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We have studied analytically the temporal characteristics of terahertz radiation emitted from a biased large-

aperture photoconductive antenna triggered by an ultrashort optical pulse. We have included the effects of the finite

lifetime and transient mobility dynamics of photogenerated carriers in the analysis. Succinct explicit expressions are

obtained for the emitted radiation in the surface field and in the far field. The dependence of the waveforms of the

radiated field on the fluence and duration of triggering optical pulse, carrier relaxation time and carrier lifetime are

discussed in detail using the obtained expressions.
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1. Introduction

In the last decade, terahertz (THz) technol-
ogy has attracted much attention of scientists and
technicians.!'?] A large number of techniques for gen-
eration and detection of THz radiation have been
proposed and/or demonstrated, such as transient
photoconductivity,®#4 optical rectification in crystals

[5.6] difference fre-

with large second order nonlinearity,
quency generation in non-linear media,”8! various
quantum oscillations like Bloch oscillations,® heavy-
hole light-hole beats’® or oscillations in double-
quantum-well structures,'") negative-effective-mass
oscillation,'>13] 2-dimensional hot-electrons,' im-
purity in a perfect lattice,[’® superconducting thin
films,'%! etc. Perhaps the most intriguing applica-
tion for commercializing THz technology at this time
is in the area of THz time-domain spectroscopy or T-
ray imaging.!7~24] This technology is based on the
generation, detection, and free propagation of sub-
One of the most

widely used methods of generating a free propagating

picosecond THz electrical pulses.

THz pulse is through illuminating biased photocon-

ductive antennas with femtosecond laser pulses. It has
been shown that intense THz pulses can be generated
by large-aperture photoconductive antennas.25—27]
The mechanism of the THz radiation generation from
a biased large-aperture photoconductor is generally
understood by the well-known current surge model. 2]
In this model, a THz electromagnetic field is radiated
by a transient current generated at the surface of a
photoconductor. The characteristics of the radiation
field at the surface and at the far field have been dis-
cussed by Hattori et al[2729] In their analyses, the
carrier lifetime is assumed to be infinite, the carrier
mobility is considered to be a constant, and the tem-
poral profiles of the generated pulses are simulated by
numerical methods. However, Rodriguez et al[*% have
shown that the transient mobility does influence the
characteristics of radiated THz pulses, though they
also assumed the carrier lifetime is infinite. However,
for the currently widely-used materials, such as low
temperature grown GaAs, the carrier lifetime is not
so long as to be considered as infinite compared with
the radiated THz pulse, thus the carrier lifetime would

affect the waveform of the THz radiation. Therefore,
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a more detailed analysis including the transient mo-
bility and finite carrier lifetime is needed to describe
the characteristics of the radiated THz field more ac-
curately.

In this paper, we include transient mobility and
finite carrier lifetime into the current surge model, and
get succinct explicit analytic expressions for the radi-
ation field at the surface and in the far field. From the
presented expressions, the dependence of the fields on
carrier lifetime, transient mobility, and the duration
and fluence of the exciting optical pulse is explicit.
The dependence has been studied both in the satu-
rated region and in the non-saturated region. These
formulae could be used to simulate the waveform of
emitted THz radiation or to fit the material parame-

ters.
2.Analytic formulations for near-
field and far-field

We perform our analysis based on the current

(28] The model assumes that THz electro-

surge model.
magnetic field is radiated by a transient current gener-
ated at the surface of a photoconductive antenna. The
surface current density Js(t) is determined by Ohm’s

law

Jo(t) = os()[ B + Es (1)), (1)

where o4(t) 1is the time-dependent surface conduc-
tivity, F}, is the static bias field applied to the an-
tenna, and F,(t) is the generated radiation field at
the antenna surface. From the boundary conditions
of Maxwell’s equations and the finite size of the large-
aperture antenna, the generated radiation field at the
antenna surface is related to the surface current den-

sity by[28l

Ey(t) = — g (0, (2)

where 79 = 1/(epc) = 376.7; Q is the impedance of
free space (g¢ is the permittivity of free space and c is
the speed of light in vacuum), and ¢ is the relative di-
electric constant of the photoconductor. Using Egs.(1)
and (2), the radiation field at the antenna surface can

be expressed through the bias field as

_ M00s(t)
noos(t) + (1 + /€

The surface current can be expressed through the ap-
plied electric field from Eqs.(1) and (3) as

RO
Mo+ (1+v2)

Eq(t) =

B (3)

Js(t) =

(4)

The transient current at the antenna surface will radi-
ate electromagnetic waves. From Maxwell’s equations,

in the Coulomb gauge, the radiation field is given by

1 G/Js(r',t—|r—r'|/c)ds,

 dmeoc? Ot |r — 7|
(5)

where J; is surface current in the emitting antenna

Erad (T7 t) =

evaluated at the retarded time, r is the displacement
from the antenna centre, ds’ is the increment of sur-
face area at a displacement r’ from the antenna centre,
and the integration is taken over the surface of the il-
luminated region of the antenna. Equation (5) shows
that the far field is proportional to the time deriva-
tive of the surface current density. At present, we are
primarily concerned with the temporal shape of the
radiated THz field. As a first order approximation,
we substitute the integration by multiplying the area
of the radiating surface by the surface current density.

Thus the radiation at far field is given by

__ A (14 +/&)?04(t — 2/c)
dmeoc?z [noos(t — z/c) + (14 V/e)]?’

where A is the effective emitting area, z is the dis-

Etar(t) (6)

tance of observation point away from the centre of the
area, and the dot above the o4(t) implies a differential
respective to time.

The surface conductivity induced by an optical
beam of intensity Iop¢(t) is a convolution of Iop(t)

with time-dependent mobility p(t) and the carrier de-

7ut) =B [ o= )1t

)
X exp( _it )dt'7 (7

Tec

cay

where g is the elementary charge, R is the optical re-
flectivity of the illuminated surface, hv is the photon
From the

equation of motion of an electron in an electric field

energy, and 7. is the lifetime of carrier.

du(t) _aB o)

dt m* Te

(8)

dependent mobility

and the definition of mobility, we obtain the time-
qTs

o-p-en( -2
o

where m* is the effective mass of electron, 7; is the re-

laxation time, and pus = ¢g7s/m* is the static mobility.
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To analyse the effect of the exciting optical pulse, we
assume the pump pulse has a Gauss temporal profile

as

Lope(t) = —2 e (10)
opt\) T o AL P\ T A )

where F' is the total pump optical fluence, and
vIn 2At is the full width at half maximum (FWHM)
of the optical pulse. By inserting Egs.(9) and (10)
into Eq.(7), we can deduce the time-dependent sur-

face conductivity and its time differential as
2 2
¢’ 1 - R)F b At
os(t) = m*  4hv P Te P 27
w |14 erf t At
erf[ — —
At 27,
(e 2))(3(G2))
—exp| —t| —+— ) Jexp| —| — + —
Te Ts 2 \1. T
t At (1 1
1 fl ————+— 11
e SE))F o

and

(12)

-
[ t At

1 fl — — )
<rret(5- )]}

Substituting Eq.(11) into Eq.(3), and Eq.(12) into
Eq.(6), we obtain the explicit expressions for the sur-
face field and the far field. The second term in the
brace brackets in Eq.(11) and the first term in the
brace brackets in Eq.(12) contain the effect of tran-
sient carrier mobility on the waveforms of the surface
and radiated fields. The error function is the result of
the convolution of optical intensity and the exponen-
tial decay. It reflects the two competing processes of
carrier accumulation by photo-generation and carrier
decay by recombination.

By defining a saturation fluence Fj,;:

_ 4hv(1 4 /)

 qusmo(1— R)’

and denoting the parts in brace brackets in Eq.(11)
and Eq.(12) as X(t) and Y5(t), respectively, we can

(13)

sat

express the radiation field at the surface and in the
far field in more compact forms, from which the satu-
ration property of the surface field at large F'/Fgus is

more obvious,

F
7 >(t)
Ey(t) = ———==t, By, (14)

1 Jh(t

+ Fsat 1( )

and
F
E _ A(l + \/E) Fsat 2( z/C) E
far(t) - Ane F 2 b-
z|1+ El(t—z/c)}
sat

(15)
3. Characteristics of surface-field
and far-field

Using the expressions obtained in the previous
section, we discuss the waveforms of radiation fields.
In Fig.1 we show the temporal shapes of the surface
field calculated by Eq.(14). The normalized fluence
F/Fg, varies from 1 to 10 at step 1. The following
typical values for GaAs are used: 7. = 1ps, 7s = 0.5ps,
At = 0.1ps. The figure shows that the risetimes
of the surface fields are about 500 fs.
that the risetime of the surface field is determined by

It indicates

the carrier relaxation time. This is because it takes
a little time for the transient mobility to reach its
quasi-equilibrium value. With the saturation prop-
erty shown in Eq.(14), the spacing between the am-

plitudes of the surface fields is being reduced as F/Fyat

increases.
0.6 F/Feat=1,---10
0.5 1

! At=100fs
Tc=500fs
Ts=100fs

E; /Ebias
o
w

-1 0 1 2 3 4
Time delay/ps

Fig.1. Temporal profiles of surface field at different
optical fluence. The curves from bottom to top cor-
respond to varying normalized optical fluence F/Fgat
from 1 to 10 at step 1. The following standard values:
Te=1 ps, 7s=0.5ps, At=0.1ps are used.
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In Fig.2 we show the temporal shapes of the ra-
diation far field calculated by Eq.(15) with the main
pulses shown inset. The parameters used are the same
as in Fig.1, and the distance z is equal to 1 cm. As
the fluence increases, the peak of the radiation field
increases and tend to saturation; the peak arrives ear-
lier in time, the risetime of the main pulse decreases,

and the pulse width decreases also.

0.6

0.6
0.5} 05 4F/Fm=1" 10
04 At=100fs
. 0.4r 03 T.=500fs
8 3 1s=100fs
el L
3 0. 0.2
s o2f 01
R 0.0
0.1fF . . . . .
0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
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-0.1 1 L 1 1 "

-1 0 1 2 3 4
Time delay/ps

Fig.2. Temporal profiles of radiated field at different
optical fluence. The curves from bottom to top cor-
respond to varying normalized optical fluence F/Fya¢
from 1 to 10 at step 1 respectively. The following typ-
ical parameter values: 7.=1ps, 7s=0.5ps, At=0.1ps,
z=lcm, A=1cm? are used. The inset shows the main

pulse.

To see the amplitude saturation and pulse width
decrease of the radiation far field more clearly, we dis-
play the peak values and pulse width values vs F/Fyat
in Fig.3. The amplitudes (normalized to bias field) in-
crease from 0.17 to 0.55 and the pulse widths decrease
from 240fs to 157fs as F'/ Fy, varies from 1 to 10. The

saturation tendency is evident.

0.62 2 4 6 8 10
’ e —W®— peak values T P
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\.\.
0.2f e, {016
° | | ( ] .
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Fig.3. Optical fluence dependence of the peak values
and pulse width of the main pulse of the radiated field.
The solid square curve shows the shift of the peak val-
ues and the solid circle curve shows the narrowing of

the pulse width (FWHM).

In Fig.4(a) and Fig.4(b), we show the influence
of the relaxation time and the carrier lifetime on the
amplitudes of the radiated far field at different optical
fluence, respectively. It is not surprising that a long re-
laxation time results in a small amplitude value. This
is due to the carriers reaching their static mobility
more slowly, thus the average velocity or the conduc-
tivity is low. Longer lifetime of the carriers results in
a slightly larger amplitude of the radiation field. This
is due to accumulation of more carriers and a larger
current generated at the surface. But the influence of
carrier lifetime is less pronounced than the influence

of relaxation time.
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Fig.4. Influence of relaxation time and carrier lifetime
on the amplitude of the radiated far field at different
optical fluence F/Fg,4=10, 1, 0.1, respectively: (a)
influence of the relaxation time; (b) influence of the
carrier lifetime.

The influence of the relaxation time and the car-
rier lifetime on the pulse width of the radiated far
field at different optical fluence are shown in Fig.5(a)
and Fig.5(b). The influence of the relaxation time on
the pulse width of the radiated far field is much more
prominent than the influence of the carrier lifetime.
In the strong saturation regime (F/Fy,y = 10), the in-
fluence of the relaxation time is reverse to that in the

moderate saturation or in the under-saturation regime
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(F/Fsat = 1.0 and F/Fy, = 0.1). And the influence of

the carrier lifetime is not monotonic. There are some
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Fig.5.

fluctuations depending on the optical fluence.

160 M T M T v T M T T
At=100fs n a—n
1551 7.=100fs /./ \-/
o—0—0—0—0—9
0 p—
£ 150t AN e e
=
=
E 1451 —m— F/Fy =10
140} —o— F/Fai=1
- —A— F/Fsa,gzo.l
135} |
0.0 0.2 0.4 0.6 0.8 1.0

Carrier lifetime 7 /ps

Influence of relaxation time and carrier lifetime on the pulse width of the radiated far field at

different optical fluence F/Fy,1:=10, 1, 0.1, respectively: (a) influence of the relaxation time; (b) influence

of the carrier lifetime.

4. Conclusion

In conclusion, we have presented a model for THz

radiation generation by large-aperture photoconduc-

tors. We have included the effects of finite carrier life-

time and transient carrier mobility in the model, and

obtained succinct expressions for the surface-field and

far-field radiation. Using these expressions, the effect

of the optical fluence, the carrier relaxation time and

the carrier lifetime on the amplitude and the pulse

width of the radiated pulse have been discussed in de-

tail.
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