PHYSICAL REVIEW B 78, 155325 (2008)

Generation of terahertz radiation by a moving bunch of nonequilibrium electron-hole plasma
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We report on properties of coherent radiation from nonequilibrium electron-hole (e-4) plasma bunch excited
by an ultrashort laser pulse crossing a semiconducting slab subject to transverse bias voltage. Self-consisted
calculations of nonequilibrium Boltzmann and Maxwell equations have established the fundamental role of
uniformly moving bunch of e-h plasma in coherent generation of terahertz radiation. We have shown that
predicted properties crucially depend on the physics of dissipation mechanisms, current configurations, and
relative traveling velocities of e-i plasma bunch and terahertz radiation pulse. It has distinguished two major
regimes of terahertz emission, single pulse emission, and firing twinned pulses at the moments of creation and
extinction of moving bunch of e-h plasma related to the front and rare boundaries of semiconducting slab,
respectively. The results of developed theory are applied to enhance the performance of photoconductive

terahertz emitters.
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I. INTRODUCTION

Optics with single-cycle or few-cycle pulses of electro-
magnetic (EM) radiation (EMR) has attracted a considerable
attention during the last two decades.'™ The use of such
pulses, whose spectral bandwidth falls into terahertz (THz)
band of EM spectrum, presents particular interest as poten-
tially unique informative probe for spectroscopically re-
solved imaging and microscopy. This growing interest is mo-
tivated by the demands of wealth of practical applications in
physical and life sciences related to more precise analytical
technologies using terahertz radiation.

Although the research on terahertz emission from semi-
conductors has been carried out for quite a while, the prob-
lem of identifying the mechanisms of emission is sill far
from being complete and understood. A number of mecha-
nisms are currently proposed to treat the emission of external
terahertz field. They can be grouped into three categories:
nonlinear conversion of pump beams in nonlinear materials,
the emission mechanisms associated with photoelectric ef-
fects due to the surface built-in electric field, and the Dember
field in bare semiconducting plates and emission of terahertz
radiation by transversely biased semiconducting chip. Gen-
eration of a broad band coherent terahertz EMR can be ac-
complished using nonlinear interactions of EM waves in a
suitable nonlinear semiconducting or insulating crystalline
medium, recently considered in details in Refs. 4 and 5. The
first group of photoelectrical generation of terahertz radiation
forms the basis of terahertz emitters using a bare semicon-
ducting slab. The photoinjected electrons and holes are ac-
celerated in opposite directions by the surface built-in elec-
tric field, causing the drift current, J(z), to flow. This is the
so-called current surge effect driven by surface built-in elec-
tric field.® There is another mechanism that can produce tera-
hertz generation from a bare semiconducting slab. Under sur-
face photoexcitation, the diffusion-recombination processes
provide photoinduced fluxes with a net charge (let it be the
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electron charge) that is canceled by the charge associated
with the accompanying screening mode (let it be the hole
charge). Such diffusion flux is called ambipolar diffusion.
The ambipolar diffusion flux itself is a weak current and
varies slowly with time. It, however, creates a dipole layer
(the Dember polarization dipole) and accompanies front to
back voltage difference (the Dember voltage). It is this com-
plex Dember dipole, P, that plays the role of the source in
generation of electromagnetic radiation.” The value of tran-

sient photocurrent in this case is given by J (t):%. A char-
acteristic feature of the first type of terahertz emitters is the
longitudinal current or dipole in relation to the direction of
excitation beam. The application of a magnetic field B per-
pendicular to the direction of light propagation yields the
Hall equivalent of photocarriers’ diffusion called photoelec-
tromagnetic (PEM) effect and treated theoretically by van
Roosbroeck® and, later, by Dixon” and by Chau and
Elezzabi.! Numerical simulations of these effects can be
carried out using Monte Carlo methods.!! The second group
of photoelectrical terahertz emission mechanisms can be re-
alized in a semiconducting chip with a patterned in-plane
layout of two surface contacts fabricated on the top of semi-
conducting substrate and biased with the external voltage
source. Such terahertz emitters are called photoconductive
antennas (PCA). It is assumed that photoexcitation of the
semiconducting gap in a PCA creates nonequilibrium e-h
plasma causing a burst of transient current between the con-
tacts, J(¢).'2"15 This current is considered as a transverse cur-
rent against the direction of excitation beam.

We shall restrict our consideration to the second type of
terahertz photoelectric emitters, namely, to PCA, ignited by
an excitation of semiconducting gap with an ultrashort few-
cycle laser pulse. It is assumed that according to Maxwell
equations the burst of photocurrent in the switch gap creates
the external EM field within a wide band of frequencies de-
termined by the width of photocurrent pulse. One of the first
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devices of this type was demonstrated in Ref. 12. PCA chip
was exposed to the illumination with ultrashort laser pulses
creating nonequilibrium electron-hole (e-h) pairs in the PCA
and consequently a burst of photocurrent. Because of such
seeming simplicity of physics underlying PCA functions, as
well as demonstration, in many cases the highest yield of
terahertz radiation, PCA has been a subject of experimental
studies in many papers.!3?> Quite the opposite, theoretical
treatments of this problem have received far less attention. In
most of published works the analysis of PCA emission
mechanisms was performed within the framework of ap-
proaches that could be divided into three categories. In Refs.
16 and 18 PCA has been modeled as a dielectric slab with a
surface oscillating current within the duration of optic pulse.
Within the framework of this model the EM field irradiated
into free space from PCA is calculated using the boundary
conditions (BC) for E and H fields including the surface
current. The surface current is phenomenologically intro-
duced in this model. Such an approach, as we shall see be-
low, may not adequately conform to the experimental situa-
tion with a finite absorption length that is comparable with
the optical length of ultrashort laser pulse. The authors of
Refs. 19 and 21, using the ideas and findings of Refs. 14 and
15, considered PCA on the base of semiempirical model of a
capacitive semiconducting inset excited into a spot of a small
diameter adjacent to PCA anode. In the third group of pa-
pers, represented here by Ref. 22, a generic simplified Drude
model was applied to treat surface photocurrent in PCA. We
also mention numerical simulations of three-dimensional
(3D)-carrier dynamics®* and analytical calculations based on
density-matrix formalism in the Airy representation.”’* Re-
gardless the particular model of terahertz emitter in the ref-
erences cited above the electric field of terahertz radiation in
the far field, Ety,, is treated as the emission from a point
surface built-in electric dipole or current element induced by
optical pulse excitation. Therefore, the following expressions

are used to calculate the field: ETHZOC%L2 or Eqy,* %ﬂ,
where P(¢) and J(¢) are the dipole moment and transient
current element, respectively.?

The models used in the treatments cited above do not take
into account the effects of nonequilibrium e-A plasma expan-
sion and traveling of optical pump pulse in depth of semi-
conducting slab, as well as proper consideration of the
source current and spatial distribution of EMR generated at
plasma motion. The necessity and importance of taking into
account plasma motion follows even from the simple com-
parison of characteristic times. Thus, the time required for an
ultrashort optical pulse of the duration 7,=10-100 fs to
cross a semiconductor slab of the thickness d
~100-400 wm is of the order of #,~1-5 ps. Such typical
hierarchy of times, 7,<<t,, requires theoretical consideration
of a nonstationary regime of e-h plasma generation, includ-
ing the effects of plasma expansion, configuration of currents
in plasma, light-induced transfer effects due to coupling of
traveling excitation pulse, and generated e-h plasma that
could develop themselves in markedly different ways at the
conditions of ad<<1 and ad>1, where « is the absorption
coefficient of the pump pulse. So far many important details
of nonequilibrium e-h plasma dynamics on short time scale
and interaction of plasma currents with electromagnetic field
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FIG. 1. (Color online) The sketch of biased semiconductor slab.
The black segment shows y distribution of current j(y,?) inside the
slab. The gap between the bias electrodes is subjected to uniform
in-plane excitation with a pump pulse field Ey(r). E%(r) and
EBY (1) show the pulses of terahertz field emitted in forward and
backward directions, respectively.

have not been properly attended including wavelength-time
properties of EMR generation in plasma. In this paper we
consider the theory of terahertz EM pulse generation by a
moving bunch of nonequilibrium e-k plasma considering
self-consistently photocurrent calculated from the first prin-
ciples employing nonequilibrium Boltzmann equation and
the generation of external EM field by the photocurrent
source under the conditions of propagating pump laser pulse
inside a semiconducting slab. Numerical calculations and
graphic presentations demonstrate the application of this
theory to the practical examples of PCA with semiconduct-
ing slabs of GaAs and Si.

II. THEORY

In what follows we consider a single semiconducting slab
of a finite thickness d with dc bias field E,, applied to the side
ohmic contacts. Nonequilibrium e-/ plasma is generated in
the slab under the uniform in-plane excitation of the gap
between the bias electrodes. Figure 1 shows the side view of
semiconducting slab, the coordinate frame, the directions of
applied bias electric field, and a schematic side section view
of the excitation in-depth distribution. Without loss of gen-
erality we choose the direction of EMR electric component
along z axis and magnetic component along x axis. We also
assume that the transient current and electric field induced in
e-h plasma do not depend on x and z coordinates. It follows
from the assumption of the uniform excitation of semicon-
ductor between the bias electrodes.

A. Photocurrent in e-k plasma: Nonequilibrium Boltzmann
equation approach

The photocurrent density j(y,7) in nonequilibrium e-h
plasma created in semiconducting slab biased with an exter-
nal dc electric field E, is given by?®
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where f,, and f,, are the asymmetric terms of the total dis-
tribution functions for electrons, f,, and holes, f}, respec-
tively, k is the electron wave vector, m, and m,, are the ef-
fective masses of free carriers, electrons, and holes,
respectively. In Eq. (1) we have taken into account the sign
of electron charge e=—e. Because of commonly met material
properties corresponding to the relationship m, <<my, we can
neglect the second term in the right-hand side of Eq. (1).
Then the photocurrent density in the direction of the bias
field is reduced to

f fag(k r t) @)

J(yt)—4713

The total distribution function for electrons f(k,r,?)
=f,(k,r,7) is found from the solution of the Boltzmann
equation,®

of f

o TV VS ka ((%)CO] 3)
where E=E0+E is the total EM field including the bias field,
E,, and the generated EMR field, E. The right-hand side of
Eq. (3) represents the collision integral. Expanding the col-
lision integral, ( Hr)COI’ we obtain the following form of the
nonequilibrium Boltzmann equation for photoexcited e-h
plasma:?6-28

o + ik V. f+—B-V,f
at m, “ h
~ Sk — k)
=-T(f= N+ 1) - 7 + Gy, r)k—(’ )
0
where v(k)="" f is the distribution function averaged over

angles between k and k,, ['! is collision lifetime, y! is the
lifetime of nonequrhbrlum carriers and electrons, I;(f) is the
e-thermalization term, G(y,?) is the generation term, k

7
_%, E, is the forbidden gap and wy is the quantum

energy of pump. At this step, without loss of generality, we
make two assumptions. First, we neglect in Eq. (4) the col-
lision integral component responsible for electron-electron
collision.”® This assumption is valid if the mean time of
electron-electron collision is bigger than both the energy re-
laxation time and electron momentum relaxation time. Sec-
ond, in order to maximize the state of nonequilibrium distri-
bution of electrons, the lifetime of photocarriers, y‘l, must
be smaller than the mean time of electron-phonon relaxation,

T..ph- Lherefore, under the condition y <7, ph WE can ne-
glect the thermalization term I(f) in the right-hand side of
Eq. (4). The used hierarchy of mean times is very typical for
low-temperature grown GaAs (LTG GaAs) and the structures
made of Si layer grown on sapphire (SOS): the non-
equilibrium  carrier lifetime reaches typically y7!
=0.35-0.4 ps.?>3 The thermalization mean time is esti-
mated in the range of 7, ~ 1072-107"" s.3! The recombi-
nation rate adopted for further calculations in Eq. (4) restricts
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the model to the case of linear, monomolecular, and recom-
bination laws. It is quite easy to see that this hierarchy of
times corresponds to the upper limit of excitation power den-
sity Pypper~ 10° W cm™ for the linear recombination to re-
main dominant. The experimental power densities used for
the excitation of e-h plasma in terahertz semiconducting
emitters are normally well below this estimated upper limit.
The remaining terms of the collision integral describe the
processes of ballistic, drift, and diffusion motion of nonequi-
librium carriers. To find the solution of the Boltzmann equa-
tion it is convenient to decompose the total nonequilibrium
distribution function f into the sum of symmetric f; and
asymmetric f, terms in k space. The functions f, and f, have
the following transformation properties: f,(K,r,1)=—f,(
—k,r,1), f(k,r,0)=f,(-k,r,7), and f,=f. This explains why
the photocurrent in Egs. (1) and (2) is determined only by
asymmetric part of f and f,. Then Eq. (4) splits into the set of
two equations for f,, and f, respectively,

L Kyt SE oty == Gl TR
t o om, k2
©)
d hk
Lo BVt SE V=T o ©
t m,

The function f, has two components related to diffusion and
drift photocurrents. It is clear that the value of diffusion pho-
tocurrent is much weaker than that of the drift photocurrent.
Even if this was not the case, the direction of diffusion pho-
tocurrent should be perpendicular to the plane of semicon-
ducting slab, and therefore, the diffusion photocurrent would
have caused the emission field with the Poynting vector lying
in-plane of semiconducting slab that had no component in y
direction. For these two reasons we neglect the second term
in left-hand side of Eq. (5). Then, we estimate the third term
in the left-hand side of Eq. (5). It is known?%3? that function
[ 1s the linear one on electric field. In particular case of LTG
GaAs Ohm’s law behavior of I-V extends up to the bias
fields Eo~ 10* V cm™'.333% In biased terahertz emitters the
value of bias voltage E, usually remains below the above
cited threshold. The requirement of /-V linearity leads to the

condition |f,|<f,. The third term, being quadratic on E,
causes nonlinear dependence of photocurrent OCfZ. This con-
dition, for example, corresponds to heating of carriers being
responsible for non-Ohmic behavior. Therefore, restricting
the calculations of photocurrent to the case of the linear re-

gime on E, we should omit the third term in left-hand side of
Eq. (5). Then Eq. (5) acquires the form of

f, 7 8k — ko)
— ==Y+ Gy, t)—— . 7
Poi 1) 2 (7)
The generation term G(y,?) in Eq. (7) is determined by the
spatiotemporal distribution of traveling pump pulse inside
semiconducting slab,

155325-3



TRUCHIN, ANDRIANOYV, AND ZINOV’EV

2
y
a(1 =R (t N _)
Gly,i) = (TO)O‘”‘P(‘ v =2 | )

where [ is the peak intensity of pump source, & and R are
the absorption coefficient and reflection coefficient of semi-
conducting slab at the pump frequencies, respectively, and
Ugo is the group velocity of pump pulse. Equation (8) takes
into account the finite absorption of the pump pulse in the
slab that leads to the nonuniform e-/ carrier density along y
axis. What is more important is that the excitation pulse in
the form of Eq. (8) is not stationary in space but travels along
y direction with the velocity v,o. Such a traveling excitation
pulse generates e-h plasma all the way through, depending
on the value of ay. On the scale of y<a~! this produces the
effect of moving front side of the e-h plasma bunch or the
whole bunch itself (if ™' <1,) with the velocity V0. Equa-
tion (7) is solved using Fourier transform,

7G(w)

filw) = 2y r0)

eXP(l—y> Sk = ko). )

1
where vr_ﬁ'”_ is the complex group velocity and G(w)
has the form

G(w) = (10)

a(l —R)Ioroexp(_ w%g)
> )-

ﬁ(,l)()

The asymmetric part of distribution function, f,, is obtained
from Eq. (6),

e 1 h 1
(e e AR e

X(k - Vify). (11)

Using Egs. (9) and (11) the integral of Eq. (2) is calculated
over k space at the conditions E<E, and Eg=E % (the bias
field has only z component). After substituting Eq (11) into
Eq. (2) j, component of the photoinduced current is given in

the form,
exp|1—y
Ug

L
Xkészﬁk [k - ko) |dk. (12)

Z

e’ G(w)
EOZ
dmm, (y—10)([+y-1w)
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Finally, the integration of Eq. (12) is accomplished using the
relationship [*7f(x)&" (x—a)dx=—f"(x) | ea:

e2 G(w) (2 )
(y zw)(r+7_lw)exp ngy . (13)

This expression for jz(w, y) has a form of a traveling with the
complex velocity 0, wave of nonequilibrium e-A plasma
bunch Ocexp(zgﬂy) in y direction carrying dissipative trans-
verse current in the direction of applied bias in z direction.
The amplitude spectrum of Eq. (13) is defined by the spec-
trum of excitation pulse, G(w), and two dissipative factors
related to the mean times ' and I'"!. We emphasize the
difference in functional dependence of Eq. (13) on the resis-

Jw.y) =
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tive current scattering time ' lifetime of carriers ~y‘1, and
the spatial decay of excitation light beam due to absorption
coefficient a.

B. Calculation of EM-fields generated by e-k plasma motion

Considering the excitation geometry shown in Fig. 1, we
hold E and H fields dependent only on y coordinate. Then
the set of Maxwell equations is

r?Hx(y,t) aDz(y’t)
— =20 iy ) 14
o JO.1) p (14)
IE.(y.,1) JdH,(y,1)
AL , 15
Jy Mo ot ( )

where D_(y,1)=¢€,[*2dt' e(t—1')E(y,1'), €(z) is the dielectric
constant of semiconductor, and j(y,?) is the current produced
by the motion of nonequilibrium e-% plasma. The set of Egs.
(14) and (15) is transformed to the single equation, the wave
equation, determining the field inside slab,

FE(.1) 1 f*“ & ~ &jz(y,t)
—ay2 _cé 3 dt’ (t—t) SE(y.t') = PYRRE

(16)

where Cé:$' After applying the Fourier transform to Eq.
(16) and substitution of Eq. (13) instead of j(y,7) it takes the
form of inhomogeneous Helmholtz equation,

dzEZ(w,y) w?
—d‘y2 + ?Ez(w,y)

__ @ pwG(0)E, ( _ )
__lm (y—10)(IT" + y—lw)e P\ gy (17

2
where C2=E(L_Z). The general solution of inhomogeneous
Helmholtz equation is the sum of the solution of homoge-
neous equation and a particular solution of inhomogeneous
Eq. (10),

w w _
Ez(way) = Cl exp<l;y> + C2 exp(_ l;y> + gz(w’y),
(18)

where C; and C, are the integration constants and gz(w, y) is
the particular solution of Eq. (17). The integration constants
are found from the solution of boundary value problem for
Eq. (18). It turns into the set of BC for E and H fields that
require the continuity of tangential components of the fields
across boundary. In this case they match the field in free
space with the field generated inside semiconducting slab.
The fields in free space are found from Egs. (14) and (15)
with j=0 in right-hand side of Eq. (14). The BC takes the
form of

E(0-,0)=E(0+,w), (19)
dE.(0 -, w) _ dE.(0 +,w) ’ (20)
dy dy

for the front boundary and
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E(d-,w)=E.(d+,0), (21)

dE.(d - ,w) _dE(d+ , )
dy —  dy

(22)

for the rare boundary. Equations (19) and (21) represent the
BC for electric component of EMR, Egs. (20) and (22) relate
the magnetic components of EMR across the boundaries.

Here we note that previously published papers>!>16-18
considered terahertz emission from PCA chip on the base of
idealized assumption of pure surface current inducing exter-
nal terahertz EMR. The external field within this idealized
scheme was calculated directly from the BC for E and H
fields containing surface current without proper solution of
wave equation. Such an approach, in spite of its seeming
simplicity, suffers from severe drawbacks, major of which is
the inconsistence of the concept of surface current with the
electrodynamics of a slab with finite bulk photocurrent. To
justify the choice of BC for magnetic component in the form
of Egs. (20) and (22) without inclusion of surface current
term, let us consider a finite bulk current in the direction
parallel to the surface with the density j,= %, where dJ is the
bulk current flowing through a surface S. Using the notation
of Fig. 1 we define dS=dxdy. On the other hand, the surface
current is defined as a rate of charge change per unit time per
unit length measured in plane in the direction perpendicular
to the current flow. Then, using the notation of Fig. 1, the
surface current Jg can be introduced as J S=d—i. Next, to de-
duce the amount of current dJ flowing through the surface
element dx we send dy to zero,

dJ = lim j,dS= lim j,dxdy = 0. (23)
dy—0

dy—0
It is quite clear from Eq. (23) that if the bulk current density
Jn 1s finite, the surface current J¢— 0. Therefore, at the con-
ditions of photoexcitation of a semiconductor slab with finite
value of a the BC for magnetic component of EM wave must
not include the surface current term.

The particular solution gz(w, y) of Eq. (17) is given in the
form,

2 FW ;BW
et e LformLformEOZ ( ga )
E(w,y) = —G(w)exp| 1—
(®.) ol = 1)(T + 7— 1) (w)exp '
w
= E(&))@XP(l?y), (24)
Ug
where
2 FW ;BW
e Lo Le ™ E
E((I))Zﬂolw form™—form™~0z G((I)) (25)

wm, (y—10)([ +y-10)

In Egs. (24) and (25) we define the complex formation
lengths for backward and forward emitted radiation,

“BW/FW ™
Lform (w) = » ~ 1\

U, c

(26)

73R

with the signs “—" and “+” in the denominator corresponding
to the EMR emitted by a moving source into forward (FW)
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and backward (BW) hemispheres {—/2,7/2}, respectively.
The continuity of E and H fields at the interfaces y=0 and
y=d, Egs. (19)-(22) determine the radiation propagating out-
wardly from the slab, in forward and backward directions,
respectively. To fulfill the BC, we match the general solution
describing the electric component inside the slab;

® ®
E.(y,w)=C, exp(z—y) +C, exp(— t—y>
c ¢

+ E(w)exp(l?y>, (27)

Ug

with the solutions of the wave equation in free space on both
sides of the slab. Terahertz field E_(y, w) irradiated backward
into the left-hand half of free space at y <0,

)
E(y,0) = Cpy CXP(— lC_Y)~ (28)
0

Forward irradiated terahertz field E.(y, w) into the right-hand
half of free space at y>d,

E.(y.0) = Cry exp[zcﬂ(y - d)}. (29)
0

The values of the integration constants, C;=C(w), C,
=C(Cy(w), Cpw= Cpw(w), and Cry = Cpw(w) are determined
from the BC for the tangential components of E and H fields.
The conservation of the tangential components Egs.
(19)—(22) leads to the following set of linear equations rep-
resented in matrix form as

1 1 -1 0
1 1 1
- -= — 0 C,
c c Co
&
w w ®
exp(z—d) exp(— z—d) 0 -1 Cgw
c c
C
1 w 1 w 1 o
—exp|i—d| ——exp|—-1—d] 0 -—-—
c c c c Co
1
1
Uy
=-F. (30)

w 9
exp(zjd>

Ug
1 w
jCXp(ljd)

Ug Ug

The solution of this matrix equation gives the values of
integration constants (the details are given in Ref. 5). The
complex amplitudes for the forward and backward emitted
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terahertz fields outside the slab are given by the pre-exponential factors of Egs. (28) and (29), respectively,

Co E(w)

E(d+,0)=-

ﬁ_g (c = cp)? exp(rwd/c) = (¢ + ¢y)? exp(— 1wdic)

{(c +co)(c +v)exp[—1wd(1/c - 1/5,)]

—(c=co)(c = Dpexpliwd(1/T, + 1/c)] = 2¢(Ty + ¢o)}, (31)

[2) E(w)

E

0-,w)= +

z

= (c+0,)(c — colexpiwd/c)},

where the notations z=d+ and z=0- show the coordinates
outside the slab, respectively. The solutions Eqgs. (31) and
(32) converge to zero if the thickness of photoconductive
material d— 0. They describe the field distributions at the
output aperture that is used to find the field in a remote zone
far from the slab. Equations (31) and (32) can be transformed
into the following expressions that are more suitable for
qualitative analysis. The field on the outer aperture of the
rare slab boundary producing forward emitted terahertz EMR
takes the form of

Coi(w)

1
1- r2 exp(lzﬂi) { [ 2(1 - le5n)
&

N r } ( wd)
T e wae
2(1 —tw7y) P! c

1 ( wﬁd)

- ——expl1—
2(1 _leﬁn) P! Co

r exp[lw(m 2n)d} } o

- 2(1 —1w7y) co

E(d+,0)=—t

The field on the outer aperture producing backward irradi-
ated terahertz EMR of the front slab boundary is converted
into

1
E(0-,0)=—1 ( 2wd>{2(1—szN)

r ( de) { 1
+————expli— |- | ————
2(1 —1w7g,) P\! c 2(1 —1w7g,)

r o +n)d
+2(1—zwrN)]exp[’ o ” (34

where n:\x’;’ 7k =;—:, r=ﬁ, and r=1-r. The parameters 7y
and 75, have the meaning of the sum of and difference be-
tween phase and group delay times on the scale of the mean
; -1 _ 11, 1 L1 _1
absorption length o™': 7y=—_(;+ vgo) and 7g,= a(vgo— 2)- The

term Z(w) in Egs. (33) and (34) is given by

v, (c— co)? expiwdic) = (¢ + ¢o)? exp(— 1wd/c)

{2c(0, = colexp(rwd/T,) + (¢ + ¢)(c — U,)exp(- twdlc)

(32)

2

= e TRTa_lEOZ
E(w) = po 2m

(1 —107r)(1 _le)G(w). (33)
where 7z=(y+I')"! and 7=v"!. The common factor 7 in Egs.
(33) and (34) accounts for the transmission of the fields
across the boundary “semiconductor air.” The inverse Fou-
rier transform of Egs. (33) and (34) returns the time domain
waveforms of terahertz field within the aperture S, on the
outer surfaces of semiconducting slab.

The spatial distribution of terahertz EMR emitted into free
space from the input and output surfaces of a nonlinear slab
can be treated within the framework of the standard diffrac-
tion theory.>> The active volume of e-h plasma inside the
slab forms a small cylinder with the apertures on both input
and output surfaces of the order of ~S§,, where S is the
pump beam cross section. The scalar term E, (r,w) of tera-
hertz field at an observation point 7 in free space behind the
slab is found after solving the integration,

[10]
JE,(d+,a))
277C0 So v

EXV(r,w) =

k
exp(tkr) cos(m,r)dS,,
-

(36)

where E (d+ , ) is the field at the output aperture calculated
from Eq. (33). The integral in Eq. (36) is taken over the
pump/terahertz beam aperture cross section S;,. The time do-
main waveform E,(r,7) is obtained from Eq. (36) using the
Fourier transform. The field waveform at the distance r from
the slab is given by

ERN(0)=EXN(r,0)

1 cos(n,r) d r
= B _EZ d+,t—_ dSO
2mcgts, rdt co

(37)

Similarly, the terahertz field emitted by the slab in the back-
ward direction, E%Yz(t), is found from Egs. (34) and (35)
using E.(0—, ) instead of E_(d+, w).

III. DISCUSSION

Both Egs. (33) and (34) are given by the sum of several
terms, each of the terms corresponding to the partial pulse
component associated with the generation mechanisms and

155325-6



GENERATION OF TERAHERTZ RADIATION BY A MOVING...

spatial dependencies of EMR formation. The complexity of
Egs. (33) and (34) differs in nature from the simplest el-
ementary models based on the representation of a single ra-
diative dipole, surface current, or a small localized photoex-
cited spot embedded in a dielectric medium hold between the
bias contacts and used in previous publications.'>* Below
we review the role of each partial term in Egs. (33) and (34),
describing their nature and criteria under which the contribu-
tion of the term becomes essential. We start the discussion
from Eq. (34), describing backward emitted terahertz field.

The factor Z(w) represents the isotropic part of the spec-
trum of terahertz EMR pulse generated by moving bunch of
e-h plasma inside the slab. It is modulated by the Fabry-
Perot factor [1—r? exp(lzwd)] ! describing multiple reflec-
tions of terahertz pulse between slab’s boundaries. The other
important factor affecting further broadening of terahertz
EMR pulse is the sum of terms in curly braces in Eq. (33) or
(34), whose form depends on the emission direction. We
shall see that terahertz pulses consists of several components
with different delay times related to the location of radiation
events and direction of radiation. Let us turn to the analysis
of these directional terms.

We consider first the directional term of Eq. (34) describ-
ing terahertz field emitted backward. The first term in the
curly braces, Mm, does not possess any delay-time fac-
tor, and therefore, it corresponds to the first pulse in time
scale to arrive at the observer’s position at a far-field zone.
The spectrum of this component is determined by the relax-
ation due to the mean time 7y representing the sum of the
transit time for terahertz EMR and excitation pulses propa-
gating the distance !, respectively

The second term, mexp(z—) represents the pulse

delayed against the first pulse component by At,gw= _d The
value of At,gw corresponds to the round trip time of tera-
hertz pulse emitted from the front boundary and propagating
to the rare boundary and backward. The spectral content of
this term depends on the relaxation with the mean time 7,
that is the difference of transit times for terahertz and exci-
tation pulses crossing the distance '. The amplitude of this
term and its spectral content also depends on the reflection
coefficient r at the rare boundary of the slab.

The third term represented by the sum of two items in
square brackets of Eq. (34) becomes significant at the condi-
tions of moderate absorption, ad~1. Its delay time is
At3BW=U%+‘f with reference to the first pulse component.
The first item of Atspw, U,i, corresponds to the time needed
for the moving source to “reach the rare boundary and the
second item i—l is the single transit time for terahertz pulse.
The said unequivocally shows that this pulse emanates from
the rare surface of the slab where e-h plasma extinct due to
exit of pump pulse from the slab (we do not consider the
multiple reflections of pump pulse). The first item in square
brackets of Eq. (34) describes the component generated in
backward direction. The second item is attributed to the com-
ponent generated forwardly and is immediately reflected in
backward direction. The spectral content of the third term is
related to the sum of two relaxation terms with the mean
time 75, and 7y. We note that the sign of the third term is

PHYSICAL REVIEW B 78, 155325 (2008)

opposite to that of the first and second terms that supports the
difference in generation mechanisms of terahertz pulse at the
moment of creation and extinction of e-4 plasma at the con-
dition ad=<1.

A similar analysis is carried out for the directional term in
curly braces of Eq. (33), which describes the terahertz pulse
emitted from semiconducting slab in forward direction. The

first term in the square brackets 2(lz—wr) represents direct

forward emission, while m corresponds to the wave
backwardly emitted and subsequently reflected in the for-
ward direction. Both components propagate together from
the front boundary across the slab. Hence, is the common
delay time AtlFW:f. The sum of two relaxation terms with
the mean times 75, and 7y has effect on the spectrum of this
component.

The second and the third components are effectively gen-
erated at conditions ad=<1. The second component has the
delay time t,pyw= 171’ which proves that it is radiated from the
rare boundary. The spectrum of this pulse is characterized by
the relaxatlon term Mm The third component has the
delay 13pw=7 4 + 4 where the first item of the delay OC— cor-
responds to tfle tlme for excitation pulse to propagate across
the sample and generate terahertz pulse at the rare boundary
and the second item of the delay oczfl represents the round
trip time of terahertz pulse. It demonstrates that this compo-
nent is emitted from the rare boundary in backward direction
and bounces from the front boundary back in forward direc-
tion. The spectrum of this component is described by the
relaxation term “2(1 "oy - Similar to Eq. (34) the signs of the
second and third components are opposite to that of the first
component due to the difference in generation mechanisms
of terahertz pulse at the moment of creation and extinction of
e-h plasma at ad=<1.

For numerical calculations and graphical presentations of
terahertz spectra Egs. (31)—(37) we use the following expres-
sion for the lattice contribution in the dielectric constant &(v)
of a polar material:3

2
e(v Vio(Kg— Koo)
( )=Kw+ 2To 0 ’ (38)
& Vo=V +1y,v

where K= . '0)2 The dielectric constant for a nonpolar

semiconductor (e g., Si) can be evaluated using l—l= Ko The
values of material parameter, y,, n, and «a and effective
masses for GaAs and Si were taken from Refs. 36—40, re-
spectively. We do not include Eq. (38) into the calculations
of terahertz waveforms keeping e(v)=¢, in order to
smoothen out the waveforms removing the oscillations intro-
duced by phonon peaks in €(v) Eq. (38).

Figure 2 plots several calculated terahertz waveform emit-
ted backward from a semiconducting slab of different thick-
nesses, 7y '=1x10""2s, T '=1.7x10" s, and «
=200 cm™'. To develop the full time-of-flight content of
terahertz pulse we choose the value of a corresponding to
the case ad=1. In order to remove the replicas related to
multiple reflections of generated terahertz pulse we calculate
the waveforms of Fig. 2 for a semiconducting slab immersed
in a medium with the refractive index equal to that of semi-
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conducting slab at terahertz frequencies. Chosen material pa-
rameters are typical for Si, which is used in SOS PCA at A
=950 A. The amplitude and time position of the first pulse
remains independent of d. This shows that the generation of
terahertz pulse occurs at the front surface of semiconducting
slab where nonequilibrium e-# plasma is generated. The
front edge of the second pulse (marked with arrows), having
the sign opposite of the first pulse, shifts linearly with the
change in slab’s thickness with the amplitude decreasing
with thickness. The time shift of the second pulse front var-
ies as 0<§+‘;’—the inset of Fig. 2. This evidence proves that
the second pulse is generated with the delay required for e-h
plasma to reach the rare boundary and extinct there due to
pump pulse exit from the rare surface of semiconducting
slab. Figure 2 exhibits convincing demonstration of a close
analogy of the generation of twin pulse terahertz EMR in this
case with the phenomena of nonlinear optic wave interac-
tions reported in Ref. 4 and elaborated in details in Ref. 5. In
the treatment of both problems the source term of inhomo-
geneous Helmholtz equation in the form of Eq. (17) repre-
sents a uniformly propagating source described by the factor
x A(w)exp(i;*y), where v, is the group velocity of pump
pulse and y is the propagation coordinate. The amplitude of
the source described by pre-exponential factor, A(w), is
given by

o)
)

% exp(—
A(w) o

el
(y=—1w)(y+T = lw)exp -

for nonlinear optical conversion and current carrying or po-
larized e-h plasma, respectively. In the case of nonlinear op-
tic wave conversion the frequency dependence of the ampli-
tude A(w) is related to the Fourier transform of the second
derivative term of nonlinear coupling of optic fields. Nonlin-
ear coupling of traveling pump fields is the necessary and
sufficient condition for formation of uniformly moving po-
larization charge.*3 Dissipationless nature of this polariza-
tion charge motion is entirely described as a moving wave
packet. In the case of moving bunch of nonequilibrium car-
rying current e-h plasma the frequency spread of the source
wave packet also depends on moving wave packet Egs. (8)
and (10). The factor *w comes from the Fourier transform of
the first derivative of transverse current. In addition A(w)
has a product of two relaxation factors, (y—iw)™'(y+I
—1w)~! in Eq. (39), related to the dissipations of transverse
current. In both cases of Eq. (39) the source uniformly propa-
gates with the velocity of pump wave. The predicted new
effect of twin terahertz pulse generation by moving bunch of
nonequilibrium e-h plasma carrying transverse current in the
limit of ad=1, likewise nonlinear optic generation of tera-
hertz pulses,*> has close analogy with the radiation phenom-

o7

T), moving e-h plasma current,
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FIG. 2. Calculated waveforms of terahertz field emitted in
backward direction from biased semiconductor slab. The wave-
forms correspond to different thicknesses shown in the inset:
d=10 (curve 1), 20 (curve 2), 40 (curve 3), and 60 um (curve 4),
respectively; curve 5 is calculated for ad=3. The inset: solid
squares shows the time positions of the second pulse front edge and
solid line, time dependence t=5%+§.

nonlinear optical conversion
(39)

enon at start-stop motion of a charged particle in homoge-
neous media, which has been introduced and considered
earlier by Tamm.*' In the case of moving plasma bunch the
necessary condition for radiation to occur is bias dc field E,.
The role of bias is to induce directional ordering of carriers,
transverse current, or polarization (in this paper we do not
consider in details this second option, creation of polariza-
tion charge at strongly nonuniform excitation, e.g., excitation
to a small focal spot whose diameter is much smaller than
the gap between contacts*?). The creation and extinction
events of such uniformly moving photoinduced current or
polarization in a dispersive medium with ¢# 0, lead to the
radiation of twin terahertz EM pulses.*?

Now we turn to the estimation of terahertz pulse

bandwidth—Figs. 3 and 4. The factor E(w) itself is con-
structed from the product of three Fourier transform: the ex-
citation pulse spectrum G(w), the first dissipation factor de-
scribed by the mean time 74=(y+I)~!, and the second
relaxation factor related to 7=7"'. It is normally expected
that the lifetime of e-h carriers y~! exceeds the collision

lifetime I'"'. Because of multiplicative form of E(w) the
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FIG. 3. Calculated spectra of terahertz radiation emitted in back-
ward direction from biased semiconductor slab. The spectra corre-
spond y7'=100 (curve A), 300 (curve B), and 500 fs (curve C). The
spectra are calculated using the following parameters: 7y=15 fs,
I''=50 fs, and d=300 wm. The inset: calculated waveforms of
terahertz field emitted in backward direction from biased semicon-
ductor slab. The contribution from the phonon resonances in Eq.
(38) is replaced by E(w) €y to smoothen the curves. The wave-
forms correspond 5y !=100 (curve A), 300 (curve B), and 500 fs
(curve C). The waveforms are calculated for the following param-
eters: I"'=50 fs, 7=15 fs, and d=300 um.

E(w) is restricted at high-frequency side by the
complex combination of three factors: E(w)*G(w)(1
—107g) " '(1-1w7)~'. One more factor affecting the pulse
bandwidth is determined by the directional terms in curl
brackets of Egs. (33) and (34). The characteristic behavior of
a dissipative term with time 7* is described by

spectrum of

1, if o<1
(1 -107)7'[=) 1 (40)

- if o7 > 1,
T

where 7° represents one of 7y, 7, Ty, or 75, The frequency
spectrum of terahertz pulse emitted in forward direction at
high frequencies, w>max{7,', 7!, 75}, E; TW(r,w), is given

by
2
mg)( e

2 (o) (wn)(w7s,)

Efw(r, W) < W exp(—

whereas the high-frequency part of terahertz pulse spectrum

emitted in backward direction at w>max{7y', 7!, 7'}
E?W(r,w), is described by
0’7 1
EPV(r,0) « w exp(— . . (42)
) 2 JNomp)(on) (o)

It is seen that the spectrum of terahertz pulse at low frequen-
cies, w<min{7,', 7!, 75}, is entirely determined by G(w).
At high frequency the spectrum is affected by the product of
dissipation factors, each OCWIT*, whose strong narrowing of
bandwidths is demonstrated by Figs. 3 and 4. We note that
the spectral bandwidth similarly responses on the variations
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FIG. 4. Calculated spectra of terahertz radiation emitted in back-
ward direction from biased semiconductor slab. The spectra corre-
spond I'"1=20 fs (curve A), 50 (curve B), and 100 fs (curve C).
The spectra are calculated for the following parameters: '
=200 fs, 7=15 fs, and d=300 wm. The inset: calculated wave-
forms of terahertz field emitted in backward direction from biased
semiconductor slab. The contribution from the phonon resonances
in Eq. (38) is replaced by e(w)=¢, to smoothen the curves. The
waveforms correspond I'"!=20 (curve A), 50 (curve B), and 100 fs
(curve C). The waveforms are calculated for the following param-
eters: y"=200 fs, 7=15 fs, and d=300 wm.

of both vy and I' in accordance with Egs. (41) and (42). The
factors (w7g,)”' and (w7y)™' relate the spectral narrowing
due to directional factors to the mean formation length, the
spatial scales characterizing the separation of radiation, and
Coulomb fields expressed by Eq. (26). The characteristic
scale of the formation length in the case of terahertz EMR
from moving nonequilibrium e-4 plasma bunch in a semi-
conductor differs from the definition of the formation length
used in the theory of radiation phenomena of moving
charges** and at nonlinear wave conversion in weakly ab-
sorbing crystals LS If the absorption coefficient is sufficiently
high, a> w(— -)— LBW/FW, the formation length is restricted

down to the scale of ma~! regardless the difference between
v, and c. To some extent this could be considered as an
equivalent of a stationary immobile source. In the opposite
case, a<< w( -) the formation length is given by LEWV/FW

form >

respectrvely, for backward and forward directions, respec-
tively.

As it follows from Egs. (41) and (42) the input factor

driving terahertz pulse bandwidtl} is the spectral content of

2

pump laser pulse G(w) ocexp(—%)—Figs. 5 and 6. It is seen
that even having the amplitude cutoff due to the dissipation
factors associated with the material relaxation times, 7', a
wide band of terahertz spectrum can still be achieved with a
narrow pump laser pulse of ~10-30 fs although with a re-
duced amplitude. This trend follows from the comparison of
the curves A, B, and C in Figs. 5 and 6.

Finally, we emphasize on a peculiar velocity matching
property of generation terahertz pulse using moving bunch of
nonequilibrium e-i plasma. If the conditions of velocity
match are approached, c—uv,, the value of 75,— 0. Then the
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FIG. 5. Calculated spectra of terahertz radiation emitted in for-
ward direction from biased semiconductor slab. The spectra corre-
spond 75=10 (curve A), 100 (curve B), and 300 fs (curve C). The
spectra are calculated using the following parameters: y~'=300 fs,
~'=50 fs, and d=300 um.

relaxation factor associated with 75, cuts off the emission
spectrum in collinear forward direction at frequencies
= 7, that could be too high for the dissipation due to 7, to
become measurable. In this regard, the smaller is the value of
75, the higher value returns for the frequency cutoff. At the
same time this condition does not affect the bandwidth of
terahertz pulse emitted backward because the formation

length LY o (c+0,)™" always remains finite and small. It is
seen that the spectral properties of terahertz EM radiation
generated at the velocity match conditions with nonlinear
optic wave conversion and by moving bunch of nonequilib-

rium e-h plasma are alike.

IV. CONCLUSIONS

To summarize, the reported theoretical results unequivo-
cally establish the mechanism of terahertz emission applied
to the most often used practical case of semiconducting bi-
ased terahertz emitter made as a PCA chip subject to the
transverse (against the direction of the pump beam) bias. The
first-principles calculations based on the solutions of non-
equilibrium Boltzmann equation and Maxwell equations take
into account the important effect of moving bunch of non-
equilibrium e-h plasma carrying transverse current. It pre-
dicts two effect: twin terahertz EM pulse generation in the
limit of @d=1 and the enhancement of terahertz emission at
high frequencies at the velocity matching conditions. It has
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FIG. 6. Calculated spectra of terahertz radiation emitted in back-
ward direction from biased semiconductor slab. The spectra corre-
spond 75=10 (curve A), 100 (curve B), and 300 fs (curve C). The
spectra are calculated using the following parameters: y~'=300 fs,
I'=50 fs, and d=300 um.

shown that the effect of bias voltage on e-h plasma is in
induction of transverse current or polarization. The creation
and extinction events of such uniformly moving photoin-
duced current or polarization source in a dispersive medium
with ¢ # 0, lead to the radiation of twin terahertz EM pulses.
It convincingly demonstrates a close analogy with the class
of radiation phenomena considered within the framework of
Tamm problem and caused by the start stop of uniform mo-
tion of a charged or polarized source in a homogeneous me-
dium. If the conditions ad>1 are met, then the formation
length for terahertz generation is restricted to the scale of
ma~! regardless the difference between v, and ¢, showing
similarity of this case to the radiation by a stationary immo-
bile source. For both cases the presented theory has revealed
the particular roles of the key material parameters: the dissi-
pation times, y~! and I'"!, the carrier collision and decay
times; the details responsible for formation of spectral con-
tent of terahertz pulse, the role of phase matching, and the
influence of directional factors and excitation pulse duration
on the spectrum of terahertz pulse.
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