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Abstract. We provide a review of the different schemes for generating terahertz
(THz) radiation using photoconductive emitters excited by femtosecond lasers. The
discussion is concerned principally with large-area emitters because of their relative
simplicity, both in fabrication and analysis, and their capabilities for high-power
THz generation. In addition to discussing the principal characteristics of these emit-
ters, we present a simple, but unified description of their behavior. The principal
ingredients in this description are a Drude–Lorentz model for the carrier dynamics
combined with a suitable solution of the radiation problem for a current sheet. This
formalism permits one to examine the nature of the generated THz waveforms in
the near and far field, as well as to consider the effect of the material properties and
excitation conditions on the THz emission process. Within this picture, we describe
the origin of the strong enhancement in THz emission that is observed upon appli-
cation of an external magnetic field to emitters relying on transient photocurrents
flowing perpendicular to the surface. Saturation processes that limit the efficiency
of THz emission are also an important feature of these devices. These effects are dis-
cussed in terms of perturbation of the bias field induced by space-charge screening
and the THz radiation field.

1 Introduction

The notion of using ultrashort laser pulses to trigger ultrafast electrical pulses
dates back to the early development of modelocked lasers. The initial inves-
tigations involved the production and measurement of ultrashort electrical
pulses guided by transmission lines through the use of a laser-triggered pho-
toconductive switch [1,2,3]. Researchers also recognized that such devices
could be used as photoconductive antennas to couple radiation into or collect
radiation from free space [4,5]. Many researchers contributed to important
refinements of such devices, including optimization of the time response of the
photoconductive switches through the use of new materials and geometries
and the development of improved antenna structures [1,2,6,7]. The combina-
tion of an emitter of electromagnetic radiation triggered by an ultrafast laser
pulse and a detector of this radiation gated by a time-synchronized excitation
pulse permitted the development of a novel time-domain spectrometer [1,2].
The resulting method of THz time-domain spectroscopy (THz TDS) has pro-
vided a powerful new tool for measurements in a range of frequencies from
Kong-Thon Tsen (Ed.): Ultrafast Dynamical Processes in Semiconductors,
Topics Appl. Phys. 92, 1–59 (2004)
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a fraction to several THz (1THz = 1012 Hz) in the far-infrared. Such time-
domain measurements yield, upon Fourier transformation, a complete char-
acterization of the complex transmission/reflection coefficients of a sample as
a function of frequency. This in turn permits the determination of complex
dielectric function or, equivalently, the complex conductivity, of the sample,
a capability that has been successfully applied to a large variety of material
systems [2,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28].

A further noteworthy development of THz techniques based on ultrafast
lasers was the demonstration of large-area photoconductive emitters in the
early 1990s [29,30,31]. These devices also rely on the motion of photoinduced
charge carriers in the presence of an electrical bias field, but are constructed
so that a large region of the photoconductor is illuminated. They are not
appropriate for producing ultrafast electric-field transients on transmission
lines. Rather, they are optimized for radiating THz pulses directly into free
space. For this purpose they offer some potential advantages with respect to
emitters based on small photoconductive gaps and metallic antenna struc-
tures. Principal among these is the possibility of scaling the device to pro-
duce high-power THz emission [32]. This feature is a direct consequence of
the possibility of expanding the lateral area of the irradiated region and thus
avoiding saturation effects that are present in any photoconductive device at
sufficiently high laser fluence. In addition, from the practical standpoint, the
structures are very simple to fabricate. With respect to the radiation proper-
ties, the large emission area implies the possibility of generating a relatively
collimated beam of THz radiation, a desirable property for many applica-
tions. In fact the direction of this emission may be controlled by the angle of
incidence of the laser pump beam [30,33]. Finally, the lack of antenna struc-
tures implies that the spectral characteristics of the THz emission will be
limited only by the inherent carrier dynamics and the properties of the pump
laser, which enables a broad spectral response [34].

Such large-area photoconductive emitters may be classified according to
the direction of flow of the transient photocurrent. One scheme involves the
application of an electrical bias field in the plane of the surface by means of
a pair of widely separated electrodes. These devices are the so-called large-
aperture emitters and they produce photocurrent transients directed along
the surface. The other class of devices has a bias field perpendicular to the
surface. The relevant bias field may be produced by intrinsic band bending
associated with trapped charges at the surface in a depletion field device or
may be externally applied in a p–i–n or Schottky-barrier structure. Although
the details of the behavior of the photocurrent differ depending on the geom-
etry of the problem, these large-area photoconductive emitters share many
common properties and can be discussed within the same general framework
of carrier transport and radiation properties.

In this chapter, we restrict our discussion of photoconductive THz emit-
ters to the behavior of such large-area emitters. Some of their attractive
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features as sources of THz radiation have been indicated above. From the
point of view of this chapter, which emphasizes the fundamental aspects
of THz emission and its relation to basic concepts in radiation theory and
carrier dynamics, they are also appealing because of their simplicity. These
devices can be considered essentially as a photocurrent radiating into free
space. Their analysis does not require consideration of antenna response nor
of semiconductor/electrode interfaces. Furthermore, these emitters have been
the subject of many investigations. The nature of the THz emission has been
characterized in the spectral and temporal domains. Studies have also exam-
ined the dependence of the THz radiation on important parameters in the
problem, such as the excitation geometry, the laser-pulse duration and flu-
ence, the magnitude and direction of the bias field, and the properties of the
photoconductive medium. The saturation properties of large-area emitters
at high laser fluence, an important parameter for overall efficiency, have also
been investigated both experimentally and theoretically. An additional aspect
that has attracted significant interest is the influence of applied magnetic
fields on the THz emission. Especially for the case of depletion-field devices,
external magnetic fields were found to have a dramatic impact on the radi-
ation efficiency. With this wealth of interesting phenomena and knowledge
at hand, we attempt to provide a review of the basic features of large-area
emitters. Particular emphasis will be given to the influence of magnetic fields
and saturation effects, two active areas of recent research.

The organization of this chapter is as follows. In Sect. 2, we present the
basic results for radiation from a current sheet located near the interface of
two dielectric media. In view of the relatively long wavelength of the THz
emission, this model is sufficient to describe the behavior of all of the large-
area THz emitters. Section 3 is devoted to a presentation of a description of
carrier dynamics, both from the standpoint of a general response function and
as embodied in the Drude–Lorentz model. The latter, while certainly not suf-
ficient to describe many subtle aspects of THz emission, provides a concrete
and specific framework for the discussion of the different types of emitters,
the relation of the emission to material properties, the nature of saturation
effects, and the influence of external magnetic fields. With the basic ingre-
dients presented in Sects. 2 and 3 for the radiation problem and carrier dy-
namics, we then turn in Sect. 4 to an overview of the basic characteristics of
large-area THz emitters that have been observed experimentally. Section 5
considers a series of experiments related to the influence of externally applied
magnetic fields. The large enhancement in THz emission observed from emit-
ters with current flow normal to the surface can be understood by combining
the Drude–Lorentz model of carrier dynamics with a suitable analysis of the
radiation properties of such current transients. The topic of transient modifi-
cation of the bias field induced during the THz emission process is considered
in Sect. 6. This issue is both of fundamental interest and of direct significance
in understanding the saturation effects that limit the emission efficiency of
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such devices. A few concluding remarks are offered in Sect. 7, the last of this
chapter.

2 THz Radiation from Transient Currents
in Large-Area Emitters

In this section, we review the basic laws governing the radiation process rel-
evant for the production of THz emission from a large-area photoconductive
source following excitation by an ultrafast laser pulse. We present expressions
for the radiated electric field in the near- and far-field zones in terms of the
transient photocurrent. We describe the polarization properties and angular
dependence of the emission under different conditions, and examine factors
determining the radiation efficiency. We reserve for the next section a dis-
cussion of the nature of the transient photocurrent and its relation to basic
material properties. Here we consider the current to be a given quantity and
examine the consequences for THz emission.

2.1 Overall Configuration and Nonlinear Snell’s Law

The situation of interest is depicted schematically in Fig. 1. An ultrashort
laser pulse is incident on the surface of a photoconductor at an angle of inci-
dence θ. The ultrashort laser pulse generates photocarriers, which then move
under the influence of an electrical bias field. The bias field may be either
externally applied (parallel or perpendicular to the surface) or internally gen-
erated by band bending from trapped surface charges (perpendicular to the
surface). The resulting transient photocurrent gives rise to the emission of
THz electromagnetic pulses in the reflected and transmitted directions.

For the case of a large-area device, we are concerned with an incident
laser beam that has spatial dimensions several times that of the THz wave-
length being generated. A well-collimated incident optical beam will then
produce collimated beams of THz radiation. These beams will be emitted
in the reflected and transmitted directions defined by the generalized Snell’s
law:

n1(ω) sin θ = n1(Ω) sin θΩ
1 = n2(Ω) sin θΩ

2 . (1)

Here ω and Ω denote, respectively, the optical and THz frequencies; 1 refers
to the medium through which the laser beam is incident and 2 to the pho-
toconductive medium; ni (ω or Ω) denotes the refractive index (assumed to
be isotropic) in the appropriate medium evaluated at the relevant frequency.
This expression can be understood most readily by considering the process
of photoconductivity in a biased sample as a manifestation of a second-order
nonlinear optical mixing process. In this view, the THz radiation is formed
by difference-frequency mixing of the Fourier components contained within
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Fig. 1. Scheme for the generation
of THz radiation from a large-area
photoconductive emitter. An ultra-
short excitation pulse is incident on
the photoconductive medium at an
angle θ. The induced photocurrent
gives rise to reflected and transmitted
beams of THz radiation. The THz di-
electric constant of the photoconduc-
tor is ε. The induced photocurrent is
confined to a thin region below the
surface and is treated as a current
sheet

the optical pump pulse. The well-known nonlinear Snell’s law then corre-
sponds simply to a statement of conservation of the in-plane component of
the wavevector. If we regard the generation process in the time domain, we
may identify the specified reflected and transmitted directions as those for
which emission from different spatial elements of the surface current sheet
radiates in phase. Thus, a sharp peak in the emission appears in these partic-
ular directions. For the purposes of the discussion in this chapter, we will be
concerned with the usual case where the photoconductor is illuminated in air.
We then see that the reflected THz beam will emerge at an angle θ1 = θ, just
as for the usual linear reflection (under the well-justified neglect of the slight
dispersion in air). For convenience, we also introduce the dielectric function of
the photoconductor at THz frequencies ε. In terms of this quantity, the trans-
mitted wave will travel at an angle θ2 defined by

√
ε sin θ2 = sin θ, where we

again neglect the dispersion of the material response over the relevant range
of THz frequencies.

Before considering the solution for the strengths of these radiated fields,
we introduce one additional assumption: that photocurrent is confined to
a sheet that is thin compared to the THz wavelength. Given typical penetra-
tion depths for the laser radiation in a photoconductive medium of less than
1µm, this criterion is generally very well satisfied in practice. Under these
circumstances, the radiation process is defined entirely by the surface current
density J s, i.e., by the volume current density integrated over the coordinate
perpendicular to the surface. As we shall discuss below, for such a current
sheet, the radiation field (in the near-field zone) can be found directly by
the application of a suitable set of boundary conditions. An explicit expres-
sion for the far-field solution for the THz emission can then be obtained by
propagation of the near-field solution within the Fraunhofer approximation.
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2.2 Boundary Conditions for Surface Photocurrent

The relevant boundary conditions for a current sheet can be adapted directly
from the discussion of a polarization sheet previously developed in the context
of surface second-harmonic generation [35]. These boundary-matching con-
ditions follow from Maxwell’s equations with a transient source polarization
P (t). In CGS units they read as

∇ · D = −4π∇ · P ,

c∇ × E +
∂B

∂t
= 0 ,

∇ · B = 0 ,

c∇ × H − ∂D

∂t
= 4π

∂P

∂t
. (2)

Here the transient D and H fields are related to the transient E and B
fields by the usual relations for linear response, D = ↔

εE and H = ↔
µ−1B

and do not include any contribution from the transient source term. In the
discussion below, we neglect magnetic response, and take H = B.

Using the traditional approach of integrating Maxwell’s equations over
suitable surfaces and volumes crossing the interface and carefully taking the
limit as the thickness of the interfacial region goes to zero, we can derive the
matching conditions across the interface. We denote the in-plane directions
as x and y, and the normal coordinate as z. The electric and magnetic fields
on either side of a polarization sheet P s(x, y, t) [with a volume polarization
P s(x, y, t)δ(z)] are found to satisfy the following boundary conditions [35]:

∆Dz = −4π∇||P s ,

∆E|| = (−4π/ε)∇||Ps,z ,

∆Bz = 0 ,

∆H || = (4π/c)(∂P s/∂t× ẑ) . (3)

Here the subscript || refers to components parallel to the surface and ∇|| ≡
x̂(∂/∂x) + ŷ(∂/∂y). In order to convert these relations to the language
of a surface current density, we simply apply the identity of J s(x, y, t) =
∂P s(x, y, t)/∂t.

From these boundary conditions, one can determine general expressions
for the radiation fields in a straightforward fashion.

2.3 THz Radiation Excited at Normal Incidence

In large-aperture photoconductive emitters with an in-plane bias field, cur-
rent flows only along the surface. Such devices are typically excited by ultra-
fast laser pulses at normal incidence. In this case, every spatial element of the
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emitter is in phase, and the radiated field is independent of the orientation
of the bias field with respect to the incident laser beam. For concreteness, we
take the surface current sheet to be flowing in the y-direction, with J s = Jsŷ.

In this geometry, the wavevectors are along the surface normal. The ra-
diated electric and magnetic fields thus have only components parallel to the
surface. The boundary conditions of (2) and (3) can be simplified to give

E1 − E2 = 0 ,

H1 −H2 = (4π/c)J s × ẑ . (4)

In addition, for a large-area emitter where the pump radiation can be treated
as a plane wave, the radiated THz emission can also be approximated by
a plane wave. In this case, the magnetic-field and electric field components
are related in the usual way as

H1 × ẑ = E1 ,

H2 × ẑ = −√
εE2 . (5)

Combining (4) and (5), we then obtain directly the resultant THz radiation
fields of

E1 = E2 = −4π
c

1
1 +

√
ε
Js = −4π

c

1
1 +

√
ε
Jsŷ (6)

in the near-field zone.
In order to obtain the THz radiation in the far-field zone (where diffraction

of the THz beam has become extensive), we apply field propagation in the
Fraunhofer approximation. This yields for the peak electric field (along the
center of the direction of propagation), the expression

E1(t) ∼= − 2A
c2r

1
1 +

√
ε

∂Js

∂t
ŷ . (7)

Here A denotes the area of the surface layer in which the current density,
J s(t), is present; r is the distance of propagation; and the quantity ∂Js(t)/∂t
is evaluated at the retarded time t′ = t− r/c.

2.4 THz Radiation Excited at Oblique Incidence

We now consider the more general case of THz radiation generated by an ul-
trafast laser pulse incident on the photoconductor at an oblique angle θ. This
excitation geometry, as we show below, is necessary for large-area emitters
based on bias fields that are perpendicular to the surface. All four boundary
conditions of (3) are required to specify the radiated fields. The solution is,
however, well known and we simply quote the result [36]. For this case, in ad-
dition to the ŝ = ŷ polarized radiation, we also obtain the p̂ = − cos θx̂+sin θẑ
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polarized radiation. The radiated electric fields reflected from the surface of
the emitter are given in the near field by:

Es(t) = −4π
c

1

cos θ +
√

ε− sin2 θ
(J s · ŷ)

Ep(t) = −4π
c

sin θ

ε cos θ +
√

ε− sin2 θ
(J s · ẑ − γJ s · x̂) , (8)

where the dimensionless parameter γ ≡
√

ε− sin2 θ/ sin θ.
The corresponding relations for the far field can again be obtained within

the Fraunhofer approximation as

Es(t) = − 2A
c2r

1

cos θ +
√

ε− sin2 θ

(
∂Js

∂t
· ŷ

)
,

Ep(t) = − 2A
c2r

sin θ

ε cos θ +
√

ε− sin2 θ

(
∂J s

∂t
· ẑ − γ

∂Js

∂t
· x̂

)
. (9)

We see from these expressions that in the near-field zone, the time evolution
of the THz electric field follows (an appropriately weighted projection of)
the surface current density J s. In the far-field zone, the THz electric field
does the same for time derivatives of the surface current density, ∂Js/∂t. In
a simple physical picture of constant carrier density of the photocurrent, in
the near field, we see that E(t) is related to the velocity of the charge carriers,
while in the far field, E(t) is related to the acceleration of these carriers.

2.5 Geometrical Factors in THz Radiation Efficiency

As just noted the waveform of the (near-field) radiated THz electric field
is determined by the temporal evolution of the transient photocurrent. It
has no particular relation to the geometrical configuration of the sample
or of the laser excitation. The amplitude of the THz emission is, however,
strongly dependent on these parameters. This effect is illustrated in Fig. 2.
In this example, we have set ε = 13.1, corresponding to the case of a GaAs
photoconductor. The figures show the relative amplitudes of the s- and p-
polarized components of the THz radiation induced by a current transient
flowing in the x-, y-, or z-direction. The dependence of these quantities is
plotted as a function of the angle of incidence, which equals the emission
angle for the reflected THz radiation. No consideration has been given to
changes in the reflectivity of the pump beam, so these results correspond
simply to the radiation effects. A few remarks with reference to the figure
should be made here. First, at normal incidence (θ = 0), there is no coupling
to currents flowing normal to the surface. Thus, simple THz emitters based
on perpendicular bias fields cannot operate at normal incidence. Secondly, at
an oblique incident angle, the figures show that for a current confined to the
plane of the surface, the component lying in the plane of incidence (Jx) is
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Fig. 2. Calculated relative efficiency of (a) s- and (b) p-polarized reflected THz
electric fields generated by transient photocurrents flowing in differing directions
as a function of the angle of incidence θ. The sample is characterized by ε = 13.1,
corresponding to GaAs. Reflection losses of the pump laser beam are not included,
so the results represent only the relative radiation efficiency

a more efficient radiation source than the current perpendicular to the plane
of incidence (Jy). This effect arises from the differing boundary conditions
for s- and p-polarized radiation.

Finally, an observation that will be critical in explaining the magnetic-
field-induced enhancement of THz emission (discussed in Sect. 5) concerns
the relative radiation efficiency of the tangential (Jx) and perpendicular (Jz)
components of the photocurrent that contribute to p-polarized emission. As
Fig. 2 illustrates, the former can be many times greater than the latter.
More precisely, we see from (8) or (9) that Jx actually radiates γ times more
efficiently than Jz . For materials, such as the photoconductors of interest with
ε � 1, the factor γ =

√
ε− sin2 θ/ sin θ will be large. In particular, as the

angle θ decreases, the radiation efficiency for Jz goes to zero and γ actually
approaches infinity. The physical origin of this effect is clear. Because of the
large dielectric constant in photoconductive materials, the THz wavevector
inside the material is oriented close to the surface normal for all angles of
incidence. However, only the transverse component of the current can radiate.
This strongly favors coupling to currents flowing along the plane of the surface
compared to those flowing perpendicular to it.

3 Models of the Transient Photocurrent

In the previous section we provided a description of the electromagnetic ra-
diation from a large-area photoconductor. To complete the picture of THz
emission, we need to complement this element with a description of the origin
of the transient current density and how this quantity is related to the nature
of the laser excitation, the bias field, and the properties of the photoconduc-
tive medium. In this section, we first consider a purely phenomenological
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description of the material in terms of appropriate response functions. Sub-
sequently, we present the simple, but useful description of the carrier response
embodied in the Drude–Lorentz model.

3.1 Current Density in Terms of Response Functions

One method of introducing the material response is through a conductivity
tensor. For a material with a linear response to the driving electric field and
time-invariant properties, this relation is particularly simple in the frequency
domain where the Fourier transforms of the current density j(ω) and the
driving electric field Eb(ω) are related by the conductivity tensor ↔

σ(ω) as

j(ω) = ↔
σ(ω)Eb(ω) . (10)

In the time domain, the equivalent expression is

j(t) =

t∫
−∞

↔
σ(t− t′)Eb(t′)dt′ , (11)

where the time-domain response, ↔
σ(t) = 1/2π

∞∫
−∞

↔
σ(ω)e−iωtdω, is the inverse

Fourier transform of the frequency-domain conductivity ↔
σ(ω).

The tensorial properties of ↔
σ are frequently unimportant. In media with

cubic symmetry, as is normally the case for the semiconductors used for THz
emitters, ↔

σ becomes isotropic. We have introduced the tensorial notation,
however, because of its relevance for transport in the presence of an external
magnetic field, as considered below.

This formulation of the material response in terms of a conductivity tensor
has the advantage of permitting one to incorporate the finite carrier response
time that is clearly relevant for the subpicosecond transient currents involved
in the production of THz radiation. Furthermore, the formulation can readily
incorporate time-varying effective bias fields, a situation that results when one
considers screening of the static bias field by the carrier response (Sect. 6). It
should be stressed, however, that the description as given is still incomplete.
It must be modified to account for the critical time-dependent change in the
material properties induced by the pump excitation. We consider this aspect
in the following discussion.

We also should note before continuing that we have adopted for simplicity
of notation a description in terms of a bulk conductivity that relates the
driving electric field to the bulk current density. The entire formulation can,
however, be recast by introducing a surface conductivity that relates the
driving electric field to a surface current density. The latter description is
generally appropriate for describing THz emission, for the reasons discussed
in Sect. 2 above.
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3.1.1 Instantaneous Carrier Response

One limit that is particularly easy to treat is that of an instantaneous material
response. In this case, ↔

σ(ω) is treated as being independent of frequency. The
time-domain response can then be written as

↔
σ(t) = ↔

σdcδ(t) , (12)

where ↔
σdc = ↔

σ(ω = 0) is the usual dc conductivity of the material. In this
limit, it is easy to introduce the effect of the changing material properties
induced by the pump laser. We do this through the inclusion of a parametric
time dependence for ↔

σdc to account for changes in the carrier density with
time. If the response is dominated by the motion of electrons of charge e, we
write

↔
σdc = e

↔
µdcN(t) , (13)

where ↔
µdc is the dc mobility of the electrons and N(t) is the time-varying

carrier density. This relation could be modified to incorporate a parametric
time dependence for the mobility itself, if desired. Such a modification would
permit, for example, a description of density-dependent changes in the carrier-
scattering rate. The expression could, of course, also be modified to include
a contribution from hole transport. The electron contribution generally is
considerably larger than that of the holes because of the much higher electron
mobility. In view of this fact, and out of a desire to retain simplicity in the
expressions, we do not explicitly include the hole contribution to the transient
currents in our discussion here and below.

In the limit of instantaneous response of carriers, the time dependence of
the current density can then be expressed as

j(t) = e
↔
µdcN(t)Eb(t) . (14)

This approximation has been widely used in the treatment of saturation
effects in large-aperture photoconductive emitters, as discussed in Sect. 6.
Strictly speaking, it is valid only when the characteristic time constant of
the material response is much shorter than both the time scale over which
the driving electric field and the carrier density change significantly. This
criterion will apply only for relatively long laser excitation pulses or for very
high carrier-scattering rates. Still, it is a very useful relation because of the
simplicity it imparts by making the current and bias field exhibit a local
relation in time.

3.1.2 Instantaneous Photoexcitation

In general, an accurate description of THz emission from photoconductors
requires that the finite response time of the photocarriers in building up
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a current be taken into account. In this subsection, we consider the simplified
case of instantaneous photocarrier generation. This situation corresponds to
excitation by an optical pulse much shorter than the carrier response time
and carrier lifetime.

We can model the photocurrent density at time t resulting from carrier
injection at time t0 as the product of the carrier density still persisting at the
later time t multiplied by the drift velocity of the carriers at that time. Thus
we write for the contribution to the current density at time t from carriers
generated in a unit time interval at time t0

j(t, t0) = eN(t, t0)vt0(t) . (15)

Here the (partial) carrier density at time t from generation at time t0, de-
noted by N(t, t0), is given by the initial contribution multiplied by a func-
tion Rc(t− t0), as introduced by Grischkowsky [2], describing the decay of
the number of photogenerated carriers with time. Introducing a factor A to
account for the conversion from incident laser intensity to the rate of elec-
tron–hole-pair generation in the photoconductor, we can express the carrier
density as

N(t, t0) = ARc(t− t0)I0 , (16)

where I0 is the laser irradiance.
The carrier drift velocity (in the linear-response regime) can be described

by a frequency-domain mobility as v(ω) = ↔
µ(ω)Eb(ω). The corresponding

expression in the time domain can be stated in terms of the time-domain
mobility response function as

vt0(t) =

t∫
t0

µ(t− t′)Eb(t′)dt′ , (17)

with the initial condition given at time t0 of v(t = t0) = 0. Thus, the (partial)
photocurrent density resulting from the instantaneous injection of carriers at
time t0 becomes

j(t, t0) = eN(t, t0)

t∫
t0

µ(t− t′)Eb(t′)dt′ . (18)

3.1.3 Excitation by an Arbitrary Laser Pulse

We now generalize the result for the current density produced by an instan-
taneous pulse of laser radiation to describe a laser pulse with an arbitrary
intensity profile I(t). For this case, the current density will involve contri-
butions from carriers present at time t, but generated at all prior times t0



Terahertz Radiation from Semiconductors 13

ranging from −∞ to up to the current time t. Mathematically, we express

this as j(t) =
t∫

−∞
j(t, t0)dt0. The (partial) carrier density injected at time t0

and still persisting at the time t is given by the generalized form of (16)
as N(t, t0) = ARc(t − t0)I(t0). Thus, the total current density produced by
a laser pulse of an intensity profile I(t) can be written as

j(t) = eA

t∫
−∞

dt0I(t0)Rc(t− t0)

t∫
t0

µ(t− t′)Eb(t′)dt′ . (19)

To further simplify this expression, we introduce a definite form for the car-
rier-decay function of Rc(t − t0) = θ(t − t0)e−(t−t0)/τc , corresponding to ex-
ponential decay of the density of mobile carriers of a lifetime τc. One may
then show that (19) can be written (after appropriate partial integration) as

j(t) = e

t∫
−∞

N(t′)e−(t−t′)/τc↔
µ(t− t′)Eb(t′)dt′ . (20)

Here N(t) = A
t∫

−∞
Rc(t− t′)I(t′)dt′ is the total carrier density in the system

at any time t.
In the limit of carrier lifetimes longer than the characteristic response time

of the mobility function (typically a fraction of a picosecond), we can neglect
the exponential decay term in this relation. This expression is then equivalent
to a widely used relation in the literature for the transient current [2], but
generalized to allow for a time-dependent driving electric field Eb(t).

3.2 Drude–Lorentz Model

So far we have described the carrier dynamics and transport in terms of con-
ductivity and carrier-mobility functions. The knowledge of these quantities
together with a description of the radiation process will unambiguously de-
termine the generation of the THz radiation. Here we introduce a description
for the material response based on the Drude–Lorentz model. Before doing
so, we briefly examine the temporal evolution of the carriers in terms of the
underlying physical processes in semiconductors.

3.2.1 Some Remarks on Carrier Dynamics
in Semiconductors Relevant for THz Emission

The ultrafast dynamics of carriers in semiconductors is a complex and widely
studied topic. For our discussion, we need to consider the behavior of charge
carriers during the short period immediately after photoexcitation when they
contribute to the transient current leading to THz emission. The critical
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aspects of the problem are thus the process of carrier thermalization, the
acceleration of the carriers in the presence of the electric bias field, and the
possible loss of carriers through trapping or recombination.

With respect to the thermalization process, this effect arises because pho-
toexcitation generally produces carriers with appreciable excess energy above
the bandgap. These so-called hot carriers will equilibrate through carrier–car-
rier scattering and interactions with the lattice. The duration of the nonther-
malized phase depends strongly on the material system, the amount of excess
energy of the carriers, and the carrier concentration, but typically falls in the
subpicosecond range. From the point of view of THz emission, the relevance
of hot carriers lies in the fact that their transport properties may differ sig-
nificantly from those of thermalized carriers. This effect has been considered
in various analyses of THz radiation, for example in Taylor et al. [37]. Con-
versely, the difference in transport properties has been exploited to examine
carrier dynamics through analysis of the THz emission properties of photoex-
cited semiconductors, as exemplified by the recent work of Hu et al. [38].

The acceleration of the carriers in the electric bias field is in fact the
most critical aspect of the problem for THz emission. This is the process
that determines the temporal evolution of the initial photocurrent transient.
It can be viewed as involving an initial ballistic acceleration of the carriers
on a time scale shorter than the carrier scattering time, followed by an ap-
proach to the drift velocity. At low carrier densities in crystalline materials,
momentum-changing collisions are usually dominated by phonon-scattering
processes. At room temperature, the scattering times typically do not exceed
a few tenths of a picosecond. Carrier–carrier scattering may also be impor-
tant at high carrier densities. For an excitation density of 1016–1018 cm−3,
the scattering time is typically on the order of 10–100 fs. The electron–hole
scattering is particularly important when considering transport phenomena,
since these collisions can change the momentum in the electron or hole sub-
system. Electron–electron scattering, although it does not contribute to the
current relaxation due to momentum conservation, plays an important role in
establishing thermal equilibrium among electrons. Regardless of its physical
origin, the carrier-scattering rate is the key parameter in the description of
transport. Carrier acceleration subsequent to photogeneration of an ensemble
of charge carriers will persist for a time on the order of the scattering time
as the steady-state carrier drift velocity is reached. This behavior is captured
in the time-dependent mobility function of the carriers of (17).

On a somewhat longer time scale, one needs to consider processes that
lead to the reduction in the density of mobile charge carriers. For pure III–IV
materials, radiative recombination of electron–hole pairs would be the dom-
inant mechanism, but would typically take place on the nanosecond time
scale. More rapid relaxation can occur through the presence of deep traps or
through surface-recombination processes. The reduction of the mobile carrier
density is a significant factor for THz generation by ultrashort laser pulses
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only when its time scale becomes as short as a few picoseconds. This will
generally not be the case for high-purity crystals. It is, however, important
in radiation-damaged materials and low-temperature-grown III–V semicon-
ductors in which a deliberate effort is made to reduce the carrier lifetimes.
Such materials are widely used in THz systems involving photoconductors
integrated into transmission-line structures, applications for which it is often
crucial to have a photocurrent transient with a rapid decay. For large-area
THz emitters, undamaged materials are usually satisfactory, particularly in
the far-field radiation zone where the response is related to the derivative of
the photocurrent, rather than to the current itself.

These brief remarks have omitted a description of many of the varied
phenomena that can occur. In particular, we would like to remark on the
possibility of a more complex response of the carriers in engineered semicon-
ductor nanostructures. In particular, coupled quantum wells can be designed
to allow coherent charge oscillations to occur at THz frequencies [39,40,41],
thus exploiting another degree of freedom available for THz emitters.

3.2.2 Drude–Lorentz Model for Carrier Transport

Here we present a description of carrier transport within the Drude–Lorentz
model. Despite its simplicity, it has been successfully applied to account for
the observed behavior of THz emission under several circumstances. Grisch-
kowsky used the Drude–Lorentz picture to describe the main features of the
observed THz spectra from a photoconductive dipole emitter [2]. Similarly,
Jepsen and Keiding addressed saturation effects using this model [42]. More
recently, Shan et al. [36] as discussed below in Sect. 5, were able to apply the
model to give a semiquantitative explanation of the enhancement of the THz
radiation from depletion-field emitters induced by the presence of an external
magnetic field.

The Drude–Lorentz model can be obtained from a semiclassical Boltz-
mann transport description under the assumption of rapid thermalization
among the carriers (on a time scale faster than the duration of the laser exci-
tation pulse, τopt) and negligible carrier diffusion. These conditions are often
at least approximately fulfilled. The limitations of the model must, however,
be borne in mind. They will be relevant, for example, when the typical scat-
tering length exceeds the physical dimension over which material properties
change significantly. This situation can arise in the context of depletion fields
or from intentionally structured systems, such as p–i–n diodes. Also, at low
temperatures where scattering rates drop, the validity of the Drude–Lorentz
model needs to be carefully considered. In many circumstances, beyond its
strict range of application, the Drude–Lorentz model will still give a passable
description of the carrier dynamics, but may require the use of parameters
(effective mass and, particularly, scattering rate) that differ from those of
equilibrium carriers.
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In the Drude–Lorentz model, the motion of charge carriers under the
influence of an external electric bias field Eb and an external magnetic bias
field B is assumed to be governed by the following nonrelativistic equation
of motion of

dv

dt
+

v

τ
=

e

m∗
(
Eb +

v

c
× B

)
. (21)

In this equation v denotes the (ensemble-averaged) carrier velocity; m∗ and
τ are, respectively, the effective mass and mean scattering time of the charge
carriers. For simplicity, we have assumed that they are scalars. Further refine-
ments, such as a velocity dependence or time dependence of the parameters
(to describe hot-carrier effects, for example) could be included in an ad-hoc
fashion, but would preclude one from obtaining analytical expressions from
these equations, which are their prime virtue. For the effective mass, we use
the appropriate electron or hole band mass. The scattering time is introduced
as a parameter to account for the mean time between the momentum-trans-
fer collisions discussed in the previous subsection. Its physical origin does
not need to be specified. It can account for carrier–carrier, carrier–phonon
or carrier–impurity scattering, or a combination of these effects. It cannot,
however, adequately account for intervalley scattering, which would lead to
a change in the effective mass of the carriers.

The electric field Eb and the magnetic field B experienced by charge car-
riers in (21) are, in general, functions of space and time. The spatial variation
of the electric field is particularly relevant for devices in which currents flow
perpendicularly to the surface of the emitter. The temporal variation of the
bias field occurs only in the context of carrier-screening effects that arise for
high excitation densities. This is the subject of Sect. 6 and will be neglected
at present. For convenience, we also consider the fields to be spatially uni-
form. This is a well-justified assumption for the external bias fields in the
lateral geometry. In the case of a surface-depletion field, it provides a qual-
itative description of the field if the thickness of the depletion layer exceeds
the mean free path of electrons.

3.2.3 Response in the Absence of Magnetic Fields

Under the approximation of time-independent and spatially uniform driving
fields, the solution to the equation of motion (21) is well known. The result
is particularly easy to express in the Fourier-transform domain where we can
write v(ω) = ↔

µ(ω)E(ω). In the absence of an applied magnetic field, the
mobility tensor is diagonal and has a value of

µ(ω) = µdc
1

1− iωτ
, (22)

with µdc = eτ/m∗.
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In the time domain, the equivalent solution reads as

µ(t) =
µdc

τ
e−t/τ . (23)

With this carrier-mobility function in hand, we can express the current re-
sulting from an arbitrary laser excitation pulse profile using the formalism
developed above and expressed by (20). For the special case of instantaneous
laser excitation at time t0, the solution at time t = t′ + t0 is

j(t, t0) ∼ θ (t′) e−t′/τc

(
1− e−t′/τ

)
Eb , (24)

where we have assumed the carrier density to decay exponentially with a time
constant of τc. This expression shows that the photocurrent rises exponen-
tially towards the steady-state value with a time constant τ given by the
carrier-scattering time. It simultaneously undergoes decay at an exponential
rate determined by the carrier lifetime τc, corresponding physically to the
reduction in the mobile carrier density with time.

3.2.4 Response in the Presence of a Magnetic Field

It is also interesting to consider the presence of a magnetic field, as will
be discussed more extensively in Sect. 5. Within the Drude–Lorentz model
we then obtain a nondiagonal mobility tensor relating the driving electric
field and the velocity of the carriers moving in the semiconductor under the
influence of the magnetic field. The results are most readily expressed in the
frequency domain, from which the time-domain quantities can be obtained
by Fourier transformation.

The result for motion in the presence of a magnetic B = Bŷ is given by
the following nonzero elements of the mobility tensor:

µxx(ω) = µzz(ω) = µdc
1− iωτ

(1− iωτ)2 + (ωcτ)2
,

µyy(ω) = µdc
1

1− iωτ
,

µxz(ω) = −µzx(ω) = µdc
ωcτ

(1− iωτ)2 + (ωcτ)2
. (25)

Here the parameter ωc = eB/m∗c denotes the cyclotron frequency of the
carriers in the B field.

3.3 Predicted THz Waveforms and Spectra

We now examine some representative THz electric-field waveforms and spec-
tra that result from application of the Drude–Lorentz model to generation by
large-area emitters. We include only an electric bias field and do not consider
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the influence of an applied magnetic field here. Figure 3a–d illustrates the be-
haviour for a typical carrier scattering time of τ = 300 fs and carrier lifetimes
of τc = 1ps and 100 ps. The results are obtained for the limit of an instan-
taneous laser excitation pulse. However, given the 300-fs scattering time, it
is clear that the predictions would be essentially identical for laser pulses of
100 fs or shorter duration that are commonly used in current measurements.

The near-field amplitude shown in Fig. 3a corresponds directly to the
transient current. Its rise time is determined by the scattering time of the
carriers and it falls off on the time scale of the carrier lifetime. Clearly, the
high-frequency part of the THz spectrum is controlled by the rise time of the
photocurrent, as illustrated in Fig. 3c by the essentially identical behavior
for the high-frequency response with 1 and 100 ps carrier lifetimes. The near-
field THz spectrum will shift towards higher average emission frequency as
the scattering rate increases, although this will be accompanied by an overall
reduction in the signal strength. In this analysis, the carrier mass, if changed
independently of the scattering time, would influence the overall magnitude
of the emission, with light carriers giving a greater signal than heavy ones, but
would not change the shape of the spectrum. The low-frequency part of the
near-field response is, on the other hand, strongly influenced by the carrier
lifetime. This is just the frequency-domain manifestation of the influence of
the persistent electric field predicted for a long carrier lifetime.

The far-field time-domain waveforms are obtained as time derivates of the
near-field waveforms. One of the apparent peculiarities is the nearly unipolar
form of the waveform generated for the case of the 100-ps carrier lifetime.
A unipolar form would, in fact, be inconsistent with Maxwell’s equations. It
would imply a nonzero time integral of the electric-field waveform, which in
turn would yield a nonzero value for a radiated field at zero frequency. The
resolution to this apparent conflict is simply that the far-field THz waveform
has a weak, but long-lived negative tail. This behavior follows directly from
the fact that the far-field electric-field waveform is calculated as the time
derivative of the transient current. For a long carrier lifetime, this current
will decrease very slowly and give rise to the weak, but persistent tail. The
presence of the negative feature in the THz electric field is much more ap-
parent for the short carrier lifetime of τc = 1ps. Another feature to note in
examining the far-field results is the blue shift that they exhibit compared
to the near field. This is simply a result of diffraction of the THz radiation
in the far field. Because of the derivative relation between the far- and near-
field results, the far-field spectrum corresponds to the near-field spectrum
multiplied by a factor of the frequency in the Fourier-transform domain.
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Fig. 3. (a), (b) Simulated electric-field waveforms for THz radiation from large-
area photoconductive emitters in the near and far field based on the Drude–Lorentz
model. (c), (d) The relative amplitude spectra of the THz waveforms in (a), (b).
The excitation was assumed to be instantaneous and a carrier-scattering time of
τ = 300 fs was used. The solid and dashed curves correspond to carrier lifetimes of
τc = 1 and 100 ps

4 Basics of THz Radiation
from Large-area Photoconductive Emitters

In this section, we review some of the key experimental observations and dis-
cuss their relation to the analysis of THz radiation from current transients
presented above. We describe here results for devices with both bias fields
along the plane of the surface and perpendicular to it. The general charac-
teristics are similar in the two cases.

4.1 Directionality of THz Emission

One of the striking early observations for large-area photoconductive emit-
ters was that the direction of the emitted radiation was controlled by the
direction of the incident pump beam [30,33]. This behavior is, as mentioned
in Sect. 2.1, readily understood in terms of a difference-frequency generation
process. Nonetheless, the behavior distinguishes itself sharply from that for
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traditional dipole emitters and other antenna structures in which the laser
radiation only plays the role of triggering a spatially localized photoconduc-
tor [2]. Emission can occur in both the transmitted and reflected directions,
as specified by the generalized form of Snell’s law. With respect to the char-
acteristics of these THz beams, their angular divergence is observed to be
far greater [29] than that of the optical pump radiation. This situation is,
however, a natural consequence of the much stronger diffraction effects for
THz radiation that result from the much longer wavelengths involved.

The origin of the directionality of the THz emission lies in the transverse
variation of the current transients. This property reflects, through the tempo-
ral sequence of the excitation, the angle of incidence of the pump radiation. It
is for this reason that the emission direction can be changed by the direction
of the pump beam. Several other schemes have also been introduced that are
capable of controlling the direction and spatial characteristics of the emitted
THz radiation by altering the transverse variation of the current transients.
These include the use of a spatial light modulator to modify the intensity
profile of the incident beam [43]. Also, a large-aperture emitter can be bro-
ken down into a set of smaller photoconductive emitters, each of which can
be separately biased [44]. This permits the spatial properties of the emitted
radiation to be controlled electrically.

4.2 Angular Dependence of the THz Emission Efficiency

Although the essential nature of the photocurrent transients does not de-
pend on the angle of incidence of the pump optical radiation, as we have
just seen, their relative timing across the transverse plane causes the THz
emission direction to be defined along the appropriate reflected and trans-
mitted directions. In addition, however, the direction of the incident beam
has a significant impact on the magnitude of the emission. This dependence
arises from two effects. One part is the variation in density of photogenerated
carriers, as described through the familiar Fresnel factors for the optical radi-
ation, with the angle of incidence of the pump laser. This effect tends to favor
excitation near Brewster’s angle with p-polarized optical pump radiation.

The second part, which may be much more significant, concerns the cou-
pling efficiency of the current transients to radiated THz fields as a function
of the direction of emission. We have examined this effect in Sect. 2. The
case of THz emission from a transient current directed perpendicularly to
the surface exemplifies these trends. For the normal direction no emission is
possible, since the current flow has no component transverse to the emission
direction. As shown in Fig. 2, the coupling efficiency increases sharply with
increasing emission angle.

Figure 4, from the work of Zhang et al. [30], illustrates the strong predicted
variation in the strength of the THz radiation. The figure shows the depen-
dence of the transmitted THz radiation generated in the depletion region of
an InP wafer as a function of the angle of incidence of the optical excitation
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Fig. 4. Dependence of the peak elec-
tric field of the transmitted THz ra-
diation generated by currents in the
depletion field of an InP wafer as
a function of the angle of incidence
of the optical excitation as measured
by Zhang et al. [30]. The points show
the experimental data and the solid
line is the predicted behavior

pulses. The measured THz field strengths (dots) were obtained by rotating
the InP wafer along an axis perpendicular to the plane of incidence. A fixed,
in position, dipole photoconductive antenna was used as the THz detector.
The solid line was computed from the radiation formula for the transmitted
THz radiation similar to (8), but with the consideration of the reflection loss
of the excitation pulses.

4.3 THz Waveform and its Spectral Characteristics

The time-domain waveforms and spectral characteristics of THz radiation
from large-area emitters have been the subject of much study. Here we high-
light some of the key observations. The wide spectral bandwidth for emission
from a large-area device excited by a short laser pulse is illustrated in the early
data of Greene et al. [34]. In this measurement, detection was accomplished
by means of a bolometer and spectral information was obtained using inter-
ferometry in the method so well developed in conventional Fourier-transform
infrared spectroscopy. This detection approach has the advantage of provid-
ing an essentially unrestricted spectral bandwidth.

Figure 5 shows the results of such a measurement for an InP surface irra-
diated by a laser pulse of 120-fs duration. The spectral width of the response
is seen, in this instance, to be comparable to that of the exciting laser pulse.

The details of the spectrum obviously reflect the various experimental
parameters, including the duration of the excitation laser pulse and whether
the measurement is made in the near field or the far field, the latter having
a greater weighting of the high-frequency spectral components. In addition,
the choice of photoconductive material and the nature of the bias field obvi-
ously are also critical parameters.

A more detailed view of the THz emission process is provided by the
time-dependent THz electric-field waveforms. In Fig. 6 we show a compar-
ison of the far-field THz waveforms originating from large-area photocon-
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Fig. 5. Spectral characteristics of THz
emission from a large-area InP emitter
as determined using Fourier-transform
detection by Greene et al. [34]

Fig. 6. Electric-field waveform of THz
radiation emitted from (a) GaAs:Cr with
a long carrier lifetime and (b) low-tem-
perature-grown GaAs with a short car-
rier lifetime. The waveforms were mea-
sured in the far field with electro-optic
sampling by Kuzel et al. [45]

ductive emitters in a medium with (a) GaAs:Cr with a long carrier lifetime
and (b) low-temperature-grown GaAs with a short carrier lifetime from the
work of Kuzel et al. [45]. These waveforms were measured using electro-op-
tical sampling, which was verified to provide sufficient bandwidth to avoid
distortions in the recorded signal. The electric-field waveforms show a largely
unipolar shape for the radiation from the GaAs:Cr emitter. This result is in
good agreement with the predictions of Sect. 3. The far-field THz waveform
should be proportional to the time derivative of the current. If the current
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falls sufficiently slowly, it should have a unipolar derivative, corresponding
to the rise and leveling off of the current transient, as seen in the simulation
of Fig. 3b. For the low-temperature-grown GaAs emitter, the carrier lifetime
is known to be quite short. Then we expect the current transient to drop off
relatively sharply. The rise and fall of the current transient yield a bipolar
signal, as observed experimentally in Fig. 6b and in the simulation of Fig. 3b.
In practice, few of the waveforms found experimentally are as clean and easy
to understand as those of Fig. 6. Departures from the simple theory may
reflect added physical processes, such as saturation effects. Perhaps more
common, however, is the influence of spectral distortions induced by optical
components and the finite bandwidth of the detection system.

4.4 Dependence on the Bias Fields

The THz field is proportional to the transient current. Within the elementary
model of carrier transport considered in Sect. 3, the current for constant
photoexcitation will be proportional to the strength of the bias field. Hence,
the THz field should increase in direct proportion to the strength of the bias
field. In fact, such an analysis neglects the possible role of high-field mobility
effects, as well as effects related to the finite size of the drift region. Such
corrections may be important for the depletion-field emitters, where very
high effective bias fields are achieved over short length scales. For the large-
aperture emitters based on transverse fields, these effects are expected to be
less significant given the more modest field strengths and the large spatial
dimensions involved.

Experimental measurements for the scaling of the THz field with the
bias field strength have indeed been reported for such large-aperture emit-
ters [46,47]. Figure 7, from the work of Benicewicz and Taylor [46], shows the
observed dependence of the peak THz radiation on the bias field for various
excitation conditions. No deviation from the linear dependence was observed
for bias fields up to 12 kV/cm, the maximum field strength attainable without
complications from breakdown effects.

4.5 Power Scaling of Large-area THz Emitters

The scaling of large-area photoconductive emitters with the fluence of optical
excitation pulses was one of the issues that attracted early attention. It was
first investigated by Darrow et al. [48] in a GaAs large-aperture emitter and
later more comprehensively by Taylor and collaborators [37,46,49]. To un-
derstand the interest in this aspect of THz emitters, it is important to recall
that the THz generation process is inherently nonlinear. In the low-fluence
regime, one has a linear relationship between the optical laser intensity and
the emitted THz electric field. This relation implies, of course, as one would
expect for a second-order nonlinear interaction, a quadratic relation between
the optical pump power and the corresponding THz power. Consequently,
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Fig. 7. Dependence of the peak electric field of THz radiation from a large-aperture
InP emitter on the bias field for various laser excitation fluences as reported by
Benicewicz and Taylor [46]. A linear variation is observed under all conditions, as
expected within the simple theory of THz emission

even with the availability of a sample surface of arbitrarily large dimensions,
to attain the maximum possible conversion efficiency, one always wishes to
focus the pump laser beam as tightly as possible, that is up to the point where
saturation or damage effects intervene. It is for this reason that a complete
understanding of saturation effects is critical to optimizing the efficiency of
a THz emitter and thus the maximum THz power attainable with a laser
pump beam of specified characteristics.

Figure 8 illustrates the typical situation observed experimentally. The
symbols show the peak values of the THz radiation measured in the far field
as a function of the optical excitation fluence for several bias fields of a large-
aperture emitter. As expected, at low excitation fluence, the radiated field
increases linearly with the excitation fluence. However, the radiated THz field
clearly saturates at high excitation fluence. This effect can be understood
as the result of screening of the bias field. We return to a more complete
discussion of this phenomenon in Sect. 6.

4.6 Other Mechanisms of THz Emission from Semiconductors

The focus in our discussion has been the role of photogenerated current tran-
sients as the source of THz emission. While this is the dominant mechanism
in certain regimes, it is not the only mechanism. Indeed, for particular excita-
tion conditions, such current transients are clearly unimportant. This would
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Fig. 8. Peak strength of the ra-
diated THz waveform in the far
field versus the fluence F of the
optical excitation pulses for vari-
ous bias fields Eb in an InP large-
aperture photoconductive emit-
ter. The solid curves are fits of
the saturation theory described in
Sect. 6 to the data. (After the
results of Benicewicz and Tay-
lor [46])

be the situation for below bandgap excitation (in the absence of two-photon
absorption). Even for above bandgap excitation, the current-surge processes
compete with other possible generation schemes. Such competing mechanisms
may be identified using geometries that, as discussed above in Sect. 2, cannot
give rise to emission through transient currents. Principal among these are
normal emission for a bias field perpendicular to the interface and emission
in the orthogonal polarization for in-plane bias fields.

Two classes of alternative generation mechanisms have been discussed
in the literature, both of which correspond to an (essentially) instantaneous
material response. One possibility is simply the nonresonant second-order
nonlinear response expected in any noncentrosymmetric semiconductor, such
as the III–V materials. This effect, which is often termed optical rectifica-
tion, can be identified by the distinctive dependence that it shows on the
crystallographic orientation of the sample. Since saturation of this process
is not expected from screening effects, its relative prominence is expected to
increase with increasing fluence of the pump laser. Figure 9, from the work
of Saeta et al. [50] illustrates the variation of THz emission intensity from an
InP(001) sample as it is rotated about its surface normal. Within the model of
a photocurrent transient moving in the depletion region, as discussed above,
no s-polarized (TE) radiation would be expected. In fact, s-polarized radia-
tion is observed and its distinctive angular dependence matches precisely the
form predicted from the second-order nonlinearity of the sample. For the case
of THz p-polarized (TM) emission, a contribution from a current transient
is allowed. However, the observed dependence on sample orientation requires
one to invoke an additional mechanism as well.

The optical rectification process, we note, has been widely developed for
THz generation, typically in materials with a completely nonresonant re-
sponse. The advantage of such an approach is the inherent speed of the re-
sponse, which may be viewed as essentially instantaneous. The disadvantage
of such an approach is the relative weakness of the nonlinear response. Thus,
in order to obtain significant THz emission via the optical rectification mech-
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Fig. 9. p-polarized (TM) and s-polarized (TE) THz intensity measured for excita-
tion of an InP(001) wafer by 100-fs p-polarized laser excitation pulses at 2 eV photon
energy. The response is shown for oblique laser excitation as a function of rotation
of the wafer about its surface normal. The s-polarized radiation arises purely from
the nonresonant second-order nonlinearity and varies with the rotation angle as
∼ cos2(2ϕ). The p-polarized component includes both an optical rectification and
a transient-current contribution. (After the results of Saeta et al. [50])

anism it is desirable to use a medium of appreciable thickness. This in turn
leads to the necessity of considering phase-matching constraints. While var-
ious approaches exist for difference-frequency mixing in the far-infrared or
for the generation of a particular far-infrared frequency through optical rec-
tification [51,52], the problem of broadband phase matching is a challenging
one [53].

A second mechanism for THz generation is that of an electric-field-induced
second-order nonlinearity, an effect analogous to the familiar field-induced
second-harmonic generation process. This process, unlike the usual second-
order nonlinearity, is not restricted to noncentrosymmetric media. In terms
of nonlinear optics it can be considered as a third-order response, which
is permitted in centrosymmetric materials. This process has been discussed
primarily in the context of a below bandgap excitation. In this context it has
been termed a virtual photoconductivity process [50,54,55,56,57].

We should also remark that the description that we have given of the
transport of photocarriers has been essentially based on bulk-like proper-
ties. In semiconductor heterostructures of sufficiently small spatial dimension,
quantization effects for perpendicular motion of the carriers may become sig-
nificant. Under these conditions, THz emission may be strongly influenced
by the intersubband spacing or the miniband width of the Bloch superlat-
tices. Examples of THz radiation observed from such heterostructures include
that associated with coherently oscillating electrons in double-well potentials
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observed by Roskos et al. [39]; the emission from oscillations of excitons in
a quantum well [40]; and THz emission from Bloch oscillations [41].

5 Influence of Magnetic Fields

In Sect. 4, we saw that THz radiation from large-area emitters with bias
fields perpendicular to the surface vanishes for optical excitation at normal
incidence. This is a direct consequence of the transverse nature of electromag-
netic waves: A current transient flowing parallel to the direction of radiation
cannot radiate. Therefore, any alternation of the direction of the current can
be expected to strongly influence the THz radiation. One convenient means
to alter current direction is to use the Lorentz force provided by an external
static magnetic field. Indeed, as we discuss in the present section, external
magnetic fields can not only turn on otherwise forbidden THz emission, but
also significantly enhance the THz emission strength even when the process
is allowed by symmetry. Furthermore, in the case of a magnetic field of suffi-
cient strength to induce fully developed cyclotron orbits, a significant change
in the spectral characteristic of the THz radiation has been observed. The
essential elements of these various effects can be understood using the model
developed above, i.e., a combination of radiation from a current sheet and
carrier dynamics described within the simple Drude–Lorentz picture.

5.1 Switching of THz Emitters using Magnetic Fields

As early as 1993, the possibility of altering and enhancing the THz emis-
sion from photoconductors by application of an external magnetic field was
demonstrated by Zhang et al. [58,59]. In these investigations, the researchers
studied the transmitted THz radiation from a GaAs wafer illuminated by
femtosecond laser pulses at normal incidence. The THz radiation observed in
the forward direction as a function of the strength of an in-plane magnetic
field is shown in Fig. 10. The THz radiation clearly could be switched on and
off by the application of an external magnetic field. The amplitude of the
radiated THz field was observed to vary linearly with magnetic fields up to
∼ 0.2T, with the waveform changing its polarity with switching of the sign
of the magnetic field.

5.2 Enhancement of THz Radiation in Magnetic Fields

The phenomenon of the influence of magnetic fields on THz emission was the
subject of several ensuing investigations. Enhancements in the THz power of
nearly a factor of 100 were reported. In addition, measurements characterized
many features of the field-induced enhancement, including its dependence on
the strength and orientation of the magnetic field [36,58,59,60,61,62,63,64,65],
[66,67,68,69], on the excitation geometry and laser photon energy [70,71], on
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Fig. 10. An early demonstration
reported by Zhang et al. [58] of
the possibility of switching THz
emission on and off by the ap-
plication of a magnetic field. In
this measurement a GaAs wafer
was illuminated at normal inci-
dence by femtosecond laser pulses
to produce a current transient in
the depletion region of the sample

Fig. 11. THz radiation from (100)
GaAs as a function of the applied
magnetic field at a temperature of
200K reported by Corchia et al. [69].
The circles and triangles represent,
respectively, the p-polarized (TM)
and s-polarized (TE) THz power.
The magnetic field lies in the plane
of incidence and is perpendicular to
the direction of the optical excitation
beam

the excitation density [68,69], on the choice of the photoconductive mate-
rial [36,62], and on the temperature of the emitter [63,64,65,66,67]. Most of
these parameters had a significant influence on the degree of enhancement in
the THz emission.

Figure 11 displays a representative result for the enhancement of the THz
emission versus magnetic-field strength for photoconductive emission from
the depletion field of a GaAs wafer. In these studies by Corchia et al. [69],
magnetic fields with strengths up to 8T were applied in the plane of incidence
in the direction perpendicular to the optical beam. Without a magnetic field,
only p-polarized (TM) THz emission was observed. With the application of
the external magnetic field, the p-polarized THz emission increased sharply.
At the same time, a significant s-polarized component appeared. The power
in both components grew approximately quadratically, in accord with a linear
variation of the THz field strength described in Fig. 10 above. For relatively
weak magnetic fields, no significant distortion of the spectral density of the
THz emission was observed. At sufficiently high magnetic field strengths, the
enhancement of the emitted THz power showed a clear saturation.
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5.3 Origin of THz Enhancement in Magnetic Fields

With respect to the mechanism of the observed magnetic-field enhancement,
the initial report [58,59] already identified the possible role of the Lorentz
force in altering the current transient and, hence, the THz emission. Only
recently, however, has the Drude–Lorentz model been actually considered in
a more detailed fashion and used to make specific predictions of possible en-
hancements in THz emission [36,67,68,72]. With appropriate treatment of the
THz radiation problem, this simple model has been found to be adequate to
describe the key features of the enhancement and to provide semiquantitative
agreement with the experimental results. The key idea in this explanation is
that the high dielectric constant of typical photoconductive materials at THz
frequencies causes the radiation efficiency of current transients flowing along
the direction of the surface to far exceed that of currents flowing perpendicu-
lar to the surface. Thus, while the Lorentz force associated with the magnetic
field does not lead to a larger magnitude of acceleration for the carriers, it
bends the current into a direction that radiates more efficiently. Similarly,
the idea of maximizing the component of the current perpendicular to the
direction of radiation has been exploited in an epitaxial InAs emitter grown
on a GaAs prism [73]. The addition of the prism, also having a large dielectric
constant for THz radiation, permits the direction of the THz radiation in the
InAs layer to be relatively far from the surface normal. This was shown to
lead to an increase in the radiation efficiency by a factor of ∼ 20.

5.3.1 THz Radiation in Magnetic Fields
Within Drude–Lorentz Model

For simplicity, we examine only the far-field solution for the radiated THz
emission. The qualitative behavior of the phenomena is similar in the near
field. We further assume that the laser pulse duration 
 carrier scattering
time 
 carrier lifetime. These relations will generally be valid for sufficiently
short pump laser pulses. These assumptions are introduced for the sake of
clarity and simplicity and their relaxation would not significantly alter the
trends discussed in this analysis. Within these assumptions, the THz electric
field in the far-field zone is simply proportional to the carrier acceleration.

Additionally, we treat the electric bias field and the external magnetic
field as time-independent and spatially uniform. This assumption is com-
pletely valid for the magnetic field. For the electric field, a time-independent
approximation is valid provided that the injected carrier density is sufficiently
low to avoid screening effects, a regime that can be readily identified experi-
mentally by the linearity of the THz field with the pump-laser fluence. The
assumption of a spatially uniform electric field is obviously a simplification
of the true nature of a surface depletion or accumulation field. The quali-
tative results are, however, expected to be similar. In the limit where the
carrier scattering length is short compared to the width of the surface de-
pletion/accumulation region, the approximation of a uniform bias field will
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be relatively accurate. The advantage of introducing these approximations is
that the problem then has a simple analytical solution for the carrier dynam-
ics and, hence, for the THz radiation fields.

The carrier acceleration can be obtained either by solving the Drude–
Lorentz equation of motion (21) or through the use of the mobility tensor (25)
(Sect. 3) for a bias electric field of Eb = Ebẑ lying perpendicular to the
surface plane of the sample. We see that a magnetic-field component of B
lying parallel to Eb has no effect on the motion of the carriers starting from
rest. We therefore restrict our analysis to configurations with B⊥Eb.

Let us first consider the magnetic field to lie along the intersection of the
plane of incidence and the surface plane (B = Bx̂). The equation of motion
can then be solved for the appropriate initial condition of v(t = 0) = 0 to
yield a carrier acceleration of

a(t) = eEb/m
∗e−t/τ [− sin(ωct)ŷ + cos(ωct)ẑ] , (26)

where ωc = eB/m∗c is the cyclotron frequency, as defined above in conjunc-
tion with (25). The two components of the radiated THz electric field in the
far-field zone are thus

Es(t) ∼ θ(t)e−t/τ sin(ωct)
1

cos θ +
√

ε− sin2 θ
,

Ep(t) ∼ θ(t)e−t/τ cos(ωct)
sin θ

ε cos θ +
√

ε− sin2 θ
. (27)

From these relations, the initial experimental observation of switching THz
emitters by magnetic fields can be readily explained. At normal incidence, the
p-polarized radiation vanishes identically because of the presence of the geo-
metrical factor of sin θ = 0. In the absence of magnetic fields, the s-polarized
radiation is also zero, since sin(ωct) = 0. When a magnetic field is applied,
however, an s-polarized component of the THz field is produced. This radia-
tion arises because the magnetic field induces a component of motion along
the y-axis, which can couple to radiation emerging perpendicular to the sam-
ple surface.

For weak magnetic fields, where the dimensionless parameter x ≡ ωcτ =
µdcB 
 1, we may use sin(ωct) ≈ ωct, since the emission lasts only for
a time of the order of the scattering time τ . The radiated field amplitude is
thus linearly proportional to the cyclotron frequency, or equivalently, to the
strength of the magnetic field. For GaAs at room temperature, a magnetic
field strength of 0.2T corresponds to x = 0.1 (taking the mobility to be that
of the bulk semiconductor), for which the linear relation holds reasonably
well. Thus the linearity of the THz field strength displayed in Fig. 10 above
is precisely what one would expect. The switching of the polarity of the THz
waveform with the polarity of magnetic fields is not, however, restricted to
this regime of weak magnetic fields discussed here. It holds generally because
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the acceleration associated with the magnetic field is an odd function of the
magnetic field.

Another interesting geometry that is frequently used corresponds to an
applied magnetic field perpendicular to the plane of incidence B = Bŷ (Fara-
day geometry). We find the acceleration for this case to be

a(t) = eEb/m
∗e−t/τ (− sinωctx̂ + cosωctẑ) , (28)

and the far-field THz emission to be

Es(t) ≡ 0 ,

Ep(t) ∼ θ(t)e−t/τ [cos(ωct) + γ sin(ωct)]
sin θ

ε cos θ +
√

ε− sin2 θ
. (29)

Unlike the previous case, the s-polarized radiation is absent even in the
presence of a magnetic field. Inspection of (29) also makes clear the signifi-
cant role in the THz enhancement played by the radiation efficiency factor
γ =

√
ε− sin2 θ/ sin θ. As can be seen from (28), the application of the mag-

netic field does not change the magnitude of the acceleration, |a|. It does,
however, convert some of the current initially flowing along the surface nor-
mal (ẑ) into a component parallel to the surface (x̂). The latter, according
to (29), then radiates γ times more efficiently than the former. Since γ � 1 for
typical photoconductive materials (with ε � 1), THz emission is significantly
enhanced by the application of a magnetic field.

In the case of an arbitrary orientation of the magnetic field, we note that
the emitted THz radiation can have both p- and s-polarized components.
In the following discussion, which mirrors the treatment of [36,62], we con-
centrate on the second geometry with the applied magnetic field oriented
perpendicular to the plane of incidence to emphasize the role of radiation-
coupling effects.

5.3.2 Magnetic-Field-Induced Power Enhancement

In the limit of weak magnetic fields, since the changes in the spectral density
of the radiation are not very great, we focus on the magnetic-field-induced
change in the total emitted power. We do this by introducing a power-en-
hancement factor defined as

ηP =

+∞∫
−∞

dt |EB(t)− EB=0(t)|2

+∞∫
−∞

dt |EB=0(t)|2
. (30)

Note that this factor has been constructed so that ηP = 0 (not 1) when B = 0.
From (29), we then obtain for the power-enhancement factor the following
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Fig. 12. The magnetic field enhance-
ment factor ηP as a function of the
dimensionless magnetic-field strength
x = µdcB calculated from the model
described in the text. The solid line
corresponds to an InAs emitter with
its usual dielectric constant of ε =
14.6 excited at 45 ◦. The dotted line is
the result for the same geometry but
with ε = 1

expression:

ηP(γ, x = µdcB) =
γ2

2
+

3
2
+

1− γ2 + 2γx
2(1 + x2)

− 2 + γx

1 + x2/4
. (31)

This quantity is thus determined solely by the radiation factor γ and the
dimensionless magnetic-field-strength parameter x ≡ ωcτ = µdcB.

As an example of the behavior of the model, we show in Fig. 12 the en-
hancement predicted for an InAs emitter excited by pump radiation incident
on the sample at 45 ◦. A strong enhancement is predicted for the tabulated
value of the THz dielectric constant of ε = 14.6 (solid line). However, very
little effect is expected under the same circumstances for a hypothetical ma-
terial with ε = 1 (dotted line). In the latter case, the wavevector of THz
radiation inside the material is no longer close to the surface normal, so that
the influence of the magnetic fields in increasing the radiation efficiency is
minor.

The asymptotic behavior of the enhancement as a function of the mag-
netic-field strength emerges readily from (31) and is clearly seen in Fig. 12. In
the regime of weak magnetic fields (|x| 
 1), the enhancement is quadratic
in the magnetic-field strength, with ηP ≈ (γµdc)2B2/2. For strong magnetic
fields, the enhancement saturates at ηP = γ2/2 + 3/2, a value that depends
on the optical properties of the material, but, interestingly, not on the carrier
mobility. Saturation occurs in the range of |x| � xs ≈ 6/γ or Bs ≈ 6/γµdc.
Thus materials with higher carrier mobilities will, in some sense, show more
favorable properties: they will reach the same saturation magnetic-field en-
hancement, but will do so at a lower applied magnetic field.

5.3.3 Angular Dependence of the Power Enhancement

Examination of the angular dependence of the THz emission provides a means
of isolating the radiation-efficiency effects that are predicted to lie at the heart
of the enhancement mechanism of the THz emission. The issues related to
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Fig. 13. Experimental data for the an-
gular dependence of the THz power en-
hancement factor ηP for a (100) InAs
sample under a magnetic field strength
of 1 T (filled circles). The solid line cor-
responds to a fit to the model presented
in the text. (After Shan et al. [36])

carrier dynamics and the details of motion in the depletion region will be
essentially identical for the different geometries. However, for different angles
of incidence, the relative coupling efficiency of the two orthogonal components
of the current (Jx and Jz) will clearly vary. This will in turn be reflected in
the magnetic-field enhancement.

Figure 13 shows the angular dependence of the (unsaturated) enhance-
ment for an InAs emitter under a magnetic field of B = 1T perpendicular
to the plane of incidence. The enhancement exhibits a strong dependence
on the angle of incidence, θ, of the pump radiation. The experimental data
from [36], shown as filled circles on the plot, agree very well with a fit of the
model (solid line). The only adjustable parameter in this fit is the carrier mo-
bility. In the limit of ε � 1, the theory actually predicts a universal angular
dependence given by ηP ∝ γ2 =

∣∣ε− sin2 θ
∣∣ / sin2 θ ∼ 1/ sin2 θ. Such behavior

has, in fact, been observed in several other III–V material systems [36].

5.4 Cyclotron Radiation

In the presence of weak magnetic fields with x 
 1, as just discussed, the
spectrum of the THz emission is not expected to change dramatically. The
main effect of the magnetic field is to induce a slightly deflected direction of
the photocurrent with a high radiation coupling efficiency. With increasing
field strength, we see from (29) that the THz radiation will begin to approxi-
mate transient cyclotron emission, with a peak at the cyclotron frequency ωc

and a spectral width determined by the scattering rate 1/τ . Indeed, such
peaks have been identified by Some and Nurmikko [63,70] in their studies
of GaAs epilayers and modulation-doped heterostructures at liquid-helium
temperatures. The low-temperature regime is needed to increase the value of
the scattering time τ (or, equivalently, of the mobility), so as to enter the
regime where the dimensionless magnetic field strength x � 1.

Figure 14a shows a series of THz waveforms measured by Some and Nur-
mikko [63] from an undoped GaAs epilayer at T = 5K as a function of the
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Fig. 14. Data of Some and Nurmikko [63] showing time-domain waveforms for
a THz emitter under the influence of an external B field and the corresponding
power spectra. The influence of the cyclotron resonance is clear in these data taken
on low-temperature samples, with their associated low scattering rates and high
values of the dimensionless magnetic-field strength x

magnetic-field strength up to a value of 3T. In this measurement, the mag-
netic field is applied parallel to the direction of propagation of the irradiating
laser beam, which is incident on the sample at an angle of 25 ◦. In Fig. 14b the
corresponding power spectra are presented. Each spectrum is dominated by
a single peak that shifts linearly with the magnetic field strength and can be
identified with the cyclotron frequency ωc. The effective mass deduced from
the data is 0.068m0, which is consistent with the accepted electron band mass
of GaAs. A scattering time of ∼ 5 ps of the electrons was obtained by fitting
the measured oscillations in the time-domain waveforms to an exponentially
damped sinusoidal form E(t) ∼ θ(t)e−t/τ cosωct.

5.5 Refinements Beyond the Drude–Lorentz Model

The simple Drude–Lorentz model described above explains the strong de-
pendence of the magnetic-field enhancement factor observed experimentally
on the angle of emission of the THz radiation. The model predicts the de-
pendence of the enhancement on the strength of the applied magnetic field.
In particular, the observed low-field dependence of the enhancement and the
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existence of a saturation effect emerge naturally from this treatment. It also
predicts the presence of cyclotron-resonance emission in the regime of large
magnetic-field strengths of x = ωcτ = µdcB > 1 and qualitatively describes
well the characteristic features of these spectra. Nonetheless, for better quan-
titative agreement, improvements in the treatment of the carrier motion are
warranted. Some of the missing ingredients of a complete discussion would in-
clude, to name a few, the role of the motion of holes, the influence of ballistic
carrier motion, the effect of the spatial variation of the depletion field, partic-
ularly for samples with narrow depletion regions, high-field mobility effects,
and the influence of carrier–carrier screening. Indeed, recent studies indicate
that carrier–carrier interaction in the form of coupled cyclotron-plasma exci-
tations may play an important role in the THz emission [67]. To incorporate
this wide range of possible additional effects to achieve improved quantitative
agreement with experiment in various regimes, an approach based on simula-
tion of the carrier dynamics, such as the Monte Carlo approach of [74], may
be necessary.

At high carrier excitation densities, the ultrafast variation of the bias field
on the time scale relevant for THz radiation also becomes important. As we
discuss in the next section, this effect leads to screening and saturation of the
THz emission with increasing pump laser fluence. Interestingly, experiments
by Corchia et al. [69] have shown that the application of an external mag-
netic field may act to increase the saturation fluence of the optical excitation
pulses, thus further improving the THz emission efficiency. This effect has
been attributed [69] to a decrease in the degree of the screening of bias fields
during the first ∼ 1 ps after photoexcitation, the time period most essential
for THz emission, as a consequence of the altered motion of the carriers in the
presence of the magnetic field. In the next section, we turn to the question
of the dynamics of bias fields and saturation effects.

6 Dynamics of Bias Field

In our discussion up to this point, we have considered the electric bias field
that induces the photocurrent transient to be time independent and uninflu-
enced by the presence of the photocarriers. This approximation is valid as
long as the induced change of the bias field is slight, or, more correctly, the
change of the bias field is slight during the period of time relevant for the
THz emission process, typically ∼ 1 ps after photoexcitation. Clearly for suf-
ficiently low excitation densities, this approximation is valid. With increasing
excitation density, however, this approximation will necessarily break down
and the back action of the carriers on their own motion must be considered.
This effect will generally lead to a reduction in the effective strength of the
bias field and a concomitant decrease in the efficiency of THz generation. In
addition to the inherent interest in understanding such field dynamics, these
bias-field screening effects are of key importance for the generation of intense
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THz radiation. The reader should recall that the THz generation process
is inherently nonlinear. The emitted THz field scales, neglecting saturation
effects, quadratically in the field of the exciting laser. Thus, the optimum
conversion efficiency of optical radiation into THz radiation will occur at the
highest allowable excitation density, just as for other nonlinear conversion
processes such as second-harmonic generation. It follows that in the absence
of saturation effects, the power of THz radiation generated by a laser pulse of
given energy will increase as the laser beam is focused more tightly. The lim-
itation for this procedure is the emergence of saturation effects at sufficiently
high excitation densities.

Generally speaking, the back action of the motion of the photogenerated
carriers on the bias field reflects both the charge distributions that the carriers
create and the associated currents. While the charge and current distribu-
tions are obviously intertwined, it is often convenient to divide the effects
into two limiting cases associated with each of them separately. The former
arises from spatial separation of the photogenerated electron–hole pairs and
is termed space-charge screening; the latter, termed near-field screening by
the THz radiation field, is just the back action of the THz emission field on
the photocarriers. Analogous considerations would apply for induced changes
in any applied magnetic bias fields. Such effects would be relevant in the con-
text of the role of photocurrents, since these are the source of magnetic fields.
Given the relative strength of the near-field THz magnetic fields and the scale
of the applied magnetic fields, these effects would normally be expected to
be minor, however, and will not be considered further.

Before proceeding with a detailed discussion of these screening effects, we
first would like to give a qualitative description of the processes of space-
charge and THz near-field radiation screening, emphasizing their relative im-
portance for different types of emitters. We first describe the space-charge
effect. Under the influence of the electric bias field, the photogenerated elec-
trons and holes drift in opposite directions. In a completely homogeneous
medium with homogeneous excitation of the photocarriers, this motion of
the charge carriers will only result in the generation of a current; no space
charge will develop. For a spatially inhomogeneous system, however, charge
separation does occur. In a simple electrostatic picture, which is relevant for
charge separation on short length scales, the build-up of the space charge can
continue, for a sufficient density of photogenerated carriers, until the initial
bias field is completely screened. Thus, it is clear that the effect of space
charges can be quite significant. With respect to the generation of THz ra-
diation, one must consider, however, not only the ultimate magnitude of the
space-charge screening, but the dynamics of the creation of this field. For
a charge separation occurring over large distances, both the time lag for the
creation of the space charges and the retardation effects in their influence on
the carriers in the system become relevant. If the screening of the bias field
develops only after the period of emission of the THz radiation has ended,
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then this effect is obviously inconsequential in terms of the properties of THz
emission.

From these considerations, it is apparent that space-charge screening for
large-area photoconductive emitters will be much more significant when the
current flow is in the direction perpendicular to the surface, rather than
parallel to it. In the former case, the spatial scale over which charge transport
occurs and over which charges may build up is small. It may be governed
by the width of the depletion field or the physical dimensions of different
materials in p–i–n structures or engineered heterostructures. Depletion fields,
for example, typically extend only over a fraction of a micrometer. Given this
short length scale, propagation times for electromagnetic fields are negligible
and the problem is essentially electrostatic in character. For lateral current
flow in such a large-area device, however, the situation is quite different.
In the region of homogeneous excitation of the material (in the presence of
a uniform bias field), no net charge develops and no space-charge effects need
to be considered. Only at the boundaries of this homogeneous region, which
may be separated by an appreciable distance, does space charge develop.
In considering the influence of such space charges, one must then allow for
appropriate time delays. Both the finite time for charge transport to occur
and the finite time for this effect to act back on the main part of the emitter,
as controlled by retardation effects, are relevant. The consequence of these
observations is that large-area emitters with lateral currents are much less
affected by space charges than emitters with currents flowing perpendicular
to the surface. In the former case, simple consideration of retardation effects
indicates that the main part of the THz emission process, occurring within
∼ 1 ps, cannot be influenced by space charges if the length scale of the active
area is ∼ 1mm or larger. However, for smaller gap spacings of say, 50µm,
these effects can develop to a significant degree on the time scale of the initial
THz emission process, as we discuss below [75].

The second effect that alters the bias field is the near field of the THz
radiation. This process will be present for all types of emitters, since there
will always be a near-field component of the radiated THz emission. This
process has been observed and analyzed most extensively in the context of
the large-aperture emitters with an in-plane bias field and in-plane current.
For these devices, as just discussed, the space-charge effects will be of little
importance, but radiative screening effects must be considered. In particular,
if the radiated THz field has a component along the direction of the bias field,
its ability to limit the output of the THz radiation is clear. This phenomenon
has been observed and widely studied in large-aperture emitters excited by
an ultrafast laser pulse at normal incidence, for which the near-field radiation
is parallel, but opposite to the bias field.

To incorporate both of these effects into a model, we may write an effective
bias field that carriers experience in the active area of a THz photoconductive
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emitter as

Eeff(r, t) = Eb(r) + Esc(r, t) + Erad(r, t) . (32)

In this expression Eb(r) denotes the static bias field, whether from a deple-
tion field or an externally applied bias, and Esc(r, t) and Erad(r, t) denote,
respectively, the space-charge field and the near-field value of the THz ra-
diation. In our discussion, we first consider, in Sect. 6.1, the influence of
space-charge screening on THz emission. This type of ultrafast field dynam-
ics has also been found to be coupled with coherent modes in solids, which
will be briefly examined in Sect. 6.2. In Sect. 6.3, we consider saturation
effects caused by the near-field screening of the THz radiation.

6.1 Space-Charge Screening

To find the space-charge electric field, we need to consider the drift of the
electrons and holes under the influence of the electric field and the result-
ing response of the electric field to this charge separation. Given the mutual
interactions between the motion of the carriers and the electric fields, such
modeling of transient behavior requires, even for the simplest model of the
carrier dynamics, that one solves a system of coupled partial differential equa-
tions. In general, one needs to solve for the electric fields including retardation
effects, that is, using the complete Maxwell’s equations. For sufficiently small
spatial dimensions (typically 
 1mm for the usual duration of THz pulses)
retardation may be neglected, and we can revert simply to a solution of the
electrostatics problem. This is the situation that we now consider briefly. Be-
cause of its relative simplicity, we first present some results related to bias
fields lying in the plane of the surface for which the initial bias field can be
considered as spatially homogeneous. Our discussion follows the treatment
of [76,77,78].

One component of this system of equations is comprised of continuity
equations for electron and hole densities as a function of position and time.
The essential spatial variation occurs along the direction of the bias field
(which defines the y-axis) and only this spatial coordinate will be considered.
In a simple case we can write continuity equations for electron density n(y, t)
and hole density p(y, t) in the emitter as

∂n, p(y, t)
∂t

= N(t, y)± 1
e

∂jn,p(y, t)
∂y

. (33)

Here N(y, t) is the carrier injection rate (equal for electrons and holes) asso-
ciated with excitation by the femtosecond laser pulse, and jn and jp are the
electron and hole current densities. These current densities can be related
to the effective bias field Eeff(r, t) = Eb(r) + Esc(r, t) through a transport
model such as that of (20). Here for clarity we have shown the continuity
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equation, neglecting carrier recombination, trapping, and diffusion processes,
which can be taken into account by modifying (33) [76,78].

The second component of the set of coupled differential equations is Pois-
son’s equation for the electric field generated by the space charges,

∂Esc(y, t)
∂y

=
4πe
ε

[n(y, t)− p(y, t)] . (34)

As mentioned above, a more complete application of Maxwell’s equations
would be required if the relevant spatial dimensions are large enough to man-
date to require consideration of retardation effects.

Iverson et al. [76] have solved these equations numerically for device struc-
tures with an in-plane bias field and differing bias and excitation conditions.
Some results are illustrated in Fig. 15 for transient current or, equivalently,
the shape of the near-field THz waveform, in a GaAs emitter with electrodes
separated by 50µm. The laser excitation is assumed to be of 100-fs duration
and to have a Gaussian spatial profile also of 50-µm width. The results shown
in the figure for the THz field have been smoothed by convoluting with a re-
sponse function of a detector with a 1-ps response time. At low excitation
densities, such as 1 × 1015 cm−3 shown in the top panel of the figure, the
photocurrent rises rapidly as the laser excitation pulse injects carriers. The
transient current then decreases slowly as carrier-trapping effects and recom-
bination effects, which have been included in this analysis, gradually reduce
the density of mobile carriers.

Results for higher carrier densities, associated with high pump laser flu-
ence, are shown in the other panels of the figure. As the carrier densities are
increased, the results reveal that peak transient currents (and, hence, THz
fields) no longer scale proportionately, as they do at low carrier densities.
At carrier densities of 1× 1017 cm−3, for example, the peak THz field is ap-
proximately half as large as it would be in the absence of saturation effects.
A more striking and characteristic aspect of the charge-screening process,
however, is the change in shape of the current transient. When strong space-
charge screening is present, the current transient develops a more sharply
peaked structure. This arises because the onset of the space-charge field par-
tially cancels the bias field, which in turn leads to a rapid decrease in the
transient photocurrent. At an excitation density of 1017 cm−3, the effect of
space-charge screening is already visible at a few picoseconds after photoex-
citation. As a function of the bias field, the influence of space-charge effects
is more pronounced at higher biases, as one expects given the large induced
photocurrents.

For typical experimental conditions where the THz radiation is measured
in the far field, the change in shape of the photocurrent transient has a clear
consequence. As we have discussed above in Sect. 3, the far-field THz wave-
form follows the time derivative of the current transient. Thus, at low ex-
citation densities where the current density rises sharply and decays slowly,
one will observe a nearly unipolar electric-field waveform. This shape arises
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Fig. 15. Computed response by Iverson et al. [76] of a GaAs photoconductor with
a 50-µm gap spacing and bias fields of 1, 3, 5, 10 kV/cm for three different carrier-
excitation densities. As discussed in the text, the figure shows the influence of
space-charge screening both through reduction in the expected value of the peak
current and through the enhanced decay rate of the current transient associated
with the screening of the bias field

from the rapidly rising edge of the current. The slow decay of the current
density only produces a small (but persistent) negative tail in the waveform.
At high excitation densities, on the other hand, the current density still rises
rapidly, but also decays reasonably quickly. Thus, one observes a far-field
THz electric-field waveform that appears to be bipolar. The general trend is
that space-charge screening converts a more unipolar waveform to a bipolar
shape.

For the case of in-plane current transients, the space-charge effects just
considered diminish in importance, as we have argued, with increased lateral
spatial dimensions. For large-area devices based on currents perpendicular to
the surface this is not the case, and space-charge screening is generally the
dominant limiting factor in efficiency of such devices. This is particularly true
for devices using surface-depletion fields, which are inherently inhomogeneous
on a very short length scale, typically of ∼ 100 nm. The simulation of space-
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charge screening in such geometries is conceptually similar to that described
above, although different boundary conditions will generally be relevant at
the surface compared to the interface with an electrode in the geometry with
lateral current flow.

An example of space-charge screening for a depletion-field device, taken
from the work of Kersting et al. [79], is displayed in Fig. 16. Here the au-
thors have simulated the behavior of a GaAs surface with n-type doping
(1.7× 1016 cm−3) under excitation by a 100-fs laser pulse. When the carrier-
excitation density approaches the doping density of the sample, the charge
distribution begins to be strongly altered. The figure shows the spatial vari-
ation of the electron and hole densities during (0 fs) and (500 fs) after excita-
tion at a density of electron–hole pairs of 1016 cm−3. A major redistribution
of the charge density is seen to occur. This in turn gives rise to a significant
change in the depletion field, the effective bias field in this problem. The
figure shows the resulting spatial profile for a Schottky model of the surface
with Fermi-level pinning at various times after photoexcitation. The assumed
Fermi-level pining results in a constant field at the surface. The motion of
the photoexcited carriers causes, however, the width of the depletion zone to
decrease significantly.

6.2 Plasma Oscillations

The space-charge field discussed above arises from the separation of the pho-
togenerated electrons and holes moving in the bias field and the development
of regions of net positive and negative charge. Under appropriate circum-
stances, this perturbation can drive collective or plasma oscillations of the
carriers. Such plasma oscillations initiated by ultrafast photoexcitation have
been observed both in time-resolved photoreflectivity (photoabsorption) mea-
surements [80,81,82] and in the THz emission measurements. In this section,
we provide a brief description of the behavior of the latter.

The role of plasma oscillations in THz emission was first considered by
Jepsen et al. [42] for a dipole emitter. Investigations of this phenomenon in
large-area emitters, both with and without external magnetic fields, were sub-
sequently pursued by several groups [67,68,74,79,83]. THz emission has been
observed experimentally from coherent 3D plasma excitations formed both
from photogenerated carriers in the intrinsic zone of GaAs p–i–n diodes [68,83]
and from extrinsic carriers in n-doped GaAs [79]. In the latter case, the
plasma oscillation of the extrinsic carriers is believed to be initiated by the
ultrafast dynamics of the surface-depletion field. This coupling arises be-
cause the extrinsic electrons are confined between the undoped substrate of
the structure and the surface-depletion region. Photoexcitation of the mate-
rial causes an impulsive change of the depletion field, which then drives the
plasma oscillation of the cold electrons.
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Fig. 16. Calculated response, after Kersting et al., to photoexcitation of surface
region of a model GaAs sample: (a) Densities of photogenerated electrons (dashed
lines) and holes (solid lines) at the surface of an n-doped (1.7 × 1016 cm−3) GaAs
sample during excitation (0 fs) and 500 fs after excitation. The excitation density
of electron–hole pairs is taken to be 1016 cm−3. (b) The surface depletion field
before and at various times after photoexcitation. The changes are the result of
space-charge screening. (After [79])

6.2.1 Drude Model with Plasma Oscillations

Since the Drude–Lorentz model has provided an adequate qualitative expla-
nation for the behavior of THz emitters at low excitation densities, it is ap-
propriate also to consider plasma oscillations within this framework. For this
purpose, it is convenient to introduce a space-charge polarization P sc(r, t)
to describe the charge separation associated with the motion of the electron–
hole pairs. In this language, the charge-continuity equation takes the form:

∂P sc(r, t)
∂t

= −P sc(r, t)
τc

+ j(r, t) , (35)

where j(r, t) is the total photocurrent density and τc denotes the lifetime
of mobile carriers. In undamaged materials, since τc usually far exceeds the
relevant time scale of (35) we therefore assume the carrier density to be time
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independent during the period of time relevant for THz emission and neglect
the first term in (35). If we further neglect the contribution of the holes,
which generally have considerably lower mobility than the electrons, we can
write P sc(r, t) ≈ −en(r)ξ, where n(r) is the electron density and ξ denotes
the local displacement of electrons under the influence of the effective bias
field.

This induced polarization modifies the initial bias field Eb(r) to produce
the time-dependent effective bias field Eeff(r, t) according to

Eeff(r, t) = Eb(r) + 4πP sc(r, t)/ηε ≈ Eb(r)− (4πe/ηε)n(r)ξ . (36)

Here, η is a dimensionless phenomenological geometric factor for screening,
with η ≈ 1 for a thin polarization sheet. Let us now consider the case where
the carrier density is approximately spatially uniform, η(r) = η. We can then
combine (36) with the Drude model to describe the motion of carriers under
the effective bias field to obtain

d2ξ

dt2
+

1
τ

dξ

dt
+ ω2

pξ =
e

m∗Eb . (37)

Here, ωp =
√
4πne2/m∗ε is the plasma frequency, and τ is the carrier-scat-

tering time for momentum changing collisions, as discussed above in Sect. 3.
Equation (37) is simply that of a damped harmonic oscillator. Its solution

can be readily found for the appropriate initial conditions of ξ(t = 0) = 0
and v(t = 0) = 0 as

v(t) =
e

m∗ω
Ebe−(2/τ)t sinωt , (38)

with an oscillation frequency of

ω =
√

ω2
p − (1/2τ)2 . (39)

Depending on the values of ωpτ/2, three types of behavior may emerge: un-
derdamping (ωpτ/2 > 1), critical damping (ωpτ/2 = 1), and overdamp-
ing (ωpτ/2 < 1). The corresponding three types of response are illustrated
in Fig. 17. Oscillatory features appear only in the underdamped limit of
ωpτ/2 > 1. In this case, the carrier velocity (or, equivalently, current density
or near-field THz radiation) oscillates with a frequency ω and a damping rate
of 2/τ .

Now let us return to the important question of when such plasma oscil-
lations become important in THz emitters. The system has to fulfill several
requirements. First, the photoexcitation has to be fairly spatially uniform so
that the charge carriers oscillate at the same frequency and add coherently.
In many GaAs p–i–n diodes and n-doped structures, this condition can be
satisfied, since the absorption depth of the material is much greater than the
thickness of the active region of the emitter. Secondly, the carriers have to
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Fig. 17. Illustration of three different regimes of damping for plasma oscillations

start oscillating in phase. This criterion can be met if the optical excitation
pulse is much shorter in duration than the period of the plasma oscillations.
Finally, to ensure that we are in the underdamped regime of oscillation, the
scattering time of the electrons must be long enough so that ωpτ/2 > 1. In
a real system such as GaAs, for instance, the (bulk) electron scattering time
is ∼ 350 fs at room temperature. Thus, to be in the underdamped regime,
we need a plasma frequency of the carriers larger than ∼ 1THz. This would
require an achievable carrier density of ∼ 1016 cm−3. The impulsive exci-
tation criterion would also be satisfied for a typical laser excitation pulse
of approximately 100 fs duration. Obviously, plasma oscillations will be still
easier to observe at low temperatures where the carrier-scattering times are
significantly longer and ωpτ/2 � 1 can be satisfied.

6.2.2 Experimental Observations of Plasma Oscillations

In this section, we describe some of the experimental studies of THz gen-
eration that exemplify the role that plasma oscillations can play. The first
example, from the investigations of Andrews et al. [68], concerns THz emis-
sion by excitation of the carriers in the intrinsic region of a GaAs p–i–n diode
comprised of a 200-nm n-doped layer, a 500-nm intrinsic layer, and a 200-nm
p-doped layer. Data for the THz electric field are shown in Fig. 18a for a sam-
ple temperature of 10K. Evidence of plasma oscillations is clear in the THz
waveforms. The THz electric field does not precisely follow the simple ex-
ponentially damped form because inhomogeneity in the excitation density
produces a distribution of plasma frequencies. The oscillation frequency of
the THz transients was extracted by Fourier transformation of the time-do-
main waveforms. Figure 18b shows that this frequency varies with the square
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Fig. 18. (a) THz electric field emitted from a GaAs p–i–n diode at 10K. The dotted
curve is the simulated waveform within the Drude model for a fluence of 65 nJ/cm2.
(b) Variation of mean plasma frequency with pump fluence. The solid curve is
a square-root variation as expected for a plasma oscillation of the photogenerated
carriers. (After results of Andrews et al. [68])

root of the laser excitation fluence. This is just the behavior expected for
a plasma oscillation in which the frequency scales with the square root of the
carrier density ω =

√
ω2

p − 1/4τ2 ≈ ωp ∝ √
n and hence with the square root

of the excitation fluence (in the intrinsic region of the p–i–n structure). The
dashed line in Fig. 18a represents the result of simulation based on the Drude
model for carrier dynamics for an excitation fluence of 65 nJ/cm2. The good
agreement between the simulation and experiment here is another example
of successful application of this model.

A related, but distinct phenomenon can be observed in semiconductor
structures with static densities of carriers, so-called cold electrons, provided
by doping. Figure 19 shows results of Kersting et al. [79] for two GaAs sam-
ples with different levels of n-type doping. In these measurements the center
frequency of the THz emission is plotted as a function of excitation density.
In contrast to the case just discussed, here we see no significant change in
the plasma frequency over the indicated range of excitation densities. On
the other hand, this frequency does change with doping concentration. These
results strongly support the notion that the observed plasma oscillation is
associated with motion of the extrinsic electrons in the bulk, rather than the
response of the photogenerated carriers.

6.3 Near-Field Screening in Large Emitters

Both space-charge screening and near-field radiation screening may alter the
bias field of a THz emitter and thus strongly affect its output. In large-area
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Fig. 19. Dependence of the THz emission frequency on excitation density in
n-doped GaAs. The triangles and squares show data recorded for structures with
doping concentration of 1.7× 1016 and 1.1× 1017 cm−3, respectively. The solid line
shows the dependence of the frequency for a photoexcited electron plasma that
would be expected according to (39). (After results of Kersting et al. [79])

THz emitters in which the current flows in the plane of the surface, space-
charge screening is, as discussed in Sect. 6.1, relatively minor for emitters
with lateral dimensions of ∼ 1mm or more. This can be understood as a con-
sequence of the retardation time needed for the effect of charge separation at
the boundary of the material to be felt elsewhere. Therefore, large-aperture
emitters are particularly well suited for the study of the near-field screening
effects in which the transient current is modified by the THz field that it
generates.

Saturation effects in large-aperture emitters were first reported by Dar-
row et al. [47,48] and were subsequently the subject of many additional ex-
perimental investigations [46,49,77]. A typical result of the saturation char-
acteristics of such a structure is shown as Fig. 8 in Sect. 4. As this figure
illustrates, the strength of the emitted THz field no longer grows linearly
with increasing fluence as it does in the low fluence limit, but rather reaches
a saturated level. The value of this saturated THz field strength is seen to
scale roughly in proportion to the strength of the dc bias field.

The basic characteristics of this saturation effect can be understood quite
satisfactorily within the context of a simple model of near-field screening first
introduced by Darrow et al. [47] and examined in considerable depth subse-
quently by other researchers [37,46,49,84,85]. The principle is identical to
that discussed above for space-charge screening, namely, that the carriers do
not move simply in the initial applied bias field, but rather in an effective
bias field resulting from the modification of the original bias field caused by
the photoinduced charge carriers. In this case, the key aspect of the charge
carriers is the current that they generate and the radiation field associated
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with it. The analyses performed to date have all introduced a significant sim-
plification that permits a closed-form analytical result to be obtained. It is
the assumption that the carriers respond instantaneously to the applied bias
field, that is, that they immediately move at the steady-state velocity defined
by an appropriate carrier mobility. This can be considered as the limit of the
Drude–Lorentz model when the scattering rate is taken to be much shorter
than the other characteristic time scale in the problem, namely the laser
pulse duration. It neglects the transient mobility that has been seen to be
important in describing other aspects of THz emission from photoconductors
excited by ultrafast laser pulses. While the accuracy of this approximation
for laser pulses of a duration of the order of 100 fs is questionable, this simpli-
fication has great merits in permitting a ready analysis of the phenomenon.
The results of this treatment yield the qualitative features seen experimen-
tally. Quantitative agreement should not be expected as a rule, but would
be approached in materials with high scattering rates (perhaps enhanced by
carrier–carrier scattering present at high excitation densities) or for excita-
tion by relatively long laser pulses. It should be noted that in addition to the
interest of this topic for modeling the properties of high-power THz emitters,
the problem also allows one to examine carrier transport in certain extreme
regimes, such as that of high carrier density and/or high bias-field strength.
Here we first review this theory of saturation by near-field screening and then
provide some comparison with experimental findings.

Within the approximation of an instantaneous carrier response to the
effective bias field, the relation between the current density and the bias field
is simply

j(t) = e
↔
µdcN(t)Eeff(t) . (40)

Such a linear relation between the current density and bias field is sometimes
termed an “Ohm’s law” response. For simplicity, we have dropped the spatial
dependence in (40), which is not essential for the current discussion. The
effective bias field in (40) is the sum of the static bias field and the electric
field of the THz radiation evaluated in the near field:

Eeff(t) = Eb + Erad(t) . (41)

Combing these two equations with the expression for the near-field THz radi-
ation (6), we obtain for THz radiation in the near field from a large-aperture
emitter

Erad(t) = −Eb

4π
c σs(t)

4π
c σs(t) + (1 +

√
ε)

. (42)

Here we assume normal incidence for the laser excitation and that the bias
field Eb lies in the plane of the surface, as appropriate for the large-aperture
emitter. The surface conductivity has been introduced as ↔

σs(t) = de
↔
µdcN(t),
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where d is the effective thickness of the surface layer in which photocurrent
exists. In materials with isotropic mobilities, as shown in (42), the radiated
field is directed parallel, but opposite to the bias field. This is the origin of
the screening effect.

Let us examine some of the properties contained in (42). First let us
consider the limiting behaviors. The simple unscreened or unsaturated result
emerges when the fluence is sufficiently low so that σs 
 (1 +

√
ε) c/4π. In

this case, the radiated field scales with surface conductivity or, equivalently,
with the laser fluence, as expected. On the other hand, for a sufficiently
high excitation density (or surface conductivity), the near-field THz emission
approaches a peak value of −Eb. When this condition is reached, the bias
field will be fully screened and Eeff(t) = Eb +Erad(t) will approach zero. As
expected, this limit does not depend on any material transport properties nor
on any of the details of the shape of the laser excitation pulse. The saturation
value of the radiated field does scale, however, directly with the strength of
the applied bias field.

Between these two limits, the onset of saturation occurs when the surface
conductivity approaches σs(t) = (1 +

√
ε) c/4π. Analysis of the saturation

curve then permits one to determine the experimental surface conductivity
where saturation begins. Since the corresponding laser fluence can be con-
verted into a surface carrier density by considering the amount of absorbed
energy, knowledge of the sheet conductivity permits one to infer the effective
carrier mobility. In the simplest implementation of these models, the mobil-
ity is just treated as a constant to represent an averaged value relevant over
the course of the THz emission process. Hot-carrier effects and carrier–car-
rier scattering may also be incorporated within this model by introducing
a phenomenological carrier mobility that depends on the elapsed time since
photogeneration of the carriers and on the carrier density [37].

The radiation in the far field behaves similarly to that in the near field
with respect to saturation. The far-field solution can be determined from the
near-field solution by computing its first time derivative. To make a direct
comparison with experimental observations (Figs. 7 and 8), Benicewicz and
Taylor [46] have considered the relevant experimental details for the actual
case of a spatially inhomogeneous pump beam and a far-field THz detector
having a finite response time τd. These authors considered the behavior in
the limit that the carrier lifetime τc � response time of the detector τd �
laser pulse duration. They predict that the peak of the radiated THz electric
field in the far field varies as a function of the excitation fluence F according
to the relation:

Erad,peak ≈ −DEb
F/F0

1 + F/F0
. (43)

Here the constant D is a measure of the fraction of the bias field detected
in the far field; F0 is the saturation excitation fluence, defined as the optical
fluence necessary to generate half of the maximum THz field.
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Comparison of the predicted peak radiation in the far field (solid lines)
with experiment (symbols) is shown in Figs. 7 and 8 in Sect. 4. The depen-
dence of the peak radiation in the far field on the bias fields up to 12 kV/cm
and on the excitation fluence up to 1mJ/cm2 has been studied for several
large-aperture emitters based on InP and GaAs photoconductors photocon-
ductor. The predicted linear dependence of the radiation peak on the bias
field has been verified for a large range of excitation fluences. The saturation
characteristics are found to be compatible with the form of (43). The inferred
saturation fluence, F0, is related to the peak sheet conductivity. Hence, as
discussed above, it can be used to determine the effective carrier mobility
(where the sheet carrier density is determined by the laser fluence). A value
of 430± 100 cm2/V · s was inferred for GaAs [46]. This value is considerably
lower than the steady-state (room-temperature) mobility of 4600 cm2/V · s
for bulk GaAs. This discrepancy was attributed to hot-electron effects and
carrier–carrier scattering [46].

The simple model of instantaneous carrier response predicts the correct
dependence of the radiation on the bias field and the correct form of the sat-
uration of the THz emission with increasing excitation fluence. The inferred
values for mobilities, however, differ significantly from the usual steady-state
properties of the bulk materials. While this difference may be the consequence
of hot-carrier effects or carrier–carrier interactions, as suggested in previous
investigations, it may also reflect the inherent inaccuracy of a model that
relies on the assumption of an instantaneous carrier response. The severity
of approximation is apparent when one notes that the typical duration of
excitation pulses of 100 fs is actually shorter than carrier scattering times in
many semiconductors. A more realistic model for carrier transport is therefore
probably required to obtain better quantitative agreement in most material
systems.

Another factor of practical importance for high-power THz emitters is
worth mentioning here. Saturation effects are seen in large-aperture emitters
at laser fluence substantially below 1mJ/cm2 (Fig. 8). These values lie be-
low fluences that can be achieved by common ultrafast laser sources, as well
as below the optical damage thresholds of common photoconductive media.
Thus, possible methods for circumventing these saturation effects are desir-
able in order to exploit most effectively the capabilities of current femtosec-
ond-laser systems for the generation of intense THz radiation. In this regard,
we should note the possibility of the generation of narrowband THz radi-
ation. Such narrowband (or otherwise spectrally structured) THz radiation
can be produced using appropriately shaped optical excitation pulses, such
as obtained from the chirped pulse-mixing scheme of Weling et al. [85,86,87]
or from optical pulse-shaping techniques [88,89]. These schemes permit one
to use temporally longer optical excitation pulses that have been optimized
to produce THz radiation in the desired spectral range. The increased tem-
poral duration of the pulses, when appropriately shaped, does not diminish
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the amount of THz emission in the desired spectral range. It does, however,
alleviate saturation effects in photoconductive materials with relatively short
carrier lifetimes. The improvement in the saturation characteristics [85,89] is
the result of a reduction in the peak photoinduced surface conductivity when
a given laser excitation fluence is applied over a longer period of time.

7 Conclusions

In this chapter, we have attempted to give an overview of the current state
in the generation of THz radiation using photoconductive emitters with fem-
tosecond laser excitation. The discussion has centered on large-area struc-
tures. These structures have the merits of simplicity and scalability to high
powers. In the context of this chapter, however, they are especially attractive
because of the relative simplicity of their radiation mechanism. In addition,
there exists an extensive literature describing the properties of such emitters,
including the influence of material properties, magnetic fields, and saturation
phenomena. Our discussion has included both structures with bias fields in
the plane of the surface and perpendicular to it. These fields may be exter-
nally applied, for the in-plane case, or may originate from built-in fields. In
either case, the fundamentals of the emission process are rather similar, al-
though the exact waveforms and saturation mechanisms naturally reflect the
particular configuration under consideration.

While considerable progress has been made in developing such THz emit-
ters, as the discussion in this chapter may serve to illustrate, the possibility
for further improvements is clear. For example, the notion of more efficient
THz emission from transient currents flowing perpendicular to the surface
plane through the use of prisms, a scheme that resulted from considera-
tion of the mechanism involved in magnetic-field enhancements, was only
recently demonstrated [73]. Further, such large-area photoconductive THz
emitters combined with current femtosecond modelocked lasers and, per-
haps, electro-optic sampling techniques to achieve maximal detection band-
width [90,91,92,93,94], provide many opportunities for the investigation of
ultrafast carrier dynamics in a variety of materials. These experiments may
be regarded as THz emission measurements for characterization of carrier-
transport properties [38,57,75,95,96,97,98]. Although some noteworthy ex-
periments have already been carried out illustrating these concepts, much
further progress can be anticipated. By the same token, the high-power THz
pulses produced by such emitters also offer novel possibilities for spectro-
scopic studies. The most striking possibility would be measurements in which
the intense THz pulses serve not to probe materials, but to induce changes
in them [99,100,101,102]. Such measurements are clearly challenging and still
remain in their infancy. They do, however, hold many interesting possibilities
as a new means of investigating material response to ultrafast perturbations.
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