite plasma oscilla-
tions because the oscillations are heavily damped by
the residual carriers. This fact suggests that the optical
pulses with a low repetition rate have to be used for
the experimental observation of plasma oscillations.
The time interval between the optical pulses must be
sufficiently long for the complete recombination of
photogenerated carriers.

4. Oscillations initiated by the photo-Dember
effect

The dominant mechanism of THz emission from
the (100) oriented InAs surface is the transient photo-
current induced by the photo-Dember effect [é, @].
The surface Fermi level in InAs is pinned at 0.2 eV
above the conduction band edge [R§]. The position
of the surface Fermi level determines the downward
band bending of the conduction and valence bands in
n-InAs at equilibrium (see Fig. @).

0.2

-0.2
-0.4

-0.6

Fig. 4. Equilibrium potential profile (conduction and
valence band edges) in n-InAs doped to 2 x 10" cm™.
The Fermi level is shown by the dashed line.

The downward band bending is neglected in
the hydrodynamic model of the photo-Dember effect
developed in [@]. It is assumed that the potential is
constant throughout the structure prior to photogen-
eration. This assumption is justified by the fact that
the kinetic energy of excited carriers exceeds the en-
ergy of electron confinement due to downward band
bending. Then, the hydrodynamic model [@] gives
the total photocurrent as

J({t)=

dxrc,m *vf exp(—yt/2)
X
e t

where
2 _ a2 2
Vi=Ve Y (7)

is the difference between the average squared veloci-
ties of the excited electrons, v , and holes, v* , im-
mediately after photogeneration,

w =(w?+ w:q— V21 4)"2, (8)
— 2 2 1/2
wmin - (weq_ y / 4) b4 (9)

wexc = (eznexc / KKO m*)l/z (10)

is the plasma frequency of photogenerated carriers,

(11)

w =(n_[xk m )
eq eq 0 " eq
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is the plasma frequency of equilibrium electrons,
n,, is the equilibrium electron density before pho-
togeneration, m* is the reduced effective mass of
photogenerated carriers, and m,, is the effective mass
of equilibrium electrons. At low generation density
NS Eq. (6) reduces to

en, v exp(-yt/2)
(0 =7 14"

J({t)=

xsinf(wp, —7>/4)"?1]. (12)

In this limit, the frequency of plasma oscillations
becomes position-independent, and it is controlled
by the density n, of the uniformly distributed equi-
librium electrons.

It follows from Eq. (12) that the hydrodynamic
model predicts the excitation of damped plasma os-
cillations which are induced by the photo-Dember ef-
fect. This prediction is verified by EMC simulations.
The comparison of the transient photocurrent in
n-InAs as obtained from Eq. (6) and from EMC simu-
lations is shown in Fig. H at low and high generation
densities. The momentum relaxation rate y = 10" s
is taken in Eq. (6). The momentum relaxation in
n-InAs doped to 2 x 10" cm™ is controlled primarily

4 ()

-20

Fig. 5. Total photocurrent in n-InAs as obtained from
EMC simulations (solid curves) and calculated from
Eq. (6) (dashed curve). The optical pulse is centered at
t = 0.5 ps. The results are obtained for the generation
densities of 2.8 x 10" cm™ (a) and 2.8 x 10'® cm~ (b).

by the ionized impurity scattering. The pronounced
plasma oscillations are obtained from EMC simula-
tions at low generation density n__=2.8 x 10" cm™ (see
Fig. H(a)). Only one single current surge is obtained at
high generation density as seen from Fig. H(b).

The mechanism of the excitation of plasma oscil-
lations in n-InAs can be understood from the tem-
poral evolution of the potential profile shown
in Fig. B As seen from the potential profile at
t = 0.58 ps, a strong electric field is developed during
the first time moments after photogeneration due to
the initial spatial separation of electrons and holes.
The initial separation of carriers is induced by dif-
ferent diffusion rates of photogenerated electrons
and holes. Then, the strong electric field initiates
plasma oscillations. After the first period of oscil-
lations, the potential profile becomes as shown at
t =0.66 ps. At t = 1.5 ps, the oscillations are damped,
and the quasi-equilibrium state of the electron-hole
system is established.
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Fig. 6. Snapshots of the potential profile in n-InAs doped
to 2 x 10'7 cm™ at the time moments shown in the fig-
ure. The results are obtained from EMC simulations.
The optical pulse is centered at t = 0.5 ps. The generation
density is 2.8 x 107 cm™.

5. Conclusions

The dynamics of electron-hole plasma generated by
the femtosecond optical pulse in freestanding THz
emitters is investigated using hydrodynamic model
and ensemble Monte Carlo simulations. The pro-
nounced and near-coherent plasma oscillations are
excited in the n-GaAs emitter when the surface field
thickness is less than the absorption depth. The os-
cillation frequency is determined by the density of
excited carriers. The plasma oscillations are also
excited in the n-InAs emitter when the density of
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photogenerated carriers is low. In this case, the oscil-
lation frequency is controlled by the doping density.
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ELEKTRONU IR SKYLIU PLAZMOS OSCILIACIJOS TERAHERCINIUOSE
EMITERIUOSE

A. Reklaitis

Puslaidininkiy fizikos institutas, Fiziniy ir technologijos moksly centras, Vilnius, Lietuva

Santrauka

Panaudojant hidrodinaminj modelj bei modelia-
vimg Monte Karlo metodu, i$tirtos optiskai sukurty
elektrony ir skyliy plazmos osciliacijos bekontakéiuo-
se terahercinés spinduliuotés emiteriuose. Gautos rys-

kiai i$reiks$tos plazminés osciliacijos n-GaAs emiteryje,
kuriame osciliacijos yra inicijuotos pavir$iniu elektri-
niu lauku. Plazminés osciliacijos taip pat yra aptiktos
n-InAs emiteryje, kuriame osciliacijos yra sukuriamos
foto-Demberio efektu.
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