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Theoretical and experimental results about generation coherent terahertz (THz) radiation in photoconductive
medium in condition of a high level excitation are presented. Employing self-consistent analytical approach to
the set of non-equilibrium Boltzmann equation for charge carriers and Maxwell equations for electromagnetic
radiation we have studied the radiation phenomena in non-equilibrium e–h plasma excited in the photoconductive
gap of terahertz radiating large-aperture photoconductive antenna by an ultrashort laser pulse. Equally with the
effect of the radiation screening, the effect of the non-linear absorption of an optical pump pulse (bleaching of
photoconductive medium) was taken into account. It was shown that the effect of nonlinear absorption reconstructs
the dynamics of the generation of terahertz radiation and must take into account the effects associated with the
spread of the generated wave and the wave of excitation.
PACS: 72.30+q, 41.60.−m, 72.20.Jv

1. Introduction
The effect associated with THz field amplitude saturation in condition of the increasing pump intensity was
observed experimentally in several papers [1, 2]. There
were some explanations of this effect. The first one was
the radiation screening mechanism connected with decrease of local field due to THz field contribution [1].
Another one was the polarization mechanism associated
with the fact that the field generated by relocation of excited charge carriers, screens the electronic field applied
to large-aperture photocondutive antenna (LPA) [2]. Apparently, the relocation of charge carriers does not take
place in the homogeneous photoconductive plate at a uniform excitation. However, there was no mention of non-linear absorption of the excitation pulse at high intensity
which decreases the absorption coefficient due to filling
of electronic states by excited photocarriers.
This work is aimed at comparing the corrections in
the dependence between the amplitude of THz field and
the intensity of the optical pumping. These corrections
are associated with the radiation screening and nonlinear
absorption of the excitation pulse.

radiation by LPA in condition of a low level excitation
(Fig. 1). From system of the Maxwell equations we obtain the following equation for the Fourier component of
electric field:
ω2
d2 Eω
+
Eω = −i ωµ0 Jzω ,
(1)
dy 2
c2
where c = c0 /n is velocity of light in the medium, c0 is ve√
locity of light in free space, n = εµ is refraction index,
ε and µ are relative permittivity and relative permeability for the semiconductor on the frequency of generated
radiation, Jzω is z component of the Fourier transform of
current and µ0 is vacuum permeability.

Fig. 1. The sketch of biased semiconductor slab with
bias field. Optical pump wave normally illuminates the
slab. The black segment shows y distribution of current
j(t, y) inside the slab.

2. Theoretical considerations
2.1. Equations for the field and charge carriers
without corrections
Let us choose a slab geometry in accord with the article [3], in which we investigated the generation of THz

The photocurrent density j(t, y) in non-equilibrium
e–h plasma created in semiconducting slab biased with
an external dc electric field E0 is given by [4]:
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Z
~e
kz (fae (k, r, t)/me
4π 3
− fah (k, r, t)/mh )dk
Z
~e
kz fae (k, r, t)/me dk ,
(2)
≈
4π 3
where fae and fah are the asymmetric terms of the total distribution functions for electrons, fe , and holes, fh ,
respectively, k is the electron wave vector, me and mh
are the effective masses of free carriers, electrons, and
holes, respectively. We can neglect the second term in
the right-hand side in compliance with the relationship
me ¿ mh .
Jz (t, y) =

When the intensity of optical pump is high enough and
the screen effect appears, the concentration of photoelectrons is so high that the time of electron–electron collision
becomes less than the energy relaxation time and the impulse relaxation time. Under these conditions we derive
the following equations from the Boltzmann equation for
electron distribution (projections have chosen in accord
with Fig. 1) [5]:
∂ne
= −γne + G(t, y) ,
(3)
∂t
2
∂Jz
e ne
=
Ez − (Γ + γ)Jz ,
(4)
∂t
me
where
αI(t, y)
~ω0
¶
µ
α(1 − R)I0
(t − y/vg0 )2
=
exp −αy −
~ω0
2τ02

G(t, y) =

is the generation term associated with propagation of the
Gaussian beam pump on conditions that linear absorption, ne , me are electron density and effective mass, respectively. Γ −1 is the impulse relaxation time of electrons, γ −1 is the lifetime of electrons, α is absorption coefficient of pump pulse, R = (npump − 1)2 /(npump + 1)2 is
the reflection coefficient off the slab interface, npump is refractive index for pump. I0 , ω0 are the peak intensity and
the frequency of pump pulse, vg0 = c0 /npump is group velocity of pump, τ0 is pulse width (FWHM = 2.3τ0 ) and
Ez = E0 + ETHz is the total electromagnetic field including the bias field.
Equation (3) can be solved by using the Fourier transform and then the Fourier component of photocurrent
obtained from (4) can be written as
·
e2
E0 Gω (ω, y)
ω
Jz (ω, y) =
me (Γ + γ − i ω)
γ − iω
µ ω
¶¸
1
G (ω, y)
ω
+ √ ETHz (ω, y) ⊗
,
(5)
γ − iω
2π
where
Gω (ω, y) =
and

µ
¶
α(1 − R)I0 τ0
ω 2 τ02
ω
exp −
+i y
~ω0
2
ṽg
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1
1
α
=
+i
ṽg
vg0
ω
is the complex group velocity. The second term on the
right-hand side of this equation is small correction and
we can neglect it in the first approximation. From (5)
and (1) we derive the wave equation. Let us consider the
simplest case. The medium outside slab is immersion and
there are no reflected pulses. While performing a joining of electric field tangential components at the LPA
boundaries we get THz field distribution in the first approximation. The field distribution on the back aperture
of the slab producing forward emitting THz electromagnetic radiation takes the form of
Ξ̃ (ω)
ω,1
ETHz
(ω, d+) = −
1 − iωτδn
¶
µ
¶¸
·
µ
ω
ω
d − αd ,
(6)
× exp i d − exp i
c
vg0
³
´
2
ω 2 τ02
τR τ E0 (1−R)I0 τ0 c
where Ξ̃ (ω) = µ0 2πe2 me (1−
exp
−
,
i ωτR )(1− i ωτ )~ω0
2
−1
τδn = α−1 (vg0
− c−1 ), τR = (γ + Γ )−1 , τ = γ −1 . From
Eq. (6) we can see that the field is generated at the
boundaries of the slab and in the first approximation the
field depends on pump intensity linearly. Moreover, due
to the superposition it is possible to add as well as subtract the fields. It depends on the phase synchronism
between the generated THz wave and the optical pump
wave and also the thickness of plate itself has its part to
play.

2.2. The derivation of corrections
The THz output power saturates at high optical pump
power due to the decrease of the bias field by the generated THz field. We solved Eq. (5) by the method of successive approximations. The field obtained in the first
approximation was substituted in the second term on
the right-hand side of this equation. Further we again
solved Eqs. (1) and (5) and joined electric field tangential components at the LPA boundaries. After all these
operations we get THz field distribution in the second
approximation. The correction associated with radiation
screening can be written as
µ
¶
ω
ω,2
ETHz (ω, d+) = F1 (ω) exp i d
c
·
µ
¶
¸
ωd
ωd
−i
−1
× exp −αd + i
2vg0
2c
+ F2 (ω) exp(−αd)
·
× exp

µ

ωd
3ωd
i
+i
2vg0
2c

¶

µ
¶¸
ωd
− exp −αd + i
,(7)
vg0

A exp(−ω 2 τ02 /4)
(1− i ωτ /2)(1− i ωτR /2)(1− i ωτR )(1− i ωτδn /2)2 ,
A exp(−ω 2 τ02 /4)
F2 (ω) = (1− i ωτ /2)(1− i ωτ3 )(1− i ωτN /2)(1−
i ωτR /2)(1− i ωτR ) ,
p π e4 c2 E0 I02 (1−R)2 µ20 τ τ02 τR2
−1
, τN = (vg0
+ c−1 )/α,
A = − 2
4m2e ω02 ~2
−1
τ3 = α−1 (vg0
−3c−1 )/2 . Equation (7) was obtained with
conditions ωτδn < ωτN < 1 and ωτR < 1.

where F1 (ω) =
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The correction associated with the non-linear absorption of the excitation pulse can be obtained when we let
the next relation
α(ne ) = α0 (1 − ne /n0 ) ,
(8)
where n0 is the ultimate concentration. In equation for
absorption coefficient (8) in the first approximation electron density has been expressed from Eq. (3). From the
Maxwell equations we can get formula for the Gaussian
˜ y) in case of non-linear
beam pump pulse intensity I(t,
absorption. Then Eq. (3) takes the form
∂ ñe
= −γ ñe + G̃(t, y) ,
(9)
∂t
where
½
˜ y)
α(ne )I(t,
= G(t, y) 1 + B(1 − 2e−α0 y )
G̃(t, y) =
~ω0
·
µ
¶¸ ¾
t − y/vg0
−α0 y−γ(t−y/vg0 )
√
1 + erf
×e
,
2τ0
B is a positive constant, which is proportional to I0 .
Then by analogy with transformations from Sect. 2.1 we
obtained THz field distribution. We did not take into
account radiation screening effect, thus we neglected the
second term on the right-hand side of Eq. (5). The correction associated with non-linear absorption can be written
as
½
µ
¶·
ω
1
ω,2
ẼTHz
(ω, d+) = −Σ (ω) exp i d
c
1 − iωτδn
¸
µ
¶
1
ω
−
− exp −α0 d + i
d
1 − i ωτδn /2
vg0
¸¾
·
exp (−α0 d)
1
−
,
(10)
×
1 − i ωτδn
1 − i ωτδn /2

the generated THz field.
The calculation was conducted with next parameters:
wavelength of the pump wave is 800 nm, FWHM is 15
and 100 fs, the lifetime of electrons γ −1 is 580 fs and the
impulse relaxation time of electrons Γ −1 is 40 fs. According to the article [6] the value of n0 was chosen equal to
2.5 × 1018 cm−3 . Also the approximation that α0 d > 1
was taken into account. Hence, the saturation intensity
for the radiation screening is Is (1 THz) = 335 MW/cm2
when FWHM = 100 fs and Is (1 THz) = 2.2 GW/cm2
when FWHM = 15 fs. The saturation intensity for the
non-linear absorption effect is Is (1 THz) = 708 MW/cm2
when FWHM = 100 fs and Is (1 THz) = 4.7 GW/cm2
when FWHM = 15 fs. Apparently, the independent estimation indicates that contributions of both effects to the
saturation of THz field are of the same order of magnitude.
3. Experimental data
The dependences between the amplitude of THz field
and the intensity of the optical pump were obtained by
the pump-probe experiment. LPA consisted of Au strips
deposited onto a low temperature (LT)-GaAs layer which
has been grown onto GaAs substrate. A distance between Au strips is 300 µm, and width is 100 µm. The
bias voltage applied to adjacent strips is 100 V. We used
femtoseconds Ti:sapphire laser with mean wavelength
800 nm. The experimental dependence of THz field peak
on the pump pulse energy density Js can be found in
Fig. 2. The estimation of Js = Is FWHM is 180 µJ/cm2 ,
and it coincides with earlier results 190 µJ/cm2 [1] and
200 µJ/cm2 [7].

e2 µ E α I 2 (1−R)2 τ 2 cτ τ

0 0
R
0
where Σ (ω) = 2√2m 0n 0~2 ω
Ω (ω) and
2
i ωτ )
¢
£
¤
¡√ e 0 0 (1− i ωτR )(1−
R +∞
2
1 + erf(θ) dθ .
Ω (ω) = −∞ exp 2τ0 (i ω − γ)θ − θ
Apparently, the terms which accord to generated field
at the front boundary follow to decrease of total THz
field. The terms which accord to generated field at the
back boundary can follow to decrease as well as increase
of total THz field. It depends on the value α0 d and a
difference between the group velocity of pump vg0 and
the THz field velocity c.

From Eqs. (6), (7) and (10) we estimated the intensity
Is for both effects
E ω,1 (ω, d+)I0
Is (ω) = THz
.
(11)
ω,2
ETHz
(ω, d+)
Is is the saturation intensity. In this situation the THz
field amplitude diverges from the linear dependence and
it can be approximated by the quadratic dependence.
Judging by this value we can estimate the value of the
pump intensity when the effect decreasing the THz field
in LPA appears. The comparison of the effects of the radiation screening and the non-linear absorption was made
for the spectral component for the frequency of 1 THz located near the maximum of the spectral distribution of

Fig. 2. Experimental data (open circles), quadratic
approximation (solid line) and liner approximation
(dashed line).

4. Summary
As may be seen from the estimated corrections connected with radiation screening and non-linear absorption, the first effect influences a THz field more than the
second effect. Also, calculated value Js is less than Js
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obtained from experiments. However, it is necessary to
stress that we have made the estimations independently
of both effects, whereas in a real situation both of them
simultaneously contribute to the amplitude of THz field.
It should not be overlooked that the decease of THz field
at the expense of photocarriers attenuation due to non-linear absorption conducts to the deceasing of radiation
effect. Thus, in real situation the value of Is for radiation
screening will be greater. That is why it is necessary to
take into account not only non-linear absorption effect,
but also the propagation effect of e–h plasma. In this
condition a local THz emitter at a back boundary of the
photoconductive slab will be taken into account automatically.
In conclusion, we ascertained that the non-linear absorption effect acts important part in the saturation of
THz field in condition of a high excitation. The estimations made on the basis of the paper [6] show that if
the pump pulse energy density is 200 µJ/cm2 then e–h
plasma with density 2.5 × 1018 cm−3 becomes excited at
a depth of 2 µm and more. A lot of photoconductive antennas have the thickness of an active generated medium
about 1–2 µm. It made us to come to the conclusion of
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the necessity (in case of a high level excitation) of taking
into account the propagation effect of e–h plasma and
THz radiation.
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